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Vehicle emission is a major source of urban ultrafine particles (UFPs), yet measurement and emission
control for UFP lags significantly behind that of other pollutants. The China VI emission standard, one
of the strictest globally, introduced the nation’s first particle number (PN) limits. This study focused on
real-world PN emissions in the capital city Beijing, which adopted China VI ahead of the national

schedulein 2019. Based on long-term particle number size distribution measurements and online UFP
composition analysis, a pronounced decline in emission rates of vehicle-attributed PN from 2019 to
2023 was found, resulting in decreases of ~70% for atmospheric PN3_3g nm, ~48% for PN3g_100 nm, and
~42% for PN. 100 nm- These reductions substantially outpace those observed for PM, 5 and NO,. Early
implementation of China VI, coupled with rapid electric vehicle adoption, are the primary drivers behind
Beijing’s more pronounced PN mitigation (—44 %) compared with nationwide (—33%). These findings
highlight the effectiveness of more stringent vehicle emission standards and electric vehicle strategies

in reducing atmospheric UFPs, shedding light on future vehicle emission regulations.

Ultrafine particles (UFPs, particle diameters <100 nm) profoundly impact
climate and human health by influencing cloud formation and penetrating
deep into the pulmonary and circulatory systems'’. Despite the World
Health Organization’s call for UFP monitoring’, their sources remain highly
complex and uncertain, particularly in rapidly urbanizing regions. Vehicles
are one of the major primary sources of UFPs in urban areas*’. They
comprise both solid particle numbers (PN) from direct emission and volatile
PN from nucleation of volatile compounds in exhaust®’. The contribution of
vehicle emissions to atmospheric UFPs is highly spatiotemporally
variable®"’, particularly in the sub-30 nm ranges that dominate near-
roadway environments' "', while attenuating quickly within 100-300 m"*™"".
The high spatiotemporally variability complicate accurate source attribution
—a prerequisite for effective regulation.

China has experienced explosive increases in vehicle population, which
increased from 15 million in 2000 to 352 million in 2024'*". Meanwhile,
increasingly stringent emission standards have been implemented to miti-
gate vehicle emissions. The latest China VI standard was implemented in
Beijing in 2019, subsequently rolled out to other Chinese regions in 2021.
China VT firstly introduced emission limits for solid PN'*, driving adoption
of particulate filters (DPF/GPF) and more efficient hydrocarbon (HC)

control equipment'~'. On-road tests showed that the UFP emission factor
of diesel trucks reduced by 93% from China III to China VI*'. Meanwhile,
the promotion of electric vehicles theoretically promises a substantial
reduction of pollutants’*’. However, the real-world effectiveness of new
strategies in reducing atmospheric UFPs remains unverified”*”’, due to
potential aftertreatment tampering” and slow fleet turnover.

Europe and the US began implementing vehicle emission control
at an earlier stage, providing a reference for evaluating the impact of
relevant policies on atmospheric UFPs in China. Europe has taken
the lead in incorporating solid PN into emission standards: imple-
mented for light-duty diesel vehicles in 2011 (Euro 5b) and extended
to all direct injection light-duty vehicles in 2014 (Euro 6)*. Fur-
thermore, some long-term UFP monitoring networks have been
established in Europe. The German Ultrafine Aerosol Network
(GUAN, including 16 sites) observed a decline rate of 1.7-17.2%
year™' for 10-30 nm PN between 2009 and 2018”. The RI-URBANS
(including 20 sites across Europe and 1 site in the US) showed 5.13%
annual decline in total PN and 4.50% annual decline in UFPs at
traffic sites’. The US has not yet directly incorporated PN into its
vehicle emission standards. However, with the increasingly stringent
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Fig. 1| Variations in atmospheric PN and vehicle-attributed UFP emission rates
(Svehicte) from 2019 to 2023 and during short-term lockdowns. Annual averaged
PN, PM, 5,NO, and CO (a) and Svehicle (b) in morning rush hours. Average particle
size distribution (c) and Syepiqe before and after meteorological normalization (d)
between lockdown and normal days in winter. 2020 COVID-19 lockdown period

normal lockdown normal lockdown

was from Jan. 24th to Feb 29th, 2022 Winter Olympics lockdown period was from
Jan. 31st to Feb. 20th. Boxes represent the 25th and 75th values, the length of the
whiskers represents 10th and 90th values, the line in the box is the median value and
the square represents the mean value.

Tier II (2004) and Tier III (2014) standards, UFPs have decreased by
30% from 2006 to 2016 at 11 observation sites™.

Long-term observation networks and regular emission inventories for
atmospheric PN attributed to vehicles have not been established in China. In
specific, source attribution of atmospheric UFPs has lagged behind the
larger particles (e.g., PM, 5 and PM;), due to the lack of online measure-
ments of UFP chemical compositions. Previous studies have applied the
mode-fitting or positive matrix factorization (PMF) method to particle
number size distribution (PNSD), which found Aitken mode particles
(20-90 nm™) are highly related to traffic emissions’ . However, existing
PMEF studies either rely solely on PNSD characteristics of different sources
for separation, lack of chemical evidence, or utilize offline-sampled chemical
composition data with time resolution as high as several hours, making it
difficult to capture rapid and intense variations in emission sources (e.g.,
vehicle and cooking activities)**. Simultaneous measurement of UFP
composition would help separate vehicle-attributed UFPs more accurately.
Alternatively, the aerosol general dynamic equation can quantify PN
attributed to primary emissions more accurately, with the consideration of
condensation growth and coagulation loss™.

In this study, we quantified the temporal variations of vehicle-
attributed UFPs in urban Beijing based on a long-term field observation and
explored the driver of the temporal trend based on the emission inventory
tool. We applied a home-built thermal desorption chemical ionization mass
spectrometer (TDCIMS)™ to semi-continuously measure the chemical
composition of UFPs down to 10 nm. Together with continuous PNSD
observation and dynamic calculation at multiple urban sites, we extracted
emission rates of vehicle-attributed UFPs from 2019 to 2023, as well as their
reduction during the COVID-19 lockdown period and the 2022 Winter
Olympics. The observation showed significant decrease of UFPs, especially
for sub-30 nm particles. The emission inventory analysis revealed the higher

reduction of PN in Beijing than in other parts of China, highlighting the
effectiveness of PN emission standards.

Results
Long-term decrease of vehicle-attributed UFPs in urban Beijing
The annual variations of atmospheric PN at the BUCT observation site (on
the campus of Beijing University of Chemical Technology, see section “Field
sampling and quantification”) are shown in Fig. 1. The total PN decreased
from (1.94 +0.66) x 10" cm™ in 2019 to (0.82+0.27) x 10" cm ™ in 2023,
with a decreasing ratio of ~58% (Fig. 1a). Meanwhile, the annual average
NO, and PM, 5 reduced by ~15% and CO reduced by ~25%, as CO is
acknowledged a better indicator in primary combustion emissions than
NO, and PM, 5. The decrease in CO, NO, and PM, 5 was all significantly
smaller than PN, indicating an accelerated reduction in atmospheric PN.
What's more, PN at 3-30nm (PN3j,) decreased from
(1.03 + 0.61) x 10* cm ™ in 2019 to (0.31 +0.15) x 10* cm? in 2023, with a
decreasing ratio of ~70%, while PN3,_ 190 and PN, decreased by ~48%
and ~42%, respectively. This indicated that the decrease of particles with
smaller sizes is more significant than the decrease of larger sizes.

Reduction of nucleation mode particles has been reported in some
regions in Europe and the US, but generally with a slighter decreasing level.
Observations spanning more than five years across 15 European cities and
one U.S. city indicate that PNC reduced by 5.13% annually at traffic sites,
while it reduced by 1.89% at urban background sites™. Observations from
11 sites across North America indicate that atmospheric UFPs decreased
by ~30% from 2006 to 2016. Near-road PN declined by an order of
magnitude from 2001 to 2007, while significant spatial variations exist
among different cities”.

Otherwise, some studies in Europe reported inefficient response of
nucleation mode particles to vehicle control strategies (e.g., Budapest™ and
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London™), possibly due to the ineffectiveness in removing organic vapors,
which are the main source of vehicle-attributed nucleation particles. The
significant decrease in nucleation mode particles in Beijing is attributed to
both the new limit for PN and the stricter limit for organic vapor emissions
under China VI standards. For light duty gasoline vehicles (LDGVs), the
total hydrocarbon (THC) and non-methane hydrocarbon (NMHC) limits
under China VI(b) are ~50% lower than those under China V. For heavy-
duty diesel trucks (HDDTs), China VI(b) reduced the emissions of THC
and NMHC by 48 and 11% respectively compared to China V (Table S1).
This is achieved through unifying the fuel standards for gasoline and diesel
vehicles, mandating the installation of gasoline particulate filters (GPF), and
more detailed real driving emission (RDE) tests by China VI*. According to
our emission inventory, total vehicle-emitted THC decreased by 37.8% from
2019 to 2023 (Fig. S1). Previous bench tests also found that China VI has
reduced organic vapor emissions by up to 87% compared with China V*'.

In addition to vehicle emission, PN;_5, has several other sources in
urban areas, including NPF, cooking and aviation'>*". We targeted
morning rush hours (6:00-9:00), and calculated emission rates of 3 to 30 nm
particles (S5_3p) using aerosol general dynamic equation. By comparing
Ss3_30 with the vehicle tracer measured by TDCIMS and vehicle factor
extracted from PMF analysis, we employed it as a representative for PN
emission rates attributed to vehicles (Syehices S€€ section “Verification of
Syehide quantification with online UFP composition measurements”). Syehicle
showed a significant downward trend from 2019 to 2023 (Fig. 1b). The
average Syehicle Was (2.27 + 1.87) cm s ' in 2019 and (0.36 + 0.46) cm > s~
in 2023, which has fallen by ~84%. The annual rates of decline were ~23%,
~33%, ~45% and ~45% for each year. The sharp decrease of Syepicie had a
better consistency with that of PN3_3, than with PN of larger size.

To exclude the potential impact of meteorological conditions on Syehide
during long-term and short-term observation, we analyzed the interannual
variations of temperature (T), relative humidity (RH), wind speed, wind
direction, and surface boundary layer height (BLH) at the site. Overall, we
found no significant interannual trends in T and RH. The diurnal variation
pattern of BLH was relatively stable, with a smaller increase during morning
rush hours in 2022, which may have led to a slightly weaker dilution effect in
that year (Fig. S2). Light winds (<1.5 m s ') dominated around the site, and
we believe the detected particles were mainly from diffusion (Fig. S3).
Furthermore, we performed meteorological normalization based on boos-
ted regression trees* for Syenie indicating that Sypqe after eliminating
meteorological influences (Syenice aw) Maintained a consistent and sig-
nificant downward trend (Fig. S4). Detailed discussion about the impact of
meteorological conditions can be found in SI. In general, we consider the
impact of meteorological conditions on this study to be acceptable. Addi-
tionally, Mann-Kendall tests were applied to total PN, Syenhicie a1d Syehicle_dw
to evaluate the significance of their decreasing trends. It is a nonparametric
statistical method commonly used to test whether long-term data exhibit a
monotonically increasing or decreasing trend. The Z value for PN, Syepide
and Syehicle_aw Were —24.5, —19.6 and —28.9, respectively, stating a sig-
nificant decreasing trend for all (Fig. S5).

For the seasonal variations, Syep;cle was the highest in winter and the
lowest in summer, (Fig. S6). The average Syenhice in winter, spring,
summer and autumn were 3.84,4.40, 1.19 and 1.74 cm > s ' in 2019, and
0.54,0.21,0.17, and 0.36 cm ™ s~" in 2023, respectively. The decreasing
ratios from 2019 to 2023 were 86, 95, 86, and 79% in winter, spring,
summer and autumn. Note that Syepicle in 2019 spring may be over-
estimated due to the absence of data in April and May. The seasonal
variation of Syenice Was caused by temperature-affected emission
(especially during cold start stage), evaporation and condensation of
semi-volatile components during atmospheric transport, as well as
meteorological conditions. Firstly, vehicle-emitted particles are com-
posed of both solid particles from direct emission and volatile particles
from cold nucleation of organic vapors in exhaust gas, among which
volatile particles can account for more than 70%’. At lower atmospheric
temperature, the condensation effect becomes more pronounced,
resulting in higher PN emission. Measurements conducted along a

major road in Toronto indicated that when ambient temperature
decreased from >20 °C to <0 °C, volatile ratio in particles increased from
85 t0 94%". In specific, higher PN emission during cold start stage was
attributed to incomplete combustion and low efficiency of three-way
catalysts®*’, which can be more pronounced at low ambient
temperature”’. Secondly, during the transport from emission sources to
the sampling site, the semi-volatile components in the atmosphere and
particles undergo redistribution. Dall ‘Osto* found particle shrinkage
that the mode d, decreased from ~20 nm at the roadside to 6 nm at the
non-roadside site in London. At low temperatures, semi-volatile com-
ponents tend to condense, leading to particle growth during transport; at
high temperatures, they tend to evaporate and result in particle
shrinkage. According to our measurements, Syepice in Winter was ~2.2
times and ~1.5 times of that in summer in 2019 and 2023. Assuming the
proportion of volatile components is 70%, with no evaporation occur-
ring in winter and complete evaporation in summer, the Sychice in winter
should be 3.3 times that in summer, which is comparable to the mea-
surement. Thirdly, the lower boundary layer in winter and spring than in
summer and autumn could cause weaker dispersion conditions and
higher ambient pollutant concentrations (Fig. S7).

The short-term reduction of UFPs due to restrictions in vehicles are
also detected. During the sampling period, Beijing experienced two
large-scale vehicle control periods, i.e., the 2020 COVID-19 lockdown
(from Jan 24th to Feb 29th in 2020) and the 2022 Winter Olympics (from
Jan 31st to Feb 20th in 2022). Sub-30 nm particles decreased significantly
during the lockdown periods compared to normal days in winter of the
same year. Syehice decreased by 44% during COVID-19 lockdown and
56% during Winter Olympics. After meteorological normalization,
Svehicle_dw decreased by 28% during COVID-19 lockdown and only by
8% during Winter Olympics (Fig. 1d). The lower decline rates of
Svehicle_dw than those of Syehicle indicate that the short-term data before
normalization are prone to being affected by extreme high values caused
by meteorologically related sudden events, such as high-emission
vehicles near the sampling site and their transport. On the contrary,
above-30 nm particles increased during COVID-19 lockdown, con-
sistence with the previously reported increased PM, s attributed to
unfavorable meteorological conditions**’. Figure S8 shows the daily
variations of Syepicle and Syehicle_dw» @8 Well as city-averaged vehicle flow
and NOy concentrations during the lockdown periods. During the
COVID-19 lockdown, the variation of S,.pice was well consistent with
that of NO,, while the variation of Syehicle_aw Showed good consistency
with vehicle flow.

The pervasive nature of UFPs attributed to vehicles in megacity

Not only at BUCT site, but among all of the four sites in Beijing we observed
PN attributed to vehicle emissions. Figure 2b shows rise of PN;_3 at all of
the sites in morning rush hours and Fig. 2c shows the appearance of Aitken
mode particles due to morning-hour vehicle emission. The dataset includes
the average of all sampling days at each site, respectively.

The BUCT site in 2019 showed the most distinguishable PNy, 3o
increase (5.8 x 10> cm > absolute, or 134% ratio). Which could be because
the BUCT site is close (~130 m) to the nearest traffic road and surrounded
by another two traffic roads (550 m and 565 m away). The CRAES site was
the closest to the nearest traffic road (~105 m), but the increase of PN;_3,
was relatively small (~41% in the morning), likely because the site was a
suburban area with lower intensity of traffic activity, and vehicle-attributed
UFPs had already reduced significantly during the sampling time (2021)
compared to earlier sampling time. PN,_s increase at the THU site in 2016
was also significant and consistently observed at night. This may be caused
by its earliest sampling year, when emissions from diesel vehicles had not yet
been subject to sufficiently stringent controls, and large numbers of such
vehicles enter Beijing’s urban areas via the 5th Ring Road (~1.7 km away)
and Beijing-Xinjiang Expressway (~950 m away) during the night and early
morning hours. Besides, the THU site is surrounded by several pathways
within the campus. Traffic activity on these roads is typically less intense
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Fig. 2 | Locations of four sites with particle size distribution measurements and
occurrence of vehicle-attributed particles at these sites in morning rush hours.

Map of the sites and their surroundings (a), diurnal variations of PN of 10 to 30 nm
(b), average particle number size distributions (c) and Syenicle in morning rush hours
(d). The red circle represents BUCT site, purple pentagram represents THU site, blue
square represents PKU site and green triangle represents CRAES site. The particle

size ranges varied at different sites, and to ensure consistency, Syenicle Was calculated
based on particles >10 nm. Data averaging periods: BUCT: 2019 and 2023; THU:
Mar. 10" to Apr. 7%, 2016 and Dec. 7" to Feb. 28", 2022; CRAES: Mar. 23 to Apr.
30", 2021; PKU: May. 1%, 2023 to Apr. 30", 2024. The maps are from © Open-
StreetMap (openstreetmap.org/copyright).

than on major roads, but may occasionally have a significant impact on
observations due to their proximity to the sites.

Svehicle for 10-30 nm particles were quantified at all sites and sorted by
year (Fig. 2d), which showed a downward trend similar to long-term result
at the BUCT site. To ensure comparability of data across sites, calculations
here uniformly start from 10 nm, with data below 10 nm treated as missing
values. As an advance of the study by Zhu et al.”’, which found that vehicle-
emitted particles became indistinguishable at >90 m away from a highway
without busy traffic nearby, our analysis indicates that vehicle-source UFPs
at urban sites may require longer distance to attenuate to background levels.
Even for sites ~1 km away from the nearest road (e.g., THU site in 2016), the
influence of vehicle emission can still be observed under high level back-
ground. This indicates that vehicle-source UFPs in urban area is affected by
various factors, including but not limited to number of nearby roads and
traffic flow that affect emission concentration, and surrounding buildings
that affect dispersion condition.

In specific, although Fig. 2d shows a decreasing trend of Syepicle
at multiple sites, the exact decreasing ratio is hard to quantify due to
the variations in traffic conditions, transport process (e.g., evapora-
tion, dispersion, etc.), and sampling seasons for these observations.
The long-term decline rate of Syepicle is based on observations from a
single site and it requires more evidence for citywide decline in

vehicle-attributed UFPs in Beijing. Nevertheless, this section
demonstrates the pervasive nature of UFPs from vehicle emissions
within complex urban environments, regardless of whether the
receptor sites are immediately close to roads.

Verification of Schicie quantification with online UFP composition
measurements

The representation of S;_3o during morning rush hours as vehicle-attributed
PN emission rates (Syenice) Was verified by the online UFP composition
measurements.

Figure 3a—e shows a representative case covering 4 days from Nov 11th
to 14th, 2019, at the BUCT site. Bursts of UFPs were frequently observed
during morning and evening rush hours (Fig. 3a). The calculated PN
emission rates (dS/dd,) were the highest in the size range of sub-30 nm (Fig.
3b), indicating their intense sources. S; 3o peaked significantly during
morning rush hours on Nov 11th, 12th, and 14th, and during evening rush
hours on Nov 12th. The burst of sub-30 nm particles during morning rush
hours can be initially judged as a typical characteristic of vehicle emission,
since this period usually does not coincide with the occurrence of NPFE.
Although particles emitted from aviation activities may exhibit character-
istics similar to those from vehicles®”, the sites are located far from the
airports (e.g., ~30 km and ~50 km for BUCT site) and within Beijing’s no-fly
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Fig. 3 | Representativeness of Syep;qe validated by UFP composition and PMF
analysis. A typical period of emission during Nov. 11" and 14®, 2019 (a—e) and
annual average situation (f-h). Correlation of Syepice With vehicle tracer measured by
TDCIMS and vehicle factor quantified by PMF analysis (i-j). PNSD (a) and cal-
culated particle emission rates at different diameters (dS/dd,,) and accumulated

emission rates between 3-30 nm (S;_3¢) (b), variation of signal intensities of traffic
tracer (C3N303H,") and cooking tracer (C;5H3;0,) (c), fractions of vehicle and
cooking factors from PMF analysis (d) and variation of NO and CO at the same site
(e). Orange rectangle represents morning rush hours and green rectangle represents
evening rush hours.

zone in the urban area. Therefore, they are considered largely unaffected by
aviation emissions. CO and NO are also major gaseous pollutants
from vehicle exhaust, and their rises corresponded well to the peaks
of S5_3¢ (Fig. 3e).

S5_30 during morning rush hours are highly related with the increase of
vehicle-related UFP composition, while S;_3o during evening rush hours are
more related with the increase of cooking-related UFP composition. Figure
3c shows the variations of a traffic tracer (C3N303;H, ") and a cooking tracer
(C1sH3,0,7) measured by the TDCIMS in bulk UFP mode. C;N;05H,"
significantly peaked during morning rush hours and also increased rela-
tively slightly during evening rush hours, while C;gH3;0,  exhibited a
distinct peak during the evening rush hours. Figure S9 listed the top 20
species most related to S;_3 respectively in morning and evening rush
hours, proving the validity of the chosen tracers.

The PMF analysis further confirms the close relationships
between S;_3o and vehicle/cooking factors. The identified five factors
include a cooking-related factor, a vehicle related factor, a
photooxidation-related factor and two aqueous/heterogeneous factors
in winter, spring and autumn. And there are two photooxidation-
related factors and one aqueous/heterogeneous factor in summer.
The fraction of vehicle factor increased up to 20% during morning
rush hours for overall UFP mass, and that of cooking factor achieved
up to ~60% during evening rush hours. The higher contribution of

cooking to UFP mass is due to its larger particle sizes than vehicle
emissions. In summary, sources of UFPs are relatively simpler in
morning rush hours than that in evening rush hours, it is reasonable
to consider S; 3o during morning rush hours as Syepicle and repre-
sentative of daily vehicle emission.

The strong correlation between morning rush hour S;_3o and vehicle
emission can be expanded to the yearly average data (Fig. 3f-j, contains all
non-NPF days). Generally, S;_3 exhibited a strong morning peak and a
weaker evening peak. C;N;O03;H,  reached its maximum value simulta-
neously with S5_3, in the morning, rapidly declined at noon, and rose again
in the evening. C;sH3;0,  exhibited slight peaks in the morning and
midday, but a pronounced peak in the evening. This is also applicable in
different seasons (Fig. S10). Summarizing all data from the year-round
study, Syenide (S3-30 during morning rush hours) showed good correlation
with both the vehicle tracer and PMF vehicle factor.

Driving factors of vehicle-attributed PN reduction

To assess the drivers of the pronounced reduction in vehicle-attributed PN
concentrations, we developed PN emission inventories based on large-
sample vehicle emission measurements and real-world vehicle usage data.
Total vehicle PN emissions in Beijing decreased by 44%, from 4.4 x 10”
(1.2 x 10%-7.6 x 10%, derived from the uncertainty range of PN emission
factors in Fig. S11) # year " in 2019 to 2.5 x 10* (5.2 x 10”-4.4 x 10%) #
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Fig. 4| Vehicle PN emission inventory and driver analysis of emission changes from 2019 to 2023. PN emission inventories in Beijing (a) and nationwide (c) were classifed
by fuel type (gasoline, diesel and nature gas) and emission standards. Driver analysis in Beijing (b) and nationwide (d) included factors of vehicle activity level, fleet turn-over,

introduction of China VI and new energy vehicle (NEV) promotion.

year 'in 2023 (Fig. 4a), exceeding the reduction rates of vehicle emitted NO,
(36%) and PM, 5 (33%). The nationwide PN reduction was less pronounced,
with a reduction rate of 33% over the same period (Fig. 4c). Diesel vehicles
accounted for 68-71% of total on-road PN emissions in Beijing, despite
comprising only 5-7% of vehicle ownership and 14-20% of vehicle mileage
in different years (Figs. S12 and S13), as fleet-average PN emission factors of
diesel vehicles were 10-20 times higher than those of gasoline vehicles (Fig.
S11). The contribution of diesel vehicles was even greater nationwide,
accounting for 82-84% of total on-road PN emissions in China.

As shown in Fig. 4b, increased vehicle activity led to a 14% rise in total
PN emissions in Beijing, whereas fleet turnover, the introduction of the
China VI emission standard, and the promotion of new energy vehicles
(NEVs) resulted in reductions of 15, 31, and 13%, respectively. Nationwide
(Fig. 4d), increased vehicle activity contributed to a 14% rise in PN emis-
sions, while fleet turnover, China VI implementation, and NEV adoption
reduced emissions by 24, 20, and 3%, respectively.

The larger PN reduction in Beijing than nationwide was primarily
driven by the earlier implementation of China VI and the accelerated
adoption of electric vehicles. Beijing implemented the China VI emission
standard in 2019, ahead of most other cities in 2021, mandating a PN limit of
6% 10" # km '—one of the most stringent regulations globally. China VI
diesel vehicles achieved more than 90% reduction in PN emissions com-
pared with China V vehicles (Fig. S11). The implementation of China VI for
diesel vehicles contributed the most to PN reductions (27%), and this
fraction is only 18% for nationwide. NEV ownership in Beijing increased
from 326,000 in 2019 to 773,000 in 2023, partly substituting for China VI
gasoline vehicles due to purchase restrictions. This substitution contributed
an additional 13% reduction in total PN emissions, much higher than the
national reduction rate of 3%.

Compared to the observed reduction ratio of total atmospheric PN
(—59%) in Beijing, the less reduction in emission inventory (—44%) may be
because it did not include volatile particles, which were formed by
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atmospheric condensation of organic vapors from vehicle exhaust. Volatile
particles could account for a larger fraction of vehicle-attributed particles
than solid particles”’. Additionally, the emission inventory considered
particles of >23 nm, followed the regulations in China-VI. While Sehice
focused on <30 nm ranges, the decrease of which is higher than larger
particles.

Discussion
Despite the increased vehicle populations in Beijing, a sharp decrease of
vehicle-attributed PN emission from 2019 to 2023 was observed from both
field observation and emission inventory. Atmospheric PN3_34 in Beijing
reduced by ~70%, far exceeding the decrease in PN. 39, PM, 5, CO and NO,.
This indicates that the involvement of PN in China VI benefits the reduction
of smaller UFPs the most. Thanks to the advanced implementation of the
new standards in Beijing, its vehicle-emitted PN reduction (~44%) is higher
than other parts of China (~33%) and even higher than ever reported
worldwide. Fleet turnover and proportional increase of NEV also contribute
to the decrease in PN. Considering the current challenges in achieving
deeper reduction in PM, 5 in China, restrictions on PN might be easier to
improve the health-oriented air quality. Whereas current standards and
emission inventory focus on solid PN directly emitted by vehicles, while
volatile PN, which may also contribute much to atmospheric UFPs and
reduce with the control of THC emission, is not considered. A new standard
might be required to include both solid and volatile PN in the future.
UFPs in urban areas have large spatial and temporal heterogeneity. At
all the four urban sites, we observed significant PN increase and appearance
of sub-30 nm particles in morning rush hours, even if the site was ~1 km far
from main traffic roads. This indicates that vehicle-attributed UFPs can be
ubiquitous in megacities, and their spatial variations deserve further ana-
lysis. There have been some UFP monitoring networks around the world,
such as the global network conducted by NOAA™, and regional network in
Germany™” and China®**. The aerosol dynamic method used in our study
can be applied to assess the spatial distribution of UFPs affected by vehicles,
as well as the long-term trends in UFP emission. We also suggested that
spontaneous measurement of UFP compositions can help identify the
sources attributed by vehicles.

Methods

Field sampling and quantification

The sampling site was on the fifth floor (~20 m high) of a teaching building
at the west campus of Beijing University of Chemical Technology (BUCT,
39°94/ N, 116°30’ E)™. It is surrounded by several traffic streets, commercial
and residential buildings™**.

The PNSD measurement was conducted continuously from Jan 2019
to Dec 2023 using a customized particle size distribution system (PSD,
3 nm-10 pm) and a diethylene glycol scanning mobility particle spectro-
meter (DEG-SMPS, 1-7.5 nm) at time resolutions of 5 min®"~’. PSD con-
sists of three instruments: a nano SMPS, a regular SMPS and an
aerodynamic particle sizer (APS)”. The instruments were calibrated 2-4
times a year. The sampling and sheath flow rates were calibrated by a soap
film flowmeter (Sensidyne Gilian Gilibrator-2). The voltage of the differ-
ential mobility analyzer (DMA) was calibrated with a voltmeter. Mono-
disperse Polystyrene Latex (PSL) with different sizes (50 nm to 2.5 um) and
aerosol generator were used to generate regular PNSD to calibrate the size
accuracy. The counting efficiency of the condensation particle sizer (CPC) at
the small size ends was calibrated using a Faraday cup electrometer®'. The
overlapping size ranges of different instruments are inverted to achieve a
coincidence degree of >90%.

The UFP composition was measured from Oct 2019 to Aug 2021,
obtained from a home-built TDCIMS operating in “bulk collection mode”
with the time resolution of <1 h****. The extremely low sampling efficiency
for particles larger than 100 nm ensures that TDCIMS mainly measures
particle compositions in the range of UFPs. It can measure a wide range of
organics (CHO, CHON, CHOS, CHONS) and inorganics (sulfate, nitrate,
etc.). Previous studies based on the TDCIMS have found tracers for traffic

emission in urban Beijing, ie, C;N;O3;H, (assigned to deprotonated
cyanuric acid), and tracers for cooking emission, i.e., C;gH3;0, " (assigned
to unsaturated fatty acids)*®. Meteorological data were also obtained. T, RH,
wind speed and direction were measured by the meteorology stations
(AWS310, Vaisala Inc., Finland). BLH was estimated by a three-step
method by Eresmaa with backscattering coefficient profiles measured by a
ceilometer (CL51, Vaisala Inc., Finland)®. For other pollutants, NO, and
NO were measured at the BUCT site. In addition, continuous measure-
ments of PM, 5, CO, and NO, were obtained from the Haidian Wanliu site
(40°00" N, 116°30" E), which is the closest national monitoring station to
BUCT site.

The datasets also include PNSD at other three urban sites in Beijing.
The measurements at THU site (40°00’ N, 116°33’ E) were on the fourth
floor at the campus of Tsinghua University™ from Mar to Apr 2016, and
from Dec 2021 to Feb 2022. The measurements at the CRAES site (40°04’ N,
116°41’ E) were on the fifth floor of a building at the Chinese Research
Academy of Environmental Sciences from Mar to Apr 2021. The mea-
surements at PKU site (39°99' N, 116°31’ E) were on the top of an eight-floor
building (~30 m high) at the campus of Peking University* from May 2023
to Apr 2024. PKU site and THU site (2022) used a customized bipolar SMPS
covering size range from 10 to 700 nm. This instrument has been used for
long-term observations around China and demonstrated good consistency
with conventional SMPS*. The principle, performance and data quality
were reported by Li et al.*°. CRAES site and THU site (2016) used PSD and
DEG-SMPS mentioned above, covering size range from 1nm to 10 pm.
Among the three sites, CRAES are surrounded by residential communities
and commercial districts, while THU and PKU sites are surrounded by
teaching buildings and some restaurants.

NPF events were identified for all sampling data, and days were clas-
sified as NPF, non-NPF and undefined days. Criteria for NPF include (1) PN
of sub-10 nm particles increased by more than threefold at midday, and (2)
uninterrupted growth of mode d,, last for at least several hours. Days those
nucleation events occurred but did not have significant “banana-shaped”
growth were categorized as undefined days. Days without observed
nucleation and growth were categorized as non-NPF days. Figure S14
summarizes annual distribution of NPF days.

Quantification of vehicle-attributed UFPs from observation

We used a population balance method based on the aerosol general dynamic
equation to estimate the emission rates of UFPs. This method has been used
to quantify the formation and growth rate of new particles™”, effect of
transport on PNSD*’ and PN emission”’. The general form of the equation is
shown in Eq. 1.

dNy, ;
L]
71] = |GRn; — GRyn;| + CoagSrc;;  — CoagSnky; y + Sy + Jiij

)

Where dN/dt (cm™s7") is the observed change rate of PN. The subscript i
and j indicate lower and upper limits of particle diameters (d,). GR (nm h™")
represents the condensational growth rate of particles. #n (cm™) is the
number concentration density in certain size range. CoagSrc and CoagSnk
represent sources and losses of PN due to coagulation at the observation site,
further discussed in the supplementary information (SI). J (cm™s™")
represents the secondary formation rates of new particles. S (cm™s™)
represents the PN variations attributed to primary emissions. Notably, S
does not purely represent the initial emission rate at the sources, but the
influences of primary emission on the observation site. After the particles are
emitted, they may go through volatilize, condensational growth, or coagu-
lation during its transport from emission source to the observation site. Asa
result, S is a combination result of emission intensity and transport process.
Figure S15 shows an example of S calculated from PNSD.

The uncertainty of using S to represent primary emission rates calcu-
lation also comes from: (1) Particle loss terms other than coagulation and
condensation, such as dry deposition, are usually considered ignorable for
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UFPs™; (2) GR at different particle sizes is considered to be constant; (3)
Neglecting J during non-NPF periods (e.g., morning and evening); (4)
Potential changes in meteorological conditions may exert a non-negligible
impact on the long-term trends and short-term abrupt changes. We
adopted the open-source deweather R package to eliminate meteorological
interference*’. This method was previously used to study the impact of the
COVID-19 pandemic on air quality*®. Based on the boosted regression trees
model, it incorporates meteorological variables (which are T, RH, wind
speed, wind direction, and BLH in this study), temporal variables, and a
trend term. The parameters of the model are set as: number of trees = 5;
maximum tree depth = 200; learning rate = 0.1.

PMF analysis based on UFP chemical compositions
Furthermore, we applied Igor-based interface SoFi (solution finder, version
6.5) and ME-2 to run PMF analysis for organic compositions of UFPs
measured by TDCIMS™. The organic signal intensities in the m/z range of
100 to 300 were used as the input data matrix, since peaks of m/z < 100
mainly contain fragments and peaks of m/z > 300 exhibit low signal-to-
noise ratios. In addition, peaks with more than 3% zero data points were not
used. Finally, a total of 302 formulas were used for PMF analysis. The input
error matrix for each peak was the sum of two parts: the square root of the
signal intensity and the standard deviation when measuring zero air.
Solutions with 3 to 10 factors were run sequentially. Based on the similarity
of component profiles, time series, and diurnal variations within each factor,
solutions with 5 factors were selected for each season.

Construction of vehicle PN emission inventories

The vehicle PN emission inventory in Beijing from 2019 to 2023 was cal-
culated based on vehicle stock, vehicle activity level (VKT), and EF, using the
following equation:

Epy, = VP, ,xX X VKTW XEFpy yesf.y )

v.esf.y

where v represents the vehicle types (refer to Table S1 for detailed defini-
tions); es represents the emission standard; f represents the fuel type; y
represents the year, spanning from 2019 to 2023; Epy, represents the total
PN emissions from vehicles (unit: #/year); VP,,, represents the vehicle
population by vehicle type in a specific year, obtained from the National
Bureau of Statistics; Xy, represents the share of vehicle population by
emission standard and fuel type for each vehicle type (expressed as a per-
centage); VKT, represents the annual vehicle kilometers traveled by vehicle
type and year (unit: km), obtained from the National Vehicle Environ-
mental Supervision Platform®; EFpy e £y represents the PN emission fac-
tors by vehicle type, emission standard, fuel type, and year (unit: particles/
km), generated using the updated version of EMBEV model, the archetype
of the on-road transportation chapter in the China National Emission
Inventory Guidebook'””*”'. The EMBEV model was developed based on
large-sample vehicle emission measurements and real-world vehicle usage
data. For example, the EF for LDGV's were derived from dynamometer tests
of a fleet of 111 LDGVs in China®’, while those for HDDT's were obtained
from portable emission measurement system (PEMS) tests of 66 HDDTs"".

The EF and error bars for LDGVs and HDDTs by emission standard
are shown in Fig. S11. A Monte Carlo simulation was performed to quantify
the uncertainty in emission estimates induced by emission factors. The
simulation was repeated 100 times to estimate the emissions with a 95%
confidence interval.

Data availability

The datasets generated and/or analyzed during the current study are not
publicly available due to requirements imposed by the sampling site man-
agement and collaborating research institutions, but are available from the
corresponding author on reasonable request.

Code availability

Data analysis was performed using MATLAB (Matrix Laboratory, Version
R2023a, The MathWorks, Inc., Natick, MA, USA). The codes can be
obtained from the corresponding author on reasonable request. The
meteorological normalization was performed using deweather R package
version 1.0.0, which is available on openair-project.github.io/deweather/.
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