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Summary

Reactive nitrogen species such as ammonia (NH3) and nitrogen oxides (NOx) are es-

sential for sustaining life on Earth, but their excessive concentrations harm ecosystems.

With a high nitrogen deposition rate from the atmosphere, the Netherlands faces a

nitrogen crisis that degrades its natural habitats. Current methods for studying the

fate of nitrogen do not consider the speciation of nitrate between ammonium nitrate

(NH4NO3) and organic nitrates, nor organic nitrate gas-particle partitioning, both of

which determine the lifetimes, transport, and deposition of reactive nitrogen. These

missing processes can lead to an inaccurate estimates of nitrogen deposition fluxes and,

consequently, inefficient emission reduction strategies.

This thesis investigates the sources, sinks, and atmospheric processing of nitrate in the

Netherlands, with a focus on nitrate aerosol formation and gas–particle partitioning.

New particle formation and growth events involve the clustering and condensation

of low-volatility compounds, including inorganic salts and highly oxidized organic

molecules — some including nitrate functional groups — leading to the formation of

nitrate-containing aerosol particles. The partitioning of nitrate from the gas-phase to

the particle-phase depends on factors such as volatility, molecular weight, oxidation

conditions, precursor composition, and temperature.

We identify the physical and chemical properties of nitrates using observations from am-

bient measurements and chamber experiments, as part of both intensive measurement

campaigns and long-term monitoring. The role of different chemical species during new

particle formation and growth is examined using a hybrid positive matrix factorization

(PMF) analysis (Chapter 2). Nitrate aerosol is further speciated into inorganic and

organic components using a NO +
x ratio method applied to aerosol mass spectrometry

measurements (Chapter 3). The gas–particle partitioning and bulk volatility of organic

nitrates are investigated through atmospheric chamber experiments (Chapter 4) and

ambient observations (Chapter 5).

Chapter 2 focuses on understanding the role of different chemical species during

new particle formation and growth events using measurements from the Ruisdael

Land–Atmosphere Interactions Intensive Trace-gas and Aerosol (RITA) 2021 campaign

in Cabauw, central Netherlands. Aerosol chemical composition measured by aerosol



XII Summary

chemical speciation monitor (ACSM) and particle number size distributions are ana-

lyzed together using a hybrid PMF. This approach correlates organic mass spectra and

inorganic species with specific particle size ranges and the results are analyzed further

to identify their source regions. PMF analyses across spring, summer, and autumn

identify four aerosol populations. Nucleation-mode particles are associated with ammo-

nium, sulfate, and less-oxidized organics and are linked to westerly and southwesterly

airmasses originating from the Rotterdam port and industrial region. Accumulation-

mode particles are characterized by ammonium, nitrate, and hydrocarbon-like organic

aerosol and are related to westerly and southerly airmasses rich in NH3 and NOx. Two

additional aerosol populations are not size-resolved: a mixed inorganic–organic aerosol

influenced by multiple sources, and more-oxidized organic aerosol originating from

long-range transport over continental Europe. These results show that oxidized organics

and ammonium sulfate play a key role in new particle formation, while nitrates play a

larger role in particle growth.

Chapter 3 focuses on the speciation of particulate nitrate into NH4NO3 and organic

nitrate. This has historically been achieved using the NO +
2 /NO+ ion ratio produced

during nitrate fragmentation in the standard vaporizer (SV) of a high-mass-resolution

time-of-flight aerosol mass spectrometry (HR-ToF-AMS), known as the NO +
x ratio

method. While this approach is well established for SV-HR-ToF-AMS, this chapter

presents the first adaptation of this method for application to the unit-mass-resolution

time of flight ACSM (UMR-ToF-ACSM) with capture vaporizer (CV), which is widely

used in atmospheric aerosol monitoring networks as a fine particle (PM2.5) composition

monitor. The uncertainty of the method is ∼30 % for total particulate nitrate concentra-

tion <1 µg · m−3 and ∼10 % for total particulate nitrate concentration >4 µg · m−3. The

method is validated using co-located CV-ACSM and SV-AMS measurements during

the CAINA (Cloud-Aerosol Interactions in a Nitrogen-dominated Atmosphere) AIDA

(Aerosol Interaction and Dynamics in the Atmosphere) chamber campaign.

Organic nitrates include a large range of compounds. Chapter 4 explores the forma-

tion, gas–particle partitioning, molecular weight, and yield of organic nitrates under

controlled conditions in the SAPHIR (Simulation of Atmospheric PHotochemistry In

a large Reaction chamber) conducted during the CHANEL (Household Chemicals

Amplifying Urban Aerosol Pollution) 2024 campaign. Typical chamber studies employ

single-compound precursors to reduce complexity and study specific chemical mecha-

nisms, which do not represent the complex ambient atmospheric mixture. In contrast,

the study presented in Chapter 4 introduces complex urban emission mixtures under

realistic oxidation conditions in an atmospheric chamber, allowing a more accurate

characterization of organic nitrate formation in the real-world atmosphere. Emission

mixtures are constructed from the fingerprint of source-specific emission profiles, in-

cluding volatile chemical products (VCPs), cooking emissions, and traffic, as well as

more complex scenarios representing present-day and future urban environments. The
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reaction products are characterized using a total NOy monitor, AMS, gas chromatogra-

phy, and high-mass-resolution chemical ionization mass spectrometry. The results show

the importance of unsaturated volatile organic compounds (VOCs) in determining the

organic nitrate yield. Enhanced particle phase partitioning is observed under nighttime

oxidation by NO3 compared to daytime oxidation by OH . The average molecular

weight of particulate organic nitrate produced under nighttime conditions (331±13

g · mol−1) is higher compared to daytime conditions (258±24 g · mol−1), driven by a

larger contribution from oligomers. Similarly, the mass fraction of organic aerosol mass

attributed to particulate organic nitrate is higher by a factor of 2.6 to 4.5 under night-

time conditions compared to daytime conditions, reflecting both increased molecular

weight and lower temperatures favoring condensation. Despite differences in precursor

mixture complexity and the variability of the average molecular weight of particulate

organic nitrates, the bulk gas-particle partitioning coefficients of organic nitrate mixtures

are consistent with the modeled volatility of oxidized monoterpene nitrates using the

group contribution method SIMPOL.1 (10−4 to 10−2 m3
·µg−1 at 18–40 ◦C). These find-

ings improve our understanding of the sources, molecular weight, and volatility of bulk

organic nitrate from controlled simulations of complex urban emissions mixtures.

The knowledge from Chapter 4 is subsequently applied in Chapter 5 to long-term

ambient measurements in Cabauw (2023–2025). We examine the seasonal and airmass-

dependent variability in nitrate aerosol pollution episodes using gas-phase species and

particle-phase species observations, meteorological data, and back trajectory analysis.

The adapted NO +
x ratio method (Chapter 3) is applied to quantify inorganic and organic

nitrate fractions, while gas–particle partitioning is evaluated using combined ACSM

and total NOy measurements, similar to Chapter 4. These observations are integrated

with meteorological data and Copernicus Atmosphere Monitoring Service (CAMS)

reanalysis data to characterize nitrate pollution episodes (>0.8 µg · m−3). Wintertime

pollution episodes (October–February) occur more frequently and are associated with

lower total organic nitrate mixing ratios (2–4 ppb) and smaller particulate organic

nitrate fractions (14–43 %) compared to summertime episodes (March–September; 7–11

ppb; 30–58 %). This contrast is associated with a nitric acid (HNO3)-dominated regime

in winter, where reduced photochemistry limits organic nitrate formation and low

temperatures favor condensation of ammonium nitrate and less volatile organic nitrates.

In summer, enhanced photochemistry promotes the organic nitrate (RONO2) formation,

and higher temperatures reduce particle-phase partitioning. Airmass analysis shows

that slightly over half of nitrate pollution episodes (53 %) are associated with urban

coastal airmasses, characterized by higher total nitrate concentrations but lower organic

nitrate fractions due to proximity to NOx emission hotspots. These findings demonstrate

that the evaluation of nitrate pollution mitigation strategies must account for seasonal

chemical regimes, and should consider both inorganic and organic nitrate aerosol.
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Chapter 6 synthesizes the key findings of the thesis and identifies remaining knowledge

gaps. The results emphasize: 1) the influence of emission source profiles on aerosol

composition, 2) the significant contribution of organic nitrate to the aerosol mass in

the Netherlands, and 3) the role of seasonal conditions in determining the relative

production of HNO3 and RONO2 production from NOx oxidation. From these findings,

we highlight the lack of accounting for organic nitrates in nitrogen transport and

deposition models, which can affect emission reduction strategies. We highlight major

areas for improvements including: 1) evaluation of emission reduction strategies taking

into account seasonal NOx sink regimes, 2) observation-constrained chemical transport

and deposition modeling from NOx hotspots to nature areas, and 3) more equipped

monitoring site facilities with higher time- and mass-resolution VOC and organic aerosol

measurements to better characterize organic nitrates.

Overall, this thesis advances understanding of nitrate sources, sinks, and chemical

processes in a nitrogen-dominated atmosphere. By developing tools applicable to

long-term monitoring sites, characterizing organic nitrate properties under realistic

atmospheric conditions, and elucidating the drivers of nitrate pollution episodes, this

work provides a foundation for more accurate representation of inorganic and organic

nitrate in chemical transport and nitrogen deposition models.
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Les espèces réactives de l’azote, telles que l’ammoniac (NH3) et les oxydes d’azote (NOx),

sont essentielles au maintien de la vie terrestre, mais leurs concentrations excessives

sont néfastes pour les écosystèmes. En raison d’un taux élevé de dépôts atmosphériques

d’azote, les Pays-Bas font face à une crise de l’azote qui dégrade leurs habitats naturels.

Les méthodes actuelles d’étude du devenir de l’azote ignorent la spéciation entre nitrate

d’ammonium (NH4NO3) et nitrates organiques, ainsi que la partition gaz–particule

de nitrates organiques. Pourtant, ces deux espèces chimiques déterminent les durées

de vie, le transport et le dépôt d’azote réactif. L’absence de prise en compte de ces

processus peut conduire à une estimation imprécise des flux de dépôt d’azote et, par

conséquent, à des stratégies de réduction des émissions inefficaces.

Cette thèse étudie les sources, les puits et les transformations atmosphériques du nitrate

aux Pays-Bas, en mettant l’accent sur la formation des aérosols nitrés et la partition

gaz-particule. La formation et la croissance de nouvelles particules impliquent le

regroupement et la condensation de composés à faible volatilité, incluant des sels

inorganiques et des molécules organiques fortement oxydées — pouvant contenir des

groupes fonctionnels nitrate — conduisant à la formation de particules d’aérosols nitrés.

La partition du nitrate entre la phase gazeuse et la phase particulaire dépend de facteurs

tels que la volatilité, la masse moléculaire, les conditions d’oxydation, la composition

des précurseurs et la température.

Nous identifions les propriétés physiques et chimiques des nitrates à l’aide

d’observations issues de mesures ambiantes et d’expériences en chambre atmo-

sphérique, dans le cadre de campagnes de mesures intensives et de mesures à long

terme. Le rôle des différentes espèces chimiques lors de la formation et de la croissance

des particules est examiné à l’aide d’une analyse par factorisation de matrices positives

(PMF) hybride (Chapitre 2). Les aérosols nitrés sont ensuite spéciés en nitrates inor-

ganiques et organiques à l’aide de la méthode du rapport NO +
x appliquée aux mesures

de spectrométrie de masse des aérosols (Chapitre 3). La partition gaz–particule et

la volatilité globale des nitrates organiques sont examinées à l’aide d’expériences en

chambre atmosphérique (Chapitre 4) et d’observations ambiantes (Chapitre 5).
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Le Chapitre 2 se concentre sur la compréhension du rôle des différentes espèces chim-

iques lors des événements de formation et de croissance de nouvelles particules à

partir des mesures de la campagne « Ruisdael Land–Atmosphere Interactions Intensive

Trace-gas and Aerosol (RITA) » 2021 à Cabauw, au centre des Pays-Bas. La composition

chimique des aérosols mesurée par un moniteur de spéciation chimique des aérosols

(ACSM) et les distributions de taille en nombre de particules sont analysées conjoin-

tement à l’aide d’une approche PMF hybride. Cette approche corrèle les spectres de

masse organiques et les espèces inorganiques à des granulométries spécifique, et les

résultats sont analysés pour identifier leurs régions de provenance. Les analyses PMF

réalisées au printemps, en été et en automne identifient quatre populations d’aérosols.

Les particules du mode de nucléation sont associées à l’ammonium, au sulfate et à des

composés organiques moins oxydés qui sont liées à des masses d’air d’origine ouest et

sud-ouest provenant de la zone portuaire et industrielle de Rotterdam. Les particules

du mode d’accumulation sont caractérisées par l’ammonium, le nitrate et des aérosols

organiques de type hydrocarbure qui sont associées à des masses d’air d’origine ouest

et sud riches en émissions de NH3 et de NOx. Deux populations supplémentaires

ne sont pas corrélées à des tailles spécifiques : un mélange d’aérosols inorganiques

et organiques de sources multiples, et des aérosols organiques plus oxydés issus du

transport à longue distance depuis l’Europe continentale. Ces résultats montrent que

les composés organiques oxydés et le sulfate d’ammonium jouent un rôle clé dans

la formation des particules, tandis que le nitrate contribue plutôt à la croissance des

particules.

Le Chapitre 3 se concentre sur la spéciation du nitrate particulaire en NH4NO3 et en

nitrates organiques. Cette spéciation se base sur le rapport ionique NO +
2 /NO+ qui se

produit lors de la fragmentation du nitrate dans le vaporisateur standard (SV) d’un

spectromètre de masse des aérosols à temps de vol et à haute résolution de masse (HR-

ToF-AMS), connu sous le nom de méthode du rapport NO +
x . Bien que cette approche

soit bien établie pour les instruments SV-HR-ToF-AMS, ce chapitre présente la première

adaptation de cette méthode pour son application aux instruments ACSM à temps

de vol et à résolution de masse unitaire (UMR-ToF-ACSM) équipés d’un vaporisateur

capteur (CV), largement déployés dans les réseaux de surveillance atmosphérique pour

le suivi de la composition des particules fines (PM2,5). L’incertitude de la méthode

est d’environ 30 % lorsque la concentration totale de nitrate particulaire est inférieure

à 1 µg · m−3, et d’environ 10 % lorsque la concentration totale de nitrate particulaire

est supérieure à 4 µg · m−3. La méthode est validée à l’aide de mesures colocalisées

de CV-ACSM et de SV-AMS lors des expériences en chambre atmosphérique de la

campagne CAINA (Cloud–Aerosol Interactions in a Nitrogen-dominated Atmosphere) AIDA

(Aerosol Interaction and Dynamics in the Atmosphere).

Les nitrates organiques regroupent une grande diversité de composés. Le Chapitre

4 explore leur formation, leur partition gaz–particule, leur masse moléculaire et leur
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rendement sous des conditions contrôlées dans la chambre atmosphérique SAPHIR

(Simulation of Atmospheric PHotochemistry In a large Reaction chamber) dans le cadre de

la campagne CHANEL (Household Chemicals Amplifying Urban Aerosol Pollution) en

2024. Les études classiques en chambre utilisent des précurseurs monocomposants

afin de réduire la complexité et d’étudier des mécanismes chimiques spécifiques ;

toutefois, ceux-ci ne représentent pas la complexité du mélange atmosphérique ambiant.

Au contraire, les études présentées dans le Chapitre 4 reproduisent des mélanges

complexes d’émissions urbaines sous des conditions d’oxydation réalistes dans une

chambre atmosphérique, permettant une caractérisation plus précise de la formation des

nitrates organiques dans l’atmosphère réelle. Les mélanges d’émissions sont élaborés à

partir des empreintes de profils d’émission spécifiques à une source incluant les produits

chimiques volatils (VCPs), les émissions de cuisson et le trafic ainsi que de scénarios

plus complexes représentant des environnements urbains actuels et futurs. Les produits

de réaction sont caractérisés à l’aide d’un moniteur de NOy total, d’un AMS, d’une

chromatographie en phase gazeuse et de spectrométries de masse à ionisation chimique.

Les résultats montrent l’importance des composés organiques volatils (COV) insaturés

dans la détermination du rendement en nitrates organiques. Une partition accrue vers

la phase particulaire est observée lors de l’oxydation nocturne par le radical NO3 par

rapport à l’oxydation diurne par le radical OH . La masse moléculaire moyenne des

nitrates organiques particulaires formés dans conditions nocturnes (331±13 g · mol−1)

est plus élevée que celle obtenue dans conditions diurnes (258±24 g · mol−1), en raison

d’une contribution plus importante des oligomères. De même, la fraction massique

de l’aérosol organique attribuée aux nitrates organiques particulaires est 2,6 à 4,5 fois

plus élevée sous conditions nocturnes que sous conditions diurnes, reflétant à la fois

l’augmentation de la masse moléculaire et l’effet des températures plus basses favorisant

la condensation. Malgré la complexité variable des mélanges de précurseurs et la

variabilité de la masse moléculaire moyenne des nitrates organiques particulaires, les

coefficients de partition gaz–particule globaux des nitrates organiques restent cohérents

avec les volatilités des nitrates oxydés de monoterpènes modélisées par la méthode de

contribution de groupes fonctionnels SIMPOL.1 (10−4 à 10−2 m3
·µg−1 à 18–40 ◦C). Ces

résultats améliorent notre compréhension des sources, de la masse moléculaire et de la

volatilité globale des nitrates organiques issus de simulations contrôlées de mélanges

complexes d’émissions urbaines.

Les informations acquises au Chapitre 4 sont ensuite appliquées au Chapitre 5 à des

mesures ambiantes effectuées à Cabauw (2023—2025). Nous examinons la variabil-

ité saisonnière ainsi que celle liée aux origines de masse d’air lors des épisodes de

pollution aux aérosols nitrés, en utilisant des observations en phase gazeuse et en

phase particulaire, des données météorologiques et une analyse des rétro-trajectoires.

La méthode adaptée du rapport NO +
x (Chapitre 3) est appliquée pour quantifier les

fractions de nitrates inorganiques et organiques, tandis que la partition gaz–particule
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est évaluée à partir d’observations d’ACSM et de mesures de NOy total, de manière
similaire au Chapitre 4. Ces observations sont intégrées aux données météorologiques
et aux données de réanalyses du Copernicus Atmosphere Monitoring Service (CAMS) afin
de caractériser les épisodes de pollution aux nitrate (>0,8 µg · m−3). Les épisodes hiver-
naux (octobre–février) sont plus fréquents et associés à des rapports de mélange totaux
plus faibles de nitrates organiques (2–4 ppb) ainsi qu’à des fractions particulaires plus
faibles (14–43 %) que les épisodes estivaux (mars–septembre ; 7–11 ppb ; 30–58 %). Ce
contraste est associé à un régime dominé par l’acide nitrique (HNO3) en hiver, où la
photochimie réduite limite la formation des nitrates organiques et où les basses tempéra-
tures favorisent la condensation du nitrate d’ammonium et des nitrates organiques peu
volatils. En été, une photochimie renforcée favorise la formation des nitrates organiques
(RONO2), mais les températures plus élevées réduisent leur partition vers la phase
particulaire. L’analyse des masses d’air montre qu’un peu plus de la moitié des épisodes
de pollution aux nitrates (53 %) sont associés à des masses d’air côtières urbaines ;
celles-ci se caractérisent par des concentrations totales de nitrate plus élevées mais des
fractions de nitrates organiques plus faibles, en raison de la proximité des zones sources
de NOx. Ces résultats démontrent que l’évaluation des stratégies d’atténuation de la
pollution aux nitrates doit tenir compte des régimes chimiques saisonniers et devrait
intégrer la distinction entre nitrates inorganiques et organiques.

Le Chapitre 6 synthétise les conclusions clés de la thèse et identifie les lacunes de
connaissances subsistantes. Les résultats mettent en évidence : 1) l’influence des profils
de sources d’émission sur la composition des aérosols ; 2) la contribution significative
des nitrates organiques à la masse des aérosols aux Pays-Bas ; et 3) le rôle des con-
ditions saisonnières dans la détermination de la proportion relative de HNO3 et de
RONO2 produits par l’oxydation des NOx. À partir de ces résultats, nous soulignons
l’absence de prise en compte des nitrates organiques dans les modèles de transport et
de dépôt d’azote, ce qui peut affecter les stratégies de réduction des émissions. Nous
préconisons plusieurs axes majeurs d’amélioration : 1) l’évaluation des stratégies de
réduction des émissions en tenant compte des régimes saisonniers des puits de NOx ; 2)
une modélisation du transport chimique et du dépôt contrainte par les observations,
depuis les sources de NOx vers les zones naturelles; et 3) le déploiement de stations
d’observation mieux équipées, permettant des mesures de COV et d’aérosols organiques
à plus hautes résolutions temporelles et massiques afin de mieux caractériser les nitrates
organiques.

Dans l’ensemble, cette thèse fait progresser la compréhension des sources, des puits
et des processus chimiques des nitrates dans une atmosphère saturée en azote. En
développant des outils applicables aux réseaux de surveillance à long terme, en car-
actérisant les propriétés des nitrates organiques dans des conditions atmosphériques
réalistes et en élucidant les facteurs déterminants des épisodes de pollution aux nitrates,
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ce travail permet d’affiner la représentation des nitrates inorganiques et organiques

dans les modèles de transport chimique et de dépôt d’azote.





Rangkuman

Spesies nitrogen reaktif seperti amonia (NH3) dan oksida nitrogen (NOx) merupakan

zat yang penting bagi keberlangsungan kehidupan di Bumi. Akan tetapi, jika kadarnya

yang berlebihan, mereka dapat merusak ekosistem. Akibat laju deposisi nitrogen atmos-

ferik yang tinggi, Belanda menghadapi krisis nitrogen yang menyebabkan degradasi

lingkungan alamiahnya. Metode terkini untuk mempelajari alur perubahan nitrogen

belum mempertimbangkan spesiasi nitrat menjadi amonium nitrat (NH4NO3) dan

nitrat organik maupun partisi gas–partikel dari nitrat organik. Padahal, proses-proses

tersebut menentukan masa hidup, perpindahan, dan deposisi nitrogen reaktif. Pengaba-

ian proses ini dapat menyebabkan ketakakuratan pada estimasi fluks deposisi nitrogen

dan mengurangi efektivitas strategi pengurangan emisi.

Disertasi ini menyelidiki sumber, rosot, dan proses kimia atmosferik nitrat di Belanda,

terutama pada pembentukan aerosol nitrat dan partisi gas–partikel. Peristiwa pem-

bentukan dan pertumbuhan partikel baru melibatkan pembentukan rangkaian serta

kondensasi senyawa dengan volatilitas rendah seperti garam anorganik dan molekul

organik yang sangat teroksidasi (beberapa mengandung gugus fungsi nitrat) sehingga

mengakibatkan terbentuknya partikel aerosol yang mengandung nitrat. Partisi nitrat

antara fase gas dan fase partikel dipengaruhi oleh berbagai faktor, seperti volatilitas,

massa molekul, kondisi oksidasi, komposisi prekursor, dan suhu.

Sifat fisik dan kimia nitrat diidentifikasi dalam disertasi ini menggunakan hasil penga-

matan dari pengukuran ambien dan eksperimen di dalam ruang simulasi atmosfer

sebagai bagian dari program pengukuran intensif atau pemantauan jangka panjang.

Peran berbagai spesies kimia dalam proses pembentukan dan pertumbuhan partikel

dianalisis menggunakan pendekatan faktorisasi matriks positif (PMF) hibrida (Bab 2).

Aerosol nitrat selanjutnya dispesiasi menjadi komponen anorganik dan organik meng-

gunakan metode rasio NO +
x yang diterapkan pada pengukuran spektrometri massa

aerosol (Bab 3). Partisi gas–partikel dan volatilitas keseluruhan dari nitrat organik

diamati melalui eksperimen ruang simulasi atmosfer (Bab 4) serta pengamatan ambien

(Bab 5).

Bab 2 berfokus untuk memahami peran berbagai spesies kimia selama peristiwa pem-

bentukan dan pertumbuhan partikel baru menggunakan hasil pengukuran dari kampa-
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nye RITA (Ruisdael Land–Atmosphere Interactions Intensive Trace-gas and Aerosol) tahun

2021 di Cabauw yang berlokasi di Belanda tengah. Komposisi kimia aerosol yang

diukur menggunakan monitor spesiasi kimia aerosol (ACSM) serta distribusi ukuran

jumlah partikel digabungkan dan diolah dengan pendekatan PMF hibrida. Pendekatan

ini mengaitkan spektrum massa aerosol organik dan komposisi aerosol anorganik

dengan kelas ukuran partikel tertentu yang kemudian dianalisis lebih lanjut untuk

mengidentifikasi daerah asalnya. Analisis PMF pada pengukuran di musim semi,

musim panas, dan musim gugur mengidentifikasi empat populasi aerosol. Partikel

mode nukleasi ditemukan berkaitan dengan amonium, sulfat, dan aerosol organik

dengan tingkat oksidasi rendah, serta berhubungan dengan massa udara dari arah

barat dan barat daya yang merupakan kawasan pelabuhan dan industri Rotterdam.

Partikel mode akumulasi ditemukan berkaitan dengan amonium, nitrat, dan wilayah

barat dan selatan yang kaya akan emisi NH3 dan NOx. Dua populasi aerosol lainnya

tidak berkaitan dengan golongan ukuran khusus, yaitu campuran aerosol anorganik

dan organik dari berbagai sumber, serta aerosol organik dengan tingkat oksidasi tinggi

akibat perpindahan jarak jauh dari daratan benua Eropa. Hasil ini menunjukkan bahwa

senyawa organik teroksidasi dan amonium sulfat berperan penting dalam tahapan

awal pembentukan partikel, sementara nitrat berkontribusi lebih besar pada proses

pertumbuhan partikel.

Bab 3 berfokus pada spesiasi partikulat nitrat menjadi NH4NO3 dan nitrat organik. Hal

ini dicapai menggunakan perbandingan ion NO +
2 /NO+ yang dihasilkan selama frag-

mentasi nitrat di dalam vaporizer standar (SV) pada spektrometri massa aerosol waktu-

terbang dengan resolusi massa tinggi (HR-ToF-AMS), yang dikenal sebagai metode

rasio NO +
x . Meskipun metode ini telah lama digunakan untuk instrumen SV-HR-ToF-

AMS, bab ini menyajikan penerapan pertama metode ini pada instrumen ToF-ACSM

dengan resolusi unit massa (UMR-ToF-ACSM) dan vaporizer tipe perangkap (CV) yang

banyak digunakan di stasiun pengamatan udara untuk memantau komposisi partikel

halus (PM2,5). Metode ini memiliki ketidakpastian sebesar ∼30 % untuk total konsen-

trasi partikulat nitrat <1 µg · m−3 dan ∼10 % untuk total konsentrasi partikulat nitrat

>4 µg · m−3. Metode ini divalidasi menggunakan pengukuran serentak CV-ACSM

dan SV-AMS dalam ruang simulasi atmosfer dalam program CAINA (Cloud–Aerosol

Interactions in a Nitrogen-dominated Atmosphere) AIDA (Aerosol Interaction and Dynamics

in the Atmosphere).

Nitrat organik mencakup beragam senyawa kimia. Bab 4 membahas pembentukan,

partisi gas–partikel, massa molekul, dan rendemen dari nitrat organik dengan kondisi

terkontrol dalam ruang simulasi atmosfer SAPHIR (Simulation of Atmospheric PHotochem-

istry In a large Reaction chamber) yang dilakukan selama program CHANEL (Household

Chemicals Amplifying Urban Aerosol Pollution) pada tahun 2024. Studi ruang simu-

lasi atmosfer pada umumnya hanya menggunakan satu senyawa prekursor untuk

menyederhanakan sistem dipelajari serta mengisolasi suatu mekanisme reaksi tertentu.
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Padahal, atmosfer tersusun atas campuran yang kompleks, sehingga penyederhanaan

ini kurang merepresentasikan kondisi atmosfer secara nyata. Atas dasar itu, studi pada

Bab 4 menggunakan campuran emisi perkotaan yang kompleks dalam kondisi oksi-

dasi yang realistis di dalam ruang simulasi atmosfer, sehingga meningkatkan akurasi

karakterisasi pembentukan nitrat organik layaknya atmosfer di dunia nyata. Campuran

emisi yang digunakan disusun berdasarkan sidik jari emisi yang spesifik berasal dari

sumber tertentu, meliputi produk kimia volatil (VCP), emisi aktivitas memasak, dan

emisi lalu lintas, dengan turut memperhitungkan skenario kompleks yang merepresen-

tasikan lingkungan perkotaan kini dan di masa depan. Produk reaksi dikarakterisasi

berdasarkan hasil pengukuran dari monitor NOy total, spektrometri massa aerosol, kro-

matografi gas, dan spektrometri massa dengan ionisasi kimia dan resolusi massa tinggi.

Hasil penelitian menunjukkan besarnya pengaruh senyawa organik volatil (VOC) tak

jenuh terhadap rendemen pembentukan nitrat organik. Kecenderungan partisi menuju

fase partikel yang lebih kuat dibanding fase gas diamati dalam kondisi oksidasi malam

hari yang melibatkan radikal NO3 dibanding dalam kondisi oksidasi siang hari yang

melibatkan radikal OH . Massa molekul rata-rata partikulat nitrat organik yang terben-

tuk pada malam hari (331±13 g · mol−1) ditemukan lebih tinggi dibanding siang hari

(258±24 g · mol−1) akibat kontribusi oligomer yang lebih besar. Fraksi massa aerosol

organik yang merupakan partikulat nitrat organik juga meningkat sebesar 2,6 hingga

4,5 kali pada kondisi malam hari dibanding siang hari. Ini mencerminkan terjadinya

peningkatan massa molekul serta suhu yang lebih rendah yang mendukung terjadinya

kondensasi. Terlepas dari perbedaan kompleksitas campuran prekursor dan variabil-

itas massa molekul rata-rata nitrat organik, koefisien partisi gas–partikel dari nitrat

organik yang diperoleh konsisten dengan volatilitas dari nitrat monoterpena teroksidasi

yang diprediksi menggunakan metode kontribusi gugus SIMPOL.1 (10−4 hingga 10−2

m3
·µg−1 pada 18–40 ◦C). Temuan ini meningkatkan pemahaman mengenai sumber,

massa molekul, dan volatilitas nitrat organik secara keseluruhan dalam campuran emisi

perkotaan yang kompleks.

Informasi yang diperoleh dari Bab 4 kemudian diterapkan pada Bab 5 pada hasil

pengukuran jangka panjang di Cabauw (2023–2025). Variabilitas musiman dan variabil-

itas terkait asal massa udara selama episode polusi aerosol nitrat dikaji menggunakan

pengamatan spesies kimia pada fase gas dan partikel, data cuaca, dan analisis lintasan

balik. Metode rasio NO +
x yang telah diadaptasi (Bab 3) diterapkan untuk menentukan

fraksi nitrat anorganik dan organik. Sementara itu, partisi gas–partikel dievaluasi

menggunakan kombinasi hasil pengukuran ACSM dan monitor NOy total, serupa

dengan Bab 4). Pengukuran ini diintegrasikan dengan data meteorologi serta data

analisis-ulang dari Copernicus Atmosphere Monitoring Service (CAMS) untuk mengkarak-

terisasi episode polusi nitrat (>0,8 µg · m−3). Selama musim dingin (Oktober–Februari),

episode polusi lebih sering terjadi dan dikaitkan dengan perbandingan campuran total

nitrat organik yang lebih rendah (2–4 ppb) serta fraksi partikulat nitrat organik yang
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lebih kecil (14–43 %) dibanding musim panas (Maret–September; 7–11 ppb; 30–58 %).

Perbedaan ini terkait dengan musim dingin yang didominasi oleh rezim asam nitrat

(HNO3); fotokimia yang terbatas menghambat pembentukan nitrat organik, semen-

tara suhu rendah mendukung kondensasi amonium nitrat dan nitrat organik dengan

volatilitas rendah menuju fase partikel. Selama musim panas, reaksi fotokimia yang

lebih intensif mendorong pembentukan nitrat organik (RONO2), namun suhu yang

lebih tinggi mengurangi kecenderungan partisi menuju fase partikel. Analisis massa

udara menunjukkan bahwa sekitar setengah dari seluruh episode polusi nitrat (53 %)

terkait dengan massa udara perkotaan di pesisir, yang ditandai oleh konsentrasi nitrat

total yang lebih tinggi dan fraksi nitrat organik yang lebih rendah. Ini diakibatkan

oleh kedekatan lokasi pengukuran dengan pusat emisi NOx. Temuan ini menunjukkan

bahwa evaluasi dari strategi mitigasi polusi nitrat harus mempertimbangkan rezim

kimia musiman dan kedua jenis aerosol nitrat (anorganik dan organik).

Bab 6 merangkum temuan utama disertasi ini dan mengidentifikasi kekurangan yang

masih ada. Hasil penelitian ini menekankan: 1) pengaruh profil sumber emisi terhadap

komposisi kimia aerosol, 2) kontribusi signifikan nitrat organik terhadap massa aerosol

total di Belanda, serta 3) peran musim dalam menentukan perbandingan relatif dari

produksi HNO3 dan RONO2 melalui oksidasi NOx. Dari hasil temuan ini, kurangnya

representasi nitrat organik dalam model perpindahan dan deposisi nitrogen yang dapat

memengaruhi strategi pengurangan emisi perlu digarisbawahi. Beberapa hal utama

yang dapat dikembangkan lebih lanjut juga layak disorot, antara lain: 1) evaluasi

strategi pengurangan emisi yang mempertimbangkan rezim rosot NOx yang berubah

secara musiman; 2) pemodelan transpor kimia dari sumber emisi NOx menuju kawasan

alam berbasis hasil pengamatan; dan 3) peningkatan kapabilitas stasiun pengamatan

dalam pengukuran VOC dan aerosol organik dengan resolusi waktu dan massa yang

lebih tinggi, agar dapat mengarakterisasi nitrat organik secara lebih komprehensif.

Secara keseluruhan, disertasi ini memperluas pemahaman mengenai sumber, rosot,

dan transformasi nitrat dalam atmosfer kaya dengan nitrogen. Melalui pengembangan

metode yang dapat diterapkan pada stasiun pengamatan jangka panjang, karakterisasi

nitrat organik dalam kondisi atmosfer yang realistis, serta penentuan penggerak utama

episode polusi nitrat, penelitian ini menyediakan dasar yang kuat untuk meningkatkan

akurasi representasi nitrat anorganik dan organik dalam model transpor kimia dan

deposisi nitrogen.
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List of chemical formulas

Br– bromide

C3H7NH2 propylamine

C3H7NH +
2 propylamine ion

C5H8 isoprene

C6H6 benzene

C6H +
6 benzene ion

C10H16 monoterpenes

Ca(NO3)2 calcium nitrate

CO+ carbon monoxide ion

CO +
2 carbon dioxide ion

Cl chloride (species in AMS/ACSM are referred to as functional groups

without charge)

Cl– chloride

HNO3 nitric acid

HONO nitrous acid

H2SO4 sulfuric acid

I– iodide

Mo molybdenum

N nitrogen

N2 dinitrogen

N2O5 nitrogen pentoxide

NaNO3 sodium nitrate

NaCl sodium chloride

NH3 ammonia

NH4 ammonium (species in AMS/ACSM are referred to as functional groups

without charge)

NH +
4 inorganic ammonium (in the particle phase)

NH4HSO4 ammonium bisulfate

NH4NO3 ammonium nitrate



XXVIII List of chemical formulas

(NH4)2SO4 ammonium sulfate

NHx reduced nitrogen

NO nitrogen monoxide

NO+ nitrogen monoxide ion (in the vaporizer)

NO2 nitrogen dioxide

NO +
2 nitrogen dioxide ion (in the vaporizer)

NO3 nitrate (species in AMS/ACSM are referred to as functional groups

without charge)

NO –
3 inorganic nitrate (in the particle phase)

NO3 nitrate radical

NOx nitrogen oxides = NO+NO2

NO +
x nitrogen oxide ions

NOy oxidized nitrogen, or total oxidized nitrogen species (= NOx+NOz)

NOz nitrogen reservoir species; e.g., RONO2, RO2NO2, HNO3, N2O5

(= NOy−NOx)

OH hydroxyl radical

O3 ozone

RO2 organic peroxy radical

RONO2 alkyl nitrate (also refers to organic nitrate in general)

RO2NO2 peroxy nitrate

ROx organic radicals (= RO + RO2 )

SO2 sulfur dioxide

SO4 sulfate (species in AMS/ACSM are referred to as functional groups

without charge)

SO 2–
4 sulfate

SOx sulfur oxides



List of abbreviations and notations

ACSM Aerosol Chemical Speciation Monitor

ACTRIS Aerosol, Clouds and Trace Gases Research Infrastructure

AEROMMA Atmospheric Emissions and Reactions Observed from Megacities

to Marine Areas

AIDA Aerosol Interaction and Dynamics in the Atmosphere (chamber at

Karlsruhe Institute of Technology)

amine-ToF amine-reagent chemical ionization time-of-flight mass spectrometer

AmN ammonium nitrate

AMS aerosol mass spectrometer

AmS ammonium sulfate

aOrg[x],[i] multiplier for calculating frag_Org[x] based on the relationship

between frag_Org[x] and frag_Org[i]

APi atmospheric pressure inlet

BBOA biomass burning organic aerosol

BVOC biogenic volatile organic compound

CAINA Cloud-Aerosol Interactions in a Nitrogen-dominated Atmosphere

(campaign 2025)

CAMS Copernicus Atmospheric Monitoring Service

CB Carbon Bond (chemical scheme)

CCOA coal combustion organic aerosol

CDL,NO+ detection limit of NO+ (µg · m−3)

CDL,NO +
2

detection limit of NO +
2 (µg · m−3)

CDL,pNO3
detection limit of pNO3 (µg · m−3)

CE collection efficiency

Cg,i concentration/mixing ratio of species i in the gas phase

CgON concentration/mixing ratio of organic nitrate in the gas phase

CHANEL Household Chemicals Amplifying Urban Aerosol Pollution (cam-

paign 2024)

CI chemical ionization

CIMS chemical ionization mass spectrometry



XXX List of abbreviations and notations

CNO+ signal of NO+ (µg · m−3)

CNO+,lim signal limit of NO+ for reliable organic nitrate and ammonium

nitrate separation (µg · m−3)

CNO +
2

signal of NO +
2 (µg · m−3)

COA cooking organic aerosol

COA concentration of total organic aerosol (µg · m−3)

CON,tot concentration/mixing ratio of total organic nitrate (gas and particle

phases)

CPC condensation particle counter

Cp,i concentration/mixing ratio of species i in the particle phase

Cp,i/Cg,i particle-to-gas ratio of species i

CPM2.5
concentration of total PM2.5 (µg · m−3)

CpNH4
concentration of total particulate ammonium

CpNH4
concentration of total particulate nitrate

CpRONO2
concentration of organic nitrate in the particle phase (organic +

nitrate moiety)

CpON concentration/mixing ratio of organic nitrate in the particle phase

(nitrate moiety)

CpON/CgON particle-to-gas ratio of organic nitrate

Cns near-surface atmospheric concentration (mol · m−3)

C0 initial concentration

cToF compact time-of-flight

CV capture vaporizer

C∗ volatility (µg · m−3)

DEPAC DEPosition of Acidifying Compounds (deposition model)

-DH experiment label for daytime high NO condition

-DL experiment label for daytime low NO condition

-DM experiment label for daytime medium NO condition

DMA differential mobility analyzer

dN particle number concentration (cm−3)

dN/d log Dp particle number size distribution (cm−3)

Dp particle geometric diameter (nm or µm)

dV cumulative particle volume (nm3)

Dva particle vacuum aerodynamic diameter (nm or µm)

EHN 2-ethylhexyl nitrate

ELVOC extremely low-volatility organic compound

EU European Union

F deposition flux (mol · m−2
·s−1)

FID flame ionization detector
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fom absorptive organic fraction of the particulate matter

fpAmN mass fraction of particulate ammonium nitrate to the total nitrate

fpeak rotationality in positive matrix factorization solution

fpON mass fraction of particulate organic nitrate to the total nitrate

frag_NO3[x] total nitrate fragments in nominal m/Q x

frag_Org[x] total organic fragments in nominal m/Q x

F0AM Framework for 0-D Atmospheric Modeling

FZJ Forschungszentrum Jülich (Jülich Research Centre)

f28 mass fraction of m/Q 28 in the organic mass spectrum

f43 mass fraction of m/Q 43 in the organic mass spectrum

f44 mass fraction of m/Q 44 in the organic mass spectrum

GC gas chromatography

gON gas-phase organic nitrate

H∗ effective Henry’s law constant (mol · L−1
·atm−1)

HOA hydrocarbonlike organic aerosol

HOM highly oxygenated molecule

HR high (mass) resolution

HR-ToF-AMS high-mass-resolution time-of-flight aerosol-mass-spectrometer

HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory

IA inorganic aerosol

IE ionization efficiency

IMK Institut für Meteorologie und Klimaforschung (Institute for Meteorol-

ogy and Climate Research)

IPL intermediate pressure lens

KIT Karlsruhe Institute of Technology

KNMI Koninklijk Nederlands Meteorologisch Instituut (Royal Netherlands

Meteorological Institute)

Kp,i gas-particle partitioning coefficient of species i (m3
·µg−1)

Kp,ON gas-particle partitioning coefficient of organic nitrates (m3
·µg−1)

LML Landelijk Meetnet Luchtkwaliteit

LO-OOA less-oxidized oxygenated organic aerosol

LOTOS-EUROS LOng-Term Ozone Simulation - EURopean Operational Smog

LVOC low-volatility organic compounds

mν mass concentration of ν (µg · m−3)

m/Q mass-to-charge ratio

MCM Master Chemical Mechanisms

minErr minimum error for positive matrix factorization input

MO-OOA more-oxidized oxygenated organic aerosol

mOrg/mIA organic-to inorganic aerosol mass ratio

MPSS mobility particle size spectrometer
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MR-CIMS multi-reagent chemical ionization mass spectrometer

MR-CIMS-C6H +
6 MR-CIMS with benzene-reagent ions

MR-CIMS-I– MR-CIMS with iodide-reagent ions

mtot total absorptive mass of particulate matter (µg · m−3)

MWom average molecular weight of the organic matter (g · mol−1)

MWpRONO2
molecular weight of bulk particulate organic nitrate as pRONO2

(g · mol−1)

m/∆m mass resolution

-N experiment label for nighttime conditions or NO3 chemistry

-N-DO experiment label for nighttime conditions with NO2+O3 injections

at multiple times

NH4_bal ammonium balance

NH +
4 -Vocus ammonium-reagent Vocus chemical ionization mass spectrometer

NO2R reactivity of NO2 towards OH (s−1)

nν molar concentration of species ν

NO2R/VOCR ratio of NO2 reactivity to total volatile organic compound reactiv-

ity towards OH

NOAA National Oceanic and Atmospheric Administration

NO +
x ratio NO +

2 -to-NO+ signal ratio

NPF new particle formation

OA organic aerosol

obs observed data (ambient or chamber)

ODR orthogonal distance regression

ON organic nitrate

OOA oxygenated organic aerosol

OPS Operational Priority Substance

Org organic species in AMS/ACSM

p number of factors in PMF solution

PAH polycyclic aromatic hydrocarbon

pAmN particulate ammonium nitrate

PAS Programmatische Aanpak Stikstof (Nitrogen Approach Program)

PEEK polyetheretherketone

PET PMF Evaluation Tool

PIKA Peak Integration by Key Analysis

po
L,i pure liquid vapor pressure of compound i (atm)

PM particulate matter

PM2.5 particulate matter with size <2.5 µm

PM10 particulate matter with size <10 µm

PMF Positive Matrix Factorization

pNH4 particulate ammonium

pNO3 particulate nitrate
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PNSD particle number size distribution (cm−3)

POA primary organic aerosol

pON particulate organic nitrate (only nitrate moiety)

pRONO2 particulate organic nitrate (organic and nitrate moiety)

PTFE polytetrafluoroethylene

Q/Qexp local minima of PMF solution

Q-ACSM quadrupole ACSM

R ideal gas constant (= 0.082 L · atm · K−1
·mol−1)

r2 coefficient of determination

Ra aerodynamic resistance (s · m−1)

Rb boundary layer resistance (s · m−1)

Rc surface resistance (s · m−1)

RH relative humidity (%)

RHeq,avg relative humidity at equilibrium (%)

RIE relative ionization efficiency

RIVM Rijksinstituut voor Volksgezondheid en Milieu (Dutch National Insti-

tute for Public Health and the Environment)

Robs NO +
x ratio of observed data

RoR ratio of ratios

RpAmN NO +
x ratio of particulate ammonium nitrate

RpON NO +
x ratio of particulate organic nitrate

RUG Rijksuniversiteit Groningen (University of Groningen)

SAPHIR Simulation of Atmospheric PHotochemistry In a large Reaction

chamber (at Forschungszentrum Jülich)

s f uncertainty of function f

s fpON
uncertainty of particulate organic nitrate fraction to the total nitrate

SIA secondary inorganic aerosol

SMPS Scanning Mobility Particle Sizer

SOA secondary organic aerosol

Squirrel Sequential Igor Data Retrieval

SV standard vaporizer

SVOC semi-volatile organic compound

sxi
standard error

t time step

T temperature (K or oC)

Teq,avg average chamber temperature at equilibrium (K or oC)

TNO Netherlands Organisation for Applied Scientific Research (Neder-

landse Organisatie voor toegepast-natuurwetenschappelijk onderzoek in

Dutch)

ToF time-of-flight
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UU Utrecht University

VBS volatility basis set

VCP volatile chemical product

Vd deposition velocity (m · s−1)

VOC volatile organic compound

VOCR reactivity of volatile organic compounds towards OH (s−1)

WALL-E Wall-Free Particle Evaporator

WAM Washington Aerosol Module

WRF-Chem Weather Research and Forecasting model coupled with Chem-

istry

-X experiment label for limonene precursor injection at multiple

times

xi measurand or measured value

∆COA concentration of total organic aerosol formed (Org+pON)

(µg · m−3)

∆CON,tot total concentration of organic nitrate formed (gas and particle

phases)

∆CON,tot/∆CVOC,tot molar yield of organic nitrate to the total consumed VOCs

∆CpRONO2
concentration of particulate organic nitrate (organic+nitrate

moiety) formed (µg · m−3)

∆CpRONO2
/∆COA mass fraction of pRONO2 to the total organic aerosol formed

∆CVOC,tot total concentration/mixing ratio of consumed VOCs

∆D wet deposition flux (µg · m−2)

∆z height of a grid cell (m)

δ f /δxi partial derivative of the function f

Λ scavenging coefficient (s−1)

ζ activity coefficient
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Introduction



2 Introduction

1.1 Motivation and background

The post-industrial revolution era has been characterized by an increase in human

population, globalized trade, and industrial output. This acceleration has profoundly

altered the Earth’s biogeochemical cycles, notably through the large-scale conversion

(fixation) of non-reactive nitrogen (N2) into reactive nitrogen species. While nitrogen

fixation occurs naturally via biological processes and lightning, anthropogenic activities

now dominate the global reactive nitrogen budget. These reactive nitrogen species

are broadly categorized into reduced nitrogen (NHx), primarily ammonia (NH3), and

oxidized nitrogen (NOy), primarily nitrogen oxides (NOx=NO+NO2). The two most

significant drivers of the increase in reactive nitrogen species are intensive agriculture

and fossil fuel combustion for transport and industry, contributing mainly to NH3 and

NOx, respectively. As these sectors have expanded to meet global resource demands, it

has led to excessive nitrogen emission with implications for air quality and ecosystem

health.

The atmosphere over the Netherlands may serve as an example for environments with

excessive emission of reactive nitrogen due to its unique position as a high-productivity

agricultural country and transport/shipping hub. Despite its small land area and

human population of around 17.5 million, the country supports a livestock population

of approximately 116 million individuals (including pigs, cattle, sheep, dairy goats,

and chickens) (CBS, 2022). This intensive agricultural sector makes the Netherlands

the world’s second-largest exporter of agricultural products by value after the United

States, contributing approximately 17.5 % of total Dutch exports (Voort et al., 2012).

Consequently, NH3 emissions remain exceptionally high, totaling 100 Gg(N) · y−1 in

2022, with 87 % of the emissions attributed to agricultural activities (CBS, 2024; Staats

et al., 2025). At the same time, the Netherlands functions as a primary gateway for

European trade. The Netherlands remains the top maritime freight hub in the European

Union (EU), handling 545 million tonnes of cargo in 2023 (Eurostat, 2022), where 13.82

millions TEU (twenty-foot equivalent unit, representing one 6.1-m shipping container)

are shipped through the port of Rotterdam in 2024 (Rotterdam, 2025). Schiphol Airport

also consistently ranks among the top European hubs for both passenger traffic and

cargo movements, with 66.8 million passengers (fourth position in Europe) and 1.49

million tonnes of cargo (fifth position in Europe) according to Schiphol (2025). These

ports contribute substantially to NOx emissions (Valastro et al., 2023; Tokaya et al., 2024).

In 2022, NOx emissions reached 49 Gg(N) · y−1, with the transport sector responsible

for 57 % of the emissions (CBS, 2024; Staats et al., 2025). The combination of intensive

agriculture practice and high-volume logistics results in nitrogen deposition rates

averaging at 1315 mol(N) · ha−1 in 2023, where 29 % of the deposition is contributed

by NOy and 71 % by NHx (see Fig. 1.1). Fig. 1.2 from Erisman et al. (2015) shows that

the total nitrogen deposition modeled using LOTOS-EUROS model (LOng-Term Ozone
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Figure 1.1: Share of oxidized nitrogen (NOy) and reduced nitrogen (NHx) deposition (wet and

dry) in the Netherlands in 2023 according to the Dutch National Institute for Public Health

and the Environment (Rijksinstituut voor Volksgezondheid en Milieu or RIVM in Dutch), obtained

from CLO (2025).

Simulation - EURopean Operational Smog) for 2009 in the Netherlands is relatively high

compared to other European countries given its size, with similar nitrogen deposition

observed in other agricultural and/or industrial centers like Northern Belgium, Brittany,

Po Valley in Italy, Northern Switzerland, and Western Germany.

While international and national regulations have successfully reduced sulfur dioxide

(SO2) emissions over the past decades, reactive nitrogen emissions have been shown

to be more resistant to change. Due to the ubiquity of nitrogen-emitting activities

in modern society, NHx and NOy are increasingly central to atmospheric chemistry.

Specifically, nitrate aerosols have emerged as a major component of the particulate

matter (PM) globally and regionally (Adams et al., 1999; Metzger, 2002; Liao et al.,

2003; Rodriguez and Dabdub, 2004; Feng and Penner, 2007; Bauer et al., 2007; Paulot

et al., 2016; Bian et al., 2017; Vasilakos et al., 2018; Drugé et al., 2019; Lu et al., 2021).

Projections suggest that by 2100, nitrate will surpass sulfate as the primary driver of

aerosol radiative forcing globally (Adams et al., 2001).

Understanding the properties and formation mechanisms of nitrate aerosols is of in-

creasing importance due to their diverse impacts. Continental nitrate aerosols are

largely associated with fine particles, whose efficient light scattering leads to a direct

cooling effect and climate forcing across Europe (Schaap et al., 2003; Erisman et al.,

2011). Through new particle formation (NPF) events, condensation of low-volatility

compounds, including nitrate, contribute to over 50 % of cloud condensation nuclei,

thereby influencing cloud albedo and lifetime (Bianchi et al., 2016; Gordon et al., 2016;

Haywood, 2016; Dall’Osto et al., 2018; Lee et al., 2019). These phenomena physically

affect ecosystems by altering radiation diffusion, temperature, and precipitation (Grantz

et al., 2003; Haywood, 2016; Lee et al., 2019). Aerosols also chemically affect ecosystems
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Figure 1.2: Modeled total nitrogen deposition (kg(N) · ha−1) for 2009 (adapted from figure in

Erisman et al. (2015)).

by altering the spatial patterns of nitrogen deposition (Swaluw et al., 2011; Wamelink

et al., 2013) and influencing oxidative processes (Xing et al., 2017). Excessive nitrogen

deposition leads to soil acidification, eutrophication of aquatic systems, and a signifi-

cant loss of biodiversity, representing a key obstacle to the conservation and long-term

sustainability of natural habitats (Erisman et al., 2011; Wamelink et al., 2013; Heer et al.,

2017). NOx, in the presence of sunlight and volatile organic compounds (VOCs), facili-

tates the formation of secondary pollutants: ground-level ozone and fine particulate

matter (PM2.5). These particulates are associated with elevated cardiovascular and

pulmonary morbidity (Ayala et al., 2012; Pope et al., 2020).

These negative impacts call for a reduction in nitrogen emission in the EU. Through

the Habitats Directive (92/43/EEG) and Birds Directive (2009/147/EG) from the EU,

they classify the network of protected natural habitats as Natura 2000. To address

the problem, the Dutch government implemented the Nitrogen Approach Program

(Programmatische Aanpak Stikstof or PAS in Dutch) in 2015 to cut nitrogen emissions

and apply restoration measures in Natura 2000 areas while facilitating economic devel-
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Figure 1.3: Annual trend of wet and dry deposition of NOy and NHx (mol(N) · ha−1) in the

Netherlands from 1990–2024 according to RIVM (CLO, 2025).

opment within strict limits. Through another EU Directive on the National Emission

reduction Commitments (2016/2284), the Netherlands is obliged to commit to reduce

its national NOx emission by 45 % and national NH3 emission by 13 % before 2030 (in

comparison to emissions in 2005). In response, policies required emissions reductions

from various sectors in the country, mainly agriculture and industries. We have ob-

served a reduction in nitrogen deposition as an impact of nitrogen emission reduction

efforts since 1990, as shown by RIVM in Fig. 1.3. However, between 2013 and 2017, total

nitrogen deposition remained roughly stable due to a limited decrease in emissions

(CLO, 2025). In May 2019, the Dutch Administrative Court of the Council of State (Raad

van State in Dutch) ruled that the PAS was not sufficient to reduce excess nitrogen in

vulnerable natural areas. The persistent failure to mitigate nitrogen levels has led to a

regulatory and political impasse in recent years (De Vries, 2021), known as the "Dutch

nitrogen crisis."

A primary obstacle to effective policy is the scientific uncertainty surrounding the

non-linear relationship between precursor emissions and final deposition, which leads

the emission reduction approach to be insufficient (Lohle, 2021). Current models

often struggle to capture the complex source-to-sink pathway of nitrogen, including

the airborne dispersion of reactive nitrogen species and the chemical transformations

that occur during transport. A deeper investigation into the atmospheric chemical

processes, specifically the sources and sinks of reactive nitrogen, is essential to improve

the situation. This thesis aims to address these knowledge gaps by providing the

scientific knowledge about the chemical reactions pathways of reactive nitrogen in the

Netherlands for future emission reduction strategies.
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1.2 Chemical and physical processes related to nitrate

1.2.1 Atmospheric chemistry

Reactive nitrogen species undergo complex atmospheric transformations influenced

by meteorological conditions and the presence of co-pollutants. NOx is primarily

introduced via high-temperature combustion (transport and industry), while NH3 stems

predominantly from agricultural activities, specifically urea hydrolysis in manure and

synthetic fertilizers. Other processes, including waste management, biomass burning,

and exhaust from catalytic converters, also contribute to NH3 emissions.

The chemical reactions occurring in the atmosphere involving NOx and NH3 are sum-

marized in Fig. 1.4. The atmospheric transformation of these precursors follows two

primary pathways: the formation of inorganic nitrates and organic nitrates (ON). In the

Netherlands, ammonium nitrate (NH4NO3) is the dominant inorganic species (Schaap

et al., 2004), rather than ammonium sulfate ((NH4)2SO4) due to the abundance of nitro-

gen emission. NH4NO3 is formed through the reaction between nitric acid (HNO3) and

NH3. HNO3 is generated via NO2 oxidation by the hydroxyl radical (OH ) during the

day or nitrogen pentoxide (N2O5) hydrolysis at night. Meanwhile, ONs are typically

formed at first in the gas phase through different channels (Kiendler-Scharr et al., 2016;

Zare et al., 2018). During daytime conditions, the oxidation of NOx by organic peroxy

radicals (RO2 ), which are produced through reactions between VOCs and OH , rep-

resents the dominant pathway for ON formation (Sobanski et al., 2017). By contrast,

the oxidation of VOCs by nitrate radicals (NO3 ) primarily occurs at night due to the

absence of NO3 photodissociation (Kiendler-Scharr et al., 2016; Ng et al., 2017).

The dominant NOx sink, whether it is inorganic nitrate through HNO3 formation,

or organic nitrate, is governed by the ratio of NO2 reactivity to total VOC reactivity

towards OH (NO2R/VOCR) (Romer Present et al., 2020). High ratios (>> 1) favor

HNO3 production and subsequent inorganic nitrate formation. In contrast, low ratios

(< 1) promote the formation of organic nitrates. Because ONs possess atmospheric

multiphase lifetimes of 2–97 h (González-Sánchez et al., 2023), longer than the NOx

lifetime, 2–29 h (Singh, 1987; Ryerson et al., 1998; Nunnermacker et al., 2000; Valin et al.,

2013; Romer et al., 2016; Kenagy et al., 2018; Lange et al., 2022), the seasonality of NOx

sink pathways significantly alters the spatial distribution and deposition patterns of

reactive nitrogen, thus its impact on ecosystems.

1.2.2 Gas-particle partitioning of organic nitrates

The condensation of organic nitrates from the gas phase to the particulate phase facili-

tates the formation of secondary organic aerosol (SOA), which can lengthen atmospheric

lifetimes as stated above. Gas-particle partitioning is an equilibrium process governed

by the compound’s volatility, which is a function of its functional groups, oxidation
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Figure 1.4: Formation of reactive nitrogen species in the troposphere through emissions of

NOx, NH3, and VOCs and their subsequent reactions with atmospheric oxidants (e.g., OH

and NO3 ). The reactions lead to the production of particulate ammonium nitrate (NH4NO3)

and organic nitrates (ONs) in equilibrium between the gas phase ON (gON) and particulate

ON (pON). Dashed blue arrows indicate the NO3 -initiated ON formation pathway dominant

at night, while dotted green arrows represent the OH -initiated pathway prevalent during the

day.

level, temperature, and relative humidity (Kroll and Seinfeld, 2008). The partitioning

of a compound i between the gas and particle phases occurs via sorption onto pre-

existing particles, leading to the condensation of low-volatility organic compounds

(LVOCs). This process is described by the gas-particle partitioning coefficient (Kp,i in

m3
·µg−1) based on the volatility of i as expressed in Eq. 1.1 (Pankow, 1994; Pankow and

Asher, 2008). Kp,i is proportional to the particle-to-gas concentration ratio (Cp,i/Cg,i)

and inversely proportional to the total absorptive mass (mtot in µg · m−3),

Kp,i =
Cp,i

Cg,i
·

1

mtot
(1.1)

When expressed thermodynamically in Eq. 1.2, Kp,i depends on the temperature (T

in K), the pure liquid vapor pressure of i at that temperature (po
L,i in atm), and the
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properties of the organic matter, including its molecular weight (MWom in g · mol−1),

the absorptive organic fraction of the PM ( fom), and the activity coefficient in the organic

fraction (ζ). The ideal gas constant R = 0.082 L · atm · K−1
·mol−1) is used. By estimating

po
L,i for a given MWom and ζ, Kp,i can be theoretically calculated for a specific chemical

structure using group contribution methods such as SIMPOL.1 (Pankow and Asher,

2008). The resulting theoretical Kp,i values (Eq. 1.2) can then be compared with observed

bulk value of Kp,i (Eq. 1.1) to infer the average volatility of the organic compounds,

providing insights into their possible chemical structures, and to characterize the bulk

properties of the SOA mixture (Brownwood et al., 2021).

Kp,i =
760 · R · T · fom

106
· MWom · ζ · po

L,i

(1.2)

While sulfuric acid (H2SO4) has been considered the primary driver of new particle

formation together with other species such as highly oxidized molecules (HOMs),

HNO3, organic acids and bases (Zhang et al., 2012; Zhang et al., 2015; Kulmala et al.,

2013; Wagner et al., 2017; Lehtipalo et al., 2018; Kürten, 2019; Lee et al., 2019; Brean

et al., 2021; Olin et al., 2022), the recent decline in SO2 emissions has increased the

relative importance of HNO3 and organonitrogen compounds in aerosol nucleation

and growth. Studies have shown that the particulate organic nitrate contribution to

total particulate nitrate mass is substantial (Ng et al., 2017), with an average fraction of

17–31 % in China (Yu et al., 2024) and 34–44 % in Europe (Kiendler-Scharr et al., 2016)

and large differences between urban and rural areas (Fisher et al., 2016; Schlag et al.,

2016; Romer Present et al., 2020; Yu et al., 2024), underscoring its critical role in regional

aerosol budgets.

1.3 Measurement techniques

Reactive nitrogen species relevant to nitrate aerosol formation are observed primarily

using an aerosol mass spectrometer (AMS) and an aerosol chemical speciation monitor

(ACSM), which measure aerosol-phase composition, including nitrate. A total NOy

monitor, together with a NOx monitor, AMS/ACSM, and auxiliary measurements, is

used to quantify total oxidized nitrogen (NOy) and to determine the concentration of

gas-phase nitrates.

1.3.1 Aerosol mass spectrometer (AMS) and aerosol chemical speciation monitor

(ACSM)

The high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, or simply

AMS) with a standard vaporizer (SV) is an instrument used to measure non-refractory

submicron aerosol particles. AMS is able to quantitatively speciate aerosol components

into organic components (Org), ammonium (NH4), nitrate (NO3), sulfate (SO4) and
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chloride (Cl) in the aerosol phase by mass fragment identification. The operating

principles of AMS, including the aerodynamic lens system, vaporizer, electron impact

ionization, and time-of-flight mass analyzer, are described in detail by Canagaratna

et al. (2007). Inorganic and organic nitrate are separated using the NO +
x ratio method

(Farmer and Jimenez, 2010; Day et al., 2022a; Takeuchi et al., 2024), which has been

widely validated for the analysis of organic nitrate (Fry et al., 2013; Pye et al., 2015;

Kiendler-Scharr et al., 2016; Ng et al., 2017; Fry et al., 2018; Huang et al., 2019a; Huang

et al., 2019b; Brownwood et al., 2021; Day et al., 2022a).

The unit-mass-resolution time-of-flight aerosol chemical speciation monitor (UMR-

ToF-ACSM) is similar to the AMS but optimized for air quality monitoring (Fröhlich

et al., 2013). The ACSM employs a capture vaporizer (CV) instead of SV to enhance

particle collection efficiency (CE) (Jayne and Worsnop, 2016), which enables PM2.5

measurements (Xu et al., 2017). A similar NO +
x ratio method is also available for the

speciation of inorganic and organic nitrate for CV-UMR-ToF-ACSM as part of this thesis

(Nursanto et al., 2025).

1.3.2 NOy monitor

Total NOy is measured using a chemiluminescence NOx analyzer (Thermo 42iQTL)

equipped with a modified NOy inlet, described in detail by Marsavin et al. (2023).

Ambient air passes through an external inlet containing a molybdenum (Mo) NO2-to-

NO converter (Thermo 17i) maintained at 350 ◦C, where NOy species are thermally

reduced to NO via reaction with Mo. The converted NO is then detected and quantified

by the chemiluminescence NOx instrument with 1 min time resolution.

The gas-phase organic nitrate mixing ratio (CgON in ppb) is derived from total NOy

by subtracting simultaneous measurements of NOx (CNOx
in ppb) and available NOz

species such as HONO, HNO3, and particulate nitrate (CHONO, CHNO3
, CpNO3

; all in

ppb), as shown in Eq. 1.3. While NOx and particulate nitrate are more commonly

measured, other NOz species (e.g., HONO, HNO3, N2O5, NO3 ) are often unavailable.

Some of these species also typically have very small mixing ratios (e.g., NO3 ). When

such measurements are missing, these terms can be neglected if their contributions are

negligible relative to dominant NOz components (e.g., gas-phase organic nitrate and

particulate nitrate).

CgON = CNOy
− (CNOx

+ CHONO + CHNO3
+ CpNO3

+ ...) (1.3)

1.3.3 Other measurement techniques

Gas- and particle-phase measurements can be complemented by additional soft-

ionization mass spectrometers, including gas chromatography (GC) and chemical ion-

ization mass spectrometers (CIMS), to provide enhanced molecular speciation. Unlike
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electron impact ionization technique where molecules in the sample are fragmented, GC

and CIMS enable the characterization of organic component as (nearly) unfragmented

compounds. The chromatographic separation or softer ionization techniques enable

the determination of individual molecular formulas. Some specific soft-ionization mass

spectrometers used in this thesis include GC with a thermal desorption, dual flame

ionization, and mass spectrometric detection (GC-TD-FID/MS), multi-reagent CIMS

(MR-CIMS), amine-reagent time-of-flight CIMS (amine-ToF), ammonium-reagent Vocus

CIMS (NH +
4 -Vocus), and atmospheric pressure CIMS coupled to a Wall-Free Particle

Evaporator (WALL-E) interface.

1.4 Representation of nitrate in models

Chemical processes involving reactive nitrogen species are represented in chemical

and deposition models to varying degrees. In the Netherlands, the LOTOS-EUROS

model is a chemical transport model that has been developed through a collaboration

of the Netherlands Organization for Applied Scientific Research (TNO), RIVM, and

the Royal Netherlands Meteorological Institute (KNMI), with diverse applications for

atmospheric studies (Manders et al., 2017). Its chemical mechanism is based on the

CB4 scheme (Whitten et al., 1980) and has been updated over time to CB5 (Yarwood

et al., 2005), CB6 (Yarwood et al., 2010), and CB7 (Yarwood et al., 2021) in the current

version (v3.0.00), representing 111 species and 230 reactions (Segers et al., 2025). The

model simulates typical sulfate formation, heterogeneous N2O5 and HNO3 chemistry,

and secondary inorganic aerosols (NH4NO3 and NH4(SO4)2) using thermodynamic

equilibrium modules ISORROPIA II (Nenes et al., 1999; Fountoukis and Nenes, 2007)

and EQSAM (Metzger et al., 2002).

LOTOS-EUROS represents organic compounds using a lumped-structure approach for

gas-phase photochemistry. Some model species represent single compounds, such as

ethene (ETH), isoprene (ISOP), formaldehyde (FORM), acetaldehyde (ALD2); other

compounds are lumped into groups with similar structures, such as single-bonded

carbons (PAR, from paraffins), double-bonded carbons (OLE, from olefins), ring struc-

tures with seven carbons (TOL, from toluene), ring structures with eight carbons (XYL,

from xylene), and higher molecular weight aldehydes (ALDX). Six of these families are

considered SOA precursors, allowing gas-phase organics to partition into aerosols: two

biogenic precursors, isoprene (ISOP) and monoterpenes (TERP); and the anthropogenic

precursors xylene (XYL), toluene (TOL), alkanes (PAR), and alkenes (OLE+PAR). SOA

formation uses a volatility basis set (VBS) with nine volatility (C∗) bins (10−2 to 106

µg · m−3) to describe gas–particle partitioning; an inverse to Kp,i (m3
·µg−1) described

earlier. Each bin undergoes production, volatility modification, gas-particle partitioning,

dry deposition, and wet deposition.
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Dry deposition is calculated using the DEPAC (DEPosition of Acidifying Compounds)

module (Zanten et al., 2010). The DEPAC module simulates dry deposition by rep-

resenting the transfer of atmospheric species to a surface through a resistance-based

framework. In this approach, deposition is treated analogously to an electrical circuit,

where aerodynamic resistance (Ra, in s · m−1), boundary layer resistance (Rb, in s · m−1),

and surface resistance (Rc, in s · m−1) control the deposition velocity (Vd, in m · s−1) of a

given species (Wesely, 1989). By parameterizing these resistances as functions of meteo-

rology, land-use characteristics, and chemical properties (e.g., volatility and solubility),

DEPAC provides a method to determine dry deposition fluxes (F, in mol · m−2
·s−1)

based on Vd and the atmospheric concentration of the species near surface (Cns, in

mol · m−3), as shown in Eqs. 1.4 and 1.5. In addition to LOTOS-EUROS, the DEPAC

module is also used in the OPS (Operational Priority Substance) model (Sauter et al.,

2025) for assessing regulatory compliance.

F = −Vd · Cns (1.4)

Vd =
1

Ra + Rb + Rc

(1.5)

Wet deposition consists of below-cloud and in-cloud scavenging processes. Wet deposi-

tion depends on the scavenging coefficient (Λ in s−1) that describes the mass transfer

rate of a species from air into rain droplets (Segers et al., 2025). The contribution of

each scavenging to the wet deposition flux (∆D in µg · m−2) at each time step (t in s)

is determined using Λ, the initial concentration of the species (Co in µg · m−3) and the

height of a grid cell (∆z in m) as shown in Eq. 1.6. The calculation of Λ depends on

many parameters for both below-cloud and in-cloud scavenging, which is detailed in

the LOTOS-EUROS reference guide (Segers et al., 2025).

∆D = C0(1 − e
−Λt)∆z (1.6)

DEPAC provides detailed descriptions for the dry deposition of NH3 and NOx species

as well as their condensed counterparts, NH +
4 and NO –

3 (which can be considered as

NH4NO3). The below-cloud scavenging coefficients for HNO3 and NH3 are also pro-

vided to calculate wet deposition. However, while organic nitrate formation pathways

exist in LOTOS-EUROS, gas-phase and particle-phase organic nitrates are not explic-

itly included in the DEPAC module or wet scavenging processes as part of nitrogen

deposition.

A more chemistry-oriented model, such as the Framework for 0-D Atmospheric Model-

ing (F0AM), is also available. F0AM is a flexible zero-dimensional box model for study-

ing atmospheric chemical mechanisms (Wolfe et al., 2016) in the MATLAB interface.

While it omits horizontal and vertical transport, making it suitable for chamber stud-

ies, F0AM still supports laboratory, Lagrangian, and steady-state applications. Users
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can constrain meteorology and initialize chemical concentrations, allowing species to

evolve over time. Common mechanisms include Master Chemical Mechanisms (MCM)

v3.2 (Saunders et al., 2003), CB5 (Yarwood et al., 2005), CB6r2 (Hildebrandt Ruiz and

Yarwood, 2013), RACM2 (Goliff et al., 2013), and GEOS-Chem v9.02 with isoprene

updates (Kim et al., 2025; Fisher et al., 2016; Marais et al., 2016; Travis et al., 2016).

Extensions like the Washington Aerosol Module (WAM) introduce Raoult’s law-based

gas–particle partitioning and dynamic aerosol growth, including a custom isoprene

mechanism (D’Ambro et al., 2017; Thornton et al., 2020). However, none of these

mechanisms includes reactions in the condensed phase.

In general, these models are developed for different applications. LOTOS-EUROS is

more built for regional atmospheric modeling that includes deposition, which is relevant

for air quality forecast and regulations. Meanwhile, F0AM-WAM has more detailed

chemistry, which enables a more accurate representation of species transformation in

both gas phase and particle phase for chemical mechanism studies.

1.5 Knowledge gaps

While the gas-particle partitioning of NH4NO3 is well-integrated into current simula-

tions, significant discrepancies remain regarding the total nitrogen budget. Regional

models, including LOTOS-EUROS, with incomplete process descriptions for reactive

nitrogen species and SOA, consistently exhibit a systematic underestimation of PM by

approximately 40 % and particulate nitrate by 20 % in the Netherlands (Kranenburg

et al., 2013; Manders et al., 2017). Nitrogen deposition modules mostly treat nitrate

exclusively as NH4NO3, overlooking the organic nitrate fraction. In Europe, evidence

suggests that organic nitrogen contributes substantially to total wet deposition (Cape

et al., 2012) within the range of 10–40 % (Cowan et al., 2022), yet it remains absent from

routine monitoring and bulk deposition estimates. Furthermore, the capacity for organic

nitrates to act as a reservoir species during transport, where up to 52 % of sequestered

NOx can be re-released downwind of emissions sources (Zare et al., 2018), is poorly

represented, leading to potential errors in predicting spatial patterns of deposition and

resulting strategies for emission reductions.

The change toward a nitrogen-dominated atmosphere, characterized by a shift toward

more basic aerosol pH due to excess NH3, is predicted to alter chemical reactions in the

atmosphere. The more alkaline aerosol phase facilitates reactions between organic acids

and amines, potentially modifying the formation of organonitrogen compounds. The

current knowledge regarding how these aqueous-phase reactions modify the oxidation

state, volatility, molecular weight, and yield of organic nitrates is still less known.

Although the important role of H2SO4 in new particle formation is well established, there

is a lack of ambient observational data exploring the role of nitrate species in particle
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nucleation and growth. Understanding the bulk gas-particle partitioning behavior

of the nitrate aerosol mixture is essential to characterize its atmospheric lifetime and

impact on the climate and ecosystems.

As traditional fossil fuel-related emissions decline further due to regulations, the relative

contribution of non-traditional anthropogenic sources is increasing. Volatile chemical

products (VCPs) and cooking emissions are emerging as dominant drivers of urban

VOC chemistry (McDonald et al., 2018; Coggon et al., 2021; Gkatzelis et al., 2021b;

Wernis et al., 2022; Coggon et al., 2024; Rivellini et al., 2024). However, current chemical

mechanisms often rely on data from single-compound laboratory experiments, which

fail to capture the synergistic effects and chemical complexity of real-world, source-

specific mixtures.

The degree to which these emerging precursors participate in SOA and organic nitrate

formation remains a major uncertainty. The increasingly more important nitrogen

chemistry in the atmosphere represents a growing regulatory and scientific challenge

that current models are not equipped to address. Bridging these gaps requires an

investigation of the source-specific precursors and their transformation into nitrate

aerosols, as well as chemical transformations in the aerosol phase, to fully understand

the sources and fates of nitrate aerosol in the atmosphere.

1.6 Research questions and thesis outline

By integrating ambient observations, chamber experiments, and novel analytical tech-

niques, this research aims to provide a comprehensive characterization of the chemical

transformation of reactive nitrogen species in the Netherlands. To address the knowl-

edge gaps in reactive nitrogen chemical and physical processes, the main research

question of this thesis is:

What are the roles and properties of nitrate aerosols in the reactive nitrogen cycle in

the nitrogen-dominated atmosphere of the Netherlands?

To answer this central question, we further breakdown the question into four specific

sub-questions:

Q1. What are the major reactive nitrogen sources in the Netherlands and the role of

nitrates in secondary aerosol formation?

The production of atmospheric aerosols begins with the new particle formation events

and subsequent growth via condensation. While various species contribute to these pro-

cesses, their roles within the nitrogen-dominated atmosphere of the Netherlands remain

poorly characterized. Chapter 2 uses observations from the Ruisdael Land–Atmosphere

Interactions Intensive Trace-gas and Aerosol (RITA) 2021 campaign in Cabauw to an-

swer the first sub-question. By applying a hybrid Positive Matrix Factorization (PMF)
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approach to data from an Aerosol Chemical Speciation Monitor (ACSM) and particle

number size distributions from a Scanning Mobility Particle Sizer (SMPS), this chapter

attributes chemical species to specific size ranges based on temporal covariance. This

analysis identifies major reactive nitrogen sources (NOx and NH3) and elucidates the

role of nitrate condensation in aerosol formation and growth, providing empirical data

for modelers and policymakers seeking to mitigate aerosol formation through targeted

emission reductions.

Q2. What is the aerosol composition in terms of inorganic and organic nitrates in the

Netherlands, and how does it vary temporally?

Inorganic and organic nitrates have different chemical transformation pathways and

gas-particle partitioning behaviors. Accurate characterization requires the separation of

these species in measurements. Chapter 3 addresses the technical challenge of applying

the NO +
x ratio method to the capture-vaporizer unit-mass-resolution time-of-flight

ACSM (CV-UMR-ToF-ACSM) commonly used in Dutch and European monitoring

networks, as opposed to the standard-vaporizer high-mass-resolution aerosol mass

spectrometer (SV-HR-ToF-AMS), for which the original NO +
x ratio method was devel-

oped. This chapter describes an adapted methodology and its uncertainties, validated

through co-located measurements with an SV-HR-ToF-AMS during the CAINA (Cloud-

Aerosol Interactions in a Nitrogen-dominated Atmosphere) AIDA (Aerosol Interaction

and Dynamics in the Atmosphere) chamber campaign. The validated method is then

applied to ambient measurements in Cabauw to quantify the temporal variation of

organic nitrate. Further investigation of inorganic/organic nitrate composition during

nitrate pollution episodes in Cabauw is detailed in Chapter 5.

Q3. How does the nitrate aerosol composition depend on the meteorological condi-

tions, emission sources, and co-emitted species?

Nitrate aerosol composition, especially for organic species, is influenced by precursors

and meteorological parameters. Chapter 4 explores the influence of these factors under

controlled conditions in the SAPHIR (Simulation of Atmospheric PHotochemistry In a

large Reaction chamber) during the CHANEL (Household Chemicals Amplifying Urban

Aerosol Pollution) 2024 campaign. Unlike traditional studies using single-compound

precursors, these experiments use realistic urban emission replicas, including VCPs,

cooking, traffic, and biogenic emissions. By characterizing reaction products using a

total NOy monitor, AMS, and chemical ionization mass spectrometry (CIMS), this chap-

ter identifies the bulk molecular weights and yields of organic nitrates across varying

NOx levels and oxidation conditions. The findings in Chapter 4, as well as the adapted

NO +
x ratio method described in Chapter 3 are subsequently applied to long-term ambi-

ent datasets in Chapter 5 to study the seasonality of nitrate aerosol composition during

nitrate pollution episodes. Using meteorological data, the airmass-dependent variability
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of nitrate composition in Cabauw is interpreted using HYSPLIT (Hybrid Single-Particle

Lagrangian Integrated Trajectory), an air parcel trajectory computation model.

Q4. What is the volatility of organic nitrate from various emission sources, and how

does it vary temporally?

The atmospheric lifetime and deposition flux of organic nitrates are determined by their

volatility, quantified via the gas-particle partitioning coefficient. Chapter 4 investigates

these coefficients through chamber experiments, using high-mass-resolution spectrome-

try and a group contribution method, SIMPOL.1, to associate chemical structures with

bulk volatility across various emission profiles. Chapter 5 brings this knowledge from

the chamber studies to the field to interpret the partitioning coefficients observed during

nitrate pollution events in Cabauw. By linking the bulk volatility related to source-

specific emission profiles in the atmospheric chamber to emission profiles downwind of

the ambient observations through back trajectory analysis, both chapters characterize

the real-world behavior of organic nitrate sinks.

This thesis concludes with Chapter 6, which synthesizes the results from the preceding

chapters. The final discussion presents an integrated perspective on nitrate precursors,

transformations, and sinks, highlighting novel contributions to atmospheric chemistry.

These results provide insights to evaluate emission reduction strategies and introduce

simplified yet empirically based parameters that can be readily implemented in chemi-

cal transport models to improve nitrogen deposition assessments. Finally, the remaining

knowledge gaps are identified and recommendations for future measurement strategies

and studies are discussed. These recommendations call for the improvement of moni-

toring facilities (e.g., more measurements of reactive nitrogen and VOC composition),

modeling studies (e.g., plume transect studies constrained by observation), and com-

bined data analysis to further advance understanding of atmospheric reactive nitrogen

processes.





Chapter 2

What chemical species are responsible

for new particle formation and growth

in the Netherlands?

A hybrid positive matrix factorization (PMF) analysis using aerosol composition and

size

This chapter is based on a peer-reviewed journal publication:

F. R. Nursanto, R. Meinen, R. Holzinger, M. C. Krol, X. Liu, U. Dusek, B. Henz-

ing, and J. L. Fry (2023). “What chemical species are responsible for new particle

formation and growth in the Netherlands? A hybrid positive matrix factorization (PMF)

analysis using aerosol composition (ACSM) and size (SMPS)”. Atmospheric Chemistry

and Physics 23 (17), 10015–10034. DOI: 10.5194/acp-23-10015-2023

Figures, tables, and additional discussion referred to as part of the Supplement of

Nursanto et al. (2023) are available at the following link: https://doi.org/10.5194/

acp-23-10015-2023-supplement
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Abstract

Aerosol formation acts as a sink for gas-phase atmospheric species that controls their

atmospheric lifetime and environmental effects. To investigate aerosol formation and

evolution in the Netherlands, a hybrid positive matrix factorization (PMF) analysis was

conducted using observations from May, June, and September 2021 collected in the rural

site of Cabauw in the central part of the Netherlands. The hybrid input matrix consists of

the full organic mass spectrum acquired from a time-of-flight aerosol chemical speciation

monitor (ToF-ACSM), ACSM inorganic species concentrations, and binned particle size

distribution concentrations from a scanning mobility particle sizer (SMPS). These hybrid

PMF analyses discerned four factors that describe aerosol composition variations: two

size-driven factors that are related to new particle formation (NPF) and growth (F4

and F3), as well as two bulk factors driven by composition, not size (F2 and F1). The

distribution of chemical species across these factors shows that different compounds

are responsible for nucleation and growth of new particles. The smallest-diameter size

factor (F4) contains ammonium sulfate and organics and typically peaks during the

daytime. Newly formed particles, represented by F4, are mainly correlated with wind

from the southwesterly–westerly and easterly sectors that transport sulfur oxides (SOx),

ammonia (NH3), and organic precursors to Cabauw. As the particles grow from F4 to

F3 and to bulk factors, nitrate and organics play an increasing role, and the particle

loading diurnal cycle shifts from daytime to a nighttime maximum. Greater organics

availability makes secondary organic aerosol (SOA) more influential in summertime

aerosol growth, principally due to volatility differences produced by seasonal variation

in photooxidation and temperature.
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2.1 Introduction

Atmospheric aerosols are solid or liquid particles suspended in the air that are formed

from natural or anthropogenic sources (Haywood, 2016). To describe the aerosol particle

size distribution, four modes are generally distinguished according to the particle

geometric diameter (Dp): the nucleation mode (Dp ≤ 20 nm), Aitken mode (20 nm <

Dp ≤ 100 nm), accumulation mode (90 nm < Dp ≤ 1000 nm), and coarse mode (Dp > 1

µm) (Hussein et al., 2004; Wu et al., 2008). New particle formation (NPF) is identified by

a rapid buildup of high atmospheric concentrations of aerosol particles in the nucleation

mode. These particles subsequently grow into Aitken-mode particles and further, larger

sizes (Maso et al., 2005; Spracklen et al., 2010; Salimi et al., 2015; Kerminen et al., 2018;

Lee et al., 2019).

Aerosols directly impact the Earth by absorbing and scattering solar and terrestrial

radiation (Andreae and Crutzen, 1997; Grantz et al., 2003; Wong et al., 2017; Marrero-

Ortiz et al., 2019) and indirectly by producing or modifying clouds (Lohmann and

Feichter, 2005; Mahowald et al., 2011; Fan et al., 2018). NPF plays a prominent role in

cloud formation by contributing to over 50 % of cloud condensation nuclei formation,

which affects the lifetime and radiative properties of clouds (Bianchi et al., 2016; Gordon

et al., 2016; Haywood, 2016; Dall’Osto et al., 2018; Lee et al., 2019). These phenomena

affect the ecosystem physically by modifying radiation diffusion, temperature, and

precipitation (Grantz et al., 2003; Haywood, 2016; Lee et al., 2019). Aerosols also

influence the ecosystem chemically through influencing the spatial patterns of nitrogen

deposition (Swaluw et al., 2011; Wamelink et al., 2013) and oxidative processes (Xing

et al., 2017), leading to ecological harm such as soil pollution, water acidification,

eutrophication, and loss of biodiversity (Erisman et al., 2011; Wamelink et al., 2013). In

terms of public health, aerosols exhibit adverse effects on human health due to their size

and chemical composition. NPF events are typically followed by air quality degradation,

which is consistently associated with elevated pulmonary and cardiovascular morbidity

and mortality worldwide (Ayala et al., 2012; Pope et al., 2020).

Sulfuric acid (H2SO4) is typically understood to be the most prevalent nucleation-

inducing agent in NPF events, together with other airborne chemical species, including

nitric acid (HNO3), bases (e.g., amines), and organic acids (Zhang et al., 2012; Zhang

et al., 2015; Kulmala et al., 2013; Wagner et al., 2017; Lehtipalo et al., 2018; Kürten, 2019;

Lee et al., 2019; Brean et al., 2021; Olin et al., 2022). Numerous studies have also reported

low-volatility organic species, such as terpene oxidation products and organic nitrates,

participating in the formation of new particles (Berkemeier et al., 2016; Bianchi et al.,

2016; Tröstl et al., 2016; Barsanti et al., 2017; Dall’Osto et al., 2018; Kerminen et al., 2018;

Lee et al., 2019; Heinritzi et al., 2020).
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In this work, we show that co-located measurements of aerosols’ atmospheric composi-

tion and particle size distribution can be used to characterize the chemical composition

of new particle and aerosol components that facilitate their growth. A time-of-flight

aerosol chemical speciation monitor (ToF-ACSM; Aerodyne Inc.) allows the continu-

ous and real-time quantification of non-refractory chemical species in ambient air (Ng

et al., 2011; Fröhlich et al., 2013). For particle size distributions, the scanning mobility

particle sizer (SMPS) provides real-time measurement of submicron particle number

concentrations of different sizes (Amaral et al., 2015; Wiedensohler et al., 2012).

Aerosol mass spectrometry measurements have been used extensively with positive

matrix factorization (PMF) as a strategy for aerosol source apportionment, especially

regarding the organic components (Lanz et al., 2007; Jimenez et al., 2009; Ulbrich

et al., 2009; Ng et al., 2010; Zhang et al., 2011). This chapter combines the organic

mass spectrum and chemical species concentrations from ToF-ACSM with particle

size distribution from SMPS into a hybrid PMF input matrix in order to study the

association between chemical composition and particle size distribution. A similar

approach for hybrid ACSM-SMPS PMF analysis was used for a European aerosol dataset

comparison (Dall’Osto et al., 2018). Previous studies on aerosol source apportionment

in the Netherlands have focused on organic aerosol composition (Mooibroek et al.,

2011; Mensah et al., 2012; Schlag et al., 2016). Here, we analyze ACSM-SMPS datasets

from Cabauw, the Netherlands, collected as part of the Ruisdael Observatory Land–

Atmosphere Interactions Intensive Trace-gas and Aerosol (RITA) campaign in May

to September 2021 (https://ruisdael-observatory.nl, last access: 21 August 2023),

using PMF to characterize the chemical species responsible for new particle formation

and growth across several seasons. Several studies have shown NPF events dependent

on air mass origin transporting different pollutants (Hamed et al., 2007; Modini et

al., 2009; Castro et al., 2010; Asmi et al., 2011; Németh and Salma, 2014; Nieminen

et al., 2014; Qi et al., 2015; Mordas et al., 2016; Kolesar et al., 2017; Peng et al., 2017;

Kerminen et al., 2018; Pushpawela et al., 2019), and therefore we also explore the

relationships between wind direction, wind speed, and factor time series to interpret

source apportionment.

2.2 Methods and instrumentation

2.2.1 Cabauw site and meteorological conditions

Measurements were performed at the CESAR tower (51.97 oN, 4.93 oE), managed and

operated by the Royal Netherlands Meteorological Institute (KNMI; the Netherlands)

(see Fig. 2.1a). The tower is located near Cabauw, in the province of Utrecht, the

Netherlands, approximately 18 km southwest of Utrecht’s city center, 31 km east of

the city and port (the largest in Europe) of Rotterdam, 45 km south of Amsterdam,
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Figure 2.1: (a) Map of a part of the Netherlands showing the locations of the measurement

stations Cabauw (main site) and Zegveld-Oude Meije (auxiliary NH3 measurements). The

province, sea, and neighboring country names are indicated in italic and light grey. The big

cities in the area, Amsterdam, The Hague, Rotterdam, and Utrecht, collectively known as

Randstad, are situated in the Noord-Holland, Zuid-Holland, and Utrecht provinces. The

urban and harbor areas of Rotterdam extends as Europoort-Maasvlakte to the mouth of the

Maas River. (b–d) Wind rose plots for May, June, and September 2021. Winds from the S up to

the SW sector were dominant in May. In June, the prevailing winds were from the WNW up

to the NNE sector. In September, two major wind directions were from the E and S sectors.

and 45 km southeast of the Dutch North Sea coast. To the east and south of the site

are the provinces of Gelderland and Noord-Brabant, which consist mainly of forests;

agricultural lands with clay and sand soil types for crops; and animal farms, specifically

chicken and pig farms in the south and cattle in the east (CBS, 2022). The Cabauw site

itself is rural and is surrounded by agricultural lands. The dataset used in this analysis

contains overlapping ACSM and SMPS data split into periods from 11–31 May, 1–22

June, and 1–30 September 2021, providing some seasonal variation. To simplify, in this

chapter we refer to these periods as May, June, and September, respectively.

Weather data were retrieved from the Royal Netherlands Meteorological Institute

(KNMI; https://www.knmi.nl/home, last access: 21 August 2023). In general, May

2021 was characterized by moderate spring temperatures (11.8 ◦C on average) with

scattered precipitation transitioning into the warmer summer period. June 2021 had the

highest temperatures (18.7 ◦C on average) and was the sunniest of the three periods,

reflecting summer weather. September 2021 showed warm temperatures (16.2 ◦C on

average), with less radiation and precipitation compared to May 2021. Winds from
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Table 2.1: Meteorological conditions during three periods analyzed (May, June, and September

2021). The periods represent spring, summer, and autumn weather, respectively.

Period Temperature (◦C)
Downward shortwave

Precipitation (mm)
radiation (W · m−2)

11–31 May 2021
11.8 (mean) 211.7 (mean)

96.6 (total)
3.5 (low), 23.0 (high) 1032.2 (max)

1–22 June 2021
18.7 (mean) 264.9 (mean)

31.2 (total)
8.1 (low), 29.6 (high) 957.2 (max)

1–30 September 2021
16.2 (mean) 142.0 (mean)

24.4 (total)
5.7 (low), 26.7 (high) 818.9 (max)

the south to southwest (180 to 225o) dominated in spring (May), bringing plumes from

the agriculture-heavy province of Noord-Brabant. In summer (June), the prevailing air

masses were coming from west–northwest to north–northeast (292.5 to 22.5o), bringing

air from the North Sea and some major cities along the coast and/or in the Randstad,

such as Rotterdam, The Hague, Amsterdam, and Utrecht. More diverse wind plumes

were observed in September, ranging between easterly (22.5 to 112.5o), coming from the

forested nature and agricultural areas in the province of Gelderland, and southerly (180

to 202.5o), coming from the province of Noord-Brabant. The meteorological variables

for each period are summarized in Table 2.1, and the wind variables are visualized as

wind roses in Fig. 2.1b–d.

2.2.2 Chemical species measurements

The ToF-ACSM was the main instrument employed, allowing for the analysis of non-

refractory organics, ammonium, nitrate, sulfate, and chloride in the aerosol phase.

The instrument has been detailed in other work (Fröhlich et al., 2013). Ambient air

was drawn into the instrument through a stainless-steel tubing inlet system equipped

with a PM2.5 size-cut cyclone (URG-2000-30ED) and a Nafion dryer, sampling at 4.5 m

height with a flow rate of 2 L · min−1. An intermediate-pressure lens (IPL) is used as

an aerodynamic lens, allowing for the transmission of particles in the PM2.5 fraction

(Xu et al., 2017). The instrument uses a capture vaporizer (CV) to increase the particle

collection efficiency (CE) as opposed to a standard vaporizer (SV) (Jayne and Worsnop,

2016). By having a narrow entrance, the CV increases the particle collision events and

thus increases the contact with the hot vaporizer surface, minimizing particles that

bounce without evaporation (Hu et al., 2017) and resulting in higher CE. Consequently,

however, the fragmentation patterns are shifted towards smaller ion masses due to

additional thermal decomposition (Hu et al., 2017; Xu et al., 2017; Zheng et al., 2020). The

average flow rate in the sample line of the instrument is 1.22 cm3
·s−1 (0.07 L · min−1).

Combining the PM2.5 size-cut cyclone, PM2.5 aerodynamic lens, and CV allows the

ToF-ACSM to be a PM2.5 measurement (Xu et al., 2017).
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The ToF-ACSM provides unit mass resolution (UMR) mass spectra with a 10 min time

resolution, which are analyzed using Tofware v3.2 in Igor Pro 8. The fractions of mea-

sured UMR signals were assigned to individual aerosol species using the fragmentation

Table (Allan et al., 2004). On-site calibrations were performed to determine the ioniza-

tion efficiencies of the chemical species. The calibrations of ionization efficiency (IE)

and relative IE (RIE) were performed following the procedures described in previous

studies by using 300–350 nm pure ammonium nitrate (NH4NO3) and ammonium sulfate

((NH4)2SO4) dissolved in aqueous solution. The calibration gives an IE value of 250.0

ions · pg−1 for nitrate (NO3) and RIE values of 1.40, 1.67, 1.30, and 3.35 for organics

(Org), sulfate (SO4), chloride (Cl), and ammonium (NH4), respectively. The detection

limits (measured similarly to Fröhlich et al. (2013)) at a 10 min time resolution for this

ToF-ACSM operating at Cabauw (a relatively polluted site in the central Netherlands)

are 0.38 µg · m−3 for Org, 0.12 µg · m−3 for NH4, 0.07 µg · m−3 for NO3, 0.11 µg · m−3

for SO4, and 0.09 µg · m−3 for Cl.

In addition to the aerosol measurements by the ToF-ACSM, ambient sulfur dioxide (SO2)

concentrations were obtained from the open-source data of Landelijk Meetnet Luchtk-

waliteit (LML; https://www.luchtmeetnet.nl, last access: 21 August 2023), measured

at the same location. Ammonia (NH3) concentrations were obtained from measure-

ments in the Zegveld-Oude Meije station, 20 km to the north of the Cabauw station (see

Fig. 2.1a), also acquired from LML.

2.2.3 Particle size distribution measurements

The particle size distribution measurements were conducted using an SMPS instrument

developed by the Leibniz Institute for Tropospheric Research (TROPOS-SMPS). The

instrument has been detailed in other work (Wiedensohler et al., 2012). Ambient air

was sampled using a stainless-steel inlet equipped with a PM10 size-cut cyclone and

a Nafion dryer at 4.5 m height sampling with a flow rate of 16.7 L · min−1. The SMPS

inlet was placed approximately 2 m lateral distance from the ACSM instrument inlet.

The instrument consists of a Vienna-type differential mobility analyzer (DMA) and

a butanol-based TSI condensation particle counter (CPC) 3750. The flow rate in the

instrument is L · min−1. The TSI CPC 3750 has a collection efficiency of 100 % at the

first selected and reported size of 10 nm.

The raw dataset was processed using a linear multiple charge inversion algorithm to

derive the particle number size distribution (PNSD or dN/d log Dp) (Wiedensohler

et al., 2012; Pfeifer et al., 2014). The mobility particle size spectrometer (MPSS) inversion

algorithm version 2.13 was utilized to obtain a final PNSD from the raw dataset. The

final PNSD has a 5 min time resolution and covers 71 geometric mean diameters (Dp)

from 8 to 853 nm. The particle number concentrations (dN) for individual Dp were then

calculated by multiplying PNSD by d log Dp values.
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2.2.4 Positive matrix factorization (PMF)

The 10 min average matrices of UMR organic fragment mass spectra with a mass-to-

charge ratio (m/Q) of 12 to 120 were combined with the inorganic species average mass

concentrations (i.e., ammonium (NH4), nitrate (NO3), sulfate (SO4), and chloride (Cl))

and the 10 min average particle number concentrations (dN) in 18 particle diameter size

bins from 71 geometric mean diameters (Dp) to generate hybrid input data matrices

for PMF analysis. Each organic fragment m/Q, species concentration, and size-binned

particle concentration is treated as an individual variable in the PMF.

The values and errors of organic fragment mass spectra and inorganic mass concentra-

tion variables, as well as the minimum error (minErr) of all species, were generated by

Tofware v3.2 in Igor Pro 8. The 10 min resolution particle size dataset was obtained

from the 5 min resolution particle number concentration described in Section 2.2.3.

The particle number concentrations are categorized into 18 size bin variables (8–10,

10–13, 13–16, 16–20, 20–25, 25–32, 32–40, 40–51, 51–65, 65–83, 83–107, 107–140, 140–185,

185–249, 249–342, 342–481, 481–691, and 691–853 nm). Each size bin contains the sum of

four concentration points (except for the last bin containing only three concentration

points) and is then averaged to 10 min. We use larger bin sizes for the larger diameters

because larger particles occur less frequently. The errors in each size bin are taken to be

the standard deviation of the raw data.

We performed the analysis using the PMF Evaluation Tool (PET) v3.08 (Ulbrich et al.,

2009) in Igor Pro 8. The details of applying PMF to aerosol mass spectrometry datasets

have been discussed elsewhere (Paatero and Tapper, 1994; Paatero, 1999; Ulbrich et al.,

2009). Prior to analysis before the PMF input matrix preparation, the variable values

and errors of species mass concentrations and particle number concentrations were

downweighted in reference to the highest average peak of the original organic mass

spectrum, m/Q 44 ( f44). During PMF input matrix preparation in PET v3.08, the m/Q

44, 28, 18, 17, and 16 signals in the organic mass spectrum are also downweighted as pro-

vided by the procedure to account for duplicated information of m/Q 44 in the organic

mass spectrum (Ulbrich et al., 2009). The details of the PMF variable downweighting

can be found in Section S3 in the Supplement of Nursanto et al. (2023).

The first step of the factor analysis was identifying the optimum number of factors

(p) by running unconstrained experiments using two to eight factors and varying the

seed value (min = 0, max = 20, delta = 1) to pick different initial values for the PMF

algorithm. The optimum p is selected by considering the lowest residuals and local

minima (Q/Qexp) of the PMF solutions. Alongside the local minima, we considered

whether all the factors are environmentally reasonable and unique, mainly based on

their particle size distribution and chemical composition. After the optimum p and seed

value are chosen, the rotationality of the best PMF solution is explored by varying the

rotation ( fpeak) value (min = -1, max = +1, delta = 0.2). Bootstrapping runs with 100
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iterations on the chosen PMF solution were performed to estimate the uncertainty in the

factor profile variables and time series, ensuring the robustness of the solution.

To determine the organic and inorganic composition in each PMF factor, the particle

size distributions are removed from the factor profile. The total organic mass fraction is

considered to be the sum of the organic fragment fraction from m/Q 12 to 120, while

the inorganic mass fractions are upweighted back and taken as NH4, NO3, SO4, and Cl

mass fractions. The final fraction of each species is determined by dividing the species

mass fraction by the total organic and readjusted inorganic mass fraction.

2.2.5 Wind analysis

To analyze the factors using wind variables, we investigate the prevailing wind for

several pollution episodes observed in the dataset. Bivariate polar plots are generated

for the factor reconstructed mass concentration derived from PMF analyses and the mass

concentration for each ACSM species in each period using the Openair package in the R

environment (Carslaw and Ropkins, 2012). The wind parameters are obtained from the

co-located measurement of 10 m wind direction data acquired from KNMI.

2.3 Results and discussion

2.3.1 Mean bulk atmospheric chemical composition across periods

We hypothesize that the mean bulk atmospheric chemical composition influences how

the chemical species are distributed across the PMF factors. Therefore, we discuss this

topic before the PMF solutions. To compare the mean bulk composition among periods,

we choose the springtime period (May) as a reference. The mean concentrations of

atmospheric species and the species percentages in the bulk atmosphere are summarized

in Table S1 in the Supplement of Nursanto et al. (2023). In summer (June), we observe

roughly a doubling in aerosol concentration for all inorganic aerosol (IA) and an increase

by a factor of 2.6 in organics compared to spring (May). In autumn (September), the

particle concentrations decrease again, with a relatively larger decrease for sulfate.

The ion balance ratio, also called ammonium balance (NH4_bal = nNH4
/(nNO3

+ 2 ·

nSO4
+ nCl)), is the molar concentration ratio between the measured ammonium (nNH4

)

and the total ammonium required to neutralize the major anions (nNO3
+ 2 · nSO4

+ nCl).

The ratio illustrates the excess of atmospheric ammonium (cation) or nitrate (anion)

and other possibilities based on aerosol chemistry (see Section S2 for details in the

Supplement of Nursanto et al. (2023)). Ambient aerosol is normally charge balanced,

meaning that the major cation (NH +
4 ) and major anion species (NO –

3 , SO 2–
4 , and Cl–)

should roughly have a one to one molar ratio (NH4_bal ∼ 1). Among the three periods
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Figure 2.3: Potential relationships between the size-driven factors (F4 and F3, linked to NPF

and growth) and the composition-driven factors (F2 and F1, linked to the bulk atmospheric

aerosol composition), illustrating multiple possible aerosol growth pathways. From F4 (mainly

ammonium sulfate) and F3 (mainly ammonium nitrate), particles can grow into F2 (mixed

OA and IA factor) and/or F1 (OA dominant) in a sequential (dashed), parallel (solid), or

combined manner. The particle formation and growth occur through condensation of gaseous

precursors or particle coagulation. An increase in organics and NO3 in the bulk composition

is observed as particles progress along these pathways.

analyzed, the ion balance ratio was found to be close to unity for all periods. This infers

that the bulk aerosol charge is fully neutralized.

We introduce the mean organic to inorganic mass ratio (mOrg/mIA) to quantitatively

compare the bulk OA and IA composition across seasons. Based on this ratio, in

summertime (June), we have a composition richer in organics compared to spring

and autumn. This difference is likely due to increasing biogenic emissions of volatile

organic compounds (VOCs) in summertime, and higher-temperature-induced increases

in anthropogenic VOC concentrations.

2.3.2 Identification of PMF factors

From the unconstrained experiments using the combined ACSM–SMPS matrix, the

best PMF solution was found to have four factors for May 2021 (Fig. 2.2), June 2021

(Fig. S1 in the Supplement of Nursanto et al. (2023)), and September 2021 (Fig. S2 in

the Supplement of Nursanto et al. (2023)). The determination of the PMF solution is

detailed in Section S3 in the Supplement of Nursanto et al. (2023). The resulting hybrid

PMF solution matrix is split into organic mass spectrum, species mass concentrations,

and particle number concentration bin matrices for ease of presentation. The fragments

of m/Q below 20 are included in the PMF analysis but are not shown in the figures, as

they do not convey information for the spectrum interpretation. The signal factor axes
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Table 2.2: Mean bulk atmospheric chemical composition in the three periods, summarized as

the values of the total aerosol mass loading in µg · m−3, ion balance ratio (NH4_bal) from linear

regression, and mean organic to inorganic ratio (mOrg/mIA). More detailed information about

each chemical species can be seen in Table S1 in the Supplement of Nursanto et al. (2023).

Mean value
May 2021 June 2021 September 2021

(spring) (summer) (autumn)

Bulk aerosol

compositiona

Aerosol mass
6.60 14.12 5.15

loading (µg · m−3)c

NH4_bal
b 0.997±0.001 0.986±0.001 1.006±0.001

mOrg/mIA 0.61 0.82 0.74
a mass concentration.
b molar concentration.
c total mass of aerosol detected by ToF-ACSM (mOrg+mNH4

+mNO3
+mSO4

+mCl).

for inorganic composition and particle size distribution are rescaled and fixed to allow a

comparison across factors. As each period encompasses around one month of time series

data, the factors discerned by the hybrid PMF analyses show typical average aerosol

composition during each period rather than individual pollution episode profiles that

may vary over time. Similarities and differences between factors across months are

discussed further below.

Factor particle size distributions and composition

Two factors have particle size profiles associated with specific diameter subranges,

which we interpret as related to NPF and growth. We therefore call these factors

"size-driven". The size-driven factors resolved from the analysis possess similarities in

composition across months, where the factor associated with the smallest particle sizes is

associated with the bulk composition of ammonium sulfate aerosol (F4), while the larger

sizes are linked to the bulk composition of ammonium nitrate aerosol (F3). The other

two factors are unrelated to specific particle size and are therefore called "composition-

driven" factors, consisting of (F2), a mixed OA and IA factor, and (F1), an OA-dominant

factor. Both composition-driven factors can be seen as the representatives of the bulk

atmospheric aerosol composition. We can summarize that the NPF and growth follow

the pathway starting from F4 and F3 into F2 and F1 (bulk aerosol composition), likely

through processes such as condensation of gaseous precursors (SOx, NH3, NOx, and
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VOCs and their reaction products) or particle coagulation (see Fig. 2.2). We note that

this does not imply that all aerosol growth proceeds sequentially through these four

factors; a discussion of possible NPF and growth pathways will be detailed at the end

of this subsection.

Factor organic profiles

The organic mass spectrum can be used to obtain information regarding the degree of

oxidation, which can be related to atmospheric aging of each factor profile. In general,

OA can be categorized into two types: primary organic aerosols (POAs) and secondary

organic aerosols (SOAs). Oxygenated organic aerosols (OOAs) are often considered to be

SOAs, while other OA profiles are generally considered POAs (Chen et al., 2022).

OOAs are characterized by relatively high m/Q 28 ( f28) and m/Q 44 ( f44) fragment

signals, originating primarily from CO+ and CO +
2 fragments of carboxylate groups in

organic compounds, produced by thermal decomposition inside the ACSM vaporizer

(Alfarra, 2004). The f44 fragment is often related to a high degree of oxidation and

photochemical aging (Alfarra, 2004; Ng et al., 2010). It is also important to note that the

ACSM used in this chapter has a CV instead of an SV inlet (see Section 2.2.2), which

is known to produce higher f44 values due to enhanced thermal decomposition (Hu

et al., 2017; Zheng et al., 2020). The m/Q 43 ( f43) fragment is characteristic of both

oxygenated organic compounds (CH3CO+) and saturated hydrocarbon compounds

(C3H +
7 ). Thus, factors with higher f44 and lower f43 values are understood to be more

oxidized, while lower f44 and higher f43 values imply that the factor is less oxidized.

OOA may appear in more than one factor in a PMF solution, and thus it is common to

distinguish between less-oxidized OOA (LO-OOA), typically associated with higher-

volatility organics, and more-oxidized OOA (MO-OOA), typically associated with

lower-volatility organics. To assess the variation in the OOA oxidation level, the triangle

plot (Ng et al., 2010) is normally used to compare f44/ f43 values among resolved OOA

factors in the PMF solution (see Fig. S6 in the Supplement of Nursanto et al. (2023)).

OOAs generally increase throughout the afternoon as their formation is photochemically

driven (Hu et al., 2016b; Sun et al., 2016), and they accumulate in the evening due to

the shallow nocturnal boundary layer. In the morning, the concentration decreases as

clean airmasses are introduced into the rising boundary layer, diluting existing aerosol

concentrations (Stull, 1988).

POA consists of various sources, which can be identified from the appearance of cer-

tain fragmentation patterns in the organic mass spectrum, and has a diurnal cycle

as well as correlation with other measurements. Some of the most common POAs

from PMF analysis are hydrocarbonlike organic aerosols (HOAs), biomass burning or-

ganic aerosols (BBOAs), cooking organic aerosols (COAs), and coal combustion organic

aerosol (CCOAs) (Chen et al., 2022). POAs have similar characteristics to alkyl and
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alkenyl fragments (CnH +
2n+1: m/Q 29, 43, 57, 71, ... and CnH +

2n–1: m/Q 27, 41, 55, 69, ...).

HOA, as a type of POA, is often correlated with anthropogenic combustion pollutants,

such as nitrogen oxides (NOx) and black carbon from vehicular emissions (Alfarra, 2004;

Mohr et al., 2009; Zheng et al., 2020). Other POA profiles are distinguished by looking

at certain fragments (e.g., m/Q 60 and 73 for BBOA (Schneider et al., 2006; Weimer

et al., 2008; He et al., 2010), m/Q 55 for COA (He et al., 2010; Mohr et al., 2012), m/Q of

larger fragments related to polycyclic aromatic hydrocarbons (PAHs) for CCOA (Hu

Figure 2.4: (a–b) Normalized average particle size distributions of two size-driven factors of F4

(maroon) and F3 (turquoise) across periods. The line plot shows the particle number concen-

tration (dN) fraction in each size bin. The thick histogram represents the cumulative particle

number concentration (dN) fraction as the particle size increases, while the thin histogram

represents the cumulative particle volume (dV = dN · (4/3) · π · (Dp/2)3) fraction. The

vertical dashed dark grey line divides the particle diameters where particles are transmitted

with 50 % efficiency on the left (diameter less than ∼100 nm) and with at least 50 % efficiency

by the PM2.5 lens of ToF-ACSM on the right (diameter more than ∼100 nm). (c–h) Pie charts

showing the mass percentage of each aerosol species contributing to each size-driven factor in

May 2021, June 2021, and September 2021. Green represents organics (Org), orange represents

ammonium (NH4), dark blue represents nitrate (NO3), dark red represents sulfate (SO4), and

pink represents chloride (Cl). F4 is dominated by ammonium sulfate, while F3 is dominated

by ammonium nitrate. The mean PMF fractions and their standard deviations are shown,

indicating the mean contribution of the factor to the total reconstructed PMF mass and its

variability over each month-long period.
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et al., 2016b)). While CV increases the f44 values and smaller organic fragments due to

enhanced thermal decomposition, larger fragments become underestimated (Hu et al.,

2017; Zheng et al., 2020), and therefore the differences between POA factors become

more subtle.

The PMF analyses in this study resolved one POA factor (as an HOA factor) and three

SOA factors (two LO-OOA factors and one MO-OOA factor) across periods, where each

organic profile has its corresponding IA composition and size distribution. Among

size-driven factors, the factor related to the smallest particle sizes (F4) has OA assigned

as LO-OOA, while the OA associated with the second size-driven factor (F3) is assigned

as HOA. In the composition-driven factors, the OA+IA mixture factor (F2) resolves an

LO-OOA profile, while the OA factor (F1) resolves an MO-OOA profile.

2.3.3 Size-driven factors (F4 and F3)

Using the hybrid ACSM–SMPS datasets, two size-driven factors emerge from the PMF

analyses as F4 and F3 (see Fig. 2.4). These factors are considered size driven due to the

approximately normally distributed particle concentrations in a specific subrange of

diameter. The two factors display different particle size clusters increasing in diameter

from F4 to F3.

New particle formation (NPF) events are characterized by the rapidly increasing particle

number concentration below 20 nm followed by particle growth, creating nearly vertical

aligned peaks in particle number concentration plotted against time (Heintzenberg

et al., 2007; Kerminen et al., 2018). By comparing the time series of the particle size

distribution (dN/d log Dp), total mass loading, and PMF mass fraction (see Fig. 2.5

(May) and Fig. S3 (June and September) in the Supplement of Nursanto et al. (2023)), we

can observe that the episodes during which the size-driven factors’ fractions increase

occur when the total aerosol mass concentration is relatively low. This is to be expected,

as during these periods, the condensational sink, which would compete by scavenging

low-volatility gases or small particles, is reduced. If we zoom into the time series, the

NPF growth shapes appear during episodes that are dominated by F4 and/or F3 (see

Fig. S4 in the Supplement of Nursanto et al. (2023)).

The reconstructed PMF masses show the influence of sunlight and temperature on NPF

events. The average PMF mass fraction of the size-driven F4 is larger in summertime

(June) compared with other periods (see Fig. 2.4) due to higher mean radiation and

temperatures (see Table 1). In summer (June), F4 accounts for on average 14.9 % of

the total reconstructed PMF mass, while in spring (May) and autumn (September), it

only represents 11.8 % and 7.8 %, respectively. The more frequent appearance of NPF

growth events during summer can be seen in Fig. S3a–c in the Supplement of Nursanto

et al. (2023). Other studies have likewise found that the occurrence of NPF events is

generally favored in high radiation (Modini et al., 2009; Peltola et al., 2022) and warmer
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temperatures (Jokinen et al., 2022; Peltola et al., 2022). This is because solar radiation

provides the UV radiation that promotes the photochemical reactions and turbulent

motions needed to form new particles (Wehner et al., 2015; Dada et al., 2017; Kerminen

et al., 2018; Sellegri et al., 2019).

Particle size distributions

F4 corresponds to the bulk composition when the particles in the nucleation mode are

growing into the Aitken-mode size range, with a modal size of 20–25 nm (see Fig. 2.4a).

F3 is characterized by clustered particle sizes in the Aitken and accumulation mode

region, with a modal size of 51–65 nm (see Fig. 2.4b). The F4 and F3 mass loading

shows a good correlation with the particle number concentration in the size bin of 20–25

and 51–65 nm, respectively, across periods (see Fig. S5 in the Supplement of Nursanto

et al. (2023)). The size range differs slightly across months, but F4 always appears as

the smallest particle size range among the factors, which we therefore designate as the

nucleation-mode factor, while F3 with a larger particle size range is designated as the

growth-mode factor.

Some concerns may arise because the ACSM and SMPS measure different particle size

ranges, especially the smaller sizes, which are the biggest focus of this study. According

to a study conducted using a ToF-ACSM in the same configuration as this study, the

PM2.5 lens in the ToF-ACSM transmits particles with a vacuum aerodynamic diameter

(Dva) between 100 nm and 3 µm with efficiency above 50 %, decreasing to around 20 %

for Dva 55–60 nm (Xu et al., 2017). Meanwhile, the SMPS instrument samples particles

with diameters ranging from 10 to 800 nm. As we are mainly interested in elucidating

the composition of NPF and growth in sizes finer than 100 nm, we address the influence

of this mismatch on the interpretation of our PMF results here.

In Fig. 2.4a, we observe that F4 is mainly related to aerosol with sizes that have a

transmission efficiency ∼50 % in PM2.5 ToF-ACSM, while in Fig. 2.4b, only the size bins

of 107–140 nm in F3 have a transmission efficiency ≥50 %. The small-sized particles

will make a negligible contribution to the PM2.5 mass, and the larger particles will

always dominate the particle volume size distribution, regardless of whether the finer

particles are efficiently sampled or not by ACSM. Nevertheless, although the ACSM

does not directly measure the finest particle composition, the factor still illustrates the

bulk chemical composition that occurs during and favors the formation and growth of

new particles. Moreover, the PMF tool does not recognize that the diameter bins are

sequential, so the fact that particle diameters cluster in certain ranges in factors F4 and

F3 is consistent with their identification as corresponding to NPF and growth.
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Chemical composition

In all periods, the nucleation-mode F4 has ammonium sulfate as the major component

(see Fig. 2.4c–e). The factor further consists of ammonium (13 % to 26 %), sulfate (40

% to 63 %), organic compounds (16 % to 47 %), and traces of chloride (0.1 % to 6.4 %).

Organics are known to participate in particle formation and growth (Riipinen et al.,

2012; Hodshire et al., 2016), while in this study, the mass percentage share between

ammonium, sulfate, and organics of F4 depends on the mean bulk organic composition

in each period (see Fig. 2.4c–e). The low mean bulk organic composition in springtime

and autumn (May and September) leads to F4 being largely ammonium (16 % and 26

%) and sulfate (63 % and 45 %), followed by OA (16 % and 23 %) and chloride (4.3

% and 6.4 %). The organic-rich regime in summer (June; see Table 2.2) results in the

increase in OA in F4 (47 %) and less ammonium, sulfate, and chloride (13 %, 40 %, and

0.1 %, respectively). F4 represents from 9.5 % up to 14.3 % of total reconstructed PMF

mass in the solution, with the highest being during summer when there is a higher

contribution from organic masses. On the other hand, the growth-mode F3 is mainly

composed of ammonium nitrate aerosol (see Fig. 2.4f–h). The factor is further composed

of ammonium (8 % to 17 %), nitrate (29 % to 50 %), organic compounds (34 % to 57 %),

and traces of chloride (0.2 % to 2.4 %). In contrast to other months, the PMF analysis

also resolves variations in F3 containing sulfate (14 %) during summertime (June).

Overall, we interpret these results as indicating that sulfate is a key component of

nucleating particles during NPF events. When the mean bulk organic concentration is

high and more oxidized (e.g., summertime), it participates more abundantly in particle

nucleation. While sulfate is key to nucleation, nitrate plays a more important role in

particle growth (see Section S2 in the Supplement of Nursanto et al. (2023)).

Organic profiles

The organic mass spectrum profile of each size-driven factor and their diurnal cycles

in each period are shown in Fig. 2.6. Across seasons, LO-OOA is a part of the bulk

composition related to nucleation-mode particles. The factors are assigned as LO-OOA

due to their f44/ f43 values compared with other OOA factors (see the triangle plot in Fig.

S6 in the Supplement of Nursanto et al. (2023)). The LO-OOA F4 profile resolved in this

study is comparable to LO-OOA resolved in other aerosol mass spectrometry studies

using CV (Zheng et al., 2020; Joo et al., 2021), although fragments with m/Q > 50 are

less prevalent. Several aerosol chamber experiments have reported that lower volatility

and highly oxygenated organic molecules from biogenic and anthropogenic organic

precursors play a dominant role in new particle formation and growth (Schobesberger

et al., 2013; Ehn et al., 2014; Riccobono et al., 2014; Tröstl et al., 2016; Mohr et al., 2019;

Pospisilova et al., 2020; Zhao et al., 2021). In this study, however, we surprisingly

observe LO-OOA rather than MO-OOA associated with nucleation. This could imply
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Figure 2.6: (a–f) Organic mass spectrum from m/Q 20 to 120 (m/Q < 20 is not included) of F4

(maroon) showing LO-OOA factor profiles and F3 (turquoise) showing HOA factor profiles in

May 2021, June 2021, and September 2021. The error bars in each m/Q were generated from a

bootstrap run. (g–l) Diurnal cycles of corresponding factors and potential precursor gases.

The diurnal cycles of F4, mainly composed of ammonium sulfate, are shown together with its

precursors, NH3 and SO2. The diurnal cycles of F3, mainly composed of ammonium nitrate,

are shown together with its precursors, NH3 and NOx.
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that organic compounds with less oxygenation are more abundant and condense on

freshly nucleated particles in this region or that the ToF-ACSM delineation between

LO-OOA and MO-OOA does not directly correspond to volatility in this case.

In terms of the diurnal cycle, the F4 mass loading does not follow the typical LO-OOA

pattern but rather together with the formation of ammonium sulfate is responsible for

the increase in new particle loading during the day, as seen in the diurnal cycles (Fig.

2.6g,i,k). The organic-rich regime in summer (see Table 2.2) combined with a higher

mean temperature also favor the abundant production of semi-volatile OA, which can

condense onto newly formed particles, leading to an increase in OA to 47 % compared

to 16 % in spring and 23 % in autumn (see Fig. 2.4).

F3, seen as the growth-mode factor mainly related to the organic and ammonium nitrate

bulk composition, has an HOA-like organic profile. The factor is assigned as HOA due

to the alkyl and alkenyl fragments that are abundant (m/Q 27, 29, 41, 43, 55, 57, 69, and

71). The diurnal cycle of F3 in this study shows a similarity with general non-urban

HOA diurnal patterns, with increased loading at nighttime (see Fig. 2.6h,j,l), contrary

to the typical diurnal pattern of HOA in urban sites with peaks during morning and

evening rush hour (Chen et al., 2022). It suggests that the growth-mode F3 may be

related to transported vehicular emissions from urban areas and/or local primary

organic emissions. Organic nitrates can also be formed from the reaction between NOx

with less-oxygenated VOCs through nitrate radical (NO3 ) or organic peroxy (RO2 )

radical chemistry (Berkemeier et al., 2016). The diurnal pattern of F3 is consistent

with this organic nitrate formation, followed by condensation onto the newly formed

particles as the temperature lowers at night. During the summer, a small increase in the

F3 mass loading during the daytime can also be observed, hinting at the enhancement

of daytime organic nitrate formation in the hottest and sunniest period.

During the summer, the values of f28 and f44/ f43 as oxygenated organic markers in

F4 are higher compared to other seasons, while they are almost absent in F3. In the

chemical composition discussed previously, sulfate also makes an appearance in F3 in

summer, unlike other seasons. We hypothesize that the PMF solution did not resolve the

two size-driven factors in summer (June) similarly to other seasons, and therefore the

aerosol composition is more mixed between NPF and growth particles. Mathematically,

this is reflected in the local minima of the chosen PMF solution. Despite being the

lowest minimum in the PMF solution space, Q/Qexp in June scores lower compared to

May and September (see Table S3 in the Supplement of Nursanto et al. (2023)).

New particle formation (NPF) and growth pathway

The NPF events shown by the time series of the particle number size distribution and

size-driven factor loading reveal that particle formation and growth take around 6 to

12 h (see Fig. S4 in the Supplement of Nursanto et al. (2023)). The high occurrence
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of ammonium sulfate and oxidized organic molecules in the aerosol phase observed

during nucleation-mode F4 episodes marks the beginning of NPF. This is related to

ammonium sulfate formation from the reaction between ammonia and sulfuric acid and

the uptake of oxygenated organic compounds. We can consider F3 to be a "sequential"

pathway of F4 growing in size (see Fig. 2.3); this sequential nature is observed in some

NPF events shown in Fig. S4 in the Supplement of Nursanto et al. (2023), when F3 peaks

after F4. F4 grows into F3 when nitric acid and/or organic nitrates and hydrocarbonlike

semi-volatile organic compounds are dominant in the aerosol composition.

One might argue that F3 cannot be considered the successor of F4 as it does not contain

any sulfate (for May and September), which should remain from the initial nucleation.

Another possible explanation is that F3 emerges directly from ammonium nitrate as a

"parallel" nucleation pathway (see Fig. 2.3). Other studies have observed this nucleation

mode to occur very rarely and only in the free troposphere, at a lower temperature

and under very clean air conditions, through the reaction between nitric acid and

NH3 (Höpfner et al., 2019; Wang et al., 2020). In a "combined" hypothesis, F3 emerges

from F4, but the particles rapidly favor the pathway of growing by mainly ammonium

nitrate condensation to the particle phase. The simultaneous pathway of F4 and F3

growth can be observed in some NPF events in Fig. S4 in the Supplement of Nursanto

et al. (2023). This process leads to the negligible amount of sulfate and abundance of

ammonium nitrate during particle growth, hence to sulfate mass being unresolved in the

F3 composition (for May and September). Chamber experiments and theoretical studies

support this interpretation of NPF occurring with only minor involvement of sulfate

(Liu et al., 2018; Wang et al., 2020; Wang et al., 2022). The chemistry of ammonium

sulfate and nitrate aerosol formation is discussed in more detail in Section S2 in the

Supplement of Nursanto et al. (2023).

Relationship between new particle formation and wind variables

To study the relationship between wind variables and new particle formation in the

rural site of Cabauw, wind analyses were done using bivariate polar plots of size-driven

F4 and F3 by wind speed and wind direction (see Fig. 2.7). We observe that nucleation-

mode F4 is mainly correlated with air masses transported from the southwesterly–

westerly sector and sometimes from the easterly sector. These wind sectors supply

sulfate, ammonium, and organics (Fig. S8 in the Supplement of Nursanto et al. (2023)),

as well as their precursor gases that determine the main composition of F4 (see Fig. S9 in

the Supplement of Nursanto et al. (2023)). Westerlies represent a source of sulfate, which

mainly comes from sulfur oxide (SOx) emissions along the waterway of Rotterdam’s

harbor, the busiest port in Europe. The sulfate in the air transported to Cabauw from

the northern to the eastern sector may arise from the SOx precursor from other urban,

shipping, and industry centers (e.g., the city and port of Amsterdam, the city of Utrecht),

as well as power plants (see Fig. 2.1) (Henschel et al., 2013; Fioletov et al., 2016; Ledoux
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et al., 2018). The supply of ammonium for new particle condensation through NH3

emission comes from the agricultural practices that take place around the Cabauw

site, with a tendency of receiving higher NH3 and ammonium from the southern

sector. The easterlies extending to the north are also sources of VOCs coming from the

forested nature areas in the provinces Utrecht and Gelderland, which are subsequently

transformed into SOA.

Figure 2.7: (a–f) Bivariate polar plots of size-driven factor mass fractions (F4 and F3) by wind

speed and wind direction measured in Cabauw in May, June, and September 2021. We observe

that the nucleation-mode particle (F4, a–c) fraction is largely correlated with air masses from

the southwesterly–westerly sector where the urban and harbor areas of Rotterdam are located.

The growth-mode particle (F3, d–f) fraction is distributed around the site and is from the

southwesterly sector. Similar figures for composition-driven factors can be found in Fig. S7 in

the Supplement of Nursanto et al. (2023).

The different prevailing wind also affects the F4 composition and frequency. In spring

(May) and autumn (September), new particle formation mainly correlates with winds



2.3 Results and discussion 39

from southerly and westerly directions (see Fig. 2.7a,c) and thus has less organic

composition. In summer (June), winds coming from the east contribute to NPF events

(see Fig. 2.7b), supplying more organics to the site. The abundant organics due to higher

radiation and temperatures allow semi-volatile SOA to directly condense onto newly

formed particles, increasing NPF events and F4 mass fraction during summer (see Fig.

2.4d).

2.3.4 Composition-driven factors (F2 and F1)

The two composition-driven factors yielded by the PMF analyses are F2 and F1 (see Fig.

2.2 (May), Fig. S1 (June), and Fig. S2 (September) in the Supplement of Nursanto et al.

(2023)). We call these factors composition driven because they are found across the size

distribution rather than in a specific size range. They collectively account for a large

fraction of total reconstructed PMF mass (66 % to 78 %) and can be considered to be the

result of size-driven factors’ further growth into the bulk aerosol. F2 and F1 are both

representative of the mean atmospheric bulk aerosol composition and are split into two

different factors by PMF.

F2 is characterized by the presence of a mixture of OA and IA (see Fig. S10m—r in

the Supplement of Nursanto et al. (2023)). Based on the organic spectrum, the aerosol

mixture can be characterized as LO-OOA, comparable to the LO-OOA profile found

in other aerosol mass spectrometry studies using CV (Hu et al., 2018a; Zheng et al.,

2020; Joo et al., 2021). It has similar f44/ f43 to the LO-OOA profile in F4 on average

(see triangle plot in Fig. S6 in the Supplement of Nursanto et al. (2023)). In terms of

the diurnal cycle, the F2 mass loading does not follow the typical LO-OOA pattern.

Normally, LO-OOA would have a higher nighttime concentration and a slight decrease

during the day (Chen et al., 2022), but we found the diurnal cycle of F2 to be similar to

the diurnal pattern of the total aerosol mass loading in this study (see Fig. S10g,i,k in

the Supplement of Nursanto et al. (2023)). This finding suggests that F2 is the result of

condensation of available semi-volatile chemical constituents over the course of the day

as the continuation of NPF and growth, governed by the availability of both bulk IA

and OA composition.

While F2 contains both OA and IA, F1 is dominated by OA (see Fig. S10m—r in the

Supplement of Nursanto et al. (2023)). It represents the continuation of NPF and growth

enriched by organic compounds. F1 is mainly composed of organics (82 % to 94 %)

and a trace amount of ammonium (2 % to 6 %) and sulfate (2 % to 12 %). A trace of

nitrate aerosol (2 %) can also be found in F1 in the summer (June). The abundance of

m/Q 44 fragments and high f44/ f43 values (see Fig. S6 in the Supplement of Nursanto

et al. (2023)) indicate that the factor F1 represents aged SOA, resembling OOA profiles

observed at the same site in previous studies (Mensah et al., 2012; Paglione et al., 2014;

Schlag et al., 2016) and MO-OOA profiles observed in aerosol mass spectrometry with
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CV (Hu et al., 2018a; Zheng et al., 2020; Joo et al., 2021). F1 exhibits a diurnal pattern

consistent with MO-OOA, with the concentration rising slightly across the day. It has a

relatively stable concentration throughout the day because the factor is largely driven

by long-range transport of aerosol (Kodros et al., 2020; Chen et al., 2022) but with a

slightly increasing concentration from the morning to afternoon due to photochemical

oxidation. Wind analysis suggests that the bulk SOA in F1 is related to air masses

arriving from the easterly sector that span from north (∼0o) to south (∼180o) (see Fig.

S7 in the Supplement of Nursanto et al. (2023)). To the east, the province of Gelderland

is mostly covered by agricultural grass land and forested nature areas that emit VOCs,

therefore increasing the amount of OA produced. Easterly wind directions may also

contain the accumulated pollutants or VOCs from continental Europe and therefore may

contain a variety of OA from either biogenic or anthropogenic sources. Considering

the organic profile, the high mass loading percentage, and the source regions across

periods, we attribute F1 to background regional and continental OA.

2.4 Conclusions

In this work, we have shown that hybrid ACSM-SMPS PMF analysis can be used to

determine the bulk chemical composition associated with new particle formation and

growth. The analyses of three selected periods enable us to use the seasonality of the

factor profiles, representing conditions of spring (sunny and warm) for May, summer

(very sunny and hot) for June, and autumn (less sunny and warm) for September, as

well as different prevailing winds, to attribute factor sources.

New particle formation episodes appeared when the total aerosol concentration was low,

with key contributions from ammonium sulfate and oxygenated organic compounds

across seasons, despite the high nitrogen emission in the Netherlands. New particle

formation and growth exhibit a diurnal pattern dominated by daytime formation that

shifts to nighttime growth as the particle size increases. While sulfate promotes new

particle formation, nitrate and semi-volatile organics are more influential in growth.

The substantial contribution of nitrate and less-oxidized organic aerosols to F3 and its

shift to a nighttime peak in concentration indicate that ammonium and organic nitrate

condense during the particle growth when the temperature is lower. The organic-rich

regime, higher mean radiation, and higher mean temperature in summer result in a

larger contribution of oxygenated organic vapors in new particle formation.

New particle formation is the most pronounced with winds from the southwest–west

and sometimes northeast. These directions supply precursor gases, with the westerlies

bringing SOx from the port of Rotterdam, southwesterlies bringing NH3 from agricul-

tural emissions, and easterlies bringing organic vapors from the forest and nature areas.

The influence of the wind direction could be clearly seen during the summer, where

instead of southern and western winds, the prevailing winds were from the north and
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east and brought abundant organics, resulting in the rapid growth of large amounts of

organic aerosol.

In sum, this combination of composition and size information into the statistical method

of PMF, augmented by meteorological and gas-phase auxiliary data, provides a powerful

tool to assess the factors that control aerosol production in a complex region, heavily

influenced by agricultural and industrial activities, alongside biogenic emissions of

VOCs.
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Abstract

Particulate nitrate is a major component of ambient aerosol around the world, present

in inorganic form, mainly as ammonium nitrate, and also as organic nitrate. It is of

increasing importance to monitor ambient particulate nitrate, a reservoir of urban nitro-

gen oxides that can be transported downwind and harm ecosystems. The unit-mass-

resolution time-of-flight aerosol chemical speciation monitor equipped with capture

vaporizer (CV-UMR-ToF-ACSM) is designed to quantitatively monitor ambient PM2.5

composition. In this chapter, we describe a method for separating the organic and

ammonium nitrate components measured by CV-UMR-ToF-ACSM based on evaluating

the NO +
2 /NO+ ratio (NO +

x ratio). This method includes modifying the ACSM fragmen-

tation table, time averaging, and data filtering. By using the measured NO +
x ratio of

NH4NO3 and a plausible range of NO +
x ratio for organic nitrate aerosol, the measured

particulate nitrate can be split into inorganic and organic fractions. Data pre-treatment

filters concentrations of particulate nitrate below 0.6–2.0 µg · m−3, depending on the

time averaging. The method detection limit, when considering ±10 % absolute uncer-

tainty of organic nitrate fraction, is found to be 2 µg · m−3 (120 min averaging) to 10

µg · m−3 (10 min averaging) for total particulate nitrate concentration and 10 % (120

min) to 20 % (10 min) for organic nitrate fraction. We show that this method is able

to distinguish periods with inorganic or organic nitrate as major components at a ru-

ral site in the Netherlands. A comparison to a high-resolution time-of-flight aerosol

mass spectrometer equipped with a standard vaporizer (SV-HR-ToF-AMS) and positive

matrix factorization (PMF) method shows similar response of increasing particulate

organic nitrate fraction with uncertainties mainly from sensitivity to fragmentation

table correction when obtaining the NO +
2 signal. We propose that researchers use this

NO +
x ratio method for CV-UMR-ToF-ACSM (adapting the appropriate fragmentation

table and data pre-treatment for each specific application) to quantify the particulate

organic nitrate fraction at existing monitoring sites in order to improve understanding

of nitrate formation and speciation.
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3.1 Introduction

In the current age of decreasing sulfur emissions, nitrate is becoming a principal aerosol

component globally and regionally (Adams et al., 1999; Metzger, 2002; Liao et al., 2003;

Rodriguez and Dabdub, 2004; Feng and Penner, 2007; Bauer et al., 2007; Paulot et al.,

2016; Bian et al., 2017; Vasilakos et al., 2018; Drugé et al., 2019; Lu et al., 2021). In

addition to an increasing aerosol fraction of ammonium nitrate (NH4NO3), ambient

organic nitrates (ONs) produced through the oxidation of volatile organic compounds

(VOCs) in the presence of nitrogen oxides (NOx) can condense into the particulate phase

or grow new particles (Huang et al., 2019a; Huang et al., 2019b; Song et al., 2024). The

particulate organic nitrate (pON) contribution to total particulate nitrate mass (pNO3) is

substantial (Ng et al., 2017), with an average fraction of 17–31 % in China (Yu et al., 2024)

and 34–44 % in Europe (Kiendler-Scharr et al., 2016), with large differences between

urban and rural areas (Fisher et al., 2016; Schlag et al., 2016; Romer Present et al., 2020;

Yu et al., 2024). Improved understanding of pON fraction in different regions can

provide insight into chemical mechanisms of secondary aerosol formation (Pye et al.,

2015; Lee et al., 2016; Ng et al., 2017; Zare et al., 2018).

Organic nitrogen (i.e., organic nitrates and amines) flux worldwide accounts for ∼25 %

of the total nitrogen deposition (Jickells et al., 2013). Zare et al. (2018) estimated, via WRF-

Chem (Weather Research and Forecasting model coupled with Chemistry) simulations

in the southeast United States, that 60 % of NOx loss is related to ON chemistry. Similar

to inorganic nitrate, ON also can be regarded as a NOx reservoir, because thermal

or photolysis processes can re-release NOx. The partitioning between gas-phase and

particulate ON (Zare et al., 2018) can affect this reservoir lifetime and, thus, the spatial

scale of transport of urban nitrogen emissions from their source, determining how far

downwind these emissions can harm natural habitats (Fields, 2004; Bobbink and Hicks,

2014; Erisman et al., 2015; Melillo, 2021).

The NO +
x ratio method, first described by Farmer et al. (2010), is a robust method to

separate the total pNO3 signal measured by high-resolution aerosol mass spectrometer

(AMS) into particulate ammonium nitrate (pAmN) and particulate organic nitrate (pON)

using the variation of NO +
2 /NO+ ion ratios (subsequently referred to as NO +

x ratios) in

the mass spectra observed. This method has been successfully used to analyze pON

composition in several studies (Fry et al., 2014; Fry et al., 2018; Pye et al., 2015; Kiendler-

Scharr et al., 2016; Ng et al., 2017; Huang et al., 2019a; Huang et al., 2019b; Brownwood

et al., 2021; Day et al., 2022a).

The basis of the NO +
x ratio method comes from the different fragmentation patterns

of chemical species due to the interaction of the mass spectrometer’s vaporizer and

ionizer with the analytes. The empirical observation shows that nitrates attached to an

organic moiety have different fragmentation patterns compared to nitrate in the form of
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NH4NO3, as well as other less-volatile inorganic nitrates. Thus, each nitrate will have

different NO +
x ratios, Rν, as shown below in Eq. 3.1 (Day et al., 2002; Francisco and

Krylowski, 2005; Farmer et al., 2010; Drewnick et al., 2015; Hu et al., 2016b; Day et al.,

2022a),

Rν =
(CNO +

2 )ν

(CNO+)ν

(3.1)

where ν is the nitrate compound or mixture measured, CNO +
2

is the signal intensity of

NO +
2 , and CNO+ is the signal intensity of NO+.

The NO +
x ratio of the observed air (Robs) falls between the NO +

x ratios of pure pAmN

(RpAmN) and pure pON (RpON). The time-varying mass fraction of particulate organic

nitrate ( fpON, referring to pNO3 existing as pON), and particulate ammonium nitrate

( fpAmN, referring to pNO3 existing as pAmN) can be extracted from this time-varying

Robs using Eqs. 3.2 and 3.3 (Farmer et al., 2010).

fpON =
(Robs − RpAmN)(1 + RpON)

(RpON − RpAmN)(1 + Robs)
(3.2)

fpAmN = 1 − fpON (3.3)

The aerosol chemical speciation monitor (ACSM, Aerodyne Inc.) is a unit-mass reso-

lution (UMR) mass spectrometry instrument intended for continuous ambient aerosol

monitoring (Ng et al., 2011; Fröhlich et al., 2013), unlike its predecessor, the aerosol

mass spectrometer (AMS, Aerodyne Inc.) which is designed primarily for research

(Drewnick et al., 2005). In this work, we explored whether the ACSM can be used to

determine pAmN and pON in the same way as has been successfully demonstrated

for the AMS. ACSMs are used extensively in monitoring networks, such as the sites

in the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS) network in

Europe (https://www.psi.ch/en/acsm-stations/overview-full-period, last access:

6 November 2024) and the Atmospheric Science and Chemistry mEasurement NeTwork

(ASCENT) network in the United States (https://ascent.research.gatech.edu, last

access: 6 November 2024).

For monitoring purposes, a capture vaporizer (CV) and an intermediate pressure lens

(IPL) are recommended by Aerodyne for improved quantification of the PM2.5 fraction,

relative to a standard vaporizer (SV) and standard lens (Zheng et al., 2020). Almost

half of the ACSMs in the ACTRIS network in Europe use a CV. The CV is designed

to increase particle collision events with the vaporizer surface by having a narrow

entrance, resulting in a particle collection efficiency (CE) of 1 and better mass closure of

PM2.5 monitoring (Jayne and Worsnop, 2016; Hu et al., 2017; Xu et al., 2017; Liu et al.,

2024). The enhanced thermal decomposition, however, shifts the fragmentation pattern

toward smaller ion fragments (Hu et al., 2017; Hu et al., 2018b; Xu et al., 2017; Zheng
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et al., 2020). Therefore, the NO +
x ratio is substantially lower with CV compared to SV

due to favored NO+ formation. In consequence, the NO +
x ratio method’s applicability

in CV-based measurements is limited by the NO +
2 detection limit (< 0.1 µg · m−3; Hu

et al. (2017)).

While high-resolution mass spectrometers can separate non-NO +
x peaks which are

detected at the same nominal m/Q (mass-to-charge ratio) as NO +
x peaks (30 for NO+

and 46 for NO +
2 ), UMR analysis requires estimations based on related ions at other

m/Q. These estimations are incorporated into data workup by the implementation

of a fragmentation table, which subtracts an estimated amount of organic at m/Q 30

and m/Q 46, based on the signal at another related organic-only m/Q values. The

default fragmentation table typically applied for the analysis of UMR spectra is based

on generalized fragment mass composition of ambient aerosol composition measured

using SV-based instruments (Allan et al., 2004; Ulbrich et al., 2009) and, thus, is not

suitable for CV-UMR-ToF spectra that have different fragmentation patterns. Using a

CV-HR-ToF-AMS, Hu et al. (2017) determined the organic fragment interference with

NO+ at m/Q 30 and with NO +
2 at m/Q 46 for CV-UMR measurements in a biogenically

dominated dataset, but no study has yet shown this calculation adapted to general

ambient aerosol composition.

This work aims to adapt the NO +
x ratio method to separate pAmN and pON signals for

CV-UMR-ToF-ACSM measurements. We first provide a revised fragmentation table for

m/Q 30 and m/Q 46 that is compatible with CV-UMR-ToF-ACSM measurements with

varying composition to better calculate NO+ and NO +
2 signal contributions. Second,

we show the variation of experimental NO +
x ratio for pAmN in CV-UMR-ToF-ACSM

instruments and determine the NO +
x ratio for pON. Third, we demonstrate the capability

of data pre-treatments (filtering and time averaging) to overcome the low and noisy ratio

signals produced by CV in ambient measurements. Fourth, the proposed NO +
x ratio

method is applied to an extended ambient dataset (at the Cabauw site of the Ruisdael

Observatory Network) to test its robustness for changing ambient aerosol mixtures.

Lastly, the formation of pAmN and pON in a chamber experiment measured using

CV-UMR-ToF-ACSM is used for method validation by comparing results with SV-HR-

ToF-AMS.

3.2 Instrumentation

3.2.1 Description of ToF-ACSM

A ToF-ACSM (Aerodyne Inc.) is the main instrument used in this study, allowing for

the chemical analysis of non-refractory organics (Org), ammonium (NH4), nitrate (NO3),

sulfate (SO4), and chloride (Cl) in the aerosol phase (Ng et al., 2011; Fröhlich et al.,

2013). In comparison to compact time-of-flight (cToF)-AMS (Drewnick et al., 2005) and
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HR-ToF-AMS (DeCarlo et al., 2006), ToF-ACSM is more compact in size, lower in price

and operational cost, simpler in analysis, and requires less user intervention, which

makes this instrument practical for long-term monitoring but still comparable to the

AMS (Fröhlich et al., 2013). ToF-ACSM uses a three-way valve system that allows

automatic switching between the sample and filter mode, unlike ToF-AMS, which has a

mechanical chopper that physically blocks the particle beam. The lack of a chopper (but

with the use of particle time-of-flight chamber) in the ToF-ACSM, however, removes the

particle sizing feature, which makes it similar to the quadrupole-ACSM (Q-ACSM) but

with better mass resolution and detection limits.

To conduct the various analyses in this chapter, we primarily use data from two ToF-

ACSM instruments with identical setup. The instruments are managed by Utrecht

University (UU) and University of Groningen (RUG), part of a larger monitoring net-

work of Ruisdael Observatory in the Netherlands (https://ruisdael-observatory.nl,

last access: 6 November 2024). We label the instruments as ACSM-UU and ACSM-RUG.

The instrument setup for ambient measurements uses a combination of a PM2.5 size-

cut cyclone, an intermediate-pressure lens (PM2.5 aerodynamic lens), and a capture

vaporizer (CV, temperature ∼525 ◦C, Jayne and Worsnop (2016)) that has been aligned

with the particle beam. Together, they configure the ToF-ACSM as a PM2.5 monitor (Xu

et al., 2017) with unit mass resolution. The instrument provides UMR mass spectra with

default 10 min time resolution, analyzed using Tofware v3.3 in Igor Pro 8. The fractions

of the UMR signal are assigned to different aerosol species using the fragmentation

table.

3.2.2 Ambient measurements with ACSM

We use an ambient dataset measured using ACSM-UU deployed in Cabauw, the Nether-

lands, for method development and case studies. The ambient data were measured

between 18 April 2023 to 15 April 2024 with some gaps (net 205 d of data) as part of the

continuous monitoring of the Ruisdael Observatory network. Aerosol measurements

were carried out with an inlet height of 4.5 m above the ground at the Cabauw tower

(51.97 ◦N, 4.93 ◦E), an infrastructure of the Royal Netherlands Meteorological Institute

(KNMI, the Netherlands, https://www.knmi.nl/home, last access: 9 November 2024).

The site is surrounded by agricultural lands in the province of Utrecht, the Netherlands,

a relatively nitrogen-polluted rural site.

Ambient air is sampled through a stainless-steel inlet system with a PM2.5 size-cut cy-

clone (URG-2000-30ED) and a Nafion dryer with a sampling flow rate of ∼2 L · min−1,

of which in average 1.23 cm3
·s−1 (0.07 L · min−1) is sampled by the ACSM. The cali-

brations of ionization efficiency (IE) and relative IE (RIE) were performed using 300

nm particles from ammonium nitrate (NH4NO3) and ammonium sulfate ((NH4)2SO4))

solutions (size-selected with a differential mobility analyzer, model TSI 3081 and co-
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sampled with a condensation particle counter, model TSI 3750). The average IE value

for the instrument is 169 ions · pg−1 for NO3, and RIE values are 1.40, 1.58, 1.30, and

3.37 for Org, SO4, Cl, and NH4, respectively. RIE values used for Org and Cl were not

measured and were instead applied as default values, as is common practice. The detec-

tion limits at 10 min time resolution are 0.38 µg · m−3 for Org, 0.12 µg · m−3 for NH4,

0.07 µg · m−3 for NO3, 0.07 µg · m−3 for NO+ (m/Q 30), 0.04 µg · m−3 for NO +
2 (m/Q

46), 0.11 µg · m−3 for SO4, and 0.09 µg · m−3 for Cl.

3.2.3 Chamber measurements with ACSM and AMS

ACSM-RUG was deployed to measure aerosol in chamber experiments conducted in

the Aerosol Interaction and Dynamics in the Atmosphere (AIDA) chamber, a facility

maintained by Karlsruhe Institute of Technology (KIT), Germany. Chamber experi-

ments were conducted in 2023 and 2024 as part of the Cloud-Aerosol Interactions in a

Nitrogen-dominated Atmosphere (CAINA) project (https://sites.google.com/view/

cainaproject/, last access: 6 November 2024).

Chamber air is sampled using stainless-steel tubing equipped with a Nafion dryer

and a sampling flow of ∼2 L · min−1 of which in average 1.44 cm3
·s−1 (0.09 L · min−1)

is sampled by the ACSM. The average IE value for the instrument is 152 ions · pg−1

for NO3. The ACSM instrument is run with 2 min time resolution unlike the default

setting to capture more variation in the aerosol composition. The detection limits at

2 min time resolution for the ACSM-RUG instrument are 0.20 µg · m−3 for Org, 0.19

µg · m−3 for NH4, 0.17 µg · m−3 for NO3, 0.17 µg · m−3 for NO+ (m/Q 30), 0.03 µg · m−3

for NO +
2 (m/Q 46), 0.02 µg · m−3 for SO4, and 0.05 µg · m−3 for Cl.

In addition, a high-resolution time-of-flight aerosol mass spectrometer (HR-AMS, Aero-

dyne Research Inc.) from KIT is connected to the chamber via a 6 mm (4 mm internal

diameter) stainless-steel tube. The instrument is equipped with a PM2.5 aerodynamic

lens to measure the non-refractory PM2.5 components, at a time resolution of 1 min

(DeCarlo et al., 2006; Canagaratna et al., 2007; Williams et al., 2013), averaged to 2 min

for this comparison. The operation of the AMS is explained in previous publications

(Huang et al., 2019a; Song et al., 2022). Briefly, chamber air is sampled with a flow of 1.08

L · min−1, of which on average 84 cm3
·min−1 is sampled by the AMS (Gao et al., 2022).

The aerosol particles are then focused into a narrow beam by a PM2.5 aerodynamic

lens with an effective complete transmission for particle sizes ranging from 70 to 2500

nm (vacuum aerodynamic diameter; Dva) and heated by a standard vaporizer at 600
◦C. The resulting vapors are ionized by electron impact (70 eV) and characterized by a

time-of-flight mass spectrometer. The AMS ionization efficiency is calibrated using 300

nm dried NH4NO3 aerosol particles to give an average IE for NO3 of 185.0 ions · pg−1.

The AMS data are analysed using the software packages Squirrel 1.66E and PIKA 1.26E

in Igor Pro 8. To account for the effect of particle bouncing loss, chemical-composition-
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based collection efficiency (0.5) was applied to calculate the particle mass concentration

(Middlebrook et al., 2012).

3.3 Development of a fragmentation table for CV-UMR-

ToF-ACSM from the AMS spectral database and

ACSM chamber experiment spectra

3.3.1 General fragmentation table for typical ambient dataset

In the UMR-ACSM instruments, ions detected at m/Q 30 and m/Q 46 can originate

from both nitrate (NO+ and NO +
2 ) and organic fragments. However, it is known that

some fragments produced by processes in the vaporizer and ionizer can be related to one

another (Allan et al., 2004). For instance, UMR peaks at m/Q 29, m/Q 42, m/Q 43, and

m/Q 45 are mainly the product of further fragmentation of fragments at m/Q 30 and

m/Q 46 and assumed to be exclusively of organic origin. The aim of the fragmentation

table, with respect to the NO +
x species, is to predict the signal contribution of organic

fragments at m/Q 30 and m/Q 46 based on the masses measured at m/Q 29, m/Q 42,

m/Q 43, and m/Q 45 and subsequently to extract the signal that can be attributed to

NO+ and NO +
2 .

Our starting point is the default fragmentation table from Allan et al. (2004) (see Table

3.1). A fragmentation table consists of columns dividing the raw mass spectra into

chemical species, with rows denoting entries for different UMR nominal masses. Thus,

each entry consists of components which are added up to obtain the species concen-

tration at a specific nominal mass. These components can be the whole peak of an

m/Q x, referred to as an integer number (with square brackets in this thesis, "[x]"),

or the contribution of a certain species to m/Q x in the fragmentation table, denoted

as "frag_species[x]." A multiplier a (positive or negative) is included if the addition

or subtraction of the component is fractional. The fragmentation table for ToF-AMS

and ToF-ACSM are identical, except that gas-phase species contribution must also be

removed in ToF-AMS. For the ACSM, due to the automatic filter sampling cycle and

subtraction, gas-phase species are already removed. The fragmentation table developed

in this chapter, therefore, is applicable to a CV-UMR aerosol mass spectrometer. Because

the training data set incorporated multiple chamber and ambient measurements with

different instruments, it should be applicable for a range of typical measurement config-

urations, but users should be aware of the potential effects of the instrument condition

(e.g., vaporizer temperature, particle beam alignment, measurement history).

In the default fragmentation table (which was developed using SV-based instruments),

the signal at m/Q 46 is assigned exclusively to NO +
2 , and the relationship of organic

signal at m/Q 30 is found to be only 0.022 times the magnitude of organic signal at m/Q
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Table 3.1: Excerpt of fragmentation table for Org and NO3 species at m/Q 30 and m/Q 46.

The first three rows show entries originated from the default fragmentation table of Allan et al.

(2004) (used in Tofware v3.3). The last three rows show entries proposed to develop a revised

CV-UMR-ToF-ACSM fragmentation table in this study.

m/Q
Allan et al. (2004), default fragmentation table

Org NO3

30 0.022 · frag_Org[29] [30], -frag_Org[30]

46 - [46]

m/Q
Proposed for general CV-ToF-ACSM

Org NO3

30 aOrg[30],[i] · frag_Org[i] a [30], -frag_Org[30]

46 aOrg[46],[i] · frag_Org[i] b [46], -frag_Org[46]

i represents UMR masses tested against m/Q 30 and m/Q 46 in this study, which includes

frag_Org[29], frag_Org[42], frag_Org[43], and frag_Org[45]. See the list in the footnote of Table

S3 in the Supplement of Nursanto et al. (2025).
a aOrg[30],[i] is the multiplier for frag_Org[30] component, obtained from the slope of ODR fit between

frag_Org[30] and frag_Org[i].
b aOrg[46],[i] is the multiplier for frag_Org[46] component, obtained from the slope of ODR fit between

frag_Org[46] and frag_Org[i].

29. Switching from SV to CV modifies the signal ratio between organic and inorganic

fragments at m/Q 30 and m/Q 46 because of greater organic fragmentation in CV (Hu

et al., 2018b). It also leads to greater nitrate fragmentation and consequently smaller

NO +
2 signal, which makes the organic contribution at m/Q 46 more important. For

instance, Fry et al. (2018) found larger contributions of organic fragments at m/Q 30 and

m/Q 46 than the default fragmentation table in a semi-polluted biogenically influenced

air analyzed with an SV-HR-ToF-AMS. Therefore, modifications to frag_NO3[46] and

frag_NO3[30] entries (later referred to as CNO +
2

and CNO+ to calculate NO +
x ratio outside

fragmentation table context) must be established for CV-based instruments.

To make a revised fragmentation table applicable for general ambient organic aerosol

(OA) mixtures, a variety of organic aerosol profiles is necessary. We use 25 CV-HR-ToF-

AMS spectra (including both nitrates and non-nitrate organics) from the AMS spec-

tral database (http://cires1.colorado.edu/jimenez-group/AMSsd_CV, last access: 6

November 2024) and 6 CV-UMR-ToF-ACSM spectra from chamber experiments. The

CV-HR-ToF-AMS database mass spectra include 3 chamber experiments, 7 factors of

positive matrix factorization (PMF) analysis from ambient measurements, and 15 labo-

ratory standards measurements (Hu et al., n.d.; Hu et al., 2017; Carlton et al., 2018; Hu

et al., 2018b; Hu et al., 2018a), summarized in Table S1 in the Supplement of Nursanto

et al. (2025). The CV-UMR-ToF-ACSM mass spectra were measured from experiments

conducted in the AIDA chamber (see Section 3.2.3). These spectra were obtained using
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vaporizer temperature ranging from 525 to 600 ◦C (see Tables S1 and S2 in the Supple-

ment of Nursanto et al. (2025)). Therefore, the revised fragmentation table should be

valid for CV-based instruments run in this temperature range.

Figure 3.1: The left-hand panels (a and b) show the best ODR fits (set to zero intercept)

which are found in the relationship between the signal contributions of (a) frag_Org[30]

vs. frag_Org[29], and (b) frag_Org[46] vs. frag_Org[45]. The correlations of all mass pairs

are summarized in Table S3 in the Supplement of Nursanto et al. (2025). The right-hand

panels (c and d) show the predicted organic contributions (based on the new multipliers)

at each m/Q versus the measured amount. Plot (c) shows the predicted UMR frag_Org[30]

against the measured total Org fragments at m/Q 30, and plot (s) shows the predicted UMR

frag_Org[46] against the measured total Org fragments at m/Q 46. The figure demonstrates

that the predicted frag_Org[x] slightly underestimates (slope = 0.83) but approached the

measured frag_Org[x].



3.3 Development of a fragmentation table for CV-UMR-ToF-ACSM 53

Using these data, we determine the multipliers a used in a revised calculation of

frag_Org[30] and frag_Org[46] (see Table 3.1, last three rows, and Table S1 in the Sup-

plement of Nursanto et al. (2025)). The new multipliers are determined by performing

orthogonal distance regression (ODR) constrained to a zero intercept of mass spectra

in UMR. For HR-AMS spectra, the dataset is "degraded" from HR into UMR spectra

by summing HR Org fragments to their respective nominal mass in each AMS spec-

trum. Note that for UMR-ACSM spectra, because we cannot separate species at the

same nominal m/Q, we only use chamber experiments that are assumed nitrate-free

or to contain negligible nitrate (no seed or precursor for inorganic and organic nitrate).

Therefore, all signals at m/Q 30 and m/Q 46 are exclusively organic fragments. We

perform ODR fits of frag_Org[30] and frag_Org[46] against a list of chemically related

masses (frag_Org[i]). The slope of the ODR fits to determine the multiplier aOrg[30],[i]

and aOrg[46],[i] are summarized in Table S3 in the Supplement of Nursanto et al. (2025),

alongside the list of fragments of i that contribute to each nominal mass, in the foot-

note. It is found that frag_Org[30] is best correlated with frag_Org[29] (see Table S3

in the Supplement of Nursanto et al. (2025)), where aOrg[30],[29] = 0.311 ± 0.016 (mean

± uncertainty, r2 = 0.88, see Fig. 3.1a). On the other hand, frag_Org[46] has the best

correlation with frag_Org[45] (see Table S3 in the Supplement of Nursanto et al. (2025)),

where aOrg[46],[45] = 0.305 ± 0.037 (mean ± uncertainty, r2 = 0.43, see Fig. 3.1b). The final

revised fragmentation table in CV-UMR-ToF-ACSM is summarized in the conclusions

(see Table 3.4).

We apply these new multiplier values to the full dataset and compare the results with

those from multipliers described in Allan et al. (2004), the Supplement of Fry et al.

(2018), and the Supplement of Hu et al. (2017) (see in Table S4 in the Supplement of

Nursanto et al. (2025)). The result suggests that the multiplier aOrg[46],[45] determined

here gives the best predicted frag_Org[46] over multipliers from other studies (see Table

S4 in the Supplement of Nursanto et al. (2025)). Meanwhile, the multiplier aOrg[30],[29]

determined here performs similarly with the multipliers obtained from Hu et al. (2017)

(SV and CV) for a dataset dominated by biogenic secondary organic aerosol (SOA).

The plot of predicted UMR frag_Org[30] against the measured total Org fragments at

m/Q 30 (see Fig. 3.1c) shows that the multiplier determined here is able to estimate

on average 96.9 ± 4.9% of the measured frag_Org[30]. Meanwhile, the similar plot for

frag_Org[46] against the measured total Org fragments at m/Q 46 (see Fig. 3.1d) shows

that the multiplier determined here estimates on average 82.5 ± 9.5% of the measured

frag_Org[46]. The low signal intensity of both m/Q 46 and m/Q 45 may cause this

underestimation and suggests that frag_Org[46] and frag_Org[45] may have a more

complicated relationship; their correlation may vary substantially depending on the

aerosol mixture. Therefore, it may be appropriate to modify the entry for frag_NO3[46]

according to the type of aerosol mixture analyzed. On the other hand, for complex

ambient mixtures, the ensemble composition may produce spectra that are more similar
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to the average determined here. Analysis of CV-HR spectra from a variety of ambient

samples would be required to determine the actual variation of organic contributions at

m/Q 46.

3.3.2 Composition-specific fragmentation table

The multipliers determined in Section 3.3.1 are designated for typical ambient aerosol

composition. In some cases, a composition-specific fragmentation table may be more

appropriate to use. For instance, from a field study with biogenically-dominated

composition, Hu et al. (2017) reported aOrg[30],[29] = 0.32 and aOrg[46],[45] = 0.68. By using

selected chamber experiments in the same dataset, we can explore different multipliers

that are compatible for different composition profiles. For chamber experiments that

involves glyoxal (and its oligomers), we obtain aOrg[30],[29] = 0.291 ± 0.022 (mean ±

uncertainty, n = 4, r2 = 0.90) and aOrg[46],[45] = 0.082 ± 0.036 (mean ± standard deviation,

n = 4, r2 = 0.35). For chamber experiments that involve only terpenes (e.g., isoprene,

α-pinene), we obtain aOrg[30],[29] = 0.476 ± 0.067 (mean ± uncertainty, n = 5, r2 = 0.82)

and aOrg[46],[45] = 0.204 ± 0.055 (mean ± uncertainty, n = 5, r2 = 0.33) which can be

applied for chamber experiments with terpene as precursor. The ODR fit plots are given

in Fig. S1 in the Supplement of Nursanto et al. (2025). The multipliers to revise the

fragmentation table in CV-UMR-ToF-ACSM for specific aerosol composition subsets is

summarized in the conclusions (see Table 3.4).

3.4 Determination of NO +
x ratios for the CV-UMR-ToF-

ACSM

3.4.1 NO +
x ratio of pure pAmN

To quantify the inorganic NO +
x ratio typical value and variability produced by the CV,

we use repeated measurements from regular pAmN calibration from the two ACSM

instruments described in Section 3.2. The RpAmN of ACSM-UU is found to be 0.0237 ±

0.0009 (mean ± uncertainty, n = 5), and RpAmN of ACSM-RUG is 0.0115 ± 0.0002 (mean

± uncertainty, n = 3). The values are similar but lower than other studies where RpAmN

with CV was found to be 0.04–0.07 (Hu et al., 2016a), and all are ∼10 times lower than

the typical RpAmN measured with the SV, i.e., 0.3–0.7 (Day et al., 2022b). We found that

RpAmN values are very consistent for each instrument over time. A summary of RpAmN

values and regression fit parameters from each measurement can be found in Table S5

in the Supplement of Nursanto et al. (2025).

Hu et al. (2017) found that the NO +
x ratio is affected by the aerodynamic lens alignment.

The influence is greater in the CV since the vaporizer opening diameter is ∼2.5 mm

(Supplement of Hu et al. (2018a)), smaller than that of SV, which is ∼3.8 mm (Drewnick
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et al., 2005). For optimum particle detection, the aerodynamic lens must point the

particle beam at the center of the vaporizer. Directed into the center, the particles

enter the CV cavity and experience augmented thermal decomposition, at which the

NO +
2 signal intensity is at its minimum, while the NO+ signal intensity is highest.

The NO +
2 signal intensity increases as the particle beam moves closer to the edge of

the vaporizer, where the thermal decomposition is not as extensive as in the center,

resembling how the SV works. Thus, it is important to consider performing lens

alignment to obtain the correct result for the NO +
x ratio method. Monitoring the

behavior of m/Q 30 and m/Q 46 during pAmN calibration is a good way to determine

whether the aerodynamic lens is aligned well. Combining the result of this study and the

RpAmN range in Hu et al. (2017), a value of RpAmN in the range of 0.01-0.07 can be used

as reference to indicate properly aligned lens. Plotting the profile of the NO +
x ratio with

movement in both the vertical and horizontal directions obtained during the alignment

is the best diagnostic.

3.4.2 NO +
x ratio of pure pON

To obtain a NO +
x ratio for pON, one would ideally measure pure atmospherically

relevant ON, prepared through synthesis or in a chamber experiment. Often, such

standards are not available; therefore, experimental RpON cannot be easily determined

for each instrument. To overcome this challenge, Day et al. (2022a) used the strategy

of a "ratio-of-ratios" (RoR = RpAmN/RpON) which can be used to calculate RpON for

any arbitrary instrument from its routinely measured RpAmN, and an average value

for the RoR measured across many instruments under varying conditions. Day et

al. (2022a) found that based on the relationship between RpAmN and RpON over a

large range of measurement conditions, SV produces RoR of 2.75 ± 0.70 (mean ± 25%

uncertainty).

There have not yet been enough studies that determined RpON values in CV-based

instruments in order to determine a robust RoR estimate for CV instruments. In the

work of Hu et al. (2017), a chamber experiment producing pure pON yielded RpON =

0.0045; with comparison to RpAmN = 0.06 of their instrument, the value RoR = 13.3 is

obtained. With RpAmN being 0.01 in CV as found in this study, using this RoR of 13.3,

RpON would be 0.0008 (approaching zero).

Similar to the approach of Kiendler-Scharr et al. (2016) that used the minimum measured

value of NO +
x ratio to set a fixed RpON value, to estimate RpON, we use the lowest

measured NO +
x ratio from a chamber experiment in which we expected to produce

pON, with no inorganic nitrate present. The selected experiment used glyoxal as SOA

precursor, NO2 and O3 to produce nitrate radical (NO3 ) as the major oxidant, and

sodium chloride (NaCl) seed to form SOA containing organic nitrates at 90% relative

humidity. This experiment was conducted in the AIDA chamber at IMK KIT, Germany
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as part of CAINA project. For the spectrum analysis, we use the fragmentation table

specific for glyoxal-related chamber experiment, as described in Section 3.3.2.

While this experiment should produce pure organic nitrate aerosol, during pON for-

mation, we observe an increase in NH4 which could happen for two reasons. First,

ammonium nitrate impurities can be formed from reactions or chamber wall repartition-

ing. Second, particulate water can be incorrectly assigned as NH4 through fragmentation

table correction at the m/Q 16 and m/Q 17 (see complete fragmentation table in Allan

et al. (2004)). Both can result in a higher NO +
x ratio than we would have if the total

nitrate were purely pON. Therefore, we derive two bounding RpON values from the

glyoxal chamber experiment. First, we determine the RpON from the experiment by

assuming pure pON formation to obtain an upper limit. Second, to obtain the lower

limit of RpON, we assume all observed NH4 increase is NH4NO3 aerosol and subtract

this equivalent amount of inorganic nitrate, with the inorganic NO +
x ratio, from the

total NO3, in order to obtain a lower limit of pON time series and calculate the RpON.

This strategy has been described as the "excess NH4" method in Takeuchi and Ng (2019).

By rearranging the Eq. 3.2, we can obtain RpON using fpON, RpAmN, and Robs for the

lower limit experiment (see details in Section S3 in the Supplement of Nursanto et al.

(2025)).

The upper limit experiment gives RpON = 0.0035 (see Fig. 3.2a). If we compare to RpAmN

= 0.0115 ± 0.0002 (measured separately with pure AmN), RpON = 0.0035 obtained from

the upper limit experiment gives RoR = 3.29 (see Fig. 3.2a). This value is higher than

RoR for SV-AMS but lower than RoR obtained from Hu et al. (2017).

On the other hand, the lower limit experiment gives RpON = -0.0033 (see Fig. 3.2b).

A negative (or below zero) RpON value is not chemically possible for the ratio. This

value indicates an overcorrection, or that RpON is varying around the zero value (small

positive and negative) when the air mixture is strictly inorganic nitrate free. Thus, for

calculation purposes, we use RpON = 0.0001 to represent the smallest possible NO +
x ratio

for CV-ACSM measurements.

As the RoR from the experiments (including Hu et al. (2017), RoR = 13.3) are very

different, we set the upper limit of RpON to be RpON obtained using RoR = 3.29, and

the lower limit to be RpON = 0.0001 in CV. The calculated RpON for two CV-ToF-ACSM

deployed in this study are summarized in Table 3.2. These limits are used to determine

the uncertainty of the fpON calculation. Since we see a tendency for the m/Q 46 signal

intensity (and thus NO +
2 ) to be produced in the vaporizer in relatively small quantities

compared to NO+, the tendency of RpON, therefore, is also to approach zero (non-normal

distribution). With only limited information about RpON in CV unlike SV, we use the

geometric mean instead of arithmetic mean to establish the expected central value of

RpON. We note that it is common to use geometric means to eastimate averages of

ratios.
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Figure 3.2: The time series of (a, b) Robs, (c, d) ACSM species concentration (in µg · m−3, left

bottom axis), and fpON (right bottom axis) of glyoxal+NO3 chamber experiment at 15 min

time averaging. The UMR fragmentation table specific for glyoxal is used to obtain CNO+ and

CNO +
2

. Panels (c) and (d) shows the progression of NO3 concentration, compared to panels

(a) and (b) for the NO +
x ratio during the formation of pON. By averaging Robs after pON

formation started, the left-hand panel shows that RpON = 0.0035 is obtained when assuming

fpON = 1. When possible inorganic impurity is removed by assuming “excess” NH4 species

are NH4NO3, the average fpON is found to be 0.75. The excess NH4 concentration is obtained

by subtracting total NH4 concentration by the average NH4 concentration before the addition

of NO2 and O3 (to exclude any possible NH4Cl contribution). By calculating RpON using

the obtained fpON from “excess NH4” method, RpAmN and Robs, the value RpON = -0.0033 is

obtained, suggesting an overcorrection (see text). The value RpON = 0.0035 from the lower

limit experiment and RpAmN = 0.0115 ± 0.0002 (mean ± uncertainty) give a ratio of ratios

(RoR = RpAmN/RpON) of 3.29.

Since the RpAmN values are quite different for the two ACSMs used in this study (as

we see in Table 3.2), the upper limit RpON are also different by almost a factor of 2.

However, since the lower limit of RpON approaches zero, the geometric means of the

upper and lower limits for the two instruments differ by only 25 %. While calibrating

every instrument with a pure organic nitrate aerosol standard would be a preferable

way to establish RpON, we recognize the unlikeliness of that for all monitoring ACSMs.

Therefore, we recommend this RoR-based approach. As will be shown in the following

section, despite the uncertainties outlined here based on potential impurities in our
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“pure pON” chamber experiment, the nitrate splitting performs encouragingly well,

with both ACSMs.

Table 3.2: Summary of measured RpAmN (including uncertainties) and calculated RpON (up-

per and lower limits as determined from pON in glyoxal+NO3 chamber experiment). The

geometric mean is considered as central value since RpON is likely approaching zero. Values

are for ACSM-UU (employed for ambient measurements in Cabauw) and the ACSM-RUG

(employed for AIDA chamber experiments).

Instrument ACSM-UU ACSM-RUG

Measurements Cabauw ambient air chamber experiment

Value RpAmN RpON RpAmN RpON

Upper limit

0.0237 ± 0.0009

0.0072a

0.0115 ± 0.0002

0.0035b

Geometric mean 0.0008c 0.0006c

Lower limit 0.0001d 0.0001d

a Calculated using RoR = 3.29. The RoR is obtained using RpON from the upper limit experiment of

glyoxal+NO3 and measured RpAmN, using ACSM-RUG (see Fig. 3.2).
b Experimental NO +

x ratio value from the lower limit experiment of glyoxal+NO3 using ACSM-RUG

(see Fig. 3.2a).
c Geometric mean of the upper and lower limits RpON.
d Set as the lowest possible NO +

x ratio in CV-based instruments, approaching zero.

3.5 Development of the NO +
x ratio method for CV-UMR-

ToF-ACSM

3.5.1 Challenges in the NO +
x ratio method application to the CV-UMR-ToF-ACSM

dataset

Applying the NO +
x ratio method to separate pAmN and pON in CV-UMR-ToF-ACSM

datasets is a greater challenge than with SV, due primarily to the higher detection limit

of pNO3. The detection limit of pNO3 in CV-UMR-ToF-ACSM is 0.01–0.08 µg · m−3

(from this work and Zheng et al. (2020) converted), which is around 10–100 times higher

compared to those in SV-cToF-AMS (∼0.6 ng · m−3 from Drewnick et al. (2009)) and

SV-HR-ToF-AMS (0.1–4.0 ng · m−3 from DeCarlo et al. (2006)), all converted to 10 min

time resolution.

The poor detection limit for NO +
x ratios in CV-ToF-ACSM results from the low signal

for m/Q 46 relative to m/Q 30 that are used to calculate frag_NO3[30] (CNO+) and

frag_NO3[46] (CNO +
2

). For instance, using ACSM-UU, the detection limit of NO +
2 is

comparable to the detection limit of NO+ at pNO3 concentration near the detection

limit of pNO3 (CDL,NO +
2

= 0.044 µg · m−3; CDL,NO+ = 0.066 µg · m−3; for CDL,pNO3
= 0.075

µg · m−3; all in 10 min time resolution). However, the magnitude of observed NO +
2 from
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ambient measurements is 25–500 times lower than NO+ in CV-ToF-ACSM. This means

the NO +
2 signal intensity is regularly close to the detection limit, particularly when

the total pNO3 concentration is low. This behavior also leads to noisy Robs, due to a

computation of very low or negative NO +
2 signals, poor baseline, or both.

3.5.2 Data pre-treatment: Time averaging and data filtering

To determine which data points are reliable for Robs calculation in the dataset, we could

discard observed NO +
2 signal intensities that are below the detection limit. However,

this would result in removing nearly all the data, including data that, while low and

noisy, can still provide quantitative information with adequate averaging. Therefore, we

use observed NO+ signals as the filtering parameter. The NO+ signal accounts for ∼95%

of the total concentration of NO3 species measured by ToF-ACSM (no RIE applied) and

thus is a good indicator of when both NO+ and NO +
2 signals are too uncertain.

Equation 3.4 describes the NO+ signal limit (CNO+,lim) which assures reliable separation

of fpON and fpAmN calculated using the detection limit of NO +
2 (CDL,NO +

2
) and RpAmN as

filter NO +
x ratio. We choose the larger RpAmN value, which is a less strict limit relative

to RpON value, but still keeps any data with sufficiently good signal-to-noise ratio.

The measured data points with observed NO+ signal intensity below these criteria are

replaced with "nan" (not a number).

CNO+, lim =

CDL,NO +
2

RpAmN
(3.4)

On this basis, we recommend data pre-treatments by time averaging and data filtering

using observed NO+ signal contribution as parameter. Time averaging over longer time

periods allows for the reduction of the electronic noise coming from the instrument

response and low counting statistics associated with sampling ambient air. Meanwhile,

the data filtering serves to determine the minimum pNO3 concentration at which reliable

Robs can be obtained to calculate fpON and fpAmN.

The values of CDL,NO +
2

and CNO+,lim in different time averaging are evaluated in Table 3.3

for the CV-ToF-ACSM deployed for ambient measurements in Cabauw, the Netherlands.

The signal limit is lower as the time resolution increases due to the improvement of

detection limit with better statistics. For measurements in this study, the minimum

reliable CNO+ for 10 min, 30 min, 60 min, and 120 min time resolutions are 1.88, 1.08,

0.77, and 0.54 µg · m−3, respectively.

With these CNO+,lim, we performed data filtering to the ambient measurement time series

from Cabauw in different averaging of the time series. The time averaging (generated

by Tofware v3.3) is applied first before the data filtering to maximize retained data in

the concentration average.
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Table 3.3: Detection limits of NO +
2 and signal limits for NO+ across different time averaging

with RpAmN as filter NO +
x ratio for the CV-UMR-ToF-ACSM deployed for ambient measure-

ments in the rural site of Cabauw, the Netherlands (ACSM-UU).

Signal intensity (µg · m−3) 10 min 30 min 60 min 120 min

CDL,NO +
2

0.044 0.026 0.018 0.013

CNO+,lim (filter: RpAmN = 0.0237) 1.88 1.08 0.77 0.54

Figure 3.3: Chemical coordinate plots (a) between Robs against CpNO3
in Cabauw (net 205 d

of data), and (b) between the fpON calculated using geometric mean of RpON (RpON = 0.0008)

against CpNO3
. The revised fragmentation table for typical ambient dataset is used to obtain

CNO+ and CNO +
2

. The line and marker traces represent the quantile average. The colored

shading represents the standard deviation of each quantile while the whisker is the standard

error. The standard deviation and standard error both include the uncertainty of ion counting

statistics from measurements and uncertainty from ODR fit slope of fragmentation table

correction. For fpON (plot b), the standard deviation and standard error also include the

uncertainty from lower and upper limit of RpON (RpON = 0.0001; RpON = 0.0072). All analyses

were done using the 10 min, 30 min, 60 min, and 120 min averaging of the time series, with

data filtering. The original 10 min data without pre-treatment is also included as comparison.

The combination of data filtering and time averaging reduces the noise compared to original

data and improves the minimum concentration reliable for apportionment calculation (pNO3

concentration limit for each time average, as indicated with vertical dashed lines).

Chemical coordinate plots of Robs and fpON against the total concentration of particulate

nitrate (CpNO3
) are shown in Fig. 3.3. These plots show the quantile average of the
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output variable on the y axis (i.e., Robs or fpON) as a function of concentration bins in

the x axis (CpNO3
). Figure 3.3a and b show that data filtering removes extreme Robs

and fpON values near the detection limit level. The fact that the chemical coordinate

trends are consistent across different averaging times indicates that filtering to remove

noisy data will not bias the interpretation of the ensemble dataset. The value of treating

the data as a chemical coordinate plot is to allow for a robust characterization of the

average trend, even using a method with substantial uncertainties. Importantly, the

standard errors represent how well the averages are known. Their small uncertainty

ranges support that the characterized trend is robust.

The combination of data filtering and time averaging shows different concentration

cut-offs for calculation of the NO +
x ratio. The concentration cut-off is lower for longer

averaging times due to the improvement of CDL,NO +
2

. For measurements in this study,

the CpNO3
cut-offs for 10 min, 30 min, 60 min, and 120 min time averaging are 2.0, 1.2,

0.9, and 0.6 µg · m−3, respectively. Because there is a trade-off between time resolution

and the concentration cut-off, for a given dataset, the timescale of typical variations

should be assessed in order to determine the appropriate averaging time.

3.5.3 Propagation of uncertainty

We propagated uncertainties from the variables in fpON using simplified propagation

of uncertainties as standard error (Day et al. (2023); see Section S4 in the Supplement

of Nursanto et al. (2025) for details). The uncertainty of the final function (s f ) is calcu-

lated using the standard error (sxi
) and partial derivative of the function (

∂ f
∂xi

) of each

measurand (xi) using Eq. 3.5.

s f (xi,xi+1,...) =

√

√

√

√

N

∑
i=1

(

∂ f (xi, xi+1, ...)

∂xi

)2

· s2
xi

(3.5)

The uncertainty of fpON arises from three terms: Robs, RpAmN, and RpON. For Robs, the

uncertainty is further composed of six components that make up NO+ and NO +
2 signals

(the uncertainties of m/Q 29, m/Q 30, m/Q 45, and m/Q 46 related to precision un-

certainty from electronic noise and ion counting statistics, and the uncertainties of the

fragmentation table multipliers, represented by the uncertainty of ODR fit slope). For

RpAmN, we propagate the uncertainty of the mean NO +
x ratio from repeated NH4NO3

measurements using ODR fit to consider the instrument stability in acquiring the

NO +
x ratio over time. For RpON, the uncertainty is set to zero. Instead, the lower and

upper limits of RpON (see Table 3.2) serve to give a range of final propagated uncertainty,

which includes Robs, RpAmN, and RpON.

Fig. 3.4a shows that low pNO3 concentrations produce larger uncertainties in fpON

(s fpON
) compared to higher concentrations. If we compare the analysis with and without
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data filtering, we observe that filtering targets data points with high absolute s fpON

(above ±0.5). We avoid removing many data points in the low concentration range by

performing time averaging, where the average uncertainty decreases by ∼
√

N for each

N-fold of averaging from 10 min. Meanwhile, the uncertainties from RpAmN and RpON

(RoR) remain unaffected by time averaging because the values remain constant in the

time series.

Figure 3.4: The chemical coordinate plot (quantile average) between (a) s fpON
and CpNO3

(loga-

rithmic scale), and (b) s fpON
and fpON (linear scale), with RpAmN = 0.0237 as filter NO +

x ratio at

various averaging of the time series. The line and marker trace represent the average uncer-

tainty produced from the geometric mean of fpON. The uncertainty consists of uncertainties of

ion counting statistics from measurements, uncertainty from ODR fit slope of fragmentation

table correction, and uncertainty of RpAmN. The colored shading represents the standard

deviation of each quantile, while the whisker is the standard error. The shading and whisker

both include the uncertainty of RpON coming from the lower and upper limit of RpON (RpON

= 0.0001 and RpON = 0.0072), as well as the uncertainty of the average quantile. Uncertainties

of fpON < 0.1 (absolute value) are reached at pNO3 concentration > 10 µg · m−3 for 10 min

time averaging, while at 60 min, it is reached already at ∼4 µg · m−3. In terms of fraction,

uncertainties of fpON below the calculated fpON (s fpON
< fpON) is reached at fpON ∼0.2 for 10

min averaging, while at 60 min, it is reached at fpON ∼0.17.

Several studies reported fpON lower than 20 %, which occur mainly in urban areas and

during a colder period. Yu et al. (2024) observed a lower range of annual average of

urban fpON in China to be ∼17 %, while Mohr et al. (2012) and Pandolfi et al. (2014)

reported ∼13 % fraction in Barcelona, Spain, and Xu et al. (2021) reported 9.8 % fraction

in wintertime Beijing, China. If we use the lower range of fpON of ∼ 10 % as reference

for the minimum uncertainty needed to report reliable fpON, we can observe that the
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lowest pNO3 where we obtain below 0.1 absolute uncertainty in fpON decreases along

with time averaging as well. Uncertainties below ±0.1 can only be reached at pNO3

concentrations higher than 10, 7, 4, 2 µg · m−3 at 10, 30, 60, and 120 min time averaging,

respectively.

Fig. 3.4b shows the relationship between the absolute s fpON
and fpON. The limit at which

the absolute value of s fpON
is below or equal to fpON (minimum uncertainty) is found to

be 20 %, 15 %, 14 %, 12 % at 10, 30, 60, and 120 min time averaging, respectively. This

result suggests that the NO +
x ratio method in CV-UMR-ToF-ACSM is more reliable to

analyze nitrate pollution episodes or chamber experiments and not for low background

pNO3 concentrations. By combining both the concentration limit and the fraction limit,

we suggest that in the region where pNO3 concentration is < 10 µg · m−3 and/or fpON <

12 %, the method requires a longer time average to calculate fpON to achieve minimum

uncertainty.

3.6 Case studies demonstrating the NO +
x ratio method for

CV-ToF-ACSM

3.6.1 Ambient measurements at a rural site

In order to demonstrate the efficacy of this method, we investigate the trend of fpON

and fpAmN in the dataset observed at Cabauw. The ambient concentration time series

of pAmN and pON (using RpAmN = 0.0237 and RpON = 0.0008) are compared with the

ACSM-measured Org and NH4 fractions, shown in Fig. 3.5. The time series are averaged

to 60 min and filtered using RpAmN = 0.0237 (values of CNO+ < CDL,NO +
2

/RpAmN are

discarded). We observe that fpON increases with increasing fraction of organic aerosol

concentration in total ACSM PM2.5 (COA/CPM2.5
, from 48 % to 64 %), whereas the fpAmN

increases with increasing fraction of particulate ammonium concentration in total ACSM

PM2.5 (CpNH4
/CPM2.5

, from 8 % to 15 %). This shows that the organic nitrate fraction

is correlated with availability of organics (particularly at high organic fraction), while

the inorganic fraction increases with available NH4 (particularly at low ammonium

fraction).

We also investigate specific nitrate episodes to show the composition of pON and

pAmN in ambient pollution events. The time series of the NO +
x ratios, ACSM species

concentrations (OA, pNH4, pNO3), and pAmN and pON concentrations are shown

in Fig. 3.6. Four nitrate episodes from spring (15 May 2023), summer (23 June 2023),

autumn (5–6 September 2023), and winter (11 January 2024) are shown. The uncertainty

of the concentration is obtained by combining the uncertainty from the nitrate fraction

( fpON or fpAmN), the total ACSM NO3, and the RpON value range (see Eqs. S14 and

S15 in the Supplement of Nursanto et al. (2025)). Note that the reported uncertainties
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are only related to precision uncertainty and not to concentration quantification (e.g.,

ionization efficiency) like the one described by Bahreini et al. (2009) (see details in

Section S4 in the Supplement of Nursanto et al. (2025)). We observe that the adapted

NO +
x ratio method is able to separate contributions of pON and pAmN to the total

pNO3 concentration. In Fig. 3.6i,ii, and iv, we can see that the time series of pON

tracks with total OA, while pAmN tracks with pNH4 in the rural site. In Fig. 3.6iii, no

significant trend is observed for pON due to lower mass loading of pNO3.

Figure 3.5: (a) The chemical coordinate plot (quantile average) of fpON against COA/CPM2.5

shows an average increase in fpON as OA fraction increases from 48 % to 64 %, where the fpON

varies from 33 % to 66 %. (b) The chemical coordinate plot (quantile average) of fpAmN against

CpNH4
/CPM2.5

shows an average increase in fpAmN as pNH4 fraction increases from 8 % to 15

%, where fpAmN varies from 30 % to 74 %. Note that all quantile averages were calculated

using the 60 min averaging of the time series. The colored shading is the standard deviation

of each quantile average, while the whiskers represent the standard error. They include the

uncertainties of ion counting statistics from measurements, uncertainty from ODR fit slope of

fragmentation table correction, and RpON range value.

Unless there are co-located ambient measurements of UMR and HR instruments, the

reported concentration of NO3 in pON depends on the value of RpON and multipliers

used to calculate NO+ and NO +
2 signal contribution in the fragmentation table. The

sensitivity of these variables needs to be assessed to understand which parameter is

the most critical in the separation of the inorganic and organic nitrate signal from

ACSM.

In Fig. 3.7, we show the sensitivity analysis of RpON, aOrg[30],[29], and aOrg[46],[45]. We

varied RpON from zero to RpON = 0.0072 (calculated using RoR = 3.29). Figure 3.7a

suggests that for RpON ≤ 10−3 the reported pON concentrations are not significantly
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Figure 3.6: The time series for select periods of (a) Robs, with horizontal lines indicating the

values for RpAmN and RpON, and (b) mass concentration of ACSM-measured total OA, pNH4,

and pNO3, as well as pAmN and in pON. The separation of pAmN and pON is calculated

using RpAmN = 0.0237 and RpON = 0.0008. The whiskers represent the uncertainty from nitrate

fraction ( fpON or fpAmN), precision uncertainty of total ACSM NO3 from Tofware v3.3, and

the RpON value range. The time series (i), (ii), (iii), (iv) represents representative composition

in spring, summer, autumn, and winter, all in 60 min time averaging.

different and therefore confirm the lower limit of RpON approaching zero, as established

in Table 3.2. The value of RpON calculated using RoR (in this case RpON = 0.0072) shows

relatively higher pON concentration, which is consistent with its use as the upper limit

of RpON.

We also varied aOrg[30],[29] and aOrg[46],[45] using the values listed in Table S4 and Fig.

S1c,d in the Supplement of Nursanto et al. (2025). Fig. 3.7b shows that the calculated

pON concentration is sensitive to aOrg[46],[45], which is not the case for aOrg[30],[29]. It fur-

ther demonstrates that the limitation of this adapted NO +
x ratio method is its sensitivity

towards aOrg[46],[45] to obtain the NO +
2 signal contribution. Chemically, this suggests

that the organic contribution in m/Q 46 can vary and comprises a substantial portion of

the total m/Q 46 signal. Therefore, an average correction for m/Q 46 may result in a

high uncertainty of calculated fpON using the NO +
x ratio method. This was considered

in the propagation of uncertainty, where we take into account the changing aOrg[46],[45]

in the reported fpON, therefore representing a range of the observed organic nitrate

contribution.
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3.6.2 pAmN and pON formation in chamber experiment

We investigated the pAmN and pON formation in a chamber experiment using

limonene precursor, NO3 oxidant, and with NH4NO3 seed aerosol. The experiment was

carried out in the AIDA chamber. Alongside CV-UMR-ToF-ACSM (ACSM-RUG), an

SV-HR-ToF-AMS managed by IMK KIT was also deployed.

The ACSM data are analyzed using the revised fragmentation table specific for terpene

chamber experiments (see Section 3.3.2), while the AMS data are analyzed using Squirrel

1.66E and PIKA 1.26E with the default ion list. Although the time resolution is 2 min,

Figure 3.7: Sensitivity analysis of (a) RpON, (b) aOrg[30],[29], and (c) aOrg[46],[45] to the pON

concentration (NO3 in pON) calculated using adapted NO +
x ratio method. The time series in

each case is an ambient pollution episode in Cabauw, the Netherlands, during spring, summer,

autumn, and winter period (i-iv). The results show that (a) RpON ≤ 10−3 does not show

significant differences in reported pON concentration, and (b) the reported pON concentration

is not sensitive to the change of aOrg[30],[29]. In contrast, the results (c) show a significant change

in reported pON concentration when aOrg[46],[45] is varied, showing that this correction is the

primary limitation of the NO +
x ratio method in CV-ACSM, as it can be highly dependent on

the calculation of NO +
2 signal contributions to m/Q 46.
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Figure 3.8: (a,b) The time series with 2 min time averaging of Robs, RpAmN, and RpON measured

by CV-UMR-ToF-ACSM (top) and SV-HR-ToF-AMS (middle). The fragmentation table specific

for terpene is used to obtain the CNO+ and CNO +
2

of the chamber experiment. (c) The time

series with 2 min time averaging of fpON from NO +
x ratio method applied to SV-HR-ToF-AMS

and CV-UMR-ToF-ACSM, as well as the PMF method applied to CV-UMR-ToF-ACSM. The

markers represent geometric mean for NO +
x ratio method applied to CV-UMR-ToF-ACSM

(circle), mean for NO +
x ratio method of SV-HR-ToF-AMS (square) and for the PMF method

of CV-UMR-ToF-ACSM (cross). The whiskers represent the uncertainties from the value

range of RpON combined with the uncertainties from electronic noise, ion counting statistics,

fragmentation table (for UMR), and RpAmN. The uncertainty from the PMF analysis is not

shown for simplicity.

time averaging and data filtering are not necessary since the experiment involves high

concentrations. The lower limit, geometric mean, and upper limit of RpON (RpON =

0.0001; 0.0006; 0.0035, respectively) are employed to estimate the uncertainty of fpON,

alongside RpAmN = 0.0115 (see Table 3.2). For the AMS instrument, the measurements

of pure pAmN give RpAmN = 0.61 ± 0.05 and the RpON value is calculated using RoR =
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2.75 ± 0.70 (Day et al., 2022a), which gives RpON = 0.18, 0.22, and 0.30 as lower limit,

mean, and upper limit, respectively.

We also performed PMF analysis using the ACSM data including OA, NO +
x , and

NH +
x ions, which has been similarly done in other studies (e.g., Day et al. (2022a),

and references therein). The 2 min average matrices of UMR organic fragment mass

spectra with a m/Q of 12 to 120, fragments of ammonium (NH4_16 and NH4_17, two

main signals of NH4 which are NH +
2 and NH +

3 ), and fragments of nitrate (NO3_30 and

NO3_46, two main signals of NO3 which are NO+, NO +
2 ) are used as variables in the

PMF input matrix. Fragment contributions are calculated using the terpene-related

fragmentation table (see Section 3.3.2). We choose a two-factor solution (see Fig. S2

in the Supplement of Nursanto et al. (2025)) because we are interested in splitting the

aerosol mass only into inorganic aerosol (pAmN) and organic aerosol (OA mixture,

containing pON). From the organic aerosol factor, we calculate the fpON from the factor

concentration time series. The details of the PMF method are described in Section S5

in the Supplement of Nursanto et al. (2025), including the statistical summary and the

diagnostic plots of the PMF analysis.

The NO +
x ratio and fpON time series for the limonene SOA experiment are shown in

Fig. 3.8. The whiskers around the mean fpON represent the uncertainties coming from

the value range of RpON combined with the uncertainties from ion counting statistics,

electronic noise, fragmentation table (for UMR), and RpAmN (see Section 3.5.3). The

initial mixture of NH4NO3 seed and NO3 from NO2 and O3 gives a ratio that matches

RpAmN from an offline calibration, where fpON is close to zero for both instruments.

Although nitric acid (HNO3) can be formed by nitrogen pentoxide (N2O5) hydrolysis

under these humid conditions, experiments were run in excess NH3; therefore, we

expect no substantial increase of HNO3 that can affect NO +
x ratio. After the limonene

injection, the Robs rose to values in between RpAmN and RpON, indicating the formation

of a mixture of pAmN and pON inside the chamber.

Based on observations of Takeuchi et al. (2024), pON measured with the SV-AMS is only

quantitatively detected as NO2 moiety, not ONO2. The reasoning for this difference

in detection of alkyl nitrate (RONO2) and NH4NO3 is thought to be due to thermal

decomposition of pON producing NO2 gas in the vaporizer, while NH4NO3 would more

likely decompose to HNO3 and thus dominantly ionizing gases of different molecular

weights. The “missing oxygen” is generally retained bound to the carbon, and thus

accounted as an organic moiety. Thus, fpON needs to be corrected for this phenomenon

using molar mass ratio of NO3/NO2 (62 g · mol−1/46 g · mol−1) to recalculate the pON

mass. There is no study yet assessing the necessity of correcting fpON in CV, and we

suggest that it is likely unnecessary due to the more complete thermal decomposition

that shifts the fragmentation pattern of both NH4NO3 and RONO2 to NO2 and NO.
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Both NO +
x ratio methods (SV-AMS and CV-ACSM) and the PMF method (CV-ACSM)

show a similar response to the injection of limonene, whereupon fpON increases rapidly

from ∼0 to 0.3–0.5. The agreement between the two instruments on this initial pON

production is encouraging. However, after this initial jump, the trend of fpON seems to

vary. While mean fpON calculated using NO +
x ratio method from CV-ACSM remains

steady after the injection, the other two results show a gradual decrease of fpON as the

chamber dilutes.

The NO +
x ratio method on CV-ACSM data shows a similar change in fpON relative to

the PMF method immediately after limonene injection but then continues to decrease

over time (see Fig. 3.8). The PMF method combines the variations of Org, NO +
x , and

NH +
x ions to obtain the factor profiles, therefore allowing a more subtle change in the

chamber composition to be taken into account. The NO +
x ratio method in CV-UMR, in

contrast, only takes into account fragments that are in m/Q 30 and m/Q 46 using a

constant fragmentation table relationship.

Similarly, the SV-AMS also shows a gradual decrease in mean fpON unlike the NO +
x ratio

method from CV-ACSM (see Fig. 3.8). This suggests that changing contributions of

organics at m/Q 30 and m/Q 46 may be taken into account by HR peak fitting and not

by the UMR fragmentation table, causing a divergence as the chamber aerosol dilutes.

Based on the sensitivity analysis in Fig. 3.7, the signal contribution of NO +
2 (m/Q

46) is the largest source of uncertainty in the CV-ACSM, since the adapted method is

sensitive to the change of aOrg[46],[45]. On the other hand, the uncertainty of RoR used

to calculate RpON accounts for the largest contribution to the uncertainty calculated

for SV-AMS. Since the RoR in Day et al. (2022a) relies on the average value of a broad

range of organic nitrate, a chamber experiment that uses a specific precursor is likely to

have RpON further away from the average value than, for instance, a complex ambient

mixture.

Nevertheless, we are encouraged by the match in responses upon formation of organic

nitrate, indicating that the NO +
x ratio method is similarly sensitive to changing nitrate

speciation in both instruments. When considering the propagation of uncertainty,

we observe overlaps between the results of CV-ACSM and SV-AMS. Therefore, by

considering the uncertainty from aOrg[46],[45] in CV-UMR and uncertainty from RoR

in SV-AMS, the results for both instruments are comparable. Further investigation of

the detailed response of each instrument to changing aerosol composition would be

valuable.

3.7 Conclusions and recommendations

We have shown the separation of particulate ammonium nitrate (pAmN) and partic-

ulate organic nitrate (pON) signals from the total particulate nitrate (pNO3) signal
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measured using a time-of-flight aerosol chemical speciation monitor equipped with a

capture vaporizer with unit mass resolution (CV-UMR-ToF-ACSM), using an adapted

NO +
x ratio method with a revised fragmentation table and data pre-treatment. The shift

of fragmentation pattern towards smaller ion fragments in the capture vaporizer (CV)

compared to the standard vaporizer (SV) affects the signals of NO+ and NO +
2 fragments

and interferences by Org fragments used to calculate the NO +
x ratio in UMR. Therefore,

we recommend updating the default fragmentation table from Allan et al. (2004) for

entries shown in Table 3.4 before applying the NO +
x ratio method, according to the

aerosol composition. As noted previously, substantial corrections to the fragmentation

table for these terms have been shown to be needed for measurements using the SV

under some conditions (Fry et al., 2018).

Table 3.4: Proposed m/Q 30 and 46 entries for Org and NO3 in the revised fragmentation

table adapted for the NO +
x ratio method in CV-UMR-ToF-ACSM. The multipliers (aOrg[x],[i])

are applied according to the aerosol composition. The entries that are not included in this

table should follow the fragmentation table of Allan et al. (2004) for AMS and adapted without

gas-phase corrections (frag_air) for ACSM.

m/Q
Revised fragmentation table for CV-UMR-ToF-ACSM

Org NO3

30 aOrg[30],[29]*frag_Org[29] [30], -frag_Org[30]

46 aOrg[46],[45]*frag_Org[45] [46], -frag_Org[46]

m/Q
aOrg[x],[i]

General Biogenica Glyoxal Terpene

30 0.311 0.32 0.291 0.476

46 0.305 0.68 0.082 0.204
aRetrieved from Hu et al. (2017).

The shift of fragmentation pattern in the CV towards more formation of NO+ fragments

and less of NO +
2 fragments changes the magnitude of the NO +

x ratio for both pure

pAmN and pure pON. The NO +
x ratio in CV is affected by the aerodynamic lens

alignment, and therefore we recommend users to align their aerodynamic lens to obtain

the correct NO +
x ratio.

To separate the pAmN and pON signal from total pNO3 and calculate the particulate

organic nitrate fraction ( fpON), the regular ammonium nitrate calibration should be

used to obtain the NO +
x ratio for pure ammonium nitrate (RpAmN), where a value of

0.01–0.07 is expected. On the other hand, we observed from a chamber experiment

that the RpON value approaches zero in the CV. Therefore, we recommend analyzing

using three RpON values, to describe the upper limit (RpON calculated using RoR =

3.29), geometric mean, and lower limit (RpON = 0.0001), which also provides the fpON
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uncertainty. If possible, we recommend constraining the RoR for more accurate results

(e.g., performing chamber experiment to form pure organic nitrate). Through this

study, we hope to inspire more research regarding RpON measurement in CV-based

instruments to obtain more precision in analyzing organic nitrate concentrations.

The observed NO +
x ratio (Robs) tends to have more noise in CV-based measurements

compared to SV. Data filtering using the instrument’s RpAmN and NO +
2 detection limit

has shown that the adapted NO +
x ratio method in the CV-UMR-ToF-ACSM is able

to filter unreliable measurements with concentration cut-off ranging from 0.6 to 2.0

µg · m−3, depending on time averaging. This data pre-treatment filters data points with

high fraction uncertainty (above ±0.5) and decreases the average uncertainty by
√

N

for each N-fold of averaging from 10 min.

With a longer time averaging, the concentration limit and fraction limit improve, which

allows more reliable determination of fpON and fpAmN. The method reports absolute

uncertainty of particulate organic nitrate < 10% at the total particulate nitrate concen-

trations of 2 µg · m−3 (120 min time averaging) to 10 µg · m−3 (10 min time averaging)

and organic nitrate fraction of 10% (120 min time averaging) to 20% (10 min time av-

eraging). We recommend users to average the time series to 30 or 60 min to retain

information about real ambient variation, while improving the reliable nitrate concen-

tration limit. This may also be convenient when comparing to auxiliary data that are

typically reported half-hourly or hourly.

In the region where pNO3 concentration is < 10 µg · m−3 and/or fpON < 12 %, longer

time averaging may be necessary to achieve the absolute uncertainty < 10 %. In studies

where noise is not a problem (e.g., chamber experiments with high particle concentra-

tion), time averaging may be unnecessary. With a similar approach, this method could

be used for SV-UMR-ToF-ACSM observations as well, with a fragmentation table suited

for SV-based measurements.

The adapted NO +
x ratio method on rural nitrate episodes can distinguish periods with

pAmN or pON as the major component, confirmed by relation to the ammonium and

organic aerosol composition, respectively. The adapted NO +
x ratio method applied

to CV-UMR-ToF-ACSM measurements in a chamber experiment is able to replicate

the response to precursor injection observed from PMF analysis of the same measure-

ments, as well as a co-located high-resolution time-of-flight aerosol mass spectrometer

equipped with standard vaporizer (SV-HR-ToF-AMS). The largest uncertainties in this

comparison come from aOrg[46],[45] (CV-UMR-ToF-ACSM) and RoR (SV-HR-ToF-AMS).

The adapted NO +
x ratio method for CV-UMR-ToF-ACSM demonstrated in this study

can be used at monitoring sites to monitor regional fpON and improve understanding

of particulate nitrate sources and evolution.
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Abstract

Oxidation of volatile organic compounds (VOCs) involving hydroxyl radicals (OH ),

nitrogen oxides (NOx), or nitrate radicals (NO3 ) forms organic nitrates that undergo gas-

particle partitioning, changing the lifetime of nitrogen compounds and their deposition

on ecosystems. In urban areas, VOC composition is complex, with contributions from

traffic, cooking, volatile chemical products (VCPs), and biogenic emissions. Secondary

organic aerosol (SOA) formation from urban VOC mixtures was investigated using

chamber experiments during the SAPHIR-CHANEL campaign under realistic VOC-

NOx and oxidation conditions. The yield of total organic nitrates is higher for precursor

mixtures with a higher percentage of unsaturated VOCs, such as those from traffic and

cooking sources (11–21 %), compared to VCPs and complex urban emission replicas

(2–7 %). Enhanced particle-phase partitioning is observed under nighttime oxidation

(by NO3 ) versus daytime oxidation (by OH ). Particulate organic nitrates have a

higher average molecular weight under nighttime conditions (331 ± 13 g · mol−1)

than under daytime conditions (258 ± 24 g · mol−1) due to increased oligomerization.

Similarly, the mass fraction of the total organic aerosol that is organic nitrate is 2.6–4.5

times higher under nighttime than daytime conditions, likely due to higher molecular

weight and lower temperatures. Although gas-phase organic nitrate composition varies

substantially between precursor mixtures, bulk organic nitrate volatility is generally

similar to that of modeled oxidized monoterpene nitrates (10−4–10−2 m3
·µg−1 at 18–

40 ◦C). These findings improve understanding of bulk organic nitrate sources and

properties in a complex urban environment, allowing better simulations of air quality

and nitrate deposition.
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4.1 Introduction

As sulfur oxide emissions decrease due to emission controls, reactive nitrogen species

are becoming increasingly important atmospheric constituents, in particular for the

formation of secondary aerosols. The term NOy is commonly used to refer to oxidized

reactive nitrogen species, which include nitrogen oxides ([NOx] = [NO] + [NO2]) and

reservoir species (NOz). NOz includes chemical species such as nitrate radical (NO3 ),

nitrogen pentoxide (N2O5), nitric acid (HNO3), nitrous acid (HONO), organic nitrates

(ON; e.g., alkyl nitrates (RONO2), peroxy nitrates (RO2NO2)), and inorganic nitrates

(NO –
3 ).

Several modeling studies have shown that particulate nitrate is becoming the principal

component of continental aerosols on both the global and regional scales (Adams et al.,

1999; Metzger, 2002; Liao et al., 2003; Rodriguez and Dabdub, 2004; Feng and Penner,

2007; Bauer et al., 2007; Paulot et al., 2016; Bian et al., 2017; Vasilakos et al., 2018; Drugé

et al., 2019; Lu et al., 2021). The climatic impact of nitrates through aerosol radiative

forcing modification is predicted to become larger than sulfate in the upcoming century

(Adams et al., 2001; Schaap et al., 2003; Liao et al., 2003; Bauer et al., 2007; Erisman et al.,

2011; Westervelt et al., 2015). Some regions of Northwestern Europe with relatively

higher nitrogen emissions, compared to the rest of Europe, already experience greater

importance of nitrate than sulfate aerosol. For instance, in the Netherlands, inorganic

nitrate in the form of ammonium nitrate (NH4NO3) makes up the majority of aerosol

(Schaap et al., 2004; Schlag et al., 2016; Nursanto et al., 2023).

Although inorganic nitrate is prevalent, the contribution of ambient ON is not negligible.

With spatial and seasonal variability, the average mass fraction of particulate nitrate

in forms of ON varies from 9.8 % in winter Beijing, China (Xu et al., 2021), 13 % in

Barcelona, Spain (Mohr et al., 2012; Pandolfi et al., 2014), 17–31 % for annual average

in China (Yu et al., 2024), up to 34–44 % in Europe (Kiendler-Scharr et al., 2016) and

20–60 % in the Netherlands during spring and summer (Nursanto et al., 2025). ON

can play a significant role in secondary organic aerosol (SOA). Because ONs typically

have longer atmospheric multiphase lifetimes, 2–97 h (González-Sánchez et al., 2023),

longer than the lifetime of NOx, 2–29 h (Singh, 1987; Ryerson et al., 1998; Nunnermacker

et al., 2000; Valin et al., 2013; Romer et al., 2016; Kenagy et al., 2018; Lange et al., 2022),

they can modify the overall atmospheric lifetime of reactive nitrogen species, transport

distance, and therefore the natural areas affected by nitrogen deposition. Therefore, it is

important to identify ON compounds formed in the atmosphere and to understand their

precursor emissions and the chemical processes they undergo to assess their impact on

ecosystems.

NOx is mainly introduced to the atmosphere via combustion emissions, and involved in

the oxidation of volatile organic compounds (VOCs) produced from different sources in
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the troposphere. The fate of NOx emissions is illustrated in Fig. 4.1, showing that it can

end up in the particulate phase as NH4NO3 or ON. ONs are typically formed at first in

the gas phase, either by the reaction between organic peroxy radicals (RO2 ) and NOx or

between NO3 and VOCs (the latter is usually considered nighttime chemistry, because

the NO3 photodissociates and reacts with NO rapidly during the day). These species can

then condense into the particle phase or undergo further reactions, forming SOA. The

condensation of organic compounds depends on many factors, such as the temperature,

relative humidity, and oxidation level of the compound (Kroll and Seinfeld, 2008). In

urban mixtures with various VOC sources, the variety of produced ON compounds

is still largely unknown. Because much ON chemistry is not well understood, this

component of SOA is likely to be poorly estimated in models.

Figure 4.1: Reactive nitrogen species formation in the troposphere involving emissions of

NOx, NH3, VOCs, and their reactions with oxidants (e.g., OH , and NO3 ) to form particulate

ammonium nitrate (NH4NO3) and ONs that are in equilibrium between gas phase ON (gON)

and particulate ON (pON). The dashed blue arrows represent the NO3 chemistry pathway

for ON formation prevalent during nighttime, while the dotted green arrows represent the

OH chemistry pathway for ON formation prevalent during daytime.

Although single VOC precursor experiments are helpful in determining the chemical

mechanisms of SOA formation, the interactions between the products of different
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precursors can lead to significant differences in particle composition, volatility, and

SOA yields (McFiggans et al., 2019; Voliotis et al., 2021; Voliotis et al., 2022; Shao et al.,

2022). As the VOCs from fossil fuel-related emissions are decreasing, several studies

have shown that non-traffic SOA precursors such as volatile chemical products (VCPs)

originating from household cleaning and personal care products as well as cooking

emissions are becoming increasingly important in urban VOC chemistry (McDonald

et al., 2018; Coggon et al., 2021; Gkatzelis et al., 2021b; Wernis et al., 2022; Coggon

et al., 2024; Rivellini et al., 2024). VCPs and cooking VOCs are expected to increasingly

dominate SOA formation from anthropogenic VOCs in the urban environment of

industrialized countries.

In summer 2024, the SAPHIR (Simulation of Atmospheric Photochemistry in a Large

Reaction Chamber) atmospheric simulation chamber at Forschungszentrum Jülich

was used during the "Household Chemicals Amplifying Urban Aerosol Pollution"

(CHANEL) campaign to replicate complex urban VOC-NOx chemistry (Wu et al., in

progress). This chapter focuses on understanding the differences in the yield, average

molecular weight, and gas-particle partitioning of organic nitrate formation from dif-

ferent VOC precursor mixtures under various NO levels and oxidation conditions. We

identify the ON compounds and their bulk volatility in the selected urban mixture to

fill the knowledge gap and enable modelers to improve the simulation of nitrate aerosol

formation, transport, and deposition in real-world atmospheric mixtures.

4.2 Methods

4.2.1 SAPHIR-CHANEL campaign

The SAPHIR-CHANEL 2024 campaign focused on understanding SOA formation from

different co-emitted urban VOC precursors under various NOx emission scenarios

and oxidation conditions (Wu et al., in progress). Based on emission inventories from

the Atmospheric Emissions and Reactions Observed from Megacities to Marine Area

(AEROMMA) 2023 campaign and previous studies (Warneke et al., 2023; Pfannerstill

et al., 2024; Stockwell et al., 2025), the major atmospheric chemical conditions in the

urban atmospheres of United States and European cities were replicated by oxidizing

various VOC mixtures and mixed systems inside the SAPHIR chamber. SAPHIR is

an outdoor cylindrical chamber (length = 18 m, diameter = 5 m, and volume = 270

m3) made of double-wall Teflon film that allows investigation of gas phase species

oxidation, aerosol formation and chemical transformation with a minor influence from

the chamber wall (Rohrer et al., 2005; Bossmeyer et al., 2006; Wegener et al., 2007; Apel

et al., 2008). The chamber is equipped with a shutter roof system that allows exposure

or blocking of sunlight to simulate daytime and nighttime chemistry.
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Three variables were controlled for the experiments: VOC composition, NO level, and

oxidation conditions, as listed in Table 4.1. The VOC precursor mixtures representing

different urban emission sources used throughout the campaign are shown in Fig. 4.2

and Tables S1, S2, S3, S4, and S5 in the Supplement of Nursanto et al. (2026). These

include biogenic and anthropogenic VOCs, such as single-compound experiments of

limonene, multi-injection source-specific experiments of VCP, diesel, gasoline, and

cooking emissions, as well as complex urban mixtures. The discussion of the VOC

composition for each emission source is detailed in Wu et al. (in progress). A more

complex urban VOC-NOx mixture was represented by the Los Angeles anthropogenic

emission profile, which combines VCPs, cooking emissions, traffic emissions (100 %

gasoline), and a medium NO condition as a representation of average urban NOx

(Coggon et al., 2024; Stockwell et al., 2025). We further investigated the SOA formation

by combining the Los Angeles anthropogenic mixture with biogenic VOC (BVOC)

emissions to replicate a real-world emission profile (Pfannerstill et al., 2024). We also

replicated a global city scenario where we have different traffic emission profile (50 %

gasoline, 50 % diesel) representing European and global cities following Scholz et al.

(2025). Lastly, we performed an experimental scenario for future cities, where there is

more influence from biogenic emissions and less from traffic (no traffic emissions and

low NO) compared to the current day Los Angeles and global city emission profile. The

experiments explored in this study do not cover all the experiments performed during

the SAPHIR-CHANEL campaign.

The scenario of changing NOx emissions and oxidation conditions was achieved by

changing the NO condition for each VOC precursor mixture, and whether the roof

of the SAPHIR chamber was opened or closed. Under daytime conditions, three NO

conditions were used. The low NO condition was accomplished by producing NOx

only from the photolysis of HONO produced inside the chamber from the Teflon film

(Rohrer et al., 2005). NO concentrations were further suppressed by injecting additional

ozone (O3) up to 100 ppb. This resulted in an average mixing ratio (after the roof was

opened until it was closed) of 0.07-0.19 ppb of NO and of 1.03–2.21 ppb of NO2. The

medium NO condition was achieved with no addition of NO and O3 to the chamber,

leading to 0.15–0.31 ppb of NO and 1.08–1.65 ppb of NO2, only slightly higher NO

than for the low NO conditions. To obtain high NO conditions, NO was added before

exposing the chamber air to sunlight, reaching mixing ratios of 0.23–1.05 ppb of NO and

2.82–4.29 ppb of NO2. Under this condition, NO was only enhanced for a short time

interval (∼0.5 h) after opening the chamber’s roof, since it was converted into NO2 by

the photochemically produced O3 and RO2 . Lastly, the nighttime oxidation condition

was achieved by adding NO2 and O3 to the chamber air and keeping the chamber’s roof

closed to block the sunlight and to favor NO3 accumulation. The average NO and NO2

mixing ratios corresponding to each experiment are listed in Table S6 in the Supplement

of Nursanto et al. (2026).



4.2 Methods 79

Figure 4.2: Relative VOC composition (calculated using mixing ratios) categorized by com-

pound family for each urban VOC mixture injected into the SAPHIR chamber during the

SAPHIR-CHANEL 2024 campaign. The composition is based on the fingerprint compounds

in the adjusted emission inventories of urban United States and European emissions (see the

details in Tables S1, S2, S3, S4, and S5 in the Supplement of Nursanto et al. (2026).

The typical sequences of SAPHIR-CHANEL chamber experiments are shown in Fig.

S1 in the Supplement of Nursanto et al. (2026). A chamber experiment was started

by humidifying the air until ∼60 % relative humidity (RH) was reached, except for

the limonene experiment under nighttime conditions, where it was ∼20 %. After

about an hour, ammonium sulfate ((NH4)2SO4) was introduced as particle seeds to

encourage condensation into the particle phase. RH and seed type were kept constant to

ensure the same initial aerosol conditions. One hour after the introduction of seeds, the

different VOC precursors in a given emission profile were added in sequential injections.

Subsequently, the desired oxidation conditions were introduced to the chamber (i.e., the

addition of NO and O3 followed by immediately opening the roof, or the addition of

NO2 and O3 while keeping the roof closed). In the limonene experiments, the oxidation

condition was established first, followed by several injections of limonene at three

distinct times with 1–1.5 h intervals.
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Table 4.1: List of experiments in the SAPHIR-CHANEL 2024 campaign included in this

chapter, grouped based on VOC precursors. All experiments were run at initially 60 % relative

humidity (RH), unless indicated otherwise.

Date
VOC precursor(s)

Oxidation and

(yyyy.mm.dd) NO conditions

Single-compound precursor experiments

2024.07.01 limonene daytime, low NO

2024.07.03a limonene nighttime

Source-specific emission mixture experiments

2024.07.04 VCPs daytime, low NO

2024.07.08 VCPs daytime, medium NO

2024.07.09 VCPs daytime, high NO

2024.07.05 VCPs nighttime

2024.07.17 diesel daytime, medium NO

2024.07.18 diesel daytime, high NO

2024.07.11 gasoline daytime, medium NO

2024.07.10 gasoline daytime, high NO

2024.07.16 cooking daytime, low NO

2024.07.15 cooking daytime, medium NO

Complex urban mixture experiments

2024.07.22 Los Angeles anthropogenic emission daytime, medium NO

2024.07.23 Los Angeles anthropogenic emission nighttime

2024.08.05
Los Angeles anthropogenic+biogenic emission

daytime, low NO
(+O3)

2024.07.29 Los Angeles anthropogenic+biogenic emission daytime, medium NO

2024.08.06
Los Angeles anthropogenic+biogenic emission

daytime, high NO
(+O3+NO2)

2024.07.31 Los Angeles anthropogenic+biogenic emission nighttime

2024.07.30 global city anthropogenic emission daytime, medium NO

2024.08.02 future city anthropogenic+biogenic emission daytime, low NO

Background experiments

2024.07.28 background (no seed) daytime

2024.08.04 background (with seed) daytime
a Initial RH 20 %.

4.2.2 Instrumentation

Aerosol mass loadings and chemical composition measurements using high-resolution time-of-

flight aerosol mass spectrometer (HR-ToF-AMS)

Non-refractory submicron aerosol components speciated into organics (Org), nitrate

(NO3), sulfate (SO4), ammonium (NH4), and chloride (Cl) were measured using a high-
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resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) with a standard

vaporizer. The operating principles of the instrument, including the aerodynamic lens

system, vaporizer, and electron impact ionization, are described in detail by Cana-

garatna et al. (2007). Aerosols were sampled through a 5 m long (1/4” or 6.4 mm outer

diameter and 0.065” or 1.7 mm wall thickness) stainless steel tube at a total flow of

580 mL · min−1. The HR-ToF-AMS was operated in V-mode throughout the campaign,

providing chemical composition data at a time resolution of 1 min. The detection limit of

the instrument was approximately 3 ng · m−3, with a typical measurement uncertainty

of 20 %.

Calibration of the HR-ToF-AMS was performed weekly using size-selected 350 nm dry

NH4NO3 particles to determine the ionization efficiency (IE). In addition, the relative IE

for SO4 was assessed using (NH4)2SO4 particles. For Org, the relative IE was set to the

default value of 1.4, while for NH4 and SO4, it was determined to be 4.4 and 1.3. The

total aerosol mass concentrations are calculated from the sum mass of Org, NO3, SO4,

NH4, and Cl species. Data analysis was conducted using the PIKA 1.24 software toolkit,

applying high-resolution peak fitting for chemical speciation.

To divide the total nitrate signal measured by AMS into particulate ammonium nitrate

(NH4NO3) and particulate organic nitrate (pON), the NO +
x ratio method was applied

(Farmer and Jimenez, 2010; Day et al., 2022a; Takeuchi et al., 2024). This method has

been shown to successfully analyze organic nitrate composition in several studies (Fry

et al., 2013; Pye et al., 2015; Kiendler-Scharr et al., 2016; Ng et al., 2017; Fry et al., 2018;

Huang et al., 2019a; Huang et al., 2019b; Brownwood et al., 2021; Day et al., 2022a). The

method is described in Section S2.1 in the Supplement of Nursanto et al. (2026).

Total NOy measurements

A chemiluminescence NOx monitor (Thermo 42iQTL) equipped with a modified NOy

inlet was deployed to measure the total NOy concentration in the experiments. The

instrument and the custom inlet setup have been described in detail in previous work

(Marsavin et al., 2023). The chamber air is sampled through a 1.6 m long Teflon tube

(1/4” or 6.4 mm outer diameter, 4.0 mm inner diameter), as short as possible to prevent

wall losses of adsorbed NOy species (Neuman et al., 1999). The sampled air then enters

the external NOy inlet box, which consists of a NO2-to-NO molybdenum converter

scavenged from another instrument (Thermo 17i) and a temperature controller (Omega

CN616A) to adjust the converter temperature. Through the converter, the NOy species

are reduced to NO by means of heat and reaction with the molybdenum (Mo) before

being transported through a longer inlet line to the chemiluminescence detector. The

converter is operated at 350 ◦C, the same as in Marsavin et al. (2023), to maximize

the conversion of ONs. The sampled air then goes through the downstream inlet line

(approximately 3 m of Teflon tubing) and passes through a filter paper (PTFE, TE 38,
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WhatmanTM) to avoid any residual particles entering the main instrument. The air at

a flow rate of 1 L min−1 is drawn into the instrument using an external pump. The

chemiluminescence NOx instrument measures NOy as NO with 1 min time resolution.

The instrument was calibrated with and without the NOy inlet using a standard NOx

cylinder, where the instrument’s sensitivity remains relatively stable (±7 %). The

detection limit of the instrument is ∼50 ppt.

The conversion efficiency of NH4NO3, (NH4)2SO4, and 2-ethylhexylnitrate (an ON

compound, González-Sánchez et al. (2021)) to NO by the heated NOy converter at 350
◦C was tested using simultaneous mass spectrometer measurements. The detailed

procedure is shown in Section S2.2 in the Supplement of Nursanto et al. (2026). The

conversion efficiency was (104 ± 5) % for RONO2, (94 ± 2) % for NH4NO3, and (0 ± 1)

% for (NH4)2SO4. These results are comparable to the numbers reported in other studies

(Winer et al., 1974; Baylon et al., 2015) and confirm that the converter decomposes pNO3

but not NH3 or NH +
4 . The conversion efficiency of HNO3 was not characterized, but

Baylon et al. (2015) shows 95 % efficiency using the same converter condition. The

detection of HNO3 also depends on the inlet line because the species is often absorbed

by the tubing (Neuman et al., 1999; Day et al., 2002; Keehan et al., 2020), which was

minimized by making the inlet line as short as possible. We therefore assume that there

is negligible loss of HNO3 in the inlet line.

To extract the gON mixing ratio (CgON) from the total NOy measurements, we subtracted

the total NOy mixing ratio with the simultaneous measurements of NOx, HONO, HNO3,

and total pNO3 (CNOx
, CHONO, CHNO3

, CpNO3
; all in ppb) as expressed in Eq. 4.1.

CgON = CNOy
− (CNOx

+ CHONO + CHNO3
+ CpNO3

) (4.1)

The NOx mixing ratio was measured using the Ecophysics CLD-780 TR, which oper-

ates on the principle of chemiluminescence detection, widely used in laboratory and

field studies, and long-term monitoring (Clough and Thrush, 1967; Fontijn et al., 1970;

Drummond et al., 1985). The HONO measurements were made using the Airyx ICAD

HONO/NO2 200L, which used an iterative cavity-enhanced differential optical absorp-

tion spectroscopy (ICAD) method (Platt et al., 1979; Platt et al., 2009; Horbanski et al.,

2019). The HNO3 concentrations were obtained from the multi-reagent chemical ioniza-

tion mass spectrometer (MR-CIMS) measurements and the total pNO3 concentrations

were from the HR-ToF-AMS. We assume that other NOz species that are not included in

the subtraction are negligible.

Gas and particle phase chemical species measurements using gas chromatography (GC) system

and chemical ionization mass spectrometers (CIMS)

An online gas chromatography (GC) system, coupled to a flame ionization detector (FID)

and mass spectrometer (MS), and four online chemical ionization mass spectrometers
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(CIMS) were deployed to measure chemical compounds during the campaign. Each

instrument has the ability to measure different types of compounds in the gas phase and

particle phase. The details of how each instrument was operated during the campaign

can be found in Section S2 in the Supplement of Nursanto et al. (2026).

The GC system has a thermal desorption unit and is coupled to a dual flame ionization

and mass spectrometric detection (GC-TD-FID/MS; Markes TT24-7xr with Kori-xr units,

Agilent 8890 GC, Agilent 5977B MS). The system allows for cryogenic preconcentration,

chromatographic separation, and dual detection to measure alkanes, alkenes, alkynes,

aromatics, and monoterpenes. FID targets the detection of light hydrocarbons and MS

for heavier or structurally complex species.

The multi-reagent CIMS (MR-CIMS, Vocus B2, Tofwerk AG, Switzerland) is a newly

designed instrument equipped with bipolar ToF, which can simultaneously measure

cations and anions without inner interference. MR-CIMS operates with four different

reagent ions (i.e., iodide, bromide, acetone dimer, benzene). In this work, we obtain the

HNO3 mixing ratio (sensitivity = 9.3 ncps · pptv−1) from the iodide channel (I–) and the

VOC species measurements such as isoprene, aldehydes, aromatics, and monoterpenes

(as signal intensity in ncps) from the benzene channel (C6H +
6 ). The design and geometric

structure of the ion-molecular reactor of MR-CIMS (i.e., Vocus AIM IMR) has been

discussed in detail elsewhere (Riva et al., 2024).

The amine-ToF used an Eisele type inlet for chemical ionization and coupled to an

atmospheric pressure interface time-of-flight mass spectrometer (CI-APi-ToF-MS). The

precursor for the primary ion in the chemical ionization was propylamine, and the

generated C3H7NH +
2 reagent ions selectively ionize oxygenated organic compounds

by forming adducts with neutral molecules. The operating principles and instrument

configuration are detailed in previous works (Eisele and Tanner, 1993; Junninen et al.,

2010; Berndt, 2021).

A Vocus long time-of-flight mass spectrometer (Tofwerk AG, Switzerland) was operated

with ammonium reagent ions (NH +
4 -Vocus), allowing measurements of VOCs and oxy-

genated VOCs. The detailed operating principles and instrument setup have been de-

scribed elsewhere (Krechmer et al., 2018; Xu et al., 2022; Roska et al., in progress).

A Wall-Free Particle Evaporator (WALL-E) interface was coupled to an atmospheric

pressure chemical ionization inlet (Riva et al., 2019; Riva et al., 2020) connected to a

high-resolution orbitrap mass spectrometer (Q-Exactive, Thermo Fisher Scientific). The

system includes a gas-phase denuder, a thermal desorption unit with sheath flow, a

ceramic spacer for thermal isolation, and a dilution/cooling unit (Gao et al., 2025). The

instrument used bromide ions (Br–) as reagent ions to measure organic species in the

particle phase.
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The signal intensities of different organic compounds in the gas phase (±280 species

from amine-ToF and ±900 species from NH +
4 -Vocus) and in the particle phase (±1000

species from WALL-E) from various mass-to-charge ratio (m/Q) in the observation

were visualized as ON composition profile plots. The ON composition profiles were

characterized separately for each instrument, as each detected species may have a

different sensitivity in each instrument. The signals were summed from the signal inten-

sity of compounds containing at least one nitrogen and three oxygens (CxHyO≥3N≥1).

This criterion was chosen because it represents the minimum number of nitrogen and

oxygen atoms for an ON species, but is not limited to ONs because it may also include

other organic nitrogen compounds such as oxygenated amines and nitro aromatic com-

pounds. The ON composition distribution is an estimate of how the ON species signal

is distributed across carbon and oxygen atom numbers, rather than the actual mass

distribution of molecular composition.

4.2.3 Determination of organic nitrate yields

The ON molar yield in each chamber experiment was calculated by determining the

ratio of the mixing ratio of total ON formed in both the gas phase and the particle

phase (∆CON,tot) to the mixing ratio of VOC consumed (∆CVOC). The ON molar yield

(∆CON,tot/∆CVOC,tot) is expressed in Eq. 4.2.

The total ON formed (∆CON,tot in ppb) was calculated by subtracting the total ON

prior the VOC injection from the total ON concentration when the maximum SOA

concentration has been reached (assumed to represent steady state). A visualization

of these periods is shown in Fig. S5 in the Supplement of Nursanto et al. (2026). The

percentage of VOC concentration that was consumed was calculated by observing

the signal intensity difference of various VOCs detected by the MR-CIMS-C6H +
6 or

NH +
4 -Vocus measurements between the moment of VOC injection and the steady state.

The expected injected concentration of each VOC was then multiplied by the decrease

in signal intensity for each compound (or compound family) to obtain the mixing

ratio of consumed VOCs (∆CVOC,tot in ppb). The expected mixing ratios of injected

and consumed VOCs are calculated based on the injected volume and are not verified

concentration by measurements.

ON molar yield (%) =
∆CON,tot

∆CVOC,tot
· 100% (4.2)

Presumably, ON species with different volatilities, and whether they are in the gas phase

or the particle phase, would have different losses. For instance, it is likely that more

volatile gON will have lower losses than less volatile gON. Here, we acknowledge this

challenge which can lead to potential uncertainties in the calculation. Measured gON

and pON mixing ratios are treated as bulk species. To calculate the yields, the bulk pON

and bulk gON mixing ratios were corrected for dilution and wall loss. In this work,
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the particle phase concentrations are corrected for wall loss and dilution by using the

equation Ct = 9.01 · exp((1.22 · 10−4) · t), based on the observed (NH4)2SO4 decay. Gas

phase wall losses are known to be negligible (except for highly oxygenated molecules

(HOMs), see Zhao et al. (2018)), and thus, we only applied dilution correction to the gas

phase mixing ratios. The gas phase concentrations were corrected for a dilution ranging

from 4 · 10−4 min−1 to 6 · 10−4 min−1 (chamber volume of 270 m3 and inflow rate of

7–10 m3·h−1 depending on the experiment).

We estimate the uncertainty (as one standard deviation) of the ON molar yield by

propagating the uncertainties from the determination of the total ON mixing ratio. The

uncertainties include the half of detection limits of instruments measuring NOy (±25

ppt), NOx (±40 ppt), and HONO (±40 ppt), the uncertainty from calibration of HNO3

measured by MR-CIMS (±15 %), the uncertainty of pNO3 determination from AMS

(±20 %), the uncertainty from NO +
x ratio method to obtain pON from AMS (±23 %,

Takeuchi et al. (2024)), and the uncertainty from VOC signal decrease (±15 %, assuming

the maximum uncertainty is similar to MR-CIMS). The description of the uncertainty

propagation is detailed in Section S3.1 (Supplement of Nursanto et al. (2026)).

4.2.4 Determination of molecular weight and SOA mass fraction of particulate

organic nitrates

The molecular weight of bulk particulate RONO2 (MWpRONO2
, includes organic moiety

and nitrate functional group of pON) for each experiment was determined using the

signal intensity of compounds detected by WALL-E. Similar to the approach in the

previous section, only peaks with chemical formula containing at least one nitrogen and

three oxygen atoms (CxHyO≥3N≥1) were included. The percentage or ratio of the signal

of each peak to the summed signal intensity is multiplied by the corresponding nominal

mass of each peak, and then summed for all peaks to obtain the molecular weight of

bulk pON (see Eq. 4.3),

MWpRONO2
=

n

∑
k=1

Ak

ACxHyO≥3N≥1

· MWk (4.3)

where MWpRONO2
is the average molecular weight of bulk particulate organic nitrate as

pRONO2 (in g · mol−1), Ak is the signal intensity of compound k, ACxHyO≥3N≥1
is the total

signal intensity of organic compounds with formula CxHyO≥3N≥1 (in g · mol−1).

This approach, however, may include other organic nitrogen compounds such as nitro

aromatic compounds, which is also detected by WALL-E. However, we assume that

their contribution is minimal due to the low percentages of aromatic VOCs in the

precursor mixture (0–16 %).

Using this bulk molecular weight, we can calculate the contribution of pON to the total

organic aerosol (OA), which is expressed as the mass fraction of the concentration of
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formed pRONO2 (∆CpRONO2
) to the total concentration of formed OA (∆COA). The

pRONO2 mass fraction is expressed in Eq. 4.5. The mass concentration of pRONO2,

which includes both organic and nitrate moiety of ON, is calculated from CpON using the

molecular weight of bulk organic nitrate (MWpRONO2
, in g · mol−1) in each experiment

using Eq. 4.4. The total mass of OA includes the concentrations of AMS Org and pON

(as NO2, not ONO2 since one of the oxygen is accounted as the AMS Org mass; see

Takeuchi et al. (2024)).

CpRONO2
= CpON ·

MWpRONO2

62 g · mol−1
(4.4)

pRONO2 mass fraction (%) =
∆CpRONO2

∆COA
· 100% (4.5)

We estimate the uncertainty (as one standard deviation) of the pRONO2 mass fraction

from the uncertainty of the determination of pNO3 and Org in AMS (each contributes

±20 %), the NO +
x ratio method to obtain pON from AMS (±23 %, Takeuchi et al. (2024)),

and the standard deviation of the average MWpRONO2
. The uncertainty propagation is

detailed in Section S2.2 (Supplement of Nursanto et al. (2026)).

4.2.5 Gas-particle partitioning of organic nitrates

Every compound in the atmosphere can partition between the gas and particle phase

according to its properties (e.g., chemical structure, volatility, functional groups). This

partitioning reaches an equilibrium or steady state for a given compound at a given

temperature and a given total aerosol mass. Therefore, calculating the bulk equilibrium

partitioning in an atmospheric mixture can help us understand the average bulk organic

species that are produced in the atmosphere.

The partitioning of a compound i between the gas and particle phases can be described

by the sorption of organic compounds into existing particles, which leads to the con-

densation of low-volatility organic compounds (LVOCs) into the particle phase. This

mechanism can be defined using the partitioning coefficient based on the volatility of

the compound i (Kp,i in m3
·µg−1), as expressed in Eq. 4.6 (Pankow, 1994; Pankow and

Asher, 2008). It is proportional to the particle-to-gas concentration ratio (Cp,i/Cg,i) and

inversely proportional to the total absorptive mass (mtot in µg · m−3),

Kp,i =
Cp,i

Cg,i
·

1

mtot
(4.6)

When expressed thermodynamically in Eq. 4.7, Kp,i is a function of the average tem-

perature (T in K) and the pure liquid vapor pressure of i at a given T (po
L,i in atm), as

well as of the composition of the the organic matter (expressed as the molecular weight,

MWom in g · mol−1), absorptive organic fraction of the PM ( fom), and the activity coef-

ficient in the organic fraction of the PM (ζ). The ideal gas constant (R) equal to 0.082
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L · atm · K−1
·mol−1) is used. By estimating the pure liquid vapor pressure of i with a

given MWom and ζ, Kp,i can be theoretically calculated for a given chemical structure

using a group contribution method, for example, SIMPOL.1 from Pankow and Asher

(2008). The theoretically derived value of Kp,i calculated for different organic compound

structures using Eq. 4.7 can be compared to the observed bulk value of Kp,i calculated

using Eq. 4.6 to deduce the average volatility of the organic compounds formed (thus

related to some possible chemical structures) and to characterize the bulk properties of

the SOA mixture (Brownwood et al., 2021).

Kp,i =
760 · R · T · fom

106
· MWom · ζ · po

L,i

(4.7)

In this study, we characterize the bulk ON in the gas phase and the particle phase under

equilibrium conditions using the particle-to-gas ratio of ON (CpON/CgON) and the gas-

particle partitioning of ON (Kp,ON). The equilibrium condition refers to the state in

which the rate of mass transfer of a compound from the gas phase to the particle phase is

equal to the reverse rate. We identify this equilibrium condition as when the maximum

SOA concentration is reached and remains stable over time (ranging from 0.5–5 h), based

on the AMS measurements. There is minimal exchange between the two phases under

this condition, and thus the system can be considered in steady state. Further reactions

within the particle phase and thermal decomposition, however, are not considered in

this assumption. For limonene and nighttime Los Angeles experiments, we also describe

the partitioning that happens just before a new injection is performed in the chamber

(when SOA is still increasing) to compare it with the equilibrium condition.

We evaluated the trend in ON partitioning by differentiating the chamber experiments

by daytime and nighttime conditions, as well as VOC precursor mixtures. We compare

the observed values of Kp,ON (Eq. 4.6) to the theoretical values of Kp,ON for various

ON structures at a given temperature (Eq. 4.7). The chemical structures are interpreted

based on the key m/Q identified by gas-phase and particle-phase CIMS. Through this

comparison, we can assess whether the gas-particle partitioning of the bulk ON reflects

the ON composition formed from each experiment.

To determine CpON/CgON and Kp,ON, we performed two sets of calculations, using the

loss corrected concentrations and the instantaneous measured concentrations (not loss

corrected). We compare the results from the two calculation methods, but the calculation

using the instantaneous measured concentrations is the main result presented in this

chapter since they represent the actual equilibrium occurring in the chamber. Further-

more, we also need to consider the uncertainty of Kp,ON (as one standard deviation).

This uncertainty is propagated from CpON, CgON, and mtot, detailed in Section S2.3 in

the Supplement of Nursanto et al. (2026).
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4.3 Results and discussion

4.3.1 Estimating organic nitrate yields

The consumed VOC mixing ratio in each chamber experiment is presented in Table 4.2.

A detailed list of the consumed VOCs are provided in Tables S1, S2, S3, S4, and S5 in the

Supplement of Nursanto et al. (2026). In general, we observed a higher consumption of

VOCs under daytime conditions compared to nighttime conditions. We observed across

experiments a decrease by 96 % in average of isoprene signal/concentration under

daytime conditions and 61 % under nighttime conditions. For monoterpenes, limonene

is completely consumed (98–100 %) for both daytime and nighttime conditions, while

the consumption of α-pinene and β-pinene varied from 63 % up to 100 %. Saturated

and unsaturated aldehydes (carbon number ≥ 5; i.e., pentenal, hexadienal, heptanal,

octenal, nonanal, decanal) showed a decrease of signal/concentration by 20 % to 99 %

under daytime conditions and by 22 % to 59 % under nighttime conditions. Aromatic

VOCs (i.e., toluene and xylenes) were consumed from 39 % to 87 % under daytime

conditions and 22 % to 51 % under nighttime conditions.

With the percentage of VOCs consumed varying depending on the compound and the

oxidation conditions (daytime vs. nighttime), the ON molar yields range between 2–21

% (see Table 4.2). Higher yields are observed for the experiments using only limonene

and source-specific emission profiles as precursors (i.e., cooking, gasoline, diesel). The

source-specific emission profiles contain a high percentage of unsaturated compounds

such as isoprene, monoterpenes, sesquiterpenes, unsaturated aldehydes, and alkenes

(see Fig. 4.2), which are susceptible to addition reactions, thereby increasing the likeli-

hood of ON formation. The daytime and nighttime limonene experiments both show

19 % yields, 11–15 % lower compared to the 34 % yield from OH +limonene experiment

reported by Pang et al. (2022) and 30 % yield from NO3 +limonene experiment reported

by Fry et al. (2011). The cooking emission replicas show 14 % and 11 % yield for low

and medium NO conditions, respectively. The traffic-related emission replicas show a

yield range of 13–21 %.

In contrast, experiments replicating VCPs and more complex urban emission profiles

(i.e., the replica of Los Angeles city, global city, and future city emission profiles) have 2–

7 % yields, lower compared to the experiments replicating other source-specific emission

profiles. Since complex urban emission replicas also contain VCPs, we suggest that VCP

emissions may drive the suppression of ON yields. They contain a higher percentage

of lighter VOCs that do not contribute significantly to the mass of ON formed in these

experiments. Lower amounts of consumed VOCs are observed for these compounds

from compound families such as alkanes (e.g., 17–36 % for isobutane) and alcohols (e.g.,

17–38 % for ethanol and 24–32 % for isopropyl alcohol).
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4.3.2 Estimating molecular weight and mass fraction of particulate organic ni-

trate

Although the VOCs consumed under daytime conditions are higher than those under

nighttime conditions, the ON molar yields are not higher for the daytime experiments

compared to their nighttime counterparts. The different chemical mechanism of ON for-

mation under daytime conditions (OH chemistry is prevalent) compared to nighttime

conditions (NO3 chemistry is prevalent) likely explains this difference. The impact of

the difference in chemistry is observed on the molecular weights of bulk pON as shown

in Fig. 4.3a for composition when the SOA formation has peaked. The summary of the

molecular weights can be found in Table 4.2. This is based on WALL-E observations as-

suming the same sensitivity for all masses detected. It is rather a comparative approach

between different experiments and the discussion below is not affected by the fact that

we are not quantifying everything with WALL-E. An average molecular weight of 331

± 13 g · mol−1 is observed for nighttime experiments, higher compared to the average

molecular weight of 258 ± 24 g · mol−1 for daytime experiments. The increase in dimer

formation (C
>10 compounds) and less fragmentation (C≤5 compounds) under nighttime

conditions accounts for this difference. In Fig. 4.3b, we see higher contributions of heav-

ier compounds with C>10 (e.g., dimers) to the bulk pON under nighttime conditions,

56 % for the single-compound limonene experiment, 36 % for the VCP experiment, 51

% for the Los Angeles anthropogenic emission replica experiment, and 57 % for the

Los Angeles anthropogenic+biogenic emission replica. On the other hand, experiments

under daytime conditions only report 0–22 % contribution of C>10 compounds.

To further show the contribution of ON to the total organic species, we determine the

pRONO2 mass fraction to the total OA of each chamber experiment in Table 4.2 and

visualize them in Fig. 4.3c. We observe that the nighttime conditions for each VOC-NOx

mixture have a higher pRONO2 mass fraction compared to their daytime counterparts.

The percentage of pRONO2 mass fraction under NO3 oxidation at nighttime conditions

varies from 32–53 %, a factor of 2.6 to 4.5 higher than its daytime counterparts (9–20

%). VOCs from traffic and cooking emissions show varying pRONO2 mass fractions

ranging from 18–44 %. The difference can be partially explained by lower temperature

and higher RH during nighttime experiments, which promote the condensation of ON

that increases its mass fraction. Associated with their molecular weight, nighttime

NO3 chemistry results in higher ON production with heavier compounds compared

to daytime OH chemistry, thus converting a larger fraction of the organic precursor

to organonitrates, leading to a higher contribution of pRONO2 to the total SOA mass

concentration. This shows that despite VOCs consumption under OH chemistry, more

ON is formed in the particle phase under NO3 chemistry. This could also be caused by

the reduction in SOA formation due to interactions between the products of different

VOC precursors present in complex urban mixtures (McFiggans et al., 2019).
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Figure 4.3: (a) Molecular weights of bulk pON as pRONO2 (g · mol−1) determined using

signals from WALL-E measurements when the SOA formation has peaked, sorted first by

daytime versus nighttime conditions, and then by the complexity of the VOC precursor

mixture. The plot shows an average of 331 ± 13 g · mol−1 for nighttime experiments and an

average of 258 ± 24 g · mol−1 for daytime experiments (color shading represents one standard

deviation of the average). (b) Contribution fraction of organic compounds color coded by the

carbon atom number to the molecular weight of bulk pON. (c) pRONO2 mass fraction over

total OA (left y-axis, bars in %) and temperature (right y-axis, in ◦C). The whiskers represent

the uncertainty of the mass fraction (one standard deviation).



4.3 Results and discussion 93

4.3.3 Trends of gas-particle partitioning of bulk organic nitrate

Influence of oxidation and NO conditions

The particle-to-gas ratio of ON at equilibrium conditions can be used to compare the

volatility of the bulk ON aerosol produced from different VOC precursor compositions

in a reaction mixture, regardless of the total absorptive mass. We show in Fig. S7 in the

Supplement of Nursanto et al. (2026) that differences in the partitioning are not driven by

differences in the total aerosol mass. A summary of the concentrations or mixing ratios

used for the calculation can be found in Tables S6 and S7 in the Supplement of Nursanto

et al. (2026). We show only the results calculated using instantaneous observed gas

and particle phase concentrations to represent the actual equilibrium in the chamber.

The wall loss and dilution corrected concentrations have similar partitioning behavior

compared to the instantaneous concentrations. They are found to systematically increase

CpON/CgON by 0.001–0.021, and systematically decrease Kp,ON by up to 3 · 10−3 m3
·µg−1

(see Table S7 in the Supplement of Nursanto et al. (2026)).

For visualization, we use a particle-to-gas ratio scatter plot (see Fig. 4.4), where the

y-axis is CpON and the x-axis is CgON. Scatter points falling on a line drawn from the

origin point (0,0) to any coordinate (x, y = (CgON, CpON)) in the plot (shown as dashed

grey lines) will have the same CpON/CgON slope, and thus a similar profile but differ

in concentrations. Scatter points falling on a larger slope have larger CpON/CgON, and

thus higher species concentration in the particle phase. The plot shows the experiments

classified based on the presence of light (daytime) and absence of light (nighttime)

conditions (light blue and dark grey, respectively).

We observe that SOA formation under nighttime conditions is characterized by larger

CpON/CgON values (0.030–0.137) than under daytime conditions (0.007–0.045). This

daytime and nighttime difference can be partially explained by the temperature and RH

differences in the chamber. The temperature during nighttime experiments was system-

atically lower (18–26 ◦C) compared to the daytime experiments (24–40 ◦C) after SOA

formation has been reached, which is also representative of real-world temperatures.

This temperature drop also affected the nighttime RH (18–51 %) versus the daytime RH

(13–42 %); see Table S7 in the Supplement of Nursanto et al. (2026) for details. Lower

temperatures and higher RHs in this study are likely associated with higher CpON/CgON

values, which promote the condensation of low-volatility compounds into the particle

phase to form SOA.

The availability of light also modifies the oxidation mechanism of organic species in the

chamber. The presence of sunlight in daytime experiments enhances photolytic reactions

that lead to OH formation, promoting oxidation reactions of organic compounds,

forming ON (if terminated with NOx) and non-ON species. In contrast, the absence

of light favors a longer lifetime of the NO3 formed from NO2 and O3, which results in
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Figure 4.4: Scatter plot of particle phase ON (y-axis) vs. gas phase ON (x-axis) mixing

ratio in ppb from different VOC-NOx mixtures, color-coded by daytime conditions (light

blue) and nighttime conditions (dark grey). The total absorptive mass of each experiment

at equilibrium varies from 13 to 38 µg · m−3. The concentrations are the averages under

equilibrium conditions. The dotted lines visualize different CpON/CgON values (0.01, 0.05, and

0.10).

the nighttime NO3 oxidation of organic compounds that will lead to the formation of

ON. This is in line with several laboratory and chamber studies, which have shown

that SOA formation from NO3 oxidation of BVOCs is larger compared to SOA formed

from OH or O3 oxidation (Hallquist et al., 1997; Griffin et al., 1999; Spittler et al., 2006;

Ng et al., 2008; Fry et al., 2009; Fry et al., 2011; Rollins et al., 2009; Boyd et al., 2015; Ng

et al., 2017). Ozonolysis reactions also contribute to SOA formation during daytime and

nighttime conditions, but we expect the differences are by the differences in OH and

NO3 chemistry.

The different CpON/CgON values are thus inferred to be related to differences in tem-

perature and RH in the daytime and nighttime conditions, as well as ON volatilities

in SOA formation caused by daytime OH versus nighttime NO3 chemistry. A higher

CpON/CgON value implies a preference for species to condense into the particle phase,

which is associated with lower-volatility species. The daytime and nighttime difference

in average molecular weight is also consistent with the different chemical mechanisms

and species volatility. However, the NO condition in this study does not seem to in-

fluence the particle-to-gas ratio of ON. This suggests that changes in the average NO
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mixing ratio in the chamber (0.07–1.05 ppb) do not modify the chemical mechanism of

ON formation and the volatility distribution of bulk ON.

Relationship between VOC precursor, particle-to-gas ratio, and ON composition distribu-

tion

We observe the clustering of certain urban VOC-NOx mixtures in the particle-to-gas

ratio scatter plot in Fig. 4.4 (see Fig. S6 in the Supplement of Nursanto et al. (2026) for

the same plot but color-coded by the VOC precursor mixture). The VOC-NOx mixtures

from VCPs, cooking emission, diesel emission, and gasoline emission under daytime

conditions have some of the lowest CpON/CgON values (0.007–0.016) compared to other

experiments. VCPs and limonene VOC-NOx mixtures under nighttime conditions have

CpON/CgON values (0.061–0.137) up to 10 times higher than in the other experiments.

The rest of the experiments are scattered in low and moderate CpON/CgON values

(between 0.007–0.042), which are mainly complex urban VOC-NOx mixtures (i.e., the

Los Angeles emission, global city emission, and future city emission).

The differences in CpON/CgON across ON formation with different VOC precursors can

be explained by looking further at the specific ON compounds measured in the bulk

gas and particle phases. Each VOC precursor mixture contains different compounds

with varying reactivities (i.e., functional groups, number of carbon atoms, hydrocarbon

saturation; see Fig. 4.2), which affect the ON species formed in gas and particle phases.

In Fig. 4.5, we plot the signal intensity of organic compounds containing at least

one nitrogen and three oxygens (which is the minimum number for an ON species),

detected by various chemical ionization mass spectrometer instruments in the gas phase

(by NH +
4 -Vocus and amine-ToF) and in the particle phase (by WALL-E), to show the

ON composition. We choose to show the ON composition from the experiment of

limonene for the single-compound precursor, the experiment with VCP mixture for the

urban emission mixture, and the experiment of Los Angeles anthropogenic+biogenic

emission replica for the complex urban mixture. Profiles for experiments with other

VOC precursors are shown in Fig. S6 in the Supplement of Nursanto et al. (2026).

We acknowledge that the composition profile may include other organic nitrogen

compounds such as oxygenated amines or nitro compounds. The ON composition

distribution shown here is an estimate of how the ON species signal is distributed

across carbon and oxygen atom numbers, rather than the actual concentrations, as each

detected species may have a different sensitivity in each instrument.

In general, both in Figs. 4.5 and S6 in the Supplement of Nursanto et al. (2026), we

see that ON species are formed across varying numbers of carbon atoms in the gas

phase. However, the distribution of carbon number of ON in the particle phase does

not always match that in the gas phase. The ON species in the particle phase tend to

be compounds with carbon numbers skewed around 10 (6–10) and 20 (15–20), which
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are largely associated with the carbon backbone of monoterpenes (either whole or

fragmented into smaller compounds) and their dimers. In terms of oxygen atom

number, ON tends to have fewer oxygen atoms (3–8) in the gas phase, while ON tends

to be more oxygenated (more than 6 atoms) in the particle phase. This is intuitive from

the point of view of volatility-driven gas-particle partitioning, where more oxygenated

species have lower volatility and are therefore more likely to partition to the particle

phase than less oxygenated species. The further oxidation of the ON species starting

from the gas phase until they condense into the particle phase is part of SOA formation

and aerosol aging, which shapes the ON composition distribution.

The difference between the ON profiles of the daytime experiments (Figs. 4.5a–c and

S6d in the Supplement of Nursanto et al. (2026)) and the nighttime experiments (Figs.

4.5d–f and S6e in the Supplement of Nursanto et al. (2026)) of limonene precursor, VCP

mixtures, Los Angeles anthropogenic emission, Los Angeles anthropogenic+biogenic

emission, and future city anthropogenic+biogenic emission profile is the most recog-

nizable for the particle phase profile. In addition to species related to monoterpene

compounds (carbon number 6–10), substantial signal fraction is observed for monoter-

pene dimers (carbon number 15–20) in the particle phase, where it represents 15–48 %

of the total signal (difference in sensitivity is not yet considered). This result shows

that photooxidation promotes the formation of monoterpene nitrates with lower carbon

atom numbers (6–10), while oxidation processes under nighttime conditions in the

chamber may favor RO2 production that leads to more dimer formation. Since dimers

have lower volatility than their monomer counterparts, they are more likely to condense

into the particle phase, possibly driving the higher CpON/CgON values for the nighttime

experiments.

In contrast, the daytime experiments using VOC precursors from diesel, gasoline, and

cooking emissions show less species diversity in the particle phase (Fig. S6a–c in the

Supplement of Nursanto et al. (2026)). These VOC precursor mixtures do not contain

any or only trace amounts of biogenic compounds (2 % or less), and instead more

anthropogenic VOCs from the alkane, alkenes, aromatic, and/or aldehyde compound

family. This suggests that although these compounds may react to form ON in the gas

phase and in the particle phase, they mostly produce high-volatility compounds that

are less likely to condense into the particle phase and form SOA.

These interpretations require further analysis, as the ratio between the signals can

change dramatically depending on the sensitivity of each compound or m/Q, and how

they fragment. Additionally, thermal decomposition may also affect the measured

particle phase, and thus the species distribution profile of ON. Nevertheless, these

findings give some insight that even in a very complex urban emission and changing

urban emission composition (for instance Los Angeles anthropogenic+biogenic emission
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Figure 4.5: (a-f) The ON composition profiles in the gas phase and particle phase for selected

chamber experiments (i.e., limonene, VCPs, and Los Angeles anthropogenic+biogenic emis-

sion experiments in daytime and nighttime conditions) when SOA formation has been reached.

Experiments replicating diesel, gasoline, and cooking emission profiles are not compared

since the nighttime experiments were not conducted for these profiles. The profiles show the

signal fraction from the total signal intensity of detected species (y-axis) from either amine-ToF

or NH +
4 -Vocus measurements in the gas phase and WALL-E measurements in the particle

phase as function of the number of carbon (x-axis). The plots only include compounds with at

least one nitrogen atom and three oxygen atoms. The color of the bars represents the signal

fraction of compounds with a given number of oxygen atoms for each carbon number to all

considered species in an individual experiment.
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scenario vs. future city anthropogenic+biogenic emission scenario), BVOCs have a large

impact shaping the ON species distribution in the bulk aerosol composition.

Observed vs. theoretical gas-particle partitioning coefficient (Kp,ON)

We compare the observed Kp,ON at equilibrium (calculated using Eq. 4.6) for the

different chamber experiments as a function of the average temperature in the chamber

under equilibrium conditions (Teq,avg) in Fig. 4.6. We visualize the results in this way

because Kp,ON depends on temperature. A summary of Kp,ON values, concentrations,

and temperatures used for the calculations for all experiments can be found in Tables

S6 and S7 in the Supplement of Nursanto et al. (2026).

We found that the nighttime experiments of limonene precursor, VCP mixtures, Los

Angeles emission profile, and Los Angeles anthropogenic+biogenic emission profile

have higher Kp,ON values compared to the daytime experiments with the same precursor.

Similarly to the trend of the particle-to-gas ratio, lower chamber temperatures and

higher RHs under nighttime conditions enhance the condensation of chemical species

to the particle phase. This may seem biased since the daytime experiments are never

done at lower temperature (and vice versa). However, we highlight that nighttime

temperatures are lower than daytime temperatures in the real world as well, so that

these results represent realistic scenarios. Furthermore, when we examine the Kp,ON

values at temperatures between 24 oC and 27 ◦C, for which both daytime and nighttime

experiments were conducted, we see that the trend of higher Kp,ON for nighttime

experiments compared to daytime experiments still holds for similar temperatures. The

uncertainty range also overlaps minimally between the Kp,ON values. This indicates

that the difference in Kp,ON between nighttime and daytime conditions is due not only

to temperature differences, but also to actual differences in chemical pathways, leading

to the production of lower volatility and more oxygenated ON compounds under

nighttime conditions.

The ON species shown in Fig. 4.6 to calculate the theoretical Kp,ON values using the

SIMPOL.1 group contribution method (Eq. 4.7) are chosen as a comparison with the

observed Kp,ON (calculated using Eq. 4.6). It should be noted that the ON compounds

presented in Fig. 4.6 could not be specifically identified with the analytical techniques

employed in this study; but are associated with the predominant m/Q values detected

by the instruments (see Fig. 4.5). Most of the chemical structures were taken from the

Master Chemical Mechanism, MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003;

Jenkin et al., 2003; Bloss et al., 2005; Jenkin et al., 2015), via www.mcm.york.ac.uk (last

accessed: 30 October 2025). Higher Kp,ON values are typically associated with more

oxygenated compounds and higher molecular weight, which lowers the compound’s

volatility. The purpose of showing the compounds is to contextualize the Kp,ON values

to the chemical structures, such as the bulk ON volatility, the oxygen number, and
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Figure 4.6: Scatter plot of Kp,ON against the average chamber temperature at equilibrium

(Teq,avg) for various urban VOC-NOx mixture experiments, color-coded by daytime and night-

time conditions. The whiskers represent ±46 % uncertainty (one standard deviation) of

the bulk Kp,ON. The grey dashed lines show temperature-dependent theoretical Kp,ON cal-

culated using SIMPOL.1 method for various ON compounds, mostly from isoprene (e.g.,

NISOPOOH and dimer of NISOPOOH), α-pinene (e.g., NC101CO, APINBNO3), and limonene

(e.g., C928NO3, C1012NO3, LIMBNO3, NLIMOOH, LMKANO3, NLMKAOOH). The chemi-

cal structures are not observed from the measurements but based on the m/Q detected by the

instruments as comparison to the observed bulk Kp,ON. Chemical structures of selected ON

compounds are shown in and below the plot.

the molecular weight. The estimation of volatility to calculate Kp,ON using group

contribution methods is not without uncertainty, as different computational methods

provide a wide range of vapor pressures (Kurtén et al., 2016; Peräkylä et al., 2020).

Kurtén et al. (2016) pointed out the limited ability of group contribution methods to

distinguish between positional isomers, since the model only takes into account the



100 Gas-particle partitioning, molecular weight, and yield of organic nitrates

presence of functional groups in the structure. The volatility of compounds with a larger

number of functional groups is likely to be overestimated (Peräkylä et al., 2020; Räty

et al., 2021); increasing oxygenation of organic compounds was found to correspond

to a more gradual decrease in volatility than expected based on many existing models,

such as SIMPOL.

The range of observed Kp,ON of the bulk ON is found to be in the same magnitude as

theoretical Kp,ON values calculated using the SIMPOL.1 method for many ON species

formed from monoterpenes (e.g., LIMALNO3, C98NO3, C106NO3, NLMKAOOH,

LMKANO3, NLIMOOH, LIMBNO3, C1012NO3, C928NO3, APINBNO3; notations

from MCM) and ON species formed from long-chain aldehydes such as octanal and

nonanal (e.g., octanal hydroxy nitrate, nonanal hydroxy nitrate), known to also be an

important urban VOC precursor (Bowman et al., 2003; Coggon et al., 2024). These

compounds have Kp,ON values that range between those of isoprene-related species

(e.g., NISOPOOH, more volatile) and their dimers (e.g., dimer of NISOPOOH, less

volatile).

The match between the observed Kp,ON values and the theoretical bulk ON structure

is especially clear for the single-compound experiment using limonene, as limonene

nitrate products are expected (see their ON profiles in Fig. 4.5a,d). The nighttime

limonene experiment shows higher average Kp,ON values compared to the daytime

limonene experiment due to monoterpene dimers that have higher Kp,ON values. In

experiments with cooking emission profile, the observed Kp,ON values of the bulk ON

are similar to the theoretical Kp,ON values for the long-chain aldehyde nitrates and the

monoterpene nitrates. This likely occurs because the replicated VOC mixture from

cooking emission contains 66 % of aldehydes and 1 % of limonene, which are oxidized

into ON compounds.

The Kp,ON values for the bulk ON in the experiments with VOCs originating from gaso-

line and diesel emissions are also comparable to that of monoterpene-related ON species.

This is interesting even though these emission profiles do not contain any monoterpenes

in the VOC precursor mixture (∼50 % is alkene, and alkanes are the second highest

component). Fig. S6a,b in the Supplement of Nursanto et al. (2026) also shows that the

ON profiles of the experiment with diesel and gasoline emission replicas do not match

the ON profiles of the limonene precursor experiment. Thus, the bulk Kp,ON is most

likely determined by the mixture of higher volatility ON species (e.g., MXYLNO3 from

m-xylene, BZBIPERNO3 from benzene) and lower volatility ON species (e.g., C123NO3

from dodecane) that average to a volatility similar to monoterpene nitrates.

The VCP mixture and complex urban mixtures (Los Angeles emission replicas) also

have similar average Kp,ON values to the monoterpene-related nitrates, but the ON

profiles (see Fig. 4.5b,c,e,f and Fig. S6e,f in the Supplement of Nursanto et al. (2026))

resemble more the ON profile from the limonene experiments despite having only 1–6
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% monoterpenes in the precursor mixture. This can be related to the high reactivity of

limonene and α-pinene in the mixture. A higher contribution from C8 compounds can

also be observed in the nighttime ON profiles of these experiments (see Fig. 4.5e,f and

Fig. S6f in the Supplement of Nursanto et al. (2026)). This increase could be attributed

to the secondary oxidation products of pinene with very low volatility (e.g., C813NO3),

formed from pinene precursors that are present exclusively in VCPs and complex urban

precursor mixtures.

The above results indicate that the bulk volatility of total ON broadly agrees with the

individually detected chemical species using high-resolution chemical ionization mass

spectrometers. With the calibration and determination of compounds’ sensitivity for

each instrument, it may be possible to directly validate the agreement between the bulk

partitioning and a weighted average of the partitioning coefficients calculated for the

major species. These results also underscore the importance of monoterpenes in the

formation of pON during SOA formation in a complex urban mixture, where the bulk

volatility of ON behaves similar to monoterpenes.

We have presented the molar yield, molecular weight, and the gas-particle partition-

ing of bulk organic nitrate in different VOC-NOx precursor mixtures in the SAPHIR-

CHANEL chamber experiments. We observe the importance of unsaturated VOCs

(e.g., monoterpenes, isoprene, aldehydes, alkenes) in modifying the organic nitrate

molar yield, where higher yields are found in experiments with a higher percentage of

unsaturated VOC precursors in the precursor mixture. The yield is found to be 19 %

for experiments using limonene precursor, 11–21 % for experiments using VOCs from

traffic and cooking emission, and 2–7 % for experiments with VCPs and complex urban

mixture as precursors.

Regarding the particle phase organic nitrate, the characterization of the molecular

weight of bulk particulate organic nitrate based on signal intensity of chemical ionization

mass spectrometer shows that the average molecular weight is 258 g · mol−1 under

daytime conditions and 331 g · mol−1 under nighttime conditions. This difference

is mainly caused by the higher contribution of heavier compounds such as dimers

and lower contribution of lighter compounds from fragmentations during nighttime

organic nitrate formation. The mass fraction of particulate organic nitrate to the total

organic aerosol is enhanced by nighttime conditions (32–53 %) when the nitrate radical

chemistry is dominant, a factor of 2.6 to 4.5 higher compared to daytime conditions

(9–20 %) when the hydroxyl radical chemistry is dominant. The ozonolysis chemistry

may also have influence on these differences, but we expect the differences are due to

contrasting hydroxyl radical and nitrate radical chemistry. Overall, this finding provides

new insights in the average molecular weight of organic nitrate and its contribution

to SOA formation in realistic urban atmospheric mixtures. However, further analysis

is required that considers the instrument’s sensitivity across different organic nitrate
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compounds when determining the precise composition and molecular weight of bulk

particulate organic nitrate.

In gas-particle partitioning, we observe that the nighttime conditions (lower temper-

ature, high relative humidity, and nitrate radical chemistry) enhance the formation

of low-volatility organic nitrates that partition to the particle phase, which has been

observed in previous studies (Hallquist et al., 1997; Griffin et al., 1999; Spittler et al.,

2006; Ng et al., 2008; Fry et al., 2009; Fry et al., 2011; Rollins et al., 2009; Boyd et al., 2015;

Ng et al., 2017). This is represented by higher particle-to-gas ratios for experiments

under nighttime conditions (0.030–0.137) compared to daytime conditions (0.007–0.045).

From the organic nitrate profiles, we highlight that organic nitrate formation occurs

across a wide range of gas phase species for every VOC precursor mixture, mainly with

lower oxygenation (3–8 oxygen atoms). However, only species with a volatility similar

to or lower than that of monoterpene nitrates mainly with higher oxygenation (>6 oxy-

gen atoms) are observed to partition into the particle phase. The observed gas-particle

partitioning coefficient, when treated as a bulk compound at equilibrium, shows that

the bulk organic nitrate is comparable to the calculated values of monoterpene-related

species using SIMPOL.1 method (10−4 to 10−2 m3
·µg−1 at 18–40 ◦C), regardless of

the complexity of the mixture. However, future studies should further investigate the

specific particulate organic nitrate composition. The observed partitioning does not

consider the thermal decomposition of organic nitrate compounds, and the chemical

speciation measurements by the chemical ionization mass spectrometers only report

signal intensity, not the concentration (sensitivity of each compound is uncertain). The

group contribution method also typically overestimates the volatilities of compounds

with higher oxygen numbers and is unable to distinguish positional isomers.

This work highlights the importance of biogenic VOCs and nighttime chemistry in

shaping the molecular weight and bulk volatility of ON in complex urban mixtures

with changing emission profiles (comparing Los Angeles, global cities, and future city

emission scenario). In general, these findings can help us to model organic nitrate

aerosol in complex urban atmospheres. This work provides the empirical information

regarding the diurnal contrast of bulk organic nitrate yield, molecular weight, SOA

mass fraction, and volatility, which can improve the accuracy of chemical transport

models. This information is needed for better predictions of how nitrogen reservoir

species will respond to a warming climate, which can affect urban air quality and nitrate

deposition on ecosystems.

4.4 Conclusions

We have presented the molar yield, molecular weight, and the gas-particle partition-

ing of bulk organic nitrate in different VOC-NOx precursor mixtures in the SAPHIR-

CHANEL chamber experiments. We observe the importance of unsaturated VOCs
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(e.g., monoterpenes, isoprene, aldehydes, alkenes) in modifying the organic nitrate

molar yield, where higher yields are found in experiments with a higher percentage of

unsaturated VOC precursors in the precursor mixture. The yield is found to be 19 %

for experiments using limonene precursor, 11–21 % for experiments using VOCs from

traffic and cooking emission, and 2–7 % for experiments with VCPs and complex urban

mixture as precursors.

Regarding the particle phase organic nitrate, the characterization of the molecular

weight of bulk particulate organic nitrate based on signal intensity of chemical ionization

mass spectrometer shows that the average molecular weight is 258 g · mol−1 under

daytime conditions and 331 g · mol−1 under nighttime conditions. This difference

is mainly caused by the higher contribution of heavier compounds such as dimers

and lower contribution of lighter compounds from fragmentations during nighttime

organic nitrate formation. The mass fraction of particulate organic nitrate to the total

organic aerosol is enhanced by nighttime conditions (32–53 %) when the nitrate radical

chemistry is dominant, a factor of 2.6 to 4.5 higher compared to daytime conditions

(9–20 %) when the hydroxyl radical chemistry is dominant. The ozonolysis chemistry

may also have influence on these differences, but we expect the differences are due to

contrasting hydroxyl radical and nitrate radical chemistry. Overall, this finding provides

new insights in the average molecular weight of organic nitrate and its contribution

to SOA formation in realistic urban atmospheric mixtures. However, further analysis

is required that considers the instrument’s sensitivity across different organic nitrate

compounds when determining the precise composition and molecular weight of bulk

particulate organic nitrate.

In gas-particle partitioning, we observe that the nighttime conditions (lower temper-

ature, high relative humidity, and nitrate radical chemistry) enhance the formation

of low-volatility organic nitrates that partition to the particle phase, which has been

observed in previous studies (Hallquist et al., 1997; Griffin et al., 1999; Spittler et al.,

2006; Ng et al., 2008; Fry et al., 2009; Fry et al., 2011; Rollins et al., 2009; Boyd et al., 2015;

Ng et al., 2017). This is represented by higher particle-to-gas ratios for experiments

under nighttime conditions (0.030–0.137) compared to daytime conditions (0.007–0.045).

From the organic nitrate profiles, we highlight that organic nitrate formation occurs

across a wide range of gas phase species for every VOC precursor mixture, mainly with

lower oxygenation (3–8 oxygen atoms). However, only species with a volatility similar

to or lower than that of monoterpene nitrates mainly with higher oxygenation (>6 oxy-

gen atoms) are observed to partition into the particle phase. The observed gas-particle

partitioning coefficient, when treated as a bulk compound at equilibrium, shows that

the bulk organic nitrate is comparable to the calculated values of monoterpene-related

species using SIMPOL.1 method (10−4 to 10−2 m3
·µg−1 at 18–40 ◦C), regardless of

the complexity of the mixture. However, future studies should further investigate the

specific particulate organic nitrate composition. The observed partitioning does not
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consider the thermal decomposition of organic nitrate compounds, and the chemical

speciation measurements by the chemical ionization mass spectrometers only report

signal intensity, not the concentration (sensitivity of each compound is uncertain). The

group contribution method also typically overestimates the volatilities of compounds

with higher oxygen numbers and is unable to distinguish positional isomers.

This work highlights the importance of biogenic VOCs and nighttime chemistry in

shaping the molecular weight and bulk volatility of ON in complex urban mixtures

with changing emission profiles (comparing Los Angeles, global cities, and future city

emission scenario). In general, these findings can help us to model organic nitrate

aerosol in complex urban atmospheres. This work provides the empirical information

regarding the diurnal contrast of bulk organic nitrate yield, molecular weight, SOA

mass fraction, and volatility, which can improve the accuracy of chemical transport

models. This information is needed for better predictions of how nitrogen reservoir

species will respond to a warming climate, which can affect urban air quality and nitrate

deposition on ecosystems.







Chapter 5

How do the chemical composition of

emissions and meteorology influence

inorganic and organic nitrate aerosol

formation in the Netherlands?



108
Influence of emission signature and meteorology

on nitrate aerosol formation

Abstract

In an atmosphere dominated by high concentrations of nitrogen oxides (NOx =

NO+NO2) and ammonia (NH3), it is important to determine the lifetime of reactive

nitrogen, which determines its transport distance before deposition. This lifetime is

expected to depend on the speciation of inorganic/organic nitrate and gas-particle

partitioning of organic nitrate (ON). By combining continuous measurements of meteo-

rological parameters and ambient gas-phase and particle-phase compounds, we address

the variability in reactive nitrogen composition of nitrate aerosol pollution episodes

observed in Cabauw, a centrally located rural research station that receives airmasses

from across the Netherlands. The volatility differences of semi-volatile ammonium

nitrate and less-volatile ON to changing seasons are shown to play a key role in modi-

fying the inorganic/organic nitrate aerosol speciation and the total particulate nitrate

concentrations. The high frequency of pollution episodes with nitrate concentration

>0.8 µg · m−3 during winter (Oct–Feb) is accompanied by lower total ON mixing ratios

(2–4 ppb) and lower particulate ON fraction of total nitrate (14–43 %) compared to

summer (Mar–Sep; 7–11 ppb; 30–58 %). This trend is associated with a nitric acid

(HNO3)-dominated regime in winter. Weaker solar radiation limits ON formation. In

contrast, lower temperatures favor condensation of semi-volatile ON and ammonium

nitrate. An organic nitrate (RONO2) regime becomes more important in summer in

addition to HNO3, due to higher temperatures and solar radiation. Slightly over 50%

of the nitrate pollution episodes are associated with urban coastal airmasses that have

lower particulate ON fractions but higher total nitrate concentrations due to the shorter

transport distance from the NOx emission hotspot to the west. Continental plumes

transported from the east are characterized by aged aerosols with higher particulate ON

fractions but lower total nitrate concentrations. With this study, we show that in order

to assess the impact of emission reduction strategies that target nitrate aerosol reduc-

tion, seasonality of the chemical regime should be considered. The varying influence

of emissions from different source regions highlights the importance of international

cooperation in emission reduction strategies.
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5.1 Introduction

Northwestern Europe is a major hotspot for reactive nitrogen emissions. As the main

reduced nitrogen species, ammonia (NH3) is emitted from agricultural fertilizer use,

livestock, industries, and exhaust from vehicles with catalytic converters (Groot Ko-

erkamp et al., 1998; Galloway et al., 2003; Erisman et al., 2007; Skjøth and Hertel, 2013;

Wen et al., 2023). Oxidized nitrogen species come mainly from vehicles and industry

through oxidation of N2 during fuel combustion, emitting nitrogen oxides (NOx = NO +

NO2) (Eyring et al., 2010; Johansson et al., 2017; Crippa et al., 2018; Fortems-Cheiney

et al., 2021). Some of the major ports in Europe are located in this region (e.g., port of

Rotterdam, port of Antwerp, Schiphol Airport, and Frankfurt Airport), contributing sub-

stantially to NOx emissions (Valastro et al., 2023; Tokaya et al., 2024). In the Netherlands,

NH3 accounted for emissions of 100 Gg · N · y−1 in 2022, with 87 % originating from

agricultural activities (CBS, 2024; Staats et al., 2025). For NOx, emissions reached 49

Gg · N · y−1 in 2022, with the transportation sector accounting for 57 % of the emissions

(CBS, 2024; Staats et al., 2025).

Figure 5.1: Chemical reactions showing the dominant fates of NOx as NH4NO3 and RONO2

in the atmosphere during daytime and nighttime.
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NOx has several fates, as shown in Fig. 5.1. The reaction of NO2 with OH converts

NOx emissions to nitric acid (HNO3) that can then form ammonium nitrate (NH4NO3)

with NH3 in equilibrium as secondary inorganic aerosol (SIA). Due to the decrease

in sulfur oxide (SOx) emissions in the Netherlands (Velders et al., 2011), this pathway

is increasingly important relative to ammonium sulfate ((NH4)2SO4) formation. Re-

ductions in both SOx and NOx emissions also result in the increase of gas-phase NH3

concentration in the atmosphere, modifying its chemistry, lifetime, and deposition

(Fagerli and Aas, 2008; Huang et al., 2011; Saylor et al., 2015; Lawal et al., 2018; Chen

et al., 2019; Davuliene et al., 2021). Under nighttime conditions, nitrate radical (NO3 )

formed from NO2 build up due to lack of photolysis, which is then further transformed

into nitrogen pentoxide (N2O5) which can be hydrolyzed into HNO3 to form NH4NO3.

NOx can also react with organic radicals (ROx ) from the oxidation of volatile organic

compounds (VOCs) to form organic nitrates (RONO2 or ONs) as a gas-phase species,

which can subsequently condense to become a component of secondary organic aerosol

(SOA). At night, the ON formation pathway from the reaction between NO3 and VOCs

is more prevalent. Both NH4NO3 and ONs are reservoir species that allow efficient

reactive nitrogen transport away from source regions followed by (wet) deposition to

remote ecosystems or potential re-release of gas-phase NOx.

Although the gas-particle partitioning of NH4NO3 is well established in simulations

(Fountoukis and Nenes, 2007; Aan de Brugh et al., 2012; Aan de Brugh et al., 2013;

Barbaro et al., 2015; Kelly et al., 2018; Lin et al., 2024), there is less knowledge about the

gas-particle partitioning of ONs, since ONs encompass many different compounds with

high temporal and spatial variability. Studies have shown that the average fraction of

particulate organic nitrate (pON) in the total nitrate aerosol (pNO3) in Europe is 34–44

% (Kiendler-Scharr et al., 2016), reaching up to ∼60 % in the Netherlands (Nursanto

et al., 2025). Studies in the United States have shown that as NOx declines with emis-

sion reduction efforts, the NOx sink to ON is becoming more important compared to

NH4NO3 due to the abundance of biogenic VOCs (Browne and Cohen, 2012; Hidy et al.,

2014; Simon et al., 2015). A study shows that NOx loss and atmospheric composition

in the southeastern United States over recent decades generally shifted from HNO3-

dominated regime towards RONO2-dominated regime due to higher VOC reactivity

and low NO2 reactivity (Romer Present et al., 2020). We expect similar processes to shift

gas-particle partitioning of nitrate compounds in the Netherlands.

When an ON compound has low volatility or is soluble in water, it can condense in the

particle or aqueous phase and extend the multiphase chemical lifetime ranging up to 97

h (González-Sánchez et al., 2023), longer than the lifetime of gas-phase NOx of 2–8 h

in polluted areas (Singh, 1987; Lange et al., 2022). With the increasing importance of

the RONO2 chemical regime, ON compounds can transport NOx further downwind

from dense urban or port areas to nature areas (Romer et al., 2016; Xiong et al., 2016;

Romer Present et al., 2020), impacting remote ecosystems and human populations. This
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includes destructive effects on natural habitats (Erisman et al., 2011; Swaluw et al., 2011;

Wamelink et al., 2013; Le Moal et al., 2019) and the deterioration of public health due to

pollution or haze episodes (Erisman et al., 2015; Pope et al., 2020; De Vries, 2021; Hang

et al., 2022).

The conversion of NH3 and NOx to NH4NO3 has been the focus of most nitrogen depo-

sition studies, while the chemistry of ONs is less well established. The LOTOS-EUROS

(v1.8) chemical transport model with missing process descriptions for reactive nitrogen

species and SOA showed 40 % underestimation of total particulate matter <10 µm

(PM10) and 20 % underestimation of particulate nitrate concentration (assumed to be

inorganic nitrate) in the Netherlands (Kranenburg et al., 2013). Some of these missing

descriptions are addressed in the later version of LOTOS-EUROS (v2.0), which reduces

the underestimation but still needs improvements (Manders et al., 2017). This discrep-

ancy likely stems from a simplified representation of ON gas-particle partitioning that

involves diverse VOC precursors. Controlled chamber experiments using replicas of

urban air mixture conducted during the CHANEL (Household Chemicals Amplifying

Urban Aerosol Pollution) campaign in the SAPHIR (Simulation of Atmospheric Photo-

chemistry in a Large Reaction Chamber) revealed that the gas-particle partitioning of

organic nitrates is dynamic. The study demonstrated that the bulk volatility of organic

nitrates resembles the volatility of monoterpene-related nitrates and varies depending

on the VOC precursor composition and oxidation chemistry taking place (e.g., daytime

vs. nighttime conditions) (Nursanto et al., 2026).

To address the knowledge gap in nitrate gas-particle partitioning, we aim to charac-

terize the ambient atmospheric composition of nitrate aerosol in the Netherlands. We

evaluate the formation pathways of particulate nitrate at a central Netherlands rural

site (Cabauw) as a function of season, time of the day, and wind direction. We investi-

gate the gas-particle partitioning of organic nitrate to understand how much organic

nitrate contributes to SOA formation. By using a bulk ON gas-particle partitioning

coefficient (Kp,ON), we can identify candidate organic nitrate species in the bulk com-

position, based on comparison with theoretical group contribution theory estimates of

Kp,ON. We focus on the gas-particle partitioning of ON during pollution events due to

their role in air quality degradation. This focus on pollution events is also convenient

because it ensures that we are well above the detection limit of instruments, and that

we are representing the partitioning equilibrium under stable atmospheric conditions.

Using year-long field measurements of total oxidized nitrogen species (NOy = NOx +

NOz), gas and aerosol chemical composition, alongside the Copernicus Atmospheric

Monitoring Service (CAMS) data set, we aim to capture the variability in pathways

of nitrate aerosol formation in the Netherlands and how other chemical species affect

its formation. With this, we hope to bridge the observational knowledge gap and to

support improved nitrogen deposition simulations (e.g., Operational Priority Substance

(OPS) model (Sauter et al., 2025)).
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5.2 Methods

5.2.1 Site description

Measurements were performed at the Cabauw tower (51.97 ◦N, 4.93 ◦E), managed and

operated by the Royal Netherlands Meteorological Institute (KNMI; the Netherlands)

(see Fig. 5.2). The tower is located near Cabauw, the Netherlands, approximately 18

km southwest of city of Utrecht city, 31 km east of the city of Rotterdam, 45 km south

of Amsterdam, and 45 km southeast of the Dutch North Sea coast. East and south

of the site are regions that consist mainly of forests, agricultural lands, and animal

farms (CBS, 2022). The Cabauw site itself is rural and is surrounded by agricultural

lands, located in the center of the country. Air composition at Cabauw is influenced by

different emission mixtures, making it advantageous to study nitrate aerosol formation

as a function of different precursors. Airmasses from the coastal region bring emissions

from urban centers known as the Randstad, which includes the port of Rotterdam

(Europoort-Maasvlakte, the largest in Europe), industrial areas, and an international

airport (Schiphol), that are hotspots of NOx emissions. Since these emission areas

are nearby, it is more likely for NOx from the coastal region to reach the Cabauw

measurement site. In contrast, trajectories from inland bring airmasses from continental

Europe (with cities and industries further away) as well as traveling over nature areas

that have higher biogenic VOC emissions such as isoprene and monoterpenes (Oomen

et al., 2024).

Table 5.1: Summary of meteorological conditions categorized into summer (Mar–Sep) and

winter (Oct–Feb) periods.

Season Period Length Temperature Global radiation Precipitation

(◦C) (W · m−2) (mm)

Summer Apr–Jul 2023 207 d Mean: 15 Mean: 206 Monthly mean:

Mar–Apr 2025 (∼7 mo) Min: -4 Max: 914 41

Jul–Sep 2025 Max: 32

Winter Oct 2024– 117 d Mean: 6 Mean: 39 Monthly mean:

Feb 2025 (∼4 mo) Min: -5 Max: 492 67

Max: 19

The data set in this study contains overlapping observations of aerosol chemical spe-

ciation monitor (ACSM) and total NOy from 18 April 2023 to 23 July 2023, 21 October

2024 to 27 April 2025, and 11 July 2025 and 4 September 2025 (total 324 d excluding

measurement gaps). Weather data were retrieved from the Royal Netherlands Meteoro-

logical Institute (KNMI; https://www.knmi.nl/home, last access: 8 October 2025), which

includes net radiation, wind parameters, and temperatures. The data set is divided

into two seasons, consisting of March–September for summer and October–February



5.2 Methods 113

Figure 5.2: Plot (a) shows the locations of the Cabauw site (main site, star symbol) and

Zegveld-Oude Meije site (NH3 measurements, full black dot) in central Netherlands, and

plots (b) and (c) show average wind roses for summer and winter months (2023–2025 with

gaps). The big cities and ports, i.e., Amsterdam, Rotterdam, Europoort-Maasvlakte, Schiphol

Airport, are situated within the Randstad, a region where most urban and industrial activities

take place in the country. Coastal airmasses from the North Sea pass over the Randstad,

bringing pollutants from urban and shipping emissions. In contrast, the inland Dutch regions

contain more nature areas, agricultural lands, and animal farms. The continental airmasses

are associated with more BVOC emissions and bring pollutants transported from neighboring

countries and other inland regions.

for winter, providing seasonal variations. These periods are considered to match the

trend of higher NH3 concentration during summer, related to agricultural activities
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(Vendel et al., 2023) and the authorization of manure applications during this period.

The diurnal variability is also considered, where the nighttime and daytime conditions

are differentiated based on radiation. Temperatures, global radiation, precipitation,

and average wind frequency are shown in Table 5.1. The summer and winter had

mean temperatures of 15 and 6 ◦C, respectively, while the mean global radiation is

206 W · m−2 and 492 W · m−2, respectively. The average monthly precipitation was

the highest in winter (67 mm as monthly mean), and the lowest in summer (41 mm as

monthly mean). The wind direction was distributed more evenly into different wind

sectors in summer, while southwesterly and southerly wind sectors were more frequent

during winter.

5.2.2 Aerosol chemical speciation monitor (ACSM)

The Aerodyne time-of-flight aerosol chemical speciation monitor (ToF-ACSM) measures

non-refractory organics, ammonium, nitrate, sulfate, and chloride in the particle phase.

The details of the instrument are described in Fröhlich et al. (2013). Ambient air is

sampled at 4.5 m height through a stainless-steel inlet system equipped with a PM2.5

size-cut cyclone (URG-2000-30ED) and a Nafion dryer, with a flow rate of ∼2 L · min−1.

The intermediate-pressure lens (IPL) is used as an aerodynamic lens, which allows

the transmission of particles in the PM2.5 fraction (Xu et al., 2017). The instrument is

equipped with a capture vaporizer (CV) instead of a standard vaporizer (SV) to increase

the particle collection efficiency (CE) (Jayne and Worsnop, 2016). The CV increases

particle collision by having a narrow entrance and therefore increases contact with the

hot vaporizer surface, minimizing non-evaporated particles and resulting in CE = 1

(Hu et al., 2017). However, it causes fragmentation patterns to shift towards smaller ion

masses due to additional thermal decomposition (Hu et al., 2017; Xu et al., 2017; Zheng

et al., 2020). The combination of the PM2.5 size-cut cyclone, the PM2.5 aerodynamic lens,

and the CV allows the ToF-ACSM to be a PM2.5 measurement (Xu et al., 2017).

The ToF-ACSM provides unit mass resolution (UMR) mass spectra with a 10 min time

resolution, which are analyzed using Tofware v3.3 in Igor Pro 8. The fractions of mea-

sured UMR signals were assigned to individual aerosol species using the fragmentation

table (Allan et al., 2004). The fragmentation table entry for selected Org and NO3 masses

(Org_[30], NO3_[30], Org_[46], and NO3_[46]) are updated according to the general

fragmentation table adapted for CV-UMR-ToF-ACSM (Nursanto et al., 2025). Several

calibrations were performed throughout the deployment of the instrument to determine

the ionization efficiencies of the chemical species. The calibrations of the ionization

efficiency (IE) and relative IE (RIE) were performed using 300–350 nm diameter par-

ticles from pure ammonium nitrate (NH4NO3) and ammonium sulfate ((NH4)2SO4)

dissolved in aqueous solutions. Since the data set encompasses a long period and the

instrument’s detector has been replaced, different calibration parameters and detection



5.2 Methods 115

limits are used for two periods, 2023 and 2024–2025 (see Table A.1 and Table A.2 in the

Appendices).

5.2.3 Total NOy and other gas phase species measurements

A trace-level chemiluminescent NOx monitor (Thermo 42iQTL) equipped with a modi-

fied NOy inlet was deployed to measure the total NOy concentration in the experiments.

The instrument and the custom inlet setup have been described in detail in previous

work (Marsavin et al., 2023; Nursanto et al., 2026). The chamber air is sampled through

a 1.2 m Teflon tube (1/4" or 6.4 mm outer diameter, 4.0 mm inner diameter), as short

as possible to prevent wall losses of adsorbed NOy species (Neuman et al., 1999). The

sampled air then enters the external NOy inlet box, which consists of a NO2-to-NO

molybdenum converter (scavenged from Thermo 17i) and a temperature controller

(Omega CN616A) to adjust the converter temperature. Through the converter, the NOy

species are pre-reduced into NO which then flows through a longer inlet line to the

chemiluminescence detector. The converter is operated at 350 ◦C. The line then goes

to the instrument through a 3 m Teflon tube (same diameters as the previous one) and

passes through a filter paper (PTFE (polytetrafluoroethylene), TE 38, WhatmanTM) to

filter out residual particles. The instrument uses an external pump to draw air sample

at a flow rate of 1 L · min−1. The chemiluminescence NOx instrument measures NOy as

NO with 1 min time resolution. The instrument was calibrated with and without the

NOy inlet using a standard NOx cylinder, where the instrument’s sensitivity remains

relatively stable (±8 %) (Nursanto et al., 2026). The conversion efficiencies at 350 ◦C

are (104 ± 5)% for RONO2, (94 ± 2)% for NH4NO3, and no (NH4)2SO4 formed through

spurious conversion of NH +
4 to NOx was detected. Total NOy may include some other

NOz species such as HNO3 (Baylon et al. (2015) reported 95 % conversion efficiency)

and HONO (Fehsenfeld et al., 1987). However, the detection efficiency of HNO3 also

depends on the inlet line because it can be absorbed by the tubing (Neuman et al., 1999;

Day et al., 2002; Keehan et al., 2020).

In addition to the total NOy measurements, the mixing ratios of NOx, O3, and sulfur

dioxide (SO2) in Cabauw were acquired from the open-source data of Landelijk Meetnet

Luchtkwaliteit (LML; https://www.luchtmeetnet.nl, last access: 19 January 2026). The

mixing ratios of NH3), also obtained from LML, were from the Zegveld-Oude Meije

station, 20 km to the north of the Cabauw station (see Fig. 5.2a).

5.2.4 Extraction of organic nitrate concentrations from NOy and ACSM

The co-located and simultaneous total NOy and ACSM measurements allow the determi-

nation of gas phase ON (gON) mixing ratio and particle phase ON (pON) concentration,

allowing direct determination of bulk gas/aerosol partitioning of ON. The mixing ratio

of gON is obtained by subtracting NOx and total pNO3 from the measured total NOy
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mixing ratio as hourly averages, described in Eq. 5.1. The NOx data was obtained from

LML and the total pNO3 is from the ACSM observation (which includes NH4NO3 and

pON but not refractory nitrates such as sodium nitrate (NaNO3) and calcium nitrate

(Ca(NO3)2)).

CgON = CNOy
− CNOx

− CpNO3,ACSM (5.1)

CgON : mixing ratio of gas phase ON

CNOy
: mixing ratio of total NOy (converter temperature at 350 ◦C)

CNOx
: mixing ratio of NOx

CpNO3
: mixing ratio of total pNO3 (inorganic+organic), measured by ACSM

We assume that the contributions of species other than NOx, gON, and pNO3 contribute

negligibly to the total NOy. As mentioned previously, HNO3 and HONO should be

included as NOz in the total observed NOy, but there were no continuous overlapping

measurements of these compounds and total NOy. However, comparison of the mixing

ratio of total NOy with HNO3 and HONO from SAPHIR-CHANEL chamber experi-

ments in Nursanto et al. (2026) suggests that the concentrations of HNO3 and HONO

are (7±6) % and (3±2) % of the total NOy during SOA formation (mean±standard devi-

ation), negligible compared to NOx and pNO3. However, we state this with caution, as

the concentrations of HNO3 and HONO may be lower or higher than the mean. Hence,

the reported ON concentration represent the upper limit concentration of gas-phase

ONs.

The NO +
x ratio method is used to speciate the nitrate signal into particulate ammonium

nitrate (NH4NO3) and particulate organic nitrate (pON) from an ACSM (Nursanto et al.,

2025). This method is based on the difference in the fragmentation patterns between

RONO2 and NH4NO3 in the mass spectrometer’s vaporizer and ionizer (Farmer et al.,

2010; Day et al., 2022a), which results in different NO +
2 /NO+ ratios (referred to as

NO +
x ratios, or Rν in Eq. 5.2). The NO +

x ratio of the observed ambient air (Robs) varies

between the NO +
x ratios of pure NH4NO3 (RpAmN) and pure pON (RpON). The temporal

variations of pON mass fraction to the total particulate nitrate ( fpON) can be determined

from Robs using Eq. 5.3, which is used to calculate the concentration of pON (CpON)

from the concentration of total pNO3 (CpNO3,tot) in Eq. 5.4.

Rν =
(CNO +

2
)ν

(CNO+)ν

(5.2)

fpON =
(Robs − RpAmN)(1 + RpON)

(RpON − RpAmN)(1 + Robs)
(5.3)

CpON = fpON · CpNO3,tot (5.4)
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ν: nitrate compound or mixture measured

CNO +
2

: signal intensity of NO +
2

CNO+: signal intensity of NO+

The adapted NO +
x ratio method for CV-UMR-ToF-ACSM has been described in detail in

Chapter 3 (Nursanto et al., 2025). The method is applied for 60 min time averaging, to

match the time resolution of the rest of the data set from LML, as well as to decrease the

uncertainty of the NO +
x ratio method. The adapted NO +

x ratio for CV-UMR-ToF-ACSM,

has been shown to analyze organic nitrate composition with uncertainty of fpON <10

% for total pNO3 concentration > 4 µg · m−3 and ∼30 % for total pNO3 concentration

< 1 µg · m−3 by performing data filtering and averaging to 60 min (Nursanto et al.,

2025).

5.2.5 Defining pollution episodes and airmass origins

In this study, a nitrate pollution episode is defined as an increase of particulate nitrate

concentration, which leads to a pollution peak or a plateau of high concentrations that

can last from several hours to days. A pollution episode begins with a low concentration

of pollutants, followed by a growth period due to pollutant transport and/or accumu-

lation in the nocturnal boundary layer, and ends with a meteorological condition that

removes the pollution (Luo et al., 2022). In addition to its impact on the environment,

pollution episodes are periods when the signal-to-noise ratio of the measurements is

adequate for analysis. We use total pNO3 concentration as a selection parameter to

indicate a pollution episode, where a minimum of 0.8 µg · m−3 pNO3 as peak or plateau

(relative to pre-episode) is considered as an episode. The minimum pNO3 concentra-

tion is decided from the signal limit of NO+ used for NO +
x ratio method in this study

(calculation is described in Table A.2 in the Appendices).

To assign the airmass origin of each nitrate pollution episode, we used the NOAA

(National Oceanic and Atmospheric Administration) HYSPLIT (Hybrid Single-Particle

Lagrangian Integrated Trajectory) v5.4.2 model (Stein et al., 2015) by running 48 h

backward trajectories. Back trajectories were calculated in reference to meters above

model ground level (a.m.g.l.) using 0.25o
× 0.25o resolution meteorological data from

the Global Forecast System (GFS) containing sigma-pressure hybrid level forecast model

output. The ambient air was sampled at ∼5 m height, and thus the trajectories were

initiated at a starting height of 100 m above ground level (assumed within a well-

mixed boundary layer) and when the peak of the nitrate pollution episode is reached.

Furthermore, clustering analysis was performed on the back trajectories to cluster

individual nitrate pollution episode origin into different wind sectors. The last 12 h of

the back trajectories were used in the clustering to capture airmass inside the Dutch

border and the region surrounding it.
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5.2.6 Gas-particle partitioning of organic nitrate

The partitioning of an organic compound i between the gas and particle phases is

defined by the absorption of organic compounds into existing particles. The partitioning

occurs in a certain proportion according to the compound’s properties (e.g., chemical

structure, functional groups), where the low-volatility organic compounds (LVOCs)

are more favorable to condense onto the particle-phase. The proportion in the gas

and particle phases is expected to reach an equilibrium for a given compound at a

given temperature. Therefore, calculating this equilibrium constant in an atmospheric

mixture can help us understand the typical organic species that are present in the

atmosphere. This gas-particle partitioning can be quantified using the partitioning

coefficient based on the volatility of the compound i (Kp,i), as expressed in Eq. 5.5

(Pankow, 1994; Pankow and Asher, 2008). The partitioning coefficient is proportional

to the particle-to-gas concentration ratio (Cp,i/Cg,i) and inversely proportional to the

absorptive mass of PM (the total mass concentration of PM2.5 is determined from the

total ACSM species mass concentration).

Kp,i =
Cp,i

Cg,i
·

1

mtot
(5.5)

Kp,i: gas-particle partitioning coefficient by volatility (m3
·µg−1)

Cp,i: concentration/mixing ratio of i in the particle-phase

Cg,i: concentration/mixing ratio of i in the gas-phase

mtot: total absorptive mass of PM (µg · m−3)

When expressed thermodynamically in Eq. 5.6, Kp,i is a function of the temperature

(T), the vapor pressure of i (po
L,i), and the composition of the organic matter, expressed

as the molecular weight (MWom) and the activity coefficient (ζ). By estimating the

pure liquid vapor pressure of i at temperature T with a given MWom and ζ, Kp,i can be

theoretically calculated using a group contribution method, for example, SIMPOL.1

from Pankow and Asher (2008). Then, this theoretical Kp,i can be compared to the

observed Kp,i to deduce the typical organic compounds formed and characterize the

aggregate properties of the SOA mixture (Brownwood et al., 2021).

Kp,i =
760 · R · T · fom

106
· MWom · ζ · po

L,i

(5.6)
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R: ideal gas constant (0.082 L · atm · K−1
·mol−1)

T: temperature (K)

fom: absorptive organic fraction of the PM

MWom: average molecular weight of the organic matter (g · mol−1)

ζ: activity coefficient of compound i in the organic matter

p0
L,i: pure liquid vapor pressure of i at T (atm)

conversion factors: 760 · Torr · atm−1 and 106
· µg · g−1

During a pollution episode, we characterize the volatility of the total ON at the maxi-

mum pON concentration (assumed to be an equilibrium condition) using Kp,ON. This is

described as the condition when the maximum concentration during a pollution has

reached its peak or plateau (the concentration is stable). With hourly time resolution,

this equilibrium can last for 1–3 h for each pollution episode. We compare the observed

partitioning coefficients to the theoretical Kp,ON (as a function of temperature), based

on an educated guess of ON structures from known VOC precursors that have been

identified in other studies. Through this comparison, we aim to assess what chemical

structures are consistent with the observed bulk gas-particle partitioning of ON.

5.3 Results and discussion

5.3.1 Seasonal and diurnal variability of episode frequency

We summarize the identified particulate nitrate episodes in Table 5.2, categorized by

season and time of day. The total pNO3 concentration during a nitrate pollution episode

varies between 0.8–19 µg · m−3. Nitrate pollution episodes occur more frequently during

the winter period with a frequency of 37 episodes mo−1, in contrast to 17 episodes mo−1

in the summer.

We interpret the seasonal variability of the episode number frequency as arising from

varying meteorological conditions and precursor emissions (BVOCs and reactive nitro-

gen), which modify the rates of formation of ammonium nitrate and ONs. In addition,

longer days and warmer temperatures during summer allow more convection, thus

distributing emissions over a deeper boundary layer, which reduces the likelihood of a

pollution episode (fewer episodes in summer).

In winter, despite lower photochemical activity, the frequency of nitrate pollution

episodes is higher. As days are shorter and nights are colder, nitrate radical chemistry,

an important pathway of organic nitrate formation that is associated with a high SOA

yield (Ng et al., 2017), is more prevalent during this period. The meteorological and

radiation conditions lead to longer lifetimes of nitrate radicals, thus increasing the

chance of ON formation, especially during night. Lower average temperatures also
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Table 5.2: Summary of particulate nitrate episodes in Cabauw, Netherlands, in terms of

episode number and monthly episode frequency, categorized by season and the time of the

day.

Season Summer (Mar–Sep) Winter (Oct–Feb)

Length of data (h) 4970 2808

Number of nitrate episodes 118 144

Episode frequency (mo−1) 17 37

Daytime occurrencea 50 % 41 %

Nighttime occurrencea 50 % 59 %
a Frequency of hours during nitrate pollution episode at given daytime/nighttime

over all studied episodes where the nitrate concentration has reached its maximum

and/or relatively constant for several hours during an episode.

favor the condensation of both HNO3 and oxidized organic vapors, increasing the

fraction of particulate nitrate and thus the number of pollution episodes. This seasonal

trend is also in line with the trend found when the episodes are categorized into

nighttime and daytime conditions. The nitrate episodes are more frequent at night with

more stable and shallower boundary layers (50–59 %) compared to day conditions when

more convection takes place (41–50 %).

5.3.2 Seasonal and diurnal variability of chemical species

While the episode frequency describes the chance of having a particulate nitrate episode,

the chemical composition is helpful to understand the underlying processes driving

those episodes that will impact the reactive nitrogen atmospheric lifetime and transport

distance from the source. We highlight the diurnal variability of different ambient

chemical species in Cabauw as seasonal averages in Fig. 5.3, which encompasses both

episode and non-episode periods (see Fig. A.1 in the Appendices for the standard

deviations). Average total PM2.5 concentrations (Fig. 5.3c–d) are found to be higher

during winter (8–10 µg · m−3, right axes) compared to concentrations during summer

(6–8 µg · m−3, right axes). During winter, less atmospheric mixing and a shallower

boundary layer lead to concentrated ground-level particulate matter pollution. The

trends of individual chemical species in the gas phase (expressed in mixing ratio, ppb)

and in the particle phase (expressed in mass concentration, µg · m−3) are shown in the

following sections.

Total oxidized nitrogen species (NOy) and ozone (O3)

The NOy mixing ratio, which includes NOx and reservoir species, has higher maximum

mixing ratio in summer (10–19 ppb), compared to winter (12–17 ppb) (Fig. 5.3a–b). This

seasonal trend is driven by greater conversion of NOx to various reservoir species in
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Figure 5.3: (a–b) Seasonal average (summer vs. winter) for the mixing ratios of various

gas-phase species (NOy, NOx, O3, NH3, and SO2) presented as diurnal cycle plots. (c–d)

Seasonal average for the mass concentration of particle phase species measured by ACSM

(PM2.5, including Org, SO4, NH4, Cl, and NO3) presented as diurnal cycle plots. (e–f) Seasonal

average for the mixing ratios of bulk ON in the gas-phase (gON), particle-phase (pON), and

sum of both phases (ON total). All species were measured at the Cabauw site except NH3

which was measured at the Zegveld-Oude Meije site.

summer like ON due to the increase of BVOC availability. This results in higher NOy

mixing ratio and lower NOx mixing ratio during summer (3–8 ppb) compared to winter

(9–13 ppb). The diurnal variability of NOx is mainly driven by the NOx photostationary

state cycling rate, which increases after sunrise and then decreases later during the

day, followed by rising O3 at noon (Fig. 5.3a–b). The morning peak is associated with

vehicular emission from the rush hour.



122
Influence of emission signature and meteorology

on nitrate aerosol formation

Ammonia (NH3), particulate ammonium (NH4), sulfur dioxide (SO2), and particulate sulfate

(SO4)

NH3 shows relatively higher mixing ratios in summer (10–17 ppb) compared to winter

(8–13 ppb). The higher NH3 mixing ratios are associated with the time of year when

manure spreading is authorized in the Netherlands (March–September, depending on

the type of agricultural soil), and stronger NH3 evaporation at warmer temperatures

(Van Zanten et al., 2017; Liu et al., 2018; Vendel et al., 2023). We observe a diurnal

pattern of NH3 in Zegveld since the site is surrounded by agricultural lands that act

as NH3 sources (similar to Cabauw). For comparison, in Solleveld, a coastal site in

the Netherlands surrounded by sand dunes, Vendel et al. (2023) only observed NH3

increase during the summer months when the wind came from the east (inland NH3

sources). The dependence of NH3 concentration on its distance to the point sources and

the prevailing regional meteorology has been shown by Schulte et al. (2021).

In contrast to NH3, the concentrations of particulate NH4 are only slightly higher

during winter (2.0–2.8 µg · m−3) compared to summer (0.8–1.7 µg · m−3). The higher

concentrations during winter occur due to lower temperatures that promotes particle-

phase condensation, as well as to maintain the ionic balance with increasing particulate

NO3 concentrations. This concentration trend demonstrates that NH3 is available in an

excess amount regardless of the season and does not act as a limiting reagent in SOx

and NOx sink. The diurnal variability of particulate NH4 follows rather the pattern of

particulate NO3 than particulate SO4 due to the low particulate SO4 to particulate NO3

concentration ratio. Moreover, it is likely that the relatively weak diurnal patterns of

NH4 and SO4 are driven by the excess NH3, which has been similarly observed by Lan

et al. (2024) in an urban site. SO2 mixing ratios are generally low throughout the year;

the mixing ratio varies between 0.1–0.4 ppb, slightly higher during summer. Like its

precursor (SO2), the concentrations of particulate SO4 remain low throughout the year

(0.6–1.1 µg · m−3) with a slightly higher concentrations during summer.

Total organic aerosol (OA), total organic nitrate (ON), and total particulate nitrate (pNO3)

The diurnal variation of the seasonal average of total Org concentrations in Cabauw

ranges from 3.0–3.5 µg · m−3 for summer and 2.8–4.2 µg · m−3 for winter (Fig. 5.3c–d).

The daytime OA concentrations are the highest during the summer period, which is

driven by the higher availability of BVOC precursors, stronger solar radiation, and more

active photooxidation. Meanwhile, the nocturnal OA concentrations are higher because

of the shallow boundary layer and lower temperatures, optimal for the accumulation

and condensation of low-volatility organic vapors into the particle phase. This effect is

more pronounced during winter due to the colder nights and the generally more stable

boundary layer.
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Figure 5.4: (a) The monthly average of pON fraction to total pNO3 ( fpON) from Cabauw obser-

vations. (b) Monthly average of NO2-to-VOC reactivity in logarithmic scale, calculated using

CAMS global reanalysis (European Centre for Medium-Range Weather Forecasts Atmospheric

Composition Reanalysis 4 or EAC4) dataset (Inness et al., 2019; Copernicus Atmosphere Mon-

itoring Service, 2020). Isoprene and monoterpenes are considered in the calculation. The rate

constants of NO2+OH and isoprene+OH are obtained from Burkholder et al. (2019), while

the rate constant of α-pinene+OH (for monoterpenes) is taken from the Master Chemical

Mechanism, MCM v.3.3.1 (Jenkin et al., 1997; Saunders et al., 2003) via www.mcm.york.ac.uk

(last accessed: 30 October 2025). See Section A.2 in the Appendices for the details of the

calculation. Panel (b) covers data set from Jan 2023 to Dec 2024, different but with some

overlaps with the ground-based measurements in panel (a) (see Table A.1 for measurement

periods in the Appendices).

While the range of total OA concentrations are similar during the summer compared

to the winter, we observe a larger seasonal difference for the total ON mixing ratio.

During winter, the diurnal variation of total ON mixing ratios ranges from 2–4 ppb,

while in summer, total ON mixing ratios vary from 7–11 ppb with a larger contrast

between daytime and nighttime. The highest mixing ratios of ON are observed during

the summer period, which is driven by the higher availability of BVOC precursors,

stronger solar radiation, and more active photooxidation. There is a strong summertime

overnight ON production, which is indicative of nighttime (NO3 +BVOC) chemistry

in a shallow nocturnal boundary layer. We observe that ON is more abundant in the

gas phase than in the particle phase, and does not strongly partition into the particle

phase during summer (Fig. 5.3e–f). The larger mixing ratio of gas phase ON relative to
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particle phase ON occurs in the summer because the average temperature is higher and

therefore, less sink of NOx exists in the form of pON compared to gON due to a stronger

evaporation. However, given the small the particulate fraction of ON for both summer

and winter periods, the larger mixing ratio of gas phase ON during summer is likely

contributed more by a stronger chemical production due to BVOC availability.

The range of total pNO3 concentrations in the winter period, 2.7–3.4 µg · m−3, is higher

than the concentrations in the summer period, 1.3–2.5 µg · m−3, as shown in Fig. 5.3c–

d. The diurnal pattern of pNO3 in each season is driven by the variability of NOx

and the semi-volatile properties of NH4NO3 (Huffman et al., 2009; Xu et al., 2015).

The concentrations of NH4NO3 (as pNO3) are higher during winter (2.0–2.7 µg · m−3)

than summer (1.3–2.1 µg · m−3). The enhancement of NH4NO3 formation in winter

is associated with a higher NOx mixing ratio and lower temperatures compared to

summer, causing less evaporation of NH4NO3 compared to the evaporation of pON.

Diurnally, NH4NO3 strongly contributes to the morning rush hour peak after sunrise,

around 6–9 UTC depending on the season. During this period, NH4NO3 is rapidly

produced from the photooxidation of NOx to HNO3 and reaction with NH3, and lost

around noon due to evaporation and the growth of the boundary layer height (Weber

et al., 2003; Hennigan et al., 2008; Xu et al., 2015).

Fig. 5.4a shows a lower monthly average of fpON (from Cabauw measurements) during

the winter period (14–43 %) compared to the summer months (30–58 %), indicating that

during the summer organic nitrates contribute more strongly to the total particulate

nitrate. The higher fpON in summer is related to the combination of enhanced ON

formation, as well as less evaporation of pON compared to NH4NO3 as discussed

earlier. These phenomena make the pNO3 formation by pON more dominant in summer

compared to in winter. In general, pON contributes less to the variability of total

pNO3, consistent with NH4NO3 typically being the more semi-volatile component. The

concentrations of pON (as pNO3) are also generally similar for summer and winter (0.5–

0.9 µg · m−3 or 0.2–0.3 ppb). We interpret this as being due to the compensating balance

between having a stronger source of BVOC as a precursor but also less partitioning of

ONs into the particle phase (Xu et al., 2015).

These phenomena demonstrate how the preference for inorganic and organic nitrate

formation modifies the amount of NOx sink as ON or NH4NO3, and how these nitrates

are partitioned between the gas phase and particle phase. The seasonal changes in

chemical composition are consistent with the ratio of NO2-to-VOC reactivity to OH

(NO2R/VOCR) shown in Fig. 5.4b (see Fig. A.2 for the time series of NO2 and VOCs in

the Appendices). We used the CAMS data set to calculate the reactivity ratio since it

covers a longer observation period that is not available from these measurements. Thus,

we conclude that the atmospheric NOx sink in Cabauw is under a HNO3-dominated

regime during winter (NO2R/VOCR >> 1) and the RONO2 sink is becoming more
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important in summer (NO2R/VOCR < 1). The abundance of BVOC emission causes

this trend, shifting the NOx sink towards the formation of ON instead of HNO3, which

is in line with the higher mixing ratio of total ON, higher pON concentration, and

higher fpON observed in summertime. In the context of the nitrogen crisis in the

Netherlands, it suggests that ONs, as part of the NOx sink, play more significant role in

nitrogen deposition especially in summer. While HNO3 readily deposit locally, ONs (in

addition to NH4NO3) can transport NOx further from their sources, spreading nitrogen

deposition over larger areas.

5.3.3 Gas-particle partitioning of ON during pollution episodes

We discussed the seasonal and diurnal variations of the total ON, gON, and pON as

shown in Fig. 5.3e–f in Section 5.3.2. Here, we further elaborate on how the partitioning

occurs specifically during the peak of nitrate pollution episodes. We can visualize

seasonal and diurnal variabilities for the bulk ON gas-particle partitioning by plotting

Kp,ON on the y-axis (see Fig. 5.5) against the temperature on the x-axis to show its

dependence on temperature.

Higher theoretical Kp,ON values (dotted grey line traces in Fig. 5.5, calculation based

on SIMPOL.1 method according to Pankow and Asher (2008)) typically correspond to

heavier molecules that have more carbon and oxygen atoms. These include compounds

such as dimers and highly oxidized organic nitrates containing several hydroperoxy or

carbonyl function groups with monoterpene backbone (e.g., NLIMALOOH, LMKANO3,

APINBNO3) or long-chain alkanes and aldehydes (e.g., C123NO3 from dodecane,

NONALOHNO3 from nonanal). Lower Kp,ON values include compounds that have

fewer carbon and oxygen atoms, such as isoprene nitrates and aromatic nitrates (e.g.,

BZBIPERNO3 from benzene, NISOPOOH from isoprene, and MXYLNO3 from m-

xylene). Most of these structures are listed in the Master Chemical Mechanism, MCM

v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003; Jenkin et al., 2003; Bloss et al., 2005;

Jenkin et al., 2015), via www.mcm.york.ac.uk (last accessed: 30 October 2025). Note that

these structures are an educated guess of what ON compounds may be expected in this

region; characterizing the actual ON products would require additional observations

using high-resolution mass spectrometers.

Representative organic nitrate structures from theoretical calculations are shown in Fig.

5.5. For a given structure, the Kp,ON value decreases with the increase of temperature

(dashed grey lines). We note that group contribution method has uncertainties since it

uses the number of specific functional groups to calculate volatility and is thus unable

to distinguish positional isomers. Previous studies have pointed out that this method is

likely to overestimate the volatility of compounds with a larger number of functional

groups (Kurtén et al., 2016; Peräkylä et al., 2020). The goal of showing the structures is

to give a general idea of what type of organic nitrate structure corresponds to observed
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Figure 5.5: Bulk organic nitrate gas-particle partitioning coefficient (Kp,ON) as function of

temperature (T) during nitrate pollution episodes, categorized by season and time of the day.

The grey line traces indicate the theoretical Kp,ON values of organic nitrate compounds to

help the readers scale the Kp,ON values with structures and species volatility. Most of the

compounds are listed in the MCM v3.3.1 (see Table A.3 in the Appendices for the complete

list of the compounds shown in the plot). The red square and blue triangle markers are the

means of grey data points categorized by seasons and time of day. The whiskers represent the

lower and upper limit of the mean Kp,ON and T values. The diamond markers are selected

Kp,ON values of organic nitrate compounds formed from various urban emission mixture

replicated in an atmospheric chamber during SAPHIR-CHANEL campaign (Nursanto et al.,

2026). The light blue and black diamond markers represent chamber experiments under

daytime and nighttime conditions, respectively. These mixtures include single-compound

limonene, volatile chemical products (VCPs), replica of anthropogenic+biogenic emissions of

Los Angeles (LA), and replica of anthropogenic emission from global/European cities.
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Kp,ON values. The complete list of the chemical structures is available in Table A.3 in the

Appendices. These compounds are chosen based on their relevance to VOC emissions

that have the potential to form SOA, as shown by field observations and chamber

experiments (Hallquist et al., 1999; Bowman et al., 2003; Perring et al., 2009; Fry et al.,

2009; Bahreini et al., 2012; Warneke et al., 2012; Gordon et al., 2014; Misztal et al., 2014;

Ayres et al., 2015; Liu et al., 2017; Gentner et al., 2017; Ng et al., 2017; McDonald et al.,

2018; Brownwood et al., 2021; Coggon et al., 2021; Gkatzelis et al., 2021a; Gkatzelis et al.,

2021b; Wernis et al., 2022; Pfannerstill et al., 2023; Coggon et al., 2024; Rivellini et al.,

2024).

The observed values of Kp,ON in Fig. 5.5 (grey triangle and square markers) vary

from 10−4 to 10−1 m3
·µg−1 (n = 781), with a large temperature range from -4 to 28

◦C. Although the observed Kp,ON values fluctuate per pollution event, we can see

that these partitioning coefficients always correspond to a similar average organic

nitrate structure, even when the points are distinguished diurnally and seasonally. The

seasonal and diurnal average of Kp,ON values in Cabauw (colored triangle and square

symbols) shows no clear seasonal or day/night difference (Kp,ON ∼ 4 · 10−2 m3
·µg−1),

with the whiskers representing the lower and upper limit of the mean Kp,ON and T

values. This similarity shows that the bulk ON composition matches the volatility

of many monoterpene-derived organic nitrate compounds, despite the wide range of

temperature.

The trend of ON gas-particle partitioning coefficient shown here is unlike the gas-

particle partitioning trend we found in the diurnal seasonal averages (Fig. 5.3e–f) where

there is a larger gas-phase ON fraction in the ON phase partitioning during summer

compared to winter. The gas-particle partitioning described here occurs during nitrate

pollution episodes, which cover only 10 % of the hours used to obtain the diurnal

averages over a season shown in Fig. 5.3. These pollution episodes also were selected

based on being above a threshold concentration of particulate nitrate, and thus have

higher pON concentrations, which leads to higher particle-to-gas mass concentration

ratio and Kp,ON values, even in summer.

The observed KpON values are similar to the range of KpON values from the SAPHIR-

CHANEL chamber experiments (see the diamond symbols in Fig.5.5 for selected ex-

periments, and more in Nursanto et al. (2026)). These average structures arise for two

possible reasons. Since biogenic VOCs account for most of the SOA formation potential

in an ambient mixture (Gu et al., 2021; Pfannerstill et al., 2023) and for the most of

the ON formation (Beaver et al., 2012), the average volatility of ON is likely driven by

biogenic organic nitrates (i.e., monoterpene-related nitrates). The average Kp,ON value

is therefore similar to ONs derived from terpenes and terpenoids. A second potential

explanation is that VOCs other than BVOCs with low or high reactivity and SOA for-

mation potentials (i.e., aromatic compounds, aldehydes, alcohols, alkanes, alkenes) can
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also form compounds with a wide range of volatility and oxidation level. They can

produce either highly oxygenated molecules or dimers with very low-volatility ONs, or

less-oxidized organic nitrates with very high volatility. These contributions combine

to give an average Kp,ON value that is similar to the values for monoterpene-related

nitrates. However, it is an interesting finding that the range of Kp,ON values stay within

the volatility range of monoterpene-related nitrates, which may indicate that these

compounds are broadly representative of average ON in the atmosphere.

The day/night averages of the ambient Kp,ON values (Fig. 5.5) are observed to be similar,

unlike the Kp,ON values of chamber experiments under daytime/nighttime conditions

(Nursanto et al., 2026). This is likely because some of the chamber experiments include

single-compound limonene experiments, which are not representative of the actual

atmosphere. The ambient observations in this study resemble the day/night variability

of complex urban mixture experiments, where a diverse VOC precursor ranging from

biogenic and volatile chemical products (VCPs), fuel combustion, and cooking emissions

are used to replicate the complexity of ambient air. In addition, regional transport, which

brings fresh emissions and allows the mixing of different air mixtures from day to night,

introduces a more complex loss and production of ON species that may mean that the

sampled ONs are representative of a mixture of many days of sources and reaction

products, a timescale not explored in Nursanto et al. (2026).

5.3.4 Influence of coastal vs. continental airmass sources

As mentioned in Section 5.2.1, emission profiles of the coastal Netherlands and continen-

tal Europe are different. Thus, separating spatially the upwind sector associated with

pollution episodes can help us to better understand the influence of each particulate

nitrate precursor in its formation. The airmass origin of each episode was categorized

based on the clusters determined by HYSPLIT shown in Fig. 5.6a–b. Two clusters

with average wind sectors coming from the eastern and southern sector are considered

continental airmass, while three clusters with average wind sectors from southwest-

erly, westerly, and northwesterly directions are classified as coastal. We found that the

number of pollution episodes related to coastal airmass and continental airmass are

relatively equal, where coastal airmasses contributed slightly more particulate nitrate

episodes in Cabauw throughout the year compared to continental airmasses (53 % vs. 47

%, see Table 5.3). This is expected because from the 5 m horizontal wind rose (Fig. 5.6c),

we observe that the coastal wind sector and continental wind sector are distributed

roughly equally throughout the year. When comparing the hours of pollution episodes

to the total hours of all episodes, the coastal and continental wind sectors both cover

∼50 % of total hours of the pollution episodes. A nitrate pollution episode in Cabauw

lasts around 12–13 h on average regardless of the origin of airmass and the season,

ranging from 4–39 h.
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Figure 5.6: Maps of the Netherlands showing the clustering of back trajectories of airmasses

coming to Cabauw during nitrate pollution episodes (12 h backward, based on 48 h back

trajectories) into (a) continental airmass related episodes and (b) coastal airmass related

episodes. The continental airmass origin is attributed to 47 % of observed nitrate episodes,

while the coastal airmass origin is attributed to 53 % of observed nitrate episodes. Plot (c)

shows the horizontal wind rose at 5 m height throughout the year.

To understand the influence of airmass origin on the variability of chemical composi-

tion during particulate nitrate episodes, the normalized pollution roses for total pNO3,

NH4NO3, pON, fpON, and Kp,ON in Cabauw are shown in Fig. 5.7. The pollution rose

in Fig. 5.7a shows that somewhat higher concentrations of total pNO3 are associated

with coastal airmasses. In Fig. 5.7b–c, when the total pNO3 is speciated as NH4NO3

and pON, we see somewhat higher inorganic nitrate contributions originated from the

western sector associated with coastal airmasses, and higher organic nitrate contribu-
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Figure 5.7: Normalized pollution roses of (a) pNO3 total mass concentration (in µg · m−3),

(b) NH4NO3 mixing ratio (in ppb), (c) pON mixing ratio (in ppb), (d) fpON, and (e) Kp,ON in

Cabauw, Netherlands during nitrate pollution episodes only. The colored wedges represent

the normalized distribution of the variable, while the black outline inside the pollution rose

shows the wind direction frequency distribution. The small pie chart of airmass origins

shows the wind direction sectors related to continental or coastal airmass during the episodes

according to the cluster analysis of HYSPLIT back trajectories in Fig. 5.6.

tions from the northwest-northeast sector associated with both coastal and continental

airmasses.
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The lower total nitrate concentrations for episodes associated with airmass from conti-

nental Europe may be attributed to fewer nitrate sources inland compared to the coast

of the Netherlands. A second possibility is that the loss (e.g., evaporation, chemical

degradation, and deposition) of nitrate aerosol from continental European airmasses is

larger because travel times between source and receptor location are longer compared

to coastal airmasses. The short lifetime of NH4NO3 due to its local evaporation to HNO3

and susceptibility to wet deposition result in the loss of NH4NO3 during long-range

transport, therefore decreasing the nitrate aerosol concentration.

In contrast, we observe that higher fpON are associated with continental airmasses

(0–180o) that have lower total pNO3 concentrations. In Fig. 5.7d, the wind sector 0–180o

has a mean fpON value of (36±22) % (mean ± standard deviation), slightly higher than

the wind sector 180–360o that has an average fpON value of (31±17) %. Day et al. (2022a)

have similarly shown that fpON shows an inverse relationship to the total pNO3, where

fpON approaches 100 % when the total particulate nitrate mass loading (inorganic and

organic) is low. This suggests that when the airmass is strongly influenced by urban

areas (i.e., coastal region in the Netherlands), more pNO3 is produced as inorganic

nitrate. The higher fpON from the continental airmass is associated with higher BVOC

emissions from mainland Europe, as shown in Oomen et al. (2024) for the emission

profile of isoprene and monoterpenes over Europe from satellite data in 2018–2021. The

higher BVOC emissions increase the availability of precursors for more production of

ON, and thus increasing fpON.

The transported organic nitrates are likely to be related to aged organic aerosols. This

is shown by the ratio of m/Q 44 (CO +
2 ) to m/Q 43 (CH3CO+ and C3H +

7 ) fragment

signals in the CV-ACSM Org mass spectra ( f44/ f43). The value of f44/ f43 is a proxy

of organic aerosol oxidation level. The continental plumes have a slightly higher

oxidation level and age ( f44/ f43 = 6.5±2.7; mean ± standard deviation) compared

to the coastal plumes ( f44/ f43 = 5.6±3.7). This is indicative that continental plumes

bring photochemically-aged and long-range transported organic aerosols, similar to

the finding of higher oxygenated organic aerosol coming from continental Europe

(Nursanto et al., 2023).

We also expected higher fpON for continental airmass related episodes to be associated

with how inorganic and organic nitrates are lost during transport. The bulk pON also

undergoes evaporation, chemical degradation, and deposition during transport, but

(depending on their structure) there are ON compounds with lifetimes longer than

NH4NO3.

Fig. 5.7e shows slightly higher Kp,ON values for pollution episodes associated with

the continental airmass. However, when taking the average Kp,ON values, they are not

drastically different when categorized by airmass origin (∼ 4 · 10−2 m3
·µg−1). Similarly,

the higher Kp,ON can also be attributed to the continental airmass bringing more BVOCs
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Table 5.3: Summary of the number and the hour of nitrate pollution episodes categorized

based on airmass origin determined from the cluster analysis of HYSPLIT back trajectories of

the entire dataset in this study.

Wind sector

Year-round Summer (Mar–Sep) Winter (Oct–Feb)

Number Hour Number Hour Number Hour

of episode of episode of episode of episode of episode of episode

Continental
122 1641 51 768 71 873

(47 %) (49 %) (43 %) (47 %) (49 %) (51 %)

Easterly 57 889 28 476 29 413

Southerly 65 752 23 292 42 460

Coastal
140 1695 67 849 73 846

(53 %) (51 %) (57 %) (53 %) (51 %) (49 %)

Southwesterly 49 588 13 146 36 442

Westerly 38 490 22 317 16 173

Northwesterly 53 617 32 386 21 231

Sum
262 3336 118 1617 144 1719

(100%) (100%) (100%) (100%) (100%) (100%)

that have higher volatility compounds, which are mostly ONs from BVOC precursors

with higher reactivity, molecular weight (e.g., terpenes), and SOA formation potentials

compared to other VOC precursors (Fry et al., 2011; Beaver et al., 2012; Gu et al., 2021;

Pfannerstill et al., 2023).

5.4 Conclusion

We have shown that co-located continuous measurements of total NOy, aerosol composi-

tion, related and meteorological parameters allow us to determine the origins of nitrate

pollution episodes and their relationship to other chemical species and meteorological

parameters in the Netherlands. These measurements help us to identify the dominant

chemical regime for each season. With excess NH3 throughout the year, it does not limit

nitrate aerosol formation, making NOx, VOCs, solar radiation and temperature the de-

termining factors for the formation of nitrate aerosol in the Netherlands. The speciation

of organic and inorganic nitrate is of great importance, as particulate nitrate lifetime is

affected by the difference in inorganic vs. organic nitrate volatility. A summary of the

underlying processes discussed in this chapter is shown in Fig. 5.8, which is an updated

version of Fig. 5.1.

The NO2-to-VOC reactivity ratio below unity during summer reveals that Cabauw is in

a regime in which the RONO2 pathway becomes increasingly important chemical sink

of NOx during pollution episode events in addition to main HNO3 pathway compared

to winter. The nitrate pollution episodes occur most frequently during winter period
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Figure 5.8: Summary of the influence of seasonal fluctuations in summer vs. winter (e.g.,

length of the day and night, solar radiation, temperature) to the chemical reactions, species

concentrations, and partitioning of different reactive nitrogen species between the gas phase

and particle phase. Increase of concentrations in summer pollution episodes (more RONO2

formation in addition to the main HNO3 formation) is shown by green and square-outlined

up arrow, while increase of concentrations during more HNO3-dominated regime in winter is

shown by blue and circle-outlined up arrow.

(Oct–Feb, 37 episodes monthly) and at night (50–59 %). However, the higher episode

frequency during winter is associated with smaller ON mixing ratio (2–4 ppb) and lower

pON fraction (14–43 %) than in summer. In summer, on the other hand, nitrate pollution

episodes are associated with stronger ON formation (7–11 ppb) and higher pON fraction

(30–58 %). The higher pON fraction is also related to the stronger evaporation of semi-

volatile ammonium nitrate compared to the evaporation of less volatile organic nitrate

at elevated temperatures during summer.

The bulk ON gas-particle partitioning coefficient (Kp,ON), describing the average volatil-

ity of organic nitrate and how organic nitrates are partitioned between the gas phase

and the particle phase, shows a range of 10−4 to 10−1 m3
·µg−1. Although we expect

an increase of Kp,ON value as the temperature decreases from day to night and from

summer to winter for the same compound, Kp,ON shows no clear seasonal and diurnal

patterns. This is likely caused by the complex loss and production of species from day
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to night (and vice versa) that results in the volatility being averaged out. However, it

is an interesting finding that the range of partitioning coefficient remains within the

volatility of monoterpene-related nitrates, perhaps showing the optimal volatility for

organic nitrates condense into the particle phase in general. We recommend this value

range when modeling ON formation as bulk in the atmosphere.

Analysis of nitrate pollution episodes based on back trajectories and pollution roses

shows different chemical species profiles between episodes associated with continental

airmass and coastal airmass. Given the average wind rose profile in Cabauw that

brings relatively equal frequency of wind from the coastal and the continental regions,

number of episodes associated with coastal airmass and continental airmass are also

relatively equal, with slightly importance of coastal airmass (53 %) that is associated

with higher total particulate nitrate concentrations. These findings are explained by

the abundance of NOx emission hotspots and less chemical losses during the shorter

transport distance. Continental airmasses produce slightly fewer nitrate episodes (47

%) with lower total particulate nitrate concentration but higher pON fractions and

more aged organic aerosol. We conclude that continental airmasses bring higher pON

fractions due to higher biogenic emissions in the continental wind sector.

Unfortunately, this study lacks measurements of VOCs. Although the concentrations of

some VOCs are available from model data reanalysis, in-situ measurements would help

us constrain the VOC composition (which includes gas phase ON) and better interpret

trends in gON and pON. This would provide a higher resolution of concentrations

for NO2-to-VOC reactivity ratio and wind-dependency of BVOC emission rather than

using data assimilation or satellite observation to define better the chemical regimes

for NOx sinks. Online or offline measurements would also help us validate the major

ON compounds that are formed, thus constraining the average ambient ON compound

interpreted from the gas-particle partitioning coefficient.

With this knowledge, the evaluation for nitrate aerosol reduction strategies should

consider the seasonal shift of prevalent NOx loss regime. The difference in pollution

profiles sourced from the continental region and the coastal region also calls for regional

cooperation for emission reductions in collaboration with neighboring countries. Fur-

ther research integrating new knowledge of inorganic/organic nitrate speciation and

ON volatility in the Netherlands can improve the NOx lifetime estimates in chemical

transport models to capture better nitrogen transport and deposition, for better emission

reduction strategies.
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A Appendices

A.1 Data set processing and analysis

Table A.1: Coverage of total NOy, ACSM measurements (Org, NH4, SO4, pNO3, and Cl), LML

observations (NOx, O3, NH3, SO2) and CAMS EAC4 data set used in this study, shown by the

colored shading at available periods. The complete dates (yyyy.mm.dd) indicate the beginning

or the end of the data set of a given month. Smaller data gaps within a month are not shown

here.

Year-month NOy, ACSM, LML CAMS EAC4

2023

Jan 2023.01.01–

Feb

Mar 2023.04.18–

Apr

May

Jun

Jul –2023.07.22

Aug

Sep

Oct

Nov

Dec

2024

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct 2024.10.21–

Nov

Dec –2024.12.31

2025

Jan

Feb

Mar

Apr –2025.04.27

May

Jun

Jul 2025.07.11–

Aug

Sep –2025.09.04
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Table A.2: Summary of calibration parameters, detection limits, and NO +
x ratios method

parameters of the CV-ToF-ACSM instrument deployed in this study. Two sets of calibration

parameters and detection limits are used for two periods of data set from 2023 and from

2024–2025, due to the replacement of the instrument’s detector.

Parameters 2023 2024–2025

Calibration parameters

NO3 ionization efficiency (IE) 168.9 163.6

(ions · pg−1)

Relative IE Org 1.40 1.40

Relative IE NH4 3.36 3.38

Relative IE SO4 1.58 1.71

Relative IE Cl 1.30 1.30

Average flow rate (cm3
·s−1) 1.23 1.56

Detection limits (µg · m−3)
10 min 60 min 10 min 60 min

averaging averaging averaging averaging

Org 0.38 0.16 0.10 0.04

NH4 0.12 0.05 0.07 0.03

NO3 0.07 0.03 0.03 0.01

SO4 0.11 0.05 0.05 0.01

Cl 0.09 0.04 0.04 0.01

m/z 30 0.07 0.03 0.02 0.01

m/z 46 0.04 0.02 0.01 0.01

NO +
x ratio method parameters (60 min averaging)

RpAmN 0.0237 0.0360

RpON
a 0.0008 0.0011

CDL,NO +
2
(µg · m−3) 0.018 0.005

CNO+, lim =
CDL,NO +

2

RpAmN
(µg · m−3) 0.77 0.14

a The geometric mean of the upper and lower limits as described in Nursanto

et al. (2025).
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Figure A.1: (a–l) Seasonal average (summer vs. winter) for the mixing ratios of various

gas-phase species presented as diurnal cycle plots (appeared in Fig. 5.3), and (m–z) Seasonal

average for the mass concentration of particle phase species measured by ACSM presented

as diurnal cycle plots (appeared in Fig. 5.3). The colored shading represents one standard

deviation.
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A.2 Calculating NO2-to-VOC reactivity ratio (NO2R/VOCR)

The NO2-to-VOC reactivity ratio (NO2R/VOCR) shown in Fig. 5.4 is calculated using

the Copernicus Atmospheric Monitoring Service (CAMS) global reanalysis (European

Centre for Medium-Range Weather Forecasts Atmospheric Composition Reanalysis 4

or EAC4) data set from 1 January 2023 to 31 December 2024. The mixing ratios of NO2,

isoprene, and monoterpenes (in kg · kg−1air) were retrieved from the CAMS global

reanalysis EAC4 (51.9 ◦N, 4.9 ◦E; grid resolution of 0.75o
× 0.75o) and time resolution of

3 h (Inness et al., 2019; Copernicus Atmosphere Monitoring Service, 2020).

To obtain the reactivity for each species, the concentration unit is converted into

molecules · cm−3, then multiplied with its reaction rate constant with hydroxyl radicals

(OH ). The reaction rate constants (in cm3
·molecules−1

·s−1) are calculated using formu-

las and recombination rate constants from Burkholder et al. (2019) for NO2 and isoprene

(C5H8). The recombination rate constants refer to the termolecular reaction between A

and B that is pressure dependent (shown in Eq. A.1), forming an intermediate [AB]∗

that further collides with a third body (M, gas molecules) to form the product AB. The

effective second-order rate constant for a given temperature and pressure (k f (T, [M]))

is calculated using Eq. A.2 (the details can be found in Burkholder et al. (2019)), which

gives the rate constants of NO2+OH (kNO2+OH ) and isoprene+OH (kISOP+OH ).

A + B [AB]*
M

AB (A.1)

k f (T, [M]) =
{ k∞(T) · k0(T) · [M]

k∞(T) + k0(T) · [M]

}

·0.6

{

1+

[

log10

(k0(T)[M]

k∞(T)

)2]}−1

(A.2)

k f (T, [M]) : effective second-order rate constant of A+B (cm3
·molecules−1

·s−1)

k∞(T) : limiting high-pressure rate constant (cm3
·molecules−1

·s−1)

k0(T) : limiting low-pressure rate constant (cm6
·molecules−2

·s−1)

T : temperature (K)

[M] : total gas concentration (1019 molecules · cm−3)

To calculate the second-order rate constant for monoterpenes (C10H16), the reaction rate

constant for α-pinene and OH was taken from the Master Chemical Mechanism, MCM

v.3.3.1 (Jenkin et al., 1997; Saunders et al., 2003) via www.mcm.york.ac.uk (last accessed:

30 October 2025). The formula is given in Eq. A.3.

kAPIN+OH (T) = 1.2 × 10−11
· exp

(440

T

)

·0.572 (A.3)

kAPIN+OH : second-order rate constant of α-pinene+OH (cm3
·molecules−1

·s−1)

T : temperature (K)
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The total reactivity of NO2 (NO2R, in s−1) is defined as the product of the concentration

of NO2 and its recombination rate constant with hydroxyl radicals (OH ). The total reac-

tivity of VOC (VOCR, in s−1) is the sum of the reactivity of isoprene and monoterpenes

(reaction for isoprene and α-pinene were used, respectively). The ratio is calculated for

each time step as shown in Eq. A.4, then averaged monthly.

NO2R

VOCR
=

kNO2 OH · [NO2]

(kISOP+OH · [isoprene]) + (kAPIN+OH · [monoterpenes])
(A.4)

The variability of NO2R/VOCR and the mixing ratios of NO2, isoprene, and monoter-

penes (in ppb or ppt) from the CAMS EAC4 data set are shown in Fig. A.2a–c. To

compare the model-derived data set from CAMS, we also provide a snippet of ground-

based observation of isoprene (C5H8) and monoterpenes (C10H16) measured using a

proton-transfer-reaction time-of-flight mass spectrometer (PTR-ToF-MS) in Cabauw

(see Fig. A.2d–e). The comparison shows that the magnitude of mixing ratios from the

CAMS EAC4 data set for isoprene and monoterpenes is within the range of ground-

based measurements.

Figure A.2: Monthly average (Jan 2023–Dec 2024) of (a) NO2 vs. VOC reactivity in logarithmic

scale, (b) NO2 mixing ratio, (c) isoprene and monoterpene mixing ratios determined using

CAMS EAC4 data set (Inness et al., 2019; Copernicus Atmosphere Monitoring Service, 2020).

(d–e) Snippets of isoprene (C5H8) and monoterpenes (C10H16) mixing ratios observed by a

ground-based PTR-ToF-MS measurements in Cabauw (April 2025) as comparison.
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A.3 Theoretical gas-particle partitioning coefficient of organic nitrates (Kp,ON)

Table A.3: List of organic nitrate compounds named in Fig. 5.5 with their chemical structure,

molecular weight, theoretical gas-particle partitioning coefficients (Kp,ON) calculated using the

SIMPOL.1 group contribution method (Pankow and Asher, 2008), and from which precursor(s)

they are derived. The list is sorted from high to low based on the Kp,ON values at 20 oC

(m3
·µg−1), meaning lower volatility compounds with higher particle-to-gas ratio are higher

up in the list. The compound names are from MCM v.3.3.1 unless indicated with asterisk (*).

Compound name Chemical structure Molecular

weight

(g · mol−1)

Kp,ON

at 20 oC

(m3
·µg−1)

Precursor(s)

dimer of

NISOPOOH* 324.24 9.3E+01 isoprene

C813NO3 235.19 5.1E+00 limonene

NLIMALOOH 263.25 3.6E-01 limonene

LIMALNO3 247.25 2.1E-01 limonene

C123NO3 203.26 8.7E-02 dodecane

C98NO3 233.22 3.2E-02 limonene

C106NO3 245.23 1.1E-02 limonene

NONALOHNO3* 219.24 1.0E-02 nonanal

NLMKAOOH 233.22 6.6E-03 limonene

Continues next page
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Table A.3: (continued)

Compound name Chemical structure Molecular

weight

(g · mol−1)

Kp,ON

at 20 oC

(m3
·µg−1)

Precursor(s)

LMKANO3 217.22 4.1E-03 limonene

NLIMOOH 231.25 2.8E-03 limonene

LIMBNO3 215.25 1.7E-03 limonene

APINBNO3 215.25 1.3E-03 α-pinene

C1012NO3 231.25 5.1E-04 limonene

C928NO3 217.22 2.0E-04 limonene

NC101CO 213.23 6.8E-05 pinene

NONALNO3* 203.28 6.4E-05 nonanal

BZBIPERNO3 189.12 6.2E-05 benzene

NISOPOOH 163.13 2.5E-05 isoprene

1,3,5-

TMBNO3 181.19 1.5E-05 trimethylbenzene

ISOPANO3 147.13 1.5E-05 isoprene

MXYLNO3 167.16 6.0E-06 m-xylene





Chapter 6

Synthesis and outlook
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6.1 Summary

Throughout this thesis, we investigated the role of nitrate in the reactive nitrogen

cycle in a nitrogen-dominated atmosphere by integrating ground-based measurements,

chamber experiments, and global reanalysis of atmospheric composition data. In

Chapter 2, we combined aerosol composition and particle number size distribution

observations using a novel hybrid PMF analysis. We aimed to identify the chemical

composition responsible for new particle formation (NPF) and growth. While we

initially hypothesized that the role of sulfate was diminishing in a nitrogen-dominated

atmosphere in the Netherlands, we demonstrated that ammonium sulfate and oxidized

organics remain key for NPF, whereas nitrate plays a dominant role in particle growth.

The newly formed particles correlate with air masses from the westerly sector, areas

with high SO2 emissions (sulfate precursor), while the growing particles correlate with

air masses from the westerly and southerly sectors, areas with higher NH3 and NOx

emissions (NH4NO3 precursors).

In Chapter 3, we described for the first time an adapted NO +
x ratio method to speciate

the nitrate signal in ACSM into ammonium nitrate and organic nitrate. We detailed the

data pre-treatment required to overcome the poor detection limit of the ACSM, including

data filtering and time averaging. We also provided an updated fragmentation table

adapted for the capture vaporizer to determine NO +
2 and NO+ signals, along with the

method’s uncertainty. This method allowed us to quantify the inorganic/organic nitrate

speciation at 60 min time averaging using ambient data from Cabauw. Co-located

measurements in a controlled chamber experiment showed that this adapted NO +
x ratio

method for CV-ACSM data agrees well with the method applied to SV-AMS data and

PMF results.

In Chapter 4, we explored organic nitrate formation in the SAPHIR-CHANEL chamber

campaign using realistic urban emission mixtures. We examined how unsaturated VOCs

(e.g., monoterpenes, isoprene, and aldehydes) drive the molar yields of organic nitrates.

Furthermore, we characterized the differences in molecular weight, volatility, and gas-

particle partitioning of organic nitrates formed under daytime (OH ) versus nighttime

(NO3 ) oxidation conditions. The average molecular weight of particulate organic nitrate

produced under nighttime conditions is found to be higher than that produced under

daytime conditions because of the higher mass contribution from oligomers and reduced

fragmentation. Similarly, the mass fraction of particulate organic nitrate within the

total organic aerosol is up to ∼5 times higher under nighttime conditions. This is likely

due to differences in both average nitrate molecular weight and lower temperatures

affecting gas-particle partitioning. The gas-particle partitioning coefficient of organic

nitrates appeared similar to the modeled volatility of oxidized monoterpene nitrates

calculated using the SIMPOL.1 method (10−4 to 10−2 m3
·µg−1 at 18–40 ◦C), regardless
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of the complexity of the precursor mixture or the variability in the average molecular

weight.

In Chapter 5, we analyzed the seasonal variability of nitrate pollution. We investigated

the high frequency of winter pollution episodes dominated by nitric acid (HNO3) versus

the summer regime where organic nitrates (RONO2) become more abundant. The high

frequency of nitrate pollution episodes during winter (Oct–Feb) is accompanied by

lower total concentrations of ON (2–4 ppb) and a lower particulate ON fraction of total

nitrate (14–43 %) compared to summer (Mar–Sep; 7–11 ppb; 30–58 %). By categorizing

episodes based on air mass origin, we also linked these chemical regimes to specific

source regions and emission profiles. When categorizing pollution episodes based on

air mass origin, urban coastal air masses and continental air masses contribute roughly

equal numbers of episodes. However, slightly more episodes are associated with urban

coastal air masses (53 %), which exhibit lower particulate ON fractions but higher total

nitrate concentrations, most likely due to the shorter transport distance from the NOx

emission hotspots in the west.

In this synthesis, we integrate the findings from the four preceding chapters, in order to

pinpoint the remaining knowledge gaps and outline directions for future research. The

main themes include: the influence of emission sources on aerosol chemical composition,

the importance of organic nitrate in the aerosol mass, and the influence of seasons

and daytime/nighttime conditions on nitrogen sink (inorganic vs. organic nitrate).

Lastly, we formulate several recommendations related to the main findings of the

investigation by providing an approach to evaluate emission reduction strategies, as

well as recommendations for future observations and modeling.

6.2 Main findings and conclusions

6.2.1 Influence of emission sources on aerosol chemical composition

In Chapter 2 and Chapter 5, we found that the airmass origin fundamentally dictates

the aerosol chemical profile in the Netherlands. The central location of the Cabauw

monitoring site captures the intersection of two distinct regional emission regimes.

The change in aerosol chemical composition occurs because of the spatial difference

in the emission profiles between the coastal region and the continental region of the

Netherlands.

The coastal region (180–360o wind sector in Cabauw) is dominated by the Randstad

metropolitan area and major industrial hubs (e.g., port of Rotterdam). This sector

serves as the major source of SO2 emissions from the port and industrial activities in

Rotterdam (western portion of the sector) and NOx emissions from the urban areas in

the Randstad, and some NH3 emissions from agricultural activities (southwestern and
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southern portion of the sector). These precursors facilitate new particle formation (SO2,

NH3) and growth (NOx, NH3; also locally sourced in Cabauw). Coastal airmass origin

is associated with 53% of nitrate pollution episodes, characterized by high total nitrate

concentrations but a lower organic nitrate fraction due to the abundance of inorganic

precursors.

The continental region (0–180o wind sector in Cabauw) is characterized by long-range

transport from mainland Europe, containing higher BVOC emissions, as well as NH3

and NOx from agricultural and industrial regions in mainland Europe. We observe

that the aerosol chemical composition changes toward more aged organic aerosols

coming from long-range transported particles from Europe rather than locally formed

particles, although a mixture of inorganic and organic aerosols is also observed. This is

also in line with the observations, showing that continental airmasses bring a higher

organic nitrate fraction and more oxidized organic aerosols, which represent 47% of the

observed nitrate pollution episodes.

6.2.2 Importance of organic nitrate to the aerosol mass

Variability of the particulate organic nitrate fraction

Using the NO +
x ratio method established in Chapter 3, we revealed that organic nitrates

make up a significant portion of the nitrate aerosol mass in the Netherlands, ranging

from 14–58 % during pollution episodes (Chapter 5). This is different from early

assumptions that nitrate in the Netherlands is almost exclusively ammonium nitrate

(Schaap et al., 2003; Schaap et al., 2004). More recent studies have found 34–44% of the

nitrate aerosol mass loading is particulate organic nitrate in Europe (Kiendler-Scharr et

al., 2016). We observed a clear seasonal trend (Chapter 5) where the particulate organic

nitrate fraction is higher in summer (30–58%) than in winter (14–43%). We attribute this

seasonality to larger BVOC availability and solar radiation during summer.

Chamber experiments (Chapter 4) demonstrate a significant nighttime enhancement

of the organic nitrate mass fraction within the total organic aerosol. Nighttime mass

fractions (32–53 %) are higher compared to the daytime values (9–20 %) by a factor of

2.6–4.5, a diurnal shift primarily governed by the properties of organic nitrates detailed

in the following section.

Bulk organic nitrate properties

Since only ammonium nitrate has historically been considered in nitrate aerosol de-

position modules, there is a sink pathway of NOx through the formation of organic

nitrate aerosol that is not yet included in standard models of nitrogen deposition, likely

leading to a misrepresentation of nitrogen deposition. Chapter 4 measured the chemical

composition of organic nitrate in the atmosphere in large detail, to bridge the gap when



6.2 Main findings and conclusions 147

interpreting observations or modeling a typical bulk atmospheric composition, which

includes nitrate from anthropogenic and biogenic emissions.

For example, we estimated the bulk molecular weight of organic nitrate (Chapter 4),

which is 258±24 g · mol−1 for organic nitrates under daytime conditions and 331±13

g · mol−1 under nighttime conditions. These bulk molecular weights are around the

commonly used range of average molecular weights of 200–300 g · mol−1 (Rollins et al.,

2012; Rollins et al., 2013), but this study characterizes for the first time the bulk molecular

weight of a realistic replica of the ambient mixture and its diurnal variability. Night-

time conditions promote a significantly higher contribution of high molecular weight

compounds (C>10, e.g., dimers) to the bulk particulate organic nitrate. Specifically, C>10

contributions reached 56 % for the limonene precursor, 36 % for the VCPs precursor,

and 51—57 % for the replica of Los Angeles emissions. In contrast, daytime experiments

reported substantially lower contributions (0–22 %). These results underscore the need

to represent more details of the chemical mechanisms when accounting for organic

nitrates in secondary organic aerosol formation models.

The bulk volatility and chemical structure of organic nitrates consistently resemble

monoterpene-derived nitrates, regardless of the origin of the air mass or the time of day

(Chapter 4). The observed gas-particle partitioning coefficients (Kp,ON) averaged 4 · 10−2

m3
·µg−1 with a range of 10−4–10−2 m3

·µg−1, a value that aligns with the semi-volatile

and low-volatility ranges typically represented in volatility basis set (VBS) frameworks,

such as implemented in the LOTOS-EUROS model (Segers et al., 2025). Variation in

Kp,ON is primarily driven by temperature and the oxidative regime, with lower Kp,ON

values observed at higher temperatures reflecting the thermodynamic shift toward the

gas phase. In contrast, higher Kp,ON values are attributed to a synergistic effect of night-

time NO3 radical chemistry and lower temperatures, which promote the formation of

low-volatility oligomers and enhance the condensation of organic nitrates to the particle

phase. This is supported by the increased signal intensity of the oligomers observed in

BVOC (monoterpene)-rich chamber experiments under nighttime conditions (Chapter

4). Such conditions are particularly relevant during winter, characterized by lower aver-

age temperatures and prolonged nighttime chemistry, although there are less biogenic

monoterpene emissions during winter (but may be emitted from anthropogenic sources

like VCPs or cooking).

6.2.3 Influence of seasons and daytime/nighttime conditions on the NOx sink as

inorganic/organic nitrate

The relative contribution of organic nitrate vs. ammonium nitrate to the total nitrate

aerosol mass is governed by the prevailing chemical regime of the NOx sink (Chapter

5). A higher particulate organic nitrate fraction is associated with a regime where the

reactivity of VOCs towards OH exceeds that of NO2 (reactivity ratio < 1), a condition
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observed primarily during the summer in the Netherlands. In contrast, the winter

period is characterized by reactivity ratios significantly greater than unity, resulting

in a lower particulate organic nitrate fraction to the total nitrate aerosol mass and

the dominance of HNO3 formation. This seasonal shift is further modulated by the

divergent influences of OH and NO3 oxidation pathways and the strong temperature

dependence of organic nitrate volatility. The interplay between oxidative chemistry and

gas-particle partitioning determines the diurnal and seasonal evolution of the nitrogen

sink in the condensed phase.

Seasonal and diurnal cycle of nitrate aerosol formation pathways

The oxidative pathways of NOx vary significantly by diurnal cycle and season, dictating

the ratio of inorganic to organic nitrate. During the day, OH acts as the primary oxidant,

initiating two competing pathways: the direct formation of HNO3 (Eq. 6.1) and the

multi-step formation of alkyl organic nitrates (RONO2) via peroxy radicals (RO2 ) (Eqs.

6.2–6.3). Given that these initial reactions (Eqs. 6.1 and 6.2) share similar rate constants

(≈ 10−11 cm3
·molecules−1

·s−1 at standard conditions), the dominant sink is primarily

determined rather by precursor concentrations. While RO2 can also form peroxyalkyl

nitrates (RO2NO2), these species, which include peroxyacyl nitrates (PANs), are not

included here in the discussion as they rarely partition into the particle phase and were

found to be negligible in the bulk organic nitrate composition (Chapter 4).

OH + NO2 HNO3 (6.1)

OH + VOC RO2 (6.2)

RO2 + NO RONO2 (6.3)

Unlike OH that reacts with NO2 to directly form HNO3, NO3 exists in a temperature-

dependent equilibrium with N2O5 (Eq. 6.4). Low temperatures favor the exothermic

formation of N2O5, which undergoes heterogeneous hydrolysis on aqueous surfaces

to form HNO3 (Eq. 6.5), subsequently yielding NH4NO3 in the presence of NH3.

Alternatively, NO3 reacts directly with VOCs to form RONO2 without branching (Eq.

6.6).

NO3 + NO2 N2O5 (6.4)

N2O5 + H2O HNO3 (6.5)

NO3 + VOC RONO2 (6.6)

The seasonal shift in the composition of the nitrate is driven by these competing mecha-

nisms. During summer, extended daytime and elevated BVOC emissions favor organic

nitrate formation through OH chemistry. Warm nights lead the N2O5 equilibrium to

move towards its decompostion, suppressing the inorganic nocturnal sink and leaving

NO3 available for VOC consumption. This regime promotes RONO2 buildup and con-

tributes to tropospheric ozone accumulation by sequestering NO2 without O3 titration.
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During winter, shorter days and reduced BVOC emissions favor HNO3 formation via

both OH +NO2 reaction and N2O5 hydrolysis. The combination of lower temperatures

(favoring N2O5 stability) and higher relative humidity (facilitating hydrolysis) results in

a regime dominated by NH4NO3, significantly reducing the particulate organic nitrate

fraction.

Temperature dependence on nitrate gas-particle partitioning

The shift between HNO3 and RONO2 regimes is significantly influenced by the di-

vergent gas-particle partitioning behaviors of inorganic and organic nitrates across

seasonal and diurnal scales. As established in Chapter 5, the diurnal variability of

particulate nitrate is primarily governed by NOx availability and the semi-volatile

nature of NH4NO3 (Huffman et al., 2009; Xu et al., 2015). During winter, particulate

nitrate concentrations peak due to higher NOx levels and thermodynamically favored

partitioning. Low temperatures suppress NH4NO3 evaporation more effectively than

that of organic nitrates, in line with the inorganic-dominant regime described in Section

6.2.3.

In contrast, the increase in the fraction of particulate organic nitrate in summer is the

result of the increased biogenic organic nitrate formation coupled with the relatively

lower volatility of these organic nitrate compounds compared to NH4NO3 at elevated

temperatures. Despite the seasonal variability of the particulate organic nitrate fraction,

absolute particulate organic nitrate concentrations remain relatively constant in all

seasons. This stability comes from a compensating balance: while summer provides

stronger BVOC precursor sources, the concurrent warmer temperatures inhibit gas-

to-particle partitioning, effectively counteracting the increase in production (Xu et al.,

2015).

Differences in organic nitrate molar yield for varying VOC precursors

The resulting organic nitrate molar yields ranged from 2 % to 21 %, with formation

efficiency primarily governed by the percentage of unsaturated compounds in the

precursor mixture, such as isoprene, monoterpenes, sesquiterpenes, alkenes, and un-

saturated aldehydes. These species are highly susceptible to radical addition reactions,

which facilitate organic nitrate production. These compounds are present in higher per-

centages in the source-specific emission mixtures such as cooking, gasoline, and diesel

VOCs. A single-compound limonene precursor exhibited a high yield of 19 % under

both oxidative regimes. Cooking emission replicas showed yields of 11–14 %, while

traffic-related emissions exhibited the highest yields, ranging from 13–21 %. The com-

plex urban emission mixture as precursor, which contains many low molecular weight

alcohols, yielded the lowest ON production (2–7 %). This variability demonstrates that

while urban environments provide the necessary NOx for nitrate formation, the specific
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chemical composition of the VOC mix, particularly the fraction of unsaturated biogenic

and anthropogenic compounds, determines the degree to which nitrogen is sequestered

into the aerosol phase.

6.3 Perspectives and future directions

6.3.1 Evaluating emission reduction strategies

In the context of the Dutch nitrogen crisis, these findings demonstrate that organic

nitrates represent a seasonally and diurnally variable fraction of the NOx sink, altering

nitrogen lifetimes and deposition patterns. Unlike HNO3, the main sink that leads

to localized nitrogen deposition, the RONO2 regime, together with the formation of

longer-lived NH4NO3, facilitates a pathway that enables longer-range transport of

reactive nitrogen. By sequestering NOx as longer-lived organic nitrates, these species

distribute nitrogen deposition over broader geographical scales, thereby complicating

local mitigation efforts. Consequently, in order to assess the impact of emission reduc-

tion strategies that target nitrate aerosol reduction, the seasonal (summer vs. winter)

and spatial (coastal vs. continental) variability of nitrate aerosol formation must be

considered. In the Netherlands, where NH3 remains in excess and SO2 emissions are

relatively low, PM2.5 formation is almost exclusively governed by the availability of

acid precursors, especially HNO3 and organic acids, rather than alkaline precursors

like NH3. Generally, control of NOx emissions has been recommended in other studies

(Guo et al., 2018; Clappier et al., 2021). Here, we propose a more nuanced approach

taking into account the seasons in evaluating the consequences of emission reduction

strategies.

As revealed in Chapter 5, the Netherlands has an increased formation of NH4NO3

during winter, where aerosol formation is NOx-limited and hydrolysis of N2O5 is

favored. Low temperatures and high humidity favor the partitioning of HNO3 into the

particle phase. Since there is an abundance of NH3 to neutralize HNO3, reducing NH3

will have a negligible effect on PM2.5 mass concentrations. To immediately reduce winter

smog and nitrate pollution episodes during winter, NOx emissions from transport and

industry must be the primary target in order to lower HNO3 production, which is the

limiting reagent for NH4NO3 formation and particle growth.

Summer in the Netherlands is characterized by a higher organic nitrate production

due to high BVOC emissions. In summer, the OH chemistry is fast and NOx reacts

with BVOC-derived RO2 to form RONO2. While biogenic emissions from forests and

nature areas cannot be controlled, we can control the NOx emission that reacts with

them. The NOx emission reduction in summer is effective not only in reducing organic

nitrate and PM2.5 formation, but also in reducing tropospheric O3 buildup because NO2

are consumed by RO2 without consuming O3, leading to smog production. Although
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reducing NOx emission is the main target, reducing anthropogenic VOC emissions

may also lower organic nitrate production, especially in the urban coastal region. In

Chapter 5 we show that anthropogenic source-specific VOC emissions such as VCPs

and cooking have a high organic nitrate molar yield due to the unsaturated compounds

such as monoterpenes and unsaturated aldehydes emitted from these sources.

Although NOx emission reduction is the most efficient for immediate PM2.5 reduction

in an NH3-rich atmopshere, the mitigation of NH3 remains a critical long-term priority

for both environmental and public health. In the current era of historically low SO2

emissions, a higher fraction of NH3 remains free in the atmosphere, leaving it available

to either react with HNO3 or undergo direct dry deposition in natural habitats. Con-

sequently, sustained efforts to reduce NH3 emissions, which have been pivotal in the

Dutch nitrogen policy, must be maintained to decrease the total nitrogen burden on

nature reserves and prevent degradation of the ecosystem.

Finally, the distinct pollution profiles associated with continental vs. coastal air masses

underscore the need for regional and international cooperation. Because the Nether-

lands serves as both a source and a receptor for long-range transported reactive nitrogen,

localized Dutch policy must be synchronized with broader European emission reduction

frameworks. Future research using chemical transport models should simulate these

seasonally differentiated strategies to quantify their specific impacts on Dutch nitrogen

deposition targets. These models must be able to correctly simulate the formation of

inorganic and organic nitrate and its associated seasonal variations.

6.3.2 Recommendations for future modeling and observations

Lagrangian box modeling

Lagrangian box models (e.g., Framework for 0-D Atmospheric Modeling or F0AM) are

helpful in simulating the chemical evolution of reactive nitrogen as it is transported

downwind from emission sources. In the Netherlands, measurements can be made

along a transect using the Ruisdael Observatory network, tracking air mass trajectories

between monitoring sites in the Rotterdam port/city (urban site), Cabauw (rural site),

Loobos (forest site), and Lutjewad (coastal site). By co-analyzing measurements from

these sites (Fig. 6.1), we can simulate the transport of pollutants (e.g., from Rotterdam

to Cabauw and onward to Lutjewad) to determine temporal and spatial concentrations

of reactive nitrogen. The findings in Section 6.2.3 provide the necessary constraints on

inorganic/organic nitrate transformations across different chemical regimes (daytime vs.

nighttime, summer vs. winter), allowing for more accurate prediction of NOx lifetimes,

which can then be tested using these transect measurements.

Existing models like F0AM (Wolfe et al., 2016) with the WAM (Washington Aerosol

Module) extension (D’Ambro et al., 2017) use gas-particle partitioning modules to
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Figure 6.1: Illustration of Lagrangian box model being displaced between existing measure-

ment sites in the Netherlands.

account for the volatility of organic nitrates in the SOA formation. While this model

relies on established mechanisms such as MCM v3.2 (Saunders et al., 2003), CB6r2

(Hildebrandt Ruiz and Yarwood, 2013), RACM2 (Goliff et al., 2013), and GEOS-Chem

v9.02 (Kim et al., 2025; Fisher et al., 2016; Marais et al., 2016; Travis et al., 2016), they

primarily focus on the gas-phase precursors of VOCs. To improve the representation of

organic nitrate in complex atmospheric mixtures without overcomplicating the model,

we recommend treating organic nitrate as a bulk entity for its initial partitioning and

transport. As demonstrated in Chapter 4, one can use the established mechanisms of

monoterpenes (e.g., limonene or α-pinene) as surrogates, as they share similar bulk

volatilities with complex organic nitrate mixtures. However, the molar yield of ON must

be tuned to reflect experimental observations in Chapter 4, for instance a 2–7 % yield for

complex urban air mixtures compared to the 19 % typically used for single-compound

limonene precursors.
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A critical gap in the current F0AM-WAM model architecture is the representation of

organic nitrate oligomers. This thesis, alongside other works in the literature (Nguyen

et al., 2011; Mohr et al., 2017; Molteni et al., 2019; DeVault and Ziemann, 2021; Bates

et al., 2022; Kenseth et al., 2023; Peräkylä et al., 2023; Zhao et al., 2026), highlights

that oligomerization contributes significantly to SOA mass and growth. Chapter 4

indicates that these oligomers exist primarily in the particulate phase, particularly

under nighttime conditions. Once organic nitrate monomers condense, they undergo

accretion reactions such as esterification between alcohols and organic acids (Nguyen

et al., 2011) or peroxyhemiacetal formation from hydroperoxy organics and aldehydes

(Tobias and Ziemann, 2000). Integrating these particle-phase mechanism into F0AM-

WAM would significantly improve the model’s ability to predict the organic nitrate

mass, especially for biogenic VOCs where the base mechanism for the gas-phase is

already available.

In addition to particle-phase oligomerization, studies have shown that oligomer forma-

tion also occurs in the gas phase. Bates et al. (2022) have shown that gas-phase accretion

during the experiment of α-pinene oxidation with NO3 under nighttime conditions is

the primary mechanism for SOA production. While gas-phase accretion is a known

source of dimers, this thesis found their gas-phase contribution to be minimal. This

is likely due to the extremely low volatility of these accretion products, leading to

near-instantaneous partitioning or complete condensation to the particle phase (Molteni

et al., 2019; Peräkylä et al., 2023). Another potential explanation for this observation can

also be the sensitivity limits of gas-phase instrumentation for high-molecular-weight

species. Consequently, we suggest that particle-phase oligomerization be prioritized in

future model updates, with gas-phase accretion of secondary priority.

Chemical transport modeling

For chemical transport models such as LOTOS-EUROS, the current volatility base set

(VBS) approach to simulating SOA formation can be supplemented, integrating the

results from this thesis. For a more simplified approach, we propose including a bulk

organic nitrate tracer formed from different kinds of VOC available in the model. We

introduce volatility, molecular weight, and yield specific to organic nitrate when treated

as bulk, which can be used to estimate organic nitrate formation as a nitrogen sink in

the model. In Chapter 4 and Chapter 5, we learned that the Kp,ON ranges from 10−4–

10−1 m3
·µg−1 when including both chamber experiments and ambient observation

(temperature range -4 to 40 ◦C). This can be used as a basis in the VBS to determine

which volatility range (C∗, inverse of Kp,ON, equivalent to 101–104
µg · m−3) has to be

used for organic nitrate compounds.

However, since LOTOS-EUROS already differentiates VOCs based on compound fami-

lies, another approach is possible. In Chapter 4, we have described the consumption of
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VOCs in detail for specific compounds in chamber experiments in a realistic ambient

air mixture. We also have the volatility, molecular weight, and yield of organic nitrate

for limonene and different source-specific emissions, which can be used to estimate

the organic nitrate formed from each VOC group. This can be applied to improve

the SOA formation in the model. The limonene experiment can be used as a basis to

predict organic nitrate formation from biogenic VOCs (isoprene and monoterpenes),

while gasoline and diesel experiments can be used to estimate nitrate formation from

anthropogenic VOCs (for xylene, toluene, alkanes, and alkenes).

Deposition module

The DEPAC (DEPosition of Acidifying Compounds) module (Zanten et al., 2010) is

used in many nitrogen models in the Netherlands (such as LOTOS-EUROS and OPS) to

simulate dry deposition. However, the module does not explicitly incorporate organic

nitrates into its deposition processes. This thesis underscores the importance of organic

nitrate formation in the gas phase and its significant contribution to the total nitrate

aerosol budget. Consequently, it is increasingly important to include both gas-phase

and particle-phase organic nitrates in deposition models.

While inorganic nitrates like NH4NO3 are often dominated by wet deposition due to

their high solubility and existence in the fine particle mode, organic nitrates behave

differently. A study by Zare et al. (2018) has shown that dry deposition is the most

important deposition mechanism for second generation organic nitrate aerosol, espe-

cially for highly functionalized nitrates (Fisher et al., 2016). Modeling studies by Knote

et al. (2015) using WRF-Chem found that the dry deposition of gas-phase semi-volatile

organic compounds, which include organic nitrates, reduced SOA concentrations by

40—52 %. In contrast, wet deposition only contributed to a reduction of 8—11 %.

Unlike the gas-phase organic nitrates, wet deposition remains the dominant sink for the

particle-phase organic nitrates. However, efficient deposition of gas-phase precursors

may remove the organic nitrates before they can condense to the particles. This is

particularly relevant given the observations in this work in which organic nitrates

are more abundant in the gas phase in the summer. The observed differences in the

deposition patterns are likely related to the molecular properties of organic nitrates,

which are generally less polar and less soluble in water than HNO3.

Integration of organic nitrates into deposition frameworks can be a first step to intro-

duce the complex chemical transformation of nitrogen emission before its deposition.

However, it currently faces limitations because the surface resistance (Rc) is not yet char-

acterized for bulk organic nitrate. Since Rc describes how easily a gas-phase molecule is

captured by a surface (e.g., canopy, water, soil), it can be parameterized based on the

effective Henry’s law constant (H∗, in mol · L−1
·atm−1) denoting solubility, scaled to

other chemical species like SO2 and O3 (Wesely, 1989). The experimental insights gained
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in Chapter 4 regarding the volatility and gas-particle partitioning of organic nitrates can

be exploited as a first step to parameterize these H∗ values as bulk properties, providing

a feasible path to include organic nitrates in operational deposition models.

Proposed measurement campaign and data exploitation

The expansion of monitoring instrumentation at the Ruisdael Observatory sites (as illus-

trated in Fig. 6.1) is essential. Deploying longer term measurements for NOx, NOy, NH3,

VOCs and aerosol species across the Rotterdam–Cabauw–Lutjewad transect would

provide the high-fidelity data needed to validate Lagrangian box models or chemical

transport models. Another measurement site in the eastern part of the country, which

receives the continental air mass before arriving at Cabauw (Chapter 5), can help assess

the transboundary contribution of reactive nitrogen species in the Netherlands. This

point-to-point measurement allows for an assessment of how nitrogen species transform

as air masses traverse the Dutch landscape. Since the Cabauw site is the focal point in

the monitoring network, it should ideally host more high mass resolution speciated

measurements. Using a co-located long term observation of PTR-MS (for speciated

VOCs), mini-DOAS (for NH3), and MARGA (for NH3 and HNO3), NOy monitor, ACSM

(for speciated aerosol phase), and particle sizer (for particle size distribution) will enable

seasonal characterization of both gas and particle phase chemical species. It can capture

the shift in NOx sink regimes across seasons to validate data assimilation and satellite

products, and to elucidate ways to accomplish seasonal nitrogen deposition mitigation.

High mass resolution measurements from VOCs and organic aerosol can be further

used to characterize the gas-particle partitioning of organic nitrates in the Netherlands,

providing the empirical basis for the bulk properties of organic nitrate in ambient air

that have been discussed in Chapters 4 and 5.

It is critical to determine whether RONO2 and NH4NO3 share similar size distribu-

tions. Given the lower volatility of organic nitrate oligomers compared to the highly

semi-volatile NH4NO3, they may be distributed in different size ranges. We have

successfully demonstrated the hybrid PMF approach to provide knowledge on new

particle formation and growth in Chapter 2. However, the study has not included any

distinction between inorganic and organic nitrate composition. We recommend apply-

ing a similar approach by integrating gas-phase precursors, gas-phase organic nitrates,

and inorganic/organic nitrate aerosol fraction on top of the aerosol composition and

particle number size distributions. This approach can be applied to the ongoing CAINA

research project, which also focuses on understanding the gas-particle partitioning of

nitrogenous compounds and cloud formation in the Netherlands. Attributing these

species to specific size bins is a prerequisite for improving aerosol microphysics in

chemical transport models that can predict the nitrate transport range and deposition

pattern. This integrated approach not only resolves the source origins, but also fills a

gap between chemical speciation and physical aerosol dynamics.
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Regarding the modeling of nitrogen deposition, height-resolved aerosol composition

(canopy vs. aloft) during the intensive field campaign within the CAINA project can

directly quantify the deposition velocities of particulate organic nitrates needed for

the DEPAC module. For wet scavenging of organic nitrates, integrating ground-based

aerosol data with cloud water sampling and more complete analysis of rainwater

samples will allow the determination of the scavenging efficiency of organic nitrates.

Ideally, measurements of NH3, NOx, and NOy fluxes in future campaigns or research

infrastructure, for instance in Loobos (forest site where nitrogen may deposit), should

also be prioritized to provide a more complete budget for total nitrogen removal in the

atmosphere.

6.3.3 Final words

This thesis refines our fundamental understanding of the fate of reactive nitrogen in the

atmosphere. This more accurate simulation of chemical processes involving reactive

nitrogen, from emission to deposition, can be used to improve the modeled nitrogen

deposition map that we have seen in Fig. 1.2. Through the proposal of emission

reduction strategies and recommendations for modeling, measurements, and data

exploitation, this work invites the scientific community and policymakers to further

explore and resolve open questions regarding the nitrogen budget. Our proposed

strategy would allow more accurate estimates of nitrogen deposition patterns for better

policymaking to mitigate the nitrogen crisis and protect our ecosystem and health.
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