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Abstract 22 

Atmospheric oxidizing capacity (AOC) drives the formation of secondary 23 

pollutants, yet conventional surface observations fail to resolve its pronounced 24 

vertical heterogeneity, often leading to incomplete interpretations of regional pollution 25 

chemistry. Using ground-based hyperspectral vertical remote sensing observations 26 

collected between March and August 2023 at representative urban (AHU) and rural 27 

(CF) sites in the Yangtze-Huai River Basin, we quantified the vertical contributions of 28 

HONO, HCHO, and O3 photolysis to OH production. AOC showed a strong positive 29 

correlation with aerosol loading (R = 0.88–0.93), indicating that enhanced 30 

atmospheric oxidation promotes secondary aerosol formation. In urban air masses, the 31 

AOC regime exhibited distinct vertical stratification. Rapid oxidation below 1 km was 32 

primarily driven by HCHO and HONO, whereas O3 photolysis became the dominant 33 

OH source above 2.8 km, accounting for more than 74% of total OH production. 34 

Urban OH production transitioned from near surface HONO dominance in spring 35 

(P(OH)HONO=4.43×10-4 ppb·s-1) to HCHO dominance in summer (P(OH)HCHO=5.2236 

×10-4 ppb·s-1). A pronounced elevated HONO enhancement layer emerged near 2.4 37 

km during summer, driven by intensified heterogeneous conversion, with a peak 38 

contribution of 30.6% and a conversion rate C(HONO) of 0.053 h-1. By contrast, near 39 

surface OH production at the rural site remained consistently dominated by biogenic 40 

HCHO in both spring and summer (P(OH)HCHO=1.82×10-3 ppb·s-1). These findings 41 

challenge the conventional assumption that heterogeneous chemistry is confined to 42 

the near surface atmosphere. They further provide critical vertical constraints for 43 

three-dimensional atmospheric chemistry models and offer a mechanistic explanation 44 

for the limited effectiveness of surface-based NOx mitigation strategies under 45 

vertically decoupled upper-atmospheric photochemistry. 46 

47 
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50 

1. Introduction51 

AOC governs the transformation, lifetime, and environmental impacts of 52 

atmospheric pollutants and plays a central role in regional air-quality evolution and 53 

climate feedbacks(Dai et al., 2023; Fiore et al., 2024; Lelieveld et al., 2019; Monks et 54 

al., 2009). Hydroxyl radicals (OH), the primary atmospheric oxidant, drive the 55 

oxidation of volatile organic compounds (VOCs), nitrogen oxides (NOx), and other 56 

reduced trace gases, thereby regulating the formation of ozone (O3) and secondary 57 

organic aerosols (SOA)(Li et al., 2025b; Mao et al., 2010; Price et al., 2025; Wolfe et 58 

al., 2019; Xing et al., 2025; Zong et al., 2018). In heavily polluted regions such as the 59 

Yangtze-Huai River Basin, the coexistence of anthropogenic and biogenic emissions 60 

introduces strong nonlinearity into precursor distributions and photochemical 61 

processes, resulting in pronounced spatial and temporal variability in atmospheric 62 

oxidation(Dai et al., 2023; Li et al., 2021a; Lu et al., 2013; Sahu et al., 2021; Tan et al., 63 

2019). Most previous studies have characterized regional photochemistry using 64 

surface observations. However, growing evidence indicates that AOC exhibits 65 

substantial vertical heterogeneity within the boundary layer, with major implications 66 

for pollutant formation, accumulation, and transport(Liao et al., 2024; Pan et al., 2024; 67 

Shen et al., 2025; Vo et al., 2018). Resolving the vertical structure of AOC is therefore 68 

essential for understanding regional atmospheric chemistry. 69 

Daytime OH production primarily originates from the photolysis of O3, nitrous 70 

acid (HONO), and VOC oxidation intermediates represented by formaldehyde 71 
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(HCHO) (Dai et al., 2023; Nan et al., 2017; Ran et al., 2024; Yang et al., 2022). 72 

Together, these pathways account for more than 80% of total OH production and 73 

constitute the dominant photochemical oxidation framework(Dai et al., 2023; Nan et 74 

al., 2017; Yang et al., 2022). HONO photolysis is particularly important under strong 75 

near surface photochemical conditions associated with traffic emissions(Li et al., 76 

2021b; Ye et al., 2023). HCHO, a key intermediate of VOC oxidation, sustains OH 77 

recycling in photochemically active and VOC-sensitive environments(Liu et al., 2023; 78 

Wu et al., 2023). By contrast, the contribution from O3 photolysis increases with 79 

altitude as NO titration weakens, allowing O(1D) mediated OH production to become 80 

increasingly important above ~1 km(Liu et al., 2022b; Monks et al., 2015). 81 

Contrasting precursor emissions between urban and rural environments 82 

fundamentally alter the vertical pathways of OH production. In urban areas, dense 83 

traffic and industrial emissions maintain extremely high near surface NOx 84 

concentrations, while heterogeneous conversion of NO2 accounts for approximately 85 

70–80% of HONO formation(Li et al., 2025a, 2021c). Strong NO titration 86 

simultaneously suppresses O3, producing steep vertical chemical gradients controlled 87 

by local emissions and rapid photochemistry. Rural regions, in contrast, are more 88 

strongly influenced by biogenic VOC emissions and regional transport. Elevated 89 

HCHO and O3 concentrations therefore exhibit comparatively homogeneous vertical 90 

distributions shaped by large-scale mixing and transport processes(Lu et al., 2019; 91 

Ren et al., 2022; Xing et al., 2017; Xue et al., 2022). These contrasts imply that the 92 

dominant OH production pathway may shift fundamentally with altitude, transitioning 93 

from near surface HONO photolysis to HCHO or O3 driven oxidation in the middle 94 

and upper boundary layer(Dai et al., 2023; Xing et al., 2024b; Yang et al., 2022). Yet 95 

direct observational evidence for such vertical transitions remains scarce, as most 96 

previous studies relied primarily on surface measurements and could not resolve the 97 

associated vertical heterogeneity(He et al., 2023; Zhang et al., 2020). This limitation 98 

not only introduces substantial uncertainty into regional OH budgets, but also 99 

constrains the ability of chemical transport models to accurately represent 100 

atmospheric oxidation. More critically, it may bias pollution control strategies. 101 

Ignoring persistent oxidation aloft could substantially reduce the effectiveness of 102 

surface-based NOx mitigation policies, leading to large uncertainties in regional air-103 

quality management. 104 

To address these gaps, this study targets typical urban and rural areas in the 105 

Yangtze-Huai River Basin to reveal the vertical evolution of OH radical generation 106 

pathways across seasons. Our objectives are to elucidate: (1) The vertical mechanism 107 

shift in urban-rural AOC from near surface emission driven to mid-to-upper 108 

tropospheric photochemistry dominated during spring and summer; (2) How this 109 

vertical transition is spatially decoupled due to differences in urban-rural emission 110 

structures. These results will provide direct observational evidence for developing a 111 

vertical AOC assessment framework and offer critical scientific support for regional 112 

air quality modeling and collaborative emission reduction strategies. 113 

114 

2. Method and methodology115 

2.1 Vertical measurements116 

This study was conducted at two representative urban-rural sites in the Yangtze-117 

Huai River Basin: Anhui University (AHU, 31.78°N, 117.20°E, a commercial and 118 

traffic intensive area) and Changfeng (CF, 32.21°N, 117.18°E, a farm and agricultural 119 

area) (Figure 1). The sites are separated by ~49.2 km, ensuring strong urban-rural 120 

contrast. From March to August 2023, identical ground-based hyperspectral vertical 121 
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remote sensing instruments were deployed at both sites to measure vertical profiles of 122 

HONO, HCHO, and O3. The AHU instrument was mounted on a 25 m rooftop 123 

(azimuth angle 353°), while the CF instrument was installed on a 2 m container top 124 

(azimuth angle 209°). The instrument comprises three core components: a telescope, a 125 

spectrometer (spectral range: UV: 296–408 nm, VIS: 420–565 nm), and a control and 126 

data acquisition module, as detailed in our previous work(Liu et al., 2022a; Xing et al., 127 

2024a, c; Zou et al., 2025). The measurements were performed using a complete 128 

elevation angle sequence of 1°, 2°, 3°, 4°, 5°, 6°, 8°, 10°, 15°, 30°, and 90°. A full 129 

scanning cycle required approximately 12 min, which defined the temporal resolution 130 

of the retrieved vertical profiles. 131 

 132 
Figure 1. Schematic diagram of instrument site locations. 133 

 134 

2.2 Data analysis 135 

Differential slant column densities (DSCDs) of O4, HONO, HCHO, and O3 were 136 

retrieved using the differential absorption principle and least squares algorithm. The 137 

retrieval settings for O4, HCHO, and O3 adopted the parameters recommended by the 138 

CINDI-2 intercomparison campaign(Kreher et al., 2020), while those for HONO were 139 

based on Wang et al.(Wang et al., 2020) and Xing et al.(Xing et al., 2024a). To 140 

account for the ring effect arising from Rayleigh scattering, Raman scattering, and 141 

solar Fraunhofer lines, a Ring spectrum calculated by DOASIS was incorporated into 142 

the fitting process. Detailed parameter settings for O4, HONO, HCHO, and O3 are 143 

listed in Table S1. Prior to data analysis, dark current and offset were subtracted from 144 

all measured spectra. To mitigate the strong influence of stratospheric absorption, only 145 

spectra measured at solar zenith angles (SZA) < 75° were used(Song et al., 2023a; 146 

Xing et al., 2023). For data quality control, all retrieval results were strictly filtered to 147 

retain only data with a root mean square (RMS) of spectral fit ≤ 1×10-3, ensuring 148 

retrieval reliability and stability. Figure S1 displays spectral fit examples for O4, 149 

HONO, HCHO, and O3. 150 

Vertical profiles of aerosols and trace gases (HONO, HCHO, O3) were retrieved 151 

using the optimal estimation method (OEM) with the pseudo-spherical vector linear 152 

discrete ordinate radiative transfer model (VLIDORT) as the forward model(Spurr, 153 

2006). The retrieval process estimates the posterior state vector 𝑥 by minimizing the 154 

cost function 𝜒2: 155 

  (1) 156 

where 𝑦  denotes the measured DSCDs, 𝑭(𝑥, 𝑏) denotes the forward model, 𝑏 157 
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represents auxiliary parameters (e.g., temperature, atmospheric pressure, single 158 

scattering albedo, asymmetry factor), xₐ is the constrained prior vector, 𝑆𝜀  is the 159 

covariance matrix of 𝑦, and 𝑆𝑎 is the covariance matrix of 𝑥. For aerosols and trace 160 

gases, initial profiles were assumed to follow an exponential decrease with height, 161 

reflecting the typical rapid attenuation of boundary layer pollutants. As O4 absorption 162 

is linked to aerosol optical properties, aerosol vertical profiles were retrieved from O4 163 

DSCDs at different elevation angles and used as input to derive vertical profiles of 164 

HONO, HCHO, and O3. Different single scattering albedos (SSA) and asymmetry 165 

parameters were applied at the two sites (AHU: 0.90 and 0.69; CF: 0.92 and 166 

0.60)(Xing et al., 2024a; Zou et al., 2025). Vertical profiles with relative retrieval 167 

errors > 50% or degrees of freedom (DOF) < 1.0 were excluded prior to analysis. 168 

Detailed error analysis for the vertical profile retrievals is provided in Section S1, 169 

with total errors of 24% (HONO), 33% (HCHO), and 22% (O3), where smoothing and 170 

noise errors dominate (HONO:16%, HCHO:27%, O3:8%). 171 

 172 

2.3 TUV model 173 

The Tropospheric Ultraviolet and Visible (TUV) radiation model, developed by 174 

the National Center for Atmospheric Research (NCAR) based on radiative transfer 175 

theory and implemented in FORTRAN, was used to simulate solar radiation transfer 176 

within the troposphere and calculate photolysis frequencies for key atmospheric 177 

reactions. In this study, the TUV model was applied to derive the photolysis rates of 178 

HONO, HCHO, and O3. Model inputs were constrained using observational datasets. 179 

Aerosol optical depth (AOD) at ~361 nm was obtained from aerosol extinction 180 

vertical profiles retrieved from the ground-based hyperspectral remote sensing 181 

observations. Total column ozone was derived from daily TROPOMI satellite 182 

products, with values typically ranging from 260 to 280 DU. The SSA was retrieved 183 

from regression analyses of O4 absorption features at 361 and 477 nm(Xing et al., 184 

2019). 185 

 186 

3. Results and discussion 187 

3.1 Overview 188 

Figure 2 presents the seasonal mean vertical profiles of HONO, HCHO, and O3 189 

at urban and rural sites in spring and summer 2023 (monthly mean profiles are shown 190 

in Figure S2-S3), revealing their urban-rural differences and seasonal evolution in the 191 

vertical direction. Two key aspects are evident: First, the stark contrast in near surface 192 

concentrations between urban and rural areas reflects the control of anthropogenic 193 

emissions and chemical titration. In spring, the near surface HONO concentration at 194 

the urban (AHU) site (0.11 ppb) was 1.6 times that at the rural (CF, 0.069 ppb) site 195 

and decayed rapidly with height, directly confirming the near surface confinement of 196 

strong point source emissions in cities. Conversely, near surface O3 in the urban area 197 

was suppressed to 24 ppb in spring, far below the 57 ppb in the rural area, a 33 ppb 198 

gap that underscores the intense titration effect of fresh NO emissions on urban O3. 199 

Second, seasonal vertical structural changes reflect the reshaping of gradients by 200 

photochemistry and boundary layer mixing. From spring to summer (Figure 3a5, b5, 201 

c5), near surface HONO in the urban area dropped sharply by 65% (to 0.039 ppb) 202 

with a gentler gradient, revealing the peak-shaving effect of strong photolysis and 203 

convective mixing(Crilley et al., 2019; Wong et al., 2011), while rural HONO showed 204 

no significant seasonal variation. Urban HCHO profiles transitioned from a sharp 205 

vertical decline in spring (primary emission dominated) to homogenization in summer 206 

(with obvious high values in the middle and upper layers, with a difference of less 207 
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than 30% from the ground), and summer middle and upper HCHO concentrations in 208 

urban areas were 56.3% higher than in rural areas, demonstrating that intense 209 

secondary photochemical formation penetrates the entire urban boundary layer. 210 

Additionally, urban O3 exhibited a 55 ppb high-value zone (twice the surface level) at 211 

0.5–0.8 km, whereas the rural boundary layer showed <10 ppb extreme variation, 212 

indicating urban O3 is controlled by the superposition of photochemical formation and 213 

physical trapping by the inversion layer (Jaffe et al., 2018; Wang et al., 2018, 2022a), 214 

while the rural area is dominated by regional transport and thorough mixing. The 215 

vertical profile data confirm that the spring boundary layer is dominated by local 216 

primary emissions and near surface chemical titration; in summer, with intensified 217 

photochemistry and a rising boundary layer, pollutant vertical distributions 218 

homogenize, and significant secondary pollution accumulates in the urban middle and 219 

upper layers. 220 

 221 
Figure 2. The first row (spring) and second row (summer) show the vertical profiles at 222 

the AHU site; the third row (spring) and fourth row (summer) show the vertical 223 

profiles at the CF site; the bottom row shows the seasonal mean vertical profiles. The 224 

left column represents HONO, the middle column represents HCHO, and the right 225 

column represents O3. 226 

 227 

3.2 Daytime HONO sources 228 

3.2.1 Direct emission 229 
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Traffic direct emissions are a key source of HONO, particularly in traffic dense 230 

urban regions. To accurately quantify HONO secondary formation contributions, the 231 

impact of direct emissions must be excluded. Following established methods from 232 

prior research(Kramer et al., 2020; Li et al., 2021b; Liang et al., 2017), direct 233 

emission contributions were estimated via the linear relationship between ΔHONO 234 

and ΔNOX (Figure S4). ΔHONO and ΔNOX exhibited a strong correlation (R=0.75), 235 

with a mean ΔHONO/ΔNOₓ ratio of 0.79% ± 0.54%. At AHU site, HONO remaining 236 

after subtracting direct emissions accounted for ~76.8% of measured HONO: direct 237 

emissions contributed ~0.15 ppb HONO, while secondary formation contributed 238 

~0.045 ppb, meaning direct emissions represented ~23.2% of total HONO, indicating 239 

secondary formation remains the primary HONO source in urban areas. Detailed data 240 

analysis procedures are provided in Section S2. At CF site, the absence of in-situ NOX 241 

analysis data and the complexity of non-traditional sources (e.g., soil emissions) in 242 

agricultural areas led to categorizing direct emissions as unknown. In subsequent 243 

secondary source apportionment, this study focuses on dissecting HONO’s 244 

heterogeneous formation mechanism by analyzing the vertical evolution of the 245 

HONO/NO2 ratio and the NO2-to-HONO conversion rate C(HONO). 246 

 247 

3.2.2 Heterogeneous contribution to HONO 248 

Abundant research confirms that in known daytime HONO sources, 249 

heterogeneous reactions of NO2 on wet surfaces or aerosol surfaces typically 250 

contribute 50%–80%, making them a key source(Ryan et al., 2018; Zhang et al., 251 

2022), whereas homogeneous reactions play a minor role and are excluded from this 252 

study(Yang et al., 2025). To elucidate heterogeneous formation differences across 253 

seasons and heights between urban and rural sites, we analyzed vertical profile 254 

retrieval characteristics of the HONO/NO2 ratio and conversion rate C(HONO), a core 255 

indicator of NO2 heterogeneous conversion potential. Seasonal mean data (Figure 3c, 256 

3d) reveal a striking urban-rural seasonal reversal: in spring, the near surface 257 

HONO/NO2 ratio at the urban AHU site (0.040) is significantly higher than at the 258 

rural CF site (0.026), aligning with the traditional view that urban areas have elevated 259 

NO2 and aerosol surface areas. However, this pattern reverses entirely in summer: the 260 

AHU near surface ratio plummets to 0.012, while the CF ratio surges to 0.048 (nearly 261 

4 times of the urban value). 262 

This macroscopic seasonal shift is further mechanistically validated by monthly 263 

mean vertical data (Figure 3a, 3b). For the urban AHU site, the near surface (0–0.2 264 

km) HONO/NO2 ratio in summer (June to August) is extremely low (e.g., 0.008 in 265 

June and August), driven by rapid photolysis of near surface HONO under intense 266 

ultraviolet radiation(Cheng et al., 2025; He et al., 2023). Notably, AHU exhibits a 267 

unique deep valley vertical structure in summer: in August, the ratio is 0.008 near the 268 

surface, oscillates at low values in the 0.2–0.5 km layer, but rises sharply from 0.6 km, 269 

reaching 0.089 at 3.9 km. This structure indicates that urban summer near surface acts 270 

as a HONO sink due to strong titration and photolysis, while the boundary layer’s 271 

middle and upper sections, enriched in aerosols (Figure S5) and shielded from near 272 

surface photolysis competition, become active zones for NO2-to-HONO conversion. 273 

In contrast, the rural CF site shows a distinct vertical trend: in summer August, the 274 

near surface ratio is 0.069, increasing monotonically with altitude (0.069 to 0.100). 275 

This suggests heterogeneous conversion remains active from the surface to high 276 

altitude in rural areas. Coupled with the rural site’s surface characteristics, this high 277 

ratio likely stems from increased soil moisture and ammonia release during summer 278 

agricultural activities (e.g., fertilization), which significantly enhance near surface 279 
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NO2 heterogeneous conversion(Xing et al., 2024a; Xue et al., 2021). 280 

 281 
Figure 3. (a) HONO/NO2 at CF from March to August, (b) HONO/NO2 at AHU from 282 

March to August, (c) HONO/NO2 in spring, and (d) HONO/NO2 in summer. 283 

To further translate these potentials into actual rates, we calculated the daytime 284 

NO2-to-HONO conversion rate C(HONO) (Figure 4) using the formula(Wentzell et al., 285 

2010; Xing et al., 2024a): 286 

  (2) 287 

Figure 4c presents seasonal data for C(HONO), which not only confirms the 288 

conclusions from the HONO/NO2 ratio but also elucidates the vertical driving 289 

mechanisms of urban-rural atmospheric oxidizing capacity. In spring, C(HONO) at both 290 

sites exhibits typical exponential decay with height: the surface rate at AHU (0.054 h-1) 291 

is slightly higher than at CF (0.048 h-1), and both decrease to 0.028 h-1 and 0.031 h-1 at 292 

1.0 km, respectively. This indicates that in spring, heterogeneous reactions are 293 

primarily anchored near the surface at both urban and rural sites, driven by local 294 

emissions and surface processes. However, summer data reveals a scientifically 295 

significant phenomenon: the vertical gradient of C(HONO) differs markedly between 296 

sites. At CF, summer surface C(HONO) shows explosive growth (0.100 h-1, >2 times of  297 

spring values) but declines sharply with height, falling to 0.033 h-1 at 0.5 km and 298 

0.024 h-1 at 1.0 km. Analyzing monthly data from CF (Fig. 4b) reveals these near 299 

surface peaks are driven by extreme events in specific months (e.g., 0.117 h-1 in April, 300 

0.126 h-1 in June, 0.165 h-1 in August). These peaks align closely with the local 301 

agricultural fertilization cycle, as strong soil heterogeneous sources create a near 302 

surface reaction pool(Song et al., 2023b; Xue et al., 2021). However, due to HONO’s 303 

short atmospheric lifetime, this surface generated HONO is poorly transported to high 304 

altitudes via vertical turbulence, resulting in a steep vertical decline in its conversion 305 

rate(Meng et al., 2020a). 306 

In contrast to the surface dominated pattern at the CF site, the AHU site 307 

exhibited a distinct vertical spatial shift in summer. Seasonal mean data (Figure 4c) 308 

show that the surface C(HONO) at AHU in summer was extremely low (0.017 h-1), yet 309 

the rate increased in the 0.5–1.7 km layer, peaking at 0.05 h-1 at 2.5 km and forming a 310 

significant elevated structure aloft. Monthly data further confirm this: in July, AHU’s 311 

surface C(HONO) was 0.037 h-1, rising to 0.043 h-1at 1.5 km; in August, the surface rate 312 
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was 0.008 h-1 but climbed steadily with height, reaching 0.053 h-1 at 2.5 km (Figure 313 

4a). This unique elevated heterogeneous conversion in urban summer can be 314 

explained by physical and chemical mechanisms. First, intense convective mixing lifts 315 

urban emitted NO2 and aerosols to the middle and upper boundary layer (0.5–2.0 km), 316 

where precursors accumulate due to the inversion or residual layer. Second, relative 317 

humidity and aerosol surface properties in the middle and upper boundary layer may 318 

favor NO2 heterogeneous hydrolysis more than the near surface. Li et al.(Li et al., 319 

2025c) noted in a coastal-inland island comparison that aerosols promote HONO 320 

formation aloft, and our data refine this: in inland urban environments (e.g., Hefei), 321 

strong near surface photochemistry suppresses observable C(HONO), shifting the true 322 

heterogeneous conversion to the middle and upper boundary layer via vertical 323 

transport. 324 

In summary, the HONO/NO2 ratio and C(HONO) rate reveal urban-rural 325 

differences in heterogeneous HONO formation. Rural areas (CF) show surface-326 

dominated mechanisms, driven by strong agricultural surface sources with limited 327 

vertical extension; urban areas (AHU) shift to an elevated pattern, with near surface 328 

photolysis suppression, while the middle-upper boundary layer, due to precursor 329 

capture and favorable aerosol conditions, becomes the site of summer HONO and 330 

subsequent OH radical formation. This finding revises the traditional view that 331 

heterogeneous reactions are surface limited and provides key chemical evidence for 332 

urban high-altitude oxidizing capacity mechanisms. 333 

 334 
Figure 4. Monthly mean variations of C(HONO) at (a) AHU and (b) CF, and (c) seasonal 335 

mean C(HONO). 336 

 337 

3.3 Daytime O3 sources 338 

Accurately determining the nonlinear response mechanism of O3 formation is a 339 

prerequisite for understanding urban-rural differences in atmospheric oxidizing 340 

capacity. Tropospheric O3 is not directly emitted but generated by complex 341 

photochemical reactions of NOX and VOCs under light, exhibiting significant spatial 342 

heterogeneity in precursor sensitivity (VOCs-limited or NOX-limited)(Wang et al., 343 

2017, 2022b; Xue et al., 2026). As a key intermediate in VOCs photochemical 344 

oxidation, secondary HCHO has been widely used to assess O3 formation sensitivity 345 

via its ratio with NO2 (FNR). Here, we use linear fitting slopes of O3 relative to 346 

normalized secondary HCHO (primary/secondary separation in Section S3) and NO2 347 

(SHCHO and SNO2) to define local chemical thresholds: the intersection of these slopes 348 

marks the transition zone, where SHCHO dominated regions are VOCs-limited and SNO2 349 

dominated regions are NOX-limited(Li et al., 2024; Lin et al., 2022). The O3 350 
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formation sensitivity thresholds are [1.48, 1.88] for AHU (Figure 5a1) and [1.04, 1.76] 351 

for CF (Figure 5b1). 352 

Daytime FNR evolution data (Figure 5a2-a3, 5b2-b3) reveal seasonal and 353 

vertical differences in O3 formation mechanisms between urban and rural areas. In 354 

spring, both sites transition from VOCs control to the transition zone, reflecting 355 

VOCs-limited photochemical cycles under low NOX. In summer, strong 356 

photochemistry shifts the mechanism to NOX control with vertical stratification: urban 357 

(AHU) 0–2 km is NOX-limited, while 2–4 km shifts to VOCs control. This arises 358 

from a dual effect: extreme high temperature radiation accelerates VOCs-to-HCHO 359 

conversion, whereas fresh near surface NOX emissions trigger intense O3 titration, and 360 

their superposition causes severe NOX limitation in the lower layer(Lu et al., 2018; 361 

Xue et al., 2026). 362 

Rural (CF) areas show a more refined vertical structure in summer (0–1 km: 363 

NOX-limited, 1–2.5 km: mixed control, 2.5–4 km: VOCs-limited, Figure 5b3). The 364 

stratification remains stable throughout the day, indicating dominance by large-scale 365 

thermodynamic boundary layer structures. In the lower layer, despite NO2 enrichment, 366 

rapid consumption by strong photolysis and titration reactions imposes NOX 367 

limitation. As height increases, NO2 decays exponentially, while vertical transport of 368 

biogenic VOCs and their oxidation products slows HCHO decay. The middle layer 369 

reaches dynamic equilibrium (mixed limit), and the upper layer, with NO2 dropping to 370 

background levels, fully transitions to VOCs control. 371 

Overall, O3 formation in spring is dominated by VOCs or mixed limit; strong 372 

photochemistry in summer reshapes the highly structured vertical gradient, the lower 373 

layer becomes severely NOX-limited due to NOX consumption, while the middle and 374 

upper layers shift to VOCs control as NO2 decays and VOC oxidation products 375 

accumulate. This “lower layer NOX, middle and upper layer VOCs” vertical chemical 376 

gradient signifies a fundamental reversal in the dominant OH radical formation 377 

pathways (lower layer: reliance on NO2 photolysis; upper layer: reliance on HCHO 378 

photolysis). This discovery challenges the traditional flat surface observation 379 

paradigm and provides key observational constraints for developing three-380 

dimensional atmospheric oxidation models. 381 

 382 
Figure 5. The first row shows AHU and the second row shows CF. The left column 383 
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shows the determination of O3 control regime thresholds, the middle column shows 384 

O3 formation sensitivity in spring, and the right column shows O3 formation 385 

sensitivity in summer. 386 

 387 

3.4 OH produced from HONO, HCHO and O3 388 

The core driving force of AOC is the generation of OH radicals. Daytime OH 389 

radicals primarily originate from the photolysis of O3, direct photolysis of HONO, and 390 

photolysis of VOCs such as HCHO. Using observed vertical profiles of HONO, 391 

HCHO, and O3, combined with photolysis rates from the TUV model, we 392 

quantitatively analyzed the vertical contributions of these three components to the OH 393 

radical formation rate (P(OH)) and their urban-rural seasonal differences. The OH 394 

radical production from HONO, HCHO, and O3 is calculated via(Villena et al., 2011; 395 

Wang et al., 2010): 396 

  (3) 397 

  (4) 398 

  (5) 399 

Here, J(HONO), J(HCHO), and J(O(1D)) denote the photolysis rates of HONO, 400 

HCHO, and O3 (calculated by the TUV model); O(1D) is generated by O3 photolysis, f 401 

represents the reaction O(1D) + H2O→2OH; [HONO], [HCHO], and [O3] are the 402 

concentrations of these species in different vertical layers. 403 

Figure 6 presents the vertical profiles and diurnal variations of OH radical 404 

production rates from HONO, HCHO, and O3 at AHU and CF sites in spring and 405 

summer. Notable seasonal and spatial variations exist in the sources and vertical 406 

structures of OH radical generation at urban and rural sites. At the urban AHU site, 407 

spring OH generation exhibits a pattern of “HONO dominated, HCHO secondary, O3 408 

minimal” (Figure 6a1-c1). The P(OH) driven by HONO is highly active near the 409 

surface (peaking at 4.43×10-4 ppb·s-1 at 18:00 on the ground) but decays exponentially 410 

with altitude, dropping to ~8.1×10-5 ppb·s-1 at 1.0 km, reflecting the influence of 411 

urban traffic primary emissions. The P(OH) of HCHO also peaks near the surface 412 

(~4.70×10-4 ppb·s-1) and remains at 2.15×10-4 ppb·s-1 at 1.0 km, indicating 413 

contributions from near surface VOCs photochemistry. The P(OH) of O3 is 414 

suppressed by NOx titration near the surface (~4.98×10-5 ppb·s-1) but rises 415 

monotonically with altitude, increasing to 7.69×10-5 ppb·s-1 at 4.0 km (a >50% rise), 416 

signifying enhanced O3 photolysis in the middle and upper atmosphere. In summer, 417 

the source structure of P(OH) at AHU undergoes a fundamental shift (Fig. 6a2-c2). 418 

The P(OH) driven by HONO is significantly weakened near the surface (peaking at 419 

~1.65×10-4 ppb·s-1 at 18:00, a ~63% decrease from spring) but shows a relatively 420 

high-value zone in the 0.3–0.5 km layer (~4.78×10-5 - 5.17×10-5 ppb·s-1), consistent 421 

with enhanced heterogeneous conversion aloft. The P(OH) driven by HCHO becomes 422 

the dominant source, with its near surface peak rising to 5.22×10-4 ppb·s⁻¹ at 18:00 423 

and a shallow vertical profile, remaining at 4.32×10-4 ppb·s-1 at 0.5–1.0 km (a <20% 424 

difference from the ground). This indicates that the large VOCs reaction pool in the 425 

urban area is highly active throughout the boundary layer in summer. The P(OH) of 426 

O3 remains suppressed near the surface in summer (~5.20×10-5 ppb·s-1), with a less 427 

steep vertical gradient of growth than in spring. 428 

Rural CF exhibits distinct P(OH) characteristics (Figure 6a3-c4). HCHO driven 429 

P(OH) dominates in both seasons: its spring near surface peak is 1.63×10-3 ppb·s-1, 430 

rising to 1.82×10-3 ppb·s-1 in summer (a ~12% increase), tightly linked to rural 431 

biogenic VOCs and their photochemical oxidation. The vertical profile drops rapidly 432 
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after the near surface peak, stabilizing above 1 km (~4.0×10-5 ppb·s-1). HONO driven 433 

P(OH) is low, with spring and summer peaks of ~1.96×10-4 ppb·s-1 and ~2.17×10-4 434 

ppb·s-1 (a ~11% increase), decaying quickly with height to approach the baseline 435 

above 2 km (~1.0×10-5 ppb·s-1), reflecting weak rural sources. O3 driven P(OH) 436 

increases monotonically: in spring, it rises from 2.0×10-5 ppb·s⁻¹ (near surface, 18:00) 437 

to 9.15×10-5 ppb·s-1 (4 km, 358% increase), and in summer from 1.99×10-5 ppb·s⁻¹ to 438 

6.57×10-5 ppb·s-1 (230% increase). The larger spring vertical increase aligns with 439 

higher O(1D) and H2O reaction efficiency under spring’s relatively higher humidity. 440 

Urban-rural contrasts reveal that in spring, AHU’s OH generation depends on 441 

near surface primary emissions, with its P(OH)HONO peak 2.26 times CF’s, reflecting 442 

strong urban traffic influence. Conversely, CF’s OH is HCHO dominated, with its 443 

P(OH)HCHO peak 3.47 times AHU’s, highlighting biogenic VOCs’ role in rural 444 

oxidation. In summer, HCHO becomes AHU’s core driver, expanding the oxidizing 445 

capacity’s vertical influence from the near surface (spring) to the entire boundary 446 

layer. CF retains HCHO photolysis dominance, with its 11% summer near surface 447 

P(OH)HCHO increase contrasting AHU’s 63% decrease, confirming rural summer soil 448 

heterogeneous sources. O3 photolysis contributions rise with height at both sites, with 449 

greater relative impact at CF (especially spring high altitudes). 450 

 451 
Figure 6. Production rates of OH radicals, P(OH). The top row represents HONO, the 452 

middle row represents O3, and the bottom row represents HCHO. The first column 453 

shows AHU in spring, the second column shows CF in spring, the third column shows 454 

AHU in summer, and the fourth column shows CF in summer. 455 

 456 

3.5 The Role of OH Radicals in Combined Air Pollution 457 

AOC quantifies the atmosphere’s ability to remove pollutants. The classical 458 

definition of AOC is the sum of the oxidation rates of all reducible species by all 459 

oxidants(Dai et al., 2023; Geyer et al., 2001). However, daytime OH radicals 460 

dominate this process due to their extremely high reactivity, accounting for over 90% 461 

of daytime atmospheric oxidizing capacity(Dai et al., 2023). With an extremely short 462 
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lifetime (<1 s), daytime OH radicals maintain a near-photochemical steady state 463 

between production and consumption. Here, we developed quantitative metrics for 464 

daytime atmospheric oxidizing potential ( ) and pathway weight factors ( ): 465 

  (6) 466 

  (7) 467 

Figure 7 reveals the pronounced seasonal evolution and vertical stratification of 468 

the dominant pathways for OH radical generation from HCHO, HONO, and O3. In 469 

spring, near surface driving mechanisms diverge between urban and rural sites. At the 470 

urban AHU site, near the surface depends on primary emissions and early 471 

photochemical accumulation, with P(OH)HONO (4.43×10-4 ppb·s-1) and P(OH)HCHO 472 

(4.70×10-4 ppb·s-1) showing double peaks and weight factors of 45.6% and 47.2%, 473 

respectively, indicating urban oxidizing capacity is anchored near the surface. 474 

Conversely, the rural CF site’s  is overwhelmingly dominated by HCHO 475 

photolysis, with its P(OH)HCHO peak (1.63×10-3 ppb·s-1) ~3.47 times that of AHU, and 476 

WHCHO reaching 67.9%, highlighting the strong role of rural biogenic VOCs oxidation. 477 

In summer, AHU’s driving core shifts: WHONO plummets from 45.6% to ~19%, while 478 

WHCHO surges to 79.3% at 0.2 km, signaling the urban oxidation process extends 479 

throughout the boundary layer. Notably, urban WHONO exhibits an anomalous rise of 480 

~30.6% at 2.4 km, directly confirming the enhanced heterogeneous conversion aloft 481 

noted earlier. The rural CF site retains HCHO dominance, with near surface WHCHO 482 

stabilizing at 72.5%; moreover, the 11% increase in its P(OH)HONO near the surface 483 

contrasts sharply with AHU’s 63% decrease, validating the active role of rural soil 484 

heterogeneous sources near the surface. More significantly, both sites exhibit 485 

consistent vertical chemical stratification: at ~2.8 km, WO3 crosses the 50% threshold, 486 

reaching 74.3%–76.7% absolute dominance at 3.8 km. This reveals a vertically 487 

stratified oxidizing system: the lower layer (<1 km) is dominated by rapid oxidation 488 

via HCHO or HONO, while the middle and upper layers (>2.8 km) shift to O3 489 

photolysis dominance. 490 

 491 
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Figure 7. Contributions of HCHO, HONO, and O3 to OH radical production rates 492 

P(OH) at different altitudes. The left column represents AHU and the right column 493 

represents CF. The top row shows spring and the bottom row shows summer. 494 

Figure 8 presents the seasonal mean vertical distributions of AOC and aerosol in 495 

urban and rural areas during spring and summer. AOC exhibits a strong vertical 496 

correlation with aerosol (Figure S6, R = 0.88–0.93). Stronger AOC indicates stronger 497 

oxidizing capacity, facilitating the conversion of gaseous precursors to SOA and 498 

exacerbating air pollution, highlighting the central regulatory role of oxidizing 499 

capacity in pollution formation. 500 

 501 
Figure 8. Comparison between seasonal mean vertical profiles of AOC and aerosols. 502 

The top row represents AHU and the bottom row represents CF. The left column 503 

shows spring and the right column shows summer. 504 

Based on this metric, we propose three key constraints: (1) Urban O3 control 505 

requires attention to vertical transport effects: simple reductions in surface NOX may 506 

fail to improve O3 due to high-altitude photochemical release and elevated HONO, 507 

consistent with the vertical dimension effects emphasized by Ivatt et al.(Ivatt et al., 508 

2022). (2) Rural areas act as critical oxidizing reactors: their high HCHO driven 509 

oxidizing capacity indicates they are not only receptors but also sources of secondary 510 

precursors, necessitating regional coordinated emission reductions(Dai et al., 2023). 511 

(3) Vertical chemical stratification is a necessary constraint for refined models: 512 

breaking the flat-surface perception, three-dimensional models must accurately 513 

capture the vertical structure transitioning from HCHO dominated lower layers to O3 514 

dominated upper layers to assess high-altitude O3 and SOA formation. 515 

 516 

4.Conclusion 517 

Using ground-based hyperspectral vertical remote sensing observations, this 518 

study reconstructs the vertical structure of AOC within the boundary layer. The 519 

central finding is the identification of a vertically stratified relay oxidation mechanism 520 

that is consistently observed across both urban and rural environments. First, both 521 

urban and rural atmospheres exhibited a clear vertical transition in oxidation regimes. 522 

Rapid oxidation below 1 km was primarily driven by HCHO and HONO, whereas O3 523 

14

14

https://doi.org/10.5194/egusphere-2026-3286
Preprint. Discussion started: 1 July 2026
c© Author(s) 2026. CC BY 4.0 License.



 

 

photolysis became the dominant OH source above 2.8 km, contributing more than 74% 524 

of total OH production. This vertical partitioning challenges the long‑standing 525 

paradigm—widely reported in previous studies from Beijing, Shanghai, and 526 

Guangzhou that intense oxidation and heterogeneous chemistry are confined to the 527 

near‑surface atmosphere(He et al., 2023; Meng et al., 2020b). Second, the controlling 528 

OH production pathways displayed pronounced seasonal contrasts between urban and 529 

rural environments. In urban air masses, OH production shifted from near surface 530 

HONO dominance in spring (P(OH)HONO=4.43×10-4 ppb·s-1) to HCHO dominance in 531 

summer (P(OH)HCHO=5.22×10-4 ppb·s-1). Correspondingly, the HONO contribution 532 

decreased from 45.6% to 19%, whereas the HCHO contribution increased sharply to 533 

79.3%. In rural regions, however, OH production remained strongly dominated by 534 

HCHO during both spring and summer (P(OH)HCHO=1.82×10-3 ppb·s-1), highlighting 535 

the role of rural atmospheres as active secondary pollutant reactors rather than passive 536 

pollutant receptors. This perspective has been largely underemphasized in previous 537 

regional assessments. Third, A particularly novel finding is the direct observational 538 

evidence of enhanced elevated HONO heterogeneous conversion within the urban 539 

boundary layer during summer. An anomalous HONO enhancement layer emerged 540 

near 2.4 km, where HONO contributed approximately 30.6% of OH production. 541 

Enhanced heterogeneous HONO conversion (C(HONO) = 0.053 h-1) effectively shifted 542 

the dominant oxidation region from the photolysis-suppressed surface layer to the 543 

middle and upper boundary layer. By contrast, although near surface C(HONO) at the 544 

rural site reached 0.1 h-1 in summer, the conversion rate decreased sharply with 545 

altitude because of the short atmospheric lifetime of HONO. 546 

Several caveats should be noted. First, the derived OH production rates rely on 547 

the radiative transfer parameterizations of the TUV model, which introduces inherent 548 

uncertainties. Second, the observations were restricted to the daytime boundary layer; 549 

consequently, nighttime oxidation processes and contributions from the free 550 

troposphere remain unquantified. Third, the spatial representativeness of this study is 551 

currently limited to the Yangtze–Huai River Basin. 552 

These findings carry important implications. For atmospheric chemistry 553 

modeling, three‑dimensional chemical transport models that neglect the vertical 554 

transition of OH production pathways are likely to underestimate the formation 555 

potential of elevated O3 and secondary organic aerosols. For air quality management, 556 

our results provide a mechanistic explanation for the limited effectiveness of 557 

surface‑only NOx mitigation strategies: persistent oxidation aloft, vertically 558 

decoupled photochemistry, and elevated HONO layers may collectively offset the 559 

benefits of emission reductions based solely on surface observations. Future regional 560 

pollution control strategies should integrate vertically resolved AOC diagnostics into 561 

both model development and regulatory design. 562 
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