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Abstract. Chemical characterization of atmospheric organic aerosols using gas chromatography with 70 eV electron ionization 

mass spectrometry (GC/EI-MS) has been used for decades in advancing molecular marker detection and identification, though 

primarily through suspect screening and/or targeted analyses.  To advance non-targeted analyses of environmental samples, 40 

we have catalogued approximately 27,000 mass spectra (MS) of the trimethylsilyl derivatives of semi-volatile organic aerosol 
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(OA) analytes in the open-access University of California Berkeley Goldstein Library of Organic Biogenic Environmental 

Spectra (UCB-GLOBES).   Analytes were observed in ambient samples from the U.S. and the Central Amazon and/or 

laboratory simulations of secondary OA (SOA) formation.  These samples are representative of OA under urban and biomass 

burning influences as well as SOA derived from biogenic precursors (e.g., isoprene, monoterpenes, sesquiterpenes) and 45 

biomass burning intermediates.  MS are documented in UCB-GLOBES without regard to known chemical identity, annotated 

with extensive metadata such as sample source/experimental conditions, any structural information gained from MS analyses, 

and predicted chemical properties such as average carbon oxidation state and carbon number.  UCB-GLOBES MS are 

compatible for importing into NIST MS Search program, and we have also provided a Jupyter Notebook for MS visualization 

and comparisons.  We demonstrate the utility of UCB-GLOBES through MS reanalyses of prior analytes observed in ambient 50 

data, finding a 20% reduction in the number of analytes assigned to OA source categories reliant solely on time series 

correlation and an overall 11% increase in new MS-based OA source categorization for the Southeast U.S.  For 1,513 analytes 

observed previously in the Central Amazon, we found 375 MS matches using UCB-GLOBES vs. 136 MS matches during 

prior analyses, representing a 14% gain in newly confirmed or newly categorized OA species.  While OA from laboratory 

oxidation experiments in UCB-GLOBES are highly diverse chemically, on average only 29% of UCB-GLOBES MS have a 55 

mass spectral match to another MS entry in UCB-GLOBES and/or in databases of known compounds (i.e. NIST MS Database, 

Adams Essential Oil, MANE Flavor and Fragrance Company).  This indicates that roughly 70% of UCB-GLOBES MS are 

unique thus far, not observed more than once among the laboratory oxidation samples and ambient data in UCB-GLOBES 

MS.  Further, only 18% can be positively identified using these databases or known authentic standards.  This points to a large 

gap between these laboratory simulations and ambient OA.  Overall, the UCB-GLOBES database can be utilized for improving 60 

confidence in OA source categorization and/or identification, novel chemical marker discovery, tracking chemical diversity, 

de novo structure and properties prediction, and improving MS search and matching algorithms.  This can ultimately inform 

future research priorities for the chemical characterization of atmospheric organic samples. 

1 Introduction 

Atmospheric organic aerosols are highly complex chemical mixtures, of which most compounds have yet to be 65 

chemically identified (Goldstein and Galbally, 2007; Hallquist et al., 2009; Nozière et al., 2015).  This is in large part due to 

the plethora of volatile organic compounds (VOCs) emitted to or formed in the atmosphere that participate in numerous 

chemical reactions to create many more unique oxidation products (Aumont et al., 2005; C. Ditto et al., 2020; Kanakidou et 

al., 2005).  The multitude of chemicals generated in the gas phase and those that partition into the particle phase, forming 

secondary organic aerosol (SOA), creates a challenge for probing the chemical makeup of OA.  Various analytical techniques 70 

have been employed to interrogate the chemical identities of organic compounds within the particle phase with previous 

observations finding hundreds to thousands of individual compounds within aerosol samples (Franklin et al., 2023; Hamilton 

et al., 2004; Isaacman-Vanwertz et al., 2017; Isaacman et al., 2014; Kourtchev et al., 2014; Nizkorodov et al., 2011; Wang et 
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al., 2017; Zhang et al., 2024).  Bulk characterization methods through the Aerodyne Aerosol Mass Spectrometer (AMS) can 

include reporting of elemental ratios (e.g. H:C, O:C) and statistical factor analysis of mass spectra to infer aerosol source-types 75 

and origins (Aiken et al., 2007, 2008; Canagaratna et al., 2015; Ulbrich et al., 2009).  In addition, resources of characteristic 

AMS mass spectra available to the community aid in potential chemical classification of OA sources (Jeon et al., 2023).  

Several molecular-level high-resolution mass spectrometry techniques are employed to obtain molecular formula of analytes 

(Brophy and Farmer, 2015; Crounse et al., 2006; Lee et al., 2014; Lopez-Hilfiker et al., 2019; Roach et al., 2010a, 2010b), 

though definitive chemical structure and isomer-specific level identification can only be gained by adaptive configurations and 80 

separation (Johnston and Kerecman, 2019; Krechmer et al., 2016; Nozière et al., 2015; Wen et al., 2023).  Despite advances 

in mass spectrometry as well as organic syntheses targeted for atmospheric chemical markers (Gagan et al., 2023), there 

remains a large fraction of measurable yet chemically unidentified organic compounds in the atmosphere.  This problem is 

chronically plagued by the lack of commercially available standards as well as the extreme difficulty of synthesizing standards 

of interest.  The sheer challenge of measuring (being sensitive to all compound types), much less identifying and quantifying 85 

these compounds, typically results in targeted analyses (reporting a specific list of analytes) vs untargeted analyses (reporting 

all measurable analytes without regard to known identity).  Understandably, targeted analyses lessen the burden of increasingly 

complex data analysis from measurement techniques with increasing capacities.  However, this can also lead to a loss in the 

utilization of available data and unintended potential biases in scientific foci.  For example, Franklin et al., (2023) estimated 

that by restricting analyses to the top hundred analytes by mass observed in the Central Amazon, only ~70% of OA mass 90 

associated with either urban influences or biomass burning would be considered with a skew towards biomass burning 

products. 

 Discoveries of specific chemical markers in the atmosphere have been born from using gas chromatography with 

electron ionization mass spectrometry (GC/EI-MS), in which compounds are separated (typically by boiling point) while mass 

spectra of eluents are also measured to aid in structural identification (Claeys et al., 2004; van Eijck et al., 2013; Lin et al., 95 

2012; Surratt et al., 2007; Szmigielski et al., 2007).  In traditional one-dimensional GC, however, separations can be limited 

by co-elution of compounds with similar properties (e.g., boiling point), leading to convoluted signals and difficulty in 

acquiring pure compound MS.  The application of two-dimensional gas chromatography (GCxGC) has drastically improved 

the resolving peak capacity compared to that of traditional one-dimensional GC, by performing a second separation (e.g., by 

polarity) of first-column eluents (Alam et al., 2013; Alam and Harrison, 2016; Goldstein et al., 2008; Hamilton et al., 2006; 100 

He et al., 2022; Song et al., 2022; Worton et al., 2012).  Additional separation can result in greater chromatographic peak 

separation and thereby purer MS, allowing for enhanced acquisition of isomer-specific data.  For example, Hamilton et al., 

(2004) isolated over 10,000 individual organic species from a single sample of collected urban aerosol.   

 Given the wide use of GC/EI-MS for many environmental applications, mass spectral libraries exist for comparing 

measured spectra to those in open-access and for purchase formats (MassBank, MassBank of North America, Golm 105 

Metabolome Database, Adams Essential Oil, MANE2010 flavor and fragrance mass, Wiley MS Library, NIST/EPA/NIH MS 

Database) to aid in determination of sample compounds’ chemical identities (Stein, 2012).  Still, most of these resources only 
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document compounds of known chemical identity or MS generated from authentic standards readily available, with some 

exceptions of MS data for unidentified compounds in biological samples (Kopka et al., 2005; Mallard et al., 2014).  For 

unidentified compounds or those identified but not provided in state-of-the-art MS databases, it can be challenging for 110 

analysers of GC/EI-MS spectra to get a rigorous quantitative comparison such as cosine angle similarity analysis between their 

query mass spectra and novel mass spectra that are, for example, published as an image in the journal article.  An analyst would 

greatly benefit from having the MS in a data format that allows for automated and computed MS searching in applications like 

the NIST MS Search program with quantitative calculations that compare the query spectrum against available MS, eliminating 

the uncertainty in qualitative identification by visual inspection.  Qualitative MS comparison can lead to pitfalls in false 115 

identification of compounds of similar structure such as isomers or compound families with very similar MS fragmentation 

patterns (e.g., alkanes), without context of additional data such as Kováts chromatographic retention index, a proxy for elution 

time of compounds relative to a standard series such as n-alkanes that can be compared across instruments (Kováts, 1958). 

Thus, as many atmospheric organic compounds have yet to be identified and limited authentic standards exist, we 

have established an open-access database of 70 eV electron ionization MS acquired with GCxGC from compounds in ambient 120 

atmospheric samples and laboratory oxidation experiments of atmospheric relevance without necessitating that chemical 

identity be known.  Initial datasets included those developed in Worton et al. (2017) and Yee et al. (2018).  The growing 

collection was then formally named the University of California, Berkeley Goldstein Library of Biogenic and Environmental 

Spectra (UCB-GLOBES) in Jen et al. (2019) with ~4,800 MS and this work extends the database to include a total of ~27,000 

MS.  UCB-GLOBES includes single instance and replicate MS, multiple instances of MS representing the same compound, 125 

that spans a collection of ambient samples analysed over the past decade (e.g., urban, rural, remote, biomass burning 

influenced) as well as laboratory samples simulating oxidation of isoprene, terpenes, and biomass burning emissions under 

varied chemical and environmental conditions.   

MS data along with useful metadata (e.g., chromatographic retention index, origin of MS sample including field 

campaign/laboratory source and conditions, predicted chemical properties, inferred structural characteristics, predicted 130 

MW/chemical formula) are provided without regard to known chemical identity.  The overall goal of UCB-GLOBES is to: 1) 

advance discovery of novel atmospheric and environmental chemical markers of importance, 2) improve the community’s 

awareness and knowledge of compounds that have been regularly measured but lack identification, 3) encourage more open 

sharing of annotated MS data across the GC/EI-MS community, 4) increase quantitative confidence in identification by MS 

matching or narrowing down information about an unknown MS (structural similarity, potential chemical origins), and 5) 135 

enable further experimental and modelling studies employing mass spectral data.  In this work we describe and expand on the 

MS datasets in UCB-GLOBES curated and released thus far, demonstrate how they can be used for more efficient analysis of 

sample MS through reanalysis of past ambient datasets, and conclude with discussions on potential avenues for extending 

UCB-GLOBES and its use in future studies. 
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2 UCB-GLOBES dataset description  140 

2.1 Method of aerosol samples collection 

Pre-baked (550° C for 12 hours) quartz filters were used for collecting various aerosol sample types during several 

field and laboratory measurement campaigns (Table 1), including the 2013 Southern Oxidant and Aerosol Study (SOAS), the 

2014 Green ocean Amazon (GoAmazon) study, western US wildland fuel burns at the U.S. Forest Service Fire Science 

Laboratory as part of the Fire Influence on Regional and Global Environments Experiment (FIREX2016), and smoke 145 

transported to Berkeley, CA during the 2017 Napa, CA wildfires.  Additionally, aerosols were also collected from seeded 

laboratory oxidation experiments of single hydrocarbon precursors including several sesquiterpenes (α-cedrene, α-copaene, β-

caryophyllene, α-humulene and α-farnesene) and an essential oil rich in terpenes (copaiba essential oil, Amazon origin) under 

varied oxidant conditions (H2O2 as OH precursor with added NOx or ozonolysis) in the U.S. Environmental Protection Agency 

National Exposure Research Laboratory as described in previous work (Jaoui et al., 2013; Yee et al., 2018; Zhang et al., 2018).  150 

Ozonolysis of monoterpene species such as α-pinene, d-limonene, and myrcene in the absence of seed aerosol was also tested 

in an oxidation flow reactor at UC Berkeley (Zhang et al., 2018), while reaction of α-pinene with nitrate radical (NO3
●) in the 

presence of seed aerosol was performed in the Georgia Tech Environmental Chamber (GTEC) facility (Walters et al., 2025).  

Oxidation of furan biomass burning intermediates, 3-methylfuran with OH and furfural with OH (HONO as OH precursor in 

both cases), was also conducted in GTEC with seed aerosol (Joo et al., 2024).  Lastly, isoprene oxidation via reaction with OH 155 

radical (H2O2 as precursor, in the absence of added NOx) was conducted with seed aerosol in the Pacific Northwest National 

Laboratory chamber facility according to previous methods (Chen et al., 2023).  Of note is that the temperature (T) and relative 

humidity (RH) conditions tested are varied across the laboratory experiments included here, so experiments and accompanying 

data should not be considered perfect analogues between hydrocarbon precursor systems.  A selection of UCB-GLOBES 

libraries newly added and/or updated in this work along with the number of records in each is summarized in Figure 1. 160 

 

 
Table 1: MS datasets included in UCB-GLOBES with associated publications, number of MS, and brief description 

MS Library (File) Name and 
Associated/Related Publication(s) 

# of 
MS Dataset Description 

Field Samples 

Worton_VUV_2017.MSP 
 
Worton et al. (2017)  

201 

Compounds observed during the Biosphere Effects on AeRosols 
and Photochemistry Experiment (BEARPEX) 2009, local biogenic 
emissions from mixed conifer forests dominated by ponderosa pine 
trees, aged biogenic emissions from oak trees located several hours 
upwind and urban outflow from the Sacramento region; 
underivatized MS with vacuum ultra violet (VUV) ionization 
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MS Library (File) Name and 
Associated/Related Publication(s) 

# of 
MS Dataset Description 

GoAmazon2014_terpox_v2.MSP 
  
Yee et al. (2018) 

70 

Compounds observed during GoAmazon 2014 wet season 
confirmed to originate from oxidation of isoprene, a few 
monoterpenes, and a few sesquiterpenes, “T3” Manacapuru site, 
AM, Brazil, cleared pasture site located 70 km downwind of urban 
Manaus and immediately surrounded by secondary forest with clear 
differentiation between clean conditions versus those with Manaus 
plume outflow 

Soasox 
  
Zhang et al. (2018) 

829 

Compounds observed during the Southern Oxidant and Aerosol 
Study (SOAS) 2013, summertime, Centreville, AL, rural, primarily 
forested with a mixture of deciduous and coniferous trees with 
relatively little local influence and occasional urban influence from 
Tuscaloosa, AL 

NAPA_2017_YL 
 
Liang et al. (2021) 

573 Compounds observed during October-November 2017 at UC 
Berkeley during period of heavy wildfires in Napa Valley, CA 

Goamz 
 
Franklin et al. (2023) 

1498 

Compounds observed during GoAmazon 2014 wet and dry seasons 
at “T3” Manacapuru site, AM, Brazil, cleared pasture site located 
70 km downwind of urban Manaus and immediately surrounded by 
secondary forest 

Laboratory Burns of Biomass 

FSL_FIREX2016_v2.MSP 
 
Jen et al. (Jen et al., 2019) 

4828 

Compounds observed from laboratory burning of common western 
US wildland fuels at the U.S. Forest Service Fire Science Laboratory 
as part of the Fire Influence on Regional and Global Environments 
Experiment (FIREX2016) 

FSL_FIREX2016_v2.2024.MSP 
 
McGlynn et al. (2025) 

4828 
Reanalysis of FSL_FIREX2016_v2 to subtract out PFMD 
contamination from ~1000 MS as well as new chemical 
identifications using NIST23. 

Surrogate Biomass Burning Laboratory Oxidation 

Mf3ox 
 
Joo et al. (2024) 

353 3-methylfuran + OH (HONO as OH source) + (NH4)2SO4 seed, T 
=22°C, RH =50% 

Furfox 
 
Joo et al. (2024)  

233 furfural + OH (HONO as OH source) + (NH4)2SO4 seed, T = 22°C, 
RH = 5% 

Sesquiterpene Laboratory Oxidation 

Acopox 
 
Yee et al. (2018); Experiment 
conducted under same methodology as 
in Jaoui et al. (2013) and Offenberg et 
al. (2017); Zhang et al. (2018) 

1616 α-copaene + O3, + (NH4)2SO4 seed, T =22°C, RH = 32% 
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MS Library (File) Name and 
Associated/Related Publication(s) 

# of 
MS Dataset Description 

Aromox 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Zhang et al. (2018) 

1016 aromadendrene + O3 + (NH4)2SO4 seed, T = 22°C, RH = 32% 

Aromox2 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Zhang et al. (2018) 

1073 aromadendrene + NOx + hν + (NH4)2SO4 seed, T = 25°C, RH = 31% 

Ahumox 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Zhang et al. (2018) 

1554 α-humulene + O3 + (NH4)2SO4 seed, T = 22°C, RH = 32% 

Ahumox2 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Zhang et al. (2018) 

1633 α-humulene + NOx + hν + (NH4)2SO4 seed, T = 24°C, RH = 28% 

Acedox 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Zhang et al. (2018) 

1090 α-cedrene + O3, + (NH4)2SO4 seed, T = 22°C, RH = 32% 

Acedox2 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Zhang et al. (2018) 

1019 α-cedrene + NOx + hν + (NH4)2SO4 seed, T = 24°C, RH = 28% 

Bcpox 
 
Yee et al. (2018)  

5 

β-caryophyllene aldehyde, β-caryophyllinic acid, β -caryophyllonic 
acid, β-nocaryophyllone aldehyde, β-nocaryophyllonic acid; 
synthesized chemical standards by Regan Thomson and Franz 
Geiger Groups at Northwestern University  

Bcpox2 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Zhang et al. (2018) 

1030 β-caryophyllene + NOx + hν + (NH4)2SO4 seed, T = 25°C, RH = 
29% 

Bcpox3 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Yee et al. (2018) 

1001 β-caryophyllene + NOx + acidic, (NH4)2SO4 and H2SSO4, seed + hν, 
T = 24°C, RH = 29% 

Bfarnox 
 
Jaoui et al. (2013); Offenberg et al. 
(2017); Yee et al. (2018) 

1624 β-farnesene + NOx + hν + (NH4)2SO4 seed, T = 25°C, RH = 31% 

Copox 
 
Yee et al. (2018); Experiment 
conducted under same methodology as 
in Jaoui et al. (2013) and Offenberg et 
al. (2017) 

1356 copaiba oil + O3 + (NH4)2SO4 seed, dynamic, T = 22°C, RH = 32% 
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MS Library (File) Name and 
Associated/Related Publication(s) 

# of 
MS Dataset Description 

Monoterpene Laboratory Oxidation 

Apinox 
 
Zhang et al. (2018) 

568 α-pinene + O3 (high SOA loading), T = 23°C, RH = 30% 

Apinox2 
 
Zhang et al. (2018) 

204 α-pinene + O3 (low SOA loading), T = 23°C, RH = 30% 

Apinox3 
 
Experiment conducted under same 
methodology as in Walters et al. (2025) 

1596 α-pinene + NO3 + (NH4)2SO4 seed, T = 22°C, RH = 30%  

Limonox 
 
Zhang et al. (2018) 

483 limonene + O3, T = 23°C, RH = 30% 

Myrcox 
 
Zhang et al. (2018) 

447 myrcene + O3, T = 23°C, RH = 30% 

Isoprene Laboratory Oxidation 

Isopox 
 
Experiment conducted under same 
methodology as in Chen et al. (2023). 

1265 isoprene + OH (H2O2 as OH source), T = 23°C, RH = 57%,  wet 
(NH4)2SO4 seed  
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 165 
Figure 1: Number of mass spectra (MS) in each library of the UCB-GLOBES database used in this work.  Blue bars indicate MS 
produced from laboratory oxidation experiments and green bars indicate field/ambient datasets. 

 

2.2 GCxGC-HR-TOFMS analysis 

 All samples were analysed offline using two-dimensional Gas Chromatography with High-Resolution Time-Of-Flight 170 

Mass Spectrometry (GCxGC-HR-TOFMS) as employed in previous work (Franklin et al., 2023; Jen et al., 2019; Liang et al., 

2021; Worton et al., 2017; Yee et al., 2018; Zhang et al., 2018).  Briefly, one or multiple aliquots (0.41 cm2) of each filter 

sample were prepared with an applied internal standard.  The internal standard is a custom mixture of even carbon number 

perdeuterated n-alkanes spanning C12-C38 (C/D/N Isotopes) and isotopically-labelled compounds with similar 

structures/functionality of atmospheric compounds previously encountered.  Internal standards are used for establishing a basis 175 

for normalized chromatographic retention times for comparison across samples as well as for accounting for instrument 

changes in detector sensitivity and matrix effects during sample desorption.   
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Prepared sample punches were then desorbed into helium using an autosampler (Gerstel TDSA2) and temperature 

programmed thermal desorption unit (Gerstel TDS3), followed by focusing onto a glass wool liner held at 30 °C in the cooled 

inlet system (Gerstel CIS4).  Contents were then desorbed from the cooled injection system (CIS) with in-situ gas-phase 180 

derivatization by MSTFA, N-methyl-N-trimethylsilyl trifluoroacetamide (Sigma-Aldrich), before GCxGC separation (Agilent 

GC 7890).  Derivatization converts hydroxyl groups on compounds into trimethylsilyl (TMS) esters, allowing resolution of 

more polar and oxygenated organics that are not typically GC-amenable.  The first GC column is a 60 m × 0.25 mm × 0.25 

μm nonpolar capillary column (Restek Rxi-5Sil MS) which leads to separation by volatility.  First column effluent is then 

cryogenically focused on a guard column (1 m × 0.25 mm Restek Rxi) using a dual-stage thermal modulator (Zoex) and 185 

injected every 2.3 s onto the second GC column, 1 m × 0.25 mm × 0.25 μm (Restek Rtx-200MS), which leads to separation 

by polarity.  Helium was used as the carrier gas with a flowrate of 2 mL min-1 while the GC temperature program comprised 

of holding at 40 °C for 2 min, followed by ramping 3.5 °C min−1 until 320 °C is reached, and finally held there for 10 min.  

The second column was housed within a secondary oven that was maintained at 15 °C above the main oven temperature.  

Second column effluent was then transferred to the ionization region of a high-resolution (m/Δm ~ 4000) time-of-flight mass 190 

spectrometer (TofWerk HTOF), where analytes were ionized using 70 eV electron ionization before detection.       

2.3 Creation of EI MS libraries 

Within UCB-GLOBES are several EI MS libraries, each representing MS compiled from a particular field campaign 

or laboratory oxidation experiment.  Following GCxGC-HR-TOFMS analysis, chromatographic and MS data were imported 

into the GCImage software (GCImage, LLC), in which initial processing steps included automated background subtraction, 195 

blob (3-D chromatographic peak) detection, and MS deconvolution.  Chromatographic retention indices (RIs) were initially 

configured based on the perdeuterated alkane series present in the internal standard, and then mathematically translated via 

linear fit to the more conventional and widely-used n-alkanes based Kovats Retention index (Kováts, 1958), using the nearest 

in time GCxGC run with co-injections of perdeuterated and normal n-alkanes.  Unit mass resolution MS at the peak of 

considered blobs were then extracted and searched within the NIST MS Search program v.2.4 (U.S. Department of Commerce) 200 

and exported from the Librarian tab to .MSP format or directly saved from GCImage.  Unit mass resolution (UMR) spectra 

were selected for entry into UCB-GLOBES for computational simplification and are more widely useful to the wider GC/EI-

MS community that does not necessarily acquire HRMS data.  UMR data has not been shown to decrease the fidelity of MS 

identification through MS searching (Stein, 2012), although HRMS data is better suited for potential molecular formulae 

assignment of unknowns and determination of MW, which can be useful in hybrid searching to gain additional structural 205 

information.  Exported peak table information (e.g. retention times, retention index) from GCImage were combined with MS 

data in the NIST MS Search program generated .MSP file within a Microsoft Excel worksheet with a custom-written macro 

for data merging. Additional custom metadata entry by analysts were added before reexport of the curated MS library as a 

.MSP file (to be compatible for reimport as a custom user library in the NIST MS Search program; see Supplementary 

Information: Using UCB-GLOBES data within NIST MS Search program for further details).  Custom metadata entry fields 210 
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include those listed and described in Table 2.  During import of UCB-GLOBES MS libraries into the NIST MS Search 

program, the metadata entries will appear in the comments section of MS records with fields formatted and labelled by “Tags” 

as according to the NIST MS Search program conventions.  An example MS entry and its MS search results as viewed in the 

NIST MS Search program is shown in Figure S1.  Further information on how to access UCB-GLOBES MS contents and 

version control is described under Data Availability.  While creation of UCB-GLOBES MS entries here were generated with 215 

one specific instrument and method of sample preparation, the database could readily include deconvoluted MS from additional 

GC/EI-MS instruments with variations in sample prep, column loadings, and GC conditions.  The importance of and quality 

of associated metadata with any MS entry is essential for helping an analyst discern the suitability and confidence in a MS 

match, just as similar data is included for known identity compounds within the NIST MS Database when available.  For 

example, because analytes were derivatized here with MSTFA and separated on a nonpolar column, other GC/EI-MS analysts 220 

searching for MS matches among UCB-GLOBES should take this into account with their sample preparation method, 

interpretation of analyte MS, and comparison of retention indices.  Contributions of new MS to UCB-GLOBES is welcome 

and further described in detail in Supporting Information. 

 
Table 2: Metadata entries accompanying each MS entry along with descriptions of each metadata field 225 

Metadata field/tag name Description 

Name Compound name including trimethylsilyl groups if applicable (e.g., levoglucosan, 

3TMS); otherwise, a placeholder name given by an analyst as an unknown compound 

(e.g. UNK_AHG_HZ_SOAS_394, following the format: 

UNKnown_PrincipalInvestigatorInitials_AnalystInitials_Dataset_PeakNumber) 

Synonyms Synonyms for compound name.  Multiple names may be entered in this column, separated 

by semicolons (;) as delimiter 

Campaign/Experimental 

Source 

Field campaign/laboratory oxidation/standard used 

Experimental_Conditions Description of any experimental conditions that may provide scientific insight into the 

observation of this compound 

UID "Universal ID", a unique identifier for the MS within UCB-GLOBES (e.g., LDY-22110, 

following a format of CuratorInitials-MSNumber) 

Contributor_ID Original compound ID assigned by the contributor   

Comments Contributor's comments that may aid in interpretation of the compound MS or an 

unknown compound structure/source; Any comments on MS quality 

Suspected_matches List of UIDs that are suspected to be potential MS matches, but not necessarily confirmed 

by an analyzer/additional AI/ML MS match review 
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Metadata field/tag name Description 

Confirmed_matches List of UIDs that are reasonably confirmed as MS match by an analyst 

Predicted_Matches List of UIDs that are predicted to be matched by automated MS review 

Compound_Structural_Info Contributor's description of compound structure (e.g. sugar, acid, unknown, etc.) 

Formula Elemental formula including silyl groups if applicable 

MW Molecular weight including silyl groups if applicable 

ExactMass Exact molecular weight including silyl groups if applicable 

VUV_Exact_Mass VUV measured exact mass if applicable 

CAS# IUPAC given CAS# if applicable (identity known) 

Ch3MS-RF Cnum.p Predicted carbon number of underivatized analyte 

Ch3MS-RF OC.p Predicted O:C ratio of underivatized analyte 

Ch3MS-RF OSc.p Predicted average carbon oxidation state of underivatized analyte 

Ch3MS-RF VP.p Predicted log(vapor pressure) atm of underivatized analyte 

Column_Type Class of GC column: polar, non-polar, etc. 

Retention_index n-alkane based retention index used in MS searching and RI comparison 

d_alkane_RTI Deuterated alkane-based retention index 

n_alkane_RTI n-alkane based retention index 

Instrument Instrument used to obtain MS 

Ionization Ionization energy 

Injection_method Method used for introducing sample into instrument 

Derivatization_Agent Derivatization agent used if applicable 

GC_column GC column description 

Oven_temp Oven program used 

Publications Associated publications that this MS library entry is used in or supporting publications 

on generation/measurement of this compound 

Contributor Name of person who made the MS entry 

Date_of_Entry Date the entry was made 

Num Peaks Number of m/z peaks for which MS measured 

5_Highest_Intensity_MZ m/z values of the top 5 highest intensity peaks in MS 

Base_Peak m/z of the highest intensity peak in MS 

MS Mass spectrum 
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2.3.1 Manual/automated MS Quality Checks 

Additional manual/automated quality checks were performed in case of compromised MS quality due to potential 

missed 2nd dimension blob co-elutions by the software, filtering out known experimental or system artifacts, noisy MS due to 

insufficient signal, etc.  Additional known contamination influencing MS quality included convolution of low polarity peaks 230 

coinciding with perfluoromethyldecalin (PFMD, an internal pulsed calibrant during chromatographic runs for MS calibration).  

Figure S2 shows that while the majority of MS were not flagged for failing any of these MS quality checks, a significant 

portion (~1,000 MS) within the FSL_FIREX2016_v2 dataset were found to have systematic PFMD contamination in the MS 

in those chromatographic runs.  MS in FSL_FIREX2016_v2 have since been corrected and rereleased as 

FSL_FIREX2016_v2.2024 to subtract out PFMD influence in the MS and include updated identifications using the NIST MS 235 

2024 database (pre-release) and additional analysis methods described in McGlynn et al. (2025).   

While considerable effort has been made to identify and correct for any issues that may lead to decreased quality of 

the MS and its metadata for scientific use (including measures such as complete omission of bad MS entries), it is imperative 

that any user of UCB-GLOBES data be generally versed in EI-MS interpretation as would be the case in utilizing any MS 

databases for increasing confidence in identification.  Additional training in environmental (atmospheric) chemistry concepts 240 

is useful to confidently use the data for scientific purposes (e.g. ascribing query MS matched with UCB-GLOBES entries to 

the same source/chemical conditions as those under which a UCB-GLOBES MS entry derived from).  For example, as is the 

case for laboratory oxidation experiments, it is very feasible for lingering trace level contaminants to exist between experiments 

performed for different precursor systems at detectable levels in GCxGC analyses despite minimal/undetected impact on the 

main chemistry of focus from the perspective of other aerosol analyses.  It is also possible for starting precursors though 245 

purchased from chemical suppliers to have small amounts of impurities.  In these known cases, some MS were completely 

omitted based on the knowledge that certain compounds should not be generated during oxidation of a particular precursor or 

notes in the metadata fields of a MS entry highlight the authors’ interpretation of a likely contaminant/artifact.  It is the intent 

that should users of UCB-GLOBES database have additional MS interpretations or proposed corrections to the current entries, 

that the corresponding author be contacted to improve the database quality through informal peer scientific discourse.  We 250 

expect UCB-GLOBES to be under continuous evolution including deletion/addition of MS records as well as new metadata 

for existing entries as parallel analyses provide new information (e.g. new annotated MS datasets that inform past MS data, 

predictive capabilities of compound properties/identification based on MS features evolve).   

2.3.2 Automated metadata entries from MS featurization: MW prediction, base peak, five highest intensity m/z ions  

An automated algorithm for picking out the potential molecular ion was generated on the basis that trimethylsilyl 255 

derivatives in EI MS tend to have a characteristic [M – CH3
•]+ or [M – 15]+ ion (Harvey and Vouros, 2020).  For each MS, its 

peaks were first found by simple neighbour comparisons: an ion was considered a peak if its intensity was higher than the 

intensities of its left and right neighbours.  Then, all pairs of peaks with a 15 amu difference were found; in each pair, the peak 
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with higher m/z was a candidate for the molecular ion.  The candidate with the highest m/z was selected as the predicted MW 

ion.  If its intensity exceeded the 75th intensity percentile of the MS, it was included in the metadata for that entry under the 260 

“MW_Prediction” metadata field.  If no candidates were found or the predicted MW ion had intensity below the enforced 

percentile, the “MW_Prediction” metadata field was set as “0” or empty.  In contrast, the “MW” metadata field was populated 

under the following cases: 1) Positive MS identification resulting in known chemical structure, 2) analyst determined MW 

from examination of isotopic ratios and the molecular ion, and 3) analyst determined molecular ion from complementary 

analysis of samples using vacuum ultraviolet ionization (also reported under “VUV_Exact_Mass” and applicable to only a few 265 

datasets in UCB-GLOBES).  Custom code was also written to report the base peak (m/z of the highest intensity peak) and the 

five highest intensity ions. 

2.4 MS matching criteria 

In the forthcoming analyses presented in Section 3, we leverage the UCB-GLOBES database for improving 

knowledge about previously observed but unidentified MS in ambient datasets.  By searching MS from each dataset against 270 

UCB-GLOBES, additional MS matches were found besides those within the NIST20 MS Database, Adams Essential Oil MS 

Library, and a proprietary MS library from the flavor and fragrance company, MANE.  Generally, MS matches (MSM) were 

considered a potential match as long as the NIST MS Search program forward match factor (FMF) ≥ 700, reverse match factor 

(RMF) ≥ 750, and the difference in the query and database MS retention indices ≤ 10.  Retention index (RI) comparison for 

library search was not used in match factor calculation since RI tolerances were checked separately.  For matches external to 275 

UCB-GLOBES, retention time differences ≤ 30 were considered a match.  The match factor (MF) cutoffs used here are 

considered to provide “fair” matches (Stein, 1995), which were purposefully lenient in the current analyses to not overattribute 

MS as unique/unknown by using stricter MF thresholds of 800 or “excellent.”  Some were still considered matched per analyst 

discretion after manual inspection and accounting for spurious MS contaminant peaks and/or consideration of influences from 

signal to noise that might lower the MF scores.  280 

2.5 UCB-GLOBES MS Data Visualization and Comparison Tool 

An open-access Python-based tool was developed within Jupyter notebook allowing users to download the latest 

UCB-GLOBES data, plot MS entries, compare MS, and calculate cosine angle similarity indices between two or more MS as 

a quantitative indicator for similarity that does not require the NIST MS Search program for match factor calculations.  Cosine 

angle similarity values range from 0 (poor/not a match) to 1 (perfect match).  Plots for comparing two user-selected MS are 285 

generated following the format developed in Jeon et al. (2023) for comparison of AMS mass spectral data.  An example output 

of the MS data visualization and comparison tool for unidentified MS entries by UCB-GLOBES Universal ID (MS Name) 

LDY-21509 (UNK_AHG_HZ_SOAS_394) and LDY-22110 (1128_1901_blob_1117) is shown in Figure 2.  Overall, the MS 

are highly similar (cosine similarity score = 0.994) and close in RI (only differs by one RI unit), indicating that these MS are 

likely from the same compound.  Furthermore, the MS here are suspected MS matches with 10 additional unidentified MS 290 
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from other datasets in UCB-GLOBES including LDY-7521, LDY-14099, LDY-10911, LDY-6980, LDY-4100, LDY-11940, 

LDY-5510, LDY-21509, LDY-20100, LDY-9654, LDY-9794. These MSs are derived from monoterpene laboratory oxidation, 

sesquiterpene laboratory oxidation, and ambient datasets with majority biogenic OA sources.  A cosine angle similarity matrix 

is generated for evaluating the MS similarity for all twelve of these sample types (Table S1) indicating that there is high MS 

similarity (cosine similarity scores > 0.95) between these compounds which can serve as a potential marker of laboratory and 295 

ambient terpene oxidation.  Specific information on how to use this Jupyter notebook is discussed in the Supplementary 

Information.   



16 
 

 

Figure 2: Outputs for MS comparison tool as a) MS for UNK_AHG_SOAS_394 (UID LDY-21509), b) MS for 
1128_1901_blob_1117 (UID LDY-22110), c) Mirrored comparison plot for both spectra, d) MS subtraction, and e) Correlation plot 300 
of relative intensities with calculated cosine angle similarity between MS. 
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3 Improving knowledge of unknown atmospheric compounds using UCB-GLOBES 

3.1 Progression from targeted vs untargeted tracking of measurable compounds 

 Previous analysis of GCxGC-HR-TOFMS measurement of compounds sampled during the 2013 Southern Oxidant 

and Aerosol Study (SOAS) was performed through a semi-targeted approach, in which one filter sample was selected as a 305 

representative matrix of compounds to trace throughout the whole 6-week campaign (Zhang et al., 2018).  A “template” of 

~800 chromatographic peaks stored with their retention times and first dimension RI, and ratios of characteristic ions (manually 

assigned by the analyst after examining all template MS), was utilized for automated template matching within GCImage for 

over 300 other filter sample runs.  As automated template matching primarily performs matches by measured two-dimensional 

retention times, this method was highly tedious and required manual quality control to check MS matches according to analyser 310 

specified ratios of ion abundances for the assigned characteristic ions.  To eliminate the need for manual MS constraints to be 

assigned by an analyst, we adopted a new workflow in which template peaks’ mass spectra along with retention times and first 

dimension RI are stored in a custom MS library so the peaks within each sample could be searched using their full mass spectra 

rather than relying on a ratio of two manually chosen characteristic ions as the contingent MS match criteria.  This greatly 

simplified template matching and reduced the time spent in manual quality checks, as MS searches conducted with the NIST 315 

MS Search program generate quantitative MS match factors (Stein, 1994) with consideration of retention index matching. We 

have since generated a custom MS library, Soasox (Table 1), with MS, RI, and metadata entries for the ~800 compounds traced 

during the SOAS campaign for inclusion in UCB-GLOBES.    

By embracing the ability to store full MS data of observed and majority unidentified compounds, we could also 

generate a consensus template of several compounds viewed over multiple samples during a campaign, rather than select one 320 

representative sample that may bias towards time of day/certain chemistry, etc.  Such an approach was adopted in Jen et al. 

(Jen et al., 2019) to generate a dataset with ~4,800 biomass burning marker species spanning over 29 burns featuring varying 

fuel types burned in a fire laboratory, ~500 species observed in downwind wildfire smoke from Napa, CA (Liang et al., 2021), 

and ~1,500 species observed during the GoAmazon field campaign (Franklin et al., 2023). 

3.2 Improving chemical source category assignment of unknown compounds in ambient data 325 

3.2.1 Source reclassification of compounds observed during SOAS 

As an exercise in testing how creation of custom MS libraries can increase the efficiency of classification of unknown 

compounds to potential sources of chemical origin by MS matching, a MS search was conducted on those of 816 compounds 

observed during the SOAS 2013 campaign.  Previous analysis in Zhang et al. (2018) found 342 MS matches (MSM) among 

these compounds.  Here, we found an additional 91 MS matches (MSM) to UCB-GLOBES entries, and 75 of these were newly 330 

classified/reclassified into chemical groups accordingly (Figure 3).  This equates to an overall 11% increase in MS match-

based confirmations and new information gained about the SOAS dataset.  In addition, the number of analytes previously 

assigned to a chemical source group solely via time series correlation (R2) with other chemical markers of known chemical 
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origin dropped by 84; this is a 20% reduction in the number of analytes listed as R2 for the method of source group 

determination under the “Group Determined By” column in  Table S2 compared to the number listed under the “Group 335 

Determined By Reanalysis” column.   

Using UCB-GLOBES as an additional reference for added MS confirmations helps fortify inferred chemical source 

assignments based on time series correlation but importantly leads to potential reassignment of some of the compounds on a 

basis of chemical structure (through MSM or MS similarity) and origin (MS annotated with campaign/experimental source of 

MS observation).  Moreover, many UCB-GLOBES MS are common between multiple libraries, which means that there is 340 

potential for measured compounds to originate from more than one precursor (Figure S3 and Figure S4).  This is expected as 

oxidation of VOCs in the atmosphere typically progresses to organic intermediates of increasing average carbon oxidation 

state and lower carbon number with CO2 as an eventual endpoint (Kroll et al., 2011).  Thus, many oxidation products along 

fragmentation pathways (i.e. C-C bond cleavage) will be common among various precursor systems.  In the case of this SOAS 

dataset reanalysis, several occurrences of compound MS having several MS matches necessitates new/hybrid chemical source 345 

categories to be employed.  For example, Zhang et al. (2018) utilizes single precursor class assignments for biogenic organic 

aerosols as either BOOA = other biogenic organic aerosols, ISOP = isoprene SOA, MTLab = monoterpene SOA observed in 

literature and lab experiments, MTR2 = monoterpene SOA based on timeline correlation, or SEQT = sesquiterpene SOA.  For 

figure clarity in this study, we have shortened the MTLab and SEQT designations to MT and SQT hereafter.  The reanalysis 

reveals that for 537 compounds previously ascribed to any of these singular biogenic OA categories, 15 of their MS were in 350 

fact crossmatched between multiple libraries/multiple precursor systems.  This provides evidence of common oxidation 

products derived from different precursors.  As an example, three MS with UIDs LDY-21129, LDY-21220, and LDY-21183 

were found to have corresponding chemical formulae of C8H12O5, C7H8O5, and C7H10O5, respectively.  LDY-21220 was 

originally classified as SQT-derived, while the other two were classified as MT based on timeline correlation.  Laboratory 

oxidation MS in UCB-GLOBES shows these MS can all be generated in MT/SQT oxidation, highlighting that these MS can 355 

represent compounds as indistinct chemical makers derived from terpene oxidation.  There was even a compound with UID 

LDY-21336 with proposed molecular formula C4H8O3 that crossmatched between MT, SQT, and BBOA (biomass burning 

OA), which is consistent with previous observations of terpenes and their oxidized derivatives being emitted during biomass 

burning (Hatch et al., 2019).  LDY-21336 also matched to other MS among biomass burning UCB-GLOBES datasets including 

the Napa, CA fires, FSL_FIREX2016, and laboratory oxidation of biomass burning intermediate 3-methylfuran.  Thus 360 

additional source group categories reflecting multiple potential sources introduced here include: BBOA/MT/SQT, 

BBOA/SQT, ISOP/MT/SQT, ISOP/MT, MT, and MT/SQT as shown under the Group Reanalysis column in Table S2 adapted 

from Dataset S1 (Zhang et al., 2018) and reflected in the Sankey plot (Figure 3).  The MS under BBOA/MT/SQT and 

BBOA/SQT categories could be further interpreted as shared common products derived from terpene oxidation and biomass 

burning based on Ch3MS-RF predicted carbon numbers <10 and average carbon oxidation states ranging -0.8 to 0 (See Section 365 

3.4 Improving chemical knowledge of unknown UCB-GLOBES compounds through chemical properties prediction).   While 

these hybrid source categories represent an overall small fraction (1.8%) of the SOAS dataset, > 10% changes in the number 
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of MS assigned to chemical categories in 2018 compared to reassignment through the present reanalysis are non-negligible, 

with number counts next to each category labelled in Figure 3.  Figure 3 shows that the main changes made with 91 new MS 

match confirmations with UCB-GLOBES data resulted in almost half of those 91 mass spectra getting redistributed from 370 

MTR2 to categories like ISOP, MT, MT/SQT, and SQT with MS reanalysis.  Changes by percent number of MS within a 

category include +31% for ISOP, +22% for MT, +34% for SQT, as well as -20% drops each in ASOA (anthropogenic SOA) 

and in MTR2.   

 
Figure 3: Redistribution of 816 observed compounds during SOAS in the Southeast U.S. by source category based on correlation 375 
and mass spectral matching (MSM) performed in Zhang et al., (2018) and reanalysis with MSM utilizing UCB-GLOBES.  Reanalysis 
resulted in 91 new MSM distributed among original and new source categories.  Original source categories include other biogenic 
organic aerosol (BOOA), isoprene-derived organic aerosol (ISOP), monoterpene-derived organic aerosol through MSM (MT), 
monoterpene-derived organic aerosol inferred by correlation (MTR2), sesquiterpene-derived organic aerosol (SQT), biomass 
burning organic aerosol (BBOA), anthropogenic SOA (ASOA), hydrocarbon-derived organic aerosol (HC), oxidized primary 380 
organic aerosol (POAOX), and unknown.  Additional knowledge gained from MSM reanalysis leads to novel hybrid categories from 
multiple sources including:  ISOP/MT, ISOP/MT/SQT, MT/SQT, BBOA/MT/SQT, and BBOA/SQT.  
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3.2.2 Source reclassification of compounds observed during GoAmazon 

A similar MS reanalysis was performed for GoAmazon data, in which original source categorization was performed 385 

for 1513 compounds observed during the 2014 wet/dry seasons using hierarchical cluster analyses (HCA) and some MS 

matching using some terpene laboratory oxidation data in UCB-GLOBES and databases of known compounds (Franklin et al., 

2023).  Original HCA resulted in three source categories associated with background biogenic (BKGDBIO), biomass burning 

influence (BB), and urban plume influence (UP).  Results of the MS reanalysis are shown in Figure 4a for the wet season and 

Figure 4b for the dry season.  While 136 out of 1513 (9%) of GoAmazon MS were fully identified as originally reported in 390 

Franklin et al. (2023), 375 out of 1513 (25%) of the MS in this reanalysis were found to have a MSM when searching among 

UCB-GLOBES, NIST20, Adams Essential Oil, and MANE databases.  Thus, new chemical knowledge for 16% of the dataset 

is obtained, resulting in further source confirmation determined through HCA or recategorization as shown in Figure 4.  Flow 

links in the Sankey diagram with darker shades within a category indicate MS with “MSM” and lighter shades for MS with 

“No MSM.”   395 

Notable findings for the wet season (Figure 4a) include: 1) 92 MSM out of 544 BKGDBIO determined by HCA were 

confirmed while 21 BKGDBIO were recategorized into a hybrid category representing BIO/BB influences.  For this reanalysis, 

any MSM with MS entries from laboratory oxidation datasets of isoprene, monoterpene, or sesquiterpenes were categorized 

as BIO.  2) 16% of the HCA-determined UP category MS (148 out of 390) are further specified as urban plume influence on 

OA derived from biogenic and/or biomass burning intermediates.  These urban plume influence hybrid categories are labelled 400 

BIO/UP, BB/UP, and BIO/BB/UP) and constitute ~40% of the urban plume category, underscoring the significant influence 

the urban plume has on the atmospheric fate of biogenic derived VOCs under these conditions.  With additional MS data in 

the future, it might be possible to further specify the remaining 60% of the urban plume-influence category to determine if the 

organic carbon is likely from anthropogenic or biogenic sources.  Biogenic VOC oxidation was found to be particularly 

sensitive to anthropogenic emissions in this area (Franklin et al., 2023; de Sá et al., 2017, 2018, 2019; Shrivastava et al., 2019).  405 

New experiments focusing on Central Amazon conditions: biogenic VOC precursors (e.g., ~10s of pptv monoterpenes) with 

varying NOy [0-20 ppbv] and O3  [0-40 ppbv] levels at high relative humidities (80-93 %) and temperatures (26-28 °C) in the 

absence and presence of anthropogenic VOC precursors and/or primary anthropogenic OA could provide new MS that help 

elucidate some of the mechanisms behind the compounds in the urban plume-influence category.  However, such high relative 

humidities and low precursor and oxidant concentrations are typically challenging to achieve in a laboratory setting.  3) Lastly, 410 

classification was achieved for 64 of 410 MS that were formerly No Assignment (NA) from HCA, 21 of which were 

reclassified as BKGDBIO, 42 as BB, and 1 as BIO/BB.    

In contrast, the dry season (Figure 4b) exhibits more regular biomass burning influence based on the number of MS 

categorized in BB (196 during wet season, 281 during dry season after MS reanalysis).  While 60 MS previously with NA 

contribute to the increased BKGDBIO (+8%) and BB (+1%), a significant portion of UP MS (38%) is further specified into 415 

hybrid categories (i.e. BIO/UP, BB/UP, and BIO/BB/UP).  This corroborates the significant impact urban plume influence can 
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have on SOA formation from biogenic and biomass burning VOCs (Franklin et al., 2023).  While modest improvements in 

MSM (25% of dataset) are achieved, 35% of the dataset remains unclassified from neither HCA nor MSM analyses, 

underscoring that there is still limited knowledge in reproducing dry season conditions (e.g. exact BBOA sources/BBSOA 

formation).  The MS reanalysis leading to hybrid categories for both wet/dry seasons is not surprising given the multitude of 420 

OA sources and conditions sampled during the GoAmazon field campaign.  Moreover, there is potential for new chemical 

markers discovery within these hybrid categories as markers of biogenic OA under urban plume and/or BB influences and 

processing compared to markers only associated with background conditions. 

 
Figure 4: Further specification and source classification of GoAmazon observed compound MS during a) wet season and b) dry 425 
season from cluster analyses performed in Franklin et al., (2023) with reanalysis using mass spectral matching (MSM).  Source 
influence categories from cluster analyses include background/biogenic (BKGDBIO), urban plume influence (UP), biomass 
burning (BB), and no assignment (NA).  Additional knowledge gained from MS Reanalysis leads to further specification of urban 
plume influence on biogenics (BIO/UP), biomass burning (BB/UP), and biogenic/biomass burning (BIO/BB/UP).  Additional 
hybrid category of biogenic/biomass burning (BIO/BB) was also created per MS reanalysis.  Darker color links are labelled 430 
“MSM” indicating mass spectral match was found; Lighter color links labelled “No MSM” indicate no mass spectral match was 
found.  Outgoing links share the same base color as their cluster analysis source category, while text color of incoming numbers of 
MS match their destination source category after MS reanalysis.  

 

3.3 UCB-GLOBES MS show large mismatch between laboratory and ambient MS data 435 

Despite generous thresholds for considering potential mass spectral matches (i.e. FMF ≥ 700, RMF ≥ 800), only 29% 

of all MS in UCB-GLOBES are considered to have a MSM, with the remaining 71% of MS unmatched to other MS within 

UCB-GLOBES, NIST 20, Adams Essential Oil MS Library, or the MANE Fragrance MS Library (Figure 5).  On average, 

18% of ambient data MS have MSM amongst an authentic standard or the aforementioned libraries of known compounds 

leading to positive identification, emphasizing the need to better understand the sources and processing of most atmospheric 440 

species catalogued here.  This also demonstrates that despite the chemical diversity generated in laboratory oxidation 

experiments using precursors and oxidants that are deemed to be atmospherically relevant, we have yet to simulate conditions 
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and processes that generate many atmospheric species that have previously been sampled in the Central Amazon, Southern 

U.S., and Napa Valley wildfires.  Given that biomass burning OA observed during Napa, CA fires, 2017 and biogenic SOA 

observed during SOAS and GoAmazon typically can contribute significant portions of regional OA budgets, this large 445 

mismatch between laboratory and ambient data underscores the need to work towards laboratory simulations that better reveal 

the sources and origins of ambient OA species.  For example, mismatches in simulated relative humidity and OA loadings 

could be a major source of disconnect (Porter et al., 2021) as well as the relative distribution of RO2 fate (Kenagy et al., 2024). 

There are also limited laboratory simulations performed with mixed precursors (Takeuchi et al., 2022) rather than a single 

precursor, which could allow for cross-system reactions and new SOA products not currently represented in UCB-GLOBES 450 

that may better emulate atmospheric chemistry.  While UCB-GLOBES MS represent oxidation of several major biogenic 

precursors and biomass burning intermediates, we recognize that the laboratory simulations are by no means exhaustive of all 

ambient SOA precursors and OA types. 
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 455 

Figure 5: Number of mass spectra (MS) in each library of UCB-GLOBES database coloured by match spectral match status.  Blue 
bars (on average 71%) indicate no mass spectral matches found among UCB-GLOBES, NIST20, Adams Essential Oil Library, 
MANE Fragrance Library.  Magenta bars indicate a mass spectral match (on average 29%) with FMF ≥ 700, RMF ≥ 800, and RI 
difference < 10 for UCB-GLOBES hits and < 15 for external library hits.  Hashed magenta bars indicate mass spectral match with 
a known compound in external libraries and/or with an authentic standard leading to positive identification (on average 18%). 460 

 

3.4 Improving chemical knowledge of unknown UCB-GLOBES compounds through chemical properties prediction 

Since the majority of ambient MS are not matched with available MS databases, we further augment the MS entries 

by including predicted chemical properties: average carbon oxidation state (Avg. OSc), carbon number (Nc), oxygen-to-carbon 

ratio (O:C), and hydrogen-to-carbon ratio (H:C) using Ch3MS-RF (Franklin et al., 2022).  Briefly, Ch3MS-RF is a random 465 

forest model developed and trained on an authentic standard of ~130 compounds sampled with the same setup in this study.  

Mass spectral features and first-dimension retention index are utilized for chemical properties prediction of the underivatized 

analyte, the results of which are included as metadata entries accompanying each MS in UCB-GLOBES.  The compounds 
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used in training were selected to be as representative of the chemical complexity of ambient organic aerosol species as possible 

with available authentic standards.  They span wide-varying volatility, functionality (e.g., alkane, alkene, carboxylic acid, 470 

alcohol, aldehyde, ketone, ester, amide), structure (e.g., polyaromatic hydrocarbons, phenol, methoxyphenol, quinone, sugar, 

sterol), and source types (e.g., known terpene- and isoprene-derived oxidation products).  Note that Ch3MS-RF predictions 

here are inherently limited to compounds amenable to this GC x GC analysis (e.g., organosulfates and organonitrates would 

be excluded).  Franklin et al., (2022) demonstrated Ch3MS-RF to have mean absolute error accuracy of ± 0.25 for Avg. OSc 

and ± 1.8 for Nc when applied to the test case (~130 authentic standards) and the extrapolation case (71 identified GoAmazon 475 

compounds).  As random forest modelling does not extrapolate and tends to underpredict property extremes of Avg. OSc and 

Nc space (Franklin et al., 2022), we might expect a wider spread of the true chemical properties’ values and higher uncertainty 

in predictions for any encountered MS with very different MS features from the training and extrapolation datasets.  

All UCB-GLOBES entries with predicted Avg OSc and NC are plotted in Figure 6, demonstrating the variability in 

these properties by sampled compounds and by source type as previously observed through aerosol mass spectrometry and 480 

high resolution mass spectrometry methods (Kroll et al., 2011).  For the experimental conditions and field data represented in 

Figure 6, we note the following observations by panel: a) despite different oxidation conditions and precursors, there is a 

similar range of predicted Avg. OSc and Nc for the studied sesquiterpene (C15H24) systems, with a good number of predicted 

Nc > 15 suggesting prevalence of accretion type reactions; b) copaiba oil (an essential oil comprised mainly of sesquiterpenes 

and some monoterpenes) has a similar spread in Avg. OSc and Nc as the sesquiterpene systems in a) and as the monoterpene 485 

(C10H16) systems in c) for Nc < 20; c) α-pinene reaction with NO3 radical is quite different compared to ozonolysis, leading to 

much higher Nc similar to the Nc > 15 range achieved by sesquiterpene oxidation; d) there is a wide variety of chemical 

properties for compounds sampled during laboratory burns of Western U.S. biomass fuel types during FIREX_2016, whereas 

ambient sampling downwind of Napa, CA 2017 wildfires are more disparate across the chemical space like laboratory 

oxidation of biomass burning intermediates 3-methylfuran and furfural; e) isoprene (C5H8) oxidation occupies a smaller range 490 

in Nc, such as monoterpene ozonolysis systems, however there is clearly a signature of extensive oligomerization/accretion 

type reactions with oxidation products of Nc > 5.  While several Nc > 5 oxidation products have been observed from isoprene 

oxidation in lab/ambient data, the conditions for this experiment (isoprene, H2O2, UV light, wet ammonium sulfate seed, and 

57% RH) were intended to simulate SOA formation from isoprene where IEPOX processes are minor, suggesting there are 

several potential oligomeric species generated from this route under the conditions tested; f) lastly, comparison of ambient 495 

datasets from GoAmazon and SOAS show similar occupation of the chemical space for NC < 20 consistent with biogenic SOA 

formation from isoprene as in e) and monoterpenes as in c), though GoAmazon has greater numbers of compounds with higher 

predicted Nc > 25, which could be consistent with greater prevalence of sesquiterpene oxidation/α-pinene NO3 oxidation 

(Figure 6a/c), and higher avg. OSc > 0.5 for Nc > 12, which could be consistent with biomass burning influences as shown in 

Figure 6d.  These potential sources are supported by online measurements of the prevalence of sesquiterpenes and their 500 

oxidation products during GoAmazon (Yee et al., 2018) relative  to the Southeast U.S. during SOAS and prior characterization 

of OSc and Nc for biomass burning intermediates and their oxidation (Cai et al., 2020; Gilardoni et al., 2016; Sun et al., 2010).   
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Regardless of the many overlaps of observed compounds in these datasets with the OSc and Nc chemical space, we 

interpret these overlaps as potentially useful indicators of similar chemical processes rather than that of exact 

mechanisms/sources of observed species, as evidenced by the fact that mass spectral matches are not found for many of the 505 

data.  Thus, while our predicted OSc and Nc values here are well within the ranges appropriate by sources previously proposed 

and observed in Kroll et al. (2011), exact structure matching (as is only achievable through isomer-specific measurements) is 

still necessary to validate mechanistic hypotheses.  UCB-GLOBES thus can serve as an important tool for testing and 

evaluating chemical mechanisms for observed compounds. 
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 510 

Figure 6: Ch3MS-RF predicted average carbon oxidation state and predicted carbon number for UCB-GLOBES datasets: a) 
sesquiterpene oxidation systems, b) copaiba oil oxidation, c) monoterpene oxidation systems, d) biomass burning influenced ambient 
data (NAPA 2017) and laboratory oxidation of biomass burning intermediates (furfural, 3-methylfuran) or Western U.S. fuel types 
(FSL_FIREX 2016), e) isoprene oxidation system, f) ambient datasets from Central Amazon, GoAmazon and Southeast U.S., SOAS.  
Data in panels a) and c) repeated in grey in background of panel b) for comparison since copaiba oil is a complex mixture of terpenes. 515 
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4 Conclusions 

UCB-GLOBES now includes just under 27,000 MS from laboratory and ambient datasets for the purposes of 

providing: 1) annotated MS data for the wider GC/EI-MS community to use in improving confidence in identification and/or 

revealing potential origins and sources of organic species in the atmosphere and wider environment, 2) MS data that can be 520 

further used in testing and evaluation of MS deconvolution, matching and search algorithms (McGlynn et al., 2025), and de-

novo chemical structure/properties prediction, 3) development of atmospheric chemical mechanisms and chemical diversity 

studies, and 4) insights to motivate future research priorities in the identification of novel chemical markers.  We provided as 

examples the utility of UCB-GLOBES in enhancing confidence and accuracy of OA source categorization of real atmospheric 

species from prior field studies in the Southeast U.S. (SOAS) and the Central Amazon (GoAmazon).  One of the most 525 

significant advances of using UCB-GLOBES is that for a matched analyte spectrum, there are often several MSMs or closely 

related MS pointing to the same source(s) (e.g. precursor/s from laboratory oxidation) which strengthens overall confidence in 

OA source categorizations.   

In contrast, statistical techniques such as positive matrix factorization (PMF) have been applied to aerosol mass 

spectrometry data, in which a timeline of composite mass spectra (also with 70 eV ionization) of all non-refractory flash-530 

vaporized aerosol compounds is generated.  In other words, “bulk” OA chemical composition is measured, rather than mass 

spectra of each individual OA analyte.  These timelines of composite mass spectral data are separated into statistical factors, 

each with an average characteristic mass spectrum generated from the weighted signal contributions of the aerosol compounds’ 

mass spectral fragments assigned to this factor.  Thus, a PMF factor mass spectrum will never be a match to any one 

compound’s mass spectrum.  Determination of a “specific” source often relies on factor timeline correlation with known 535 

chemical tracers measured by complementary contemporaneous techniques and/or evidence of one or a few enriched 

characteristic ions within the factor mass spectrum that are also enriched in the MS of an authentic standard or known chemical 

tracers.  For example, the isoprene epoxydiol-derived SOA (IEPOX-SOA) factor is characterized by enrichment of m/z = 82 

from C5H6O+ ion (Robinson et al., 2011), which was later observed in AMS spectra of IEPOX rearrangement products, cis- 

and trans-3-methyltetrahydrofuran-3,4-diols (Lin et al., 2012).  This m/z = 82 ion is also observed in 3-methylfuran oxidation 540 

with NO3 radical, which makes sense given the furan structures in both systems (Joo et al., 2019).  Yet, as isoprene is more 

prevalent in the atmosphere compared to 3-methylfuran, most of the signal associated with m/z = 82 ion tends to be attributed 

to IEPOX-SOA.   

While the majority of UCB-GLOBES data derives from laboratory simulations, we keep in mind that such simulations 

do not perfectly replicate environmental conditions (e.g., temperature, relative humidity) typical of many regions in the real 545 

atmosphere, and additional physicochemical properties (e.g., aerosol phase state, seed chemistry, volume to surface area ratio, 

etc.) cannot be perfectly controlled/simulated as complexly as in the real atmosphere.  Thus, care and general knowledge of 

atmospheric chemistry must be taken in interpreting the applicability of mass spectral matches to real-world conditions. For 

example, while there are many cases where MS matches can indicate multiple potential sources of an observed compound, all 
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these inferred sources may not be atmospherically relevant and/or there could be yet to be measured systems and conditions 550 

that produce the same compound.  The precise number of sources that leads to a compound, especially a later-generation 

structure with little similarity to its parent precursor could be numerous beyond what has been included in the current database.   

Future directions for this work include additional MS data to be added to UCB-GLOBES including new field data 

from anthropogenically influenced areas outside Houston, TX and at the Southern Great Plains, OK as well as additional 

laboratory oxidation simulating aqueous BBSOA compositions.  We encourage others employing GC/EI-MS analyses to 555 

consider contributing to UCB-GLOBES (see Supporting Information, III. How to Contribute MS Data to UCB-GLOBES) 

and/or sharing similarly annotated and formatted MS data to address the growing requests of open-access MS libraries and to 

move untargeted analyses of environmental samples forward.  While the majority of atmospheric SVOC species remain 

unidentified, our future analyses will include clustering and molecular networking of species by chemical similarity (e.g. 

chemical families), to gain a greater appreciation for real-world chemical diversity of atmospheric SVOCs, their potential 560 

sources, and to identify future targeted research priorities on unidentified species of importance.  

From the present analyses of UCB-GLOBES, we recommend a few research priorities going forward to advance 

understanding of the chemistry and fate of organics in the environment.  Firstly, the community would benefit from openly 

shared quality annotated GC/EI-MS mass spectra of a wide range of environmental and laboratory sample types.  Second, we 

would benefit from technical advancements to conduct and catalogue organic species in atmospheric laboratory simulations 565 

that are closer to atmospheric conditions with higher relative humidities (> 75 % RH), lower organic aerosol mass loadings, 

and lower concentrations of precursors and oxidants.  We also recommend new datasets simulating oxidation of a mixture of 

VOC precursors and their oxidation intermediates, as cross-VOC system reactions as would happen in the atmosphere are not 

sufficiently represented in UCB-GLOBES yet.  Inherent to these recommendations are challenges to technical feasibility, 

ensuring experiments are at sufficient concentrations for detection, and trade-offs of adding too many variables to the 570 

experimental matrix.  However, achievements toward these recommendations could provide some of the keys to elucidating 

the true mechanisms and chemical complexity in ambient observations.  Finally, we hope that UCB-GLOBES and other 

available environmental 70eV EI-MS data will be utilized for comparisons across environmental reservoirs (e.g., lithosphere, 

hydrosphere, biosphere, and atmosphere), so that the emission, transport, and fate of organic carbon across these sectors can 

be traced and better quantified through processes such as emission, reaction, and deposition. 575 

Data Availability 

All datasets in UCB-GLOBES at time of publication are annotated and formatted according to the above described methods 

and accessible at https://sites.google.com/berkeley.edu/goldstein-lab/resources. Three formatting exceptions include the 

Worton_VUV_2017 (Worton et al., 2017), GoAmazon2014_terpox_v2 (Yee et al., 2018), and FSL_FIREX2016_v2 (Jen et 

al., 2019), which were generated before the full standardization of the methods and curation protocols described in this work.  580 
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The version of compiled UCB-GLOBES MS data used in this study has the filename ucbglobes2025_v1 with DOI: 

10.5281/zenodo.18176760.  Versions are denoted by “_v#” notation. 

Interactive Computing Environment 

The Jupyter Notebook with MS Data Visualization and Comparison Tool is shared online at https://github.com/lyee002/UCB-

GLOBES-MS-Data-Visualization-and-Comparison-Tool with DOI: 10.5281/zenodo.18177255 for adaptation and use in 585 

analysing MS data from UCB-GLOBES.  Additional information on using the Jupyter Notebook is provided in the Supporting 

Information. 
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