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Abstract  
Atmospheric aerosols harm environmental air quality, atmospheric visibility, and play a critical 

role in climate-ecology interaction. Among aerosol compounds, organic aerosols (OA) contribute 

to 20 to 90% mass of total submicron particles, but their seasonally and regionally variable 

emissions and evolution processes are still unclear. Therefore, a year-long JULIAC (Jülich 

Atmospheric Chemistry Project) campaign has been conducted from Jan. 2019 to Nov. 2019 at the 

Forschungszentrum Jülich, Germany to better understand the seasonal variation of sources 

contributions and atmospheric evolutions of OA in this semi-rural site. During the JULIAC 

campaign, the submicron aerosol species concentration was continuously measured by a high-

resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) for one month of each season. 

For OA seasonal source apportionment, source factor analysis by positive matrix factorization 

(PMF) was utilized to resolve OA components into several source spectra. Moreover, concurrently 

measured comprehensive tracer gases (like volatile organic compounds (VOCs), radicals, NOx, 

O3), the meteorological condition (like temperature, wind direction, wind speed), and the modeled 

air parcel back trajectories effectively support OA sources resolving and determination. 

In this study, significant seasonal variations of submicron aerosol concentration and composition 

were observed. Aerosol nitrate shows the obvious seasonal trend related to temperature-

dependence property. OA is the major component (mass fraction 39.0% of winter to 57.6% of 

summer) during the whole campaign. The annual averaged aerosol concentration (4.0 μg/m3) is 

roughly keeping with aerosol levels reported in previous studies in Germany or other neighboring 

countries. The highest aerosol concentration (7.68± 4.82 μg/m3), the largest mass fraction of OA 

(57.6%), and the lowest overall OA oxidation degree (O:C, 0.64±0.08) were all observed at 

summer, which implies a strong biogenic VOCs derived secondary organic aerosol (SOA) 

formation. 

For OA source apportionment, OA seasonal contributions from primary emissions (mainly traffic 

exhaust, biomass burning), secondary formation (mainly daytime oxidation, dark chemistry), and 

regional transport (consist of marine and continental plume transport) were revolved in this study. 

In terms of OA primary sources, Biomass Burning OA (BBOA) is the major anthropogenic 

primary source with OA contribution ranging from 11.7% to 45.2% of OA mass. BBOA factor 
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concentrates at cold seasons and exhibits seasonal-dependent source characterization regarding 

seasonal changed biomass burning types. As for secondary sources, oxygenated organic aerosol 

(OOA) contribution from the daytime (Less Oxidized OOA, LO-OOA, and More Oxidized OOA, 

MO-OOA) and nighttime oxidation (Nocturnal Oxidation OOA, NO-OOA) processes were 

confirmed to be the major OA sources, accounting for 46% (autumn) to 88% (summer) of the total 

OA mass. Besides, OA contributions from regional transport (represented by Methanesulfonic 

Acid-Containing OA, MSA-OA, and Continental Regional Transport OA, Trans-OA) were 

resolved by PMF combined with meteorological and back-trajectory analysis, which contribute to 

8.6% to 18.6% of total OA. In addition, the OA mass fraction contributed by the MSA-OA factor 

was demonstrated to be a good indicator of marine plume transport.  

One major result of this study is the significant OA contribution from NO3· dominated nocturnal 

chemistry resolved as NO-OOA factor. OA contribution from NO3-initiated nocturnal oxidation 

accounts for 20.9% to 48.4% of total OA mass and even higher than that from daytime oxidation 

during winter and autumn, implying a possible night OA oxidation dominated environment during 

wintertime. In terms of precursors of NO3-initiated nocturnal OA formation, NO-OOA splits to 

biogenic VOCs (BVOCs) dominated nocturnal oxidation OOA, NB-OOA (resolved at summer), 

and biomass burning VOCs (bbVOCs) dominated nocturnal oxidation OOA, Nbb-OOA (resolved 

at spring, autumn and winter). Overall, biomass burning-related OA, including primary emission 

BBOA and secondary dark formation Nbb-OOA accounts for 60.1% to 82.6% of total OA mass 

during autumn and winter. That implies NOx emission and biomass burning emission control are 

important for aerosol pollution mitigation during the cold period in this region. The resolving of 

the NO3-initiated nocturnal OA contribution in this study not only completes field aerosol source 

apportionment analysis but also benefits the further understanding of nocturnal chemistry 

mechanism and improving the model for predicting global aerosol budget.  
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Chapter 1 Background and Motivation 

 Background 

Atmospheric aerosols harm environmental air quality, atmospheric visibility, and play a significant 

role in climate-ecology interaction (Ramanathan et al., 2001, Boucher et al., 2013). Aerosol 

(mainly emitted from e.g., combustion and industrial activities) also could initiate many health-

related problems, like respiratory diseases (Dockery et al., 1993, Pope et al., 2006, Dockery et al., 

2007, Lelieveld et al., 2015). Differing chemical compositions and physicochemical properties of 

atmospheric aerosols relate to their emission sources, formation mechanisms, and aging processes.  

Atmospheric aerosols, whether natural or anthropogenic, mainly originate from two processes: 

primary particles emissions and secondary particles formation from gaseous precursors as shown 

in Figure 1-1. In addition to primary emission and secondary formation, processes including 

oligomerization, condensation, aerosol aging, fragmentation, and cloud nucleation could 

dynamically affect the physical and chemical properties of organic aerosol (Jimenez et al., 2009, 

Canagaratna et al., 2010, Ng et al., 2010). Atmospheric aerosols mainly consist of black carbon 

(BC, mostly originate from incomplete combustion), mineral species, inorganic species (e.g., sea 

salt, sulfate, nitrate, ammonium), and organic species (also named organic aerosol or OA). 
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Figure 1-1: Overview of sources and evolutions process of aerosol particles in the atmosphere. Primary aerosols are emitted directly 

into the atmosphere, such as particles formed by sea spray, wildfire, and secondary aerosols are formed from gaseous precursors. 

Aged aerosols are formed from the coagulation of both primary and secondary particles and the condensation & cloud processing 

process of gaseous species. 

Accordingly, variously originated aerosols cause changeable aerosol-related interference on 

Earth’s radiative balance through the direct effect of scattering and absorbing of radiation or 

through indirectly radiative forcing by modifying cloud properties and further precipitation (Myhre 

et al., 2013, Fanourgakis et al., 2019). The detailed radiative forcing of aerosol species related to 

their sources and precursors were illustrated in Figure 1-2 (quoted from (Stocker et al., 2013)). 

That graph also illustrates the importance of investigation of aerosol composition and sources on 

the study of aerosol net radiative forcing and hence aerosol climate effect. 
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Figure 1-2: Radiative forcing bar chart for the period 1750–2011 based on emitted compounds (gases, aerosols, or aerosol 

precursors) or other changes. (Image credit: Figure 8.17 from AR5, WGI, Anthropogenic and natural radiative forcing, IPCC 2013) 

For aerosol components, aerosol inorganic species: sulfate, nitrate, and ammonium are dominant 

compounds for submicron particles (PM1) and mainly originate from anthropogenic emission 

(Zhang et al., 2007a, Jimenez et al., 2009). Sulfur dioxide (SO2) released from anthropogenic 

activities (like industry) and natural sources (mainly volcanic activities) are major aerosol sulfate 

precursors through reaction such as gas-phase oxidation and phase partitioning, and consequently 

affect the acidity of aerosols in the atmosphere (Tsigaridis et al., 2006, Zhang et al., 2007a). Gas-

phase ammonia (NH3) mainly originate from agricultural activities, like fertilizing and industrial 

activities, which could neutralize aerosol acidity (mainly sulfuric acid, nitric acid, and involving 

organic acid) and therefore commonly exist in aerosol as ammonium sulfate and ammonium nitrate. 

As for particulate nitrate, nitrogen oxides (like NO, NO2) mainly emitted from car exhaust are 

major precursors of nitric acid and subsequently, affect aerosol nitrate mass loading. 
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Among aerosol compounds, organic aerosols (OA), have received considerable critical attention 

because they account for 20 to 90% mass of total submicron particles in the troposphere (Zhang et 

al., 2007b, Jimenez et al., 2009). As shown in Figure 1-1, the organic aerosol universal exists in 

ambient air and shows comprehensive primary emission sources (also named primary organic 

aerosol, POA) including both anthropogenic (such as traffic exhaust, industry emission) and 

natural sources (like wildfire, sea spray).  

In addition, secondary organic aerosol (SOA) contributed by the reaction of gaseous precursors 

and further gas-particle phase partitioning is another important OA source (Hallquist et al., 2009). 

More specifically, gas-phase reactions are mainly oxidation between oxidants (like OH radical, O3, 

NO3 radicals, etc.) and volatile organic compounds (VOCs), semi-volatile, intermediate volatility 

organic compounds (S/IVOCs) from both biogenic and anthropogenic emissions (Jimenez et al., 

2009). The physical and chemical characteristics of OA, such as volatility and hygroscopicity, are 

related to OA emissions and formation sources (Kanakidou et al., 2005, Goldstein et al., 2007, De 

Gouw et al., 2009).  

Recently, SOA contribution from nocturnal chemistry (Atkinson et al., 2003, Brown et al., 2013) 

(mainly derived by oxidants NO3 radical, O3) draw more attention. Several previous labs (Ng et 

al., 2008, Fry et al., 2009) and ambient studies (Brown et al., 2009, Chen et al., 2015) found that 

significant contributions to SOA are from the reaction of NO3· with biogenic VOCs (like isoprene 

and monoterpenes) during summertime. In addition, night-time oxidation of NO3· with 

monoterpenes is suggested as a major reaction (Fry et al., 2014) and contributes up 30% or even 

60% of total SOA based on several model results (Russell 2005, Hoyle et al., 2007, Pye et al., 

2010). Recently, new lab research (Kodros et al., 2020) found that during winter-time rapid and 

significant secondary organic aerosol (SOA) could be formed through a dark reaction between 

NO3 radical and fresh biomass burning emission, and it is suggested that over 70% of the biomass 

burning related organic aerosol to be related with nocturnal chemistry. Although the potential 

contribution to the aerosol phase from nocturnal oxidation has become the focus of an increasing 

amount of studies, there is still a lack of sufficient ambient data which supports the potential 

aerosol nocturnal chemistry contribution and implication in the real atmosphere. 

As for SOA potential precursors, isoprene (C5H8) and monoterpenes (C10H16) are considered as 

most abundantly emitted BVOCs globally and made up of around 90% biogenic VOCs (BVOCs) 
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emission (Guenther et al., 1995, Guenther et al., 2012). Ambient and laboratory research both 

imply that the oxidation of monoterpenes, isoprene made up of major biogenic derived SOA 

contribution (Yu et al., 1999, Volkamer et al., 2007, Ng et al., 2008, Tasoglou et al., 2015). Due 

to the high biogenic SOA production rate, around 2.86 and 97.5 Tg/yr (Henze et al., 2008, Farina 

et al., 2010, Hodzic et al., 2016), large amounts of global SOA models consider it as the only SOA 

source (Tsigaridis et al., 2014). However, there are also parts of researches that suggest a fraction 

of biogenic SOA to total SOA annual yield ranging from 74% (Hodzic et al., 2016) to 95% (Farina 

et al., 2010) considering anthropogenic SOA contribution or some other potential precursor 

contribution (Kelly et al., 2018). VOCs emitted from anthropogenic sources, such as biomass 

burning, and traffic exhaust as shown in Figure 1-1, consist of organic compounds with up to 30 

carbon atoms or more, like aromatic (e.g. benzene, toluene), polycyclic aromatic (e.g. naphthalene), 

and furans (Schauer et al., 1999, Schauer et al., 2001, Kelly et al., 2018). Recent lab research 

(Kodros et al., 2020) and models studies (Shrivastava et al., 2015, Hodzic et al., 2016) suggest 

significant SOA contribution from the anthropogenic source, but the dominant precursors and 

potential SOA yield remain highly uncertain and need further investigation. 

Organic aerosols, especially SOA, significantly contribute to total submicron particles in the 

troposphere, but the OA emission sources, evolution, and removal in the atmosphere are still under 

investigation. To well understand the complicated sources and evolution processes of organic 

aerosol, the concentration variations of organic aerosols were measured in amounts of field and 

laboratory studies mainly by real-time online high-resolution aerosol mass spectrometers, such as 

high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) equipped with thermal 

desorption plus ionization techniques (Zhang et al., 2011, Pratt et al., 2012). Most commonly used 

aerosol mass spectrometers provide the concentration of bulk aerosol species and are utilized to 

distinguish mainly aerosol nitrate, sulfate, ammonium, organics, and chlorine (Canagaratna et al., 

2007a). There are more advanced techniques that could provide more detailed chemical 

information of aerosol composition, such as soft-ionization aerosol mass spectrometers (SI-AMS), 

often at the expense of measuring only part of the PM mass.  

Although AMS spectra contain limited molecular tracers, it’s sufficient to further investigate 

aerosol source apportionments through factor analysis (Jimenez et al., 2009, Sun et al., 2011). 

Factor analysis is a mathematical technique to resolve the variability of ions intensities as a 
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function of time measured by AMS as the linear combination of limited static OA contribution 

source factor profiles and their corresponding time variation (Jimenez et al., 2009) (Sun et al., 

2012). Factor analysis converts extremely complicated OA composition into several chemically 

and physically meaningful source spectra. Moreover, factor analysis also realizes the global 

comparison of the chemistry, variability, and evolution characteristics of atmospheric submicron 

OA (Jimenez et al., 2009). With the universal usage of high time resolution online aerosol 

spectroscopy (like AMS and ACSM), factor analysis (like Positive matrix factorization/PMF), is 

commonly utilized in ambient aerosol field studies to investigate the aerosol sources and 

corresponding source contribution variations (Jimenez et al., 2009, Zhang et al., 2011, Sun et al., 

2012, Crippa et al., 2014, Dai et al., 2019). 

Numerous studies conducted in many different environments and parts of the globe show that an 

oxygenated organic aerosol (OOA) factor derived by utilizing PMF to identify the contribution of 

different sources, is dominated by processes of atmospheric oxidation of gas-phase species and 

accounts for a significant fraction of total OA mass concentration. In earlier studies of aerosol 

PMF factor analysis, two-OOA systems are widely utilized to describe the non-primary organic 

aerosol source. The most common OOA factor pairs are semi-volatility oxygenated OA (SV-OOA) 

and low-volatility oxygenated OA (LV-OOA), in which SV-OOA represents less-photochemically 

oxidized OA (fresh secondary organic aerosol) while LV-OOA represents significantly more 

oxidized OA (Jimenez et al., 2009).  

With the continuous improvement of PMF analysis of high-resolution mass spectra, more 

distinctive types and sources of the general OOA profiles are resolved. For example, based on the 

oxidation state and elemental ratios (like O:C ratio), a less oxidized OOA (LO-OOA) factor and a 

more oxidized OOA (MO-OOA) factor are then introduced by (Sun et al., 2012) to subdivide the 

traditional SV-OOA factor. With further researches of OOA volatility, previous studies point out 

that LV-OOA and SV-OOA consist of compounds with broad and overlapping volatilities 

(effective saturation concentration C* in the range of 10-7 to 10-3 µg m-3, and 10-4 to 10 µg m-3 

respectively)(Paciga et al., 2016), and overall show similar volatilities in general (Hildebrandt et 

al., 2010). For example, around 42% SV-OOA mass concentration is reported to consist of low-

volatile organic compounds (LVOCs, with effective saturation concentration C* of 10-3 to 0.1 µg 

m-3) while the rest half was mainly semi-volatile organic compounds (SVOCs, with C* of 1 to 100 
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µg m-3) (Paciga et al., 2016). Based on these results, some studies propose that the naming of LV-

OOA and SV-OOA factors could be misleading, and it would be more reasonable to describe the 

OOA factors based on the level of the photochemical age. Therefore, LV-OOA and SV-OOA 

might be better described as e.g. very oxygenated OA (V-OOA) and moderately oxygenated OA 

(M-OOA) (Kostenidou et al., 2015), or LO-OOA and MO-OOA (Sun et al., 2012). Although 

factors defined by levels of oxidation derived from the elemental composition are argued as 

“source factors” which are not assigned to a specific source (Zhang et al., 2018), it provides a 

universal and relative reliable factor to illustrate the determined OOA factors.  

More source factors, such as primary source Hydrocarbon-Like Organic Aerosol (HOA) and 

Biomass Burning Organic Aerosol (BBOA) are commonly identified by PMF analysis in previous 

studies. Fossil fuel combustion and other urban sources are usually defined as the primary organic 

aerosol source, hydrocarbon-like OA (HOA). As one major type of fossil fuel combustion, the 

mobile exhaust is mainly contributed by partially burned fuel and recondensed engine lubricating 

oil, mainly consisting of n-alkanes, cycloalkanes, branched alkanes, and aromatics (Canagaratna 

et al., 2004, Chirico et al., 2010). Therefore, the spectrum of the HOA factor is dominated by 

CnH2n+1 (m/z 29, 43, 57, 71) and CnH2n-1 (m/z 41, 55, 69) ion groups, with the signal at C4H9
+ (m/z 

57) being usually the major ion and can be considered as the tracer ion of HOA (Mohr et al., 2012). 

Biomass burning OA (BBOA) resolved by PMF is suggested to be dominated by monosaccharide 

derivatives from the pyrolysis of cellulose, but also slightly contributed by straight-chain aliphatic, 

oxygenated compounds (like cellulose and lignin) and terpenoids (Crippa et al., 2013b). Therefore, 

characteristic fragments C2H4O2
+ (m/z 60) and C3H5O2

+ (m/z 73) mainly contributed by 

levoglucosan which is produced by cellulose pyrolysis (Simoneit et al., 1999, Alfarra et al., 2007) 

are commonly considered as the biomass burning tracer ions in the AMS mass spectrum. 

Moreover, regional transport, such as marine plume transport is also possible to be resolve by PMF 

analysis. Methanesulfonic acid (MSA, CH3SO3H) is a secondary product from oxidation of 

dimethyl sulfide (DMS) (Zorn et al., 2008, Ge et al., 2012), and could affect cloud condensation 

nuclei (CCN) activity and consequently affect radiation budget then climate (Yan et al., 2019). 

Methanesulfonic acid (MSA) is commonly considered as the tracer of marine air plume regional 

transport because the precursor DMS is mainly produced by phytoplankton and anaerobe bacteria 

in the ocean and is the main natural source of sulfur containing compounds (Charlson et al., 1987). 
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MSA-containing organic aerosol source factor (commonly derived by PMF factor analysis) is 

commonly named as methanesulfonic acid-containing organic aerosol (MSA-OA) and has been 

detected in previous studies not only in the coastal and oceanic environment (Schmale et al., 2013) 

but also in megacities, like Paris (Crippa et al., 2014). 

 Motivation and Tasks 

Ambient aerosols chemical composition and concentration commonly show significant seasonal 

variation due to not only seasonal dependent primary emissions (like agricultural burning, 

residential heating) but also secondary aerosol formation with seasonal changed dominant 

precursors (like biogenic VOCs, and biomass burning VOCs) and oxidants (like OH radical, O3, 

and NO3· radical). Therefore, obvious seasonal differences in aerosol mass concentration and 

chemical composition are expected to be observed during the annual field campaign. In addition 

to the study of the variation of aerosol concentration and composition (mainly ammonium (NH4), 

nitrate (NO3), sulfate (SO4), chloride (Cl), and organic compounds), seasonal source 

apportionment study of mainly organic aerosol (OA) would like to reveal seasonal changed aerosol 

contributions from different sources. Furthermore, potential seasonal changes of contributions and 

properties (e.g., source factors spectra, oxidation degree) of OA sources, especially secondary OA 

sources, can be used to enhance the understanding of the aerosol evolution process.  

Accordingly, a year-long observation campaign JULIAC (Jülich Atmospheric Chemistry Project) 

has been done at a semi-rural site, Forschungszentrum Jülich, from Jan. 2019 to Nov. 2019. 

Seasonal variations of the chemical composition of submicron aerosols were measured during the 

JULIAC campaign by the high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-

AMS) and were discussed in section 4.1. Seasonal source apportionment of mainly organic aerosol 

during the JULIAC was investigated by statistical methods (PMF/ME-2) combined with 

comprehensive gas phases species measured concurrently (mainly in sections 4.2, 4.3, and 4.4). 

Moreover, seasonal contribution and source properties of OA sources factor resolved by PMF were 

mainly discussed in section 4.5.  
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Chapter 2 Campaign and Instruments 
In this chapter, the JULIAC campaign is detailed introduced in section 2.1 mainly regarding 

location site and basic setup. The simulation chamber SAPHIR (Simulation of Atmospheric 

Photochemistry in a Large Reaction Chamber), one core part of the hardware setup of the JULIAC 

is briefly presented in section 2.2. The introduction of all instruments involved in the JULIAC 

campaign could be found in sections 2.3, 2.4, and 2.5. 

 JULIAC campaign  

In this section, the location and surrounding environment of the JULIAC campaign is firstly 

described. And then the introduction concentrates on the basic hardware setup and design target 

of the JULIAC campaign. 

2.1.1Campaign location and characteristics 

To better understand the annual variation and source contribution of the radical budget, gas-phase 

composition, and organic aerosols, the year-long JULIAC (Jülich Atmospheric Chemistry Project) 

campaign has been conducted from Jan. 2019 to Nov. 2019 at the Forschungszentrum Jülich 

(50.909227N, 6.412235E), North Rhine-Westphalia, Germany, as shown in Figure 1-3 left). The 

location of the JULIAC campaign is surrounded by a forest mainly comprised of mixed deciduous 

forest and located about 5 km southeast of Jülich (population size about 34,000) and 30 km 

northeast of Aachen. In addition, as shown in Figure 1-3 right panel, there is one sugar factory 

located around 4 km northwestern, and two coal mines are located in the eastern and southwestern 

direction of the measuring site, respectively. And one eight-unit coal-fired power plant, the 

Weisweiler power station is located around 12km southwestern of the campaign location. Due to 

the surrounding environment, the JULIAC campaign site could be affected by both anthropogenic 

and biogenic emission sources.  
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Figure 1-3: left) Location of the JULIAC campaign and right) zoom-in map for the geographical environment around the JULIAC 

campaign site. Major anthropogenic sources (like sugar factory, coal mines, and power plants) and biogenic sources (e.g. forest) 

around the site are all marked on the map. 

2.1.2 Campaign setup 

Intensive measurements (each 4-6 weeks) of comprehensive instrumentations were done in four 

different seasons and were named as the JULIAC-I (Jan. 15th to Feb. 10th, Winter), the JULIAC-

II (Apr. 8th to May 5th, Spring), the JULIAC-III (Aug. 7th to Sep. 1st, Summer), and the JULIAC-

IV (Oct. 28th to Nov. 24th, Autumn) in order. An overview of all available data collected during 

the JULIAC campaign could be found in appendix A. 12. As shown in Figure 1-4 left), the basic 

setup of the JULIAC measurement is sampling ambient air through an inlet line held by a 50 m 

high tower into the atmosphere simulation chamber SAPHIR (detailed information given in section 

2.2 ). The purpose of that inlet system is to focus on regional atmospheric composition and 

meteorological effect and to reduce local interference from near-ground emission and forest 

canopy. A comprehensive setup of instrumentation was directly connected with the SAPHIR 

chamber to measure metrological parameters, radicals, OH reactivity, trace gases like CO, CO2, 

NOX, volatile organic compounds (VOCs), and chemical and physical properties of submicron 

aerosols. That setup ensures that the sampled ambient air plumes are consistently detected by all 

involved measurements during the JULIAC campaign, and by then could be utilized to further 

understand atmospheric processes and mechanisms. In particular, using the SAPHIR chamber in 
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this campaign setup as a flow-through reactor shared by all sampling lines provides an ideal tool 

to characterize atmospheric trace gases, like OH, HO2, NO3, N2O5, and OH reactivity (Cho et al., 

2021). In this work the focus is on the physical and chemical characterization of ambient aerosols 

measured with an Aerodyne aerosol high-resolution time-of-flight aerosol mass spectrometer (HR-

ToF-AMS, see section 2.3.1), a Scanning Mobility Particle Sizer (SMPS, see section 2.4), and 

condensation particle counter (CPC, see section 2.4) during the JULIAC campaign. 

 

Figure 1-4: left) Concise concept map for basic setup of JULIAC campaign. Major air flow directions are marked in the graph. 

Right) Schematic diagram of JULIAC inlet system. (Image credit: IEK-8, Forschungszentrum Jülich). The core part's name and 

corresponding basic parameters are all marked. 

The core parts of the inlet system of the JULIAC campaign are displayed in Figure 1-4 and a 

detailed introduction are given below from left to right in Figure 1-4 right): 

(1) a 50-meter high tower that holds a sampling line. The sampling line is made from stainless 

steel tube with an inner diameter of 104 mm and inner surfaces coated with non-reactive SilcoNert 

2000 (SilcoTek) to minimize losses of trace gases to the surfaces of the sampling line. Considering 

changing weather situations, the top opening of the tube is shielded by a roof to avoid precipitation 

entering the tube which could cause interference and uncertainties for determining water-soluble 

trace gases. 

Multiple sensors are mounted on the top opening of the tube: an ultrasonic anemometer for 3D 

wind and temperature data (METEK, USA-1), two relative humidity/temperature sensors, and a 
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barometric pressure sensor (Driesen + Kern, DKP102X, DKRF473) to real-time monitor the 

ambient pressure, temperature, relative humidity, and 3D wind data at 50 m as well as temperature, 

relative humidity, pressure, and volume flow of the sampling air. A separate heating circuitry, 

consisting of the heating element and two thermocouples, was mounted on the outer surface of the 

tube to maintain a constant tube temperature in case of adiabatic cooling of the air. 

(2) A cyclone (LTG, ZSB-6) was used to remove coarse particles from the sampling air. The 

cyclone could efficiently remove 90% of 6 – 10 µm size particles and around 50% of 2 – 3 µm 

size particles from the sampling air. Inner surfaces of the cyclone are coated with SilcoNert® 2000 

(SilcoTek) and heated to 2 degrees higher temperature compared to ambient to compensate the 

adiabatic cooling of the air. Upstream of the cyclone sensors capture temperature and relative 

humidity (Driesen + Kern, DKRF473) as well as the differential pressure to ambient (ABB, 

266GST) in the airflow. 

(3) the blower (Aerzener Maschinenfabrik, AERZEN Turbo G3 Type: TB 50-0.6 S) is mounted 

behind the cyclone which pushes sampling air through the whole JULIAC inlet system with a 

constant flow of 660 m3/h during the entire JULIAC campaign. Inner surfaces of connecting 

flanges are coated with SilcoNert® 2000 (SilcoTek). 

(4) A 3/2-way valve (GEMÜ, P600M) connects the inlet system with the SAPHIR chamber and is 

used to sample airflow separation between the SAPHIR chamber and vent excess air (connect to 

atmosphere). For the most period of the JULIAC campaign, 250 m3/h sampling airflow is directed 

to the SAPHIR chamber. 

(5) A bypass sampling line is installed at the vent tube for excess air which over the designed flow 

of SAPHIR. Several T-piece connectors are equipped at end of the bypass sampling line to provide 

access for sampling air directly from the JULIAC tower sampling line without the need to 

introduce the air prior into the SAPHIR chamber and allow for direct measurements from the 

sample ambient air at 50 meters height. This setup could be used to estimate the effect (like wall 

loss, a smoothing effect due to the resistance time of the air sample in the SAPHIR chamber, etc.) 

of the SAPHIR chamber, and could be used as an alternative and supporting measurements as well. 

During JULIAC tower sampling (break times among intensive JULIAC phases), instruments 

directly measured air from the bypass sampling line for additional measurements.  
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During the JULIAC campaign, 3 working modes, flow mode, batch mode, and perturbation mode 

were designed for the JULIAC campaign. Instruments involved in the campaign measure air 

sampled from the SAPHIR chamber:  

(1) Flow mode. During this mode, ambient air sampled from the JULIAC tower goes through the 

SAPHIR chamber continuously with a flow rate of 250 m3/h, which means sampling air has 1 hour 

residence time in the chamber. This mode is utilized for long-term continuous ambient 

measurement and all submicron aerosol data for the JULIAC intensive phases in this study are 

collected under this mode.  

(2) Batch mode. In this mode, the inside and outside flow of the chamber turn off after sampling 

ambient air and then inject reactants (like O3, NO2, seed, etc.) into the chamber to initialize the 

designed reaction for hours. Instrument connected with SAPHIR keeps recoding the chemical 

variation that happened in the chamber, and mostly for one day boosting simulation.  

(3) Perturbation mode. This mode is designed to explore the changes of atmospheric species (e.g. 

particle formation, chemical composition) under perturbation such as addition biogenic VOC 

(PLUS) (simulate increased influence on vegetation emissions) and NOx (simulate anthropogenic 

influence on forest emission). This mode only is planned but not run in the JULIAC campaign. 

As discussed above, the JULIAC campaign setup significantly improves the data comparability of 

all instruments due to the same sampled air, benefit effective data comparability, broaden and 

improve detection for several trace gases. In addition, the aerosol transmission loss and changes 

of chemical and physical properties caused by the JULIAC setup were tested before the JULIAC 

campaign. The results are discussed in detail in appendix A. 1. In brief, the results illustrate that 

the JULIAC inlet line system show a slight effect on aerosol organics and does not change aerosol 

size-dependent chemical composition in evidence. Therefore, the main analysis, aerosol organics 

source apportionment analysis used in this study should be less affected by the aerosol loss.  
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 Atmospheric simulation chamber SAPHIR 

 

Figure 1-5: photo of the atmosphere simulation chamber SAPHIR located in the Forschungszentrum Jülich. (Image credit: IEK-8, 

Forschungszentrum Jülich) 

The SAPHIR (Simulation of Atmospheric Photochemistry in a Large Reaction Chamber) chamber 

is a large-scale outdoor atmospheric simulation chamber located in the Forschungszentrum Jülich. 

The SAPHIR chamber is constructed as a cylindrical-shaped Teflon chamber with length, diameter, 

and volume of 18 m, 5 m, and 270 m3, respectively. The chamber consists of double-wall 

fluorinated ethylene propylene (FEP) Teflon film, and the interspace between two films is flushed 

continuously with high purity air or nitrogen to minimize contamination with outside air due to 

diffusion. The pressure inside the chamber is slightly higher than ambient pressure, on average at 

about 80 Pa.  

During the JULIAC campaign, synthetic air was used as a replenishing flow (flow rate of 

approximately 20 m3/h) to compensate for the loss from instrument sampling and chamber leaks. 

Two fans (rotation speed 1200 rpm) are mounted inner chamber to make sure a homogeneous 

mixing of the sampled air. More details about the SAPHIR chamber can be found elsewhere (Bohn 

et al., 2005b, Bohn et al., 2005a). The dilution rate constant caused by replenishing flow and the 

aerosol wall loss caused by turbulence in the chamber are both small enough (with a loss ratio of 
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10-5) to be neglectable (detailed discussion in appendix A. 2). Detailed calculations and discussions 

can be found in appendix section A. 2. 

HR-ToF-AMS  

2.3.1 HR-ToF-AMS introduction 

    

Figure 1-6: left) Schematic of the high-resolution time-of-flight aerosol mass spectrometer (Image credit: (DeCarlo et al., 2006)). 

Right) Photo of high-resolution time-of-flight aerosol mass spectrometer utilized during the JULIAC-I and the JULIAC-II 

In this study, the high-resolution time-of-flight aerosol mass spectrometer (HR-TOF-AMS) is used 

to continuously measure mass concentrations and size distribution of non-refractory chemical 

compositions (mainly ammonium (NH4), nitrate (NO3), sulfate (SO4), chloride (Cl), and organic 

compounds) of the submicron particle during the whole JULIAC campaign. Two same version 

HR-TOF-AMS were alternately used during the JULIAC campaign, and therefore named the one 

utilized during the JULIAC-I and II as AMS_1 in this thesis, and the other used for the JULIAC-

III and IV as AMS_2.  

Ambient aerosol sampled into HR-TOF-AMS firstly goes through a 100 μm diameter critical 

orifice with an average flow rate around 1.3-1.5 cm3/s, and then passes an aerodynamic lens (Zhang 

et al., 2002). The aerodynamic lens focuses aerosols ranging from 50 nm to 600 nm into a narrow 

aerosol beam (diameter around 100 µm) with almost 100% transmission efficiency. Bigger and 
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smaller aerosols in the range of 20-2000 nm also could be transmitted but with decreased efficiency 

(Heberlein et al., 2001).  

The particle beam then leaves the aerosol sampling chamber and goes through a channel skimmer 

(diameter 1mm) to skim off most air entry inlet pumped by a 280 l/s turbo molecular pump 

(VarianV-301NAV) and a backed diaphragm pump (Vacuubrand MD1-Vario). Then particles 

enter the high vacuum particle sizing chamber pumped by 70 l/s TwisTorr84fs turbo molecular 

pump. Particles fly through this chamber with an aerodynamic size-related terminal velocity 

acquired in the aerodynamic lens. During PTOF mode of AMS, particle beams then are effectively 

chopped by chopper mounted in front of the terminal of sizing chamber with 0.5% chopper 

circumference, and then the particle size information could be determined based on the particle 

flight time inside sizing chamber.  

For AMS working modes, the position and operating mode of the chopper determine the AMS 

working mode (MS or PTOF). For MS mode, the chopper position switches between open 

positions (where aerosol beam could continuously be transported into next chamber) and close 

positions (where no particle is transmitted into detection region instead of cutting particle beam). 

More mechanism introduction of TOF-AMS basic working mode could be found in a previous 

paper (Drewnick et al., 2005). Particles transmitted into the evaporation and ionization chamber 

impact on 600˚C porous tungsten vaporizer (Canagaratna et al., 2007b). A micro thermocouple is 

mounted in the front of the vaporizer to concurrently monitor the status of the vaporizer. The 

vaporizer is located at the center and downstream of an electron-ion source, hence the vaporized 

non-refractory species could be efficiently ionized by 70 eV electrons emitted from a tungsten 

filament and then enter orthogonal TOF extractor through electrostatic lenses.  

After drifting through the TOF extractor at 50 eV, ions are orthogonally extracted into the TOF 

chamber by a high voltage pulse. Then ions fly in the TOF chamber in V or W shape path reflected 

by gridded ion reflector mounted at one end of TOF chamber, and then go through post 

acceleration and finally detecte by microchannel plate (MCP, DR-4200 Tofwerk). A more detailed 

introduction of the TOF chamber could be found in a previous publication (Steiner et al., 2001). 

The electronic signal from MCP is then detected by an analog-to-digital conversion data 

acquisition card (AP240, Acqiris, Geneva, Switzerland) and further transferred to and stored in 

one personal laptop.  
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2.3.2 HR-ToF-AMS maintenance and data treatment 

To visualized illustrate the whole instrument maintenance process, workflow chart of complicated 

HR-ToF-AMS software operations, output data treatments, storage of corresponding data and 

recording of the JULIAC are firstly displayed in Figure 1-7. These diagnostics parameters during 

AMS operation are important indicator to evaluate instrument stability and support possibly 

needed data correction.  

For AMS raw data treatment, the basic principle for converting detected ion intensity (I, in Hz) at 

specific charge ratio (m/z) to mass concentration (C, in μg/m3) is shown in Eq. 1(Jimenez et al., 

2003). MW means the species molecular weight (g.mol-1), Q represents the flow rate of AMS (cm3 

s-1), NA is Avogadro’s number, and IE is the ionization efficiency (see section 2.3.2.3). In practice, 

relative ionization efficiency of species (RIEs, see section 2.3.2.4) is introduced to obtain reference 

IE/MW from a well characterized calibrant species (normally nitrate). Collection efficiency of 

aerosol species is also used to correct deviation of AMS detection due to the transmission loss 

(details in section 2.3.2.5). A detailed flow chart that mainly focuses on raw AMS data treatment 

like correction and calibration, could be found in Figure 1-8. 

 𝐶𝑠 =
1012𝑀𝑊

𝐼𝐸 𝑄 𝑁𝐴
𝐼  Eq. 1 

 𝐶𝑠 =
1012𝑀𝑊𝑁𝑂3

𝐶𝐸𝑠𝑅𝐼𝐸𝑠𝐼𝐸𝑁𝑂3𝑄𝑁𝐴
∑ 𝐼𝑠,𝑖𝑎𝑙𝑙,𝑖   Eq. 2 

 

2.3.2.1 HR-ToF-AMS operation data 

In terms of instrument operation and corresponding data, ToF Power Supply (TPS) voltage tuning 

by Tofwerk TPS controller software is necessary once the vacuum chamber is open for 

maintenance, and the old voltage setting menu needs to be backup for the revert. ToF-AMS 

Instrument Control and Data Acquisition Software, ToF‐AMS DAQ of Aerodyne (more details 

could be found in https://sites.google.com/site/tofamsdaq/) is the application used for HR-ToF-

AMS instrument operation such as data acquisition and storage, hardware parameter control. All 

operation data monitored by TPS and DAQ are all important referred values to evaluate instrument 

stability and data quality. For example, the diagnostic parameters (like baseline, MCP voltage, 

https://sites.google.com/site/tofamsdaq/
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single ion, filament emission, airbeam, flowrate, etc.) detected by ToF‐AMS DAQ are 

automatically stored in Hierarchical Data Format (.hdf) and Igor Text (.itx) format of output data 

of AMS, and are initial checking step after raw data loading by AMS data analysis software, 

SQUIRREL (DeCarlo et al., 2006, Sueper et al., 2009) as shown in Figure 1-8. 
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Figure 1-7 Flow chart for HR-ToF-AMS maintenance during the campaign and raw data treatment process by software Squirrel 

and Pika. Instrument parameters during maintenance, raw data, processed data of AMS, utilized Igor procedures and corresponding 

data process recording were all backed up online, and the stored locations were also listed in flowchart. Simplified AMS data 

process of Squirrel and Pika in this flowchart will be detailed displayed in Figure 1-8.  
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Figure 1-8: Detailed flow chart for AMS UMR and HR data treatment, including the major calibration and correction steps applied 

during the JULIAC data treatment. 

2.3.2.2 Flowrate calibration 

The flow rate of AMS sampling air is an important parameter to convert signal intensity to mass 

concentration. The value of flow rate is not directly detected but derived from inlet lens pressure 

(saved as analog input #3) and converted using a static linear equation. During the JULIAC-II, 0.1 

to 0.25 cm3/s positive bias of AMS logged flow rate was observed in comparison with inlet flow 

rate measured by Gillian Gilibrator 2 (Bubble Generator Standard Flow Cell, Flow range 20 cc- 6 

LPM, P/N 800286). Therefore, one flow rate calibration has been done at the 20.03.2019 the 

JULIAC-II to correct logged flow rate. One flow control valve was equipped in the front of the 
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AMS inlet line to create gradient inlet flow rates. At each flow rate during calibration, at least one 

run in MS mode of HR-ToF-AMS was saved to record analog input lens pressure, and the 

corresponding real inlet flow rate was measured by gilibrator and recorded. The new flow rate can 

be derived using the parameters below (which is derived from flow rate calibration data). Flowrate 

calibration data analysis has been shown in Figure 1-9, with flow rate slope 2.33 and flowrate 

intercept -2.09. 

New flow rate=flowrate intercept + flow rate slope *(lens pressure) 

 

Figure 1-9: Flowrate calibration results analysis for AMS during the JULIAC-II with gilibrator detected flowrate as y-axis and 

Lens pressure as x-axis  

2.3.2.3 Ion efficiency calibration 

Ionization efficiency (IE) is a core parameter to convert signal ion intensity to species mass 

concentration. Therefore, IE calibration was regularly done around every two weeks to reduce the 

uncertainty caused by IE variation during the JULIAC campaign. IE is estimated based on ions 

per particle (IPP) divided molecules per particle (MPP), and ammonium nitrate is usually used as 

calibration species for IE calibration because of its high evaporation efficiency (close to 100%). 

During the JULIAC campaign calibration, gradient NH4NO3 standard solutions carried by 

synthetic air going through an atomizer and then a silicone dryer was utilized to generate gradient 

pure NH4NO3 particles flow. 350 nm NH4NO3 particle was then selected by DMA (Differential 

Mobility Analyzer, TSI, Model 3080), and then split the flow into HR-ToF-AMS and CPC in 

parallel (TSI, Model 3785) to detect ion intensity and count particle number respectively. More 

details of ionization calibration and calculation principles could be found in a previous publication 
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(Drewnick et al., 2005). One sample result of ionization efficiency calibration calculation has been 

shown in Figure 1-10, illustrating the correlation between AMS measured bulk nitrate mass 

concentration calculated by initial IE value, and nitrate mass concentrations calculated by particle 

number concentration measured by CPC and particle size detected by PToF mode of AMS. Liner 

fitting was done in the graph, and correction coefficient (b, 1.0534) based on original IE and 

updated new ionization coefficient is displayed. Th overview of diagnostic and IE parameters 

archived during the whole JULIAC campaign is displayed in appendix Table A 2. 

 

Figure 1-10: Result example of the ionization efficiency (IE) calibration. Y-axis represents the AMS measured bulk nitrate mass 

concentration correlates with X-axis stands for nitrate mass concentrations calculated by particle number concentration measured 

by CPC and particle size detected by PToF mode of AMS 

 

2.3.2.4 RIE correction 

As introduced in section 2.3.2.3, pure ammonium nitrate is normally used as ionization calibration 

species because of the high evaporation ratio (almost 100%). However, IE value calibrated by 

NH4NO3 could not be directly used to convert all aerosol species intensity to mass concentration, 

but need a relative ionization efficiency of the species (RIEs) in comparison to NH4NO3 as 

introduced by (Jimenez et al., 2003, Alfarra et al., 2004, Canagaratna et al., 2007b).In addition, 

RIENO3 value is usually used as 1.1 instead of 1 because only fragments NO+ (m/z 30) and NO2
+ 
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(m/z 46) are counted during NH4NO3 IE calibration instead of total ion fragments of NO3. In the 

JULIAC study, standard NH4NO3 and (NH4)2SO4 are measured during IE calibration. Therefore, 

RIENH4 and RIESO4 are calculated based on standard measurement during IE calibrations and 

applied for all AMS data collected during four intensive phases. Detailed calculation steps are 

given below. 

The basic mechanism for RIENH4 and RIESO4 correction is the aerosol ion balance principle for 

AMS data. In detail, the ideally molecular ratio of high-resolution bulk NH4 to bulk NO3 

(HRNH4/HRNO3) should equal 1 for standard NH4NO3 measurement and the molecular ratio of 

high-resolution bulk NH4 to bulk SO4 (HRNH4/HRSO4) should equal 2 for standard (NH4)2SO4 

measurement by AMS. Based on that, here introduce two RIE correction parameters RNH4 and 

RSO4 for representing the initial measured molecular ratio of HRNH4/HRNO3 of NH4NO3 and 

HRNH4/HRSO4 of (NH4)2SO4 measurement before RIE correction as shown in Eq. 3 and Eq. 4. 

CNH4, CNO3 and CSO4 used in these formulas represents corresponding aerosol bulk species HR 

concentration (in μg/m3) calculated by PIKA with default RIE, RIENH4,def =4, RIENO3,def =1.1 and 

RIESO4,def=1.2. MW used in formulas is the molecular weight of corresponding species in g/mol. 

To connect the correction factor R with RIE, the basic formula for transferring the AMS detected 

ion intensity (I, in counts per second or Hz) of one aerosol species (S) to a mass concentration (C, 

in μg/m3) introduced by (Jimenez et al., 2003) is used as shown in Eq. 5. After replacing Cs in Eq. 

3 and Eq. 4 by Eq. 5, a new equation for RIE correction could be converted as shown in Eq. 6 and 

Eq. 7. Therefore, based on the ion balance principle introduced, new RIENH4_corr and RIESO4,corr 

after RIE correction could be calculated by Eq. 8 and Eq. 9. 
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 𝑅𝑁𝐻4 =
𝐶𝑁𝐻4/𝑀𝑊𝑁𝐻4

𝐶𝑁𝑂3/𝑀𝑊𝑁𝑂3
  Eq. 3 

 𝑅𝑆𝑂4 =
𝐶𝑁𝐻4/𝑀𝑊𝑁𝐻4

𝐶𝑆𝑂4/𝑀𝑊𝑆𝑂4
  Eq. 4 

 𝐶𝑠 =
1012𝑀𝑊𝑁𝑂3

𝑅𝐼𝐸𝑠𝐼𝐸𝑁𝑂3𝑄 𝑁𝐴
∑ 𝐼𝑠,𝑖𝑎𝑙𝑙,𝑖   Eq. 5 

 𝑅𝑁𝐻4 =
𝑅𝐼𝐸𝑁𝑂3∑ 𝐼𝑁𝑂3,𝑖𝑀𝑊𝑁𝑂3𝑎𝑙𝑙,𝑖

𝑅𝐼𝐸𝑁𝐻4 ∑ 𝐼𝑁𝐻4,𝑖𝑀𝑊𝑁𝐻4𝑎𝑙𝑙,𝑖
  Eq. 6 

 𝑅𝑆𝑂4 =
𝑅𝐼𝐸𝑆𝑂4 ∑ 𝐼𝑆𝑂4,𝑖𝑀𝑊𝑆𝑂4𝑎𝑙𝑙,𝑖

𝑅𝐼𝐸𝑁𝐻4 ∑ 𝐼𝑁𝐻4,𝑖𝑀𝑊𝑁𝐻4𝑎𝑙𝑙,𝑖
  Eq. 7 

 𝑅𝐼𝐸𝑁𝐻4_𝑐𝑜𝑟𝑟 = 𝑅𝑁𝐻4 × 𝑅𝑁𝐻4_𝑑𝑒𝑓  Eq. 8 

 𝑅𝐼𝐸𝑆𝑂4_𝑐𝑜𝑟𝑟 = (2/𝑅𝑆𝑂4) × 𝑅𝑆𝑂4_𝑑𝑒𝑓  Eq. 9 

Because RIENH4 is also involved in RIESO4 correction, the order of RIENH4 correction should be 

earlier than RIESO4. Moreover, RIENH4_corr should be applied to PIKA and recalculate NH4 and SO4 

species HR concentration before RSO4 calculation.  

Table 1-1: The overview of the value of applied RIENH4 and RIESO4 for all four JULIAC intensive phases. 

 Phases RIE_NH4 RIE_SO4 

JULIAC-I 3.84 0.98 

JULIAC-II 3.52 1.06 

JULIAC-III 4.41 1.18 

JULIAC-IV 3.84 1.18 

 

2.3.2.5 AMS collection efficiency 

Collection efficiency (CE) of AMS means the particle transmission and detection efficiency and 

is mainly affected by 1) transmission loss in the aerodynamic lens as a function of particle size, 2) 

shape-related collection loss at the vaporizer due to particle beam broaden, 3) particle bouncing 

loss when impact vaporizer as a function of particle phases. An empirical algorithm called 

composition-dependent collection efficiency (CDCE) was introduced by (Middlebrook et al., 2012) 

to improve the determination of CE. Constant collection efficiency (CE) equal to 0.96 for AMS_1 

was applied for the JULIAC-I and the JULIAC-II, while Composition-dependent collection 
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efficiency (CDCE) (Middlebrook et al., 2012) was estimated and applied with setting default CE 

value of 0.57 for AMS_2 during the JULIAC-III and the JULIAC-IV. Default CE value was the 

averaged ratio of an aerosol total mass detected by AMS and SMPS, and the SMPS total mass of 

aerosol SMPS was calculated with the averaged aerosol density of 1.4 g cm-3 (Cross et al., 2007) 

and aerosol total volume detected by SMPS. The variation of collection efficiencies among 

different AMS is common, and CE values estimated in this study is comparable to previously 

reported CE values of AMS (Lanz et al., 2010). 

 SMPS and CPC 

The size distribution of particles in the diameter range of 10 to 1000 nm could be detected by 

Scanning Mobility Particle Sizer (SMPS, TSI). But during the JULIAC campaign, around 10-750 

nm diameter scan range was set for SMPS, and the maximum and minimum scanned range of 

aerosol has been slightly adjusted to balance the high time resolution and high coverage of total 

fine particle. The time resolution of SMPS data used during the JULIAC was 7 min. The SMPS is 

made up of an Electrostatic Classifier (TSI Classifier model 3080, TSI DMA 3081) and a 

Condensation Particle Counter (TSI Water CPC 3786). Inlet aerosol is firstly charged by passing 

through a Model 3077 Krypton-85 neutralizer and then enter a Differential Mobility Analyzer 

(DMA) where the electrical field of the DMA together with the electrical mobility of the particles 

defines the particle size exiting the DMA. The size selected monodisperse particles existing from 

DMA then go through the CPC to be counted the number concentration. The size distribution of 

particle number, surface, and mass concentration could be estimated based on the selected size by 

DMA, detected number concentration of each size range, and averaged aerosol density of 1.4 g 

cm-3(Cross et al., 2007). Instead of illustrating particle size distribution, SMPS data is also used to 

estimate the collection efficiency of AMS during the JULIAC campaign. A stand-alone 

condensation particle counter (TSI water CPC 3788) was also used to record the total number 

concentration of particles (diameter>5nm). The operation, maintenance, and data treatment of the 

SMPS were supported by Stefanie Andres.  

 Supporting measurements and instrumentations 

In terms of the rest atmospheric species involved in this study, N2O5 were measured by custom-

built cavity ring-down spectroscopy (FZJ-CRDS) and a similar design in details could be found in 
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(Wagner et al., 2011). Photolysis frequencies were estimated based on spectral actinic flux 

densities detected by a spectroradiometer (Bohn et al., 2005b, Bohn and Zilken 2005a). Carbon 

monoxide (CO), carbon dioxide (CO2), and methane (CH4) concentrations were continuously 

detected by a cavity ring-down instrument (Picarro). nitrogen dioxide (NO2) and nitric oxide (NO) 

were monitored by a chemiluminescence (CL) instrument with a photolytic converter (ECO 

PHYSICS); O3 was monitored by two UV photometers (Ansyco 41M and Thermo Scientific 49i) 

which agree with each within 5 %. Comprehensive VOCs concentration is supplied by both proton 

transfer reaction-time of the flight-mass spectrometer (PTR-ToF-MS) and Vocus PTR-ToF.
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Chapter 3 Methodologies 
Data analysis methodologies utilized in this study are centrally introduced in this chapter. The 

mechanism of source factor analysis, positive matrix factorization (PMF) is detailed presented. 

Calculation methods and formular for aerosol components (e.g. organic nitrate), elemental ratio 

(e.g., O:C) are also displayed here. In addition, meteorological analysis (such as wind rose), 

modelling (e.g., ISORROPIA) and chemical kinetics calculation involved in this study are also 

briefly introduced in this chapter. 

 Positive matrix factorization/PMF 

3.1.1 PMF mechanism 

Positive matrix factorization (PMF) is a mathematical technique to treat bilinear unmixing 

problems (Paatero et al., 1994) and has been extensively applied in aerosol source apportionment 

studies (Jimenez et al., 2009, Zhang et al., 2011, Sun et al., 2012, Crippa et al., 2014, Dai et al., 

2019). As shown in Eq. 10, PMF resolves the variability of a multivariate database X (variables 

m/z intensities as a function of time measured by HR-ToF-AMS in this case) as the linear 

combination of limited factor profiles matrix F (each row i of F represent static factor mass 

spectrum) and their corresponding time series matrix G (each column j represent corresponding 

factor time series) as shown in Figure 3-1. Factor profile could not only illustrate the ion attribution 

from same source but also ion fragments distribution from same species (e.g., organic nitrate 

fragment NO2
+, NO+). Matrix E represents the model residual and is calculated by summing up 

the squared model residuals eij weighted by the uncertainty 𝜎𝑖𝑗 for all input points in matrix X as 

shown in Eq. 11. Objective function Q represents the total sum of the squared model residuals eij 

weighted by the uncertainty 𝜎𝑖𝑗 for all into data ij as shown in Eq. 11, which is minimized during 

PMF algorithm. 

 𝑋 = 𝐺 × 𝐹 + 𝐸  Eq. 10 

 𝑄 = ∑  𝑚
𝑖=1 ∑ (

𝑒𝑖𝑗

𝜎𝑖𝑗

𝑛
𝑗=1 )2  Eq. 11 
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For understanding the source's contribution and their seasonal variation of organic aerosol, PMF 

analysis was utilized to resolve high-resolution aerosol organics matrix (m/z 12-160) detected by 

HR-ToF-AMS for four JULIAC intensive phases. In this study, the software Source Finder (SoFi 

Pro 8.0.3.1) (Canonaco et al., 2013), Igor-based interface for initiating and controlling the 

multilinear engine (ME-2) (Paatero 1999) algorithm, was applied for resolving seasonal aerosol 

organics source apportionments. ME-2 solver could constrain priori mass spectral information or 

time series and accordingly reduce the rotational ambiguity (Paatero et al., 2003). More details 

setting of PMF/ME-2 modeling was given below.  

 

Figure 3-1: Schematic of PMF analysis of an AMS dataset. The matrix of time series of the factors corresponds to matrix G and 

the matrix of factors mass spectra represents matrix F in Eq. 10 (image credit: Fig. 1. (Ulbrich et al., 2009)) 

 

3.1.2 Unconstrained and constrained PMF 

The non-negative aerosol organics matrix (m/z 12-160, without isotopes) detected by HR-ToF-

AMS and the corresponding error matrix were prepared and extracted by the PIKA tool kit 
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according to the algorithm introduced by (Ulbrich et al., 2009). For the main setting of PMF 

analysis, the signal to noise (S/N) threshold of the unexplained variation was set to be 2. S/N down 

weight function for cell-wise data was applied to downweigh error of each cell separately which 

S/N lower than 1 (Visser et al., 2015). Downweighing is executed by enlarging the error of weaker 

signals by multiplying a factor of 2 to reduce the influence of these points in the PMF algorithm 

(Paatero and Hopke 2003, Crippa et al., 2013b). CO2
+ related ions (O+, HO+, H2O+, and CO+) were 

also downweighed with a weight factor of 2.24 in case of the excessive weighting of CO2
+. 

Unconstrained PMF runs were firstly performed for the organic matrix of each JULIAC phase in 

ME-2 by rotational techniques, Seed and Fpeak with a scan range of 2-10 factors to evaluate 

appropriate factor numbers. In this step, Q normalized to the expected value of Q (Q/Qexp), 

unexplained variation (UEV, unexplained real signal+nosie), and residual variation (as shown in 

Figure 3-2) were mainly monitored and compared. The expected Q (Qexp) equals the degrees of 

freedom of the fitted data as shown in Eq. 12, with m, n representing columns and rows number 

of the input matrix and p representing factors number (Paatero et al., 2002). For the AMS data set, 

p(n+m) is ignorable compared to n*m. Therefore, Qexp could be estimated as n*m which 

corresponds to the data point number of the input matrix. If all data in the input matrix are fit to 

within their expected error, then (𝑒𝑖𝑗
𝜎𝑖𝑗
)2  equal to 1 and then obtained Q/Qexp should close to 

1(Ulbrich et al., 2009) 

 𝑄𝑒𝑥𝑝 = 𝑛 ∙ 𝑚 − 𝑝 ∙ (𝑛 + 𝑚)  Eq. 12 

Factor numbers satisfy low and stable Q/Qexp value (previously reported between 1-5), low UEV 

(around 20% to 50% for big ambient datasets), and low value of residual without regular diurnal 

and overall variation could be preliminarily considered as proper factor number and applied in 

further compile constrained PMF analysis. Factors (mainly primary factors in this study) with 

typical spectrum features and interpretable diurnal and overall variations could be firstly exported 

as preliminary factor spectrum, which could be used as a prior factor for the next constrained PMF 

analysis. 



Results and Discussions 
 

30 
 

 

Figure 3-2: time series (left) and histogram (right) of the OA PMF residual for final selected PMF run for four intensive phases of 

the JULIAC campaign. Zero lines are marked for all residual time series as reference 

Constrained PMF analysis, mainly by a-value approach, was then executed with assumed proper 

factor numbers and constrained factor profiles (normally primary factor, like HOA) from previous 

similar filed organic aerosol source apportionment studies or preliminary factors determined by 

unconstrained analysis of this study. Multiple prior factors (maximum 5) could be constrained at 

the same time, and a proper a-value should be tested by dimension sensitivity scanning. In terms 
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of the scanning range of a value, 0.6 is suggested as a good compromise for allowing flexibility in 

resolved constrained factors while still keeping high similarity between resolved factors with 

constrained reference profiles (Lanz et al., 2008). Huge amounts of PMF run will be generated 

with similar modeled quality (means the similar value of Q/Qexp, UEV, etc.) after the above 

unconstrained and constrained PMF analysis, which were burdens if manually explore all runs 

properties. Therefore, criteria-based selection supported by Sofi was used to automatically explore 

large numbers of runs once by inspecting the scores of user-defined criteria. For example, as shown 

in Figure 3-3, one-dimensional plot of the score for user setting criteria (factor time-series 

correlation coefficient with organic nitrate variation) was displayed over all PMF runs, and then 

in this visualized graph proper runs could be easily selected. More than one criteria could be 

applied for proper runs exploration, which could efficiently narrow down the run number for 

detailed interpretability investigation as discussed below. 

 

Figure 3-3: Auto criteria-based selection function based on the user-defined criteria (named score in the graph). In this example, 

the score represents the correlation coefficient organic nitrate variation during the JULIAC-II with factor time-series resolved in 

several PMF runs. 

After the criteria-based selection, limited runs were selected and could be detailed explored in 

terms of spectra overall features, and diurnal and overall variation patterns. To support that 

exploration, large amounts of referred profiles from previous research and comprehensive 

atmospheric species data sets detected during the JULIAC were utilized. As shown in Figure 3-4, 

correlation analysis overview of profile and time series generated in Sofi panel efficiently search 

the potential connection. In addition to that powerful and quick scan supplied by Sofi, more 

interpretation and arguments about the proper PMF runs selection will be given in section 4.2.  
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a) 

b) 
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Figure 3-4: Correlation analysis overview of (a)factor profiles and (b) factor time series of the JULIAC-III constrained PMF 

analysis. For profile correlations, large amounts of referred profiles from previous research and other JULIAC phases seasonal 

PMF results were included. For time-series correlation, comprehensive atmospheric species data sets were included, like wind 

direction and speed, VOCs, trace gases. 

In conclusion, the optimal PMF solution was finally selected after checking the evaluation 

parameters, the residuals, the overall features and tracer ions of factor spectrum, the correlation, 

and interpretability of factor’s variation (including diurnal pattern) accordance with external tracer 

(like VOCs, radicals, photolysis frequency, wind direction speed, etc.).  

3.1.3 Nitrate added PMF analysis 

In this study, PMF analysis and corresponding results normally mean PMF with non-negative 

aerosol organics matrix as input if there is no specific note. In addition, nitrate ions added PMF 

analysis was also utilized in this study by manually combining intensity and error variation of 

fragment NO+ and NO2
+ into the organic matrix and corresponding error matrix respectively. That 

nitrate added PMF analysis is designed to study the sources attribution of organic nitrate and 

further support the development of night OA formation. Corresponding results will be mainly 

discussed in section 4.4 and detailed PMF results overview could be found in section A. 11. More 

inorganics ions added PMF methods (like sulfate ions added PMF) could be found in website: 

http://cires1.colorado.edu/jimenez-group/wiki/index.php/PMF-

AMS_Analysis_Guide#For_AMS_Organics_.2B_Other_Signals_including_AMS_Inorganics, 

but won’t be mentioned in this study.  

The determination of all source factors of nitrate+organic PMF analysis mainly rely on the 

similarity of factor spectra and time series with organic PMF results, and full overview of 

nitrate+organic PMF during the JULIAC are displayed in appendix A. 11. Overall, nitrate 

fragments are barely attributed to HOA, BBOA, and LO/MO-OOA factors, and therefore their 

overall factor time series, diurnal pattern, and profile characteristics (such as elemental ratio) of 

nitrate+organic PMF analysis are almost the same with organic PMF results and easily to be 

determined. And for NO-OOA and regional transport factor determined by nitrate+organic PMF, 

their factor spectrum show obvious changes due to nitrate fragments distribution, but their time 

series still show high similarity with them in organic PMF results. In addition, one more nitrate 

factor (called NO3-OA) is determined during nitrate+organic PMF analysis and mainly illustrate 

http://cires1.colorado.edu/jimenez-group/wiki/index.php/PMF-AMS_Analysis_Guide#For_AMS_Organics_.2B_Other_Signals_including_AMS_Inorganics
http://cires1.colorado.edu/jimenez-group/wiki/index.php/PMF-AMS_Analysis_Guide#For_AMS_Organics_.2B_Other_Signals_including_AMS_Inorganics
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aerosol inorganic nitrate variation. NO3-OA factor is found during the JULIAC-III and the 

JULIAC-IV, while during the JULIAC-I and the JULIAC-II it mixed with regional transport factor, 

so called Trans-NO3-OA to imply a possible ammonium nitrate abundant plume regional transport. 

 Aerosol components and elemental ratio calculation 

3.2.1 Aerosol organic nitrate estimation 

Organic nitrate is formed through oxidation of VOCs in the presence of NOx and could 

subsequently distribute between gas-particle phases. A considerable amount of researches has 

pointed out that, Particle-phase organic nitrate (pRONO2) not only play a key role in secondary 

organic aerosol formation (Xu et al., 2015b, Lee et al., 2016) and dynamic partitioning between 

gas-particle phases (Pye et al., 2015) but also take account of significant contribution to total 

organic aerosol mass (Kiendler-Scharr et al., 2016, Ng et al., 2017). Therefore, in this study 

concentration tendency of aerosol organic nitrate is estimated for the whole JULIAC intensive 

phases by an approach that mainly relied on the relative intensity of NO+ and NO2
+ detected by 

AMS (Farmer et al., 2010, Fry et al., 2013, Xu et al., 2015a, Kiendler-Scharr et al., 2016). The 

ratio of NO2
+/NO+ for all AMS measured data sets, marked as Rmeasured in below Eq. 13, is used to 

determine the fractional contribution variation of aerosol organic nitrate (pOrgNO3,frac) normalized 

to the bulk aerosol nitrate (NO3,total) measured by AMS as shown in Eq. 13. And then the 

concentration variation of organic nitrate could be calculated by multiply pOrgNO3,frac and bulk 

aerosol nitrate (NO3,total) as shown in Eq. 14, and the difference between bulk aerosol nitrate and 

organic nitrate is then considered as aerosol inorganic nitrate.To estimate the mass fraction of 

organic nitrate in measured dataset, the ratio of NO2
+/NO+ for pure organic nitrate (ROrgNO3) and 

for pure ammonium nitrate (Rcalib) are also required in Eq. 13 as parametric of standards of aerosol 

organic and inorganic nitrate. That ion ratio for pure ammonium nitrate is marked as Rcalib because 

ammonium nitrate particle is normally used for all ionization calibration of AMS, and thus Rcalib 

could be determined at each AMS IE calibration experiment.  

The Rcalib of NO2
+/NO+ for pure ammonium nitrate for AMS_1 (for the JULIAC-I and the 

JULIAC-II) and AMS_2 (for the JULIAC-III and the JULIAC-IV) measured by all IE calibrations 

are displayed in Figure 3-5 and Figure 3-6 respectively. Overall, the variations of Rcalib for AMS_1 

and AMS_2 are both stable, ranging from 0.51-0.58 and 0.38-0.44 respectively, and therefore 
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averaged Rcalib, 0.54 for AMS_1 and 0.41 for AMS_2, are applied into aerosol organic nitrate 

estimation during corresponding JULIAC phases in this study. For more details, the variability of 

calibration ratio of NO2
+/NO+

 among different AMS has been reported and summarized in several 

studies (Kulmala et al., 2011, Crippa et al., 2014, Kiendler-Scharr et al., 2016) with Rcalib variate 

between 0.29 and 0.85. For the ratio of NO2
+/NO+ for pure organic nitrate (ROrgNO3), amounts of 

lab simulation based on oxidation reaction between volatile organic compounds (VOCs) and NO3 

radical has been done to investigate ROrgNO3 and suggest a possible range value of 0.2 to 0.08. Here, 

the fixed value (0.1) of ROrgNO3 suggested by Kiendler-Scharr et al 2016, is applied for all JULIAC 

intensive phases. Based on all the above assumptions, this methodology supplies a lower limits 

estimation of aerosol organic nitrate with around ± 20% uncertainty (Xu et al., 2015a, Kiendler-

Scharr et al., 2016). The time series of aerosol organic nitrate for all four JULIAC intensive phases 

has been estimated by the approach introduced here and displayed in Figure 4-5, as well as the 

corresponding variation of total aerosol nitrate and inorganic nitrate.  

 𝑝𝑂𝑟𝑔𝑁𝑂3,𝑓𝑟𝑎𝑐 =
(1+𝑅𝑂𝑟𝑔𝑁𝑂3)×(𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝑅𝑐𝑎𝑙𝑖𝑏)

(1+𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)×(𝑅𝑂𝑟𝑔𝑁𝑂3−𝑅𝑐𝑎𝑙𝑖𝑏)
  Eq. 13 

 𝑝𝑂𝑟𝑔𝑁𝑂3,𝑐𝑜𝑛𝑐 = 𝑝𝑂𝑟𝑔𝑁𝑂3,𝑓𝑟𝑎𝑐 × 𝑁𝑂3,𝑡𝑜𝑡𝑎𝑙   Eq. 14 

 

 

Figure 3-5: The variation of the fragment ratio of NO2+/NO+ for pure NH4NO3 measured at AMS_1 ionization calibration during 

the JULIAC-I and the JULIAC-II. 
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Figure 3-6: the variation of the ratio of NO2+/NO+ of pure NH4NO3 measured at AMS_2 ionization calibrations during the JULIAC-

III and the JULIAC-IV. 

3.2.2 Aerosol methanesulfonic acid estimation 

Methanesulfonic acid (MSA, chemical formula CH3SO3H) mainly derived by dimethylsulfide 

(DMS) oxidation, could affect cloud condensation nuclei (CCN) formation and consequentially 

alter radiation budget and climate (Lovelock et al., 1972, Charlson et al., 1987, Stefels et al., 2007). 

To improve the understanding of the effects of MSA and potentially corresponding marine plume 

transport, accurate quantification methodologies of MSA mass concentration in aerosols are 

required. This section will introduce two major fragment methods to estimate the concentration of 

MSA based on AMS high-resolution data.  

Ge Method (Ge et al., 2012) is shown in Eq. 15. The principle of this method is using the 

concentration of three characteristic ions of MSA: CH2SO2
+ (m/z 78), CH3SO2

+ (m/z 79), and 

CH4SO3
+ (m/z 96), to estimate the mass concentration of MSA. The ratio of 0.147 used in Eq. 15 

is based on calibration with standard compounds measured in a laboratory setup. 

 [𝑀𝑆𝐴] =
[𝐶𝐻2𝑆𝑂2

+]+[𝐶𝐻3𝑆𝑂2
+]+[𝐶𝐻4𝑆𝑂3

+]

0.147
  Eq. 15 

The HKUST method (Huang et al., 2015) is introduced in Eq. 16 and Eq. 17. ∑k𝐼𝑀𝑆𝐴,𝑘 , ∑𝑛 𝐼𝑂𝑟𝑔,n , 

∑𝑡 𝐼𝑆𝑂4,t represent the total ion intensities corresponding to MSA, organics and sulfate respectively, 

where k, n, and t are the number of ions of their related species.  

IMSA, CH3SO2 is the intensity of a typical ion CH3SO2
+ of MSA. RIEMSA is the relative ionization 

efficiency of MSA and the empirical value of 1.3 is used for the analysis of the whole AMS data 
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set during the JULIAC campaign. The determination method for RIEorg and RIESO4 and their 

corresponding value during the whole JULIAC is introduced in section 2.3.2.4.  

 ∑ 𝐼𝑀𝑆𝐴,𝑘𝑘 =
𝐼𝑀𝑆𝐴,𝐶𝐻3𝑆𝑂2

0.097
  Eq. 16 

 [𝑀𝑆𝐴] =

∑ 𝐼𝑀𝑆𝐴,𝑘𝑘
𝑅𝐼𝐸𝑀𝑆𝐴

∑ 𝐼𝑂𝑟𝑔,𝑛𝑛

𝑅𝐼𝐸𝑂𝑟𝑔
+
∑ 𝐼𝑆𝑂4,𝑡𝑡

𝑅𝐼𝐸𝑆𝑂4

× ([𝑂𝑟𝑔] + [𝑆𝑂4])   Eq. 17 

3.2.3 Elemental ratio of organic compounds 

Elemental ratios (mainly H:C, O:C, N:C, S:C and OM:OC) are important characteristics of organic 

aerosol and provide key information for understanding aerosol origination, impact, and fate in the 

atmosphere (Aiken et al., 2007, Aiken et al., 2008). In this study, elemental ratios of organic 

aerosol (OA) and OA factors are calculated by the improved-ambient method introduced by 

(Canagaratna et al., 2015). 

 

 Meteorological and modeling analysis 

3.3.1 Back trajectory analysis 

24-h back trajectories with 2 hours resolution ending in sampling site were executed during four 

JULIAC intensive phases by PC-based Hybrid Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model (Version 5.0.0) based on Global Data Assimilation System (GDAS) 

meteorological data supplied by National Oceanic and Atmospheric Administration (NOAA) Air 

Resources Laboratory (ARL). The arriving time of trajectories corresponds to the detection time 

of instruments involved in the JULIAC campaign and the arrival height corresponding 50 m 

sampling height of the JULIAC tower. Further exploration of trajectories, like cluster analysis, 

concentration field (CF) statistics (Seibert et al., 1994, Debevec et al., 2017) was implemented by 

a powerful Igor Pro graphical interface, ZeFir (version 3.7, 

https://sites.google.com/site/zefirproject/home)(Petit et al., 2017). More applications and a 

detailed introduction about ZeFir trajectories exploration could be found in previous studies 

(Debevec et al., 2021). 
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3.3.2 Polar analysis 

The polar analysis normally means displaying pollutant concentration (mean concentration for one 

wind speed-direction bin) in polar coordinates to investigate the correlation of pollutants with wind 

speed and direction (or another numeric variable). In this study, the wind speed and direction 

dependence of aerosol species detected by HR-ToF-AMS during the JULIAC, and the organic 

aerosol source factors resolved by PMF were mainly developed by non-parametric wind 

regressions (NRW) polar plots (Henry et al., 2009). Since the algorithm of the polar graph does 

not consider the frequencies of wind direction and wind speed, the traditional wind rose, and joint 

probability graphs were also made to illustrate the likelihood of each combination of wind 

direction and wind speed. All the above polar plots utilized in this study were also produced by 

the ZeFir tool. The meteological data used for polar analysis is detected in 50 m height. To 

synchronize the measurements in the SAPHIR chamber, the time line of all meteorological data 

are back-shifted for half hour to compensate the 1 hour residence time of sampled air in the 

SAPHIR chamber. 

3.3.3 Atmospheric layer estimation and effect 

Surface inversion, also called radiational inversion, is produced by terrestrial radiational cooling 

of near-ground air during the night. Surface inversion could enhance the stability of the near-

ground atmosphere and can enhance the accumulation of near-ground emissions at night. 

Therefore, to reduce or mostly eliminate the potential surface layer interference, the sampling setup 

of the JULIAC campaign is designed to collect sampling air from a 50-meter height. Based on 

previous studies of surface layer height at the same site, a 50 m sampling height should be through 

the year most of the time higher than the near-ground inversion layer and located at the nocturnal 

boundary layer. The surface layer is also estimated based on the potential temperatures (𝜃 ) 

calculated by gradient measurements of ambient temperature at height 2-m, 10-m, 20-m, 30-m, 

50-m, 80-m, 100-m, and 120-m during the whole JULIAC campaign. The potential temperature 

(𝜃) is estimated by Eq. 18, in which T represents absolute temperature (in K), P is ambient pressure, 

P0 stands for standard reference pressure (1013.25 hPa), R means the gas constant of air and 𝑐𝑝is 

the specific heat capacity (Bolton 1980, Moore 1999). For this study the constant value of R/𝑐𝑝 

0.286 is used for all calculations, and the pressure measured at the ground during campaign is used 
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as P for all heights which neglects pressure changes with height. Pressure changes between the 

surface and 120 m are estimated to be 14.3 hPa and are reasonably small for this study to avoid 

large uncertainties in the determined layer height. 

 𝜃 = 𝑇(
𝑃0

𝑃
)𝑅/𝑐𝑝  Eq. 18 

 

Figure 3-7: Potential temperatures estimation of four JULIAC phases based on gradient measurements of ambient temperature at 

height 2 m, 10 m, 20 m, 30 m, 50 m, 80 m, 100 m, and 120 m. Daily variation of potential temperature are sorted into four main 

period: midnight (22:00-3:00 UTC); dawn (4:00-9:00 UTC); noon (10:00-15:00 UTC) and dusk (16:00-21:00 UTC).  

The potential temperatures variations versus the height at four time periods (midnight, dawn, noon, 

and dusk) during the whole JULIAC campaign are displayed in Figure 3-7. As an indicator of 

atmospheric stability, d𝜃/dH implies stable atmosphere when its show a positive value otherwise 

indicates an unstable atmosphere (Moore 1999). A well-mixed atmospheric layer should ideally 

show constant potential temperature along with the vertical height (Batchvarova et al., 1994). 

During night, the vertical structure of atmosphere is normally made up of a surface layer (normally 

<20 m), a nocturnal boundary layer (NBL, 20 m-200 m), and a residual layer (>200 m) due to 

temperature inversion (Brown et al., 2007). The surface inversion layer during the whole JULIAC 

campaign is around 30 meters high for all seasons based on potential temperature profiles shown 

in Figure 3-7, meaning that the ambient air sampled at 50-meter height by the JULIAC tower 

should be located almost all of the time in the nocturnal boundary layer. In conclusion, 50-m 
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sampling setup design of the JULIAC campaign correspond to nocturnal boundary layer 

measurement during night. 

Compared to the boundary layer, the nocturnal boundary layer is often relatively stable due to the 

radiative cooling of the ground surface. Therefore, the turbulence in NBL could be suppressed and 

subsequently cause aerosol accumulation in the near-ground height, which is called NBL driven 

accumulation in this study. For boundary lay effect during the daytime, numbers research have 

reported that boundary layer could continuously expand from a few hundred meters from sunrise 

to 1-2km height at around noon (local 14:00-17:00)(Martin et al., 2010, McGrath-Spangler et al., 

2013, Xu et al., 2015a). That continuous boundary height expansion consequently causes the 

dilution effect of aerosol species, which is called boundary layer height (BLH) driven dilution here. 

Although there is no direct measurement to estimate the stability status of NBL and boundary layer 

height variation, the possible nighttime NBL driven accumulation and BLH driven dilution could 

be roughly deduced by the diurnal behavior of aerosol species, especially aerosol sulfate. 

Compared to semi-volatile aerosol species (such as nitrate), low volatile aerosol sulfate has no 

temperature-dependent evaporation and could be considered as a better tracer of layer effect. As 

shown in Figure 3-8, the diurnal variation of aerosol bulk species organics (Org), nitrate (NO3), 

ammonium (NH4), chlorine (Chl), and sulfate (SO4) mass concentration normalized to 

corresponding diurnal maximum concentration are displayed for all JULIAC intensive phases. 

And the corresponding diurnal maximum of all aerosol species is also marked in the graph with 

unit μg/m3. 

About possible NBL driven accumulation during night, the enhancement from sunset and sharp 

decrease at daybreak of aerosol sulfate will be the typical phenomenon of strong NBL driven 

accumulation. However, in Figure 3-8, nighttime sulfate increasing only be observed during the 

JULIAC-I and no obvious sulfate concentration decrease during daybreak of the whole JULIAC. 

These support that there is no strong aerosol night accumulation caused by NBL during the 

JULIAC.  

In terms of possible BLH driven dilution during the daytime, a significantly decrease of aerosol 

sulfate during daytime from morning to noon is the typical aerosol behavior dominated by BLH 

driven dilution. In Figure 3-8, during daytime, sulfate concentration only decreases during the 
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JULIAC-I but increase during the rest phases. That daytime enhancement of sulfate concentration 

could be secondary sulfate formation from photochemistry and possible SO4 entrainment from 

aloft (Weber 2003). Overall, it suggests the BLH dilution effect does not dominate aerosol species 

daytime variation during most time of the JULIAC.  

In conclusion, the JULIAC campaign setup corresponds to the nocturnal boundary layer (NBL) 

measurement during night. The dynamics of the atmospheric boundary layer have limited but not 

dominated effect on aerosol variation and subsequently OA source contribution during the 

JULIAC campaign. 

 

Figure 3-8: Diurnal variation of aerosol bulk species organics (Org), nitrate (NO3), ammonium (NH4), chlorine (Chl), and sulfate (SO4) mass 

concentration normalized to corresponding diurnal maximum concentration for all JULIAC intensive phases. The corresponding 

diurnal maximum of all aerosol species are marked in the graph with unit μg/m3. 

3.3.4 ISORROPIA simulation 

ISORROPIA-II is a computationally efficient and rigorous thermodynamic model that predicts the 

physical state and composition of inorganic atmospheric aerosol (Fountoukis et al., 2007). In this 
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study, the liquid water content of aerosol is calculated by ISORROPIA-II based on the observed 

ambient relative humidity (RH), temperature (T), and aerosol concentration of nitrate (NO3
-), 

sulfate (SO4
-2), chloride (Cl-), ammonium (NH4

+), sodium (Na+), and potassium (K+). The 

advantage of ISORROPIA over the other thermodynamic equilibrium coded has been investigated 

with numerous in-situ data sets (Nowak et al., 2006, Fountoukis et al., 2009). The aerosol liquid 

water content data simulated by ISORROPIA-II in this study was supplied by Dr. Vlassis Karydis. 

 

 Chemical kinetics calculation 

3.4.1 NO3 radical estimation 

Ambient N2O5 concentration variation was measured by a custom-built cavity ring-down 

spectroscopy (FZJ-CRDS) instrument during the JULIAC campaign (except the JULIAC-I). 

Based on the reversible reaction shown in Eq. 19, NO3 radical concentration could be estimated 

through the thermal equilibrium Eq. 20 with the ambient concentration of N2O5 and NO2(Brown 

et al., 2003). The equilibrium constant k(T) is estimated by the formula in Eq. 21 and the value of 

parameters A and B used in this study are 3.0×10–27/cm3 molecule-1 and 10990/K respectively 

(recommended by NASA-JPL https://jpldataeval.jpl.nasa.gov/pdf/JPL_02-25_4_equil_rev01.pdf).  

 𝑁𝑂3 + 𝑁𝑂2 ⇄ 𝑁2𝑂5  Eq. 19 

 [𝑁𝑂3] = [𝑁2𝑂5]/(𝑘(𝑇) × [𝑁𝑂2])  Eq. 20 

 𝑘(𝑇)/𝑐𝑚3 ∙ 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1 = 𝐴 ∙ 𝑒𝑥𝑝(𝐵/𝑇)  (200 < 𝑇 < 300𝐾)   Eq. 21 

 

3.4.2 Branching ratio 

The branching ratio was defined to be the fraction of the overall reaction that proceed via different 

channels (Cleaves 2011). In this study, the branching ratio is used to describe the consuming ratio 

of VOCs in dark oxidation for different dark oxidants. Major dark oxidants NO3· and O3 are mainly 

considered in this study, and the branching ratio of NO3 radical during nocturnal oxidation was 

https://jpldataeval.jpl.nasa.gov/pdf/JPL_02-25_4_equil_rev01.pdf
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given in Eq. 22 as an example. Same branching ratio calculation and application could be found in 

the previous study (Xu et al., 2015). 

 𝐵𝑟𝑎𝑛𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖+𝑁𝑂3· =
𝑘[𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖+𝑁𝑂3·]×[𝑁𝑂3·]

𝑘[𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖+𝑁𝑂3·]×[𝑁𝑂3·]+𝑘[𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖+𝑂3 ·]×[𝑂3]
  Eq. 22 
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Chapter 4 Results and Discussion  
In this chapter, submicron aerosol species (mainly aerosol organics (Org), nitrate (NO3), 

ammonium (NH4), chlorine (Chl), and sulfate (SO4)) seasonal concentration variations during the 

year-long JULIAC campaign are displayed and discussed in section 4.1. For organic aerosol, the 

seasonal source apportionment result overview of OA during the JULIAC campaign is exhibited 

in section 4.2 with detailed determination discussions. Specific OA sources (the marine OA 

transport and nocturnal OA contribution) resolved in this study are concentrated discussed in detail 

in section 4.3 and 4.4, respectively. Moreover, seasonal comparisons of OA properties (e.g. 

oxidation degree) and OA factors source contributions and source properties are discussed in 

section 4.5. 

 Aerosol chemical composition overview  

The averaged mass concentration of total non-refractory submicron particles (NF-PM1) and the 

averaged bulk concentration of major aerosol species (organics, nitrate, ammonium, chlorine, and 

sulfate) during four intensive phases of the JULIAC campaign (from Jan. 2019 to Nov. 2019) 

measured by HR-ToF-AMS are concluded in Table 4-1 in comparison with previous ambient 

aerosol studies. As shown in Table 4-1, the average total mass concentrations of aerosol during 

the JULIAC-I (winter), the JULIAC-II (spring), the JULIAC-III (summer), and the JULIAC-IV 

(autumn) are 1.05±0.98 μg/m3, 2.56±2.61 μg/m3, 7.68±4.82 μg/m3, and 4.24±2.27 μg/m3, 

respectively, which are comparable to previous aerosol seasonal observations listed in Table 4-1. 

And the overall average of aerosol mass concentration measured in this semi-rural site is 4.0 μg/m3, 

roughly keeping with the aerosol levels reported in previous studies in Germany or other 

contiguous countries (Allan et al., 2003, Vester et al., 2007, Jimenez et al., 2009, Raatikainen et 

al., 2010). 
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Concerning aerosol seasonal variation, time series of aerosol organics (Org), nitrate (NO3), 

ammonium (NH4), chlorine (Chl), and sulfate (SO4) bulk concentration has been displayed for 

each JULIAC intensive measurement in Figure 4-1. The gap in these aerosol variation curves 

represents the lack of valid aerosol data mainly due to instrument failure. As shown in Figure 4-1, 

the maximum of total aerosol mass concentration appears at the JULIAC-III (summer). That might 

be facilitated by the abundant biogenic VOCs (BVOCs) emissions and strong photochemistry 

during summer and is further discussed with source apportionment results in section 4.2. In 

contrast, the aerosol mass concentration of the JULIAC-I (winter) is the lowest during the whole 

year. 

Regarding seasonality of aerosol composition, aerosol nitrate and ammonium mass concentration 

both reach a yearly maximum of 11.08 μg/m3 and 4.24 μg/m3 at the JULIAC-II (spring), and that 

higher level of ammonium nitrate is shown to be strongly affected by regional transport based on 

meteorological and source factor analysis results (see section 4.2). Aerosol organics and sulfate 

both reach their yearly maximum, 13.60 μg/m3 and 5.97 μg/m3, respectively during the JULIAC-

III (summer). And based on the PMF analysis shown in Figure 4-39 and section 4.2, around 88% 

of organic aerosol during the JULIAC-III is contributed by biogenic derived SOA, which 

illustrates that the biogenic emission is the major OA source during the JULIAC-III. The high 

concentration of aerosol sulfate in the JULIAC-III is probably related to local formation, but the 

formation paths or mechanism are still not clear and needs further investigation. Aerosol chlorine 

concentration is low during the whole JULIAC campaign with an average value ranging from 0.02 

- 0.04 μg/m3.  
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Figure 4-1: the time series of aerosol organics (Org), nitrate (NO3), ammonium (NH4), chlorine (Chl), and sulfate (SO4) bulk concentration during 

the whole year-long JULIAC campaign 

For aerosol composition, obvious seasonal differences of aerosol species fractions could be found 

when compared among four intensive JULIAC phases. As shown in Figure 4-2, the averaged 

aerosol species’ mass concentrations are relatively similar during three intensive phases, namely 

JULIAC-I, JULIAC-II, and JULIAC-IV consisting mainly of organics (39%-48%) and followed 

by sulfate (19%-23%) and nitrate (17%-26%). In contrast, the JULIAC-III shows an obvious 

enhancement in organics (58%) and sulfate (26%) and a decrease in nitrate (5%). Overall, aerosol 
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nitrate fraction shows obvious seasonal variation, ranging from 5.3% in the JULIAC-III to 25.9% 

in the JULIAC-I, and organics were the major components of aerosol during the whole JULIAC 

campaign accounting for 39.0% in the JULIAC-I to 57.6% in the JULIAC-III of aerosol total mass, 

which has been numerous times also found in both previous urban and remote site studies in 

Europe (Jimenez et al., 2009, Zhang et al., 2011, Crippa et al., 2014). 

 

Figure 4-2: Seasonal difference of the aerosol composition with pie charts of averaged aerosol composition for all JULIAC intensive 

measurements. The averaged total aerosol mass concentration is also displayed for each season and marked in red. 

In addition, the seasonal meteorological condition could affect aerosol concentration and 

composition due to regional transport. Therefore, the detailed polar graph of aerosol species (see 

Figure 4-3) during four JULIAC intensive phases could preliminarily show aerosol species source 

regions and more aerosol regional transport discussion will be given in section 4.2.3 combined 
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with wind rose plots (see Figure 4-16), back trajectory analysis, and aerosol source appointment 

results.  



 

 

51 

 

Figure 4-3: Polar diagram of aerosol species during four JULIAC intensive phases based on non-parametric wind regressions (NRW). From left to right, there are the NRW graphs 
colored by the concentration of aerosol nitrate, sulfate, ammonium, organics, and the corresponding joint probability graph. The polar graph is created based on the wind direction 
and wind speed measured in 50-m height. The concentration of aerosol species are utilized as the color code in the polar graph to illustrate the potential regional source.  
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With respect to diurnal variation of aerosol species shown in Figure 4-4, aerosol nitrate shows 

strong diurnal variation during the whole year with a maximal night-day difference of 1.04 μg/m3. 

Aerosol nitrates build up until sunrise which may be related to the possible accumulation effect of 

the nocturnal boundary layer (see section 3.3.3), traffic emissions, and NO3· dark oxidation (details 

discussed in section 4.4). The obvious downtrend of aerosol nitrate concentrations during the 

daytime starting around 4:00-8:00 (UTC)until 11:00-16:00 (UTC) is likely related to the dilution 

effect caused by the daytime expansion of the boundary layer (see section 3.3.3) and volatility-

dependent nitrate evaporation. The slight enhancement of aerosol organic around mid-day in 

diurnal variation implies the OA contribution from photooxidation. Moreover, the significant night 

enhancement of organics concentration is possibly contributed by primary emission (like biomass 

burning, discussed in 4.2 ), dark oxidation (introduced in section 4.4), and possible accumulation 

effect caused by nocturnal boundary layer (details in 3.3.3). The concentration of aerosol sulfate 

increases during the day at almost all the JULIAC measurement periods with maximal day 

enhancement equal to 0.5 μg/m3 (the JULIAC-III), which could be explained by photooxidation 

SO2 or SO4 entrainment from aloft (Weber 2003).  

 

Figure 4-4: the averaged diurnal variation of aerosol organics (Org), nitrate (NO3), ammonium (NH4), chlorine (Chl), and sulfate (SO4) bulk 

concentration for four intensive phases of the JULIAC campaign. Be aware that the Y-axis scale is different for four phases.  
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Figure 4-5: Seasonal comparison of time series for aerosol high-resolution bulk nitrate and organic nitrate mass concentration 

among four intensive phases of the JULIAC campaign. 

As introduced in section 3.2.1, aerosol organic nitrate (ON) can have significant meaning in 

understanding the secondary aerosol formation and gas-particle phase dynamic partitioning, and 
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also shows the apparent contribution to total organic aerosol (Pye et al., 2015, Xu et al., 2015b, 

Kiendler-Scharr et al., 2016, Lee et al., 2016, Ng et al., 2017). Therefore, the variations of aerosol 

organic nitrate for four intensive phases of the JULIAC campaign are calculated based on the 

approach introduced in section 3.2.1 and displayed in Figure 4-5. As shown in Figure 4-5, the most 

significant aerosol organic nitrate mass concentration is found during the JULIAC-III with the 

maximum concentration of 2.6 μg/m3 reached at 2:30 (UTC). For the rest three JULIAC phases 

aerosol organic nitrate level is relatively low and below 0.7 μg/m3. In addition, aerosol organic 

nitrate not only shows a significant high concentration but also shows a significant night-time 

enhancement during the JULIAC-III. That phenomenon may reveal potential dark oxidation of 

BVOCs and NO3 radicals, which has been observed in previous field studies in different regions 

(Ng et al., 2008, Brown et al., 2009, Fry et al., 2009, Ayres et al., 2015, Chen et al., 2015, Fisher 

et al., 2016, Kiendler-Scharr et al., 2016). Although organic nitrate shows relatively low 

concentrations in the rest of three intensive phases compared to the JULIAC-III, the possible 

nighttime secondary organic aerosol (SOA) formation and seasonal dependent dark oxidation 

mechanism is focused discussed in section 4.4. 

In conclusion, significant seasonal variations of both aerosol concentration and composition are 

found during the year-long JULIAC campaign. The average concentration of total aerosol in 

summer (7.68± 4.82 μg/m3) is seven times higher than that in winter (1.05±0.98 μg/m3), which 

implies the significant OA contribution from biogenic source (possibly SOA formation through 

photochemical path) in contrast to anthropogenic contribution in this site. For aerosol species, the 

mass fraction of aerosol nitrate shows the most obvious seasonal variation, which might be related 

to volatility-dependent evaporation and regional transport. The concentration of aerosol sulfate 

shows the biggest seasonal differences and peaked in summer with active local contribution 

(probably photochemical paths). Aerosol organics are the major aerosol species during the whole 

JULIAC campaign, and OA reach the maximal concentration in summer which is possibly related 

to fresh biogenic derived secondary organic compounds formation during summer.  
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 Seasonal OA source apportionment overview  

The significant contribution and various origination of organic aerosols have been introduced in 

section 1.1. Therefore, to increase the understanding of the complex sources of organic aerosol 

and the seasonal variation of these sources, source apportionment analysis using PMF/ME-2 (for 

details see section 3.1) for aerosol organics detected by HR-ToF-AMS has been conducted for four 

JULIAC intensive phases.  

The final source factors resolved by seasonal PMF analysis and corresponding evaluation 

parameters for the JULIAC campaign are displayed in Table 4-2. The final optimal PMF solutions 

show Q/Qexp equal to 1.04, 1.03, 3.20, and 3.30 respectively for the JULIAC-I to IV, with 

corresponding unexplained variation (UEV) equal to 0.37, 0.31, 0.28, and 0.25. The UEV shown 

in Table 4-2 is comprised of unexplained noise and unexplained real signals, with the S/N threshold 

for the unexplained variation setting as 2.  

The higher level of Q/Qexp of PMF results of the JULIAC-III and the JULIAC-IV compared to 

the JULIAC-I and the JULIAC-II is likely related to the stability and the sensitivity difference 

between the two different HR-ToF-AMS instruments used during the campaign. In other words, 

the same S/N threshold setting during PMF analysis but the different noise levels of AMS_1 and 

AMS_2 might cause that slight discrepancy of Q/Qexp values. Q/Qexp>>1 for the JULIAC-III 

and the JULIAC-IV indicate the possible underestimation of the errors of the AMS_2(Ulbrich et 

al., 2009), which also correspond to the pronounced lower unexplained noise ratio of AMS_2 data.  

Overall, the Q/Qexp values (1.03 to 3.30) in this study compared to previous AMS studies 

(normally Q/Qexp ranges 1 to 5) (Canonaco et al., 2013, Zhang et al., 2015a) are small enough to 

illustrate the good quality of PMF resolving. 
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Table 4-2: The source factors and diagnostic parameters overview of final selected optimal PMF run for four JULIAC intensive 

phases. All source factors resolved in this study are displayed: Hydrocarbon-Like Organic Aerosol (HOA), Biomass Burning 

Organic Aerosol (BBOA), Less Oxidized Oxygenated Organic Aerosol (LO-OOA), More Oxidized Oxygenated Organic Aerosol 

(MO-OOA), Nocturnal Oxidation Oxygenated Organic Aerosol (NO-OOA), Methanesulfonic Acid-Containing Organic Aerosol 

(MSA-OA), Continental Regional Transport Organic Aerosol (Trans-OA). 

JULIAC 

Phases 
Q/Qexp 

UEV 

(Unexplained noise+Unexplained real 

signals) 

Resolved 

factors 

numbers 

Resolved PMF factors 

JULIAC-I 1.04 0.37 (0.29+0.08) 5 HOA, BBOA, Trans-OA, MO-OOA, 

NO-OOA 

JULIAC-II 1.03 0.31 (0.22+0.09) 6 
HOA, BBOA, Trans-OA, MSA-OA, 

LO-OOA, NO-OOA 

JULIAC-III 3.20 0.28 (0.14+0.14) 4 
HOA, MSA-OA, LO-OOA, NO-

OOA 

JULIAC-IV 3.30 0.25 (0.11+0.14) 5 
HOA, BBOA, BBOA2, MO-OOA, 

NO-OOA 

 

In terms of optimal PMF results, 7 types of source factors in total were resolved during the JULIAC 

campaign for all seasons. The detailed resolved factors for each JULIAC phase are in Table 4-2. 

These resolved PMF source factors could be divided into three main categories: Primary source 

(hydrocarbon-like OA (HOA), biomass burning OA (BBOA)), oxygenated organic aerosol source 

(less oxidized oxygenated OA (LO-OOA), more oxidized oxygenated OA (MO-OOA), and 

nocturnal oxidation oxygenated OA (NO-OOA)), and regional transport source (continental OA 

transport (Trans-OA) and marine OA transport (MSA-OA)). Regional OA transport resolved by 

PMF analysis in this study mainly refers to intensive aerosol transport events with obvious aerosol 

composition changes.  

An example of PMF results overview including OA source factor profile, factor contribution 

overall variation, and diurnal variation of the JULIAC-II are displayed in Figure 4-6, and the 

overall PMF results for the rest phases are given in appendix A. 7. In addition, a detailed discussion 

of interpretability and implications of these factors will be given in the following sections 4.2.1, 

4.2.2, and 4.2.3, respectively. 
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Figure 4-6: The organic aerosol source apportionment results overview resolved by PMF for the JULIAC-II. From left to right, the overview of OA contribution variations of source 

factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). For factor spectra overview, 

elemental ratio (OM:OC, O:C, H:C) of all OA factors are marked in the graph. The y-axis presents the ion signal intensity fraction while x-axis range is m/z (mass to charge) 12-

160. 
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4.2.1 Primary sources 

4.2.1.1 Hydrocarbon-like organic aerosol, HOA 

As the HOA introduction in section 1.1, the spectrum of the HOA factor is dominated by CnH2n+1 

(m/z 29, 43, 57, 71) and CnH2n-1 (m/z 41, 55, 69) ion groups, with the signal at C4H9
+ (m/z 57) 

being usually the major ion and can be considered as the tracer ion of HOA (Mohr et al., 2012). 

As shown in HOA factor spectrum in Figure 4-7, the CH family dominates the whole spectrum 

and shows a significant contribution of fragment C4H9
+ (m/z 57) which all match reported HOA 

features.  

 

Figure 4-7: high-resolution HOA factor spectra colored by family groups for the JULIAC-I. Elemental ratio (OM:OC, O:C, H:C) 

of this OA factor has been displayed. The y-axis presents the ion signal intensity fraction while x-axis range is m/z (mass to charge) 

12-160. 

The corresponding O:C ratio (see elemental ratio introduction in section 3.2.3), ranging from 0.03 

to 0.13, of all four HOA factors, is the lowest compared to all other factors derived for all JULIAC 

phases (as shown in Figure 4-6), and the H:C ratio (see section 3.2.3), ranging from 1.61 to 2.1 is 

the highest. That elemental ratios range of HOA factors determined in this study is also consistent 

with previous studies (DeCarlo et al., 2010, Mohr et al., 2012, Crippa et al., 2013b, Sun et al., 

2016). In addition, several HOA spectra reported by previous studies (Mohr et al., 2012, Crippa et 

al., 2013b, Hayes et al., 2013) are utilized for spectrum comparison as shown in Table 4-3. The 

high correlation coefficient R2
 ranging from 0.72 to 0.99 and theta angle (Kostenidou et al., 2009) 
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ranging from 12.80˚ to 33.08˚ further confirms the identification of the HOA factor in this study. 

The seasonal comparison of the HOA factor will be discussed in section 4.5. 

Table 4-3: the cross-correlation analysis (R2 and theta angle) of HOA spectrum among seasonal HOA resolved in four JULIAC 

phases and HOA factor reported in previous PMF studies (referred HOA factor data supported by high-resolution AMS spectral 

database, High Resolution AMS Spectral Database (colorado.edu)). The background colors of coefficient cell are color scales 

following the value of R2, and utilize red represent the highest value 1 and green as the lowest value 0. 

R2 / Theta HOA_JULIAC-I HOA_JULIAC-II HOA_JULIAC-III HOA_JULIAC-IV Reference 

U_DAURE_BCN_2009_HOA 0.81 / 23.71˚ 0.99 / 12.80˚ 0.98 / 12.80˚ 0.72 / 33.08˚ (Mohr et al., 2012) 

A_HR_031_HOA 0.82 / 23.93˚ 0.83 / 24.02˚ 0.82 / 24.02˚ 0.82 / 24.34˚ (Crippa et al., 2013a) 

HOA_JULIAC-I 1.00 / 0˚ 0.83 / 21.97˚ 0.85 / 21.97˚ 0.88 / 20.01˚ JULIAC-I 

HOA_JULIAC-II 0.83 / 21.97˚ 1.00 / 0˚ 0.99 / 0˚ 0.75 / 28.87˚ JULIAC-II 

HOA_JULIAC-III 0.85 / 21.97˚ 0.99 / 0˚ 1.00 / 0˚ 0.75 / 28.87˚ JULIAC-III 

HOA_JULIAC-IV 0.88 / 20.01˚ 0.75 / 28.87˚ 0.75 / 28.87˚ 1.00 / 0˚ JULIAC-IV 

 

http://cires1.colorado.edu/jimenez-group/HRAMSsd/
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Figure 4-8: Cross-correlation R2 overview of major source factors (LO/MO-OOA, NO-OOA, HOA, BBOA) in this study among 

car exhaust tracer gas (NO, NOx, Xylene, Toluene), biomass burning trace gas (CO, Furan, Acetonitrile) and biomass burning 

aerosol tracer fragments (K+, C2H4O2+). OA regional transport factors are not involved due to their extremely low correlation with 

all primary emission tracers. 

Concerning the diurnal characteristic of the HOA factor contribution, the pronounced peak at 

morning rush hour as shown in Figure 4-9 indicates that traffic exhaust is the main source 

contributor. The continuous decrease of HOA during noon may be caused by the reduction of 

traffic during daytime and the dilution effect of the expansion of the boundary layer, and a detailed 

discussion of the effect of atmospheric dynamics can be found in section 3.3.3. And that dilution 

effect might also vague the HOA enhancement during evening rush hour.  

The concurrent measurement of traffic emission tracer gas, mainly NO, NOx, Toluene, Xylene, 

were also utilized to further analyze HOA factor determination. As shown in Figure 4-8, the 
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averaged time-series correlation of HOA with NO, NOx, Toluene, and Xylene during the whole 

JULIAC campaign shows the maximal correlation coefficient compared to the rest factors with an 

averaged R2 equal to 0.36, 0.35, 0.41, 0.40, respectively, which further supports that the HOA 

factor in this study mainly results from traffic emission. Moreover, the consistent diurnal behavior 

of typical traffic emission tracer gases and HOA contribution as shown in Figure 4-9 also supports 

the above HOA identification. Overall, the HOA factor resolved by PMF analysis during all 

JULIAC phases is demonstrated from both spectra features and diurnal behavior characteristics by 

referred factors and comprehensive tracer gases variation, and mainly represents the organic 

aerosol contribution from traffic sources in this study. The seasonal variation of HOA contribution 

during the whole JULIAC is displayed in Table 4-10. 

 

Figure 4-9: Diurnal variation comparison between the OA contribution of HOA factor, the concentration of NOx, toluene, and 

xylene during the JULIAC-II. Toluene and Xylene use the same y-axis named VOCs. 

 

4.2.1.2 Biomass burning emission, BBOA 

As the introduction in section 1.1, characteristic fragments C2H4O2
+ (m/z 60) and C3H5O2

+ (m/z 

73) are commonly considered as the biomass burning tracer ions in the AMS mass spectrum 

(Simoneit et al., 1999, Alfarra et al., 2007). In this study, the significant signal of C2H4O2
+ (m/z 
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60) and C3H5O2
+ (m/z 73) could also be found in the BBOA factors spectrum as shown as an 

example for the JULIAC-I (see Figure 4-10). Complete factors spectrum overview of the JULIAC-

I could be found in Appendix A. 7. These typical fragments are also one important marker for 

BBOA factor determination in this study. In addition, the time series of fragment C2H4O2
+ (m/z 

60) closely follow BBOA variation for all JULIAC phases and show the maximum value of 

averaged correlation coefficient R2 equal to 0.85 compared to the other source factors as displayed 

in Figure 4-8, which also strongly support the determination of the BBOA factor.  

 

Figure 4-10: high-resolution BBOA factor spectra colored by family groups for JULIAC-I. Elemental ratio (OM:OC, O:C, H:C) 

of this OA factor has been displayed. The y-axis presents the ion signal intensity fraction while x-axis range is m/z (mass to charge) 

12-160. The position of characteristics ion for BBOA factor, C2H4O2+ (m/z 60) and C3H5O2+ (m/z 73) are marked in the graph 

In terms of overall features of factor spectrum, the O:C ratio of the BBOA factor spectrum, ranging 

from 0.28 to 0.36 during the JULIAC campaign, is lower than corresponding OOA factors and 

higher than HOA factors, which is comparable to the oxidation level of BBOA reported in previous 

studies (Aiken et al., 2009, DeCarlo et al., 2010, Mohr et al., 2012). Moreover, the high-resolution 

BBOA factor spectrum reported in previous PMF analysis of AMS data (Mohr et al., 2012, Hu et 

al., 2013) are used to compare with the BBOA factor spectrum determined during each JULIAC 

phase as shown in Table 4-4. In addition, the obvious seasonal difference of BBOA factors 

resolved during different JULIAC phases shown in Table 4-4 is discussed in section 4.5.3. Overall, 

BBOA resolved in our study is closer to referred BBOA factor reported by Hu et al with R2 ranging 

from 0.76 to 0.94 and theta ranging from 14.23˚ to 27.92˚. And the high similarity of BBOA 
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spectrum with previously referred factor also confirm the determination of BBOA factor in this 

study. 

Table 4-4: the cross-correlation analysis (R2 and theta angle) of BBOA spectrum among seasonal BBOA resolved in four JULIAC 

phases and BBOA, CCOA factors reported in previous PMF studies (referred BBOA+CCOA factor data supported by high-

resolution AMS spectral database, High Resolution AMS Spectral Database (colorado.edu)). The background colors of the 

coefficient cell are color scales following the value of R2, and utilize red represents the highest value 1 and green as the lowest 

value 0 

R2 / Theta 
BBOA 

_JULIAC-I 

BBOA 

_JULIAC-II 

BBOA 

_JULIAC-IV 

BBOA2 

_JULIAC-IV 

Reference 

U_DAURE_BCN_2009_BBOA 0.44 / 46.80˚ 0.79 / 34.73˚ 0.26 / 56.13˚ 0.59 / 40.61˚ (Mohr et al., 2012) 

A_HR_052_BBOA 0.84 / 22.74˚ 0.76 / 27.92˚ 0.82 / 24.58˚ 0.94 / 14.23˚ (Hu et al., 2013) 

A_HR_053_CCOA 0.64 / 34.92˚ 0.53 / 40.97˚ 0.92 / 16.23˚ 0.80 / 24.83˚ (Hu et al., 2013) 

BBOA_JULIAC-I 1.00 / 0˚ 0.58 / 38.87˚ 0.63 / 36.32˚ 0.76 / 28.17˚ JULIAC-I 

BBOA_JULIAC-II 0.58 / 38.87˚ 1.00 / 0˚ 0.49 / 43.83˚ 0.81 / 24.62˚ JULIAC-II 

BBOA_JULIAC-IV 0.63 / 36.32˚ 0.49 / 43.83˚ 1.00 / 0˚ 0.81 / 24.79˚ JULIAC-IV 

BBOA2_JULIAC-IV 0.76 / 28.17˚ 0.81 / 24.62˚ 0.81 / 24.79˚ 1.00 / 0˚ JULIAC-IV 

 

In addition to characteristic fragments C2H4O2
+, more gas/particle-phase tracers of biomass 

burning, or combustion emissions are measured and utilized to further verify the BBOA factor 

determination. As shown in Figure 4-8, the averaged correlation coefficient during the whole 

JULIAC campaign between the overall variation of biomass burning tracers furan (Coggon et al., 

2016, Akherati et al., 2020), acetonitrile (de Gouw et al., 2003, Wang et al., 2016), aerosol 

potassium (K+) (Li et al., 2003, Zhang et al., 2013, Tao et al., 2014, Yu et al., 2018), combustion 

tracer CO and seasonal PMF source factors time series are displayed. BBOA factor shows a 

significantly higher R2 value of all above tracers compared to the other primary source (HOA) and 

secondary source factors (LO-OOA and MO-OOA), which sustain the determination of BBOA. 

NO-OOA also shows good agreement with the above tracers and implies the possible biomass 

burning-related formation mechanism of NO-OOA. Detailed analysis of the NO-OOA factor will 

be discussed in section 4.4.

http://cires1.colorado.edu/jimenez-group/HRAMSsd/
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Figure 4-11: The organic aerosol source apportionment results overview resolved by PMF for the JULIAC-IV. From left to right, the overview of OA contribution variations of 

source factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). For factor spectra 

overview, elemental ratio (OM:OC, O:C, H:C) of all OA factors are marked in the graph. The y-axis presents the ion signal intensity fraction while x-axis range is m/z (mass to 

charge) 12-160.  
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In terms of possible BBOA regional transport, regional aerosol transport is discussed in section 

4.2.3 based on OA source attribution combined with back trajectory analysis (introduced in section 

3.3.1) and wind polar analysis (see section 3.3.2). Overall, possible biomass burning regional 

transport is founded during both the JULIAC-I and the JULIAC-IV, while the BBOA factor is 

dominated by local emission during the JULIAC-II. For example, the BBOA factor resolved at the 

JULIAC-I is proved to be dominated by regional transport based on the focused distribution of 

high BBOA contributions at bigger wind speed zoon in the polar graph as shown in Figure 4-15 

and the distinct back trajectory for BBOA peak as shown in Figure A 9. The significant BBOA 

peak appeared at the JULIAC-I (18th Nov. 2019) following the sudden wind direction changing 

with around 200 degrees. That suggests a strong regional effect on that BBOA peak instead of the 

local emission.  

 

Figure 4-12: 2-hours resolution back trajectory lines of 24-hours back-trajectory simulated by HYSPLIT4 (Version 5.0.0) during 

2:00-14:00 UTC of 16th Nov. 2019 of JULIAC-IV to investigate the potential plume transportation effect on sharp BBOA peak. 

JULIAC site position is marked by the yellow pin. 

In addition, one typical intensive biomass burning emission and a controversial source resembling 

biomass burning are founded during the JULIAC-IV. Firstly, an intensive local biomass burning 
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emission event could be observed during the JULIAC-IV at 7:00-13:00 UTC 16th Nov. 2019 as 

shown in the factor time series overview in Figure 4-11. Considering sharp peak of the BBOA 

factor variation, corresponding sudden changing of aerosol composition (as shown in Figure A 3), 

concurrent stable air parcel trajectory (as shown in Figure 4-12), and the relative steady 

meteorological condition (reflected by stable wind speed and wind velocity), that event is 

classified as an intensive local emission of biomass burning.  

A polar graph colored by concurrent BBOA concentration during the JULIAC-IV is displayed in 

Figure 4-15. The centralized distribution of the high level of BBOA at the low wind speed region 

further highlights the significant local biomass burning contribution during the JULIAC-IV 

campaign.  

Moreover, two BBOA factors have been resolved during the JULIAC-IV, but their factor spectrum 

shows a clear seasonal difference when compared with the BBOA spectrum determined at the rest 

seasons. As shown in Table 4-4, these spectra of two BBOA factors of the JULIAC-IV both show 

good agreement with reference coal combustion (CCOA) factor spectrum (R2 0.80-0.92 and theta 

16.23˚-24.83˚) as well as reference BBOA factors spectra (R2 0.82-0.94 and theta 14.23˚-24.58˚), 

while the rest of the BBOA factor determined during the other JULIAC phases show less spectrum 

similarity with CCOA factor with R2 0.53-0.64. The special BBOA spectrum during the JULIAC-

IV high possibly related to the enhancement emission of coal combustion during the cold season, 

like Jülich sugar factory emission (compact working during November and December). Detailed 

seasonal differences of factors will be focused discussed in section 4.5.3.1.  

As shown in Figure 4-11, although BBOA2 is classified as a biomass burning emission source, it 

contains less contribution of characteristic ions C2H4O2
+ (0.12%) which might be caused by the 

aging process of biomass burning plume during regional transport (DeCarlo et al., 2010). The 

relative flat diurnal variation of BBOA2 compared to BBOA and polar graph distribution as shown 

in Figure 4-15 also imply BBOA2 could be affected by regional transport (Mohr et al., 2012). 

However, there are still other possibilities of BBOA2. However incomplete VOCs data during the 

JULIAC-IV at this semi-rural site limit the further precise investigation of BBOA2. Therefore, 

BBOA2 factor is considered as one primary OA emission source and is high possible contributed 

by biomass burning emission and affected by regional transport.  
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In conclusion, BBOA factors were widely resolved by PMF during the JULIAC-I, the JULIAC-II, 

and the JULIAC-IV, and are supported by correlations with biomass burning tracers, reference 

BBOA spectra, and meteorological analysis. The source properties and contribution of BBOA 

show the clear seasonal difference which might relate to seasonal varied biomass burning type, 

and that seasonal comparison is discussed in sections 4.5.2 and 4.5.3. 

4.2.2 Secondary sources 

As OOA factor introduction in section 1.1, less oxidized LO-OOA and more oxidized MO-OOA 

factors are mainly identified in this study by the typical OOA factor spectrum and diurnal pattern 

of factor contribution. The LO-OOA was resolved during the JULIAC-II and III while MO-OOA 

was resolved during the JULIAC-I and IV. As shown in Figure 4-13, LO-OOA and MO-OOA 

factor spectrum both exhibit the strongest contribution from fragments m/z 44 (signal at m/z 28 

assumed equal to m/z 44(Aiken et al., 2008)) with dominant families CxHyO, CxHyOz (z>1). The 

oxidation degree of LO-OOA and MO-OOA are almost the biggest for all seasons with spectrum 

O:C ratio ranging from 0.7 to 1.0, which is comparable to previous studies (Hu et al., 2013, Xu et 

al., 2015b, Sun et al., 2016, Dai et al., 2019). 
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Figure 4-13: high-resolution MO-OOA factor spectrum for the JULIAC-I and LO-OOA factor spectrum for the JULIAC-II. 

Normalized ions attribution in factor profile are colored by corresponding ion family groups and elemental ratio (OM:OC, O:C, 

H:C) of OA factors has been displayed. Factor spectrum in the range of m/z 60-160 is displayed in the zoom-in window. The y-

axis presents the ion signal intensity fraction while x-axis range is m/z (mass to charge) 12-160. 

Plenty of high-resolution OOA factors spectra determined by previous source apportionment 

studies (Mohr et al., 2012, Crippa et al., 2013a, Hayes et al., 2013, Hu et al., 2013, Hu et al., 2015) 

are utilized to further support LO-OOA and MO-OOA determination in this study. As shown in 

Table 4-5, the overall spectra of LO-OOA and MO-OOA factors in this study are most close to the 

LV-OOA factor reported by (Hu et al., 2013) with R2 ranging from 0.93 to 0.99 and theta angle 

(Kostenidou et al., 2009) ranging from 5.9˚ to 15.72˚, and followed by LV-OOA (Hayes et al., 

2013) and then SV-OOA (Hu et al., 2013) MO-OOA (Hu et al., 2015). That high correlation 

between LO-OOA and MO-OOA in this study with referred OOA factors further confirmed the 

OOA resolving and determination in this study.  
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Table 4-5: the cross-correlation analysis (R2 and theta angle) of OOA spectrum among seasonal OOA resolved in four JULIAC 

phases and OOA factors reported in previous PMF studies (referred OOA factor data supported by high-resolution AMS spectral 

database, High Resolution AMS Spectral Database (colorado.edu)). The background colors of coefficient cell are color scales 

following the value of R2, and utilize red represent the highest value 1 and green as the lowest value 0 

R2 

MO-OOA 

_JULIAC-I 

LO-OOA 

_JULIAC-II 

LO-OOA 

_JULIAC-III 

MO-OOA 

_JULIAC-IV Reference 

U_DAURE_BCN_2009_SVOOA 0.55 / 42.84˚ 0.64 / 37.43˚ 0.70 / 34.10˚ 0.57 / 42.11˚ (Mohr et al., 2012) 

A_HR_057_SV_OOA 0.88 / 20.62˚ 0.95 / 13.02˚ 0.97 / 9.43˚ 0.89 / 19.90˚ (Hu et al., 2013) 

A_HR_051_SVOOA_HR 0.63 / 37.46˚ 0.81 / 25.67˚ 0.85 / 23.89˚ 0.65 / 36.44˚ (Hayes et al., 2013) 

U_DAURE_BCN_2009_LVOOA 0.85 / 23.20˚ 0.92 / 17.59˚ 0.96 / 13.22˚ 0.85 / 22.99˚ (Mohr et al., 2012) 

A_HR_030_LV_OOA 0.82 / 26.12˚ 0.93 / 16.94˚ 0.97 / 12.49˚ 0.83 / 25.58˚ (Crippa et al., 2013a) 

A_HR_050_LVOOA_HR 0.90 / 18.42˚ 0.98 / 7.70˚ 0.98 / 10.74˚ 0.91 / 17.84˚ (Hayes et al., 2013) 

A_HR_058_LV_OOA 0.93 / 15.72˚ 0.98 / 8.80˚ 0.99 / 5.90˚ 0.93 / 15.24˚ (Hu et al., 2013) 

A_HR_029_MOA 0.30 / 55.34˚ 0.38 / 49.96˚ 0.50 / 42.98˚ 0.31 / 54.95˚ (Crippa et al., 2013a) 

A_HR_070_MO_OOA 0.85 / 22.93˚ 0.94 / 14.48˚ 0.97 / 10.03˚ 0.86 / 22.59˚ (Hu et al., 2015) 

A_HR_049_LOA_HR 0.59 / 39.76˚ 0.71 / 32.00˚ 0.74 / 30.65˚ 0.61 / 38.88˚ (Hayes et al., 2013) 

A_HR_071_LO_OOA 0.46 / 47.32˚ 0.63 / 36.66˚ 0.72 / 31.56˚ 0.47 / 46.57˚ (Hu et al., 2015) 

A_HR_072_LO_OOA 0.39 / 51.19˚ 0.58 / 39.88˚ 0.66 / 35.05˚ 0.40 / 50.35˚ (Hu et al., 2015) 

MO_OOA_JULIAC-I 1.00 / 0˚ 0.95 / 13.30˚ 0.91 / 17.82˚ 1.00 / 1.72˚ JULIAC-I 

LO_OOA_JULIAC-II 0.95 / 13.30˚ 1.00 / 0˚ 0.98 / 8.42˚ 0.95 / 12.53˚ JULIAC-II 

LO_OOA_JULIAC-III 0.91 / 17.82˚ 0.98 / 8.42˚ 1.00 / 0˚ 0.91 / 17.16˚ JULIAC-III 

MO_OOA_JULIAC-IV 1.00 / 1.72˚ 0.95 / 12.53˚ 0.91 / 17.16˚ 1.00 / 0˚ JULIAC-IV 

 

In terms of diurnal pattern, LO-OOA and MO-OOA are the only two source factors with 

pronounced noon peaks which are mainly related to secondary organic compounds formation from 

photochemistry. The diurnal variation of photolysis frequency of NO and O3 concentration also 

shows good accordance with LO-OOA and MO-OOA diurnal behavior, and high overall time 

series correlations between O3 and LO-OOA and MO-OOA are found during warm season the 

JULIAC-II and the JULIAC-III with R² equal to 0.56 and 0.71 respectively. Therefore, LO-OOA 

and MO-OOA factors determined during the JULIAC campaign could be considered as OA 

sources mainly contributed by the daytime oxidation process based on source spectrum properties 

and typical diurnal pattern. More seasonal comparison discussion, like the seasonal difference 

(such as oxidation degree) of LO-OOA and MO-OOA, will be given in section 4.5.3. 

http://cires1.colorado.edu/jimenez-group/HRAMSsd/
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In general, LO-OOA and MO-OOA are representing the oxidized organic compounds usually 

formed by photochemistry processes, while the potential contributions from dark oxidation 

mechanisms, such as NO3 radical derived dark chemistry, are not included. More and more 

previous aerosol apportionment studies found unresolved factors which seemed to represent some 

form of an OOA factor with an increase in or a maximum concentration reached during the night 

which potentially indicate significant nocturnal chemistry contribution (Saarikoski et al., 2012, 

Crippa et al., 2013b, Florou et al., 2017, Cheng et al., 2021). However, a specific PMF factor 

indicative and dominated by the night-time oxidation process, such as oxidation by NO3 radicals, 

has not been clearly separated and identified yet. In this study nocturnal oxidation oxygenated 

organic aerosol factor, NO-OOA is defined as a new source factor for the first time to further 

complement the OOA source factors system. Detailed discussions and potential implications of 

the NO-OOA factor are given in section 4.4. 

4.2.3Regional transport 

As introduced before, two types of regional transport factors, one for marine plume transport called 

methanesulfonic acid-containing OA (MSA-OA) factor, the other for continental regional 

transport (Trans-OA) factor were resolved during the JULIAC campaign. The MSA-OA has been 

found in the previous coastal, oceanic environment study (Schmale et al., 2013) and also at rural 

(Schlag et al., 2016) and megacities researches (Crippa et al., 2014), which is considered to be the 

OA contribution from marine plume regional transport. Detailed investigation and implications of 

the MSA-OA factor are given in section 4.3. The trans-OA stands for the continental OA regional 

transport events resolved by PMF analysis but without a fixed transport origination.  

The meteorological analysis is mainly utilized to support regional transport factor determination 

for both MSA-OA and trans-OA factors, such as the factor contribution dependent back 

trajectories analysis and polar analysis. For example, as shown in Figure 4-14, the time of the 

enhancement of trans-OA contribution during the JULIAC-II shows good accordance with the 

period of SW direction air parcel regional transport (represented by mean cluster 1 colored by 

blue). The dominant southwestern distribution of Trans-OA in polar coordinates as shown in 

Figure 4-15 further confirms that regional transport OA factor determination. Based on seasonal 

PMF results listed in Table 4-2, regional transport OA (MSA-OA+Trans-OA) has been resolved 

at the JULIAC-I, the JULIAC-II, and the JULIAC-III, accounting for 18.6%, 13.7%, and 8.6% 
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mass fraction of corresponding total aerosol organics. The strongest OA regional transport effect 

appears at the JULIAC-I, which is also supported by the concentrated OA distribution at high wind 

speed zone in the aerosol organic dependent polar graph of the JULIAC-I in Figure 4-3.  

 

Figure 4-14: a) Concentration time series of PMF source factors of the JULIAC-II phase with the background color of trajectory 

clusters; b) Three trajectory clusters of the JULIAC-II 24-hours back-trajectory simulated by HYSPLIT4. Corresponding time 

coverage proportion of the averaged clusters are marked in the graph.  

a) 

b) 
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Figure 4-15: Source factors contribution dependent polar diagram and joint possibility for all JULIAC intensive phases based on non-parametric wind regressions. The polar graph 

is created based on the wind direction and wind speed measured in 50-m height. The OA contribution from all OA sources are utilized as color code in the polar graph to illustrate 

the potential regional source. 
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Although no distinct regional transport OA factor was resolved at the JULIAC-IV, OA distribution 

of the JULIAC-IV in the polar coordinates in Figure 4-3 compared to the JULIAC-I, the JULIAC-

II and the JULIAC-III implies a possible OA regional transport. To investigate that contradiction 

between results of PMF and meteorological analysis, the organic aerosol concentration-dependent 

wind rose graph for all JULIAC phases and OA area contribution graph for the JULIAC-IV are 

shown in Figure 4-16 and Figure 4-17 to further illustrate the meteorological condition and 

potential OA regional transport during the JULIAC-IV.  

Compared to the other three phases, the JULIAC-IV shows the most compact wind direction 

distribution, with SE direction frequency over 50% as shown in Figure 4-16 and corresponding 

high wind speed (>10km/h) as shown in Figure 4-3. Therefore, one could conclude that the 

sampling site is affected by SE direction wind during most of the time of the JULIAC-IV. 

Moreover, the OA area contribution of the JULIAC-IV estimated by concentration field (CF) 

statistics analysis (introduced in section 3.3.1) based on 24-hours back trajectory lines shows that 

the SE direction trajectory area corresponds to the relatively high OA concentration during the 

JULIAC-IV.  

Overall, the sampling site is dominated by the southeastern wind, and OA is possibly continuously 

affected by SE direction regional plume regional transport during most of the time of the JULIAC-

IV. OA regional transport contribution is difficult to be resolved unambiguously by PMF analysis 

to be a distinct source factor during the JULIAC-IV. One reason might be related to the similarity 

of OA properties between SE inland transported plumes and local atmosphere, and no 

characteristic peak of the variation of regional transport OA under continuous directional plume 

transport. This limitation of PMF analysis should be noticed in further OA regional transport 

studies.  
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Figure 4-16: Wind rose graph colored by corresponding organic aerosol concentration for four intensive phases of the JULIAC 

campaign. The polar graph is created based on the wind direction and wind speed measured in 50-m height. 
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Figure 4-17: Potential area contribution of aerosol organics during the JULIAC-IV processed by concentration field (CF) statistics 

in ZeFir. Trajectory data used for CF analysis are 2-hours resolution back trajectory lines of 24-hours back-trajectory simulated by 

HYSPLIT4 (Version 5.0.0). 

In conclusion, OA regional transport resolved by PMF analysis combining trajectory and 

meteorological analysis in this study shows clear marine source OA regional transport during the 

JULIAC-II and JULIAC-III mainly from the North Sea and the Celtic Sea direction respectively. 

In addition to the marine source, regional transport event from the western and southwestern 

direction has been discovered during the JULIAC-I and JULIAC-III. In total, regional transport 

OA contributes 8.6% to 18.6% of total OA mass. That implies the importance of regional transport 

on OA source and properties understanding especially in cold weather in this study. The OA 

regional transport during the JULIAC-IV is illustrated by trajectory and meteorological analysis 

but not parsed as a distinct regional transport OA factor by PMF analysis. In conclusion, PMF 

could effectively resolve the OA contribution of regional transport with characteristic plume 

components but show limitations in resolving continuous and directional plume transport with 

analogous species.
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 Marine source factor: Methanesulfonic acid-containing 

organic aerosol/MSA-OA factor 

This study determined the MSA-OA factor (introduction see section 1.1) based on PMF methods 

in the JULIAC-II and the JULIAC-III. Good agreement is found between the MSA-OA factor’s 

concentration/fraction and marine plume trajectory simulated by NOAA HYSPLIT (Hybrid 

Single-Particle Lagrangian Integrated Trajectory (Cohen et al., 2015)). Meanwhile, MSA 

concentration is estimated by two characteristic ions methods as a comparison to further 

investigate the reliability of the time series of the MSA-OA factor. Detailed discussions are given 

below.  

In Figure 4-18, the MSA-OA factor profile detected from the JULIAC-II is shown and compared 

with the factor profile from a previous study (Schlag et al., 2017). The y-axis represents the factor 

profile normalized to 1, and the x-axis is the mass-to-charge ratio (m/z) in unit mass resolution. 

The profile’s elemental composition of the MSA-OA factor in this study (O:C=0.63 and H:C=1.61) 

are similar to those reported in the study by (Schlag et al., 2017) (O/C=0.55 and H/C=1.70). The 

two MSA-OA factors mentioned above both contain typical MSA-OA marker fragments: CHS+ 

(m/z 44.98), CH2SO2
+ (m/z 77.98), CH3SO2

+ (m/z 78.99), and CH4SO3
+ (m/z 95.99). CH3SO2

+ is 

regarded as a characteristic fragment for MSA containing ambient aerosols (Zorn et al., 2008, 

Huang et al., 2017) and is the most abundant ion of the CS family in the MSA-OA factor profile. 

The high consistency of marker fragments of two MSA-OA factors supports that the resolved 

MSA-OA factor during the JULIAC campaign is indeed strongly influenced by DMS oxidation 

products. 

Except above four fragment ions, the MSA-OA profile of this study also contains one more ion 

belonging to the CS family, CH3S+ (m/z 47.00). Although CH3S+ is not in this reference factor, it 

has been included in the MSA-OA factor in a previous study (Schmale et al., 2013). The low-

intensity level of CH3S+ (m/z 47.00) may one possible reason to explain why it’s not a stable maker 

ion in MSA-OA profiles.  
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Figure 4-18: MSA-OA factor profile comparison between the study by Schlag et al., 2017 (upper), and this study the JULIAC-II 

(bottom). Typical MSA marker fragments: CHS+ (m/z 44.98), CH3S+ (m/z 47.00), CH2SO2+ (m/z 77.98), CH3SO2+ (m/z 78.99), 

and CH4SO3+ (m/z 95.99) are highlighted in factor profile. Normalized ions attribution in factor profile are colored by 

corresponding ion family groups, and elemental ratios (O/C. H/C. N/C, S/C) of MSA-OA factor are also marked in the graph. The 

y-axis presents the ion signal intensity fraction while the x-axis range is m/z (mass to charge) 10-100. 

The overall MSA-OA spectrum comparison is also made among this study and previous studies 

(see Table A 3). The highest spectra similarity of MSA-OA is found between this study and study 

by Schlag et al., 2017 with R2=0.70-0.84 and theta=23.9˚-30.0˚. However, the overall poor 

spectrum similarity of MSA-OA among previous studies implies that the MSA-OA factor, as a 

regional transport factor, could be identified by characteristic MSA ions but show variable overall 

Theta=23.9˚ 
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factor spectrum might be related to the distance of plume transport. That variable overall MSA-

OA spectrum is discussed in seasonal comparison of MSA-OA spectrum in section 4.5.3.  

 

 

Figure 4-19: a) Concentration time series of PMF source factors of the JULIAC-II phase with the background color of trajectory 

clusters; b) Three trajectory clusters of the JULIAC-II 24-hours back-trajectory simulated by HYSPLIT4.  

a) 

b) 



Results and Discussions 
 

79 
 

To further validate the MSA-OA factor in this study, polar graph and back-trajectory analyses are 

combined to investigate the marine regional transport characterization of the MSA-OA factor. In 

Figure 4-19 a), all PMF source factors’ time series during the JULIAC-II are displayed and the 

background color corresponds to the color of the clusters of the 24-hours back-trajectory shown in 

Figure 4-19 b). The cluster 1 (cover 31% of total time) colored by blue and cluster 3 (account for 

48% of period) colored by red represent the averaged plume trajectory transported from the 

southwestern and eastern continents, respectively. The trajectory line of mean cluster 2 (yellow 

line, time ratio of 21%) in Figure 4-19 b) is dominated by marine air parcel regional transport 

towards the measurement site. During the corresponding marine plume period, the concentration 

of factor MSA-OA shows a significant increase while other factors’ concentration time series are 

comparably low in concentration and do not show any large variations. The correlation between 

the MSA-OA and the back-trajectory originating from the marine area implies that the MSA-OA 

factor is significantly dominated by the marine plume and could be considered as a marine 

transport indicator.  

In addition, the polar diagram in Figure 4-20 shows that almost all high MSA-OA concentrations 

(>0.1 μg/m3) are distributed in a high-wind-speed radius (>10 km/h) of NW direction, which 

supports the interpretation of the strong influence of northwestern direction marine transport which 

accompanies the occurrence of the MSA-OA factor at the measurement site. The MSA-OA factor 

mass concentrations trends, marine trajectory analysis, and wind pattern confirm that the MSA-

OA factor separated by PMF is correctly attributed and could be considered as a tracer of marine 

transport. In this study, the MSA-OA factor is mainly transported from the northwestern direction 

where the North Sea is located.  
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Figure 4-20: Polar diagram of MSA-OA concentration (left) and joint possibility (right) during the JULIAC-II phase based on non-

parametric wind regressions. The polar graph is created based on the wind direction and wind speed measured in 50-m height. OA 

contribution of MSA-OA factor is utilized as color code in the polar graph to illustrate the potential regional source and the joint 

graph shows the wind frequency. 

In the above discussion, the MSA-OA factor has been verified by comparison and correlation of 

previously determined factor profiles and marine transport events. To further examine and validate 

the reliability of the MSA-OA factor, the mass concentration of aerosol MSA calculated by two 

characteristic ion methodologies (introduced in section 3.2.2) were utilized as comparison. As 

shown in Figure 4-21, the time series correlation between the MSA-OA factor (x-axis) and two 

aerosol MSA concentration (calculated by the Ge method (red) and HKUST method (blue) are 

displayed. The difference of the MSA and MSA-OA concentration need to be emphasized here: 

MSA concentration consist of organic fragments (such as CH3SO2
+) and inorganic fragments (such 

as SO2
+). However, MSA-OA factor represent aerosol organics contribution from marine regional 

transport, which concentration only contain organic part of aerosol MSA and some other organics 

fragments (e.g. CH2O+, CO2
+) attributed to marine source. Therefore, it’s reasonable to see the 

concentration level of the MSA-OA factor is different with pure aerosol MSA concentration. The 

high correlation coefficient, R2 0.95 for MSA-OA vs MSA (Ge method) and 0.94 for MSA-OA vs 

MSA (HKUST method) respectively, strongly support the resolving of MSA-OA factor. Overall, 

this comparison further promotes the accuracy of the MSA-OA factor derived by the PMF analysis.  
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Figure 4-21: Time series correlation among the concentration of aerosol MSA calculated by Ge, HKUST methods, and the OA 

contribution of MSA-OA source factor during the JULIAC-II campaign. Correlation coefficients R2 are marked in the graph. 

An MSA-OA factor is identified for the JULIAC-III intensive phase by unconstrained PMF 

analysis as well, and its spectrum (as shown in Figure A 4) contains the same MSA-OA 

characteristic ions as the JULIAC-II and show correlation R2=0.6 with the MSA-OA spectrum of 

the JULIAC-II. It also shows the same marine transport properties as in the JULIAC-II. In Figure 

4-22 a) the time series of mass fraction of MSA-OA factor (calculated by OA contribution of 

MSA-OA factor divided by the total OA mass concentration) and the aerosol MSA mass fraction 

for both Ge and HKUST methods (calculated by each aerosol MSA mass concentration divided 

by the total aerosol mass concentration) are given and background colored by 72h back-trajectory 

clusters (back longer than JULIAC-II 24h for clear marine origination). The mass fraction time 

series of MSA-OA and aerosol MSA show a high correlation, with coefficient R2 0.76 and 0.72 

for the Ge method and HKUST method, respectively. And almost all peaks of MSA-OA and 

aerosol MSA mass fraction appeared at the marine plume transport period. The above analysis not 

only confirms the determination of the MSA-OA factor by PMF analysis but also illustrates that 

MSA-OA could be regarded as a marine transport indicator.  

However, during the JULIAC-III the correlation with marine transport is not apparent from the 

mass concentration time series of MSA and MSA-OA factor alone. In contrast, the time series of 
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the mass fraction of MSA normalized to total aerosol and MSA-OA normalized to total organic 

show an obvious increase during the marine regional transport period. In comparison, the mass 

concentration time series of MSA-OA and aerosol MSA are also given in Figure 4-22 b), and at 

dark-red background regime (corresponding to slow plume movement, or relative steady 

conditions of local atmosphere) aerosol MSA mass concentration reaches the maximum for both 

Ge and HKUST methods, while MSA-OA factor also shows relatively high concentration here. In 

addition, the mass concentration time-series correlation between MSA-OA with aerosol MSA 

during the JULIAC-III are also poor, with correlation coefficient R2 0.20 and 0.23 for Ge and 

HKUST methods respectively. One possibility is there might exist other unknown terrestrial 

sources for aerosol MSA formation which has been suggested by previous studies (Ge et al., 2012, 

Young et al., 2016, Zhou et al., 2017) but the possible mechanism still needs further investigation. 

Overall, the OA contribution mass fraction of MSA-OA factor or aerosol MSA mass fraction still 

clearly indicate marine transport. 

 

a) 

b) 
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Figure 4-22: a) OA contribution mass fraction of MSA-OA factor (normalized to the mass of aerosol organics) and aerosol MSA 

mass fraction (normalized to the mass of total aerosol) calculated by Ge and HKUST methods during the JULIAC-III phase with 

the background color of back-trajectory clusters; b) Mass concentration time series of MSA-OA factor and aerosol MSA calculated 

by Ge and HKUST methods during the JULIAC-III phase with the background color of back-trajectory clusters; c) Three mean 

trajectory clusters of the JULIAC-III 72-hours back-trajectory simulated by HYSPLIT4. 

In summary, this study verified the MSA-OA factor determined by PMF analysis in terms of the 

factor’s profile and time series. Additionally, the MSA-OA factor and corresponding OA 

contribution mass fraction (especially for summer) are demonstrated to be the indicator of marine 

transport according to meteorological and back-trajectory analysis. That unsolved high local 

aerosol MSA concentration still deserves further investigation to interpret whether it’s an 

overestimation caused by methodologies or unknown local aerosol MSA formation. MSA-OA 

factor found at the JULIAC-II and the JULIAC-III contain the same characteristic fragments but 

show a slight difference in ions contribution of factor profile (detailed MSA-OA factor profile of 

the JULIAC-III could be found in Figure A 4) and all seasonality of OA source factors are 

discussed in detail in section 4.5.  

c) 
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 Nocturnal oxidation oxygenated organic aerosol/NO-

OOA factor 

In this study, the nocturnal oxidation oxygenated organic aerosol factor, denoted from here as NO-

OOA factor, is resolved by PMF analysis for the first time and introduced as a distinct nocturnal 

OOA factor mainly derived by NO3-initiated oxidation for all seasons. In this study, an 

independent NO-OOA factor illustrates the contribution variation and proportion of nocturnal OA 

in parallel with OA daytime contribution mainly from photo-oxidation reactions (represented by 

LO-OOA and MO-OOA in this study). In addition, the seasonal comparison of NO-OOA 

properties and mass contribution also reveals mechanism changes and the significance of nocturnal 

chemistry.  

 𝑵𝑩 − 𝑶𝑶𝑨:  𝐵𝑖𝑜𝑔𝑒𝑛𝑖𝑐 𝑉𝑂𝐶𝑠 +  𝑁𝑂3 ∙ 
𝐺𝑎𝑠−𝑝ℎ𝑎𝑠𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
→                

𝑃ℎ𝑎𝑠𝑒𝑠 𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔
→               𝑁𝑖𝑔ℎ𝑡 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑂𝑂𝐴                       Eq. 23

 𝑵𝒃𝒃 −𝑶𝑶𝑨:  𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑏𝑢𝑟𝑛𝑖𝑛𝑔 𝑉𝑂𝐶𝑠 +  𝑁𝑂3 ∙ 
𝐺𝑎𝑠−𝑝ℎ𝑎𝑠𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
→                

𝑃ℎ𝑎𝑠𝑒𝑠 𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔
→                𝑁𝑖𝑔ℎ𝑡 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑂𝑂𝐴    Eq. 24 

As shown in Eq. 23 and Eq. 24, NO-OOA further split into two sub-OOA factors based on seasonal 

major precursors, biogenic VOCs (BVOCs) dominated nocturnal oxidation OOA (NB-OOA), and 

biomass burning VOCs (bbVOCs) dominated nocturnal oxidation OOA (Nbb-OOA). The Nbb-

OOA factor was resolved in the JULIAC-I, II, IV accompanied by significant biomass burning 

emission (conclude from the concentration CO and VOCs such as acetonitrile and furan, see Figure 

A 10, and BBOA contribution) and obvious contribution of biomass burning tracer ions C2H4O2
+ 

(m/z 60) in factor profile. In contrast, NB-OOA is only observed at the JULIAC-III (summertime) 

in this study when BVOCs (such as isoprene, monoterpene, see Figure A 10) emission was strong, 

and a significant contribution of m/z 91 is observed (commonly founded in biogenic emission 

dominate OOA (Budisulistiorini et al., 2015, Chen et al., 2015)) in factor spectrum. A more 

detailed discussion is given below to investigate the feasibility and implications of the NO-OOA 

(Nbb-OOA and NB-OOA) factor.  

4.4.1 Nocturnal aerosol oxidation  

As shown in Figure 4-23, aerosol oxidation degree represented by the aerosol O:C elemental ratio 

and fCO2
+/fC2H3O+ fragment ratio of organic aerosol for all seasons have been displayed. In Figure 
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4-23, day and night time are distinguished by the seasonally averaged value of photolysis 

frequency of NO2 (jNO2) measured by a spectroradiometer (Bohn et al., 2005b, Bohn and Zilken 

2005a) during the JULIAC campaign. More specifically, periods with jNO2 equal to zero 

represents nigh-time and are marked by grey background, on the contrary daytime are marked by 

the white background. An obvious OA oxidation degree increasing during daytime (between 

11:00-17:00 UTC) is observed during the whole JULIAC campaign and is mainly derived by 

photooxidation. In addition, night enhancement of OA oxidation degree is also observed during 

0:00 to 2:00 UTC, which implies noticeable aerosol nocturnal oxidation throughout the year. In 

addition, that significant OA oxidation degree enhancement during nighttime at all seasons has 

already been reported in previous ambient aerosol research (Li et al., 2015). That illustrates 

seasonal apparent nocturnal oxidation is not just a unique phenomenon during the JULIAC 

campaign.  
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Figure 4-23: diurnal variation of the median and interquartile range (IQR) of organic aerosol O:C elemental ratio and 

fCO2+/fC2H3O+ fragment ratio for all four seasons of the JULIAC campaign. Solid lines correspond to median variation and color 

regions represent the IQR. Grey background indicates nigh-time and white background marks day-time calculated by corresponding 

photolysis frequency data measured during the JULIAC campaign. Note that the scale of the Y-axis is inconsistent among four 

JULIAC phases. 

Therefore, the nocturnal oxidation oxygenated organic aerosol factor (NO-OOA) resolved by PMF 

should represents the OA contribution from that apparent OA nocturnal oxidation confirmed above. 

NO-OOA factors spectra for all the JULIAC phases are displayed in Figure 4-24 a) and are colored 

by corresponding ion family groups. A high contribution of the signal at m/z 44 (normalized 

intensity fraction 0.08-0.18) implies NO-OOA as an oxygenated OA in comparison with that of 

SV-OOA (0.05) and LV-OOA (0.16) reported by study by (NG 2011). The CHOx dominant ions 

pattern (mainly CO+ (m/z 28), CHO+ (m/z 29), C2H3O+ (m/z 43) and CO2
+ (m/z 44)) and the 

oxidation degree (O:C 0.39 for NB-OOA and 0.76-0.91 for Nbb-OOA) of the factor spectra further 

support that the NO-OOA factor represent secondary organic compounds contribution instead of 
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OA primary emission. The diurnal variation of the averaged concentration of NO-OOA factors for 

all the JULIAC intensive phases are shown in Figure 4-24 b). The apparent peak of the NO-OOA 

contribution appearing at night during all the JULIAC intensive phases strongly indicates NO-

OOA as a potential night OOA source. 

In terms of factor spectrum characteristics of Nbb-OOA and NB-OOA, Nbb-OOA factors spectra 

(for the JULIAC-I, II, and IV) consist of the same major ions and similar contributions of tracer 

ions C2H4O2
+ (m/z 60) of biomass burning. Moreover, the overall similarity of Nbb-OOA spectra 

is illustrated by the high value of correlation coefficient R2 of factor profiles which are all over 0.9 

(as shown in Table 4-11). For NB-OOA, the ion fraction of C2H4O2
+ (m/z 60) equaling to 1.8‰ is 

weaker in comparison to that of Nbb-OOA spectra (ranging from 3.7‰ to 5.2‰). The intense 

signal at m/z 91 (mainly due to the contribution of the signal from the ion C7H7
+) in the spectrum 

range of m/z > 80 of the NB-OOA factor is reported to be mainly detected in aged aerosol, 

especially OOA formed by oxidation of BVOCs (Chirico et al., 2010, He et al., 2010, Ortega et 

al., 2013, Chen et al., 2015).In addition to tracer ions, the overall oxidation degree illustrated by 

O:C of Nbb-OOA (ranging from 0.76 to 0.91) and NB-OOA (0.39) also show an apparent 

difference.  

Overall, yearly obvious OA nocturnal oxidation is observed based on the night peak of organic 

aerosol oxidation degree, and that corresponds to the nocturnal OA source resolved as NO-OOA 

factor during all seasons of the JULIAC campaign. For sub-NO-OOA factors, the tracer ions 

attribution and overall oxidation degree of factor spectrum are different between Nbb-OOA 

(resolved during the JULIAC-I, II, and IV) and NB-OOA (resolved at the JULIAC-III), which 

strongly suggest the seasonal-dependent precursors of NO-OOA. More discussions are given to 

further investigate the determination and formation mechanism of NO-OOA, such as dominant 

nocturnal oxidant (see section 4.4.2) and seasonal precursors (see section 4.4.3).  
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Figure 4-24: a) high-resolution NO-OOA factor spectra colored by family groups for the whole JULIAC campaign. The y-axis 

presents the ion signal intensity fraction while the x-axis range is m/z (mass to charge) 12-160. Elemental ratio (OM:OC, O:C, H:C) 

of this OA factor has been displayed. b) Diurnal variation of means concentration with a standard deviation error bar of NO-OOA 

factors during the whole JULIAC campaign. Grey background means nigh-time and white background stand for day-time 

calculated by corresponding photolysis frequency measurements. 
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4.4.2 NO3 radical as dominant oxidant of nocturnal OA oxidation  

Yearly obvious nocturnal OA oxidation has been observed in OA oxidation degree diurnal 

variation, and that corresponds to the nocturnal OA contribution resolved as NO-OOA factor by 

PMF. In this section, the possible mechanism, mainly about the major oxidants (NO3 radical and 

O3) of that nocturnal OA oxidation is further discussed.  

Previous studies have reported that NO3-initiated nocturnal oxidation in the atmosphere is 

commonly accompanied by a significant enhancement of aerosol organic nitrate (Boyd et al., 2017, 

Brownwood et al., 2021). In this case, the concentration variation of aerosol organic nitrate could 

illustrate the intensity of NO3-initiated nocturnal oxidation, and likely associate with NO-OOA 

contribution variation if NO3 radical is the dominate nocturnal oxidant. To analyze the relation 

between aerosol organic nitrate and NO-OOA factor, the combined matrix of aerosol organics and 

nitrate fragments are evaluated by PMF source apportionment analysis (methods and factor 

determination introduced in section 3.1.3).  

As shown in Figure 4-25, the NO-OOA factor spectra determined by nitrate+organics PMF consist 

of significant nitrate fragments distribution, mainly NO+ and NO2
+ (completed PMF results in 

appendix A. 11). The aerosol organic nitrate concentration originated from NO-OOA source could 

be estimated by NO+, NO2
+ fragments’ distribution pattern introduced by several studies (Farmer 

et al., 2010, Fry et al., 2013, Xu et al., 2015a, Kiendler-Scharr et al., 2016) and briefly introduced 

in section 3.2.1. The fraction of NO2
+/NO+ for NO-OOA factors, ranging from 0.09 to 0.3, is 

significantly lower than that for pure inorganic nitrate (detected during NH4NO3 IE calibration), 

ranging from 0.41 to 0.54 as shown in Figure 4-26, which means a significant fraction of organic 

nitrate formed from NO-OOA source.  

Overall, the significant NO+ and NO2
+ fragment contribution and their distribution pattern in NO-

OOA factors’ spectra determined by NO3 +Organics PMF analysis show obvious aerosol organic 

nitrate forms from the nocturnal oxidation source, which imply NO3 radical as the dominant 

oxidant for the nocturnal OA formation. 
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Figure 4-25: NO-OOA factors spectrum determined by NO3 +Organics PMF analysis for the whole JULIAC campaign. Factor 

spectra colored by family groups. Fractions of NO2+/NO+ and elemental ratio (O:C, H:C and N:C) of NO-OOA factor are displayed 

for each JULIAC phase. The y-axis presents the ion signal intensity fraction while the x-axis range is m/z (mass to charge) 12-160.  
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Figure 4-26: The ion fraction of NO2+/ NO+ comparison between NO-OOA factors’ spectrum determined by NO3 +Organics PMF 

analysis and pure inorganic nitrate (NH4NO3) measured during IE calibration for the whole JULIAC campaign.  

In addition to the above nitrate added PMF analysis, the time-series correlation between the 

concentration of aerosol organic nitrate (OrgNO3) (methodology details could be found in section 

3.2.1) and OA contribution of NO-OOA source is utilized to further investigate the nocturnal 

oxidation mechanism. In case of potential misattribution of consistent behavior caused by the 

accumulation effect of the nocturnal boundary layer (see section 3.3.3), aerosol bulk nitrate 

concentration is also correlated with the contribution of NO-OOA factors as a comparison. More 

specifically, a high correlation between the NO-OOA factor contribution and OrgNO3 

concentration is only well-grounded when the correlation coefficient of NO-OOA vs OrgNO3 is 

higher than NO-OOA vs aerosol bulk nitrate.  

As shown in Figure 4-27, the correlation coefficient 𝑅OrgNO32  (NO-OOA vs OrgNO3), and 𝑅𝑁𝑂32  

(NO-OOA vs aerosol bulk nitrate) are 0.28 and 0.22 for the JULIAC-I, 0.59 and 0.04 for the 

JULIAC-II, 0.83 and 0.48 for the JULIAC-III, and 0.60 and 0.37 for the JULIAC-IV. The 

𝑅OrgNO3
2  for most JULIAC phases are obvious higher than the corresponding 𝑅𝑁𝑂32  only except the 

JULIAC-I. For the low value of 𝑅OrgNO32  and 𝑅𝑁𝑂32  observed at the JULIAC-I, that could be related 

to less effective PMF factor analysis for the discontinuous and incomplete AMS dataset (only 9 

days valid AMS data set) during the JULIAC-I. The high value of 𝑅OrgNO32  (ranging from 0.59 to 

0.83) during the JULIAC-II to IV, could effectively demonstrate that nocturnal OA oxidation is 

accompanied by obvious organic nitrate formation, which further supports NO3 radical as the 

dominant oxidant for the nocturnal OA formation.  
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Figure 4-27: Time series correlation analysis between NO-OOA factor contribution with aerosol bulk nitrate concentration (NO3, 

right Y-axis) and organic nitrate concentration (OrgNO3, left Y-axis). Note that for better-comparing trends the Y-axis scale of 

bulk nitrate, OrgNO3, and NO-OOA are different. The red and green solid lines are linear regression fitting lines for NO-OOA vs 

aerosol NO3 and NO-OOA vs aerosol OrgNO3 respectively.  

In addition to NO3-initiated oxidation, dark ozonolysis is also a potential aerosol nocturnal 

oxidation path that need to be discussed. The reaction rate of dark ozonolysis and NO3-initiated 

oxidation are compared to further investigate the dominant nocturnal oxidant. In this study, the 

branching ratios (introduced in section 3.4.2) for night time oxidation of representative biogenic 

VOCs (BVOCs) and biomass burning VOCs (bbVOCs) are calculated by the reaction rate derived 

separately for either NO3· or O3 normalized to the combined reaction rate (see Eq. 22). NO3 radical 

concentration used here is calculated by measured N2O5 and NO2 concentrations based on thermal 

equilibrium (see section 3.4.1). Furan and naphthalene (Kelly et al., 2018) reaction rates are 

selected to represent bbVOCs potential oxidation while isoprene, α-pinene, β-pinene, and 

limonene reaction rate are utilized to show biogenic derived oxidation. As shown in Table 4-6, the 

night averaged concentrations of NO3· and O3 correspond to an average concentration between 

18:00 and 5:00 UTC. Temperature-dependent reaction rate constants k(T) are calculated based on 

the averaged night temperature (UTC 18:00-5:00) and NIST kinetics database 



Results and Discussions 
 

93 
 

(https://kinetics.nist.gov/kinetics/KineticsSearchForm.jsp), and detailed calculation is given in 

section A. 9. Based on the yearly averaged branching ratio, over 96% bbVOCs and over 75% 

BVOCs possibly react with NO3 radical during the night. Moreover, even higher fractions, over 

88%, of BVOCs tend to react with NO3· at night during the JULIAC-III when strong biogenic 

emission and potential nocturnal oxidation possibly happen.  

For SOA yield, although studies of dark oxidation SOA yield for bbVOCs is still sparse, related 

studies for BVOCs are extensive and corresponding results are displayed in Table 4-6. In general, 

the BVOCs (except α-pinene) SOA yield of NO3· derived dark oxidation is around 2 to 10 times 

higher than that of O3 derived dark oxidation. Therefore, based on the comparison of reaction rate 

and SOA yield between NO3 radicals and O3, one could conclude that NO3 radical is the dominant 

oxidant for nocturnal OA oxidation in this study.  

Table 4-6: Estimated reaction branching ratio of furan, naphthalene, isoprene, α-pinene, β-pinene, and limonene with respect to 

different oxidants (NO3· and O3). Temperature-dependent reaction rate constants listed here are calculated based on averaged night 

temperature (UTC 18:00-5:00) and NIST kinetics database (https://kinetics.nist.gov/kinetics/KineticsSearchForm.jsp), and detailed 

calculation is given in section A. 9. Averaged night concentration of O3 and estimated NO3· between 18:00 and 5:00 UTC are used 

to estimate oxidants’ branching ratio of biogenic and biomass burning VOCs 

Species JULIAC 

Phases 

Averaged Night Conc 

(UTC 18:00-5:00) 

Rate Constant 

cm3 mole·c-1 s-1 

Branching Ratio Dark SOA yield from literature 

NO3·ppt O3 ppb NO3· O3 NO3· O3 NO3· O3 

Furan JULIAC-I 0.7 28.2 1.51E-12 2.42E-18 0.94 0.06 0.016-0.024 

(Joo et al., 2019) 
 

--- 

JULIAC-II 1.7 38.5 1.47E-12 2.42E-18 0.96 0.04 

JULIAC-III 4.7 36.6 1.39E-12 2.42E-18 0.99 0.01 

JULIAC-IV 0.7 17.3 1.51E-12 2.42E-18 0.96 0.04 

Naphthale

ne 

JULIAC-I 0.7 28.2 2E-11 2.81E-19 1.00 0.00 --- 0.23-

0.37(Riva et 

al., 2016) 

JULIAC-II 1.7 38.5 2E-11 2.81E-19 1.00 0.00 

JULIAC-III 4.7 36.6 2E-11 2.81E-19 1.00 0.00 

JULIAC-IV 0.7 17.3 2E-11 2.81E-19 1.00 0.00 

isoprene JULIAC-I 0.7 28.2 5.65E-13 7.73E-18 0.64 0.36 0.05-0.15 

(Brownwood et al., 

2021) 

(Ng et al., 2008, 

Rollins et al., 2009) 

0.01-0.09 

(Clark et al., 

2016) 

JULIAC-II 1.7 38.5 5.92E-13 8.83E-18 0.75 0.25 

JULIAC-III 4.7 36.6 6.5E-13 1.15E-17 0.88 0.12 

JULIAC-IV 0.7 17.3 5.62E-13 7.62E-18 0.74 0.26 

α-pinene JULIAC-I 0.7 28.2 6.46E-12 6.63E-17 0.71 0.29 0.007-0.07 

(Hallquist et al., 

1999) 

(Mutzel et al., 2021) 

0.15 

(Shilling et 

al., 2008) 

JULIAC-II 1.7 38.5 6.38E-12 6.98E-17 0.80 0.20 

JULIAC-III 4.7 36.6 6.21E-12 7.75E-17 0.91 0.09 

JULIAC-IV 0.7 17.3 6.47E-12 6.59E-17 0.79 0.21 

β-pinene JULIAC-I 0.7 28.2 2.51E-12 1.53E-17 0.80 0.20 0.5-0.55 0.03-0.05 

https://kinetics.nist.gov/kinetics/KineticsSearchForm.jsp
https://kinetics.nist.gov/kinetics/KineticsSearchForm.jsp
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JULIAC-II 1.7 38.5 2.51E-12 1.69E-17 0.87 0.13 (Xu et al., 2015b) 

(Fry et al., 2009) 

(Boyd et al., 2017) 

(Griffin et 

al., 1999) 

(Zhao et al., 

2015) 

JULIAC-III 4.7 36.6 2.51E-12 2.06E-17 0.94 0.06 

JULIAC-IV 0.7 17.3 2.51E-12 1.51E-17 0.87 0.13 

limonene JULIAC-I 0.7 28.2 1.22E-11 1.64E-16 0.65 0.35 0.44-2.31 

(Boyd et al., 2017) 

(Fry et al., 2014) 

0.24-0.55 

(Zhang et al., 

2006, Zhao 

et al., 2015) 

JULIAC-II 1.7 38.5 1.22E-11 1.76E-16 0.75 0.25 

JULIAC-III 4.7 36.6 1.22E-11 2.01E-16 0.89 0.11 

JULIAC-IV 0.7 17.3 1.22E-11 1.63E-16 0.74 0.26 

 

The above discussion demonstrates that NO3-initiated dark VOCs oxidation can be regarded as a 

major source contributing to the nocturnal OA formation resolved as NO-OOA factor. However, 

what kinds of VOCs species dominate that NO3 radical derived oxidation, and whether dominant 

VOCs shows the seasonal variations are still unclear. Therefore, in the subsequent analysis, the 

NO-OOA factor is sub-divided into NO3· derived BVOCs oxidation dominated nocturnal 

oxidation OOA (NB-OOA), and NO3· derived bbVOCs oxidation dominated nocturnal oxidation 

OOA (Nbb-OOA) to further investigate the seasonally potential dominant precursors. 

4.4.3 Seasonal dominant precursors for NO3-initiated dark 

oxidation 

4.4.3.1 Biomass burning VOCs 

As shown in the brief introduction of factor spectrum characteristics in section 4.4.2, Nbb-OOA is 

subclassified and defined as a sub-NO-OOA factor and possibly contributed by NO3-initiated dark 

oxidation of biomass burning VOCs (bbVOCs). In this section, the possibility of bbVOCs working 

as dominant precursors for NO3· derived dark OA oxidation during the JULIAC-I, II, and IV are 

detailed discussed. 

Firstly, C2H4O2
+ ion fragment attribution in the Nbb-OOA factor spectrum is concerned since 

C2H4O2
+ is commonly considered as biomass burning tracer ions in the AMS spectrum (Simoneit 

et al., 1999, Alfarra et al., 2007). As displayed in Figure 4-24, the relatively high ion intensity 

fraction of C2H4O2
+ in Nbb-OOA factor spectra (3.6 ‰ for the JULIAC-I, 4.9 ‰ for the JULIAC-

II, and 5.2 ‰ for the JULIAC-IV) demonstrate that bbVOCs contributes to the Nbb-OOA factor. 

In addition, the high correlation between the BBOA and Nbb-OOA time series (R2 ranging from 

0.48 to 0.62) as shown in Figure 4-29a) further supports that Nbb-OOA is closely related to 
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biomass burning sources compared to other OOA factors. As shown in Figure 4-29 b), the 

concentration variation of combustion tracer gas CO and aerosol tracer ion C2H4O2
+ are correlated 

with the OA contribution variation of Nbb-OOA factor. Their high correlation coefficient (R2 0.44 

to 0.75 for Nbb-OOA vs CO, and R2 0.68 to 0.82 for Nbb-OOA vs C2H4O2
+) indicate again that 

close relationship of Nbb-OOA factor and biomass burning emission.  

In addition to CO and C2H4O2
+ mentioned above, more biomass burning tracers and representative 

bbVOCs measured by AMS, VOCUS, and PTR-MS during the JULIAC campaign are involved in 

the discussion (see Figure 4-8). For example, furan is a heterocyclic compound commonly found 

in biomass burning plumes which plays an important role in SOA formation from oxidation in the 

gas or aqueous phase (Akherati et al., 2020). For aerosol potassium, it was used as biomass burning 

tracer in amounts of studies (Li et al., 2003, Zhang et al., 2013, Tao et al., 2014, Yu et al., 2018), 

but also was reported has obvious contributions from non-biomass burning sources (Aiken et al., 

2010, Zhang et al., 2010). Here K+ represents the bulk potassium concentration of non-refractory 

potassium salts (mainly KNO3) detected by AMS (Drewnick et al., 2006, Kobayashi et al., 2022) 

and is considered as a possible biomass burning tracer ion.  

For the diurnal behavior (one-hour resolution), the concentration of NO3 radical, aerosol K+, furan, 

and the OA contribution of Nbb-OOA factors during JULIAC-II are shown in Figure 4-28 a). In 

general, NO3 radical concentration reaches the maximum in two hours after sunset, followed by 

an increase of the Nbb-OOA factor contribution which peaks in six hours after sunset. Both K+ 

and Furan concentration time series peak during the night at the same time with Nbb-OOA implies 

the abundant biomass burning emitted bbVOCs during nocturnal OA formation. To further 

investigate the potential bbVOCs contribution to Nbb-OOA, the reaction rates of NO3-initiated 

Furan oxidation are calculated and displayed in diurnal pattern Figure 4-28 b). Kinetics rate 

constants utilized in reaction rate calculation are all listed in Table A 5, and the value of reaction 

rate of Furan+NO3 radical are converted to mass concentration using the corresponding molar 

weight of Furan+NO3· for easier comparison. The high reaction rate all coincides with the 

enhancement of Nbb-OOA contribution. Overall, the diurnal behavior of biomass burning 

precursors concentration and corresponding reaction rate of NO3-initiated oxidation agree and 

support that bbVOCs derived NO3-initiated nocturnal OA formation mainly contribute to the Nbb-

OOA factor. 
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Figure 4-28: Diurnal variation of the OA contribution of Nbb-OOA factor, the concentration of NO3. radical (calculated by 

N2O5+NO2), aerosol potassium (K+, potential tracer of biomass burning), representative biomass burning VOCs (Furan), and 

corresponding reaction rate for Furan+NO3 radical during JULIAC-II. Kinetics rate constants for reaction rate calculation are listed 

in Table A 5. For a better comparison between Nbb-OOA contribution and reaction rate of Furan+NO3 radical, reaction rate values 

are converted to mass concentration using corresponding Furan+NO3 molar weight. Grey background means nigh-time and white 

background stand for day-time calculated by corresponding photolysis frequency data. For the Nbb-OOA study, only JULIAC-II 

intensive phase has both valid NO3 radical data and VOCs data, therefore was used as an example. 
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Figure 4-29: a) OA contribution time series and correlation analysis of Nbb-OOA factor and BBOA factor for the JULIAC-I, 

JULIAC-II, and JULIAC-IV. The corresponding correlation coefficients R2 of time-series correlation are marked in the graph b) 

Time series correlation analysis of NO-OOA factor contribution (x-axis) with the concentration of gas CO (left y-axis) and aerosol 

fragments C2H4O2+ (right y-axis) for the JULIAC-I, JULIAC-II, and JULIAC-IV. Correlation coefficients R2 are marked in graphs. 

As shown in Figure 4-39, the Nbb-OOA factor defined in this research accounts for 20.9% to 48.4% 

of the total OA mass. The OA contribution of the Nbb-OOA factor at the JULIAC-I and JULIAC-

IV even exceeded the average OA contribution of the BBOA factor. That substantial Nbb-OOA 

proportion means significant dark aging of biomass burning emissions, which has been observed 

and proved in a recent NO3 radical dark oxidation chamber experiment (Kodros et al., 2020). The 

chamber experiment by Kodros et al., 2020 was designed to investigate dark oxidation of bbVOCs 

by exposing fresh biomass burning emission to NO2 and O3 (precursors of NO3 radical). That study 

found a quick and significant increase of organic aerosol mass concentrations during NO3-initiated 

dark oxidation (over 40% OA mass increase happened during the first one hour of the experiment). 

That chamber study also reported that over 70% of organic aerosol related to biomass burning 
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emission could be affected by dark oxidation and further highlights the importance of nocturnal 

OA contribution. In Figure 4-30, the chamber OOA factor (bbVOCs + NO3·) derived by Kodros 

et al., 2020 is compared with the averaged spectrum of the Nbb-OOA factor (the average of Nbb-

OOA factors of the JULIAC-I II and IV). Overall, the averaged Nbb-OOA factor shows a close 

agreement with the spectrum of chamber-produced OA with a high correlation coefficient R2 0.92 

and theta angle (Kostenidou et al., 2009) of 15.3◦.  

Moreover, as shown in Figure 4-31, two ambient unresolved OOA factors with a single night peak 

in previous winter experiments (Saarikoski et al., 2012, Florou et al., 2017) also show a high 

spectrum similarity (R2 0.94 and 0.81, Theta 13.7˚ and 24.1˚ respectively) with the Nbb-OOA 

factor derived in this work. More unresolved or arguable OOA factors with significant night peaks 

observed in previous studies are listed and grouped by seasons in Table 4-8, which will be 

compared and discussed in section 4.4.4. In conclusion, previous lab and ambient experiments not 

only support the determination of a resolvable Nbb-OOA factor but also support bbVOCs are the 

major precursors of nocturnal OA formation based on high spectra similarity. 

 

Figure 4-30: Factor spectra comparison between the averaged factor profile of Nbb-OOA of the JULIAC campaign and the chamber 

simulated OOA factor based on biomass burning emission and NO3 radical (precursor NO2+O3) dark oxidation (Kodros et al., 

2020). Correlation coefficient R2 and theta angle are marked in the graph to illustrate the spectrum similarity. The y-axis presents 

the ion signal intensity fraction while the x-axis ranges from m/z (mass to charge) 10 to m/z 119. 
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Figure 4-31: Factor spectra comparison between the averaged factor profile of Nbb-OOA of the JULIAC campaign and ambient 

unsolved OOA factors spectra in previous winter experiments (Saarikoski et al., 2012, Florou et al., 2017). A clear single night 

peak was found in these two ambient OOA without clear evident explanation. Correlation coefficient R2 and theta angle are marked 

in the graph to illustrate the spectrum similarity. The y-axis presents the ion signal intensity fraction while the x-axis ranges from 

m/z (mass to charge) 10 to m/z 119. 

Chamber studies have shown that the signal of fragment C2H4O2
+ (or m/z 60 for UMR data) 

gradually decrease during both photo-oxidization (OH radical exposure) (DeCarlo et al., 2010) and 

dark aging experiments (NO3 radical exposure with precursors NO2+O3, see insert in Figure 4-32) 

(Kodros et al., 2020) of fresh biomass burning emission. Aircraft measurement also found reduced 

levoglucosan concentrations during the aging of fresh biomass burning plumes in the atmosphere 

(Capes et al., 2008). Therefore, as shown in Figure 4-32, the increasing tendency of fCO2
+ and 

decreasing tendency of fC2H4O2
+ among BBOA, Nbb-OOA, and MO-OOA factors show an 

evident oxidation evolution of ambient biomass burning through NO3· dominated dark oxidation. 

That factors gradient distribution in fC2H4O2
+ vs fCO2

+ space effectively confirm bbVOCs as the 

dominant precursors for nocturnal OA contribution resolved as Nbb-OOA factor. 

In addition, the insert in Figure 4-32 illustrates the oxidation evolution of OA in f60 (corresponding 

HR fC2H4O2
+) and f44 (corresponding HR fCO2

+) space during 3-hours biomass burning dark 

aging experiment by Kodros et al. 2020, resulting in OA with f44=0.11 and f60=0.013. In contrast 

to the values for f44 and f60 reached in the chamber study, the Nbb-OOA factor (fCO2
+ 0.17 and 

fC2H4O2
+ 0.005) resolved during the JULIAC showed a relative higher OA oxidation degree, 

which may relate to the difference of biomass burning type, the variable biomass burning 
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contribution at sampling sites, and the other minor precursors for Nbb-OOA factor, like biogenic 

or traffic emission. 

 

Figure 4-32: fCO2+ (fraction of fragment CO2+ in OA) vs fC2H4O2+ (fraction of fragment C2H4O2+ in OA) for raw organic aerosols, 

and MO-OOA, Nbb-OOA, and BBOA factors’ profile during the JULIAC-I, JULIAC-II, and JULIAC-IV are given. Means value 

and stand derivation error bar for these three types of source factors are also displayed. fCO2+ vs fC2H4O2+ for NB-OOA of JULIAC-

III is also added here to show the difference between Nbb-OOA and NB-OOA. A small window at the upper right corner displays 

the evolution of HR-ToF-AMS measured OA through f60 vs f44 space for 3 hours’ biomass burning dark aging laboratory 

experiments (Kodros et al., 2020).  

Based on the above discussion, the OA contribution of the Nbb-OOA factor mainly represents 

nocturnal secondary OA formed from bbVOCs derived dark NO3-initiated oxidation. Therefore, 

the potential relationship between the primary OA emission (means BBOA) and secondary OA 

dark formation (means Nbb-OOA) both from biomass burning sources is explored here. As shown 

in Figure 4-33, the correlation analysis between the OA contribution variation of BBOA factor (x-

axis) and Nbb-OOA factor (y-axis) during the JULIAC-I, II, and IV is displayed and linear fitted. 

Concerning the potential effect of nocturnal OA formation from aqueous-phase chemistry (Dai et 
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al., 2019), aerosol water liquid content (ALWC, simulated by ISORROPIA-II ,see section 3.3.4) 

is also considered and utilized as dots gradient color in Figure 4-33. The slope of linear fit means 

the proportion of biomass burning related OA between dark secondary formation and primary 

emission. That high proportion value (0.88) illustrate that the dark secondary paths (mainly NO3 

oxidation) is equally important as primary emission in terms of biomass burning related OA 

contribution. 

 

Figure 4-33: Correlation analysis between the OA contribution of BBOA factor (x-axis) and Nbb-OOA factor (y-axis) during the 

JULIAC-I, II, and IV. The color of the dots is marked by the corresponding ALWC concentration. Linear fitting was done for all 

dots with a slope of 0.88 and a correlation coefficient R=0.663. 

In addition, as shown in Table 4-7, the OA contribution proportion between Nbb-OOA and BBOA 

increases accompanied by ALWC enhancement, which possibly relates to potential aqueous-phase 

chemistry OA contribution for the Nbb-OOA factor. However, considering the complicated mutual 

influence between aerosol composition (especially nitrate) and ALWC (Wang et al., 2020), that 

aqueous-phase chemistry hypothesis is not investigated yet which needs further lab simulation 

support. 

 

 

 



Results and Discussions 
 

102 
 

Table 4-7: Correlation analysis between the OA contribution of BBOA factor and Nbb-OOA factor during the JULIAC-I, II, and 

IV for gradient aerosol liquid water content. Nbb-OOA/BBOA is the slope of the linear fit, and R2 is the correlation coefficient of 

the linear fit. The data number fraction represents the raw data number located in the corresponding ALWC range normalized to 

total raw data number.  

ALWC 

μg/m3 

Nbb-OOA/BBOA R² Data number fraction Error Y-axis 

μg/m3 

0-10 0.83 0.63 90.3% 0.005 

10-20 1.27 0.72 3.1% 0.038 

20-30 1.62 0.71 1.1% 0.079 

30-40 1.36 0.93 0.5% 0.045 

40-50 1.31 0.95 0.5% 0.034 

>50 1.72 0.90 4.5% 0.044 

 

In conclusion, the Nbb-OOA factor displays the shared characteristics of the high oxidation level 

of OOA factor and the significant tracer ions contribution of BBOA factor. The accordant diurnal 

behavior analysis and high overall time-series correlation among Nbb-OOA factor contribution 

and the concentration of NO3 radical, biomass burning/combustion tracers (C2H4O2
+ and gas-phase 

CO), aerosol organic nitrate strongly confirm that Nbb-OOA factor determined during the 

JULIAC-I, JULIAC-II, and JULIAC-IV present the OA formation from bbVOCs dominated NO3-

initiated nocturnal oxidation. In addition, the high similarity of factor spectra between Nbb-OOA 

and lab OOA factor (NO3 radical dominated dark oxidation experiment of fresh biomass burning 

emission) further confirms that bbVOCs as major precursors of Nbb-OOA. Moreover, the 

remarkable characteristics of the distinct source of Nbb-OOA compared with BBOA and LO/MO-

OOA are demonstrated in fCO2
+ vs fC2H4O2

+ space, which could be an indicator of Nbb-OOA 

factor determination in further studies. 

4.4.3.2 Biogenic VOCs 

As mentioned in section 1.1, significant secondary organic aerosol (SOA) production from NO3 

radical reaction with biogenic VOCs (BVOCs) has been widely investigated not only in chamber 

studies (Ng et al., 2008, Fry et al., 2009) but also in ambient measurements (Brown et al., 2009, 

Chen et al., 2015, Xu et al., 2015a, Kiendler-Scharr et al., 2016, Fry et al., 2018). In terms of major 

precursors of BVOCs for night SOA formation, isoprene (C5H8) and monoterpenes (C10H16) are 

mainly studied because they are the most abundant emitted BVOCs globally and account for 
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around 90% of total BVOCs emission in the atmosphere (Guenther et al., 1995, Lathière et al., 

2006, Guenther et al., 2012).  

As mentioned in section 4.4.1, NB-OOA factor is introduced as a sub-NO-OOA factor which is 

only resolved during the JULIAC-III (during summertime). The different spectrum of the NB-

OOA (as displayed in Figure 4-24) and the distinct attribution of marker ions in contrast to the 

Nbb-OOA factor in fCO2
+vs fC2H4O2

+ space (as shown in Figure 4-32) suggest different major 

precursors of nocturnal OA formation during the JULIAC-III. In addition, no significant OA 

contribution of BBOA factor determined during the JULIAC-III also confirmed that biomass 

burning should not be the dominant precursor contribute to NB-OOA factor. For ions larger than 

m/z 80 in the NB-OOA spectrum, the most significant ion is m/z 91 which is commonly observed 

in biogenic emission dominated OOA source (Budisulistiorini et al., 2015, Chen et al., 2015).  

Overall, the noticeable spectra discrepancy of NB-OOA factor compared with Nbb-OOA factor, 

especially a smaller contribution of m/z 60 and enhanced intensity of m/z 91 in NB-OOA spectrum, 

and seasonal variation of primary emission (anthropogenic and biogenic emission) both suggest 

different dominated VOCs precursors (high possible BVOCs) of NO3-initiated nocturnal OA 

formation during JULIAC-III (summer). The following discussion further investigates whether 

BVOCs and which type BVOCs (mainly about monoterpenes and isoprene) can dominate the 

formation of nocturnal NO3· derived OA formation. 

The averaged diurnal pattern of the concentration of monoterpenes and isoprene during the 

JULIAC-III are displayed in Figure 4-34 a) in correlation with that of NB-OOA factor and NO3 

radical. The daily averaged concentration of isoprene and monoterpenes variate from 0.10-0.35 

ppbv and 0.02-0.05 ppbv respectively. The concentration of isoprene shows a continuous decrease 

since sunset with an average loss of 0.21 ppbv followed by an OA contribution increase of NB-

OOA factor of 1.2 µg.m-3, while the concentration of monoterpenes is relatively stable during night 

time ranging from 0.03 to 0.04 ppbv.  
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Figure 4-34: Diurnal variation of the OA contribution of NB-OOA factors, the concentration of NO3 radical (calculated by 

N2O5+NO2), representative biogenic VOCs (isoprene and monoterpenes), and corresponding reaction rate for BVOCs+NO3 radical. 

Kinetics rate constants for reaction rate calculation are listed in Table A 5. For a better comparison between NB-OOA contribution 

and reaction rate of BVOCs+NO3 radical, reaction rate values are converted to mass concentration using corresponding 

BVOCs+NO3 molar weight. Grey background means nigh-time and white background stand for daytime calculated by 

corresponding photolysis frequency data. For a clarified illustration of potential precursors, BVOCs variation during the JULIAC-

III, the diurnal concentration variations of aerosol potassium and furan during the JULIAC-III are given in appendix A. 14. 

To further investigate the major BVOCs contributing to the NB-OOA factor, the reaction rates of 

NO3-initiated BVOCs oxidation (mainly for isoprene and monoterpenes) are calculated and 

displayed in diurnal pattern in Figure 4-34 b). Kinetics rate constants utilized in reaction rate 

calculation are all listed in Table A 5, and the averaged rate constant of α-pinene, β-pinene, and 

limonene is used as the rate constant of monoterpenes. For a better comparison between NB-OOA 

contribution and reaction rate of BVOCs+NO3 radical, reaction rate values are converted to mass 

concentration using the corresponding molar weight of BVOCs+NO3·. As shown in Figure 4-34 

b), the maximal reaction rate of monoterpenes+ NO3 radical (4.04 e-4 µg·m-3·s-1) appears at 20:00 
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UTC, which is over 2.5 times of maximal reaction rate of isoprene+ NO3 radical (1.60 e-4 µg·m-

3·s-1) appearing at 19:00 UTC. Based on the overall diurnal variation of reaction rate, 

monoterpenes show an obvious advantage in nocturnal NO3-initiated oxidation compared to 

isoprene. 

In addition to reaction rate, the SOA yield of BVOCs+NO3· oxidation is also an important indicator 

to investigate major BVOCs precursors for nocturnal NO3-initiated OA contribution during 

summer. Amount of chamber studies have reported relatively low SOA yield (normally mass 

fraction of SOA normalized to that of consumed VOCs mass), ranging from 2% to 15% for the 

NO3-initiated oxidation of isoprene (Ng et al., 2008, Rollins et al., 2009, Brownwood et al., 2021). 

That low SOA yield is possibly related to the semi-volatile or intermediate-volatile property of its 

major product, isoprene monomers (account for around 80% of product signals) and consequently 

cause weak partitioning of product to aerosol phase (Brownwood et al., 2021, Wu et al., 2021).  

On the contrary, monoterpenes are commonly suggested as the dominant VOCs contribution to 

biogenic derived night OA formation (Fry et al., 2014) (Russell 2005, Hoyle et al., 2007, Pye et 

al., 2010) with SOA yield ranging from around 20% to 230% under different simulated condition 

(like injected reactant ratio, monoterpenes species, and RH) (Boyd et al., 2017, Mutzel et al., 2021). 

If using the lowest SOA yield of monoterpenes (20%) and the night averaged reaction rate of 

monoterpenes+ NO3 radical (2.14 e-4 µg·m-3·s-1) to estimate the nocturnal OA production, around 

1.16 µg·m-3 OA are produced which is comparable to the averaged night enhancement of NB-

OOA 1.20 µg.m-3. Therefore, the comparison and calculation of reaction rate and SOA yield of 

NO3-initiated BVOCs oxidation further confirm that BVOCs, especially monoterpene, dominate 

the summer-time nocturnal OA contribution. 

As an additional analysis, the factor spectrum of NB-OOA is compared with that of ambient 

biogenic derived OOA factors which are suggested contributed by NO3· oxidation and have 

significant night enhancement reported in previous studies (Paglione et al., 2014, Chen et al., 2015, 

Xu et al., 2015b). As shown in Figure 4-35, factor spectra of three ambient OOA factors, OOA-3 

(Chen et al., 2015), LO-OOA (Xu et al., 2015b), and SV-OOA (Paglione et al., 2014) is compared 

with that of NB-OOA factor and high spectra similarity is found with R2 equal to 0.92, 0.96, 0.78, 

and theta 14.3˚, 22.9˚, 27.7˚ respectively. OOA-3 (Chen et al., 2015) and LO-OOA (Xu et al., 

2015b) were suggested to be associated with the fresh production of biogenic derived secondary 
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OA with a significant increase during the night. Potential nighttime NO3· chemistry contribution 

to LO-OOA has been suggested and discussed regarding the concurrent concentration variation of 

aerosol organic nitrate (LO-OOA vs ON R2=0.81) and biogenic derived SOA yield simulation by 

(Xu et al., 2015b). That study concludes that 64% of total nighttime OA production should 

originate from NO3· oxidation path, in which monoterpenes derived SOA account for over 80% 

of the contribution. The SV-OOA (Paglione et al., 2014) was proved to be contributed by nighttime 

NO3 chemistry with high time-series correlation of SV-OOA contribution with aerosol organic 

nitrate concentration (R2=0.58) and modeled SOA from NO3 oxidation during May of 2008 

(Kiendler-Scharr et al., 2016).  

 

Figure 4-35: Unit mass resolution spectrum comparison between NB-OOA of the JULIAC campaign and ambient biogenic derived 

OOA factor, OOA3 by (Chen et al., 2015), LO-OOA by (Xu et al., 2015b), and SV-OOA (Paglione et al., 2014) with clear night 

enhancement. Only m/z ≤ 100 of spectra are considered because the contribution of ions at m/z > 100 is negligible. Linear 

correlation analysis between UMR spectrum of NB-OOA and biogenic derived OOA factors of ambient experiment has been made 

and correlation coefficients are also displayed in the graph. Correlation coefficient R2 and theta angle are marked in the graph to 

illustrate the spectrum similarity. 

Moreover, two OOA factors from β-pinene+NO3· and limonene+NO3· chamber experiment 

determined by Boyd et al. are also compared with the NB-OOA factor as shown in Figure 4-36. 

The NB-OOA factor shows similar ions distribution, especially at the range of m/z>50, with two 

chamber-OOA factors, with correlation coefficient R2=0.71 and theta=27.8˚ for β-pinene+NO3·, 

and R2=0.64 and theta=34.3˚ for limonene+NO3· respectively. Therefore, the high spectra 

similarity with monoterpenes+NO3· chamber OOA factor further confirms that monoterpenes 

likely dominate NO3· derived night OA formation during summertime. 
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Figure 4-36: Comparison of the unit mass resolution spectrum between NB-OOA of the JULIAC-III and the mass spectra of OOA 

factors determined by NO3 radical oxidation in chamber experiments (limonene+NO3· and β-pinene+NO3·)(Boyd et al., 2017). 

Only m/z ≤ 100 of spectra are considered due to negligible contribution of ions at m/z > 100. Linear correlation coefficient between 

the UMR spectrum of NB-OOA and the OOA of lab simulation has been made and displayed. Correlation coefficient R2 and theta 

angle are marked in the graph to illustrate the spectrum similarity. 

In summary, the reaction rate and SOA yield calculation of NO3-initiated BVOCs oxidation 

(mainly for monoterpenes and isoprene) illustrate that BVOCs, especially monoterpenes, dominate 

the NO3· derived night OA contribution during summertime. Moreover, high similarity of factor 

spectra between NB-OOA factor and ambient biogenic derived OOA factors, and chamber derived 

OOA factor (NO3·+monoterpenes) further support that conclusion.  

4.4.4 Perspectives 

Because of the significant NO-OOA formation during the whole JULIAC campaign, the potential 

OA contribution from NO3· derived nocturnal chemistry probably also exists in previous aerosol 

source apportionment research but may be defined as unexplained OOA with night enhancement 

or as common OOA factors with unresolved features, like BBOA factors with high oxidation 

degree. In several studies, BBOA factors with significantly high oxidation degree (DeCarlo et al., 

2010, Crippa et al., 2013b, Cheng et al., 2021), LO/MO-OOA factors and unresolved OOA factors 

with significant nighttime enhancement of OA contribution (Budisulistiorini et al., 2015, Chen et 

al., 2015, Xu et al., 2015b, Florou et al., 2017, Dai et al., 2019) has been found in previous aerosol 

PMF analysis.  

Regarding the characteristics of maximal OA contribution at night and high oxidation degree, these 

previous ambiguous source factor to a certain extend could be explained by an unresolved NO-
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OOA factor or mixed NO-OOA with BBOA or MO/LO-OOA factors. For these untypical factors, 

night chemistry (especially NO3· derived BVOCs oxidation), nocturnal boundary layer effect, and 

aqueous chemistry are suggested to explain the night enhancement of OA contribution of these 

OOA. The three types explanations given in these studies concerning higher oxidized BBOA 

factors are, (1) sustain photo-oxidation of biomass burning plume during the evening (DeCarlo et 

al., 2010, Cheng et al., 2021), (2) interference of background OOA (Crippa et al., 2013b), and (3) 

aqueous phase chemistry (Dai et al., 2019). For example, BBOA factor with a high f44 and O:C 

ratio (0.42) has been found in the study by (DeCarlo et al., 2010) and reported that potential 

secondary BBOA effect as a possible explanation. However, the fraction between primary BBOA 

and secondary BBOA is difficult to estimate. Further tracer-based source apportionment analysis 

(Cheng et al., 2021) determines a mixing factor, biomass burning (BB)/SOA, based on 

levoglucosan, 4-nitrocatechol and benzenetricarboxylic acids (tracers of aging of biomass burning 

plume) measurements. That study further confirms SOA formation in biomass burning plume but 

concluded that photo-oxidation during evening dominated that biomass burning derived SOA 

formation. 

Table 4-8: Brief overview of potential Nbb-OOA and NB-OOA factors or their related mixing factors observed in previous ambient 

aerosol source factors results. Major analysis methodologies and conclusions for unknown factors are also given as a reference. 

Index Ambiguous 

factors 

Season and sites Analysis methods  Conclusion  Reference 

1 OOA2-BBOA  Winter, Paris Levoglucosan time series 

correlation 

Primary BBOA and background OOA (Crippa et al., 

2013b) 

2 BBOA Spring, 

Mexican 

Plateau 

Profile correlation with 

photochemical aged 

BBOA in smog chamber 

aging experiment 

Indicate that this factor probably contains 

some S-BBOA (secondary BBOA), 

although the fraction of P-BBOA (Primary 

BBOA) vs. S-BBOA is difficult to estimate. 

(DeCarlo et al., 

2010) 

3 Mixing factor 

biomass burning 

(BB)/SOA  

Whole year, 

Hong Kong 

Levoglucosan and 4-

nitrocatechol, 

benzenetricarboxylic acids 

time series correlation 

Photo-oxidation of BB, formation of BB 

SOA should be even fastly achieved during 

the regional transport 

(Cheng et al., 

2021) 

4 Mixing factor 

LO-OOA/, MO-

OOA 

Whole year, 

Houston, Texas 

Profile correlation of 

aqOOA factor, R=0.96 

Aqueous-phase chemistry suggested by 

relationships with Ox and LWC, 

(Dai et al., 

2019) 

5 OOA Winter, Athens  O:C 0.46, Clear midnight 

peak of OOA, Organic 

nitrate mass ratio diurnal 

pattern 

Night nitrate is major contributed by 

inorganic nitrate. Deny the possibility of 

nitrate radical derived oxidation and 

mentioned unsolved OOA night peak. 

(Florou et al., 

2017) 
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6 Aged-BBOA Winter, 

Dongguan 

Time-series correlation 

with C2H4O2
+, R2=0.71, 

O:C=0.60 

Biomass burning aging. (Zhu et al., 

2018) 

7 Mixing factor 

LO-OOA  

Whloe year, 

Houston, Texas 

Time-series correlation 

with ON, R=0.73, Profile 

correlation of aqOOA 

factor profile. 

Nocturnal NO3-initiated oxidation of 

anthropogenic and biogenic VOCs. Possible 

aqueous phase chemistry. 

(Dai et al., 

2019) 

8 Mixing factor 

LO-OOA  

Summer, 

Southeastern 

United States 

Time-series correlation 

with ON, R=0.81 

Speculation of NO3· derived oxidation of 

BVOCs 

(Xu et al., 

2015b) 

9 91factor Summer, 

Tennessee 

---- Photochemistry and nighttime chemistry (Budisulistiorini 

et al., 2015) 

10 OOA-3 Sping, Amazon 

Basin,  

---- Nocturnal boundary layer effect. Fresh SOA 

by BVOCs oxidation. 

(Chen et al., 

2015) 

 

Overall, OA contribution from NO3· derived nocturnal chemistry, represented by NO-OOA, could 

widely exist in an atmosphere not only in this study but possibly make a significant OA 

contribution to the number of previous studies. In addition, the proportion of biomass burning 

related OA between dark secondary formation and primary emission Nbb-OOA/BBOA (0.88) 

determined in this study could be used as a reference proportion for determination or estimation 

the OA contribution from bbVOC derived dark NO3 oxidation in other filed studies. 

4.4.5 Conclusion  

The significant OA contribution from NO3-initiated nocturnal chemistry is resolved as separated 

nocturnal oxidation oxygenated organic aerosol factor, NO-OOA factor, by PMF analysis for the 

first time in this study for all seasons during the JULIAC campaign. The high OA contribution of 

NO-OOA factor, ranging from 20.9% to 48.4% mass fraction of organic aerosol, is comparable to 

the estimated OA contribution of NO3· derived oxidation by lab and model research (Russell 2005, 

Pye et al., 2010, Xu et al., 2015b, Kodros et al., 2020). Two sub-NO-OOA factors, NB-OOA and 

Nbb-OOA illustrate the seasonal-dependent precursors of NO3-initiated dark oxidation. The Nbb-

OOA factor determined during the JULIAC-I, JULIAC-II, and JULIAC-IV present the OA 

formation from bbVOCs dominated NO3-initiated nocturnal oxidation, while the OA contribution 

of NB-OOA determined during the JULIAC-III (summer) is mainly contributed by BVOCs 

(especially monoterpene) derived NO3-initiated nocturnal oxidation.  
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 Seasonal comparisons of OA.  

Because of the impact of aerosol on air quality, climate, and human health, large amounts of field 

studies in megacities and rural areas have been done all over the world to understand the aerosol 

characteristics and evolution mechanism (Chen et al., 2015, Schlag et al., 2016, Sun et al., 2016, 

Lalchandani et al., 2021, Mahilang et al., 2021). In this study, the concentration variation of aerosol 

species measured by HR-ToF-AMS during four seasons of the JULIAC campaign supply an 

opportunity to investigate the seasonal variation of aerosol properties and seasonal dependent 

sources contribution. The seasonal variation of aerosol composition and aerosol bulk species 

concentration has been mainly discussed in section 4.1. Aerosol organics is confirmed as the major 

components of aerosol during the whole JULIAC campaign accounting for 39.0% to 57.6% of the 

aerosol total mass. Detailed determination and demonstration of seasonal source apportionment of 

organic aerosol are given in section 4.2 to 4.4, but the seasonal comparison of organics aerosol 

properties, like oxidation degree and OA factor contribution and characteristics are still missing. 

Therefore, to further understand seasonal evolution of organic aerosol, below discussion will be 

mainly revolved around the seasonal comparison of oxidation degree of OA, OA source 

contribution, and source properties variation. 

4.5.1 The oxidation degree of OA 

The oxidation degree of organic aerosol for each intensive JULIAC phase are displayed in the Van 

Krevelen triangle (Ng et al., 2011) with x-axis O:C and y-axis H:C as shown in Figure 4-37. The 

elemental ratio (O:C, H:C, OSC) of aerosol organics was calculated by the improved-ambient 

method (Canagaratna et al., 2015) see section 3.2.3. In addition, the concentration of oxidant Ox 

(O3+NO2) measured concurrently is utilized as color-code in the graph to roughly illustrate the 

intensity of the secondary source (especially photochemistry) in the atmosphere (Canonaco et al., 

2015, Li et al., 2015). The averaged elemental ratio O:C, H:C, OSC with corresponding standard 

derivation for four JULIAC intensive phases are displayed in Table 4-9.  

The overall organic aerosol oxidation degree reaches to the minimum during summer (the 

JULIAC-III) in this study with the lowest averaged O:C value of 0.64. That seasonal variation of 

OA oxidation is opposite to what observed at urban site where OA oxidation degree reach to yearly 

peak during summer (Li et al., 2015). As discussed in section 4.1, the site in this study is a typical 
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semi-rural site where aerosol mass reaches the maximum during summer and aerosol organics are 

yearly major species. In the contrast, the referred urban field study shows comparable aerosol 

levels during the whole year and found aerosol sulfate as a yearly dominated aerosol species. 

Therefore, the opposite seasonal characteristics of the oxidation degree of OA are possibly related 

to the different major emission sources. 

 

Figure 4-37: Van Krevelen triangle graph (Ng et al., 2011) for all raw organic aerosol collected during four intensive phases of the 

JULIAC campaign. Atomic ratio regions of standard groups: alcohol/peroxide, carboxylic acid, and ketone/aldehyde introduced 

by (Aiken et al., 2007) were marked in graphs as reference. Dots in all graphs were colored-coded by the concentration of an 

oxidant Ox (NO2+O3) detected during the JULIAC campaign to roughly represent the intensity of secondary source, especially 

photochemistry. The red and blue dash line corresponds to the right and left lines of the f44/f43 triangle introduced in (Ng et al., 

2010). The estimated carbon oxidation states (OSc≈2O/C-H/C) were marked as gray dash lines. 
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Table 4-9: Overview of the averaged elemental ratio O:C, H:C, OSC with corresponding standard variation of total organic aerosol 

for four JULIAC intensive phases. 

Averaged 

elemental ratio 

JULIAC campaign 

JULIAC-

I/Winter 

JULIAC-

II/Spring 

JULIAC-

III/summer 

JULIAC-

IV/autumn 

O:C 0.71±0.20 0.76±0.12 0.64±0.08 0.66±0.09 

H:C 1.63±0.11 1.50±0.10 1.50±0.08 1.50±0.06 

OSc -0.21±0.41 0.01±0.26 -0.23±0.23 -0.18±0.23 

 

The accordance of O:C increasing with the enhancement of Ox concentration shown at the 

JULIAC-III in Figure 4-37 supports fresh OA from mainly photooxidation path dominate OA 

contribution during summer and that agree with the high mass fraction of LO-OOA (58.2%) 

determined during the JULIAC-III. No clear relationship could be found between OA oxidation 

degree with Ox level during the rest seasons. That also confirmed the OA source appointment 

results that OA is mainly contributed by nocturnal oxidation (Nbb-OOA) and anthropogenic 

emission (HOA, BBOA) during JULIAC-I, II, and IV (see Table 4-10). That seasonal oxidation 

variation of OA is also reflected in PMF OOA source factors seasonal properties, such as highly 

oxidized OOA during wintertime (displayed in Table 4-10), and is detailed in discussed in section 

4.5.  

 

Figure 4-38: fCO2+ (fraction of fragment CO2+ in OA) vs fC2H3O+ (fraction of fragment C2H3O+ in OA) for all raw organic aerosols 

detected during the JULIAC campaign. Each intensive phase was marked by different color markers to show seasonal variation. . 

The coarser dash lines represent the f44/f43 distribution triangular region of ambient OOA factors reported in (Ng et al., 2010) 
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In addition to the elemental ratio discussed above, fCO2
+ (fraction of fragment CO2

+ in OA) and 

fC2H3O+ (fraction of fragment C2H3O+ in OA), corresponding to f44 and f43 for UMR data (Ng et 

al., 2010) respectively, are also commonly used as diagnostic parameters to illustrate the oxidation 

degree and OA evolution path. Clear season difference of fC2H3O+ was displayed in Figure 4-38 

with maximum appearing at the JULIAC-III and minimum showed at the JULIAC-I. High 

fC2H3O+
 was normally considered as an indicator of fresh SOA formation while fCO2

+ value 

represents the contribution of highly oxidized aerosol or aged aerosol (Sun et al., 2012). Therefore, 

the OA seasonal difference displayed in fC2H3O+
 vs fCO2

+ analysis and elemental analysis both 

support a yearly strongest fresh SOA formation during summer and weakest of that during winter, 

which is consistent with seasonal source contribution discussion as shown in section 4.5.  

4.5.2 Seasonal variations of source contributions 

Organic aerosol source apportionment has been conducted separately for each intensive phase of 

the JULIAC campaign, and detailed methodology introduction of PMF analysis and interpretation 

of seasonal optimal source factors could be found in sections 3.1 and section 4.2 to 4.4 respectively. 

In this chapter, the seasonal variation of source properties and contribution during the JULIAC 

campaign is focused discussed.  

As shown in Figure 4-39, the averaged concentration of bulk aerosol species and the averaged OA 

contribution of PMF-resolved source factors has been displayed for four intensive JULIAC phases. 

The detailed mass and mass fractions values of that overview pie chart are concluded in Table 

4-10. As introduced in section 4.2.1, the HOA factor determined in this study mainly represents 

the OA contribution from traffic exhaust and accounts for a minor mass fraction of total OA, 

ranging from 3% to 9.5% during the whole year. Primary biomass burning emission (possibly 

including coal combustion) shows enhanced OA emission during cold seasons contributing to 11.7% 

to 45.2% of total OA, but no obvious BBOA contribution was resolved during summertime.  

The OA from secondary sources is mainly resolved as OOA (LO-OOA, MO-OOA, NO-OOA) 

factors and accounting for 46% to 88% of total OA mass during the whole JULIAC campaign. 

Moreover, the significant OA formation from the NO3-initiated nocturnal oxidation during each 

season is illustrated by the high OA mass fraction of NO-OOA ranging from 20.9% to 48.4%. LO-

OOA and MO-OOA are distinguished mainly by the oxidation degree, but both represent OOA 
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from daytime oxidation, especially photooxidation path. The relative OA contributions of daytime 

(LO-OOA, MO-OOA) and nighttime (NO-OOA) oxidation paths show the seasonal variation of 

the dominant formation mechanism of OOA. OA contribution during summer is mainly 

contributed by daytime oxidation path, especially biogenic emission oxidation and accounts for 

over half total OA mass. But during the JULIAC-I and the JULIAC-IV, OA contribution of 

nocturnal oxidation (Nbb-OOA) even over that of daytime oxidation (MO-OOA) which implies 

nocturnal oxidation dominated OA formation environment during cold weather in this study. 

Moreover, all biomass burning-related OA (BBOA+Nbb-OOA) accounts for 82.6% of total OA 

mass during JULIAC-IV, which implies the biomass burning sources control (like residential 

heating, industry) is the core part for autumn or the whole wintertime air pollution control.
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Figure 4-39: Seasonal comparison of the average mass of total aerosol mass concentration, aerosol composition fraction of bulk species (NO3, SO4, Chl, NH4, Org), and source 

factors (HOA, BBOA, LO-OOA, MO-OOA, NO-OOA, Trans-OA, MSA-OA) contribution for aerosol organics for four intensive phases of the JULIAC campaign. Primary OA 

emission (HOA+BBOA), secondary OA formation (LO-OOA+MO-OOA+NO-OOA) and regional transport (Trans-OA+MSA-OA) are calculated and compared among four seasons. 
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Table 4-10: the summary of total OA mass concentration and corresponding mass contribution fraction and oxidation degree of 

OA source factors resolved by PMF analysis during four intensive phases of the JULIAC campaign. 

 JULIAC campaign 

JULIAC-

I/Winter 

JULIAC-

II/Spring 

JULIAC-

III/summer 

JULIAC-

IV/autumn 

Concentration Total OA mass, 

μg/m3 

0.41 1.07 4.42 2.04 

OA factors 

OA 

contribution 

μg/m3 and OA 

contribution 

mass fraction 

HOA 9.50%, 0.04 3.40%, 0.04 3%, 0.13 8.80%, 0.18 

BBOA 11.70%, 0.05 23.80%, 0.25 -- 45.20%, 0.92 

MSA-OA -- 2.40%, 0.03 8.60%, 0.38 -- 

Trans-OA 18.60%, 0.08 11.30%, 0.12 -- -- 

LO-OOA -- 38.20%, 0.41 58.20%, 2.57 -- 

MO-OOA 11.80%, 0.05 -- -- 11.30%, 0.23 

NO-OOA 48.40%, 0.20 20.90%, 0.22 30.20%, 1.33 34.70%, 0.71 

OA factors 

oxidation 

degree 

H/C; O/C 

HOA 2.1; 0.12 1.86; 0.03 1.93; 0.03 1.95; 0.13 

BBOA 1.72; 0.36 1.54; 0.28 -- 1.54;0.3 1.47;0.36 

MSA-OA -- 1.61; 0.63 1.47; 0.49 -- 

Trans-OA 1.76; 0.54 1.28; 0.77 -- -- 

LO-OOA -- 1.16; 0.70 1.29; 0.70 -- 

MO-OOA 1.12; 1.00 -- -- 1.16; 0.89 

NO-OOA 1.32; 0.75 1.38; 0.91 1.57; 0.39 1.32; 0.78 

 

In addition to the primary and secondary sources of OA, regional transport also play an important 

role in OA contribution (9%-19%) and shows clear seasonal variation related to the meteorological 

condition. As discussed in sections 4.2.3 and 4.3, regional transport OA contribution could be 

separated by PMF as a distinct regional transport factor because of the obvious changed organic 

aerosol composition of the transported plume, like the high content of MSA in the marine plume. 

However, no distinct regional transport OA factor was resolved during the JULIAC-IV by PMF 

analysis, though the regional OA effect could be recognized by meteorological analysis. For that 

matter, the limitation of PMF analysis in OA regional transport separation has been mentioned and 

discussed in section 4.2.3. Anyhow, OA regional transport contribution separated by PMF during 

the JULIAC campaign is consistent with back trajectory analysis and meteorological analysis and 

plays a significant impact in understanding OA inter-regional influence and model improvement.  
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4.5.3 Seasonal variations of source properties 

4.5.3.1 Seasonal variations of OA factors spectrum 

The factor analysis method of organic aerosol resolves different sources' contributions by sorting 

complex OA composition into several types of OA source factors with static mass spectrum. 

However, the factor spectrum of the same type of source could show variation due to seasonal-

dependent emissions (like biomass burning type) and seasonally changed reaction mechanisms 

(mainly for OOA). Therefore, the organic aerosol source apportionment has been conducted 

separately for each intensive phase of the JULIAC campaign and the potential variation of one 

type of factor source could be investigated in this study. In above section 4.2.1, seasonal 

comparison of the overall spectrum of primary source factors HOA and BBOA has been exhibited 

in Table 4-3 and Table 4-4. The HOA factors show less seasonal variation with spectrum 

correlation R2 ranging from 0.75 to 0.99 and theta ranging from 0˚ to 28.87˚, while the pronounced 

seasonal variation of factor spectrum of biomass burning could be observed with spectrum R2 

ranging from 0.49 to 0.81 and theta ranging from 24.62˚ to 43.83˚. That seasonal behavior of 

source factor spectrum means traffic exhausts emission represented by HOA factor is 

compositionally stable during the whole JULIAC year.  

On the contrary, the source property of biomass burning shows a clear seasonal variation which 

might be related to seasonal changed biomass burning types. As shown in wildfire counts map 

Figure A 15, the densest wildfire counts around the site were observed by satellite during spring, 

and enhanced wildfire emission might be related to the low spectra similarity of BBOA factors 

between the spring and the rest seasons. As introduced in section 2.1.1, the Jülich sugar factory 

compact works during November and December every year which might cause different BBOA 

spectrum during autumn. In addition, increase residential heating during winter and autumn might 

also contribute to different BBOA spectra.  

In terms of OOA seasonal variation, LO-OOA and MO-OOA factor spectra resolved at each 

season have been compared in Table 4-5 and show high overall similarity with spectrum R2 equal 

to 0.91 to 0.98 and theta ranging from 1.72˚ to 17.82˚. However, that spectrum consistency of LO-

OOA and MO-OOA doesn’t mean a consistent reaction mechanism but is more related to the same 

dominated fragments m/z 44 and m/z 28 of LO-OOA and MO-OOA.  
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And for the OA from NO3-initiated nocturnal oxidation resolved as NO-OOA factor, the detailed 

discussion of seasonal changes of VOCs precursors has been given in section 4.4.3, which 

conclude BVOCs leads NO3-initiated nocturnal oxidation during summer and bbVOCs dominate 

NO3-initiated nocturnal oxidation during the rest seasons. That seasonal-dependent precursor of 

NO-OOA is also reflected in the overall factor spectrum as shown in Table 4-11. The spectra of 

Nbb-OOA factors determined at different JULIAC phases show high similarity with cross-

correlation R2 ranging from 0.90 to 0.99 and theta ranging from 5.18˚ to 17.33˚ while showing less 

similarity with NB-OOA with R2 ranging from 0.60 to 0.70 and theta ranging from 32.00˚ to 35.97˚. 

Table 4-11: Overview of amounts of cross-correlation analysis (R2 and theta angle) between NO-OOA factors of the JULIAC 

campaign, chamber simulated OOA based on biomass burning emission and NO3 (NO2+O3) dark oxidation, and ambient OOA 

factor with clear night enhancement. The background colors of the coefficient cell are color scales following the value of R2, and 

utilize red represents the highest value 1 and green as the lowest value 0 

R2 / Theta Nbb-OOA 

_JULIAC-I 

Nbb-OOA 

_JULIAC-II 

Nbb-OOA 

_JULIAC-IV 

NB-OOA 

_JULIAC-III 

Reference 

Nbb-OOA_JULIAC-I 1.00 / 0˚ 0.90 / 17.33˚ 0.99 / 5.18˚ 0.70 / 32.00˚ this study 

Nbb-OOA_JULIAC-II 0.90 / 17.33˚ 1.00 / 0˚ 0.94 / 13.19˚ 0.60 / 35.97˚ this study 

Nbb-OOA_JULIAC-IV 0.99 / 5.18˚ 0.94 / 13.19˚ 1.00 / 0˚ 0.68 / 33.03˚ this study 

NB-OOA_JULIAC-III 0.70 / 32.00˚ 0.60 / 35.97˚ 0.68 / 33.03˚ 1.00 / 0˚ this study 

Chamber OOA (bbOA+NO3·) 0.92 / 15.07˚ 0.87 / 19.88˚ 0.92 / 15.32˚ 0.76 / 26.50˚ (Kodros et al., 2020) 

Athens OOA 0.89 / 18.10˚ 0.68 / 32.45˚ 0.84 / 21.78˚ 0.72 / 29.30˚ (Florou et al., 2017) 

OOA-b Saarikoski 0.97 / 9.57˚ 0.85 / 21.62˚ 0.95 / 12.01˚ 0.71 / 26.79˚ (Saarikoski et al., 2012) 

 

In conclusion, primary emission source HOA shows seasonal stable source property, while 

biomass burning source BBOA exhibits seasonal dependent source characterization mainly due to 

seasonal changed emission types. Secondary daytime oxidation OA source, LO-OOA (for the 

JULIAC-II and III) and MO-OOA (for the JULIAC-I and IV) shows a similar factor spectrum of 

all seasons with the same major fragments of m/z 44 and m/z 28. The NO3-initiated nocturnal 

oxidation OA source NO-OOA shows clear factor spectrum difference related to the seasonal 

variation of dominant VOCs precursors of nocturnal oxidation. 
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4.5.3.2 Seasonal variations of oxidation degree of OA factors  

In the above section, the seasonal variation of the overall factor spectrum has been discussed. To 

further investigate the seasonal difference of OA source factors and OA evolution paths, the 

oxidation degree of all PMF source factors determined in this study has been displayed in fCO2
+ 

(fraction of fragment CO2
+ in OA) vs fC2H3O+ (fraction of fragment C2H3O+ in OA) space as 

shown in Figure 4-40 and Figure 4-41.  

For primary emission, the HOA and BBOA are located at the left corner of fCO2
+ vs fC2H3O+ 

space with both lower values of fCO2
+ and fC2H3O+, which is comparable to the features of primary 

source factors reported in previous studies (Sun et al., 2012, Crippa et al., 2013b, Chen et al., 2015, 

Zhang et al., 2015b). The seasonal variation of biomass burning emission is also shown by the 

relatively scattered distribution of BBOA factors in this graph. BBOA factor resolved at JULIAC-

II shows a distinct location in fCO2
+ vs fC2H3O+ space with the highest fC2H3O+

 compared to the 

rest BBOA which also supports the speculation in 4.5.3.1 about different biomass burning types 

(possible increased wildfire) during spring.  

For LO-OOA and MO-OOA factors, even though no clear seasonal difference of overall factor 

spectra was found in section 4.2.2, clear seasonal variation of source factor oxidation degree could 

be illustrated in Figure 4-40. LO-OOA factors of the JULIAC-II and the JULIAC-III located at a 

position with relatively higher fC2H3O+ but lower fCO2
+ compared to MO-OOA factors of the 

JULIAC-I and the JULIAC-IV, which imply a stronger fresh SOA formation during the JULIAC-

II and III compared to the JULIAC-I and IV. That lowest oxidation degree of LO-OOA appearing 

during the JULIAC-III is consistent with the lowest overall organic aerosol oxidation degree 

discussed in section 4.5.1.  

Concerning the nocturnal oxidation OA source, NO-OOA (Nbb-OOA) factor during the JULIAC-

I, II, and IV located in space close to each other but only NO-OOA (NB-OOA) during the JULIAC-

III show a remarkable difference with the lowest fC2H3O+ and fCO2
+ compared to the rest JULIAC 

phases. That distinct oxidation degree of NB-OOA compared to Nbb-OOA factor agree with the 

conclusion of seasonal dependent precursors for NO3-initiated dark oxidation in section 4.4.3. The 

horizontal movement of OOA data in this fCO2
+ vs fC2H3O+

 space was reported to be mainly 
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driven by biogenic emissions (Canonaco et al., 2015), which further supports that nocturnal 

oxidation during summer was mainly dominated by BVOCs. 

 

 

Figure 4-40: fCO2+ (fraction of fragment CO2+ in OA) vs fC2H3O+ (fraction of fragment C2H3O+ in OA) for all raw organic aerosols 

during the JULIAC campaign were displayed by the gray dots. And the OA source factors (including LO/MO-OOA, NO-OOA, 

BBOA, HOA, except regional transport factors) resolved by PMF during each JULIAC phase were also exhibited in fCO2+ vs 

fC2H3O+ space with marker type representing phases and marker color standing for factor type. Means value and stand derivation 

error bar for these four types of source factors are also displayed. The coarser dash lines represent the f44/f43 distribution triangular 

region of ambient OOA factors reported in (Ng et al., 2010) 
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Figure 4-41: fCO2+ (fraction of fragment CO2+ in OA) vs fC2H3O+ (fraction of fragment C2H3O+ in OA) for all raw organic aerosols 

during the JULIAC campaign were displayed by the gray dots. And two types of regional transport OA source factors (MSA-OA 

and Trans-OA factors) resolved by PMF during each JULIAC phase were also exhibited in fCO2+ vs fC2H3O+ space with marker 

type representing phases and marker color standing for factor type. Means value and stand derivation error bar for these four types 

of source factors are also displayed. The coarser dash lines represent the f44/f43 distribution triangular region of ambient OOA 

factors reported in (Ng et al., 2010) 

As shown in Figure 4-41, the scattered distribution of all regional transport OA factors in fCO2
+ 

vs fC2H3O+ space show pronounced seasonal differences. But for the regional transport OA factor, 

that seasonal difference is less related to seasonal dependent emission or reaction path but mainly 

related to the meteorological condition (as shown in Figure 4-11) and the trajectory of the 

transported plume. For example, although OA of the JULIAC-II and the JULIAC-III show an 

apparent seasonal difference in both local primary emission and secondary sources as discussed 

above, two MSA-OA factors found during these two phases still show close location in fCO2
+ vs 

fC2H3O+ space because of the same marine plume regional transport. Therefore, the source 

properties of regional transport OA are more origin-dependent rather than seasonal-dependent. As 

mentioned in 4.3, although the MSA-OA factor is defined as the marine plume transport factor, 

the overall source factors still can vary to some degree because of changed plume transport 

parameters (like regional transport time, ambient temperature). Therefore, characteristic ions of 

the MSA-OA factor could be commonly used to determine the MSA-OA factor but the whole 

MSA-OA spectrum correlation or prior MSA-OA factor constrain PMF analysis are not suggested 

to be utilized to determine marine OA transport. 

In conclusion, the seasonal differences of OA are mainly investigated in terms of the OA oxidation 

degree, OA source contribution, and OA sources spectrum properties. For primary sources, the 

traffic exhaust source represented by HOA shows stable source properties and minor OA 

contributions. In the contrast, the OA contribution fraction and source spectrum of biomass 

burning sources (BBOA) are both show clear seasonal variations which are related to seasonal-

dependent biomass burning types (like industry, residential heating). For secondary OOA sources, 

daytime (LO-OOA and MO-OOA) and nighttime oxidation (NO-OOA) are major OA sources in 

this study. And their seasonal variation of source properties is mainly related to the major 

precursors and formation mechanisms. For regional transport OA (MSA-OA+Trans-OA), the 

source properties of regional transport OA are more origin-dependent rather than seasonal-

dependent. 
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Chapter 5 Summary and Outlook 
During the year-long JULIAC campaign, pronounced seasonal variations of submicron particles 

(PM1) concentration and composition were measured and investigated. In this study, submicron 

aerosol mass concentrations show the yearly average of 4.0 μg/m3 and reach the maximum (7.68± 

4.82 μg/m3) in summer and the minimum (1.05±0.98 μg/m3) in winter. That overall aerosol level 

is lower than the annual mean value of 5 μg/m3 of WHO PMF2.5 air quality guidelines 

(Organization et al., 2021), which means the relatively low health risk from aerosols in this region.  

For seasonal comparison of aerosol inorganic species, the mass fractions of aerosol nitrate range 

from 5.3 % in summer to 25.9 % in winter, which might relate to volatility-dependent evaporation 

and regional transport. The concentration of aerosol sulfate shows the biggest seasonal differences 

and peaked in summer with active local contribution (probably photochemical paths). 

Aerosol organics are the major aerosol species during the whole JULIAC campaign accounting 

for 39.0% (winter) to 57.6% (summer) of total aerosol mass. The yearly lowest oxidation degree 

(averaged O:C value of 0.64) of OA is observed during summer and suggests a strong biogenic 

derived SOA formation. OA seasonal source appointment analysis shows that biomass burning 

emission is the major anthropogenic OA source in this site, and biomass burning related OA 

(primary and secondary) accounts for 60.1% to 82.6% of total OA mass during autumn and winter. 

That implies during the cold period, the biomass burning sources control (like residential heating, 

industry) should be the core part for air pollution mitigation, and the risk of respiratory and 

cardiovascular diseases due to biomass burning emission might increase (Karanasiou et al., 2021). 

In addition, the other primary anthropogenic emission, traffic emission (HOA) only makes a minor 

OA contribution (3%-9.5%) during the whole year. 

For OA secondary sources, OA originated from daytime oxidation (LO-OOA, MO-OOA) and 

nocturnal oxidation (NO-OOA) accounts for 46% to 88% of the total OA mass during the whole 

JULIAC year. OA contribution from daytime oxidation especially photooxidation path was 

resolved as LO-OOA factor for the JULIAC-II and III accounting from 38.2%-58.2% of OA mass 

and as MO-OOA for the JULIAC-I and IV contributing 11.3% -11.8% of OA mass. The seasonal 

difference of OA contribution and factor characteristics between LO-OOA and MO-OOA imply a 

stronger daytime OOA formation during spring and summer due to abundant biogenic emissions.  
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The NO-OOA was resolved by PMF analysis for the first time and illustrates the significant OA 

contribution from NO3-initiated dark oxidation. The nocturnal OA formed from NO3-initiated 

oxidation contribute to 20.9% to 48.4% of the total OA mass, and that fraction is comparable to 

the suggested dark OA contribution proportion in previous lab and model studies (Russell 2005, 

Pye et al., 2010, Xu et al., 2015b, Kodros et al., 2020). A stronger OA contribution of NO3-initiated 

dark oxidation compared to that of daytime oxidation is found during winter and autumn, which 

implies NO3-initiated dark oxidation possibly dominate OOA formation during the cold period. 

The resolving of the NO3-initiated nocturnal OA contribution in this study has significance not 

only in completing the missing OA contribution of nocturnal chemistry for field aerosol source 

apportionment analysis but also in benefiting the further understanding of nocturnal chemistry 

mechanism, modeling and predicting global aerosol budget and SOA yield. 

For a detailed dark oxidation mechanism, NO3· is confirmed to be the major oxidant for dark OA 

formation instead of O3 due to chemical components (e.g., aerosol organic nitrate) and reaction 

kinetics discussion. In addition, two sub-NO-OOA factors, NB-OOA and Nbb-OOA are 

introduced to illustrate the seasonal-dependent precursors of NO3-initiated dark oxidation. The 

Nbb-OOA factor determined during the JULIAC-I, JULIAC-II, and JULIAC-IV present the OA 

formation mainly from bbVOCs dominated NO3-initiated nocturnal oxidation, while the OA 

contribution of NB-OOA determined during the JULIAC-III (summer) is mainly contributed by 

BVOCs (especially monoterpene) derived NO3-initiated nocturnal chemistry. In addition, the high 

value (0.88) of biomass burning related OA contribution proportion between dark secondary 

formation (Nbb-OOA) and primary emission (BBOA) illustrate that the dark secondary path is 

equally important as primary emission in terms of biomass burning related OA contribution. 

Therefore, NOx emission and biomass burning emission control, especially during the cold period, 

possibly benefit the mitigation of secondary aerosol formed from NO3-initiated dark oxidation. 

Regional OA transports from both marine (MSA-OA) and continental regions (Trans-OA) have 

been resolved during the JULIAC campaign and account for 8.6%-18.6% mass fractions of OA. 

Marine OA transport (MSA-OA) is found at this non-coastal site during the JULIAC-II, and III, 

and OA mass fraction contributed by MSA-OA is demonstrated to be a good indicator for marine 

transport. However, PMF algorithms could effectively resolve plume transport with characteristic 

components (like MSA, HN4NO3) in this study but show limitations in parsing continuous and 
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directional plume transport with analogous species (compared to local background). The 

unresolved high local aerosol MSA concentration during summer still deserves further 

investigation to interpret unknown local MSA formation mechanisms. 

For OA sources seasonal comparison, the traffic exhaust source (resolved as HOA) shows stable 

source properties while biomass burning source (BBOA) shows clear seasonal changed factor 

spectra and OA contribution probably related to seasonal-dependent biomass burning types (like 

industry, residential heating). For secondary sources, the source properties of daytime (LO-OOA 

and MO-OOA) and nighttime oxidation (NO-OOA) are mainly related to formation mechanisms, 

such as oxidant and VOCs precursors. For regional transport OA (MSA-OA+Trans-OA), the 

source properties of regional transport OA are more origin-dependent rather than seasonal-

dependent. 

For future aerosol sources study, more attention should be drawn to the potential aerosol 

contribution from NO3-initiated nocturnal oxidation. The resolving and comparison of the NO-

OOA factor in diverse aerosol field measurements will be valuable to investigate the potential 

contribution and implication of nocturnal chemistry in the real atmosphere. More chamber 

experiments for NO3 derived dark oxidation with various precursors (including both anthropogenic 

VOCs and BVOCs) under different conditions (e.g., RH, temperature) will be helpful to further 

investigate the mechanism of NO3-initiated nocturnal OA formation. The comparison between 

NO3-initiated SOA yield between model and filed measurements also deserves to be explored for 

further model improvement.  
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Appendix A 

A. 1 Aerosol transmission loss of the JULIAC inlet system 

Inlet system of the JULIAC campaign (like 50-meter tower, blower) would inevitably cause 

particle loss to some degree. Therefore, the JULIAC inlet system testing was done to well 

determine the potential effect of the JULIAC inlet system on atmospheric chemical composition 

before the JULIAC campaign started. The basic setup of inlet system testing is switching all 

instruments sampling lines between the JULIAC inlet line and 2-m ambient air sampling line every 

half hour and comparing results’ difference detected from these two inlet lines. The aerosol 

concentration and chemical composition comparison between the JULIAC inlet system and the 2-

m ambient inlet was displayed in Figure A 1. Higher particle concentration was detected from the 

2-m ambient inlet compared to that from the JULIAC inlet system, which may relate to transition 

loss in the JULIAC inlet system. For aerosol chemical composition comparison, nitrate and 

ammonium were significantly higher in 2-m ambient inlet detection, while organics and sulfate 

concentration were quite comparable between two inlet systems detections. That different behavior 

of aerosol species in inlet system tests may be caused by the high loss ratio of nitrate and 

ammonium or related to near ground emission of ammonium nitrate.  
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Figure A 1: Comparison of chemical composition and physical properties of aerosol between 2- meters-height ambient air 

measurement and SAPHIR measurement under the JULIAC setup  

For further developing the inlet system effect on aerosol properties, the size-dependent chemical 

composition of aerosol between 2-meters ambient inlet and the JULIAC inlet system were 

compared in Figure A 2. Similar particle size distributions were found for aerosol species between 

two inlet systems’ detection. Based on that, one could estimate that the JULIAC inlet line did not 

seem to generate extra particles. In conclusion, the JULIAC inlet line system showed a slight effect 

on aerosol organics and sulfate concentration and did not significantly change aerosol size-

dependent chemical composition. However, aerosol nitrate and ammonium difference between 

two inlets measurement still can’t be distinguished from aerosol loss in the inlet system and near-

ground emission effect yet.  
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Figure A 2: Comparison of the size-dependent chemical composition of aerosol between 2 meters height ambient air measurement 

and SAPHIR measurement with the JULIAC setup 

A. 2 Aerosol wall loss of the SAPHIR chamber 

For well understanding of ambient aerosol level with data of the JULIAC campaign, wall loss of 

the SAPHIR chamber need to be considered in case underestimates ambient aerosol concentration. 

A set of batch mode SAPHIR experiments were done during the JULIAC break time slot, which 

had a smooth decay line of aerosol concentration after 5-8 hours sufficient reaction of injected 

reactants. The aerosol decay period of these batch-mode experiments was only related to synthetic 

air dilution and aerosol wall loss, and basic SAPHIR setup, like fans speed, is keeping with the 

JULIAC campaign. Therefore, four batch mode experiments were used to estimate aerosol wall 

loss during the JULIAC campaign and their detailed information were all listed in Table A 1. 
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 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 =
𝑑𝑉∗𝑦

dt∗Vsaphir
  Eq. 28 

As shown in Figure A left), the decay line of aerosol concentration during the SAPHIR chamber 

experiment under batch mode on July 5th, 2019 was given as an example. Exponential X-offset 

fitting (as Eq. 25) was applied from 12:00 (UTC) when the aerosol boosting experiment in the 

chamber was fully completed. Aerosol decay speed equation Eq. 27 was transformed from Eq. 25 

and its derivation equation Eq. 26. Therefore, -1/ τ is equal to the rate constant (K) of aerosol decay, 

composed of wall loss and dilution effect. The dilution effect of the SAPHIR chamber could be 

evaluated based on Eq. 28, in which dV means the flow of supplement synthetic air (20m3/h) and 

Vsaphir means the size of the SAPHIR chamber (270m3). Therefore, the rate constant of dilution 

effect was determined as -2.06e-5, and then the wall loss rate constant of SAPHIR could be 

estimated. 

 

 

Figure A: Left), a data set example of aerosol decay time series caused by wall loss and synthetic air dilution with exponential X-

offset fitting. Right) Variations of aerosol wall loss rate of sulfate, organics, nitrate, and ammonium among four independent bath-

mode experiments in the SAPHIR chamber 
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τ values of exponential X-offset fitting and rate constants (k) of aerosol species’ decay for four 

independent bath-mode experiments in the SAPHIR chamber were listed in Table A 1. The good 

stability and comparable value of aerosol species’ decay could be illustrated in Figure A right). 

After removing the dilution effect from the average value of the rate constant of aerosol decay, 

aerosol wall loss of the SAPHIR chamber was finally estimated as -0.99e-5
 which is small enough 

to ignore.  

Table A 1: Tau values of exponential X-offset fitting and calculated aerosol species wall loss rate constant of four independent 

bath-mode experiments in the SAPHIR chamber. 

Index 
Date τ(SO4) k(SO4) τ (Org) k(Org) τ (NH4) k(NH4) τ (NO3) k(NO3) 

0 
2019-06-27 30554 -3.27E-05 27530 -3.63E-05 31072 -3.22E-05 27512 -3.63E-05 

1 
2019- 06-28 33622 -2.97E-05 28856 -3.47E-05 33946 -2.95E-05 34917 -2.86E-05 

2 
2019-06-30 37423 -2.67E-05 25531 -3.92E-05 37122 -2.69E-05 23434 -4.27E-05 

3 
2019-07-05 32787 -3.05E-05 21891 -4.57E-05 33185 -3.01E-05 32386 -3.09E-05 

AVERAGE 
  -2.99E-05  -3.90E-05  -2.97E-05  -3.46E-05 

 

A. 3 Diagnostic and calibration parameters of AMS 
Table A 2: diagnostic parameters and ionization calibration coefficient overview of two HR-ToF-AMS during the whole JULIAC 

campaign. Single ion (SI) value is used to convert MS signal intensity to units of mass concentration. In this study, airbeam means 

the ion intensity of 28 (N2+). Ionization Efficiency/ Airbeam (IE/AB) reflects the sensitivity of the instrument and is a key parameter 

to evaluate if an IE/AB correction is needed. 

Date Instrument 
Single Ion 

before 

Single Ion 

after 

Ionization 

Efficiency 
Airbeam_VMS/Hz 

Airbeam_V-

PTOF/ Hz 

Ionization Efficiency/ 

Airbeam (IE/AB) 

2019.01.14 AMS_1 12.3 12.9 4.59E-08 1.32E+05 2.60E+05 3.48E-13 

2019.02.22 AMS_1 12.3 12.8 9.05E-08 2.03E+05 --- 4.46E-13 

2019.04.01 AMS_1 12.9 13.4 9.50E-08 2.04E+05 4.00E+05 4.66E-13 

2019.04.05 AMS_1 12.9 12.1 7.50E-08 1.64E+05 3.30E+05 4.57E-13 

2019.04.08 AMS_1 12.1 12.1 7.50E-08 2.03E+05 4.10E+05 3.69458E-13 

2019.04.11 AMS_1 12.1 12.6 7.50E-08 2.31E+05 4.61E+05 3.24675E-13 

2019.04.24 AMS_1 12.6 12.4 1.03E-07 2.32E+05 5.10E+05 4.43966E-13 

2019.06.19 AMS_2 16.1 16.1 4.68E-08 5.99E+04 5.40E+04 7.81302E-13 

2019.07.02 AMS_2 16.1 15.6 1.02E-07 1.09E+05 1.10E+05 9.3578E-13 

2019.07.15 AMS_2 15.6 12 9.75E-08 1.03E+05 1.10E+05 9.46602E-13 
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2019.08.09 AMS_2 12.2 13.5 8.47E-08 9.54E+05 1.10E+05 8.87841E-14 

2019.08.21 AMS_2 13.7 12.3 1.12E-07 1.62E+05 1.70E+05 6.93827E-13 

2019.09.04 AMS_2 12.3 12.7 1.29E-07 1.67E+05 1.70E+05 7.69461E-13 

2019.09.20 AMS_2 8.6 8.6 8.18E-08 1.02E+05 1.10E+05 8.01569E-13 

2019.11.18 AMS_2 16.3 15.6 1.03E-07 1.39E+05 1.50E+10 7.38129E-13 
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A. 4 Aerosol composition overview during the JULIAC 

 

Figure A 3: the time-series of aerosol total mass concentration and aerosol species’ fraction for all JULIAC intensive measurements. 
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A. 5 MSA-OA supplement  

 

Figure A 4: MSA-OA factor profile separated by PMF during the JULIAC-III phase in this study. Normalized ions attribution in 

factor profile are colored by corresponding ion family groups, and elemental ratios (O/C. H/C) of MSA-OA factor are also marked 

in the graph. The y-axis presents the ion signal intensity fraction while the x-axis range is m/z (mass to charge) 10-100 

Table A 3: the cross-correlation analysis (R2 and theta angle) of MSA-OA spectrum among seasonal MSA-OA resolved in four 

JULIAC phases and MSA-OA factor reported in previous PMF studies.  

R2, Theta MSA-OA_JULIAC-II MSA-OA_JULIAC-III Reference 

MSA-OA_JULIAC-II 1, 0 0.60, 35.2 JULIAC-II 
MSA-OA_JULIAC-III 0.60, 35.2 1, 0 JULIAC-III 
MSA-OA_Schlag 0.84, 23.9 0.70, 30 (Schlag et al., 2017) 
MSA-OA_schmale 0.25, 54.3 0,61.6 (Schmale et al., 2013) 
MSA-OA_Mace_head 0.35, 53.2 0, 63.4 (Crippa et al., 2014) 

 

A. 6 Ions list for AMS HR analysis 
Table A 4: Manually chosen ions and their assign to families for the whole JULIAC campaign high-resolution AMS data treatment. 

HR ions Mass Family HR ions Mass Family HR ions Mass Family 

C 12 Cx C5H2O 78.01056671 CHO1 C3H7O5 123.0294037 CHOgt1 

j13C 13.00335979 Cx j13CCH5O3 78.02722168 CHOgt1 C6H5NO2 123.0319977 CHOgt1N 

CH 13.00782013 CH C2H6O3 78.0316925 CHOgt1 C7H7O2 123.0446014 CHOgt1 
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N 14.00306988 Air C6H6 78.04695129 CH C8H11O 123.0810013 CHO1 

j13CH 14.01117992 CH j13CC2H9O2 78.06360626 CHOgt1 C9H15 123.1174011 CH 

j15N 15.00010967 Air Br 78.91832733 Other j13CC5H3O3 124.0115738 CHOgt1 

NH 15.01089954 NH CHj34SO2 78.96552277 CS C6H4O3 124.0159988 CHOgt1 

CH3 15.02346992 CH j13CH2SO2 78.98090363 CS j13CC2H7O5 124.0326996 CHOgt1 

O 15.99491978 Air CH3SO2 78.98536682 CS j13CC5H5NO2 124.0353928 CHOgt1N 

NH2 16.01872063 NH C2H4j34Sj17O 78.99829865 CS C7H8O2 124.0523987 CHOgt1 

j13CH3 16.02683067 CH j13CC4H2O 79.01392365 CHO1 C8H12O 124.0887985 CHO1 

HO 17.00274086 HO C5H3O 79.01838684 CHO1 C9H16 124.1251984 CH 

j15NH2 17.01576042 NH j13CCH6O3 79.03504944 CHOgt1 C6H5O3 125.0239029 CHOgt1 

NH3 17.02655029 NH C6H7 79.05477142 CH C3H7j18OO4 125.0335922 CHOgt1 

j18O 17.99916077 Air O2Ti 79.93777624 Other C7H9O2 125.0603027 CHOgt1 

H2O 18.01055908 HO SO3 79.95681763 SO C8H13O 125.0966034 CHO1 

j15NH3 18.02358055 NH CH2j34SO2 79.9733429 CS C9H17 125.1330032 CH 

NH4 18.03437042 NH j13CH3SO2 79.98873138 CS j126Xe 125.9042664 Other 

F 18.99839973 Other C4O2 79.98983002 CHOgt1 C6H6O3 126.0317001 CHOgt1 

Hj18O 19.0069809 HO j13CC4H3O 80.02174377 CHO1 C10H6 126.0469971 CH 

j2HHO 19.01683998 HO C5H4O 80.02620697 CHO1 C7H10O2 126.0681 CHOgt1 

H3O 19.01839066 HO C6H8 80.06259918 CH C8H14O 126.1044998 CHO1 

Arplus2 19.98118973 Air j81Br 80.91629028 Other C9H18 126.1408997 CH 

H2j18O 20.01481056 HO HSO3 80.96463776 SO I 126.9044647 Other 

j2HH2O 20.02466965 HO CH3j34SO2 80.98117065 CS C6H7O3 127.0394974 CHOgt1 

HNe 21.00027084 Other j13CC3O2 80.99318695 CHOgt1 C10H7 127.0548019 CH 

N3plus2 21.00461006 Other C4HO2 80.99765778 CHOgt1 C7H11O2 127.0758972 CHOgt1 

C2H2Oplus2 21.00527954 CHO1 j13CC4H4O 81.02957153 CHO1 j13CC7H14O 127.1078186 CHO1 

H3j18O 21.02264023 HO C5H5O 81.03404236 CHO1 C8H15O 127.1122971 CHO1 

CO2plus2 21.99492073 CHOgt1 C6H9 81.07042694 CH C9H19 127.1486969 CH 

Na 22.98977089 Other CCl2 81.93771362 Other j128Xe 127.9035339 Other 

Hj22Ne 22.99921036 Other j34SO3 81.9526062 SO j13CC5H7O3 128.0428772 CHOgt1 

OLi 23.01091872 Other Hj33SO3 81.9640274 SO C6H8O3 128.0473022 CHOgt1 

SOplus2 23.98348999 SO H2SO3 81.97247314 SO j13CC9H7 128.058136 CH 

C2 24 Cx C4H2O2 82.00547791 CHOgt1 C10H8 128.0626068 CH 

j34SOplus2 24.98139 SO j13CC4H5O 82.03739166 CHO1 j13CC6H11O2 128.0792542 CHOgt1 

j13CC 25.00336075 Cx C5H6O 82.04186249 CHO1 C7H12O2 128.0836945 CHOgt1 

C2H 25.00782967 CH C6H10 82.07824707 CH j13CC7H15O 128.1156464 CHO1 

CN 26.00307083 CHN j13CCl2 82.94106293 Other j13CC8H19 128.1520233 CH 

j13CCH 26.01118088 CH Hj34SO3 82.96042633 SO C4H3NO4 129.0061951 CHOgt1N 

C2H2 26.0156498 CH C4H3O2 83.01331329 CHOgt1 C9H5O 129.0339966 CHO1 

Cj15N 27.00011063 CHN C5H7O 83.04969025 CHO1 j13CC5H8O3 129.050705 CHOgt1 

j13CN 27.00642967 CHN C6H11 83.0860672 CH C6H9O3 129.0552063 CHOgt1 

CHN 27.0109005 CHN Kr 83.91150665 Other j13CC9H8 129.0659027 CH 

j13CCH2 27.0189991 CH j85Sr 83.91342926 Other C10H9 129.0704041 CH 

C2H3 27.02347946 CH Cj37ClCl 83.93475342 Other j13CC6H12O2 129.0870819 CHOgt1 

N2 28.00614929 Air C4H4O2 84.02113342 CHOgt1 C7H13O2 129.0915985 CHOgt1 

j13CHN 28.0142498 CHN C5H8O 84.05751801 CHO1 Te 129.9062195 Other 

CHO 29.00274086 CHO1 C6H12 84.09390259 CH j13CC3H3NO4 130.0095673 CHOgt1N 

j15NN 29.00317955 Air Rb 84.91178894 Other j13CC8H5O 130.0373993 CHO1 

C2H5 29.03912926 CH C3HSO 84.97480774 CS C9H6O 130.0419006 CHO1 

NO 29.99798965 NO C3H3NO2 85.01638031 CHOgt1N j13CC5H9O3 130.0585175 CHOgt1 

j13CHO 30.00609016 CHO1 C4H5O2 85.02895355 CHOgt1 j13CC9H9 130.0737762 CH 

CH2O 30.01055908 CHO1 C5H9O 85.06533813 CHO1 C10H10 130.0782013 CH 
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CH4N 30.03437042 CHN C6H13 85.10172272 CH j13CC6H13O2 130.0949097 CHOgt1 

j13CCH5 30.04248047 CH j86Sr 85.90926361 Other C8H3O2 131.0133057 CHOgt1 

j15NO 30.99501991 NO Cj37Cl2 85.93180847 Other j13CC8H6O 131.0452271 CHO1 

HNO 31.00580978 NO j13CC2HSO 85.97816467 CS C9H7O 131.0496979 CHO1 

CHj18O 31.0069809 CHO1 C3H2SO 85.9826355 CS j13CC9H10 131.081604 CH 

j13CH2O 31.01391983 CHO1 C7H2 86.01564789 CH C10H11 131.0861053 CH 

CH3O 31.01839066 CHO1 j13CC2H3NO2 86.01972961 CHOgt1N Xe 131.9041595 Other 

CH4j15N 31.03141022 CHN C4H6O2 86.03678131 CHOgt1 j13CC7H3O2 132.0166626 CHOgt1 

j13CH4N 31.03772926 CHN C5H10O 86.07317352 CHO1 C8H4O2 132.0211029 CHOgt1 

CH5N 31.04220009 CHN C5H12N 86.09697723 CHN j13CC8H7O 132.0529938 CHO1 

O2 31.98983002 Air C6H14 86.10955048 CH C9H8O 132.0574951 CHO1 

Nj18O 32.00223923 NO j87Sr 86.90888214 Other j13CC9H11 132.0894318 CH 

CH2j18O 32.01480865 CHO1 j87Rb 86.90917969 Other C10H12 132.0939026 CH 

j13CH3O 32.02174377 CHO1 C3Hj34SO 86.97060394 CS Cs 132.9054413 Other 

CH5j15N 32.03923035 CHN j13CC2H2SO 86.98599243 CS C4H5O5 133.0137024 CHOgt1 

j13CH5N 32.04555511 CHN C3H3O3 87.00821686 CHOgt1 j13CC7H4O2 133.0244904 CHOgt1 

HS 32.97990036 Other C7H3 87.02348328 CH C8H5O2 133.029007 CHOgt1 

j17OO 32.99404907 Air C4H7O2 87.04460144 CHOgt1 j13CC8H8O 133.0608673 CHO1 

H3NO 33.02146912 NO C5H11O 87.08099365 CHO1 C9H9O 133.0653076 CHO1 

CH3j18O 33.02264023 CHO1 Sr 87.90561676 Other j13CC9H12 133.0972595 CH 

Hj33S 33.97927856 Other C3Hj34Sj17O 87.974823 CS C10H13 133.1016998 CH 

j18OO 33.99407959 Air C3H2j34SO 87.9784317 CS C11H2 134.0157013 CH 

H3j15NO 34.01850128 NO j13CC2H3O3 88.01157379 CHOgt1 j13CC3H5O5 134.0170593 CHOgt1 

Cl 34.96884918 Cl C3H4O3 88.01603699 CHOgt1 j13CC7H5O2 134.0323029 CHOgt1 

Hj34S 34.97568893 Other j13CC6H3 88.02683258 CH C8H6O2 134.0368042 CHOgt1 

H3S 34.99554062 Other C7H4 88.03130341 CH j13CC8H9O 134.0686951 CHO1 

H3Nj18O 35.02571106 NO C4H8O2 88.0524292 CHOgt1 C9H10O 134.0731964 CHO1 

HCl 35.97668076 Cl j13CC4H11O 88.08434296 CHO1 j13CC9H13 134.1050873 CH 

C3 36 Cx C5H12O 88.08881378 CHO1 C10H14 134.1094971 CH 

j37Cl 36.96590042 Cl C3H2j34Sj17O 88.98265076 CS C7H3O3 135.008194 CHOgt1 

H3j34S 36.99134064 Other C3H5O3 89.02387238 CHOgt1 C4H5j18OO4 135.0179443 CHOgt1 

j13CC2 37.0033493 Cx C7H5 89.03912354 CH j13CC10H2 135.0190125 CH 

C3H 37.00782013 CH C4H9O2 89.06025696 CHOgt1 j13CC7H6O2 135.0401306 CHOgt1 

Hj37Cl 37.97372818 Cl j13CC4H12O 89.09217072 CHO1 C8H7O2 135.0446014 CHOgt1 

C2N 38.00307083 CHN C2H2O4 89.99530792 CHOgt1 j13CC8H10O 135.0765228 CHO1 

j13CC2H 38.01118088 CH j13CC2H5O3 90.02722168 CHOgt1 C9H11O 135.0809937 CHO1 

C3H2 38.0156517 CH C3H6O3 90.0316925 CHOgt1 j13CC9H14 135.1128998 CH 

K 38.96371078 Other C7H6 90.04695129 CH C10H15 135.1174011 CH 

C2j15N 39.00011063 CHN C4H10O2 90.06807709 CHOgt1 j13CC6H3O3 136.0115814 CHOgt1 

j13CCN 39.00643158 CHN j182Wplus2 90.97411346 Tungsten C7H4O3 136.0160065 CHOgt1 

j13CC2H2 39.01900101 CH j13CCH2O4 90.99866486 CHOgt1 j13CC7H7O2 136.0480042 CHOgt1 

C3H3 39.02347946 CH C6H3O 91.01838684 CHO1 C8H8O2 136.0523987 CHOgt1 

Ar 39.96237946 Air j13CC2H6O3 91.03504944 CHOgt1 j13CC8H11O 136.0843506 CHO1 

C3H4 40.03129959 CH C3H7O3 91.03952026 CHOgt1 C9H12O 136.0888062 CHO1 

j41K 40.96183014 Other C7H7 91.05477142 CH j13CC9H15 136.1207275 CH 

C2HO 41.00273895 CHO1 j183Wplus2 91.47511292 Tungsten C10H16 136.1251984 CH 

j13CC2H4 41.03466034 CH j184Wplus2 91.97545624 Tungsten j13CC6H4O3 137.0193939 CHOgt1 

C3H5 41.03911972 CH j13CC5H3O 92.02174377 CHO1 C7H5O3 137.0238953 CHOgt1 

C2H2O 42.01055908 CHO1 C6H4O 92.02620697 CHO1 j13CC7H8O2 137.0557861 CHOgt1 

j13CC2H5 42.04248047 CH j13CC2H7O3 92.0428772 CHOgt1 C8H9O2 137.0603027 CHOgt1 

C3H6 42.04695129 CH C3H8O3 92.04734039 CHOgt1 j13CC8H12O 137.0921631 CHO1 
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C2Hj18O 43.0069809 CHO1 j13CC6H7 92.05812836 CH C9H13O 137.0966034 CHO1 

j13CCH2O 43.01391983 CHO1 C7H8 92.06259918 CH j13CC9H16 137.1285553 CH 

C2H3O 43.01839066 CHO1 j186Wplus2 92.97718048 Tungsten C10H17 137.1329956 CH 

C3H7 43.05477905 CH C6H5O 93.03404236 CHO1 C3H6SO4 137.998703 CS 

CO2 43.98983002 CHOgt1 j13CC2H8O3 93.05069733 CHOgt1 j13CC6H5O3 138.0272217 CHOgt1 

C2H4O 44.02621078 CHO1 C3H9O3 93.05516815 CHOgt1 C7H6O3 138.0316925 CHOgt1 

CHS 44.97990036 CS C7H9 93.07042694 CH C11H6 138.0469971 CH 

j13CO2 44.99317932 CHOgt1 C2Cl2 93.93771362 Cx j13CC7H9O2 138.0636139 CHOgt1 

CHO2 44.99765015 CHOgt1 C5H2O2 94.00547791 CHOgt1 C8H10O2 138.0681 CHOgt1 

C2H5O 45.03403854 CHO1 C6H6O 94.04186249 CHO1 j13CC8H13O 138.0999908 CHO1 

C2H7N 45.05784988 CHN j13CC2H9O3 94.05852509 CHOgt1 C9H14O 138.1045074 CHO1 

j13CHS 45.98324966 CS C6H8N 94.0656662 CHN j13CC9H17 138.1363831 CH 

NO2 45.99290085 NO C7H10 94.07824707 CH C10H18 138.1408997 CH 

Cj18OO 45.99409866 CHOgt1 j13CCCl2 94.94106293 Cx j13CC2H6SO4 139.0020294 CS 

j13CCH7N 46.061203 CHN C2HCl2 94.94553375 CH C6H5NO3 139.0269012 CHOgt1N 

CCl 46.96884918 Other j13CC4H2O2 95.00883484 CHOgt1 j13CC6H6O3 139.0350494 CHOgt1 

CHj34S 46.97569275 CS C5H3O2 95.01331329 CHOgt1 j13CC10H6 139.0503082 CH 

j15NO2 46.98994064 NO C6H7O 95.04969025 CHO1 C11H7 139.0547943 CH 

CH3S 46.99554062 CS j13CC5H8N 95.06903076 CHN j13CC7H10O2 139.0714417 CHOgt1 

HNO2 47.00072861 NO C7H11 95.0860672 CH C8H11O2 139.0758972 CHOgt1 

CH3O2 47.01330948 CHOgt1 C2j37ClCl 95.93475342 Cx j13CC8H14O 139.1078186 CHO1 

CH5NO 47.03710938 CHO1N j13CCHCl2 95.94888306 CH C9H15O 139.1123047 CHO1 

SO 47.96697998 SO SO4 95.95172882 SO j13CC9H18 139.1442108 CH 

j13CCl 47.97220612 Other CH4SO3 95.9881134 CS C10H19 139.1486969 CH 

Nj18OO 47.99715042 NO C5H4O2 96.02113342 CHOgt1 C3H6j34SO4 139.9944763 CS 

j13CH3S 47.99890137 CS C6H8O 96.05751801 CHO1 C6H4O4 140.0110016 CHOgt1 

C4 48 Cx C7H12 96.09390259 CH j13CC5H5NO3 140.030304 CHOgt1N 

j13CH3O2 48.01665878 CHOgt1 j13CCj37ClCl 96.93811035 Cx C7H8O3 140.0473022 CHOgt1 

j13CH5NO 48.04047012 CHO1N HS2O2 96.94180298 SO j13CC10H7 140.058136 CH 

Cj37Cl 48.96590042 Other C2Hj37ClCl 96.94258118 CH C11H8 140.0626068 CH 

j33SO 48.96636963 SO j33SO4 96.95111847 SO j13CC7H11O2 140.0792542 CHOgt1 

HSO 48.97481155 SO HSO4 96.95955658 SO j13CC8H15O 140.1156464 CHO1 

CH3j34S 48.99134064 CS j13CH4SO3 96.99147034 CS C9H16O 140.1201019 CHO1 

HO3 48.99256897 HO C4HO3 96.99256897 CHOgt1 j13CC9H19 140.1520233 CH 

j13CC3 49.0033493 Cx C8H 97.00782776 CH C10H20 140.1564941 CH 

C4H 49.00782013 CH C5H5O2 97.02895355 CHOgt1 j13CC5H4O4 141.0143127 CHOgt1 

j34SO 49.96278 SO C6H9O 97.06533813 CHO1 C6H5O4 141.0187988 CHOgt1 

Hj33SO 49.9742012 SO C7H13 97.10172272 CH j13CC6H8O3 141.050705 CHOgt1 

C3N 50.00307083 CHN C2j37Cl2 97.93180847 Cx j13CC10H8 141.0659485 CH 

j13CC3H 50.01118088 CH H2S3 97.93186225 Other C11H9 141.0704041 CH 

C4H2 50.0156517 CH Hj33SSO2 97.941185 SO C8H13O2 141.0915985 CHOgt1 

Hj34SO 50.97061157 SO j13CCHj37ClCl 97.94593811 CH j13CC8H16O 141.1234741 CHO1 

j13CC2N 51.00642776 CHN j34SO4 97.94753265 SO j13CC9H20 141.1598511 CH 

C3HN 51.01089859 CHN Hj33SO4 97.9589386 SO C10H21 141.1643066 CH 

j13CC3H2 51.01900101 CH H2SO4 97.96737671 SO j13CC5H5O4 142.0221405 CHOgt1 

C4H3 51.02347946 CH CH4j34SO3 97.98390961 CS C6H6O4 142.0265961 CHOgt1 

C3O 51.99491882 CHO1 j13CC3HO3 97.9959259 CHOgt1 C7H10O3 142.0630035 CHOgt1 

j13CC2HN 52.01425552 CHN C4H2O3 98.00039673 CHOgt1 j13CC10H9 142.0737762 CH 

C3H2N 52.01871872 CHN j13CC7H 98.01117706 CH C11H10 142.0782013 CH 

j13CC3H3 52.02682877 CH C8H2 98.01564789 CH j13CC7H13O2 142.0948944 CHOgt1 

C4H4 52.03129959 CH C5H6O2 98.03678131 CHOgt1 j13CC9H21 142.1676788 CH 
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j13CC2O 52.99826813 CHO1 C6H10O 98.07317352 CHO1 j13CC5H6O4 143.0299683 CHOgt1 

C3HO 53.00273895 CHO1 C7H14 98.10955048 CH C6H7O4 143.0343933 CHOgt1 

j13CC2H2N 53.02207947 CHN j99Ru 98.90593719 Other j13CC6H10O3 143.0663452 CHOgt1 

C3H3N 53.02655029 CHN Hj34SSO2 98.93759155 SO C7H11O3 143.0708008 CHOgt1 

j13CC3H4 53.03466034 CH C2Hj37Cl2 98.9396286 CH j13CC10H10 143.081604 CH 

C4H5 53.03911972 CH Hj34SO4 98.95535278 SO C11H11 143.0861053 CH 

C3H2O 54.01055908 CHO1 H2j33SO4 98.96676636 SO C9H4O2 144.0211029 CHOgt1 

j13CC2H3N 54.02990341 CHN j13CC3H2O3 99.00374603 CHOgt1 j13CC5H7O4 144.037796 CHOgt1 

C3H4N 54.03437042 CHN C4H3O3 99.00821686 CHOgt1 C10H8O 144.0574951 CHO1 

C4H6 54.04695129 CH C8H3 99.02348328 CH j13CC6H11O3 144.074173 CHOgt1 

C3H3O 55.01839066 CHO1 C4H5NO2 99.0320282 CHOgt1N j13CC10H11 144.0894318 CH 

j13CC2H4N 55.03772736 CHN j13CC4H6O2 99.04013062 CHOgt1 C11H12 144.0939026 CH 

C4H7 55.05477905 CH C5H7O2 99.04460144 CHOgt1 j13CC8H4O2 145.0244904 CHOgt1 

C2O2 55.98983002 CHOgt1 C6H11O 99.08099365 CHO1 C9H5O2 145.029007 CHOgt1 

C3H4O 56.02621078 CHO1 j13CC6H14 99.11290741 CH C6H9O4 145.0500946 CHOgt1 

C3H6N 56.05002975 CHN C7H15 99.11737823 CH j13CC9H8O 145.0608978 CHO1 

C4H8 56.06259918 CH H2j34SO4 99.96317291 SO C10H9O 145.0653076 CHO1 

C3H5O 57.03403854 CHO1 C3O4 99.97966003 CHOgt1 j13CC10H12 145.0972595 CH 

j13CC2H6N 57.05337906 CHN j13CC3H3O3 100.0115738 CHOgt1 C11H13 145.1016998 CH 

C4H9 57.07043076 CH C4H4O3 100.0159988 CHOgt1 j13CC8H5O2 146.0323029 CHOgt1 

C2H2O2 58.00548172 CHOgt1 j13CC7H3 100.0268021 CH C9H6O2 146.0368042 CHOgt1 

j13CC2H5O 58.03739929 CHO1 C8H4 100.0313034 CH j13CC5H9O4 146.0534363 CHOgt1 

C3H6O 58.04187012 CHO1 j13CC3H5NO2 100.0353928 CHOgt1N j13CC9H9O 146.0686951 CHO1 

C3H8N 58.06567001 CHN C5H8O2 100.0523987 CHOgt1 C10H10O 146.0731964 CHO1 

j13CC3H9 58.07378006 CH C6H12O 100.0887985 CHO1 j13CC10H13 146.1050873 CH 

C4H10 58.07825089 CH j13CC6H15 100.120697 CH C11H14 146.1094971 CH 

COP 58.96868134 CHO1 C7H16 100.1251984 CH j13CC8H6O2 147.0401306 CHOgt1 

C2H3O2 59.01330948 CHOgt1 ORb 100.906707 Other C9H7O2 147.0446014 CHOgt1 

C2H5NO 59.03710938 CHO1N j13CC2O4 100.983017 CHOgt1 j13CC9H10O 147.0765228 CHO1 

C3H7O 59.04969025 CHO1 C3HO4 100.9875031 CHOgt1 C10H11O 147.0809937 CHO1 

j13CC2H8N 59.06903076 CHN j13CC3H4O3 101.0194016 CHOgt1 j13CC10H14 147.1128998 CH 

C3H9N 59.07350159 CHN C4H5O3 101.0239029 CHOgt1 C11H15 147.1174011 CH 

j13CC3H10 59.08160019 CH C8H5 101.0391006 CH C8H4O3 148.0160065 CHOgt1 

CSO 59.96697998 CS j13CC4H8O2 101.0557938 CHOgt1 j13CC8H7O2 148.0479584 CHOgt1 

j13COP 59.97203064 CHO1 C5H9O2 101.0603027 CHOgt1 C9H8O2 148.0523987 CHOgt1 

CHOP 59.97650146 CHO1 j13CC5H12O 101.0922012 CHO1 j13CC9H11O 148.0843506 CHO1 

C2HCl 59.97668076 CH C6H13O 101.0966034 CHO1 C10H12O 148.0888062 CHO1 

C5 60 Cx j13CC6H16 101.1286011 CH j13CC10H15 148.1207275 CH 

CH2NO2 60.00854874 CHOgt1N Ru 101.9043503 Other C11H16 148.1251984 CH 

C2H4O2 60.02112961 CHOgt1 j13CC2HO4 101.9908371 CHOgt1 C2HN2O6 148.9835052 CHOgt1N 

j13CCH5NO 60.04047012 CHO1N C3H4NO3 102.0190964 CHOgt1N j13CC7H4O3 149.0193939 CHOgt1 

C2H6NO 60.04494095 CHO1N C4H6O3 102.0317001 CHOgt1 C8H5O3 149.0238953 CHOgt1 

C3H8O 60.05751038 CHO1 C8H6 102.0469971 CH C12H5 149.0391252 CH 

j13CSO 60.97034073 CS C5H10O2 102.0681 CHOgt1 j13CC8H8O2 149.0557861 CHOgt1 

NOP 60.97174835 NO j13CC5H13O 102.0999985 CHO1 j13CC9H12O 149.0921631 CHO1 

j13CHOP 60.97985458 CHO1 C6H14O 102.1044998 CHO1 C10H13O 149.0966034 CHO1 

j13CCHCl 60.98003387 CH Rh 102.9055023 Other j13CC10H16 149.1285553 CH 

C2H2Cl 60.98450089 CH C3H3O4 103.0030975 CHOgt1 C11H17 149.1330255 CH 

j13CC4 61.0033493 Cx C3H5NO3 103.0269012 CHOgt1N j13CCHN2O6 149.9868164 CHOgt1N 

C5H 61.00782013 CH j13CC3H6O3 103.0350494 CHOgt1 j13CC7H5O3 150.0272064 CHOgt1 

j13CH2NO2 61.01190948 CHOgt1N C4H7O3 103.0394974 CHOgt1 C8H6O3 150.0316925 CHOgt1 
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C2H5O2 61.02894974 CHOgt1 C8H7 103.0548019 CH C5H10O5 150.0527954 CHOgt1 

j13CCH6NO 61.04829407 CHO1N C5H11O2 103.0758972 CHOgt1 C9H10O2 150.0681 CHOgt1 

Cj34SO 61.96278 CS j13CC5H14O 103.1078033 CHO1 j13CC9H13O 150.0999908 CHO1 

NSO 61.97005844 NO j13CC2H3O4 104.0064774 CHOgt1 C10H14O 150.1045074 CHO1 

C2Hj37Cl 61.97372818 CH C3H4O4 104.0110016 CHOgt1 C2HN2j18OO5 150.9877014 CHOgt1N 

NO3 61.98781967 NO C7H4O 104.0261993 CHO1 C7H3O4 151.0030975 CHOgt1 

j13CCH2Cl 61.98785782 CH j13CC3H7O3 104.0428772 CHOgt1 j13CC7H6O3 151.0350494 CHOgt1 

CH2O3 62.0003891 CHOgt1 C4H8O3 104.0473022 CHOgt1 C8H7O3 151.039505 CHOgt1 

C5H2 62.0156517 CH C8H8 104.0625992 CH j13CC4H10O5 151.0561829 CHOgt1 

C2H6O2 62.03678131 CHOgt1 j13CC2H4O4 105.0143127 CHOgt1 j13CC8H10O2 151.0714417 CHOgt1 

Cu 62.92959976 Other C3H5O4 105.0187988 CHOgt1 C9H11O2 151.0758972 CHOgt1 

HNSO 62.97789001 NO C3H7NO3 105.0426025 CHOgt1N j13CC9H14O 151.1078186 CHO1 

C2H2j37Cl 62.98155212 CH C8H9 105.0703964 CH C10H15O 151.1123047 CHO1 

HNO3 62.9956398 NO j13CC2H5O4 106.0221024 CHOgt1 C11H19 151.1486969 CH 

j13CH2O3 63.00374985 CHOgt1 C7H6O 106.0419006 CHO1 j13CC6H3O4 152.006485 CHOgt1 

C5H3 63.02347946 CH j13CC2H7NO3 106.0459366 CHOgt1N j13CC7H7O3 152.0428772 CHOgt1 

SO2 63.9618988 SO C8H10 106.0782013 CH C8H8O3 152.0473022 CHOgt1 

Nj34SO 63.96585464 NO C3H7O4 107.0344009 CHOgt1 C5H10j18OO4 152.0570679 CHOgt1 

C5H4 64.03130341 CH C7H7O 107.0496979 CHO1 C12H8 152.0626068 CH 

j65Cu 64.92780304 Other C8H11 107.0860977 CH j13CC8H11O2 152.0792542 CHOgt1 

j33SO2 64.96128845 SO C6H4O2 108.0211029 CHOgt1 j13CC9H15O 152.1156464 CHO1 

HSO2 64.96972656 SO C7H8O 108.0575027 CHO1 C10H16O 152.1201019 CHO1 

HNj34SO 64.97367859 NO j13CC7H11 108.0894012 CH j13CC10H19 152.1520233 CH 

C4HO 65.00273895 CHO1 C8H12 108.0939026 CH C11H20 152.1564941 CH 

C5H5 65.03912354 CH C6H5O2 109.0289993 CHOgt1 C6H3NO4 153.0061951 CHOgt1N 

j34SO2 65.95770264 SO C7H9O 109.0653 CHO1 C7H5O4 153.0187988 CHOgt1 

Hj33SO2 65.96911621 SO C8H13 109.1016998 CH j13CC7H8O3 153.050705 CHOgt1 

H2SO2 65.97754669 SO C5H2O3 110.0003967 CHOgt1 C8H9O3 153.0552063 CHOgt1 

HNj34Sj17O 65.97789764 NO C6H6O2 110.0367966 CHOgt1 j13CC11H8 153.0659485 CH 

j13CC3HO 66.00610352 CHO1 C7H10O 110.0731964 CHO1 C12H9 153.0704041 CH 

C4H2O 66.01056671 CHO1 C8H14 110.1095963 CH C9H13O2 153.0915985 CHOgt1 

C5H6 66.04695129 CH j13CC4H2O3 111.0037537 CHOgt1 j13CC9H16O 153.1234741 CHO1 

Hj34SO2 66.96552277 SO C5H3O3 111.0082016 CHOgt1 j13CC10H20 153.1598511 CH 

C4H3O 67.01838684 CHO1 C9H3 111.0234985 CH C11H21 153.1643066 CH 

j13CC4H6 67.05030823 CH C6H7O2 111.0446014 CHOgt1 j13CC5H3NO4 154.0095673 CHOgt1N 

C5H7 67.05477142 CH C7H11O 111.0810013 CHO1 C6H4NO4 154.0140076 CHOgt1N 

H2j34SO2 67.9733429 SO C8H15 111.1174011 CH j13CC6H5O4 154.0221405 CHOgt1 

C3O2 67.98983002 CHOgt1 C5H4O3 112.0159988 CHOgt1 C7H6O4 154.0265961 CHOgt1 

j13CC3H3O 68.02174377 CHO1 C6H8O2 112.0523987 CHOgt1 j13CC7H9O3 154.0585175 CHOgt1 

C4H4O 68.02620697 CHO1 C7H12O 112.0887985 CHO1 C8H10O3 154.0630035 CHOgt1 

C5H8 68.06259918 CH C8H16 112.1251984 CH j13CC11H9 154.0737762 CH 

C3HO2 68.99765778 CHOgt1 C5H5O3 113.0239029 CHOgt1 C12H10 154.0782013 CH 

C4H5O 69.03404236 CHO1 C9H5 113.0391006 CH j13CC8H13O2 154.0949097 CHOgt1 

j13CC4H8 69.06596375 CH C6H9O2 113.0603027 CHOgt1 j13CC10H21 154.1676788 CH 

C5H9 69.07042694 CH C7H13O 113.0966034 CHO1 C11H22 154.1721039 CH 

C3H2O2 70.00547791 CHOgt1 C8H17 113.1330032 CH j13CC5H4NO4 155.017395 CHOgt1N 

C4H6O 70.04186249 CHO1 C4H4NO3 114.0190964 CHOgt1N j13CC6H6O4 155.0299683 CHOgt1 

C5H10 70.07824707 CH C5H6O3 114.0317001 CHOgt1 C7H7O4 155.0343933 CHOgt1 

C3H3O2 71.01331329 CHOgt1 C9H6 114.0469971 CH j13CC7H10O3 155.0663452 CHOgt1 

C4H7O 71.04969025 CHO1 C6H10O2 114.0681 CHOgt1 j13CC11H10 155.081604 CH 

C5H11 71.0860672 CH j13CC6H13O 114.0999985 CHO1 C12H11 155.0861053 CH 
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C3H4O2 72.02113342 CHOgt1 C7H14O 114.1044998 CHO1 j13CC10H22 155.1755066 CH 

C3H6NO 72.04493713 CHO1N C8H18 114.1408997 CH C11H23 155.1799927 CH 

C4H8O 72.05751801 CHO1 C4H3O4 115.0030975 CHOgt1 j13CC6H7O4 156.037796 CHOgt1 

C4H10N 72.08132172 CHN C4H5NO3 115.0269012 CHOgt1N C7H8O4 156.0422974 CHOgt1 

C5H12 72.09390259 CH C5H7O3 115.0394974 CHOgt1 C8H12O3 156.078598 CHOgt1 

C6H 73.00782776 CH C9H7 115.0548019 CH j13CC11H11 156.0894318 CH 

C3H5O2 73.02895355 CHOgt1 C7H15O 115.1122971 CHO1 C12H12 156.0939026 CH 

j13CC2H6NO 73.04829407 CHO1N j13CC7H18 115.1442032 CH j13CC10H23 156.1833344 CH 

C4H9O 73.06533813 CHO1 C8H4O 116.0261993 CHO1 C11H24 156.1878052 CH 

j13CC3H10N 73.08467865 CHN j13CC3H5NO3 116.0302963 CHOgt1N C6H5O5 157.0137024 CHOgt1 

C4H11N 73.08914948 CHN j13CC4H7O3 116.0428772 CHOgt1 C6H7NO4 157.0375061 CHOgt1N 

j13CC4H12 73.09725189 CH C5H8O3 116.0473022 CHOgt1 j13CC6H8O4 157.0456085 CHOgt1 

C2H2O3 74.00039673 CHOgt1 C9H8 116.0625992 CH C7H9O4 157.0500946 CHOgt1 

j13CC5H 74.01117706 CH C6H12O2 116.0837021 CHOgt1 C11H9O 157.0653076 CHO1 

C6H2 74.01564789 CH j13CC7H4O 117.0295715 CHO1 j13CC7H12O3 157.0820007 CHOgt1 

C3H6O2 74.03678131 CHOgt1 C8H5O 117.0339966 CHO1 j13CC11H12 157.0972595 CH 

C3H8NO 74.06059265 CHO1N j13CC4H8O3 117.0506973 CHOgt1 C12H13 157.1016998 CH 

C4H10O 74.07317352 CHO1 C9H9 117.0703964 CH j13CC10H24 157.1911621 CH 

j13CC3H11N 74.09250641 CHN C6H13O2 117.0915985 CHOgt1 j13CC5H5O5 158.0170593 CHOgt1 

j13CCH2O3 75.00374603 CHOgt1 C4H6O4 118.0266037 CHOgt1 C10H6O2 158.0368042 CHOgt1 

C2H3O3 75.00821686 CHOgt1 j13CC7H5O 118.0373917 CHO1 j13CC5H7NO4 158.040863 CHOgt1N 

j13CC5H2 75.01899719 CH C8H6O 118.0419006 CHO1 j13CC6H9O4 158.0534363 CHOgt1 

C6H3 75.02348328 CH C9H10 118.0782013 CH j13CC10H9O 158.0686951 CHO1 

C3H7O2 75.04460144 CHOgt1 C5H12NO2 118.0867996 CHOgt1N C11H10O 158.0731964 CHO1 

j13CC2H8NO 75.06394196 CHO1N C7H3O2 119.013298 CHOgt1 j13CC11H13 158.1050873 CH 

j13CC3H10O 75.07652283 CHO1 j13CC3H6O4 119.0299606 CHOgt1 C12H14 158.1094971 CH 

CSO2 75.9618988 CS C4H7O4 119.0344009 CHOgt1 C6H5j18OO4 159.0179443 CHOgt1 

C2H4SO 75.99828339 CS C8H7O 119.0496979 CHO1 j13CC9H6O2 159.0401306 CHOgt1 

j13CCH3O3 76.01157379 CHOgt1 C5H11O3 119.0708008 CHOgt1 C10H7O2 159.0446014 CHOgt1 

C2H4O3 76.01603699 CHOgt1 C9H11 119.0860977 CH C7H11O4 159.0657043 CHOgt1 

C6H4 76.03130341 CH j13CC6H3O2 120.0166626 CHOgt1 j13CC10H10O 159.0765228 CHO1 

C3H8O2 76.0524292 CHOgt1 C7H4O2 120.0211029 CHOgt1 C8H15O3 159.1020966 CHOgt1 

j13CSO2 76.96525574 CS C8H8O 120.0575027 CHO1 j13CC11H14 159.1128998 CH 

CHSO2 76.96972656 CS C9H12 120.0939026 CH C12H15 159.1174011 CH 

j13CCH4SO 77.00164032 CS C7H5O2 121.0289993 CHOgt1 C9H4O3 160.0160065 CHOgt1 

C5HO 77.00273895 CHO1 C8H9O 121.0653 CHO1 j13CC9H7O2 160.0479584 CHOgt1 

C2H5O3 77.02387238 CHOgt1 C9H13 121.1016998 CH C10H8O2 160.0523987 CHOgt1 

C6H5 77.03912354 CH C6H2O3 122.0003967 CHOgt1 j13CC6H11O4 160.0690918 CHOgt1 

j13CC2H8O2 77.05578613 CHOgt1 C6H4NO2 122.0242004 CHOgt1N C11H12O 160.0888062 CHO1 

C3H9O2 77.06025696 CHOgt1 C7H6O2 122.0367966 CHOgt1 j13CC7H15O3 160.1054688 CHOgt1 

Cj34SO2 77.95769501 CS C8H10O 122.0731964 CHO1 j13CC11H15 160.1207275 CH 

j13CHSO2 77.9730835 CS C9H14 122.1095963 CH C12H16 160.1251984 CH 

CH2SO2 77.97754669 CS j13CC5H2O3 123.0037537 CHOgt1 j13CC8H4O3 161.0193939 CHOgt1 

C2H4j34SO 77.99407959 CS C6H3O3 123.0082016 CHOgt1 j13CC9H8O2 161.0558014 CHOgt1 

j13CC4HO 78.00610352 CHO1 j13CC5H4NO2 123.0275574 CHOgt1N j13CC10H12O 161.0921631 CHO1 

            j13CC11H16 161.1285553 CH 
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A. 7 Source factors supplement of organic PMF analysis 

 

Figure A 5: The organic aerosol source apportionment results overview resolved by PMF for the JULIAC-I. From left to right, the overview of OA contribution variations of source 

factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). Elemental ratio (OM:OC, 

O:C, H:C) of all OA factors are marked in the graph. 
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Figure A 6: The organic aerosol source apportionment results overview resolved by PMF for the JULIAC-II. From left to right, the overview of OA contribution variations of source 

factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). Elemental ratio (OM:OC, 

O:C, H:C) of all OA factors are marked in the graph. 
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Figure A 7: The organic aerosol source apportionment results overview resolved by PMF for the JULIAC-III. From left to right, the overview of OA contribution variations of source 

factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). Elemental ratio (OM:OC, 

O:C, H:C) of all OA factors are marked in the graph.
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Figure A 8: The organic aerosol source apportionment results overview resolved by PMF for the JULIAC-IV. From left to right, the overview of OA contribution variations of source 

factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). Elemental ratio (OM:OC, 

O:C, H:C) of all OA factors are marked in the graph.
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A. 8 Regional transport factor supplement 

 

Figure A 9: left) Concentration time series of PMF source factors of the JULIAC-I phase with the background color of trajectory clusters; right) Four trajectory clusters of the 

JULIAC-I 24-hours back-trajectory simulated by HYSPLIT4.
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A. 9 Temperature dependent rate constant 
k(T) = A (T/298 K)n e-Ea/RT 

R = 8.314472E-03 kJ / mole K 

Table A 5: temperature dependent rate constant calculation 

Reaction JULIAC Phases Averaged temperature K 

(UTC 18:00-5:00) 

A Ea 

kJ/mole 

k(T) 

cm3 molec-1 s-1 

reference 

Furan+ NO3· JULIAC-I 278 1.30E-13 -5.82 1.51E-12 (Cabañas et al., 2004) 
 

JULIAC-II 283 1.30E-13 -5.82 1.47E-12 

JULIAC-III 293 1.30E-13 -5.82 1.39E-12 

JULIAC-IV 277 1.30E-13 -5.82 1.51E-12 

Furan+ O3 JULIAC 298 2.42E-18 
 

2.42E-18 (Atkinson et al., 1983) 
 

Isoprene+ NO3· JULIAC-I 278 3.02E-12 3.71 5.65E-13 (Atkinson 1991) 

JULIAC-II 283 3.02E-12 3.71 5.92E-13 

JULIAC-III 293 3.02E-12 3.71 6.50E-13 

JULIAC-IV 277 3.02E-12 3.71 5.62E-13 

Isoprene+ O3 JULIAC-I 278 5.60E-15 15.05 7.73E-18 (Grosjean et al., 1996) 
 

JULIAC-II 283 5.60E-15 15.05 8.83E-18 

JULIAC-III 293 5.60E-15 15.05 1.15E-17 

JULIAC-IV 277 5.60E-15 15.05 7.62E-18 

alpha-pinene+ NO3· JULIAC-I 278 1.19E-12 -4.07 6.46E-12 (Atkinson 1991) 
 

JULIAC-II 283 1.19E-12 -4.07 6.38E-12 

JULIAC-III 293 1.19E-12 -4.07 6.21E-12 

JULIAC-IV 277 1.19E-12 -4.07 6.47E-12 

BETA-pinene+ NO3· JULIAC 298 2.51E-12 
 

2.51E-12 (Atkinson 1991) 
 

d-limonene+ NO3· JULIAC 298 1.22E-11 
 

1.22E-11 (Atkinson 1991) 
 

alpha-pinene+ O3 JULIAC-I 278 4.80E-16 4.41 6.63E-17 (Khamaganov et al., 2001) 
 

JULIAC-II 283 4.80E-16 4.41 6.98E-17 

JULIAC-III 293 4.80E-16 4.41 7.75E-17 

JULIAC-IV 277 4.80E-16 4.41 6.59E-17 

BETA-pinene+ O3 JULIAC-I 278 1.74E-15 10.78 1.53E-17 (Khamaganov and Hites 2001) 
 

JULIAC-II 283 1.74E-15 10.78 1.69E-17 

JULIAC-III 293 1.74E-15 10.78 2.06E-17 

JULIAC-IV 277 1.74E-15 10.78 1.51E-17 

limonene+ O3 JULIAC-I 278 2.95E-15 6.51 1.64E-16 (Khamaganov and Hites 2001) 
 

JULIAC-II 283 2.95E-15 6.51 1.76E-16 

JULIAC-III 293 2.95E-15 6.51 2.01E-16 

JULIAC-IV 277 2.95E-15 6.51 1.63E-16 

Naphthalene+ O3 JULIAC 295 <3.01E-19 
 

2.81E-19 (Atkinson et al., 1986) 
 

Naphthalene+ NO3· JULIAC 298 2.00E-11 
 

2.00E-11 (Atkinson et al., 2007) 
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A. 10 Gas tracers and meteorological condition overview 

 

Figure A 10: Yearly overview of variation of organic aerosol source contribution, aerosol LWC, related gas tracers concentration 

(like VOCs, CO, O3, NOx, N2O5, NO3 radical) and meteorological condition (temperature and RH) during the whole JULIAC 

campaign.
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A. 11 Source factors overview of NO3 +Organics PMF analysis 

 

Figure A 11: The NO3+organic aerosol source apportionment results overview resolved by PMF for the JULIAC-I. From left to right, the overview of OA contribution variations of 

source factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). The elemental ratio 

(OM:OC, O:C, H:C) of all OA factors are marked in the graph.  
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Figure A 12: The NO3+organic aerosol source apportionment results overview resolved by PMF for the JULIAC-II. From left to right, the overview of OA contribution variations 

of source factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). The elemental 

ratio (OM:OC, O:C, H:C) of all OA factors are marked in the graph.   
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Figure A 13: The NO3+organic aerosol source apportionment results overview resolved by PMF for the JULIAC-III. From left to right, the overview of OA contribution variations 

of source factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). The elemental 

ratio (OM:OC, O:C, H:C) of all OA factors are marked in the graph.  
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Figure A 14: The NO3+organic aerosol source apportionment results overview resolved by PMF for the JULIAC-IV. From left to right, the overview of OA contribution variations 

of source factors, high-resolution source factors spectra colored by ions family group, and corresponding source factor contribution diurnal pattern (median+IQR). The elemental 

ratio (OM:OC, O:C, H:C) of all OA factors are marked in the graph. 
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A. 12 Instruments and available data for the JULIAC campaign  
Table A 6: Overview of instruments involved in the JULIAC campaign. Table including instrument name, measured atmospheric species, and key operation information. (Table 

credit: IEK-8, Forschungszentrum Jülich, 2019: Overview of available data files in the SAPHIR data archive). 

 
instrument param Measured parameters Comment 

Infrastructure ASS_METEO all_param meteorological data from 

the ASS meteorological 

tower at different heights 

600 s 

 
JULIAC_SPS all_param status data from the 

JULIAC inlet 

(temperatures, pressures, 

flows, rel. humidity etc.) 

10 s, 60 s 

 
SAPHIR_SPS all_param status data from the 

SAPHIR chamber 

(temperatures, pressures, 

gas supply etc.) 

10 s, 60 s 

 
SAPHIR_COLLECTED all_param status data from the 

SAPHIR chamber 

(temperatures, pressures, 

gas supply etc.) + some 

derived parameters 

60 s 

 
PLUS_SPS all_param status data from the PLUS 

chamber (flow, 

environmental conditons 

inside PLUS) 

  

 
        

     

Radicals LIF ROx OH, HO2, RO2   
 

LP_LIF kOH OH reactivity   
 

saphir_ohdoas all_param OH, HCHO, SO2, C10H8 

(Naphthalene) 

SO2 and C10H8 only during ambient air measurements 
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Nitrogen species + O3 SAPHIR.BRCIMS HONO_relConc HONO 
 

 
LOPAP HONO HONO   

 
CRDS NO3_N2O5 NO3, N2O5   

 
CRANOX all_param O3, NO, NO2, NOx Operated by VOC group 

 
TR42 NO_NO2_NOx NO , NO2 , NOx CLD, ECO Physics type 780TR; operated by NOx group 

 
AN_41M O3 O3 UV absorption, Environnement S.A./Ansyco type O341M; operated by NOx group 

 
AN_42M O3 O3 UV absorption, Environnement S.A./Ansyco type O342M (borrowed from Mobilab); 

operated by NOx group 
 

AN_42M#2 O3 O3 UV absorption, Environnement S.A./Ansyco type O342M; operated by NOx group 
 

ESA_42e O3 O3 UV absorption; ENVEA O3-42e operated by NOx group 
 

TS_49i O3 O3 UV absorption; Thermo Scientific model 49i Ozonemonitor; operated by NOx group 
 

ICAD_1005 NO2 NO2 CEAS-DOAS, AIRYX typ ICAG HG; operated by NOx group 
 

ICAD_1005 NOx NOx CEAS-DOAS, AIRYX typ ICAG HG; operated by NOx group 
 

CAPS_Leicester NO2 NO2 CAPS NO2 instrument from Leicester (Roberto Sommariva) 
 

ICIMS_Leicester ClNO2 ClNO2 Iodide CIMS from Univ. of Leicester (Roberto Sommariva) 

Multi components 
    

 
PICARRO_CFKADS2290 all_param CO, CO2, CH4, H2O Operated by VOC group 

 
PICARRO_CFKADS2270 CO_CO2_CH4_H2O CO, CO2, CH4, H2O CRDS, Picarro typ G2401; operated by NOx group 

 
PICARRO_CFKADS2109 CO_CO2_CH4_H2O CO, CO2, CH4, H2O CRDS, Picarro typ G2401; operated by NOx group 

 
PICARRO_LBDS2006 HCHO_H2O_CH4 HCHO, H2O, CH4 CRDS, Picarro typ G2307; operated by NOx group 

 
PICARRO_CFHADS2042 CO2_CH4_H2O CO2, CH4, H2O CRDS 10Hz, Picarro typ G2311-f; operated by NOx group 

 
        

Organic compounds 
    

 
PTRTOFMS_H3O VOC VOC PTRTOFMS operated in the H3O+-Mode 

 
VOCUS_H3O VOC VOC VOCUS operated in the H3O+-Mode 

 
ICIMS_GAS all_param VOC Gothenburg ICIMS Figaero 

 
HANTZSCH HCHO HCHO   

 
GC_FID_GREEN all_param VOC Green describes one of two GCMS-Systems in the GC-Container. Green uses a polar 

column 
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GC_FID_RED all_param VOC Red describes one of two GCMS-Systems in the GC-Container. Red uses a non polar 

column 
 

GC_MS_GREEN all_param VOC Green describes one of two GCMS-Systems in the GC-Container. Green uses a polar 

column 
 

GC_MS_RED all_param VOC Red describes one of two GCMS-Systems in the GC-Container. Red uses a non polar 

column 
 

        

Aerosols 
    

 
hetero-SMPS[ID] all_param aerosol size distribution, 

Aerosol total number 

concentration 

the [ID] following "SMPS" is the identifier of the specific SMPS used for the 

measurements 

 
hetero-CPC[ID] numb-conc Number concentration the [ID] following "CPC" is the identifier of the specific CPC used for the measurements 

 
hetero-TSI-CPC numb-conc Number concentration different ID (TSI_CPC) which is a borrowed instrument from TSI because our needs 

repair 
 

ZAMS all_param chemical speciation (NH4, 

SO4, NO3, ORG, Chl, O/C, 

H/C, N/C etc.) 

Zepplin-AMS 

 
TAMS all_param chemical speciation (NH4, 

SO4, NO3, ORG, Chl, O/C, 

H/C, N/C etc.) 

TAG-AMS 

 
IAMS all_param chemical speciation (NH4, 

SO4, NO3, ORG, Chl, O/C, 

H/C, N/C etc.) 

IUTA-AMS 

 
ICIMS_PARTICLE all_param VOC particle  Gothenburg ICIMS Figaero 
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Table A 7: Overview of all available data detected during JULIAC-I. The data file name is the combination of instrument and param inform listed in Table A 6. Green filling in table 

means data existence. (Table credit: IEK-8, Forschungszentrum Jülich, 2019: Overview of available data files in the SAPHIR data archive) 



 

 
 

156 
  

Table A 8: Overview of all available data detected during JULIAC-II. Data file name is the combination of instrument and param inform listed in Table A 6. Green filling in table 

means data existence. (Table credit: IEK-8, Forschungszentrum Jülich , 2019: Overview of available data files in the SAPHIR data archive) 
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Table A 9: Overview of all available data detected during the JULIAC-III. Data file name is the combination of instrument and param inform listed in Table A 6. Green filling in 

table means data existence. (Table credit : IEK-8, Forschungszentrum Jülich , 2019: Overview of available data files in the SAPHIR data archive). 
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Table A 10: Overview of all available data detected during the JULIAC-IV. Data file name is the combination of instrument and param inform listed in Table A 6. Green filling in 

table means data existence. (Table credit : IEK-8, , Forschungszentrum Jülich , 2019: Overview of available data files in the SAPHIR data archive) 
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A. 13 Map of wildfire counts 
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Figure A 15: Wildfire counts map during the JULIAC campaign, from top to bottom corresponding JULIAC-I to IV, supplied by 

Fire Information for Resource Management System (FIRMS) of NASA, https://firms.modaps.eosdis.nasa.gov/. 

A. 14 NB-OOA diurnal variation supplement 

 

Figure A 16: Diurnal pattern of the averaged concentrations of NB-OOA factors and tracers for biomass burning (aerosol potassium, 

furan NB-OOA formation mechanism investigation.

https://firms.modaps.eosdis.nasa.gov/
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Abbreviation 
AMS  Aerosol Mass Spectrometer 

BBOA  Biomass Burning Organic Aerosol 

bbVOCs  Biomass Burning Volatile Organic Compounds 

BLH  Boundary Layer Height  

BVOCs  Biogenic Volatile Organic Compounds 

CPC  Condensation Particle Counter  

HOA  Hydrocarbon-Like Organic Aerosol 

HR-TOF-AMS  High-Resolution Time-Of-Flight Aerosol Mass Spectrometer 

HYSPLIT  Hybrid Single-Particle Lagrangian Integrated Trajectory  

JULIAC  Jülich Atmospheric Chemistry Project 

LO-OOA  Less Oxidized Oxygenated Organic Aerosol 

MO-OOA  More Oxidized Oxygenated Organic Aerosol 

MSA  Methanesulfonic Acid 

MSA-OA  Methanesulfonic Acid-Containing Organic Aerosol 

Nbb-OOA  Biomass Burning VOCs Dominated Nocturnal Oxidation Oxygenated 

Organic Aerosol 

NBL  Nocturnal Boundary Layer  

NB-OOA  Biogenic VOCs Dominated Nocturnal Oxidation Oxygenated Organic 

Aerosol 

NF-PM1  Non-Refractory Submicron Particles  

NO-OOA  Nocturnal Oxidation Oxygenated Organic Aerosol 
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NRW  Non-Parametric Wind Regressions  

OA  Organic Aerosol 

OOA  Oxygenated Organic Aerosol 

PM1  Submicron Particles 

PMF  Positive Matrix Factorization  

POA  Primary Organic Aerosol 

SAPHIR  Simulation of Atmospheric Photochemistry in a Large Reaction Chamber 

SMPS  Scanning Mobility Particle Sizer 

SOA  Secondary Organic Aerosol 

Trans-OA  Continental Regional Transport Organic Aerosol 

VOCs  Volatile Organic Compounds 
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