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ARTICLE INFO ABSTRACT

Keywords: As the precursor of ozone and secondary particles, the incomplete knowledge of NOy emission dynamics con-

NOx strains our ability to fully elucidate air pollution formation. Flux measurements offer new insights into NOy

ilu’f‘ﬁ a emissions and titration effects. Here, we present eddy covariance flux measurements of NOy, O3 and Oy in urban
raific rlow

Beijing during the summer of 2023. The measured NOy flux was positive with the 24-h average of 10.4 + 10.7
nmol/m?/s, which is at the lower end of the flux reported in urban regions. The low NOy emission strength in
urban Beijing may be related to the successful control measures of diesel vehicles, while confirming significant
dependence of NOy flux with traffic flow. The discrepancies by a factor of 1.3-14.5 between measured NOy flux
and estimates in emission inventories are observed, indicating most emission inventories may fail to accurately
characterize NOy emissions in Beijing. Better agreements between flux measurements and satellite retrieval are
obtained. In contrast to NOy, predominantly downward fluxes were observed for ozone (O3) and Oy (=03 +
NO>). A multiple linear regression (MLR) method is developed to examine the impacts of NOx emissions on the
ozone downward flux, revealing that NOy emissions induce 54 + 53 % of ozone downward flux average over the
observation period. This study demonstrates valuable information on emission strength and chemical trans-
formation provided by eddy covariance flux measurements of NOy, O3 and Oy.

Emission inventory
Titration effect
03 downward flux

1. Introduction controls (fossil fuel reductions, renewable energy expansion, etc.) (Jiang

et al., 2022; Liu et al., 2016).

Nitrogen oxides (NOx = NO + NOy) pose dual environmental threats
through direct ecological and health impacts, and act as key precursors
in atmospheric photochemistry (de Vries, 2021; Liu and Shi, 2021; Song
et al., 2023; Wang et al., 2017). In China, atmospheric NOy rosed
markedly before 2011 due to industrialization and fossil fuel depen-
dence (Jiang et al., 2022), but declined post 2012 following national
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Projecting future NOx is vital for air quality management, yet dis-
crepancies between inventory simulations and observations persist
(Hood et al., 2018; Kim et al., 2013; Zhao et al., 2018a), revealing
fundamental inventory uncertainties. Hence, validation of emission in-
ventory is critical in continuously reducing the uncertainties of emission
estimates. Emission inventories are widely compared with modelling
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inversions constrained by concentration measurements of targeted pol-
lutants, collected either on the ground (Lamsal et al., 2014; Wang et al.,
2011), aircraft (Hiller et al., 2014; Stockwell et al., 2022) or satellite
(Kemball-Cook et al., 2015; Zhao et al., 2018b). Flux measurements
through various techniques, including surface gradient method, eddy
covariance method and relaxed eddy accumulation (REA) method, can
be directly used to compare with emission inventory and provide di-
rection to further improve the emission estimates (Desjardins et al.,
2018; Mo et al., 2020; Pfannerstill et al., 2023). However, NOy flux
studies focus mainly on natural ecosystems (e.g. soil, grassland, forests
etc.), while urban flux measurements remain scarce due to surface
complexity, with documented cases limited to few cities like London in
UK, Innsbruck in Austria, Beijing in China, Los Angeles, San Joaquin
Valley, and Norfolk in U.S. (Cliff et al., 2025; Karl et al., 2023; Marr
et al., 2013; Nussbaumer et al., 2023; Squires et al., 2020; Zhu et al.,
2023). This limits the understanding of urban NOx emission character-
istics and NO-NO,-O3 interconversion.

Understanding the titration effect of NOy is crucial for accurate urban
ozone prediction, yet concentration-based methods suffer from complex
couplings among meteorology, precursors, and photochemistry
(Handisides et al., 2003; Liu and Shi, 2021). For instance, Ma et al.
(2017) and Tadic et al. (2020) demonstrated that peroxy radicals
competition with titration reactions induces a 60-80 % positive devia-
tion from the NO-NO;-O3 photostationary state. Khalil (2018) showed
that regional Os transport critically modulates the titration reactions.
These studies show that isolating titration effects using
concentration-based methods remains challenging under complex
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atmospheric conditions. Flux measurements offer new insight for
investigating the titration effect. Karl et al. (2023) showed NOy emis-
sions affect ozone deposition via titration, with deposition fluxes being
minor relative to NO + Oz reaction fluxes. Given urban heterogeneity,
validating this pattern across settings is essential, highlighting the need
for broader urban NOy and O3 flux measurements.

As a megacity, Beijing regularly experiences ozone and particle
pollution linked to NOy emissions. Here, we present the first compre-
hensive NOy, O3 and Oy (=NO2 + O3) flux measurements using eddy
covariance at an urban meteorological tower in Beijing during
May-June 2023. The emission characteristics of NOy in Beijing are then
compared with other cities to explore the differences in NOy emissions.
Subsequently, we evaluate emission inventories and satellite inversions
against measured NOx fluxes. In the end, the influences of NOx emissions
on Og flux are explored.

2. Experimental Section
2.1. Measurement site

Flux measurements were made during May to June 2023 on the
meteorological tower at the Institute of Atmospheric Physics, Chinese
Academy of Sciences (IAP, CAS) (39°58'28" N, 116°22'16" E) (Fig. 1).
This site located between the third and the fourth ring roads of Beijing
and is surrounded by parks, residential, commercial facilities, and busy
roads. For the requirements of measurement height above the inertial
sublayer and below boundary layer height for eddy covariance flux
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Fig. 1. Measurement site position and footprint of flux measurement during the measurement period. The lines represent the area contributing 50 %-90 % to the

total flux, respectively.
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(Foken, 2008; Matthews and Schume, 2022; Oke, 2017), the sampling
inlet was placed at the 102 m platform of the tower. Previous flux
measurements at this meteorological tower used the platform at this
height as well (Acton et al., 2020; Huangfu et al., 2024; Squires et al.,
2020).

2.2. Instrumentation

At the 102 m platform, the Integrated Open-Path Gas Analyzer 3D
Sonic Anemometer (IRGASON) system (Campbell Scientific, Inc., USA)
was used to measure wind speed and direction, CO and HoO mixing
ratios at 10 Hz. Meanwhile, a 10 Hz chemiluminescence ozone instru-
ment (FOS-SENSOR, Sextant Technology Ltd.) and a 1 Hz ultraviolet
photometry ozone analyzer (model 205, 2B Tech, USA) were co-
deployed for O3 flux measurements on the tower, with the latter cor-
recting FOS-SENSOR signal attenuation caused by coumarin reagent
depletion (see Fig. S1 for methodology). The background measurement
for the 2B 205 is conducted at a regularly intervals. Its detection limit
and uncertainty are 2 ppbv (20, 10s) and 2 %, respectively. Cross-
validation with other instruments has confirmed that the 10Hz Os3
concentrations measured by our method are accurate (Fig. S7).

In the tower base ground laboratory, we deployed two types of 1 Hz-
capable NO, analyzers to measure NOy and Oy fluxes respectively: a
cavity attenuated phase shift analyzer (CAPS, Aerodyne Research, Inc.)
measuring NOy (NO + NOy) via titration with excessive Os, and a
broadband cavity enhanced spectrometer NO; analyzer (BBCES)
measuring Oy through NO titration (Fig. S2). CAPS and BBCES back-
ground measurements occurred at 30-min and 3-h intervals, respec-
tively. Additionally, both CAPS and BBCES are regularly calibrated
against certified commercial NO, cylinders under varying operational
conditions to ensure data reliability (Fig. S4). Their detection limits are
<0.2 ppbv (20, 1 s) for CAPS and 0.05 ppbv (1o, 5 s) for BBCES, with
corresponding uncertainties of 5 % and 4 %, respectively. Cross-
validation with other instruments confirms the accuracy of the
titration-based NOy and Oy measurements (Fig. S7). Detailed instrument
measurement, data correction, quality assurance and quality control for
NOy, Os, Oy, and related species (including NO/NOy, CHy4, VOCs) are
provided in Supplementary Information Section S1.

2.3. Flux calculation and footprint analysis

The fluxes of NOy, O3, and Oy can be obtained from the covariance
between the vertical wind speed and concentrations of various species
according to the theory of eddy covariance (EC) method (Equation (1)).

F=wC (@]

where W is instantaneous deviations of vertical wind speed (W = w—
w, where w denote averages), and C is instantaneous deviations of
concentration (C = C— C). The flux was calculated over a 30 min
averaging period. Detailed descriptions for lag-time determination,
quality control, spectral analysis, storage flux correction and data
comparisons can be found in Supporting Information (Figs. S5-8).

Footprint for flux measurements was determined by a two-
dimensional parameterization footprint model (Kljun et al., 2015) for
each 30 min flux period at 10-m-resolution (Supporting Information
Section S3). This model is widely used in footprint modeling (Acton
et al., 2020; Huangfu et al., 2024; Squires et al., 2020). Fig. 1 shows flux
measurements represent average fluxes within ~75 km? of the site,
where the footprint accounts for 90 % flux contribution.

2.4. Emissions data from satellite inversion and emission inventory
Measured NOy fluxes are compared with emission estimates in

various emission inventories. The Chinese Multi-Resolution Emission
Inventory (MEIC) are available at 0.01°, 0.1° and 0.25° resolution for
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2017, and at 0.25° resolution for 2020 (Geng et al., 2024; Zheng et al.,
2018). In addition, the comprehensive global emission inventory for
greenhouse gases and air pollutants (PKU v1) (Huang et al., 2017; Lin
et al,, 2023), and the Emissions Database for Global Atmospheric
Research (EDGAR v8.1) (Crippa et al., 2024) were also compared with
NOy fluxes measured in this study. Footprint-matching emissions were
calculated by downscaling gridded inventories to 10-m-resolution and
area-averaging within the flux footprint.

Here, eddy covariance flux measurements were also compared
against two satellite inversions: 1) TROPOMI-based 5-km-resolution
NO; emissions across China during summer 2022 using an updated
retrieval method of Kong et al. (2022). The satellite data in Kong et al.
(2022) were derived from the POMINO-TROPOMI product (Liu et al.,
2020), which accounts for aerosol and surface reflectivity effects relative
to the official product (TM5-MP-DOMINO OFFLINE v1.1.0) (Geffen
et al., 2019). Here, TROPOMI-based NO, emissions data were processed
similarly to those for emission inventories. 2) Geostationary Environ-
mental Monitoring Spectrometer (GEMS) derived hourly NOy emissions
for East Asian cities (including Beijing) for the summer of 2021 (Xu
et al., 2023). During inversion process, the GEMS NO; v1.0 product was
utilized (KESC, 2021), with filtered using criteria of effective cloud
fraction and solar zenith angle (Kim et al., 2023). The average emission
flux for urban Beijing is determined by the whole city emission divided
by urban build-up area (1469 km?).

3. Results and discussion
3.1. Overview of the NO,, O3 and Oy fluxes

Fig. 2 presents a synthesis of NOy, Os, and Oy fluxes along with traffic
index data collected during this campaign. The 24-h average NOy con-
centration measured during the study period was 14.6 + 12.7 ppbv
(Fig. S9). As anticipated, NOy exhibited predominantly upward fluxes
(91.7 % flux data) throughout the campaign. Diurnal flux values ranged
from —20.8 to 66.2 nmol/m?/s, with a 24-h average flux of 10.4 + 10.7
nmol/m?/s. The fluxes measured in 2023 were 44 % lower than NOy flux
(19.3 £ 10.4 nmol/mz/s) measured at the same site in 2017 (Squires
et al., 2020), similar to 57 % reduction of NOy concentrations during the
two campaigns. The decline of NOx concentrations in Beijing is also
confirmed by routine measurement (in terms of NO3) from China Na-
tional Environmental Monitoring Center (CNEMC, 2023) (Fig. S10).

Analysis of diurnal profile of NOy flux revealed relatively stable
emissions between 10:00-16:00, followed by a pronounced afternoon
peak (18:00). This pattern aligns with established relationships between
NOy emissions and traffic flow (Drysdale et al., 2022; Karl et al., 2017).
To investigate traffic-related emission variations, we conducted a
weekday-weekend comparison. Fig. 3a-b demonstrates strong temporal
coincidence between NOy flux peaks and traffic indices during weekdays
(18:00). In contrast, weekend observations showed no notable consis-
tency between traffic index and NOy emissions. This discrepancy likely
stems from distinct travel patterns (destinations and routes) between
weekdays and weekends. Specifically, weekend congestion areas may
exhibit greater spatial dispersion compared to weekdays, causing
vehicle emissions to frequently occur outside the footprint. Conse-
quently, weekend evening traffic peak fail to align with NOx flux peak.
Comparative analyses indicate that traffic index and NOx emissions are
10 % and 14 % lower on weekends than on weekdays, respectively.
While atmospheric temperature is recognized to influence non-transport
NOy sources (e.g., soil emissions and power generation) under hot
conditions (Zhu et al., 2023), our measurements showed negligible
temperature dependence in both NOy concentrations and fluxes
(Fig. 3c-d).

Moreover, moderate correlations between NOy and two aromatics
benzene (R = 0.47) and toluene (R = 0.52) were observed during 17:00
to 20:00 (Fig. 4a-b), indicating common source contributing to emis-
sions of NOx and aromatics, most likely combustion sources, e.g.,
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vehicles or residential combustion (Shaw et al., 2015; Yang et al.,
2018b). Residential combustion of natural gas, especially during cook-
ing and heating (Cliff et al., 2025; Lebel et al., 2022), may contribute
significantly to urban NOy emissions. However, poor correlations
emerged between NOy fluxes and both CH4 (R = 0.27) and cooking
tracer nonanal (Coggon et al., 2024; Klein et al., 2016) fluxes (R = 0.20)
during 17:00 to 20:00 (Fig. 4c-d), indicating potentially small contri-
butions to NOy from natural gas usage during summer in Beijing.

Collectively, these findings suggest vehicular emissions as the primary
contributor to urban NOy emissions in summer Beijing.

NO and NO; fluxes were individually measured using the chem-
iluminescence NOy analyzer. Analysis of the data reveals that 85-97 %
of daytime NOy emissions were measured in the form of NO,, with the
NOy/NOy flux ratio exhibiting a distinct diurnal increase (Fig. S11a).
This pattern is consistent with the titration effect caused by elevated O3
concentrations and enhanced downward fluxes during daylight hours.
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The ratios of NO3/NOy flux remain elevated under conditions of low O3
concentrations (<20 ppbv) (Fig. S11b). However, this observation does
not unequivocally indicate a dominant emissions in terms of NO,, as
demonstrated by that fast NO-to-NO, conversion by Os remains
important even under low atmospheric concentrations of Og (Karl et al.,
2023). This poses a significant challenge for quantifying direct NOy
emissions in urban environments.

O3 fluxes exhibited dominant downward tendencies with a mean of
—~10.8 + 13.7 nmol/m?/s, accompanied by a mean concentration of
53.6 + 29.7 ppbv (Fig. 2 and Fig. S9). Diurnally, O3 flux exhibited an
absolute minimum around midday to early afternoon. During the early
morning period (05:00-10:00), the O3 flux approached zero. Karl et al.
(2023) emphasize that Oy fluxes provide more reliable indicators of
actual depositional O3 fluxes near urban surfaces as the result of NO-O3
photochemical reactions. This highlights the importance of Oy flux
measurements for characterizing atmospheric oxidation. Consistent
with Os behavior, Oy fluxes demonstrated substantially downward
fluxes with a 24-h average of —4.8 - 9.9 nmol/m?/s, corresponding to a
24-h average concentration of 79.6 + 30.0 ppbv (Fig. 2 and Fig. S9).
Using Oy flux as the more reliable parameter, we determined that the
average ozone deposition velocity (V) is 0.24 + 0.25 cm/s (Vg = |Ox
flux/O3 concentration|), which is significantly lower than the value
determined using ozone flux (0.62 + 0.50 cm/s). This implies the large
influences of NOy titration effect on ozone flux in urban regions.

3.2. Drivers of NOy emission disparities among cities

Concentrations and fluxes of NOy measured in this work are
compared with measurements in other cities, including London in UK
(Cliff et al., 2025; Drysdale et al., 2022; Lee et al., 2015; Vaughan et al.,
2016), Innsbruck in Austria (Karl et al., 2023; Karl et al., 2017), Los
Angeles in U.S. (Nussbaumer et al., 2023), and San Joaquin Valley in U.
S. (Zhu et al., 2023) (Fig. 5a-b). Similar diurnal profiles of both NOy
concentrations and fluxes are observed in different cities. NOy concen-
trations usually show the highest concentrations in the morning and a
second smaller peak in the evening, with the minimum concentrations in
the early afternoon. Different to NOy concentrations, NOy fluxes
demonstrated the strongest emission fluxes during the daytime, with
marked lower emissions at night, suggesting common controls of human
activities on NOy emissions in various cities.

We generally observe similar concentration ranges for NOy in
different cities, with apparently higher concentrations measured in 2017
in Beijing than other observations. With the substantially decrease of
NOy concentrations in recent years, NOy concentrations observed in
Beijing in 2023 are comparable to other cities. While NOyx concentrations
showed spatial consistency across cities, NOx fluxes exhibited notable
regional differences. The measured NOy fluxes in Beijing in 2023 are
comparable to observations in Los Angeles, San Joaquin Valley, and
Innsbruck (Cliff et al., 2025; Karl et al., 2023; Zhu et al., 2023). London
exhibited substantially higher flux than other cities (Fig. 5¢). Emissions
of diesel vehicle have been identified as a major contributor to urban
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NOy pollution (Breuer et al., 2020; Burgard et al., 2006; Yang et al.,
2018a). Regional variations in diesel vehicle densities significantly
explain the observed intercity differences in NOy fluxes. Fig. 5d dem-
onstrates a positive correlation between diesel vehicle density and NOy
flux across cities (R = 0.93). In recent years, Beijing has achieved sig-
nificant reductions of NOy emissions despite a marginal increase in
diesel vehicle fleet (especially heavy trucks) (NBSC, 2024), as shown in
Fig. 5d. This success stems from but the significant improvements in
vehicle technology (Ai et al., 2022). London exhibits a notably high
average diesel vehicle density of 830 vehicle/km?, 4-5 times higher than
Beijing and Innsbruck. Diesel vehicle density in the UK steadily
increased before 2019 (DTDVLA, 2023). Concurrently, NOy fluxes
measured at the BT Tower in 2017 showed a 42 % increase compared to
2013 measurements from the same site (Fig. 5¢), whereas NOy emissions
measured in 2021-2023 were 44 % lower than those in 2017, as the
result of reduction of vehicular emissions (Cliff et al., 2025).

From the perspective of diurnal profile (Fig. 5b), Beijing exhibits
obvious NOy emissions in the early morning in addition to daytime
emissions, a phenomenon not observed in London or Innsbruck. As
shown in Fig. 6, by analyzing early morning (00:00-06:00) to daytime

(11:00-18:00) ratio of NOy flux, we obtain the ratio in Beijing as 0.59 +
0.22, which is 1.8-2.8 times of those in London (0.32 + 0.06) and
Innsbruck (0.21 + 0.05). Using four days with minimal storage term
(Fluxstorage/Fluxgc ratio <0.3) derives slightly lower ratio (0.51 + 0.23),
which is still notably higher than London and Innsbruck. These differ-
ences stem from a unique air quality policy implemented in Beijing,
which only allows entry of heavy-duty trucks to urban core region
during night hours (23:00-06:00) (BTMB, 2009), to reduce diesel usage
as 80 % of China’s heavy-duty truck fleet use diesel (Mao et al., 2025).
Consequently, this policy would shift NOy emissions toward early
morning, which enhances the early morning to daytime ratio.

3.3. Comparison with emission inventories and satellite inversion

NOy emissions quantified by eddy covariance method serve as a
critical benchmark for validating emission inventories. Within the
footprint area, we perform comparisons between measured NOy fluxes
and three NOy inventory products (Fig. 7). For these emission in-
ventories, we find that agriculture, power plants and industrial sectors
account for 34-46 % (MEIC), 57 % (PKU), and 57 % (EDGAR) of
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estimated NOy emissions (Fig. S12). To our knowledge, these source
sectors are not present in the measurement footprint, which suggests
that these sectors may be incorrectly allocated to footprint area.
Therefore, we will only focus on comparisons of transportation and
residential sectors with flux measurements.

Emission inventories indicate significant variations for emission in-
tensity within the footprint area (Fig. S13), which could introduce sig-
nificant uncertainty from spatial alignment in comparison with fluxes.
Here, the uncertainties from the spatial alignment are determined from
the change of NOy emissions from each emission inventory using foot-
print areas at 50 %-90 % of flux contribution (Fig. 7c), which exhibit
fluctuations in the range of 30 %-62 % for different emission in-
ventories. It suggests that the uncertainty introduced by spatial align-
ment can be as large as 60 %. Considering the uncertainty from flux
measurements (20 %), the combined uncertainty for comparison would
propagate to be 70 %.

With the estimated uncertainty, we will discuss the comparison of
flux measurements with emission inventory using the footprint area at
90 % of flux contribution (Fig. 7a). The MEIC products with 0.1° and
0.25° in both 2017 and 2020 showed similar NOy emission estimates,
which are 2.7-4.5 times of NOy fluxes measured in 2023, respectively.
Considered the year differences between flux measurements and in-
ventory estimates, MEIC estimate for 2017 is still higher than flux
measurements in summer of 2017 by 156 %, as discussed in details in
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Fig. 7. (a) Comparison of eddy covariance (EC) NOy flux with emission inventories including MEIC (Geng et al., 2024; Zheng et al., 2018), PKU (Huang et al., 2017;
Lin et al., 2023), and EDGAR (Crippa et al., 2024) using footprint at 90 % of flux contribution. (b) Comparison of daytime (11:00-18:00) EC NOy flux with NOy
emissions derived from inversion of satellite measurements (TROPOMI and GEMS) (Kong et al., 2022; Xu et al., 2023) using footprint at 90 % of flux contribution. (c)
Estimated NOy emissions from emission inventories and satellite retrievals using footprint at different percentage of flux contribution. The black line and gray band
represent average and standard deviation of flux measurement in 2023. Note that the results from MEIC 2017 at 0.01° resolution is multiples by 0.1 for sake of clarity.
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(Squires et al., 2020). Similarly, NOx emission in PKU inventory is 2.1
time of flux observations in 2023. These differences between flux mea-
surements and emission inventory are clearly higher than 70 % of un-
certainty in comparison. As NOy emission in winter is only 20 % higher
than summer (Squires et al., 2020), seasonal variations could not explain
the difference between flux measurements and emission inventory
(estimated for a whole year). The high-resolution version (0.01°) of
MEIC determines considerably higher NOy emissions than other
lower-spatial resolution products. As a novel spatial allocation method is
used in the high-resolution 0.01° MEIC inventory, this result indicates
that the allocation method may fail to correctly assign NOy emissions in
terms of kilometer-scale fine resolution in urban regions. It is surprising
that the EDGAR global inventory illustrates reasonable agreement with
NOy flux measurement with deviation only by 57 %. Previous studies
showed that EDGAR emission inventory usually obtain slightly lower
but comparable NOy emissions for China (Li et al., 2017). We suspect the
differences between EDGAR and other emission inventories may be
caused by different proxies used for spatial allocation.

As MEIC emission inventory provides emission estimates in multiple
different years, it also provides an opportunity to compare NOx emis-
sions changes between inventory and flux measurements. As discussed
above, the concentration and flux of NOy in Beijing decreased by 57 %
and 44 % from 2017 to 2023, respectively (Fig. 4c). Contrastingly, MEIC
estimated transportation sector emission (0.25°) decreased by only 2.8
% from 2017 to 2020, whereas residential emissions increased by 20 %.
These differences imply that MEIC inventory may underestimate
recently quick reduction of NOy emissions in megacities like Beijing.
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In addition to emission inventory, NOy flux measurements are also
compared to inversions from satellite retrievals. As satellite measure-
ments only cover daytime, averages of NOy flux between 11:00 and
18:00 are used for comparison (Fig. 7b). In contrast to emission in-
ventory, we observe comparable estimates between flux measurements
and inversion from satellite retrievals, considering combined un-
certainties in the comparison, including footprint determination and
potentially fine-scale spatial heterogeneity not resolved by both
methods. Specifically, TROPOMI inversion in 2019 (Kong et al., 2022)
38 % lower and GEMS inversion in 2021 (Xu et al., 2023) 40 % higher
than NOy fluxes measured in 2023. However, if the yearly decline of NOy
emissions considered as inferred as NOy flux differences in 2017 and
2023, GEMS inversion appears to be more comparable to flux mea-
surements. This comparison indicate flux measurements could be used
as a reference for validating satellite retrievals, as considerable un-
certainties in satellite measurements and inversion processes from col-
umn concentrations to ground emissions also exist (Lorente et al., 2017;
van Geffen et al., 2022; Verhoelst et al., 2021).

3.4. Influence of NOy on near-surface O3 downward flux

The Dahmkohler (Da) number, a dimensionless parameter quanti-
fying the relative time scales of transport and chemical reaction rates
(Section S4 in Supplementary Information), has been widely applied in
atmospheric chemistry studies (Plake et al., 2015; Rinne et al., 2012;
Vuolo et al., 2017). Our campaign measurements revealed an average
Da number of 3.3 + 2.6 for the NO-NO,-Og reaction system, and average
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Fig. 8. (a) Diurnal variations of NOy, O3 and Oy fluxes, with the gray shaded as the difference between O3 and Oy fluxes. (b) Oy versus O3 fluxes in the daytime
(11:00-19:00), color-coded by the NOy flux. (c) Scatter plot of Oy flux from MLR versus observed Oy flux. The dashed black lines in (b) and (c) represent 1:1 line and
the solid black lines represent the fits from the data points. (d) The diurnal profiles of Oy flux calculated from MLR and the observed Oy flux. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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flux Da number for O3 is 2.5 + 10.4 (Fig. S14). These values indicate that
O3 concentration and flux in Beijing are strongly influenced by
NO-to-NO, conversion processes. Fig. 8a demonstrates pronounced
discrepancies between Oy and O3 fluxes under elevated NOx emission
conditions. Analysis in Fig. 8b further illustrates Oy flux deviates
increasingly from the 1:1 line with rising NOy flux, suggesting the NOy
emissions significantly modulate surface flux of O3, and O flux is a more
accurate indicator of the describe depositional O3 flux near-surface in
urban environments.

Here, the influence of NOy emissions on O3 downward fluxes was
quantified using a multiple linear regression (MLR) method (Equation
(2)):

Fo, =kiFo, + kaFno, 2)

where Fo_, Fo,, and Fyo, represent the fluxes of O, Os, and NOy,
respectively. Regression analysis yielded k; = 0.88 and kz = 0.36, with a
moderate correlation coefficient (R2 = 0.44) between modeled and
observed Oy fluxes (Fig. 8c). Our results suggest that the MLR method
can appropriately characterize the relationships among NOy, O3, and Oy
fluxes (Fig. 8d). Discrepancies between predictions and measurements
are particularly evident in the morning period (06:00-11:00) due to
storage term influence (Fig. 8d), prompting us to focus on daytime
(11:00-18:00) when titration effects dominate. The titration effect for
NOy emissions on O3 downward flux is determined from the ratio of
|k2Fno,/ k1Fo,|, obtaining an average of 54 + 53 %. Such a pronounced
titration effect necessitates prioritizing the analysis of Oy flux over O3
flux.

4. Conclusions

In this study, we simultaneously conducted flux measurements of
NOy, O3 and Oy at the Beijing Meteorological Tower from May to June
2023. The observed NOy fluxes exhibited a net upward trend, indicating
persistent NOy emissions in Beijing. Notably, these 2023 NOy flux and
concentrations showed approximately 50 % reduction compared to
2017 measurements at the same site. Statistical analysis of NOy flux
variability revealed a strong consistency with traffic flow in Beijing,
particularly diesel vehicle fleet. However, NOy emissions estimated in
emission inventories show overestimation than flux measurements,
indicating that the inventories may fail to accurately estimate NOy
emissions in urban scale. A further comparison with satellite retrieval
obtained reasonable agreement.

By comparing reaction time scales of NOy photochemistry and at-
mospheric transport, we demonstrate that O3 downward fluxes are
significantly influenced by NO-to-NO conversion processes. To quantify
the influence of NOy emission on O3 flux, we applied a multiple linear
regression method to describe the relationship between NOy, O3, and Oy
fluxes. NOy-induced titration effect reduces surface O3 deposition fluxes
by 54 + 53 %. These results support that the flux measurement of Oy
should be conducted and used in urban regions to represent the depo-
sition flux of Os, rather than direct O3 flux.

As the policy implementation intensifies, NOy emissions are expected
to constantly decline, which will reduce their impact on the O3 down-
ward flux. Our results along with others (Cliff et al., 2025; Karl et al.,
2023) demonstrate that flux measurements in urban regions could track
this reduction path to provide quantitively constraints on these changes
and offer the opportunity to validate the estimate from other methods,
including emission inventory and satellite retrievals.
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