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Abstract The proportion of more active volatile organic compounds (VOCs) species decreases with
altitude, whereas radiation increases vertically due to aerosol scattering near the surface, exerting opposite
effects on vertical O; generation. Using the observation-based model (OBM) constrained by vertical profiles,
we identified that the aerosol radiation effect (ARE) has a stronger impact on photochemical characteristics and
03-NOx-VOC sensitivity than the VOCs reactivity effect (VRE). ARE is the dominant factor, promoting the
formation of O; and -OH (increases by 36.7% and 106.3%), enhancing high-altitude oxidation, and shifting parts
of the VOC-limited regimes to the NOx-limited regimes (VOCs/NOXx ratio decreases by 21.1%). Additionally,
rapid NOx depletion with altitude leads to stronger NOx limitation aloft, amplifying ARE's effect on O5-NOx-
VOC sensitivity (ratio decreases by 28.1%). These findings improve the understanding of vertical ozone
generation conditions and suggest that more attention should be paid to vertical environments in surface ozone
management.

Plain Language Summary Ozone is formed by the photochemical reaction of volatile organic
compounds (VOCs) and nitrogen oxides (NOx) under solar radiation. Some aerosol particles near the surface
can scatter sunlight, enhancing the vertical aerosol radiation effect (ARE) on the above air, which accelerates the
reactions that produce ozone therein. Conversely, active VOCs decrease with increasing altitude (VOCs
reactivity effect, VRE), resulting in reduced ozone generation. This study found that ARE has a greater impact
on vertical ozone photochemical characteristics and O;-NOx-VOC sensitivity than VRE. ARE drives ozone and
-OH production, enhancing atmospheric oxidation at high altitudes and making the upper atmosphere more
NOx-limited. Additionally, the concentration of high-altitude precursors is severely attenuated (especially
NO,), making the effect of ARE on O3-NOx-VOC sensitivity more significant. Recognizing these effects could
increase awareness of vertical ozone pollution and aid in improving air quality management and ozone pollution
control.

1. Introduction

Tropospheric ozone, a typical secondary pollutant, is generated through complex, nonlinear interactions influ-
enced by various environmental conditions such as solar radiation, temperature, and the concentrations and
reactivity of precursors such as nitrogen oxides (NOx) and volatile organic compounds (VOCs), along with their
ratios (Lin et al., 1988; Liu et al., 2020). Understanding the vertical photochemistry of ozone is not only to deepen
our knowledge of the processes governing ozone production and consumption but also sheds light on its broader
impacts on climate and near-surface air quality (Bourgeois et al., 2020; Godowitch et al., 2011; He et al., 2022;
Wu et al., 2024; Zhang et al., 2021). Efforts to characterize ozone's behavior date back to Dodge (1977), who
established the Empirical Kinetics Modeling Approach (EKMA) curves using the Ozone Isopleth Plotting
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Package (OZIPP) to describe the relationship between O;-NOx-VOCs. Cardelino and Chameides (1995)
developed an Observation-Based Model (OBM) based on relative incremental reactivity (RIR) to diagnose the
relationship between O; production, consumption and its precursors under actual atmospheric pollution condi-
tions. Since then, several commonly used OBM mechanisms have emerged, including CBM, RACM, MCM and
NCAR-MM. (Guo et al., 2013; Kanaya et al., 2009; Ran et al., 2012; Song et al., 2022).

Many studies on O;-NOx-VOC sensitivity have indicated that metropolitan areas are often VOC-limited regimes,
whereas a small number of urban and rural areas are primarily NOx-limited or VOC-NOx co-limited regimes.
(Liu et al., 2021, 2023; Sillman et al., 1990; Tan et al., 2018; Wang et al., 2023). The reduction in radiation
significantly decreases O production efficiency (Deng et al., 2011), correspondingly increasing the ridge line of
the EKMA curve (VOCs/NOx ratio) (An et al., 2021) causing some regions that were previously NOx-limited to
transition to VOC-limited regimes. Radiation also induces the photolysis of O; to produce hydroxyl radicals
(-OH), which are crucial for the atmospheric oxidation efficiency (Levy, 1972; Thompson, 1992). Additionally,
due to significant differences in the chemical reactivity of VOCs, their contributions to O formation vary greatly
(Atkinson, 2000). Generally, alkenes and aromatics are the major contributors to ozone formation potential (OFP)
(Hui et al., 2020; Yadav et al., 2024; Zhang et al., 2023). Numerous observations have shown that the more
photochemically active VOCs species tend to decreases with increasing altitude, meaning the proportion of
reactive species decreases with altitude (Sun et al., 2018; Wu et al., 2020, 2021). When the proportion of
chemically active species is low, the efficiency of providing -HO, and -RO, decreases, which increases the ridge
of the EKMA curve (VOCs/NOx ratio) (Zhu et al., 2006).

By adjusting the dilution ratios of NOx and VOCs in urban conditions, Dieter (1997) diagnosed the variation of
surface photochemical characteristics in the horizontal direction from urban-suburban-remote areas. Observa-
tions (Jiang et al., 2018; Li et al., 2019) have shown that the decrease of VOCs and NOx concentrations is much
greater vertically than horizontally, implying that just 1-2 km altitude difference could result in species con-
centrations attenuation and dilution ratios similar to those over hundreds of kilometers horizontally. Moreover,
the photochemical environment, such as aerosol, radiation, temperature and humidity, varies significantly in the
vertical direction, leading to substantial differences in O5 generation. Previous OBM studies on O; photochemical
characteristics and O3-NOx-VOC sensitivity have predominantly relied on surface-based observations, with less
emphasis on the vertical environment. Therefore, an integrated exploration of the vertical O5-precursors and O5-
radiation relationships holds broader scientific significance.

It is noteworthy that VOCs concentrations and the proportion of more reactive species generally decreases with
altitude, inhibiting O; formation more than at the surface (VOCs reactivity effect, VRE). Conversely, under most
conditions of high aerosol pollution, the photolysis rate increases with altitude due to aerosol scattering (aerosol
radiation effect, ARE) (Dickerson et al., 1997; Gao et al., 2020; Shi et al., 2022), thereby promotes O5 formation.
Both effects exert different impacts on photochemical characteristics such as net ozone production rate (PO;),
-OH concentrations, and -(RO, + HO,) concentrations. In this study, vertical profiles from a fall filed campaign in
Nanjing, China, along with an observation-based model (OBM), were used to study the vertical photochemical
reaction processes of O;. We systematically analyzed the impacts of the ARE, VRE, and precursor concentrations
attenuation on O5 photochemical characteristics and O3-NOx-VOC sensitivity. Our findings aim to offer new
insights and theoretical foundations for combating photochemical pollution.

2. Materials and Methods
2.1. Observations and Models

The observation site is situated in the Intelligent Manufacturing Industrial Park in the northern suburbs of Nanjing
(32°26'N, 118°72'E), a mixed industrial and rural area with no obvious sources of air pollution emissions within a
1.0 km radius (Figure 1).

This study utilized an unmanned aerial vehicle (UAV) platform equipped with a sampling system (Tedlar
sampling air bags and wireless remote-control miniature sampling pumps (Wu et al., 2020)) to collect VOCs
samples from the surface to 1 km. Air samples at different altitudes were collected into Tedlar bags using a
dedicated sampling pump. To minimize contamination, the bags were pre-cleaned with high-purity nitrogen and
shielded from sunlight using black covers. During sampling, the UAV ascended at a steady speed of 2.5 m/s
without stopping. Ground-level samples (~2 m) were taken before takeoff, whereas subsequent samples
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Figure 1. Observation site and surrounding environment.

represented atmospheric layers within a vertical range of 100 m (samples collected between 100 and 300 m are
represented as air samples at a mean altitude of 200 m). The entire process, including pump operation, was
remotely controlled. The pump flow rate was set to 2 L/min, with each sample collected in approximately
1 minute. The sampling period was from 18 October 2020 to 15 November 2020, at 8:00, 14:00, and 20:00 daily
(LT). The VOCs laboratory analysis process was consistent with Wu et al. (2020, 2021), using a TH-300B VOCs
online monitoring system and gas chromatography-mass spectrometry/flame ionization detector (GC-MS/FID,
2010SE). Samples were transported to the laboratory within 48-72 hr of collection. Analysis involved pre-
concentration by the TH-300B system, followed by GC-MS/FID processing. The system utilized two chan-
nels: FID and MS. The FID channel condensed and dehydrated samples at —50°C, removed CO, with an
adsorption tube, and captured C2—C5 hydrocarbons using a PLOT capillary column at —150°C. The MS channel
condensed and dehydrated samples at —20°C, using a passivated capillary column to capture C6-C12 hydro-
carbons and halogenated hydrocarbons at —150°C. A total of 87 VOCs components were measured, including 28
alkanes, 12 alkenes, 16 aromatics, 30 halogenated hydrocarbons, and acetylene. Detailed components, average
concentrations, and detection limits are provided in Table S1 in Supporting Information S1.

The UAV also carried PDR-1500 and AE51 instruments to obtain vertical concentration profiles of PM, 5 and
black carbon (BC). Simultaneously, another UAV collected profiles of NO,, Os, and ultraviolet radiation.
Throughout the sampling process, the observation data of these elements can be monitored, stored and transmitted
in real time. Meteorological sounding data were captured by GPS meteorological sounding balloons at a reso-
lution of 1 s. The instruments were described in detail in our previous study (Yang et al., 2024). In total, vertical
observations yielded 61 effective profiles of VOCs, 65 effective profiles of NO,, 76 effective profiles of mete-
orological elements, 83 effective profiles of PM, 5, BC, and O; concentrations, and 81 effective profiles of
radiation.

2.2. Observation-Based Model and Experiment Design

To calculate aerosol optical parameters, daily averages of actual vertical profiles of PM, s and BC were utilized in
conjunction with the Optical Properties of Aerosols and Clouds (OPAC) model (Hess et al., 1998) (Table S1 in
Supporting Information S1). The simulated optical parameters were subsequently averaged and used in the
Tropospheric Ultraviolet and Visible radiation (TUV) model to obtain the photolysis coefficients required for
photochemical reactions (Madronich & Flocke, 1999). Finally, the initial pollutant gas components and their
average volume mixing ratios at 8:00 a.m. (including CO, NOx, and VOCs, obtained from vertical observations)
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Table 1
Experimental Settings to Identify the Two Effects (Aerosol Radiation Effect and VOCs Reactivity Effect) on Ozone Photochemical Reaction Processes

Range of precursor concentration Proportion of VOCs species at Radiation intensity at

Experiment name variations at corresponding altitude (m) corresponding altitude (m) corresponding altitude (m)
1.Exp_pOvOr0* 0 0 0
2.Exp_p0v400r0 0 400 0
3.Exp_pOv800r0 0 800 0
4.Exp_p0v800r400 0 800 400
5.Exp_pOv800r800 0 800 800
6.Exp_pOv400r400 0 400 400
7.Exp_p400v400r400 400 400 400
8.Exp_p800v800r800 800 800 800

“p0 represents the range of precursor concentration variations at the surface, v0 the VOCs species proportion at the surface, and r0 the radiation at the surface. As such,
Exp_pOvOr0 represents the experiment with VOCs species proportion, radiation condition and precursor variation ranges at the surface. Exp_p400v400r400 represents
the experiment with all the conditions of precursor variation ranges, VOCs species proportion, and radiation at 400 m.

were employed by the National Center for Atmospheric Research Master Mechanism (NCAR-MM) model to
compute the formation of O, radicals, and intermediates. Due to limitations in observational instruments, the
vertical concentration profile of NO could not be directly obtained. However, previous studies (Chen et al., 2025;
Silvern et al., 2018; Yang et al., 2023) have shown that within the 0-1 km range of the boundary layer, the NO,/
NO concentration ratio remains relatively constant with height under local atmospheric conditions. This stability
is attributed to the photostationary-state relationship among NO, NO,, O3, and solar radiation. Therefore, in this
study, we estimated the vertical profile of NO based on the observed surface-level NO,/NO ratio (~2) (Figure S1
in Supporting Information S1) and the measured vertical profile of NO,. This inferred NO profile was then
applied in the model simulations.

The model can simulate the temporal evolution of chemical composition within an air mass without horizontal
transport. In this study, parameters such as the daily variation in boundary layer height and dilution intensity were
not set. It was simply regarded as an idealized reaction environment constrained only by the concentrations of
precursors. For more detailed description of these models refers to the study by Shi et al. (2022). This study
considered 34 VOCs species, identified by NCAR-MM, that significantly contribute to photochemical reactions,
comprising 22 alkanes, 6 alkenes, 5 aromatics, and acetylene (Table S2 in Supporting Information S1). A total of
900 simulation scenarios were generated by varying the VOCs and NOx concentrations (with concentration
adjustment factors ranging from 0.1 to 3.0 at intervals of 0.1), and the maximum ozone concentration of each
simulation result was selected to construct the O isoline curve, referred to as origin-EKMA.

In the NCAR-MM model, the total generation rate (Gp,), consumption rate (D, ) and net generation rate (Pp,) of
Oj; can be expressed as Equations 1-3:

Go, = k0,+n0[HO,][NO] + 3 ko, +n0[RO, | [NO] (1)

Do, = kuo,+0,[HO2]1[O3] + kon0,[OH] [O3]+ko(1p)+1,0[O(1D)] [H2O] + kopno,[OH] [NO, |
+ kalkenes+03 [alkenes] [03] (2)

Py, = Go, — Do, 3)
In the formula, k represents the reaction rate constant for each reaction.

2.3. Experimental Settings

Building upon the origin-EKMA, sensitivity experiments were conducted by varying the proportion of reactive
VOC:s species, aerosol radiation intensity, and the range of precursor concentrations, respectively, as shown in
Table 1. Experiments 1-6 assume that precursor concentrations at each altitude are consistent with those at the
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Figure 2. Average vertical profiles of O; (a), NO,, and volatile organic compounds concentrations (b), and UV radiation (c).

surface to examine the impacts of ARE, VRE and the integrated effects of both on the photochemical charac-
teristics and O5-NOx-VOC sensitivity, excluding interference from variations in precursor concentrations. In the
absence of fresh NOx, NOx depletes more rapidly than VOCs, causing the instantaneous VOCs/NO, ratio to
increase with time, thereby inhabiting production of O5 (Seinfeld & Pandis, 2006). Vertically, precursor con-
centrations also attenuate (especially NO,), leading to an increase in the VOCs/NO, ratio with altitude. Therefore,
we designed experiments 7 and 8 to further examine the integrated effects of ARE and VRE across the actual
range of precursor concentration

variations at different altitudes.

3. Results
3.1. Vertical Observation Features of O, Its Precursors and Ultraviolet Radiation

Figure 2 shows the vertical distribution features of O;, NO,, and VOCs concentrations, along with ultraviolet
radiation during the observation period. The O; concentration is lowest at each altitude at 8:00, which is due to the
stagnation of O; production and the titration of NO at night. Daytime photochemical processes elevate O
concentration to their peak in the afternoon. At the same time, strong turbulence transport makes the vertical
distribution of O; more uniform. Around 20:00, the titration effect of NO rapidly decreases surface O; levels,
whereas the upper layer (>400 m) retains higher concentrations due to a weaker titration effect. In Figure 2b, both
NO, and VOCs concentrations decrease with altitude in the early morning, but NO, decreases more sharply than
VOCs, causing the VOCs/NO, ratio to increase from 1.5 at the surface to 4.0 at 1,000 m. At 14:00, stronger
atmospheric turbulence leads to a more uniform distribution of NO, and VOCs in the vertical direction, which
results in smaller fluctuations (standard deviation) in their concentrations. More importantly, with the increase in
altitude, the concentration proportion of more reactive VOCs species decreases significantly (Figure 3). For
example, the proportion of species with strong reactivity (alkenes + ARO2) is 12.0% at the surface, 7.7% at
400 m, and 5.5% at 800 m.

Additionally, Figure 2c illustrates that UV radiation increases with altitude, rising by approximately 4 W/m? from
the surface to 1,000 m. The increase in radiation intensity will increase the photolysis rate of NO,, thereby
promoting the formation of ozone (Zhao, Hu, Du, et al., 2021; Zhao, Hu, Liu, et al., 2021).

3.2. OBM Revealed Vertical O; Production and Photochemical Characteristics

Figure 4 displays the EKMA-O; and EKMA-OH , 1, curves obtained in Experiments 1-8. From the results of
experiments 1-2-3 (Figures 4a—4c), it can be seen that the proportion of reactive species decreases with increasing
altitude under the same surface radiation conditions. The maximum ozone (O; ,,,,,) concentration at the reference
points in Figure 4c decreases by nearly 20 ppb from the surface to 800 m, a reduction of 12.3%. The average
concentration of -OH over 12 hr (OH ;, ;,,) shows a slight decrease of 8.0%. At this time, the corresponding ridge
(VOCs/NOx ratio) of EKMA curve increases from 5.7 at the surface to 6.8 at 800 m, consistent with findings by
Zhu et al. (2006). As a result, certain regions originally located in NOx-limited regimes transiting to VOC-limited
regimes. Experiments 1-2-3 indicate that the weakening of VOCs reactivity inhibits the photochemical reactions
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Figure 3. Average proportion of volatile organic compounds (VOCs) concentrations (08:00) at surface (a), 400 m (b), and
800 m (c). This study refers to the SAPRC chemical mechanism (classification based on the reactivity of VOCs components
with OH radical) (Carter, 2010). It categorizes benzene and AROI as aromatic hydrocarbons with weak reactivity, whereas
ARO?2 exhibits strong reactivity; for alkenes, all of them are substances with strong reactivity; alkanes and acetylene are
inactive species.
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Figure 4. The O; daily maximum concentration curve is generated by each group of experiments (the isoline represents the
O; daily maximum concentration, the black dashed line denotes the ridge of the curve, the color-filled graph represents the
12 hr -OH average concentration isoline, and the black points indicate the real concentrations of precursors at surface in
panels (a—f), and at 400 and 800 m in panels (g and h), respectively, which are called reference points).
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Table 2
Photochemical Characteristics at the Reference Point of Each Group of Experiments (PO;, -OH and -(HO, + RO,) Concentrations at the O 5.max CONCentration)

Concentration of -OH Concentration of -(HO, + RO,) VOCs/NOx ratio at

Experimental name PO, (X10~°/h) (x10° molecular/cm?) (x10® molecular/cm?) EKMA ridge line
1.Exp_pOvOr0 4.9 6.3 6.4 5.7
2.Exp_pOv400r0 4.4 54 5.5 6.4
3.Exp_pOv800r0 39 4.8 44 6.8
4.Exp_p0v800r400 53 8.4 12.7 5.5
5.Exp_pOv800r800 6.6 13.0 22.1 4.5
6.Exp_pOv400r400 5.9 8.6 14.6 49
7.Exp_p400v400r400 3.0 8.7 18.0 5.0
8.Exp_p800v800r800 2.1 9.4 22.8 4.1

of Os,ies slightly weakens the oxidizing capacity of the upper atmosphere, and makes the O;-NOx-VOC
sensitivity more inclined to VOC-limited regimes.

However, when fixing the proportion of reactive VOCs species and solely enhancing aerosol radiation intensity
(Experiments 3-4-5 and Figures 4c—4e), O; . increases by nearly 66.9 ppb from the surface to 800 m, marking a
49.3% increase. Similarly, -OH ,, ;. increases significantly from 1.0 X 10° molecules/cm® to 1.7 X 10° molecules/
cm®, an increase of approximately 70.0%, indicating a more oxidizing atmosphere at high altitudes compared to
the surface. The EKMA curve ridge (VOCs/NOx ratio) decreases from 6.8 at the surface to 4.5 at 800 m, resulting
in a steeper ridge. Parts of the regions originally located in the VOC-limited regimes transiting to NOx-limited
regimes, aligning with findings of An et al. (2021). Experiments 3-4-5 demonstrate that intensified radiation
promotes the photochemical reactions of O3, enhances upper atmospheric oxidation, and shifts O;-NOx-VOC
sensitivity to NOx-limited regimes.

Combining both effects (Experiments 1-6-5, Figures 4a, 4f, and 4e) reveals a consistent upward trend in Os ..,
increasing by approximately 48.6ppb from the surface to 800 m (a 31.6% increase). -OH _;, ;. also increases with
altitude, from about 1.1 X 10° molecules/cm®to 1.7 x 10° molecules/cm? (a 54.5% increase), indicating heightened
atmospheric oxidation at higher altitudes. Furthermore, the EKMA curve ridge (VOCs/NOXx ratio) decreases from
5.7 atthe surface to 4.5 at 800 m, steepening the ridge and shifting parts of regions initially in VOC-limited regimes
to NOx-limited regimes. Experiments 1-5-6 comparing with experiments 1-2-3 and 3-4-5, when keeping a
consistent range of precursor concentrations (at the surface), we confirm that ARE predominates over VRE when
considering the integrated effects of both radiation and VOCs species reactivity varying with altitude. ARE plays a
dominant role in the vertical change of O; photochemical reaction processes, enhances upper atmospheric
oxidation, and contributes prominently to the transition toward NOx-limited regimes at higher altitudes.

Table 2 presents the quantitative impacts of ARE and VRE, showing the calculated values of each photochemical
characteristics at the reference point in Figure 3. Under the influence of VRE (Experiments 1-2-3), -HO, and -RO,
provision by VOCs decrease, along with the rate of PO and -OH also decreases by 20.4% and 23.8%, respectively.
Conversely, under the influence of ARE (Experiments 3-4-5), enhanced radiation stimulates the reactivity of VOCs
species, resulting in a significant increase in -(HO, + RO,) concentration and a larger PO5 (a 69.2% increase).
Additionally, -OH concentration rises from 4.8 x 10°> molecular/cm® at the surface to 1.3 x 10° molecular/cm? at
800 m (a 170.8% increase). This aligns with previous studies in the Pearl River Delta (Lu et al., 2012; Yang
etal., 2022), where -OH concentrations were higher in rural areas than urban ones, due to stronger solar radiation in
rural regions. When integrating both effects, -(HO, + RO,) concentration increases, accompanied by a rise in PO;
from 4.9 x 10~°/h at the surface to 6.6 X 10~°/h at 800 m, marking a 34.7% increase. Similarly, the concentration of
-OH rises from 6.3 x 10° to 1.3 x 10° molecular/cm?, reflecting a 106.3% increase. The results of photochemical
characteristics align with EKMA-O; findings, highlighting ARE's stronger impact on ozone photochemical pro-
cesses compared to VRE, which serves as the primary driver of ozone characteristics changes.

In experiments 7 and 8, we further examine the impact of the integrated effects of ARE and VRE on photo-
chemical characteristics and O3-NOx-VOC sensitivity under the sharp decrease of precursors and high VOCs/
NOx ratios within real vertical profile ranges. The results of the experiments 1-7-8 (Figures 4a, 4g, and 4h and
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Table 2) reflect that under the combined effect of precursor concentrations attenuation, Oj .. decreases
significantly, with a reduction of up to 45.3% from the surface to 800 m, and POj; also shows a decreasing trend
(57.1% decrease). This is mainly due to the reaction conditions being constrained solely by precursor concen-
trations, under which VOCs and NO, concentrations decrease significantly with increasing altitude. However,
OH ,, ;,, concentration increases from 1.1 X 10 to 1.2 x 10° molecular/cm® (9.1% increase) with altitude, and the
corresponding -OH concentration at Oj ,, increases by 49.2%. This is mainly because -OH concentration is
strongly correlated with radiation intensity (Rohrer & Berresheim, 2006). As such, even if the precursor con-
centrations drop significantly, -OH concentration increases instead. The radiation enhancement effect also makes
the concentration of -(HO, + RO,) higher. The EKMA curve ridge (VOCs/NOx ratio) decreases from 5.7 at the
surface to 4.1 at 800 m, a decrease of 28.1%, which is a larger change than when there is no precursor con-
centrations attenuation (21.1%). This indicates that the shift of the ridge is more pronounced within the real range
of vertical precursor changes, leading to the phenomenon where some regions originally VOC-limited more
clearly transiting to NOx-limited regimes.

Compared to experiments 1-6-5, the concentrations of O; and PO; exhibits a downward trend with the super-
imposed precursor concentrations attenuation. However, other changes are consistent with the results of Ex-
periments 1-6-5. Therefore, it is concluded that when the concentration of precursors variations, the influence of
ARE on the ozone photochemical characteristics and O;-NOx-VOC sensitivity still outweighs VRE. It is worth
noting that precursor's attenuation facilitates the transition to NOx-limited conditions at higher altitudes due to the
lack of NOX, thereby making the impact of ARE on O;-NOx-VOC sensitivity more pronounced.

4. Conclusion

Our vertical observations showed that the concentrations of both VOCs and NO, decrease with altitude, but the
decrease of NO, is more dramatic, causing the VOCs/NOXx ratios to significantly increase with altitude. Mean-
while, UV radiation increases with altitude. The proportion of reactive VOCs species is highest at the surface
(12.0% in the morning), and lowest at 800 m (5.5%). Combined with OBM simulations, we explored the impacts
of vertical ARE, VRE and precursor concentrations attenuation on the O; photochemical reaction.

We found that, regardless of precursor concentrations, a decrease in the proportion of reactive VOCs species led
to a gentler EKMA ridge (increased VOCs/NOXx ratio), whereas an increase in radiation intensity resulted in a
steeper EKMA ridge (decreased VOCs/NOx ratio). Furthermore, ARE had a greater impact than VRE on ozone
vertical photochemical characteristics and O;-NOx-VOC sensitivity. Under the influence of the dominant factor
ARE, PO; increased by 36.7% from the surface to 800 m, whereas OH radical concentrations rose by 106.3%,
accelerating O5 and -OH formation, enhancing upper-layer oxidation, and stimulating the reactivity of less active
VOCs, thereby facilitating -HO, and ‘RO, production (approximately doubled). Simultaneously, increased ra-
diation intensity facilitated the transition from VOC-limited regimes at the surface to NOx-limited regimes at high
altitudes. It is worth noting that under actual atmospheric conditions, a decrease in the concentration of precursors
(especially NO,) caused the ridge of the EKMA curve to shift more significantly, with the slope decreasing by
28.1%, which is larger than the change when there is no precursor concentration attenuation (21.1%). This further
reinforced the transition of the upper atmosphere to a NOx-limited regimes, thereby amplifying the impact of
ARE on O5;-NOx-VOC sensitivity.

It can be expected that these factors may weaken/strengthen VRE under pre-noon (inversion)/afternoon (con-
vection) conditions. However, these factors are unlikely to alter the conclusions of this study. In addition, to assess
the potential uncertainty associated with the vertical NO,/NO concentration ratio on the experimental results of
this study, we conducted additional sensitivity experiments using NO,/NO ratios of 5 and 10. The results indi-
cated that variations in this ratio did not alter our main conclusions. For further details, please refer to the sup-
porting information (Figure S3 and Table S4 in Supporting Information S1). This paper aims to reveal the vertical
environments that affect vertical ozone photochemical production, provide new perspectives for ozone pollution
management, and suggest that policymakers should pay closer attention to the impact of the vertical environment.

Data Availability Statement

The observational and data are placed in https://doi.org/10.5281/zenodo.14752899. (Jiang et al., 2025). The ozone
column concentration data are available from https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_ OMI_Level3/
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