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Semi-/intermediate volatile organic compounds (S/IVOCs) are important precursors for secondary
organic aerosols (SOA) and ozone formation. Vehicle emissions from real-world vehicle fleets are
significant anthropogenic source, but their emission profiles and chemical fingerprints remain
inadequately characterized. Here, we combined tunnel observation with comprehensive two-
dimensional gas chromatography coupled with time-of-flight mass spectrometry to investigate
vehicular S/IVOCs emissions. We identified 256 vehicle-related compounds with fleet-average
emission factors (EFs) of 16.4 + 12.1 mg-km~"-veh ™", comprising 67.2% VOCs, 24.3% IVOCs, and
8.5% SVOCs. VOCs accounted for the majority of ozone formation potential (OFP, 84.8%), whereas
VOCs, IVOCs, and SVOCs contributed to SOA formation potential at different times. Importantly, our
speciated-based SOA estimation enhanced SOA production estimates by 44.1-76.9% compared to
traditional approach. We identified eight potential vehicle-related tracers in S/IVOC range through
volcano plots and hierarchical clustering analysis, which could benefit future source apportionments.
Our work also offers a novel perspective for screening tracers from various sources beyond vehicle-

related emissions.

Atmospheric organic compounds serve as critical precursors for secondary
organic aerosols (SOA) and ozone formation, profoundly impacting air
quality'™, climate change®, and human health*. The oxidation efficiency
and contribution to SOA formation of organics are largely regulated by their
distribution between gas and particle phase’, which are further determined
by their volatility. Based on effective saturation concentrations (C*),
atmospheric organic compounds could be categorized into volatile organic
compounds (VOCs), intermediate volatile organic compounds (IVOCs),
semi-volatile organic compounds (SVOCs), and low-volatility organic
compounds (LVOCs)”". Laboratory studies have demonstrated that gas-
eous S/IVOCs, which may encompass hundreds to thousands of chemical
species but are often overlooked in traditional inventories, generate SOA
with more efficiently than VOCs due to their higher potential to form low-

volatility products upon atmospheric oxidation”* . Therefore, a full-
volatility framework for organics would significantly improve the accuracy
of air quality models and enhance our understanding of their contribution
to SOA".

Currently, our knowledge on S/IVOCs remains limited due to the
analytical challenges associated with accurately identifying and quantifying
individual S/IVOC:s species. This is particularly evident when compared to
the extensive research and emission reduction efforts on VOCs'’. Con-
ventional analytical techniques, e.g, gas chromatography-mass spectro-
metry (GC-MS), often struggle to resolve most S/IVOCs at the molecular
level, resulting in a substantial fraction of co-eluting compounds as unre-
solved complex mixture (UCMs)>'"**. Despite efforts to categorize the
UCMs—such as the work by Zhao et al.” who classified UCMs into
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unidentified branched alkanes (b-alkanes), n-alkanes, and unidentified
cyclic compounds using the volatility bin methods based on retention times
of n-alkanes—a significant portion (80-90%) remains unspecified””. Con-
sidering un-speciated UCMs, the speciation of I/SVOC remains rudimen-
tary, lacking essential structural details, such as carbon skeletons and
reactivities. Additionally, the absence of a comprehensive emission inven-
tory that includes chemical composition and volatility profiles poses a major
barrier to accurately identifying the sources of SOA in air quality models.
Recently, advanced multi-dimensional chromatographic technologies, e.g.,
comprehensive two-dimensional gas chromatography (GC x GC) coupled
with high-resolution mass spectrometry, have offered improved separation
capabilities for atmospheric complex mixtures™. GC x GC is recognized for
its enhanced sensitivity, broad selectivity, and high peak capacity, achieved
through the sequential connection of two capillary columns featuring
complementary stationary phases”*”’. GC x GC has been utilized to inves-
tigate organic emissions from diverse sources, including cooking
emissions™”, biomass coal combustion ™, and vehicle exhausts™*.
Compared to one-dimensional GC, GC x GC significantly improves the
resolution and sensitivity while effectively reducing the UCMs and
coelution™.

On-road vehicles are recognized as a major contributor to S/IVOCs in
urban environments™. To date, most previous research on vehicular
S/IVOC emission were conducted through dynamometer tests under well-
controlled conditions”™******”. These laboratory tests typically involved a
limited number of samples for individual vehicle testing, which failed to
accurately represent real-world scenarios due to tremendous variations in
vehicle fleet composition, driving behaviors, and emission standards'”"****.
In contrast, tunnel studies can effectively capture emission from a large
number of fleet vehicles in motion, providing a more comprehensive view of
real-world emissions*'. However, the research of S/IVOCs from fleet vehi-
cles remains scarce. Only two studies by Tang et al."” and Fang et al.”’ have
reported total emission of IVOCs in road tunnels, categorizing them into
broad groups based on n-alkane using traditional thermal desorption (TD)-
GC-MS techniques, without specifying all individual species. The
molecular-level characteristics of the volatility of S/IVOCs from on-road
vehicles under real-world condition have not yet been reported.

Atmospheric organic components exhibit strong source specificity,
serving as crucial tracers for identifying emission sources and assessing their
impacts on the atmospheric environment*. Compounds such as BTEX
(benzene, toluene, ethylbenzene, and xylenes), ethylene, acetylene, iso-
pentane, and n-pentane have been widely utilized as tracers of vehicle
exhausts*. However, most of the current vehicle exhaust tracers fall within
the VOC range, where distinction can often be blurred due to their colli-
nearity and co-emission from other pollution sources. For instance, BTEX
could originate from industrial emissions®, solvent usage®, and vehicle
exhausts'*. Similarly, ethylene, acetylene, isopentane, and n-pentane could
serve as typical tracers for vehicle exhausts' and coal combustion””. These
overlaps introduce significant uncertainties in the source apportionments of
vehicle emissions, complicating urban air pollution control efforts and
regulatory compliance. To address this limitation, it is essential to employ
advanced detection technologies to expand the range of source tracers and
establish a comprehensive database for various emission sources. Recently,
certain S/IVOC species have been identified as tracers to distinguish dif-
ferent sources; for instance, acenaphthylene is recognized as a characteristic
indicator of wood combustion, while pyrene and benzo[a]anthracene are
used as tracers of coal combustion™. Given the significance of vehicle
emissions on the urban atmospheric environment, it is imperative to
identify new vehicle-related tracers in the S/IVOC range for effectively
distinguishing vehicle emissions from other sources and improving the
accuracy of source apportionments.

In this study, a tunnel observation in a megacity in China was con-
ducted to characterize the gaseous S/IVOCs emitted by urban vehicle fleets.
Vehicular S/IVOCs were identified and quantified at the molecular level
through non-targeted analyses with TD-GC x GC-TOFMS. Furthermore,
we explored distinct emission characteristics through a comprehensive

analysis of the diurnal variations, volatility distributions, and SOA and
ozone formation potential of vehicular S/IVOC:s. Finally, we screened and
identified potential vehicle-related organic tracers by combining various
data analytical approaches. These potential tracers, along with conventional
VOC tracers, would offer valuable insights into the vehicle emission char-
acteristics and would potentially benefit future source apportionment
research.

Results

Emissions of gaseous organic compounds from vehicle fleets in
the tunnel

The fleet composition, traffic flow, and average speed in the tunnel exhibit
typical urban traffic features. Figure 1b—-d illustrates the diurnal traffic flow
and vehicle emission standards observed during the measurement. The
mean vehicle flow was 10217 + 2517 vehicles every day, with the peak flow
ranging from 492 to 857 vehicles per hour. Traffic intensity was higher
during the evening rush hour compared to the morning. As shown in
Figs. 1c and S1, gasoline vehicles (GVs) constituted the majority of the
vehicle fleet (83.7%) inside the tunnel, especially during the daytime, fol-
lowed by hybrid electric vehicles (HEV,13.5%) and diesel vehicles (DVs,
2.6%). However, the proportion of DVs surged to 6.0% at night, significantly
higher than in the daytime (2-3%), due to the daytime restrictions on DVs
in the urban areas of Tianjin. The average speed of vehicles was
44.7 2.7 km/h during the measurement, higher at midnight and lower
during rush hours. These diurnal variations in both traffic density and speed
correspond to the travel times of local residents commuting from work.

Besides, temperature and relative humidity during each sampling
period were recorded and presented in Figs. S2-S5. Correlation analyses
between these meteorological parameters and the concentration differences
of organics (outlet minus inlet) were conducted for each time period. The
results suggest that elevated temperature and reduced humidity may slightly
increase organic compound concentrations in the tunnel; however, the
correlations remained weak due to the limited variability of these para-
meters. Traffic volume and fleet composition were still the dominant factors
influencing organic compound emissions in the tunnel.

The EFs of measured gaseous organic compounds were obtained using
Eq. 1. The EFs for total measured organics within tunnel were
16.4 + 12.1 mgkm "veh', with values ranging from 1.3 mg-km "veh to
83.6 mg-km'.veh ™ (Fig. 2a), comparable to those measured in the Zhujiang
tunnel” of Guangzhou (16.77 + 0.94 mg-km '-veh™") and the Changjiang
tunnel” of Shanghai (24.9 +7.8 mgkm 'veh™') (Fig. 2d). The average
measured EFs in tunnel environments were higher than that of GV exhaust
but lower than that of DVs measured in chassis dynamometer testing.
Besides, the EFs for organics peaked during the midnight period
(2:00-4:00), reaching 34.8 + 21.7 mgkm".veh ", followed by the morning
and evening (Fig. 2a). Despite significantly reduced traffic flow (Fig. 1b) and
concentration (Fig. S3) at midnight, the EFs for organics were higher
compared to daytime levels, primarily due to the increased proportion of
DVs (Fig. S1). Furthermore, we reconstructed the fleet EFs based on the
vehicle fleet composition within the tunnel and the single-vehicle EFs
derived from dynamometer tests (Supporting Information). A comparison
between the reconstructed emission factors (EFs_cal) and the measured EFs
showed good agreement, as illustrated in Fig. S6. This consistency
demonstrates the reliability and effectiveness of capturing the temporal
trends in emissions across different time periods in the tunnel. Notably, the
EFs_cal (31.9 mgkm "veh™") was slightly lower than the measured EFs
(34.8 £ 21.7 mgkm™"-veh ™), indicating that emissions during this period
may have been influenced by a higher proportion of high-emitting vehicles
or non-vehicular emission sources within the tunnel.

The chemical composition of measured organics in the tunnel is
depicted in Fig. 2b, ¢, with the major species detailed in Fig. S7. Among
speciated compounds, single-ring aromatics (SRAs) dominated the total
measured organics emission (48.3%), followed by b-alkanes (15.0%), oxy-
genated compounds (14.4%), nitrogen compounds (8.6%), and n-alkanes
(7.8%). Polycyclic aromatic hydrocarbons (PAHs) accounted for only 2.4%
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Fig. 1 | Schematic of tunnel and traffic characteristics. a Layout of the Wujinglu
tunnel. Sitel# and 2# refer to the two sampling locations at the tunnel entrance and
exit, respectively. b Diurnal variation of traffic flow and vehicle speed; the shaded

areas (blue and purple) represent +1 standard deviation based on data collected over

multiple days. ¢ Fleet composition and d vehicle emission standards observed in the
tunnel during the campaign; GVs, HEV, NG, and DVs represent gasoline vehicles,
hybrid electric vehicles, natural gas vehicles, and diesel vehicles, respectively.

of total EFs. Besides, ketones were the most abundant oxygenated com-
pounds, contributing 4.1% to the total EFs, followed by esters (2.8%),
alcohols (1.9%), and acids (1.9%). The variety of compound categories
highlights the inherent chemical complexity. In addition, SRAs and
b-alkanes were predominant within VOCs, constituting 69.7% and 11.5% of
the VOC emissions, respectively, while b-alkanes (29.8%), oxygenated
compounds (28.0%), and n-alkanes (18.3%) were the main IVOC con-
tributors, consistent with previous findings'>*. Regarding molecular
structure, the majority of organic compounds in the tunnel with an H/C
ratio > 0.5 and an O/C ratio < 0.3 (Fig. S8). The double bond equivalent
(DBE) offers insights into the unsaturation levels of compound molecules,
with higher values indicating greater unsaturation™. Species with DBE
values ranging from 3 to 8 dominate the organic emissions, suggesting a
high level of unsaturation in the tunnel. This was likely ascribed to the higher
proportion of aromatics from the vehicle emissions, characterized by a more
compact molecular structure, which has alower H/C ratio and a higher DBE
value. Compared with the findings of Zhao et al.’, where the dominant
fraction of organic compounds remained unspeciated, our results greatly
complement the molecular fingerprint information of organic emissions
from vehicle fleets.

The composition of gaseous organic compounds showed significant
diurnal variation (Fig. 2b). For example, nitrogen compounds accounted for
6.0-14.7% of the measured organics at midnight, compared to 0.7% to 3.5%
during the daytime. The proportion of oxygen-containing compounds
increased from 12.1% during the daytime to 16.8% at night, with notable
increases in ketones, esters, and acids. On the other hand, the proportion of
SRAs and b-alkanes during the daytime was significantly higher than at
night, with compounds such as toluene, m/p-xylene, and b-alkanes pre-
viously identified as tracers of GV exhaust. The proportions of n/b-alkanes
were markedly higher in the early morning (7:00-9:00) than in other

periods. There was a small difference in components between the EFs at
noon (13:00-15:00) and late afternoon (17:00-19:00) due to similar fleet
composition and traffic flow, with SRAs constituting the majority, ranging
from 58% to 60%, followed by b-alkanes. Besides, due to instrumental
limitations, this study focuses solely on the emission characteristics of
organic compounds within the C6 to C30 range, excluding those with
molecular weights below C5. This limitation may introduce biases in the
conclusions regarding the distribution of VOCs and their subcategories.
Future studies would incorporate a variety of instruments to extend the
analysis to a broader range of VOCs, thereby providing a more compre-
hensive understanding of emission characteristics.

Volatility distributions of gaseous organic compounds and their
contribution to secondary pollutants

The volatility of organics largely determines their existing form in the
atmosphere, affecting their oxidation efficiency and contribution to the
pollutants formation'"*. The observed vehicular organics displayed a broad
range of volatilities, with VOCs (67.2%) and IVOCs (24.3%) being the
predominant groups (Figs. 2a and 3g—j). The average volatility distribution
closely resembles that observed in gasoline exhausts in previous research™.
The distribution of volatiles across different sampling periods showed
obvious differences in the tunnel. On one hand, semi-volatility components
were significantly more abundant at night (Fig. 3g) compared to the day-
time, with the proportion of SVOCs at night (9.1 +6.3%) being nearly
double that during the day (1.9-5.8%). On the other hand, the proportion of
IVOCs during the morning peak (59.9 + 11.5%) was slightly higher than
during other periods, whereas VOCs components significantly increased
during the afternoon (17:00-19:00) and noon hours (13:00-15:00), with
VOC:s constituting 77.6 + 9.2% and 75.2 + 9.8%, respectively. Recent studies
have reported that gasoline-related emissions™* are mainly composed of

npj Climate and Atmospheric Science| (2025)8:186


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01078-w

Article

100 = -
a (Ib C N-containing compounds
(a) ) Q) |
Py 80 - — = chlorides
“ i - - ~ MECs
= = S
> 60 - | 6()! ethers
—'E : =
- ketones
2 40 | - 2
%I) | L 3 | S— = esters
)
~ - 30 S
= 20 | T =) aldehydes
= r 9 ral $‘ B | L W ©
L 5 | alcohols
0 - p N
! ! I ! | I | 0 acids
2:00-4:00  7:00-9:00 13:00-15:00 17:00-19:00  2:00-4:00 7:00-9:00 13:00-15:0017:00-19:00 AVE PAHS
1000 -3 —— ; — ‘ — ‘
] (d). Nonroad Motorcycle | DVsw - Wil SRAs
g Mg | ? n o |
?100 —; T Q i f. | o0 ® 5 ‘ alkenes
E E f [I : . ;w i o : cyclo alkanes
S 4 F Mmepg1®a = ‘
Y L E N e S i i ? ? I : b-alkanes
s 1 @ | ? : f - o m i
| h : ] ! : : ! ; i ™ i n-alkanes
. o & r e R n e n e «-.-'.-> g e p—— —= . '.-.- .
§£00 5 EEEEEELIEEZREEEES ZSETEE & > 5 ezlEEE
S$5CE [ 9333 :F33c849%8%3; FEEfiZ ;2 @ TR
$E3F 5 FE3L-ETTE EgEEEC OSPCEEE O S 25
§552% ¥ EZ& & £% 5 O
S 589 & 3 z =
o &> = g s =
S w2 R >
=5£%5.° 2
Z - % P Zhaoetal2014)° 4 Zhaoetal(2015)° ™ Liuetal(2021)° (D Huangetal(2018)” =
- g E® Louctal(2019)> (B Shenetal(2023)> @ Qietal(2019)'8
§° ©@ Zhang etal(2024Y* @ Zhang et al(2024)° < Heetal(2022)” 4> Huang et al(2024)®
£ A Tangetal(2021)” € Qietal(2021)" A\ Tangetal(2021)” M Fang et al(2021)?
= @ This study

Fig. 2 | Emission profile of gaseous organics within the tunnel. a EFs for different
sampling periods; purple dots represent individual sample EFs, and red dots indicate
the mean values for each period. Boxes represent the interquartile range (25-75th
percentiles), the centerlines indicate the medians, and the whiskers denote the full
data range. The pie chart shows the volatility distribution of organics during the
entire campaign. b Composition of organics during different sampling periods.

SRAs and MFCs refer to single-ring aromatics and multifunctional organics.

¢ Average composition of organics over the entire campaign. d Comparison of
tunnel-derived EFs with those from other mobile sources; TwM, ThM, and DPF
indicate two-wheeled motorcycles, three-wheeled motorcycles, and diesel particu-
late filters, respectively. Blue dots denote measurements obtained by GC x GC-MS,
while black dots were obtained by GC-MS.

VOCs, while DVs™*"*, and lubricants" typically contain a higher pro-
portion of relatively LVOCs. Our results were consistent with the fleet
composition during the sampling period, indicating a significant relation-
ship between vehicle fleets and volatility distribution.

Although there was little variation in total EFs among different sam-
pling periods (Fig. 2a), significant variations were observed in the dis-
tribution and composition of volatile compounds. Notably, the variations in
chemical species across different sampling periods were predominantly
found within the S/IVOCs range (Fig. 3a-d). For example, the proportions
of b/n-alkanes in the volatility of 4-6 (IVOCs) were markedly higher in the
morning (7:00-9:00) compared to other periods (Fig. 3b). It is noteworthy
that these differences in n/b-alkanes were consistently observed across
nearly all sampling days. Although traffic volume during the morning rush
hour was slightly lower than in the evening, cold-start conditions were more
prevalent in the morning, as most vehicles had been parked overnight. The
resulting lower engine and exhaust system temperatures likely contributed
to the more pronounced increase in alkane concentrations observed during
this period'”". Research has demonstrated that cold-start operation results
in higher IVOC EFs compared to hot-start operation, primarily due to the
reduced efficiency of the catalytic converter during cold starts, particularly
with respect to alkanes that are not oxidized'”"”. As shown in Fig. 3h, j,
compared to the evening rush hour (17:00-19:00), which aligns with traffic
volume and fleet composition, the proportion of IVOCs during the morning

(38.2%) was significantly higher than that during the evening peak (20.5%).
Meanwhile, the carbon number distribution during the morning rush
exhibits a marked increase in both the light alkane fraction (C5-C8) and
mid-to-high carbon species (C16-C19) (Fig. S9).Lubricating oil, which
contains substantial amounts of C18-C25 alkanes®, further supports the
influence of cold starts, unburnt fuel, and lubricating oil evaporation on
emissions. These combined factors result in a significantly higher propor-
tion of alkane emissions during the morning rush hour compared to other
time periods. Additionally, nitrogen compounds (10.3%) and acids (2.5%)
were found to increase significantly at 2:00-4:00 am, particularly in the
volatility of 2 (SVOCs), with phthalimide as the primary contributor. To
clarify the origin of elevated nitrogen-containing compounds during
2:00-4:00 a.m., we incorporated multiple supporting observations. Video
surveillance (Fig. S10) confirmed the presence of barbecue carts with open-
flame grills in the tunnel around 3:30 a.m., during periods of near-zero
traffic (Fig. 1), suggesting a non-vehicular source. Concurrently, particle
number concentration (PNC) peaked sharply at 3:00 a.m., with a size dis-
tribution in the Aitken mode (Fig. S11)*—indicative of incomplete
combustion®'. Moreover, GC x GC-TOFMS results showed nitrogenous
heterocycles and amines consistent with biomass burning profiles reported
in the literature™ . This evidence strongly indicates that biomass combustion
is the primary driver of the elevated nitrogen-containing compounds
observed during midnights. The burning charcoal likely produced a large
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Fig. 3 | The volatility distribution and contribution to secondary pollutants of
organics in the tunnel. a-d Represent the volatility distribution of S/IVOC during
different sampling periods; Background shading denotes distinct volatility ranges.
e Contribution of organics to ozone formation potential during sampling periods.
f Contribution of organics to SOA during sampling periods; The method based on
speciated species represents the SOA estimation quipped with detailed chemical

parameters based on GC x GC-TOFMS. Bin method represents the calculation
using the parameters of n-alkane corresponding to each bin grouped with retention
time of n-alkane. g—j Represent the contributions of VOC, IVOC, and SVOC to EFs,
SOA, and ozone formation during the sampling period of 2:00-4:00, 7:00-9:00,
13:00-15:00, and 17:00-19:00, respectively.

number of nitrogen compounds, further emphasizing the considerable
impact of open-air barbecuing on urban organic emissions. The result also
aligns with the previous conclusion that the presence of high-emitting
vehicles or non-vehicular emission sources within the tunnel during the
midnights. Our findings clearly indicate that S/IVOCs provide valuable
insights into the sources of pollutant emissions, which can aid in accurate
source identification and the development of effective emission control
strategies.

The Eqgs. S5 and S6 were used to calculate the formation potential to
secondary pollutants in this study. The contributions of various groups to
ozone and SOA formation potential are illustrated in Fig. 3e-j. Overall,
VOCs accounted for 84.8% of the estimated ozone production and 46.7% of
SOA formation potential, compared to 67.2% in EFs during the whole
campaign (Fig. S12). Aromatics took up 81.4% of the total OFP, followed by
oxygenated compounds (7.7%) and PAHs (2.6%). Benzene, 1,3-dimethyl-,
o-xylene, benzene, 1,2,4-trimethyl- were the main VOC species that con-
tribute most to OFP. Additionally, benzene, 1,2,3,5-tetramethyl-, naph-
thalene, 1-Hexanol, 2-ethyl-, benzoic acid, and benzo[b]fluoranthene were
the primary IVOCs contributors for OFP (Fig. S13). Although S/IVOCs
accounted for only 32.8% of EFs, they predominant the SOA formation
potential (53.3%) in the tunnel (Figs. 2a and S12). The substantial con-
tribution of S/IVOCs to SOA could be attributed to their relatively higher
yields and reaction rates with OH radicals, as evidenced in various emissions

studies, including cooking emissions™, gasoline exhaust™**%, diesel

exhausts’, and coal combustion™*'. Aromatics accounted for 25.4% to the
SOA estimation, closely followed by nitrogen compounds (23.7%), oxyge-
nated compounds (21.4%), and b-alkanes (11.7%) (Fig. 3f). Alcohols (5.5%),
multi-functionality compounds (5.3%), and acids (3.2%) were the main
oxygenated compounds for SOA generation in the tunnel. From the per-
spective of species, 1-hexanol, 2-ethyl, bis(2-ethylhexyl) phthalate, benzo[b]
fluoranthene, naphthalene, and n-Hexadecanoic acid were found as sig-
nificant S/IVOCs contributors to SOA formation potential.

VOCs dominated ozone formation potential, while VOCs, IVOCs, and
SVOC:s played varying roles in SOA estimation throughout different times
of the day. SOA formation potential at 2:00-4:00 was much higher than in
other periods, due to the larger EFs and elevated S/IVOCs proportion
(38.1%). Nitrogen compounds (40.8%) were the main contributors to SOA
formation potential during 2:00-4:00, followed by aromatics (21.3%).
Despite minimal differences in EFs in the morning and evening sampling
time (Fig. 2a and Fig. 3h, j), SOA formation during the morning peak was
52.6% higher than during the evening peak due to the high proportion of
IVOC:s, particularly the b-alkanes and n-alkanes with volatility between 4
and 5 (Fig. 3b). As discussed above, there might be high-emitting DVs
during morning rush hours, which likely emit more IVOCs. These IVOCs
have a higher yield to form LVOCs during atmospheric oxidation, poten-
tially contributing to the abundant SOA formation in the succeeding
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daytime. This finding indicates that we might underscore the pivotal role of
high-emitting DVs in atmospheric SOA formation, which could be an
important aspect of future fine particulate control.

To investigate the influence of chemical speciation on the accuracy of
SOA estimation, we applied the parameterization method (Eq. S6) using two
different types of input data: a bin-based approach using surrogate
n-alkanes and a species-resolved approach incorporating compound-
specific reactivity and yield data. The bin-based approach, commonly used
in previous studies, estimates SOA formation by assigning the OH reactivity
and SOA yield of a representative n-alkane to all compounds within the
same volatility bin. In contrast, the species-resolved approach calculates
SOA formation potential for each identified VOC and S/IVOC species
individually. This method enables the use of a more accurate volatility
distribution, a broader range of chemical species, and compound-specific
OH reaction rate constants and SOA yields, thereby improving the fidelity of
the estimation. As shown in Fig. 3f, the speciated compounds method
significantly enhanced SOA production estimates by 44.1-76.9%. Previous
laboratory studies have found that the measured substantial SOA formation
potential from vehicle exhaust cannot be fully explained by the SOA yield of
total VOCs'**>*, even with some S/IVOC precursors*’. Our results elabo-
rate that UCM proportion through appropriate techniques could partially
address the underestimation of SOA production. Compared to the sig-
nificance of VOCs in ozone formation, enhancing the control of S/IVOCs
would be more effective in mitigating fine particle pollution.

Screening of organic markers under real-world driving
conditions

Atmospheric organic concentration and fleet organic emissions in the
tunnel are utilized for identifying vehicle emission tracers. We first use
partial least squares discriminant Analysis (PLS-DA), a supervised method
for classifying grouped data, and key components identification’”. The
results showed that samples from different periods in the tunnel flock
together closely but are far away from ambient atmosphere samples
(Fig. S14), revealing considerable differences in the chemical groups of these
samples. Therefore, we considered the tunnel emissions as a whole for
further analysis.

Secondly, a volcano plot is employed to visualize the P-value from ¢-test
alongside the fold change (FC) values, facilitating the identification of dif-
ferential species between vehicle fleet emissions and the urban atmosphere.
The details are available in the Supporting Information. In this study,
organic compound meeting the criteria of FC>1.5 and P-value < 0.05
depicted as red dots in Fig. 4a, with their size proportional to the EFs. A total
of 20 species are identified, comprising 12 IVOC species and 8 VOC species,
including 7 SRAs, 2 aldehydes, 3 b-alkanes, 1 nitrogen compounds, 2
alkenes, 1 cycloalkane, 1 alcohol, 2 esters, and 1 multi-functionality com-
pounds (Fig. 4 and Table S1). These compounds exhibit larger FC and lower
P-values, highlighting their potential as significant molecular tracers for
distinguishing vehicle fleet emission from other sources. We further analyze
the diurnal trends of these species to testify their homology (Fig. 4b). It is
found that these potential tracer compounds exhibit distinct diurnal fea-
tures. Some compounds were significantly higher at 2:00-4:00, while others
showed relatively stable EFs among different sampling periods. We want to
emphasize that vehicle emission might not be the only emission source in
the tunnel; unknown emission sources might exist in the tunnel. For
example, as discussed above and illustrated in Fig. S10, emissions during
2:00-4:00 in the tunnel were not only from vehicles but also from burning
charcoal.

To eliminate the impacts of other potential sources and identify the
vehicle-related emission tracers, we further perform hierarchical clustering
analysis (HCA) analysis, a method that organizes data into a hierarchy of
clusters, typically visualized by a dendrogram™®. We clustered the normal-
ized EFs of selected species using HCA, with further details provided in the
Supporting Information. Additionally, we included known tracers from
previous research”*** as auxiliary species, including specific PAHs
(benzol[b]fluoranthene, naphthalene, benzo[a]pyrene), 1-hexadecanol, and

n-alkanes to enhance the discrimination of the screening results. It is
important to recognize that vehicle emissions are not the sole source of these
compounds; for instance, biomass burning and biological processes sig-
nificantly contribute to naphthalene emissions”, while fatty alcohols are
common indicators of cooking emissions’*. However, in the semi-
enclosed tunnel environment, vehicle emissions are likely the predominant
source of these species. The dendrogram effectively illustrates the clustering
relationships and similarities among the species®'. The calculated silhouette
score (SC)”' shows that three clusters represent the optimal grouping
(Supporting information and Fig. S15). During the clustering process,
similar compounds are progressively grouped together (Fig. 5b). For
example, heptane, 3-methyl-, benzaldehyde, 2-methyl-, benzene, pentyl-,
and p-Cymene cluster closely, indicating a high degree of similarity. These
species are associated with b-alkanes and naphthalene, which are recognized
tracers of GV exhaust. Thus, this group of compounds is likely derived from
GV emissions. Additionally, benzene, (1-methylbutyl)- clusters with
1-hexadecanol, benzo[a]pyrene, and benzo[b]fluoranthene, which are
primarily associated with DV exhaust. This suggests that benzene,
(1-methylbutyl)- may serve as a potential organic marker for DVs. Notably,
other species, i.e., 2-propenoic acid, butyl ester, and 5-undecene, 4-methyl-,
et al. are also grouped together. As shown in Fig. 4b, the diurnal patten of
these species are similar, with significantly higher emission observed at
night. This variability and nocturnal peak make them unreliable as markers
for vehicle emissions.

Considering that the organic tracers should remain relatively stable in
the environment, the species with low reactivity and long lifetime were
typically prioritize in our study. OH- radical is one of the significant oxidants
in the atmosphere, which dominates the degradation of organics. Therefore,
we excluded highly reactive species in the atmosphere based on the reaction
rates with OH radicals, e.g., a-Methylstyrene, piperidine, and 3-phenyl. In
addition to the uniqueness of source emissions, measurability is also a key
aspect for effective tracers. Therefore, an EF threshold of 0.05% is also
utilized to exclude low-emission species. Eventually, heptane, 3-methyl-,
3-phenylpropyl benzoate, benzaldehyde, 2-methyl-, benzene,1-methyl-4-
(1-methylpropyl)-, Benzene, 2,4-dimethyl-1-(1-methylethyl)-, and 3-Ethyl-
3-methylheptane are confirmed as potential organic markers for real-world
fleet vehicles (Fig. 5¢). Notably, 2-Propanoic acid, butyl ester exhibited a
relatively high contribution to the total EFs in this study and showed
a diurnal variation pattern that closely mirrored traffic flow, suggesting a
potential association with vehicular emissions. However, the species more
likely to originate from industrial activities such as the use of coatings,
solvents, and plastic additives, introducing uncertainty in its source attri-
bution. Given that our analysis is based on the concentration difference
between tunnel exit and entrance—under relatively stable background
conditions and dominated by vehicular sources—the influence of non-
mobile emissions (e.g., industrial emission) has been effectively minimized.
Therefore, we speculate that 2-Propanoic acid, butyl ester is more likely
linked to non-exhaust vehicle-related emissions, including tire and brake
wear or off-gassing from interior materials. As current understanding of the
emission pathways of such compounds remains limited, further targeted
investigations are warranted to clarify their source characteristics and
diagnostic value in the context of vehicle emissions in the future. These
species are not conventional VOCs such as toluene, ethylbenzene, and
p-xylene, but instead fall within the IVOCs and SVOCs range. The key
potential organic markers identified in this study, combined with traditional
VOC tracers, could significantly enhance source apportionment efforts. To
evaluate these compounds as vehicle emission tracers, we compared the
concentrations these tracers at an urban site (Nankai University campus,
3898 N, 117.34 E, Fig. S16), a tunnel entrance, and inside the tunnel.
Detailed sampling procedures are provided in the Supplementary Infor-
mation. Results (Fig. S17) showed the highest concentrations inside the
tunnel, followed by the entrance, with the lowest at the urban site, consistent
with the spatial pattern of vehicle emissions.

In our field observation of the tunnel, conventional vehicular VOC
species, including toluene, i-pentane, n-pentane, and ethylbenzene, were
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Fig. 4 | Difference analysis and tracers screening of fleet vehicles. a Volcano plot
showing the fold-change (FC) and P-value from #-test comparing tunnel samples to
ambient atmosphere. Red points represent species that meet FC > 1.5 and

P-value < 0.05, with their size proportional to the EFs. b Diurnal variation of EFs,

molecular structure, and P-value of selected species. Serial numbers and compound
details are provided in Table S2. Bar colors correspond to the four sampling periods.
Boxes represent the interquartile range (25-75th percentiles), the centerlines indi-
cate the medians, and the whiskers denote the full data range.

simultaneously collected alongside S/IVOCs and analyzed using GC-
MS" To further validate the representativeness and reliability of the
selected S/IVOC species as vehicular emission indicators, correlation ana-
lyses were conducted between these compounds and conventional vehicular
VOC tracers, including i-pentane, n-pentane, toluene, and ethylbenzene“.
As shown in Fig. S18, the T/B ratio observed in the tunnel samples was
approximately 1.93, which is consistent with the typical value (~2.0)
reported for urban vehicle emissions”, indicating that the sampled fleet
emissions were representative. Additionally, correlation analyses were
conducted between the selected S/IVOC species and conventional vehicular
VOC tracers, including i-pentane, n-pentane, toluene, and ethylbenzene.
The results (Table S6) showed moderate correlation coefficients (r values
ranging from 0.4 to 0.7). These findings suggest that, despite differences in
volatility and emission dynamics, the selected S/IVOC species exhibit
emission patterns consistent with typical vehicle-related VOCs. Moreover,
synchronized diurnal variation trends observed between i-pentane and the
selected S/IVOCs (Fig. S19) further reinforce their association with vehi-
cular sources. Additionally, correlation analysis (Table S6) revealed a
positive relationship between the tracers and NOx in tunnel (correlation
coefficient > 0.5, P <0.05), further supporting their potential as vehicle
emission tracers preliminary. Furthermore, the potential influence of non-
vehicular emission sources within the tunnel, as discussed in the results, may
introduce additional uncertainties in the identification of these markers.

Therefore, future research should focus on cross-validating these tracers
through controlled laboratory experiments and independent field studies,
ensuring their robustness and applicability in source apportionment efforts.

Discussion

This study highlights the significance of measuring S/IVOCs from real-
world emissions, a factor often overlooked in previous research. The vehi-
cular S/IVOC profiles obtained in this study serve as a crucial addition to the
existing S/IVOC emission database and can be utilized in future
composition-based emission inventory studies and volatility-based SOA
simulation research. For instance, the ongoing development of the volatility
basis set (VBS) approach necessitates more comprehensive S/IVOC emis-
sion data'*".

Source identification and apportionment are essential for developing
effective emission control strategies. However, the overlap of traditional
markers among different sources introduces considerable uncertainty into
source apportionment results“*. We emphasize that S/IVOCs, which
encompass hundreds to thousands of chemical species with a broader range
of volatility, provide more comprehensive information regarding origins
and emission sources. For instance, this study revealed cold start emissions
and the evaporation of unburned fuel and lubricating oil during the
morning rush hour, indicated by the presence of large n/b-alkanes within
the IVOC range. More importantly, we identified eight potential tracers for
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Fig. 5 | Screening and classification of potential marker compounds for tunnel
fleet emissions. a EFs of selected species measured in the tunnel; Serial numbers and
detailed compound information were provided in Table S2. b The dendrogram of
HCA. Colors represent different clusters, with blue indicating auxiliary species

referenced from previous studies. The horizontal axis corresponds to individual
compounds, and the vertical axis indicates the relative linkage distance (dimen-
sionless). ¢ Potential markers recommended for fleet vehicles in real world.

vehicular emissions, all of which most of them fall within the S/IVOC
category. The distribution of these selected tracers aligns with the spatial
pattern of vehicle emissions, with the highest concentrations observed inside
the tunnel, followed by the roadside site, and the lowest at the urban
background site. This pattern, coupled with their positive correlation with
NOx, preliminarily confirms their reliability and potential for future organic
source apportionment efforts. Future research should focus on cross-
validating these tracers through controlled laboratory experiments and
independent field studies, ensuring their robustness and applicability in
source apportionment efforts. We believe that these key tracers, when
combined with widely recognized VOC tracers, could be instrumental in
source apportionment and in supporting targeted strategies for air pollution
control and public health protection. Additionally, our tracer screening
approach that combines full-volatility measurements with comprehensive
statistical methods could be employed to identify and quantify markers
from various sources, thereby extending its applicability beyond vehicle
emissions. These potential tracers, in conjunction with conventional VOC
tracers, could facilitate a more nuanced understanding of source attribution
and strategies for reducing vehicular pollution. In addition, it also offers a
novel framework for screening tracers from various sources, extending its
relevance beyond just vehicle emissions.

Furthermore, we emphasize that detailed S/IVOC information
obtained through advanced techniques not only provides more precise
emission fingerprints but also significantly addresses the underestimation of
SOA production noted in previous studies. Laboratory research has indi-
cated a 2-4 times underestimation of SOA estimation when relying solely on
VOCs as precursors'>.Our findings reveal that VOCs represent only a small
fraction of the potential for SOA formation, and even the inclusion of
unspeciated S/TVOC:s still leads to an underestimation of SOA production.
This underscores the necessity of incorporating speciated S/IVOCs in future
laboratory studies of SOA formation. However, it is important to
acknowledge that the oxidation mechanisms and SOA yields of S/IVOCs
remain significantly less understood compared to those of VOCs and
relevant studies could be important research topics in the future.

Besides, we still need to stress the limitations of TD-GC x GC-TOE-
MS. It does not provide a comprehensive measurement of all organic
compounds. The TD process may lead to underestimation of some S/IVOC
compounds due to incomplete desorption or thermal degradation. Highly
polar compounds may not elute effectively from the GC column, leading to
biases in volatility and polarity distribution estimates. To address these
limitations and achieve a more comprehensive characterization of vehicle-
emitted organics, complementary techniques such as PTR-MS and CIMS
should be employed alongside GC x GC in future studies.

Materials and methods

Tunnel measurements

Urban tunnels offer an enclosed and well-defined environments for quan-
tifying emissions from a mixed vehicle fleets under real-world driving
condition®. A two-week observation was carried out within the Wujinglu
Tunnel located in the downtown of Tianjin city, China (longitude 117.21,
latitude 39.14), from August 30 to September 14, 2023. The sampling site,
situated in the city center, reflects typical urban traffic characteristics, pro-
viding a reliable estimate of fleet vehicle emissions.

Two sampling sites inside the tunnel 560 meters apart from each other
are designated as the entrance and exit sites”, according to the traffic
direction (Fig. la). The airflow within the tunnel aligns with the traffic
direction. Numerous instruments were installed on the sidewalk at an ele-
vation of 1.5 meters above the pavement at both the entrance and exit
sampling sites"’. For instance, meteorological parameters, such as wind
speed, temperature, atmospheric pressure, and relative humidity were
measured at both the entrance and exit sites using a portable meteorological
station (VAISALA WXT 520, Helsinki, Finland). Additionally, a high-
definition vehicle license plate recognition system (DS-TCG225-KN, Hik-
vision Inc.) was installed for vehicle classification to ascertain the detailed
vehicle information from a local traffic database using the license plate
information’"”, including fuel type, emission standards, etc.

Gaseous organics were collected at both entrance and exit site using
two pre-conditioned Tenax-TA tubes (Markes, UK) in series after passing

npj Climate and Atmospheric Science| (2025)8:186


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01078-w

Article

through quartz filters, at a flow rate of 0.6 L/min (Fig. S20). Samples were
gathered during the following times: 2:00-4:00, 7:00-9:00, 13:00-15:00, and
17:00-19:00. Eight tube samples would be obtained each day. A daily blank
sample (Fig. S21) from the tunnel was collected and subsequently subtracted
during the quantification procedure. The time series of concentrations are
shown in Fig. S2.

Besides, a Tenax TA breakthrough experiment was conducted prior to
formal sampling by connecting two adsorbent tubes in series. The first tube
served as the sample tube, and the second as the backup tube. Both tubes
were sampled simultaneously over a 6-h period to assess potential break-
through under actual sampling conditions. No significant breakthrough was
observed after 6h of sampling (Fig. S22). After subtracting the blank
volume, the amount detected in the backup tube was less than 6% of that in
the sample tube, indicating that breakthrough during sampling was negli-
gible and the retention performance of the Tenax TA tubes was sufficient for
the target compounds.

Chemical analysis and quality control

Samples were analyzed using a TD system (Markes, TD-100) at a desorption
temperature of 330 °C, combined with GC x GC-TOF-MS (EI-TOFMS
0620, Guangzhou Hexin Instrument Co., Ltd., Guangzhou, China) oper-
ating with a 6 s modulation period. The GC x GC-TOF-MS system con-
sisted of a solid-state modulator (SSM1810, J&X Technologies, China)
integrated with a gas chromatograph (7890 A, Agilent Technologies) and
connected to a time-of-flight mass spectrometer. The first dimension GC
column utilized a non-polar DB-5 MS column, while the second dimension
GC column employed a mid-polarity DB-17 MS column. The GC tem-
perature program began at 30 °C for 5 min, then ramped up to 300 °C at a
rate of 3 °C/min, and was maintained for 5 min. The detailed parameters of
TD and GC x GC-TOE-MS are provided in Table S3 and Table S4. Blank
samples were analyzed following the same methodology, and their signals
were subtracted from those of the actual samples.

The collected high-dimensional GC x GC data were imported into
Canvas (V2.5, J&X Technologies, China) for visualization and further
data preprocessing. Chemicals were resolved blob-by-blob at the mole-
cular level using authentic standards, retention indices libraries (RI), the
National Institute of Standards and Technology library (NIST17), and the
characteristic patterns of homologs eluted in the two-dimensional
chromatogram®®. Detailed information was given in the Supporting
Information. The actual calibrated quantities (ng) were determined using
the standard curve and quantifier response. Calibration curves for all the
authentic standards were thoroughly established, with R* values ranging
from 0.95 to 0.99, highlighting the robustness of quantification (Table S3).
Besides, the recoveries of the standards ranged from 79% to 105%
(Table S1). Compounds lacking standards were semi-quantified using
n-alkanes from the same volatility bin® or surrogates from the same
chemical class. The uncertainties associated with semi-quantification in
this study ranged from 21% to 41% (Supporting Information). Detailed
information on the authentic standards, quality control, and discussions
of uncertainty are provided in Supporting information. A total of 256
chemicals were (semi)-quantified, encompassing aromatics, alkanes,
oxygenated compounds (including ketones, alcohols, esters, acids, and
aldehydes), and other chemicals. The typical chromatograms of samples
were given in the Fig. S21.

Estimation of EFs and volatility distribution
The average emission factor (EF, mg/(km-veh)) of vehicular exhaust pol-
lutants within the tunnel could be obtained through the following formula*':

EF — (Cexit - Centrance) XAX Vair Xt (1)
S NxL

Where C,,;, and C,,;,,,.. is the concentrations of pollutants from the exit

and entrance, respectively; V ;. (m/s) represent the air velocity parallel to the

tunnel; A denotes the tunnel cross-section area(m?); ¢ is sampling time(s); L

is the distance between sampling points (km); N is the number of vehicles
that passed through the sampling points.

The volatility distribution of identified gaseous organics was deter-
mined from the effective saturation concentration (C*, pg/m’)***. In this
method, every volatility distribution of 10" spans a range from 0.3 x 10" to
3 x 10" in logarithmic space, with n varying from —1 to 8. This includes
LVOGs (C* <0.3), SVOCs (0.3 < C* < 300), IVOCs (300 < C* < 3 x 10°),
and VOCs(C* > 3 x 10°). C* values were calculated as follows'****

- M;1096,P) @
760RT

Where, M; is the molecular weight of species i (g/mol), while ¢; represents
the activity coefficient of compound i in the condensed phase, which is
assumed to be 1. P} ; is the subcooled liquid saturation vapor pressure of
pure compound i at 298 K (Pa), deriving from the Estimation Programs
Interface (EPI) Suite developed by the U.S. EPA, accessible at www.epa.gov/
oppt/exposure/pubs/episuitedl.htm.

For comparison, the traditional bin method® for determining organics
involved binning based on the retention time of n-alkane was also used for
dividing the measured organics and further for the calculation of SOA
formation. This method, typically applied to high UCM ratios and each bin
was defined by the carbon number of a specific n-alkane. SVOCs, IVOCs,
and VOCs correspond to the retention time ranges, >B22, B12-B22, and
<B12, respectively.

Screening and classification of the gaseous organic tracers

The classical volcano plot is a visual tool that displays both fold-change (FC)
and t-statistic, commonly used for identifying differential metabolites or
molecules in metabolomics”. In a volcano plot, the x-axis represents the
log,FC, which indicates the magnitude of the difference between two con-
ditions (e.g., treatment vs control). The y-axis displays the P-value of the
t-test, usually transformed for -log;o(P-value)), reflecting the statistical
significance of the observed differences. This dual-axis approach allows for
the simultaneous assessment of both the magnitude of the change and the
confidence in that change. The details are given in the Supporting Infor-
mation. The emission from vehicles in the tunnel and the atmospheric
concentration (reconstructed based on entrance data, Supporting Infor-
mation) were used for classification and screening potential organic tracers
for fleet vehicles in our study. The selection of FC > 1.5 as the screening
threshold was based on a sensitivity analysis of different cutoffs (FC > 1.2,
1.5, and 2.0) in our study, which is provided in the Supplementary
Information.

HCA™ was used to further classify and confirm selected species in this
study. HCA was employed to investigate the similarity and potential co-
variation among organic compounds, with the aim of identifying species
that exhibit consistent temporal trends and emission behaviors. HCA is a
technique used to group similar objects into clusters based on their char-
acteristics, forming a hierarchical tree called a dendrogram. HCA begins by
treating each object as an individual cluster, then iteratively merges the
nearest pairs based on a selected distance metric, such as Euclidean distance
or Pearson correlation. This merging process continues until all objects are
combined into a single cluster, resulting in a tree-like structure that illus-
trates the nested groupings of the data. This method allows for the grouping
of compounds based on their statistical relationships, helping to reveal
underlying chemical associations and potential common sources. In this
study, HCA was used as a supportive approach to assess the coherence of
selected tracer candidates and to enhance the understanding of their
emission patterns within the tunnel environment. Additional details are
available in the Supporting Information.

Data availability
The datasets associated with the current study are available from the cor-
responding author (pengjianfei@nankai.edu.cn) on reasonable request.
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