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Extensive urban air pollution footprint evidenced by
submicron organic aerosols molecular composition

Christian Mark Salvador'?7, Charles C.-K. Chou@*%, T-T. Ho®, I-Ting Ku*, C.-Y. Tsai®, T.-M. Tsao®, M.-J. Tsai> and T.-C. Su®

Transport and transformation of urban air pollutants are among the major factors driving the changes in the atmospheric
composition in the downwind rural/remote areas of a megacity. Here, we assess the impacts of urban air pollution in a subtropical
forest through characterization of the organic markers in submicron aerosol particles. The aerosol samples were collected and
analyzed using TD-PTR-ToF-MS, where 163 ions were detected. The concentration of these extracted ions accounts for 83% of the
mass of submicron organic aerosols, which are accordingly characterized by a median formula of C;H;,0,. Molecular speciation
indicates that urban and biomass burning pollution contributed substantially to the budget of organic aerosols, which were
enhanced particularly by the liquid water content and acidity of the aerosols. Our results evidence that the footprint of urban air
pollution was extended to its downwind forested areas and caused changes in the concentration and composition of submicron

aerosols.
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INTRODUCTION

The impact of anthropogenic emission of trace gases from urban
areas to biogenic environment is still uncertain, particularly in
terms of how urban air pollutants can modify the levels of reactive
compounds and natural atmospheric chemical pathways'. The
complex interaction between urban and biogenic species can
influence atmospheric oxidation capacity’? and modify the
production and, thereby, ambient concentration of aerosols®™®.
Understanding the changes in the natural atmospheric conditions
due to the transport of pollutants from urban areas, particularly
the megacities, is essential to accurately describe the influences of
urbanization on regional atmospheric chemistry.

A typical approach of evaluating the perturbation of anthro-
pogenic pollutants is to identify and account for the tracers
associated with human endeavors. Such an approach is based on
a hypothesis that the ambient concentration of the specific tracers
increases with the strength of corresponding activities. Estimating
the mass contribution of these tracers in a clean and biogenic
environment where only natural processes partake may provide
an ideal case to test the hypothesis. Several traditional tracers in
gas and particle-phase have been effectively characterized and
attributed to specific sources”'°. For instance, carbon monoxide
(CO) is produced from the incomplete combustion of fossil/bio
fuels, which makes it a typical tracer of urban plumes. However,
the assessment of CO emission is associated with a large
uncertainty due to variable sources of CO, which also include
the natural biomass burning (BB) and oxidation of biogenic
volatile organic compounds (BVOCs)'". Also, potassium ion (K*) is
customarily tagged as a marker of biomass burning (BB) but it also
has an apparent contribution from sea spray in coastal areas and
resuspension of soil from fertilized cropland in agricultural areas.
Because of the relatively well-characterized emissions of volatile
organic compounds (VOCs) from various urban sources, the VOCs

and their respective oxidation products in aerosols have been
suggested as source-specific markers of urban air pollution in the
atmosphere'®13,

In this study, the perturbation of anthropogenic processes in a
subtropical forest during the fall season of 2015 is evaluated
through a comprehensive characterization of submicron organic
aerosols, which includes analysis of source, size distribution, liquid
water content (LWC), pH, and saturation concentration. Although
several studies have previously shown the influence of urban
emissions on the atmospheric conditions of forest environ-
ments'*'* only a handful of observations were implemented in
biogenic sites in the East Asia Region that is heavily impacted by
both local and regional pollution events. The forested area in this
study is located downwind of the major urban area in central
Taiwan, where a substantial amount of air pollutants are emitted
from sources like coal-fired power plants, vehicles, and industrial
factories. The urban air pollutants are transported to the forested
site. with the aid of mountain-valley circulation'>. Moreover,
Taiwan is located in the downwind area of East Asian winter
monsoons and receives transboundary atmospheric pollutants
originating in the Chinese megacities during the cold seasons'®'”,
With the confounding sources of anthropogenic emissions,
investigation at this forested site can provide direct evidences of
the impact of human-related activities on the formation pathway
of organic aerosols. The influence of anthropogenic activities in
this study is assessed through the behavior of the submicron
particle-phase organic tracers measured using Thermal-
Desorption Proton-Transfer-Reaction Time-of-Flight Mass Spectro-
metry (TD-PTR-ToF-MS)'%. This study involves the thorough
identification of molecular ions, particularly the prominent organic
markers, to explain the sources of submicron secondary organic
aerosols (SOA). Even though both daytime and nighttime samples
were collected, only daytime concentration of molecular tracers is
analyzed in the study to focus on the anthropogenic pollutants’
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Fig. 1 Characteristics of the organic ions in the experimental forest. a Time series profile of the daytime mass concentration of submicron
OM, the sum of all ions from the thermal desorption analysis (TD-PTR-ToF-MS, all), and the sum of mass concentration of the 30 major ions
indicated in Table 1. b Breakdown of the contribution of different mass ranges to the overall mass concentration of all the ions from MS and
top 30ions. ¢ Size distribution profile (<1.0 pm) of the normalized concentration to the sum of mass concentration of major organic ions. The
strong bold line indicates the average of all the tracers. Included in the graph are the size distribution profiles of the ions at 193 and 199
(dotted lines). The error bars represent the range of +1 standard deviation.

photochemical formation route and daytime transport of urban
pollutants from nearby urban areas. The daytime concentrations
of major ions typically have three times the levels measured
during nighttime (see Supplementary Fig. 1 for comparison of
daytime and nighttime).

RESULTS
Molecular characterization of the submicron aerosols

The thermal desorption of the aerosol samples resulted in the
extraction of 163ions in the PTR-ToF-MS. The average mass
spectra is illustrated in the Supplementary Fig. 2. The molecular
formulas of the ions are identified and listed in Supplementary
Table 1. These ions have a molecular composition containing 2-16
carbons, 2-33 hydrogens, 0-7 oxygens, 0-2 nitrogens, with a
median formula of C;H,,0,. The median oxygen to carbon ratio
(O:C) for these particulate components is 0.25 (Min:0.067; Max:
1.5), agreeing with the results of previous aerosol chemical
characterization utilizing PTR-ToF-MS'3. Furthermore, the average
(median) molecular weight (MW) per carbon weight (CW) of all the
ions (MW/CW) is 1.65 + 0.46 (1.52), similar to the factor widely used
to estimate particulate organic matter mass for urban aerosols'®,
This mass factor is thus justified and applied in this study. The O:C
ratio is significantly higher than the values expected for primary
vehicle exhausts (0.022-0.15)'°, agreeing with the general concept
that primary air pollutants will be oxidized along the transport
process and become more abundant in oxygen in the downwind
areas. However, the oxygen content observed in this study is
lower than the results derived from measurements of the
Aerodyne Aerosol Mass Spectrometry?°. The low oxygen content
is due partly to the limited capacity of the PTR-ToF-MS to measure
highly oxygenated compounds (O>4) compared to other
jonization techniques (e.g., CH;C(0)O~ and I(H,0)7)?"?2. Besides
the ionic fragmentation, thermal desorption and dehydration of
the parent compounds will reduce the oxygen content of these
detected ions?>2*, Assuming dehydration impacted all detected
ions and several carboxylic acids formed acylium ions, we estimate
that the median O:C ratios of the original organic aerosol
constituents could be as high as 0.36 (Min: 0.067; Max: 2). The
correction was based on the loss of water molecule upon
protonation of the parent molecule. One oxygen and one
hydrogen were added to the dehydrated ions detected by the
PTR-MS to retrieve the chemical formula of the parent molecule.
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Figure 1a shows the time series of the sum of the mass
concentration of the ions measured by the TD-PTR-ToF-MS
(OMp1g_an- Also shown in the figure is the time series of the
mass concentration of total OM measured using a conventional
thermal/optical carbon analyzer (OMroc). The OMprgr_ai correlates
well with the total OMo¢ (> =0.768) indicating that molecular
level identification of submicron organic aerosol can appropriately
explain the variability of the OM. The absolute total mass
concentration of the OM from the identified ions underestimates
the OMqoc by 17% (1.34 ug m—3). This deviation is due partly to
thermal degradation and fragmentation leading to loss of
carboxyl, carbonyl, and water groups which cannot be accounted
by the PTR-ToF-MS. Limited sensitivity of the PTR-ToF-MS to highly
oxygenated compounds could also have contributed to the lower
mass concentration of OM provided by the TD-PTR-ToF-MS.

Most of the ions detected in this study have a mass to charge
ratio (m/z) of less than 300, comparing to other chemical
ionization techniques using iodide(I™) or nitrate (NO5;™) as reagent
ion that can effectively detect ions beyond 500 m/z**?>. Never-
theless, the limited difference between OMprg an and OMroc
suggests that the submicron organic matter consisted mostly of
compounds with m/z <300. Figure 1b shows the distribution of
the concentration of the observed ions in different mass ranges.
Low molecular weight (LMW) ions at the mass range between 50
and 150 m/z contributed 70% of the mass concentration. This is
coherent with a previous study where the main fraction of ions
(75%) measured by a TD-PTR-ToF-MS appeared below 150 m/z'3.
In such study, TD-PTR-ToF-MS was utilized to investigate SOA
formation from the ozonolysis of several biogenic VOCs associated
with real plant emissions under a controlled reaction chamber.
The similarity of effective molecular range in both studies even
with different analytes and atmospheric conditions highlights the
effective MW range of TD-PTR-ToF-MS in the chemical character-
ization of organic aerosols. To provide a more in-depth analysis of
the sources of the organic compounds in the submicron aerosols,
the top 30ions that dominated the mass spectra for all the filter
samples were characterized. Table 1 lists the major ions, including
their suggested molecular formulas and average mass. All the ions
in consideration were observed in all the 30 aerosol filters and the
sum of the mass concentration of these ions (OMptg_30) comprised
42% of the total OM prr_ai. Figure 1a illustrates that these ions can
also effectively estimate the variability of the submicron OM,
indicating that these ions are suitable representatives in assessing
the sources of submicron OM and its chemical characteristics. The
distribution of the mass ranges and their concentration in Fig. 1b
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Table 1. Major ions retrieved from the submicron particles collected during daytime in this study®.

Experimental m/z Possible MF Theor. m/z mDa diff Ave. MC Mass Burden (%) Tmax region® log (C*) pgm—3
57.033 C3HsO™ 57.0340 0.66 97.66 1.30 4 8.90
59.049 C3H,0" 59.049 0.67 108.60 1.45 2 8.90
60.045 CoHgNO™ 60.044 0.119 83.70 1.12 2 NA
61.029 CoHsO, " 61.028 0.234 352.15 4.70 2 8.73
71.049 C4H,0" 71.049 0.63 65.86 0.88 2 834
73.028 C3HsO,™ 73.028 0.934 100.64 1.34 3 7.89
83.05 CsH,0" 83.049 0.18 92.27 1.23 2 7.80
85.03 C4Hs0, " 85.028 —0.896 104.70 1.40 3 7.18
87.046 C4H,0, 7" 87.044 —1.786 85.76 1.14 2 7.18
97.03 CsHsO, " 97.028 —1.276 227.76 3.04 3 6.53
99.009 C4Hs05™ 99.008 —0.601 175.26 2.34 4 6.29
101.022 C4Hs03" 101.023 1.469 207.98 2.78 2 6.29
111.044 CeH,0," 111.044 0.604 86.04 1.15 2 5.93
113.023 CsHsO3 ™" 113.023 0.969 102.03 1.36 2 5.53
115.041 CsH,03™" 115.039 —1.581 63.42 0.85 2 5.53
125.058 C/H,0," 125.060 1.855 73.28 0.98 3 535
127.038 CH,03" 127.039 1.909 92.48 1.23 2 4383
137.105 CoH430 137.096 —0.826 24.56 0.33 2 5.78
139.075 CgHq,05" 139.075 0.805 682.48 0.91 2 4.80
141.095 CgHq3057 141.091 —2.945 44.01 0.59 2 4.80
143.105 CgHq50,™ 143.107 2.005 35.40 0.47 2 4.80
147.078 CyoHq,O7 147.081 343 43.92 0.59 2 5.29
149.024 CgHs03™ 149.023 —0.031 340.74 4.55 2 3.55
151.111 CyoHq50™ 151.112 —1.51 40.05 0.53 2 5.29
153.093 CoHq30,7 153.091 —0.945 63.23 0.84 2 4.25
155.108 CoHy50,™ 155.107 —0.495 62.46 0.83 2 4.25
157.089 CgHq3037 157.086 —2.731 48.22 0.64 2 3.55
163.042 CoH;03" 163.039 —2.881 73.09 0.98 1 295
167.108 CioH1505™ 167.107 0.80 47.829 0.64 2 3.73
169.087 CoHq303" 169.086 —0.231 81.274 1.08 2 295
MF molecular formula; MC mass concentration; C* saturation concentration.

#Comparison of daytime and nighttime concentration of the major compounds is given in Supplementary Fig. 1.

PMass contribution to total submicron organic matter measured using OC/EC analyzer.

“Temperature max (Tmax) regions: (1) RT-100 °C; (2) 100-200 °C; (3) 200-350 °C; 350-550 °C (4).

is consistent with the overall profile for all the extracted ions. In
both the entire list of ions and the top 30 ions, the majority of the
ions have a low mass to charge ratio (<150 m/z) with a consistent
decreasing trend of abundance as the m/z increases (see
Supplementary Fig. 2 for average mass spectra). This further
reinforces the suitability of these 30ions as representative of the
whole organic ions measured by the TD-PTR-ToF-MS.

The size distribution of major organic markers was assessed to
determine their participation constituent in gas to particle
partitioning and particle formation processes. Figure 1c shows
the normalized concentration of the top 30 organic ions across
size distribution below 1.0 pm. A common pattern was observed
among major organic ions, in which most of the ions were
abundant in the larger particles with a steady reduction in their
mass concentration as the particle diameter decreases. Half of the
concentration of the dominant organic ions persisted in particles
with an aerodynamic diameter between 1.0 pm and 320 nm. The
observed trend is consistent with the portioning of the gas-phase
compound to the condensed phase, where condensation is more
evident on particles predominant in the size distribution of surface
area. Interestingly, a few ions not included in the top 30 ions show
a reverse trend, with Aitken particles (D, < 0.1 um) containing at

Published in partnership with CECCR at King Abdulaziz University

least 50% of the mass concentration. These ions contribute to the
enhanced OA mass for particles with a diameter less than 56 nm.
For instance, the ions at 199.170 (C;,H,30,") and 193.154
(C13H2,0™) persist mostly in small particles (D, < 0.056 pm) even
though these particles typically contribute insignificantly to the
overall PM mass concentration. The high concentration of these
long-chain carbon compounds in small particles indicates that
these compounds could participate in the early nucleation and
particle growth processes.

Volatility of the submicron organic aerosols

Based on the proposed molecular formulas, the saturation
concentrations (C’) of the top 30ions were calculated according
to the number of carbon, oxygen, and nitrogen atoms'”?%, The
saturation concentration of a compound dictates the volatility of a
compound and its contribution to both gas and particle phases. C*
(ug m~3) values, expressed as log(C¥), were calculated using the
Eq. (1):

IOg(C*) = (no* — nc)bc — (no — 3nN)bo — z%ba) — nyby
m
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Fig.2 Volatility, thermal profile, and sources of the major ions. a Distribution profile of the major organic ions binned into a volatility basis
set (VBS). Note that the saturation concentration (C*) of each ion was corrected, assuming that the major ions detected were produced from
dehydration (-H,O) after protonation of parent compounds. The ions with a log(C*) >7 ugm~3 were deemed a thermal decomposition
fragment of large molecules. The uncorrected saturation concentrations of the major ions are presented in Supplementary Fig. 3. b Histogram
profile of the top 30 ions based on temperature range with the inset of oxygen to carbon ratio (O/C). ¢ Clustering of the organic tracers based
on their sources. The size of the circles is proportional to the total measured mass concentrations (average over the 1-month measurement).
The color of circles indicates the coefficient of correlation of each compound to phthalic acid (urban), pinonic acid (biogenic), and
levoglucosan (BB) primary tracers.

where ngs= 25, br = 0.475, bp = 0.2, bco = 0.9, and by, = 2.5. These consistent with the saturation concentration range of typical
five constants are based on prior volatility predictions and particle-phase tracers®S. Indeed there are still some low MW ions
represented elemental interaction (e.g., carbon-carbon) and with a log(C* > 7 ug m~3, which are deemed a thermal decom-
carbon-oxygen nonideality. More information is referred to position fragment of large molecules because all the ions are
Donahue et al.2° and Mohr et al.'”. The terms n¢, no, and ny are associated with a T,,4 > 100 °C. Parameterization of the volatility
the number of carbon, oxygen, and nitrogen, respectively. The of the compounds desorbed from the particle phase and
calculated saturated concentration of each ion is given in Table 1. measured by the PTR-ToF-MS should always include temperature
Using the calculated C¥, the mass contribution of each compound profile to prevent overestimation of saturation concentration.

to OM was binned into a volatility-basis set (VBS). Initially, the

thepreti_cal ca_lculation_ of saturation con;entratiop placed the Source attribution of the submicron organic matter

30ions in the intermediate (IVOC) and volatile organic compounds
(VOCQ) ranges (as shown in Supplementary Fig. 3). AlImost 25% of
OMp1g 30 belonged to a highly volatile compound range
(log(C*) >7 ug m~3), which is counterintuitive considering that
these compounds were measured in the particle phase. However,
Tmax regions of these compounds occurred mostly above 100 °C
(Fig. 2b), which indicates that these small compounds (MW < 100)
are fragments of larger compounds produced through collision-
induced dissociation (CID) and/or thermal decomposition. The
estimated real log(C*) values of the compounds should be at least
1.0 ug m~3 lower, considering that majority of the compounds in
this study were fragments of dehydration af"cer protonation of H;0% + RCOOH — RCO™ + 2H,0 o)
OVOCGs. For instance, the fragment of phthalic acid at 149.025
(CgHsO51) has a log(C*) of 3.55ugm—3, which decreases to
2.48 ug m~3 upon the addition of missing OH. This shifts some of
the compounds into the IVOC region (as shown in Fig. 2a),

Some of the ions in Table 1 also appeared in the measurements of
our previous urban study, where most of the species were
attributed to human activities'. For instance, the ion at m/z
149.023 had the highest concentration for both biogenic and
urban sites. This ion corresponds to the acylium fragment (RCO™)
of phthalic acid, which is a product of secondary oxidation of
naphthalene. The attribution of the ion at m/z 149.023 to phthalic
acid was confirmed using authentic standards in a prior study'2.
The formation of acylium ions inside the drift tube of PTR-MS is a
product of the protonation of carboxylic acids (RCOOH)?”-8,

Moreover, a recent study also proposed that phthalate esters
and phthalic acid undergo an a-cleavage of the parent ion, which
results in the loss of OH group, and an intermolecular McLafferty
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rearrangement occurs to form the protonated anhydride?®. These
reaction mechanisms are valuable in the identification of the
molecular identity of the major ions as most of the organic
compounds in the aerosol phase are organic acids'®2°, The ions at
71.049 and 97.026 m/z were previously reported as major
fragments of pinonic acid and levoglucosan, which are biogenic
and biomass burning markers?'?2, Moreover, the ion with m/z of
61.029 was earlier attributed to protonated acetic acid. Such ion
also had a substantial mass burden (4.70%) in the PM in Xitou
forest, similar to the measurements in a remote mountain
observatory in the Austrian Alps®> and in a subtropical megacity
in Taiwan'2. However, given the desorption temperature (T,qy) Of
the largest signal of such ion (100-200 °C), it was inferred that the
ion at m/z 61.029 was a product of fragmentation of larger
molecules in submicron organic aerosols. Other ions in the top 30
list were identified based on their association with phthalic acid
(urban), pinonic acid (biogenic), and levoglucosan (biomass
burning). Figure 2c shows the clustering of the 30 major ions
based on their sources, together with their average mass
concentration in the submicron aerosols. In the succeeding
sections, the possible sources and production pathways (i.e. urban
and biomass burning) of some of the compounds will be
discussed, together with comparisons with prior studies. Note
that this study is mostly addressing the impacts of anthropogenic
activities (i.e. urban pollution and biomass burning), whereas the
biogenic tracers were discussed in a previous companion paper’.
Furthermore, source apportionment analysis of the major ions
using PMF (see Supplementary Discusion) was utilized to compare
the empirically derived cluster based on major tracers (e.g.
phthalic and pinonic acid) with the emission sources/factors
identified by the PMF model.

Urban tracers

In Table 1, the ion with a mass to charge ratio of 149.024 tops the
list of the major ions in terms of mass concentration. This ion was
attributed to the acylium ion of phthalic acid. This diacid is a
typical urban tracer, primarily generated from the oxidation of
mono/polyaromatic hydrocarbons®*. The mass concentration of
phthalic acid reached as high as 600 ng m~3 during the daytime,
with field campaign average concentration of 340 ng m—3 (4.5% of
submicron OM). Interestingly, the mass burden of phthalic acid
was comparable with the observation from an urban city that was
highly influenced by anthropogenic activities'?, thus, hinting the
dominant participation of urban-related activities in the experi-
mental forest. The mass concentration of phthalic acid in this
study was elevated as comparing to measurements in a coastal
urban city in Greece (74ngm~—3)%, in 4 sites in Southern China
(36ngm~—3)?*, in tropical India (6.0ngm—3)*° and Beijing
(78ngm~3)3". Most of these sites had severe polluted cases
(e.g., Beijing), thus indicating the adverse influence of anthro-
pogenic activities at our study site.

The source of the precursor/s of the phthalic acid may shed
some insights on the elevated concentration of this urban tracer.
Most studies indicated that among the PAHs, the oxidation of
naphthalene significantly produces phthalic acid®*32. Here, a
moderate correlation (r=0.563, p < 0.01) was found between the
concentrations of naphthalene and phthalic acid, indicating a
possible precursor-product relationship. Naphthalene is one of the
most volatile 2-ring PAHs and is considered as one of the urban air
pollutants found at a significant level from automobile exhausts.
Its source also includes gasoline and oil combustion, tobacco
smoking, and fumigants®3. The reaction of OH radical with
naphthalene results in the cleavage of one of the aromatic rings,
which leads to the formation of dicarbonyl products such as
phthalic acid. The average daytime naphthalene concentration for
this study was 0.1 ppb, which was on the high end of estimates for
naphthalene in urban and suburban sites®®. The oddly high level
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of naphthalene in the forest was suspected to be predominantly
transported from an urban city (Taichung). Wind direction analysis
showed that wind during daytime mostly originated from north
north west (NNW, see Supplementary Fig. 4), consistent with the
location of Taichung city, which has substantial vehicular and
industrial activities. The human-related tracers and their precur-
sors were suspected to be transported from this area, which
altered the atmospheric processes such as aerosol formation in
the forest. Moreover, the contributions of phthalate esters (PAEs),
which are ester congeners of phthalic acid, were not discounted in
this study. PAEs are typically used in industrial and medical
applications, particularly as plasticizers. Prior studies have shown
substantial levels of PAEs in atmospheric aerosols, particularly at
industrial sites**3%, The impact of PAEs on m/z 149.024 will be
further accounted in succeeding studies.

Among the urban tracers in Fig. 2¢, the ions at m/z 101.022 and
99.009 were also significantly contributing to the total mass
concentration of OM in submicron aerosols, accounting as much
as 2.7 and 2.3%. This ion at 101 was assigned as the acylium
fragment of succinic acid, a prevalent linear C, dicarboxylic acid in
ambient particles. Succinic acid, together with oxalic (C;) and
malonic acid (C3), is the dominant species of the low molecular
weight dicarboxylic acids®”. Dicarboxylic acids like succinic acid
induce new particle formation by interacting with nucleating
precursors (e.g., sulfuric acid) via hydrogen bonding of the two
carboxylic acid moieties®®>°, Like malonic and oxalic acid, succinic
acid is a product of the oxidation of non-methane volatile organic
compounds such as cyclic alkenes*®. Oxalic acid was not
accounted in this study due to weak signals of the expected ions
attributed to such diacid. A prior study indicated that the major
PTR-MS signal of oxalic acid occured at m/z 46*'. lons below m/z
50 were not included in this study to limit the possible
contribution and interference of small gasesous compounds.
Succinic acid observed in this study was thrice the level observed
in different urban and rural sites in China3®42, This is likely due to
the high oxidation capacity (Ozone,, = 53 ppb) and water content
(RH>90%) in the forest site that induced the gas phase
production of diacids and their better partitioning into the
particle phase. With regards to ion at 99, this ion is exactly two
hydrogens less (2.015 Da) of the fragment of succinic acid at m/z
101. This difference may indicate that such ion is maleic/fumaric
acid, which is the unsaturated C4 analog of succinic acid. Maleic/
fumaric acid is also an urban tracer, formed through the oxidation
of aromatic VOCs such as benzene and toluene®.

Using the same approach to identify ions at m/z 99.009 and
101.022, a homologous series of seven low molecular weight
saturated (Cs-C;;) and two unsaturated fatty acids (C4-Cs) (see
Supplementary Table 2 for structures) were extracted from the
mass spectra. Some of the ions identified were already included in
the major ions listed in Table 1, such as m/z 113.023 and 115.041
which corresponds to the acylium ions of protonated glutaric
(C5sHgO,) and glutaconic (CsHgO,4) acid. LMW diacids with less than
9 carbons were anthropogenic tracers generated from the
oxidation of cyclic olefins. Longer diacids such as azelaic acid
(Cy) are photochemical oxidation products of unsaturated
biogenic VOCs with a double bond at C, position®’. Figure 3
shows the time series profiles of 7 urban-related diacids, which
were coherent with the variability showed by phthalic acid. This
indicates that the source of diacids was also human-related
activities, like phthalic acid. Correlation analysis of the diacids with
elemental carbon (EC) and phthalic acid also revealed that the 7
dicarboxylic acids were primarily formed through the secondary
production pathway.

Overall, the urban tracers identified in the biogenic site account
for 16% of submicron OM, with as much as 1.2 jugm™ mass
concentration contribution to submicron aerosols. This shows that
the formation of submicron organic aerosols was highly influ-
enced by human-related activities based on the prominent
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Fig. 3 Profile of the urban tracers in submicron aerosols. a Time series of the normalized mass concentration of phthalic acid and other
dicarboxylic acids. The black line is for the phthalic acid while the other colors are for the other urban tracers. b Production pathway analysis
of urban dicarboxylic acid based on their relationship with elemental carbon and phthalic acid, which are indicators for primary and
secondary origins. The numbers in the legend are the mean mass concentration of the urban tracers.

presence of the urban tracers, particularly the acidic hydrocarbons.
Diagnostic mass ratios of dicarboxylic acids also revealed the
mixed sources in the forest. The ratio of phthalic acid (anthro-
pogenic) to azelaic acid (biogenic) for this case was 5.0+ 1.8,
comparable with the observations in urban continental measure-
ments**, thus demonstrating the strong influence of anthropo-
genic activities in the forest.

Biomass burning related compounds

Emission from anthropogenic biomass burning (e.g., burning of
agricultural waste and domestic fuelwood) reduces air quality and
poses a threat to human health conditions. The ion at m/z 97.030
was attributed to levoglucosan, based on a previous standard
analysis'?. Levoglucosan is an ideal tracer of BB since it is only
produced at combustion processes at more than 300 °C while
traditional combustion plume tracers such as potassium ion (K*)
and black carbon (BC) have sources other than BB*. A weak
relationship between K and the fragment of levoglucosan
suggests that K™ had a contribution from other sources, e.q.
seawater, soil resuspension, and fertilizers*®. In prior work, arabitol,
a Cs sugar alcohol, also had the same dominant fragment at
97.030m/z (CsHsO,")'?, which can overestimate the mass
concentration of levoglucosan. However, arabitol is a bioaerosol
primarily emitted by fungal spores’, thus the contribution of
arabitol to the OM should be negligible for this case since the
aerosols collected here have a 1.0um cut-off and bioaerosol
markers like arabitol exist mostly in coarse particles*’*8, Strong
persistence of the ion at m/z 97 in submicron aerosol, as shown in
its size distribution profile (see Fig. 1c), clearly identifies this ion as
levoglucosan instead of arabitol. Anion exchange analysis of
monosaccharides using ion chromatography also indicated that
levoglucosan accounted for more than 60% of the total sugars in
submicron aerosols while arabitol contributed only less than 3%
(see Supplementary Fig. 5).

Levoglucosan ranked third among the major compounds and
contributed 230ngm™3 to the total submicron organic aerosol
mass (4% of OM). Typical concentrations of levoglucosan in other
forest sites were below 100 ng m~3, particularly in the absence of
forest fires**=>1, The concentration of levoglucosan, which reached
as much as 500ngm~3, was intermediate between typical
measurements obtained from episodic and non-episodic events
of BB. In a forest fire in Indochina, levoglucosan reached
1.8 ugm~3, with a mean concentration of 1.16 ug m—3%, Similar
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mass burdens were calculated both in Indochina and in our forest
site, indicating that a strong source of combustion processes
influenced the air quality in this study. Local source rather than
long-range transport of plume was accounted for the elevated
mixing ratio of levoglucosan. Episodic burning of agricultural
residues during harvest season occurs in Central and Southern
Taiwan which spans from late autumn to early winter°>%3,
Likewise, the HYSPLIT trajectory model indicated that the air
mass arriving our study site did not pass through western
Indochina, where BB events are prominent.

Figure 2c shows that the ions at m/z of 111, 125, and 127 were
strongly associated with levoglucosan, which suggests that their
corresponding parent compounds were also produced during
pyrolysis. These ions were assigned as dihydroxybenzene/catechol
(DHB) (CgH60>), guaiacol (C;HgO,), and trihydroxy benzene (THB)
(CeHeO3) which are substituted phenolic compounds formed
during the combustion of lignin®*. The three BB-aromatic
compounds  (BBAC) contributed 3% of the OM
(BBAC,.e = 250 ng m~3). Several studies showed the presence of
these BB tracers in the particle phase®°® with a significant
contribution of as much as 45% to the total aerosol mass during
wood combustion. Other than direct emission, dihydroxybenzene
can be produced through OH radical initiated oxidation of
benzene and phenol in the gas phase®’. Also, oxidation of other
BB intermediates such as guaiacol and syringol under low NO,
conditions generated a substantial amount of catechol®®. Elevated
mass concentration of catechol during daytime (85ngm~3)
compared to nighttime (25ngm~3) may indicate that the
photochemical production significantly contributed to the
observed DHB concentration in the biogenic site. The same
pattern was observed for THB and guaiacol. The mountain-valley
breeze circulation also transported the biomass-burning plumes
from the nearby metropolis area.

Like the urban tracers, the BB markers in the forest enhanced
the mass concentration of the submicron particles. Levoglucosan,
DHB, and other combustion tracers all together constituted 9% of
submicron OM. The elevated mass concentration of prominent
biomass burning tracers in a biogenic site indicates the strong
influence of human-related activities in the forest. Beyond the
enhanced concentration of atmospheric pollutants, combustion
activities can also impact the hydrological cycle®®, which in turn
could alter the biological growth due to a reduction in overall
moisture level.
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Fig. 4 Time series profile and contribution to OM of the major organic markers, clustered according to their primary source.

Discussion and atmospheric implications

Significant quantities of organic tracers were measured using a
TD-PTR-ToF-MS in an elevated subtropical forest where the
influence of anthropogenic activities was substantial. Molecular
characterization of the submicron aerosols showed that the
organic compounds can suitably explain the variability of OM.
Furthermore, the top 30 ions extracted from MS, which accounted
for ~50% of submicron OM, mirrored the variability of all the ions
from TD-PTR-ToF-MS and total OM, allowing these ions to be
appropriate representative of the organic aerosols. These particle-
phase bound compounds showed relatively low O:C ratio, with
evident partitioning to larger particles (~1.0 um). Volatility analysis
based on molecular formula alone placed the 30 compounds
mostly in IVOC and VOC concentration saturation range, but max
desorption temperature indicated otherwise that the VOC ions
were fragments of larger organics with low volatility. From the
thirty major ions, eight ions were identified and associated with
biogenic processes, ten were urban-related and six were
accounted as BB tracers (see Supplementary Table 2 for some
ions not discussed in the main text). Figure 4 shows the
contribution of respective pollution categories, which were
defined by the molecular tracers identified in this study, where
a significant portion of the total submicron organic matter (69%)
was not yet linked explicitly to a specific source. This signifies the
need to expand the identification process of the ions from the
mass spectra, which may involve increasing the number of major
ions (e.g., >30ions) to be examined, developing a comprehensive
library of fragmentation patterns of identified tracers, or utilizing a
different ionization technique (e.g, NOs~ and |7) that detect
highly oxygenated compounds. lodide-ToF-CIMS can effectively
identify organonitrates, monomers, and dimers with 3-6 oxygens
while Nitrate CI-ToF-MS can measure similar compounds with
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more than 6 oxygens®. Nevertheless, the unaccounted mass of
submicron OM had a significant relationship with urban (r? = 0.54)
and biogenic (r=0.60) tracers, as comparing to BB tracer
(r* = 0.32), which may indicate the possible sources of the organic
compounds (see Supplementary Fig. 6 for correlation analysis).
Moreover, in addition to the consistency in time series as shown in
Fig. 1a, correlation analysis indicates a strong linear correlation
(r* = 0.8124) between the total mass of OM and that of the top
30ions. This result supports that the major ions were suitable
representatives in assessing the sources of submicron OM and its
chemical characteristics, and that the unaccounted portion of OM
were still relevant to urban, biomass, or biogenic emissions.

The mass concentrations of most tracers (i.e., phthalic and
pinonic acid) reported here were higher compared with other
sampling sites. The possible impact of isomeric and isobaric
isomers are not discounted in this study, particularly the
contribution of products from fragmentation due to thermal
desorption and collision induced dissociation (CID). More impor-
tantly, the elevated relative humidity and photochemical activities
also justify the high mixing ratios of particle-phase bound tracers.
A chamber study indicated that the measured fraction in the
particle phase and RH. showed an apparent relationship
indicating the importance of such meteorological conditions in
the formation of the aerosol tracers®’. Though the controlled
study only constrained such observation for pinonaldehyde, it
may as well be extended to the formation of the oxygenated
compounds. Likewise, the high RH. and aerosol water liquid
content (~91% and 30ugm—3, daytime average, shown in
Supplementary Fig. 7) during the field campaign favored the
partitioning of polar compounds, which perchance intensified the
mass concentration of some of the semi-volatile organic tracers in
the aerosols. Moreover, model simulation using ISORROPIA 1152
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indicated that PM in Xitou forest was acidic, with pH of 2.14
(min:1.45; max: 2.65, shown in Supplementary Fig. 7). The acidic
condition of PM induced the partitioning of organic compounds in
the particle phase, further justifying the elevated concentration of
most tracers compared to the other sites. This is coherent with a
previous chamber study that showed an increase of mass of
particle phase organics by 40% when utilizing acidic aerosols®3,

METHODS
Site description and instrumentation

A 30-day measurement was conducted at the Xitou Experimental
Forest of National Taiwan University, located in Nantou, Taiwan
during the fall season of 2015. At 1120 meters above sea level, the
forest with 2500 total hectares is surrounded by three different
mountains. During the field measurement, the mean temperature
and relative humidity were 20.5°C and 91%, More information
regarding the forest can be found somewhere else®'®.

The instruments used in this study were housed in a wooden
cabin with proper ventilation. The VOCs were measured using a
proton transfer reaction - time of flight mass spectrometer (PTR-
ToF-MS 8000, IONICON Analytik) at 132 E/N ratio (Townsend).
Description of the general technique of the PTR-ToF-MS can be
found elsewhere. The PTR-ToF-MS was calibrated daily using a
110-ppb mixture of gases (isoprene, limonene, benzene, toluene,
ethylbenzene, dichlorobenzene, trichlorobenzene, and trimethyl-
benzene, Restek Corp). An advanced Liquid Calibration Unit (LCU-
a, IONICON Analytik) was utilized to dilute the gaseous standard
(110 ppb) for calibration range of 1.0 to 20 ppb with high
precision.

Submicron aerosols (PM; o) was collected using a pair of US
federal reference method samplers equipped with sharp-cut
cyclones with 1pum cut-off diameter. The PM,, samplers were
loaded and replaced daily with a Teflon filter and a double-layered
quartz filter (QBQ set-up), respectively. The sampling duration of
the PM, o samplers was from 9:00 to 18:00 (“daytime”) and from
20:00 to 06:00 (“nighttime), local time. Most of the data presented
in this study used the daytime samples unless indicated otherwise.
Size resolved collection of submicron aerosols was also done in
21 selected days of the field measurement using a micro-orifice
uniform deposit impactor (MOUDI 110, MSP corporation).

Characterization of the particle-bound organic compounds
and water-soluble ions

A modified thermal desorption unit (DRI Model 2001A, Atmoslytic,
Inc) was utilized to evaporate the organic compounds from a
0.528 cm? punch quartz filter. The desorption unit was designed to
evaporate the organic compounds in a stepwise manner with a
five-minute interval each step. The four target temperatures were
100 °C, 200 °C, 350 °C, and 550 °C. Ultra-pure nitrogen (99.9995%,
Air Products) was used as the carrier gas and a heated transfer line
(95-100 °C) served as the connector between the desorption unit
and the PTR-ToF-MS. At the same time, the inlet temperature of
the PTR-ToF-MS was set at 100 °C, to minimize condensation loss.
A detailed description of the whole TD-PTR-ToF-MS tandem unit
can be found in prior studies®'2.

The mass concentration of the identified ions from the thermal
desorption was calculated using the Eq. (3).

Cave,M x MWy x Fnz X tmeas

3
22.4x FeopX teor x 0.001 X Frijter ¥

Naerm =

Here, nge, v is the mass concentration of an organic compound
(M) in ng m~3, Cuen is the average of the mixing ratio (ppb)
measured by the PTR-ToF-MS at a given time of measurement
(tmeas) and flow rate of the carrier gas (Fyy), which were 20 min and
0.095 LPM, respectively. The F., and t., are the flow rate and
sampling time duration of the aerosol sampler (PQ-200), which
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were 16.7 LPM and 9 h for daytime and 10 h for nighttime. Fg, is
the fraction of the quartz filter introduced to the TD-PTR-ToF-MS
unit using a customized platinum boat. The mass concentrations
of the identified ions were background corrected by subtracting
the signal measured from field blank filters.

Gravimetric analyses of the Teflon filters were done using a
microbalance (Model XP6, Mettler Toledo). Particle bound water-
soluble ions (Na*t, NH,*, K*, Ca?*, Mg?*, CI~, NO5;~, and SO,%7)
were analyzed using ion chromatography (ICS-1000, Dionex).
Sugar-related organic compounds such as levoglucosan (1,6-
anhydro-B-p-glucopyranose), galactosan (1,6-anhydro-f3-p-galacto-
pyranose), and arabitol were analyzed using ion chromatography.
Filter samples were cut into 17 mm round portions, each punched
filter was placed in a 4 mL amber glass screw thread vial and
extracted with 3 mL deionized ultra-pure water under ultrasonic
agitation for 60 min. The extracts were then filtered using a
syringe filter (25mm filter with 0.45pum PTFE membrane, Pall
Corporation, East Hills, NY, USA) to remove insoluble materials. The
extracts were analyzed using high-performance anion-exchange
chromatography (HPAEC) with pulsed amperometric detection on
a Dionex ICS-5000 lon Chromatograph, using a Dionex Carbopac
MA1 guard column and a Dionex Carbopac MA1 analytical column
(4%x250mm) with sodium hydroxide solution (400 mM,
0.4mLmin~") as eluent. Organic Carbon/Elemental Carbon (OC/
EC) analysis of quartz filters was done using DRI Model2001A
Thermal/Optical Carbon Analyzer (Atmoslytic, USA) with IMPRO-
VE_A method. Particulate organic matter (OM) was determined
using 1.6 as a conversion factor'®. The value of 1.6 was assigned
for urban aerosols while non-urban areas such as the Xitou forest
site should utilize 2.1. However, we believe that the forest site was
heavily impacted by urban processes, thus utilizing the 1.6 factor
appears to be reasonable for this case. This was corroborated by
the determined mean molecular weight per carbon weight of the
ions measured by the PTR-TOF-MS (1.65 + 0.46).

Positive matrix factorization for source apportionment
Source apportionment model such as the positive matrix
factorization (PMF) provides quantification of the contribution of
the sources to the pollutant concentration. The PMF model is
described in detail elsewhere®®. We applied the EPA PMF model®®
version 5.0.14 to the top 30 major ions extracted from the daytime
samples, including the mass concentration of OM measured by
using OC/EC analysis. The data matrix, therefore, had dimensions
of 31 analytes x 30 filter samples. The model was run 20 times
with a randomly chosen starting point for each run.

Calculation of pH and liquid water content of PM using
ISORROPIA I

The acidity and LWC of submicron PM in Xitou forest were
simulated using ISORROPIA 1l a thermodynamic equilibrium
model using inorganic ions (e.g. K*, Ca?*, NO;~ and SO,27) as
primary inputs®2, ISORROPIA provides the hydronium ion con-
centration and water uptake using relative humidity and
temperature as critical parameters beside the mass concentration
of water soluble inorganic ions. In Xitou forest, the daily average
temperatures and RH range between 291.3-296.1 K and 81-97%,
respectively. Simulation was performed in the forward mode and
for aerosols in the metastable conditions. Time series profile of
aerosol LWC and pH are provided in Supplementary Fig. 7.
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