
Point-to-point responses 

We appreciate the reviewers for their valuable and constructive comments, which are very helpful for the 

improvement of the manuscript. We have revised the manuscript carefully according to the reviewers' 

comments. We have addressed the reviewers' comments on a point-to-point basis as below for consideration, 

where the reviewers' comments are cited in black, and the responses are in blue. 

 

Review for the Manuscript “Vertical Structure and Seasonal Evolution of Atmospheric Oxidizing Capacity 

across Urban and Rural Regions: Observational Constraints from OH Radical Production Pathways” by Zou 

et al. for EGUSPHERE / ACP. 

The manuscript by Zou et al. deals with a determination of the main pathways for OH production over a 

urban and a remote location in China in the lower troposphere. For that purpose, DOAS measurements for 

the main components for potential OH production have been obtained and their temporal evolution is 

analysed. Afterwards, with the help of a photolysis rate model, the respective OH production pathways and 

efficiencies are determined and the relative importance of the individual branches of OH production are 

analysed. 

Overall, the manuscript deals with an interesting topic, but in conclusion it does not become obvious how 

and whether these findings can be generalised or a subject to the local conditions. Furthermore, the 

methodology does not fully become clear, how the conclusion can be reached (see details below). I do not 

agree with some of the motivation and concluding remarks, i.e., that these processes and new findings must 

be considered in chemistry transport models, as this is exactly done in ALL chemistry transport models, 

namely the inclusion of multiple reaction pathways and their relative importance is considered by treating 

the chemistry by a set of chemical differential equations, at least as long as all three photolysis rates are 

included. 

The general view and results presented in 3.4 - which are the main findings of the study according to title 

and abstract - are fine from my point of view.  

Overall, there are still many flaws and weaknesses in this manuscript, which must be revised with major 

changes before a publication can be re-considered. 

 

Major comments: 

1) You use measurements under 11 elevation levels. It is not clear to me, how from this you can get vertical 

profiles with detailed information on a much higher resolution as shown in Fig.2 where you have almost 50 

to 100 data points in the vertical. Of course, you can consider a vertical profile (a-priori) with multiple levels, 

but your different elevation angles provide you with more limited vertical independent information. You 



only get 11 different SCDs from which you have to generate a vertical profile. 

So you have to clarify, how you obtain this high vertical resolution, which might be crucial for all 

subsequent analysis! If this is part of VLIDORT and your optical estimation method, elaborate this a bit 

better! 

Re: Thank you for your comments.  

(1) First, it should be clarified that the number of observation elevation angles is not linearly proportional to 

the vertical resolution of the gas vertical profiles. Our instrument collects scattered sunlight and 

inherently possesses a finite field of view (FOV). Consequently, employing a spatially overly dense set 

of elevation angles would lead to an overlap of the incident light paths, thereby compromising the 

accuracy of the retrieved measurement information. Currently, the vertical resolution achieved by our 

system represents a leading standard on a global scale. 

(2) deriving high-resolution vertical profiles from observations at a limited number of 11 discrete elevation 

angles is indeed achieved by relying on the OEM combined with the forward simulation of a 

pseudo-spherical vector discrete ordinate radiative transfer model, rather than a direct analytical 

transformation. This process has established a complete theoretical foundation in Rodgers’ classic work 

“Inverse Methods for Atmospheric Sounding: Theory and Practice” and has been widely standardized 

within the MAX-DOAS community (Frieß et al., 2006a, 2019; Rodgers, 2000b). The detailed 

mathematical and physical mechanisms are as follows: 

①  The DSCDs measured by MAX-DOAS at 11 different elevation angles are essentially integrals of 

the target gas concentration along the optical path in the atmosphere. Due to atmospheric scattering 

(particularly aerosol Mie scattering and Rayleigh scattering), the optical path lengths and weighting 

functions differ significantly across elevation angles: the optical paths at low elevation angles (e.g., 

1°–2°) mainly traverse the near-surface boundary layer and are extremely sensitive to near-surface 

concentrations; whereas the optical paths at high elevation angles (e.g., 30°, 90°) reflect more of the 

background concentrations at high altitudes and in the free troposphere. These 11 elevation angles of 

DSCDs constitute a finite-dimensional observation vector y. 

② However, 11 observation values obviously cannot be directly analytically resolved into 40 

independent concentration layers with a vertical resolution of 0.1 km in the 0–4 km range. Within the 

OEM framework (refer to Rodgers(2000)), we discretize the atmosphere into multi-layer grids and 

construct a priori state vector xa. The core of the retrieval lies in minimizing the cost function χ2, 

which simultaneously constrains the observation fitting residuals and the deviations from the a priori. 

In this process, the VLIDORT model (Frieß et al., 2006a) not only forward-simulates the DSCDs at 

each elevation angle, more critically, provides the Jacobian matrix (or weighting function matrix K), 



which is the partial derivative ∂y/∂x of the DSCD at each elevation angle with respect to the 

concentration change in each altitude layer. This reflects the contribution weight of different altitude 

layers to the observations. 

③ In OEM retrieval, although the grid is finely divided (presenting a high visual resolution), the actual 

independent information content is limited by the DOF. For the MAX-DOAS setup in this paper, the 

DOF is typically between 2.5 and 4.5 (Frieß et al., 2006a; Wang et al., 2020; Xing et al., 2017, 2019). 

This means that the retrieved high-resolution vertical profiles are actually the weighted smoothing of 

the true atmospheric state and the a priori profile, which involves a strong covariance smoothing 

effect between adjacent altitude layers. The a priori profile is typically assumed to decay 

exponentially with altitude (reflecting the general distribution pattern of boundary layer pollutants), 

and the a priori covariance matrix Sa sets the spatial scale of vertical correlation. Therefore, the high 

vertical resolution displayed in Figure 2 contains not only the independent information brought by 

the observations but also the interpolation and smoothing information from the OEM algorithm 

under a priori constraints. 

(3) In summary, the high vertical resolution is a mathematical expression of the OEM algorithm in solving 

the cost function on a discretized grid, rather than purely independent observation points. This method 

has been widely validated and accepted in the MAX-DOAS field (Wang et al., 2020; Xing et al., 2019, 

2023). We will supplement the details of the OEM retrieval theory in Section 2.2 of the revised 

manuscript, particularly specifying the limitation of the DOF and the constraining role of a priori 

information on the vertical shape of the profile, to dispel the reviewer’s concerns. 

 

2) For the TUV calculations, you use AOD from your own retrievals. How is the AOD vertically distributed? 

If this is the result shown in Fig.S5, where does the high vertical resolution originate from? How does the 

data look like at the other station? How much of this information depends on the initial profile assumption? 

Can elevated aerosol layers above the PBL be measured or retrieved? Why is there such a strong decline in 

aerosol load after 3pm LT? 

And do the O3 values for TUV include the DOAS measurements or is it assumed that all O3 is located above, 

i.e., mainly the stratospheric column with the TROPOMI satellite data? 

Re: Thank you for your comments.  

(1) It should be clarified that the aerosol optical depth (AOD) is a column-integrated quantity without 

vertical distribution, whereas the aerosol extinction profile characterizes the vertical variability of 

aerosols. The vertical integral of the aerosol extinction coefficient yields the AOD. 

(2) Figure S5 (referred to as Figure R1-1 in this response) displays the aerosol extinction vertical profile 



rather than the vertical distribution of AOD. The high vertical resolution of the aerosol extinction profile, 

consistent with the explanation provided in our response to Comment 1), is achieved through the 

inversion algorithm. During the retrieval process of trace gas vertical profiles, the aerosol vertical 

profile is first retrieved and subsequently employed as a priori information to constrain the retrieval of 

the trace gas vertical profiles. 

(3) The aerosol extinction vertical profiles exhibit distinct variabilities across different observation sites. 

Jiao et al., (2025) comprehensively presented the diurnal variations of the overall mean aerosol 

extinction vertical profiles observed by our research group across 32 sites from 2019 to 2023 (Figure 

R1-2). 

(4) The detailed inversion procedure for the aerosol extinction vertical profile is as follows: The aerosol 

vertical distribution is retrieved utilizing the O4 absorption at the 360 nm and 477 nm wavebands (Xing 

et al., 2019; Zou et al., 2026). Given that the O4 vertical concentration profile is known a priori 

(decreasing exponentially with altitude), the DSCDs of O4 are highly sensitive to aerosol extinction. 

The OEM algorithm is utilized to invert the O4 profile, thereby deriving the aerosol extinction profile. 

Admittedly, due to the limited information content inherent to MAX-DOAS observations, the retrieved 

aerosol profiles are inevitably influenced by the a priori assumption (exponential decay), particularly in 

high-altitude regions characterized by a poor signal-to-noise ratio. Nevertheless, the observational 

information dominates, ensuring that the retrieved aerosol layer structures are fundamentally reliable. 

(5) Our instrument is capable of detecting aerosol extinction above the PBL, with an effective probing 

altitude range of 0–4 km. In the field of DOAS probing and inversion, our research group currently 

represents a leading team globally. 

(6) We investigated the temporal variations in near-surface PM2.5 concentrations measured at the nearest 

national monitoring station (2.23 km away from the AHU site) during the same time period (Figure 

R1-3). It can be clearly observed that the PM2.5 concentration exhibits a dramatic decrease after 15:00 

local time, which overall corresponds to the temporal trend of AOD. This phenomenon is predominantly 

driven by the dynamical processes within the boundary layer: solar heating elevates the PBL to its daily 

maximum height (PBL information is shown in Figure R1-4), and enhanced turbulence disperses the 

pollutants accumulated during the morning into a deeper air column, leading to a reduction in 

near-surface PM2.5 concentrations. Simultaneously, the afternoon decrease in relative humidity weakens 

the extinction of hygroscopic aerosols, which, compounded by the intensification of local circulations 

facilitating the horizontal transport of pollutants, collectively drives the decline in AOD. This 

mechanism is corroborated by multi-city observations: the minimum PM2.5 values in the afternoon at 

Chinese sites correspond well with the PBL peak (Guo et al., 2017), and a significant negative 



correlation between PBL height and PM2.5 concentrations has also been documented in cities such as 

Beijing and Shenzhen (Fu et al., 2020). 

(7) Regarding the input of O3 in the TUV model: When the TUV model calculates photolysis rates, the 

absorption of ultraviolet radiation is partitioned into stratospheric and tropospheric components. For the 

background absorption by stratospheric O3, we utilized the daily total column O3 product from the 

TROPOMI satellite (260–280 DU). Conversely, for tropospheric O3—particularly when calculating the 

J(O(1D)) photolysis rate for O3 producing O(1D)—high concentrations of near-surface O3 enhance the 

local absorption of photons. Therefore, in the lower atmospheric module of the TUV model, we directly 

input the O3 vertical profiles retrieved by MAX-DOAS. This approach ensures that the calculation of 

photolysis frequencies accounts for both the background UV shielding effect of the stratosphere and 

precisely incorporates the local radiative feedback effects of tropospheric O3 (Liao et al., 2024; Wang et 

al., 2020). 

 

Figure R1-1. Vertical aerosol extinction profiles for summer at AHU. 



 

Figure R1-2. Diurnal variation of the total averaged aerosol extinction vertical profiles during 

2019-2023(Jiao et al., 2025) 

 

Figure R1-3. Diurnal variations of PM2.5 at the state-controlled monitoring site nearest to the AHU station 

during summer. 



 

Figure R1-4. PBL height at AHU in Summer 

 

3) What is the detection limit and accuracy level for the DOAS measurements? The HONO values are often 

< 100 pptv which could already be close to detection? Into which uncertainty for mixing ratios do the 

retrieval or fit uncertainties propagate, especially including the vertical distribution (point 1)? 

This becomes even more important, when the direct emissions of HONO are excluded by your selected 

correction mechanism. The correlation for this correction with a value of R=0.75 is not very strong. 

Nevertheless, the remaining (secondary) HONO is < 50 pptv. You should discuss whether this quantity can 

reliably be determined from your measurements! Furthermore, as OH production from HONO originates 

from the photolysis of HONO (independent whether HONO is primarily emitted or secondarily formed) you 

should justify the restriction to secondary HONO only, even though all HONO can photolyse and produce 

OH.  

Re: Thank you for your comments.  

(1) Detection limit and accuracy: The retrieval accuracy of HONO by MAX-DOAS highly depends on the 

spectral fitting quality and the optical path length. In this study, we strictly adopted the fitting window 

and parameters recommended by the CINDI-2 international intercomparison experiment (Wang et al., 

2020). Under strong light conditions, combined with strict RMS filtering (<1×10-3), the DSCD 

detection limit of HONO is typically around 1×1015 molecules/cm2. Considering that the optical path 

length at low elevation angles (e.g., 1°–2°) can reach 10–20 km, according to the Beer-Lambert law, 

this is equivalent to a volume mixing ratio detection limit as low as 50–100 pptv within the near-surface 

layer of a few meters to tens of meters. Previous extensive HONO observations based on MAX-DOAS 

(Xing et al., 2024a) have demonstrated that even under clean background conditions or after subtracting 

source contributions where concentrations are low, MAX-DOAS can still provide reliable HONO 



column densities. The total HONO retrieval error evaluated in Section S1 of the manuscript is 16% 

(primarily caused by smoothing errors). Within the allowable error range, secondary HONO column 

densities at the 50 pptv level can be effectively detected. 

(2) Retrieval error and uncertainty: We have elaborated on this in detail in the supplemental material 

(Section S1, Error analysis), and the specific contents are detailed as follows: 

We evaluated uncertainties in the retrieved profile products by analyzing the vertical column densities 

(VCDs) of trace gases (HONO, HCHO and O3) and AOD. The main sources of uncertainty considered 

here were smoothing and noise errors, absorption cross-section uncertainties, errors arising from the 

temperature dependence of absorption cross-sections, algorithmic errors, and uncertainties related to 

aerosol retrievals. Each component is described below. 

Smoothing and noise errors ( ): Smoothing error (Ss) reflects the limited vertical resolution 

of the inversion and was calculated using Eq. S1. Noise error (Sn) arises from DOAS fitting uncertainty, 

primarily driven by measurement noise. The uncertainty in the retrieved state vector ( ) was treated as 

the combined contribution of these two independent sources and quantified using Eq. S2 (Frieß et al., 

2006b). In this study, the total smoothing and noise uncertainty was derived from the mean profile 

retrieval uncertainty. 

 
 (S1) 

 
 (S2) 

Here, AK denotes the averaging kernel matrix, which describes the sensitivity of the retrieved state to 

the true atmospheric state.  and  are the covariance matrices of the a priori constraints and 

measurements, respectively. K is the weighting-function Jacobian matrix, representing the sensitivity of 

the measurements to perturbations in the state vector. 

Absorption cross-section uncertainties ( ): Uncertainty in the absorption cross-sections is an 

inherent source of retrieval error. Previous studies have shown that the resulting uncertainties 

propagated to VCDs and vertical profiles are comparable to the original cross-section uncertainties 

(Friedrich et al., 2019; Song et al., 2023). We therefore adopted the reported intrinsic uncertainties of 

the cross-sections directly. The uncertainties for O4, HONO, HCHO and O3 were 4%, 3%, 5% and 3%, 

respectively (Orphal and Chance, 2003; Paur and Bass, 1985; R and R, 2013; Vandaele et al., 1998). 

Temperature-dependent absorption cross-section uncertainties ( ): Trace-gas absorption 

cross-sections vary with temperature and therefore introduce an additional source of uncertainty. This 

systematic error was estimated by calculating the change in cross-section magnitude per kelvin between 

two reference temperatures and multiplying it by the maximum temperature variation during the 

campaign. The measurement period (1 March to 31 August 2023) spanned spring and summer, for 

which a maximum temperature difference of 30 K was assumed. The resulting uncertainties for O4, 



HONO, HCHO and O3 were approximately 10%, 2%, 6% and 13%, respectively. 

Algorithmic error ( ): This term represents the mismatch between the measured differential 

slant column density (DSCDs; y) and the simulated value (F(x,b)). As expressed in Eq. S3, this 

discrepancy may arise from imperfections in the forward model, inappropriate specification of 

parameter b, and errors independent of forward-model parameters, such as detector noise (Wang et al., 

2017). 

  (S3) 

Aerosol-retrieval-related uncertainties ( ): The aerosol vertical profile is a key input to trace-gas 

profile retrieval and strongly influences the inversion results. Uncertainties in the retrieved aerosol 

extinction profile propagate directly into the trace-gas VCDs. This contribution was quantified using Eq. 

S4. 

  (S4) 

The total uncertainty for each trace gas was then derived by Gaussian error propagation, as given in Eq. 

S5. 

  (S5) 

Using the framework described above, the estimated uncertainties for trace gases (HONO, HCHO and 

O3) and AOD are summarized in Table R1-1. 

Table R1-1. Mean uncertainty estimates for trace gases and AOD (%) 

 
 VCD 

AOD HONO HCHO O3 

 5 16 27 8 

 4 2 5 3 

 10 2 6 13 

 8 11 11 5 

 / 14 14 14 

Total 14 24 33 22 

(3) Reliability of secondary HONO quantification: The reviewer acutely pointed out “whether the residual 

secondary HONO <50 pptv (0.045 ppb) is reliable.” It needs to be clarified that the HONO/NOx slope 

method (R=0.75) is used to subtract direct emissions, which has been validated as effective in tunnel 

and urban studies by (Kramer et al., 2020) (an R of 0.6–0.8 being the norm). The slope of 0.79%±0.54% 

is consistent with urban values in the literature (0.5–1.5%) (Li et al., 2021). 



(4) Validation of HONO data accuracy: In our previous studies, our research group conducted rigorous 

accuracy validation for the instrumentally measured HONO. It should be noted that the instrument 

utilized in this study possesses identical instrumental parameters and performance characteristics to 

those employed in the earlier studies. The validation of HONO data accuracy is presented in Figure 

R1-5 (Xing et al., 2024c). 

(5) Clarification of photolysis calculation logic: The reviewer emphasized that “all HONO photolyzes to 

produce OH, so it should not be limited to secondary sources.” We completely agree with this chemical 

fact! When calculating in Section 3.4 of the manuscript, the total observed HONO concentration 

(including direct emissions and secondary sources) was used, rather than the subtracted secondary 

fraction. There is a misunderstanding here that needs clarification. We subtracted directly emitted 

HONO in the text solely for use in calculating the heterogeneous conversion rate C(HONO) in Section 3.2, 

not to exclude it when calculating P(OH) in Section 3.4. The definition of C(HONO) is the rate of NO2 

conversion to HONO; if traffic-directly-emitted HONO were included, the true conversion capacity of 

heterogeneous chemistry would be severely overestimated. When calculating the OH radical production 

rate P(OH)HONO in Section 3.4, the [HONO] used in Equation (3) is the measured total HONO 

concentration including all sources. Whether from direct emissions or secondary generation, HONO 

will photolyze to produce OH under illumination. We completely agree with your viewpoint and have 

already reflected this in the calculations. We will explicitly state this in the revised manuscript to avoid 

ambiguity. 

 

Figure R1-5 Validtons of the MAX-DOAS HONO vs. LOPAP HONO (Xing et al., 2024c) 

 



4) The heterogeneous formation of HONO from NO2 uptake on wet (aerosol) surfaces can be a source of 

HONO. However, this HONO will only degas under certain conditions (enhanced acidity, drying / 

evaporation of water from the aerosol up to crystallisation thresholds). Otherwise, the HONO will not be a 

gas phase reservoir and consequently a potential gaseous OH source. If aerosol HONO will photolyse also 

the produced OH will react in the aerosol phase and not degas to contribute to “classical” (= gas phase) 

oxidation capacity. 

Re: Thank you for your comments. 

(1) Due to the inherent limitations of the DOAS technique, our measurements are restricted to the 

gaseous phase of HONO. This represents a well-recognized limitation within the broader DOAS 

research community. 

(2) Within the field of DOAS research, it is standard practice to employ a consistent methodological 

framework to assess the capacity of HONO to generate OH. For instance, Alicke et al., (2002) 

utilized synchronous DOAS measurements of HONO/NO2 and J(HONO) to quantify that HONO 

photolysis can exceed O3 photolysis as an OH source during morning hours, accounting for 

approximately 20% of the total OH production over the course of a day. Furthermore, Rohrer et al., 

(2005) integrated DOAS retrievals with surface observations to demonstrate the existence of an 

unknown daytime heterogeneous or photo-enhanced HONO source, thereby establishing HONO 

photolysis as a critical driver of atmospheric oxidation capacity throughout the entire diurnal cycle, 

rather than being confined to the morning period. 

(3) Your concerns (HONO being retained within particles for photolysis and OH being restricted to the 

particle-phase oxidation) are partially valid under extremely high humidity/haze conditions, but the 

evidence chain of this study (the Yangtze-Huai River Basin in spring and summer, the mid-boundary 

layer of the city) supports the dominance of gas-phase release, as argued below: 

① Heterogeneous formation and degassing kinetics: The fate of HONO after generation on 

aerosols or surfaces depends on the Henry’s law constant, pH, RH, and particle size. The 

mid-level of the urban boundary layer (2.4 km, summer) has a typical RH of 60–75% and is in a 

non-saturated hygroscopic state; aerosols are mostly externally mixed, containing black 

carbon/mineral dust interfaces that promote HONO desorption. Villena et al. (2011) pointed out 

that even in cold and dry environments, surface HONO formation can still achieve a net release 

of OH precursors. More critically, Cheng et al., (2025) demonstrated through high-tower vertical 

measurements that daytime upper-level (>300 m) HONO is positively correlated with NO2 and 

aerosol extinction, is independent of surface emissions, and the HONO/NO2 ratio peaks with 

altitude, corroborating heterogeneous conversion and gas-phase release. If HONO were trapped 



within particles, it would be impossible to explain this vertical gradient. 

② Closed-loop observational evidence: This study found a HONO enhancement layer at 2.4 km in 

the summer city (Figures 3 and 4 in the manuscript), with C(HONO) = 0.053 h-1, corresponding 

to a weight of up to 30.6% (Figure 7). If HONO were not released, MAX-DOAS could not 

detect this gas-phase HONO layer (DOAS measures atmospheric column gas-phase absorption; 

dense fog is an exception but requires Mie scattering correction, which we have already 

addressed using O4-retrieved aerosols input into VLIDORT). Xing et al., (2023) specifically 

compared inland and coastal areas, finding that the mid-level HONO enhancement in inland 

cities coincides with the aerosol layer, and the photolysis of particle-phase HONO cannot 

explain the gas-phase OH production rate gap; it must be released into the gas phase. 

Furthermore, Zhang et al., (2023) found in a winter haze study that the HONO production on 

aerosol surfaces is massive, and the daytime HONO budget gap can only be filled by 

particle-phase release. 

③ Indirect contribution of particle-phase OH: Even if some HONO photolyzes within particles to 

produce OH, the oxidation of VOCs/SO2 by particle-phase OH also generates low-volatility 

products (SOA/SIA), which still requires gas-phase OH to initiate the VOC oxidation chain. 

Moreover, AOC is strongly correlated with aerosols (R = 0.88–0.93, Figure 8): regardless of 

which phase OH is generated in, it ultimately drives the transformation of gas-phase precursors 

to particles. Our calculation is based on the gas-phase HONO concentration (measured by 

MAX-DOAS); if HONO were within the particles, it would not contribute to this signal. 

Therefore, the OH peak in the figure directly proves the existence of gas-phase HONO. In 

summary, attributing the mid-level HONO to heterogeneous conversion followed by release for 

gas-phase photolysis to produce OH is the most parsimonious self-consistent explanation 

constrained by observations. 

 

5) The boundary layer height is not discussed at all throughout the manuscript. Even though the trace gas 

profiles show distinct characteristics of the diurnal boundary layer, especially in summer for HCHO, this 

effect is not considered or discussed at all, e.g., whether the O3 related OH production is only happening 

above the PBL and whether the vertical gradients in the considered compounds are related to the PBL 

dynamics. A distinction between a morning boundary layer and potential effects of the residual layer from 

the previous day(s) is not done, even though Fig 2. indicates this, e.g., double peaks for HCHO at AHU and 

complex structure of O3 in the lowest 1.5 kilometers, which can originate from the chemical effects as well 

as from boundary layer dynamics. 



Re: Thank you for your comments. 

(1) We have added PBLH data and related analyses. Our failure to adequately discuss this important factor 

in the initial draft was indeed an oversight. The PBLH is shown in Figure R1-6. The PBLH data were 

derived from the ERA5 reanalysis dataset, and the diurnal variation of the PBLH is illustrated in Figure 

R1-6. Additional PBLH data have been provided in Figure S7 of the Supplementary Material. 

(2) The detailed supplements and revisions are as follows: 

① Diurnal variation and seasonal characteristics of PBLH: Spring (a1, b1): PBLH begins to rise from 

about 0.3–0.4 km at 08:00, reaching a peak (about 1.2–1.3 km) in the afternoon at 14:00–15:00, 

followed by a gradual decline. The lower PBLH and slower development in spring reflect the 

characteristics of weaker solar radiation and convective activity. Summer (a2, b2): PBLH exhibits 

a larger rising magnitude, with peak heights reaching 1.0–1.2 km and maintaining for a longer 

duration (around 12:00–16:00). The higher PBLH and more vigorous development in summer are 

entirely consistent with the intense convective activity driven by strong solar radiation and surface 

heating. 

② Physical control of PBLH on the vertical distribution of pollutants: The thermodynamics of the 

boundary layer directly shape the vertical structures of HCHO, O3, and HONO through two 

mechanisms: “mixing dilution” and “uplift transport”. “Near-surface accumulation effect” of low 

spring PBLH: The lower PBLH in spring (<1.3 km) causes pollutants to hardly diffuse upward. At 

the AHU urban site, high near-surface NOx concentrations (traffic emissions) strongly suppress O3 

through NO titration (Figure 2c1), forming a “low-level O3 trough”; whereas HONO forms a 

“near-surface high-value layer” (Figure 2a1) due to surface emissions and heterogeneous 

conversion. At the CF rural site, the weaker PBLH development in spring causes HCHO from 

biogenic emissions to be mainly concentrated near the surface (Figure 2b1), forming a typical 

biogenic characteristic of “near-surface high values–rapid high-altitude attenuation”. “Vertical 

homogenization effect” of high summer PBLH: The significantly raised PBLH in summer (>1 km) 

and vigorous convective mixing transport surface-emitted VOCs (e.g., HCHO) and secondarily 

generated pollutants upward throughout the boundary layer (Figure 2b5). At the AHU urban site, 

HCHO transitions from the spring pattern of “near-surface high values–rapid high-altitude 

attenuation” to a “vertically homogenized distribution” in summer (Figure 2b5), which serves as 

physical evidence of boundary layer mixing. Meanwhile, the summer PBLH uplift causes the 

residual layer to be entrained, and O3 and HCHO accumulated in the residual layer from the 

previous day are mixed downward, forming a “mid-level O3 high-value zone” (Figure 2c5). 

③ Vertical coupling of O3-related OH production and PBLH. O3 photolysis-dominated OH 



production and PBLH dynamics exhibit a significant vertical coupling relationship: Near-surface 

“NO titration suppression zone”: At the bottom of the PBL (<1 km), in both spring and summer, 

high NOx concentrations suppress O3 through NO titration, resulting in an extremely low OH 

production contribution from O3 photolysis (Figure 6c1, 6c2). This phenomenon is directly related 

to the “near-surface mixing dilution” mechanism of PBLH—fresh NOx emissions are confined to 

the lower layer, forming a chemical suppression zone. Mid-PBL “O3 accumulation zone”: In the 

mid-PBL (1–2 km), as altitude increases, NOx rapidly attenuates due to chemical reactions and 

diffusion, while O3 gradually accumulates due to photochemical production and vertical transport 

(Figure 2c5). At this point, the OH production contribution from O3 photolysis increases 

significantly (Figure 6c2), which perfectly matches the physical process of “mid-level mixing 

transport” after PBLH uplift. PBL top “residual layer chemistry zone”: At the PBL top (>2 km), the 

summer PBLH uplift causes the residual layer to be entrained, and O3 and HONO accumulated in 

the residual layer become important sources for OH production (Figure 6a2, 6c2). This “vertical 

chemical stratification” phenomenon (lower-layer HONO/HCHO dominance vs. upper-layer O3 

dominance) is precisely the result of the coupling between PBLH dynamics and photochemical 

processes. 

④ Chemical distinction between the boundary layer and the residual layer: The “distinction between 

the morning boundary layer and the residual layer” you mentioned in the question is clearly 

reflected in our data: Morning “residual layer residue”: In the early stage of PBL development 

(08:00–10:00), the boundary layer height is low, and pollutants (e.g., O3, HCHO) in the residual 

layer from the previous day have not yet been completely mixed. At the AHU urban site, a 

“sub-peak” of spring morning O3 appears at an altitude of 0.5–1 km (Figure 2c1), which is exactly 

the residual signal of residual layer chemistry. Afternoon “full-layer mixing”: As PBLH reaches its 

peak in the afternoon (14:00–15:00), pollutants within the boundary layer are fully mixed, and 

vertical gradients tend to flatten (Figure 2b5, 2c5). At this time, chemical processes (e.g., HCHO 

photolysis, O3 production) dominate the pollutant distribution, while the influence of physical 

mixing weakens. 

⑤ Revisions and deepening of the original conclusions: Combining the PBLH data, we have made 

the following revisions and deepening to the original conclusions: 

a) Section 3.1 (Overview) of the original text: When discussing the vertical structure, it is 

explicitly stated that “the spring boundary layer is controlled by local emissions and 

near-surface chemical titration; the summer boundary layer is affected by vigorous convective 

mixing and residual layer chemistry”. PBLH data are supplemented as physical evidence, 



illustrating that the vertical distribution of pollutants is the result of the joint action of 

“chemical processes + physical mixing”. 

b) Section 3.4 (OH produced from HONO, HCHO and O3) of the original text: In explaining the 

vertical stratification of OH production, it is explicitly stated that “the lower-layer 

HONO/HCHO dominance is the result of near-surface emissions and NO titration; the 

upper-layer O3 dominance is the result of NOx attenuation and O3 accumulation after PBLH 

uplift”. 

 

Figure R1-6. PBLH at (a1) AHU site in spring; (a2) AHU site in summer; (b1) CF site in spring; (b2) CF site 

in summer. 

 

6) How is cloudiness taken into account in the measurements? DOAS retrievals will only be possible to a 

certain degree under cloudy or broken-cloudy conditions, substantially influencing the retrieval. Does this 

cause a sampling bias, e.g., in the afternoon hours with more active continental convective activity? 

Re: Thank you for your comments. Clouds (particularly low broken clouds) alter the multiple scattering of 

the optical path and must be strictly filtered out. Our preprocessing includes multi-tier cloud and quality 

screening. Section 2.2 of the original manuscript briefly mentioned SZA < 75° and RMS filtering; the 

revised version will provide a detailed process, described as follows: 

(1) Cloud detection based on O4 and Color Index (CI): O4 DSCD outliers: Clouds cause a dramatic increase 

in the optical path length, leading to a sudden jump in O4 DSCDs (which are positively correlated with 



aerosol loading / optical path). We rejected data points within a single scan where the O4 DSCD > mean 

+ 2σ or the coefficient of variation > 30% (Gielen et al., 2013; Xing et al., 2017). Color Index, Clouds or 

thick aerosols cause a decrease in CI and a convergence across different elevation angles. Thresholds 

were set as follows: a CI variation > 5% or CI < 0.5 (typically > 0.8 for clear skies) was identified as 

cloud contamination (Wagner et al., 2013). 

(2) Dual filtering by RMS and DOF: The spectral fitting RMS ≤ 1×10-3 (Section 2.2 of the manuscript) has 

already excluded the majority of optical distortions (clouds induce large fitting residuals). Scans with 

DOF < 1.0 were rejected (insufficient information content, likely due to cloud contamination or aerosol 

abrupt changes violating the horizontal homogeneity assumption) (Hendrick et al., 2014). 

(3) Bias assessment of afternoon convective clouds: In Hefei during spring and summer afternoons (13–15 

LT), cumulus clouds develop, resulting in a data retention rate of ~60–70% (consistent with the Shanghai 

observations by Xing et al., 2017). This constitutes random missing data (retrieval failure/rejection when 

clouds are present), rather than a systematic high bias (O3 under clouds might be high but cannot be 

measured due to chaotic light scattering; clear-sky data are retained). 

(4) Literature support: Wagner et al., (2013) demonstrated that the MAX-DOAS inherent CI and O4 can 

efficiently identify clouds; in CINDI-2 (Wang et al., 2020), all participants adopted similar cloud 

screening, ensuring reliable data quality. We will add relevant statements to the manuscript. 

 

7) What is the data source for the NO, NOx or NO2 data? What are the corresponding uncertainty limits? Is 

NO2 also retrieved from the DOAS? Or is it just a surface measurement, only available at one location? How 

is the secondary HONO determined at the other location if there is no NOx data? And how are the C_HONO 

t values containing the HONO to NOX ratios in Fig.4 calculated? If NOx is determined from an assumed 

constant(?) ratio of HONO/NOx, then this has a very high uncertainty. On the other hand, using this relation 

afterwards to determine C_HONO would not allow for any variability in NOx independent of HONO. 

Re: Thank you for your comments. 

(1) Data source for NO, NOX, or NO2: The NO2 data utilized in this study were retrieved from our 

instrumental measurements, and the corresponding vertical profiles are illustrated in Figure R1-7 (Figure 

S8 in the supplemental material). Considering that our instrument is incapable of directly measuring NO, 

the NO concentrations were derived via a chemical conversion relationship. The detailed conversion 

procedure is described in Section S2 (“Direct emission of HONO”) of the supplemental material, with 

the specific contents as follows: In this study, NOx could not be measured directly. To obtain NOx data, 

we applied methods reported in previous studies (Mannschreck et al., 2004; Shetter et al., 1983), as 

described below. During daytime, under sunlight, NO, NO2, and O3 rapidly reach quasi-steady state 

(photostationary state) through the following fast reversible reactions: 



  (S6) 

  (S7) 

Under typical urban atmospheric conditions (within a few minutes), this cycle can be approximately 

considered at steady state, and the concentrations of NO, NO2, and O3 satisfy the following relationship: 

  (S8) 

where [NO], [NO2], and [O3] represent the concentrations of NO, NO2, and O3, respectively; JNO2 is the 

photolysis frequency of NO2; and k is the reaction rate constant of NO with O3 (Eq. S6), calculated 

using the Arrhenius equation (Eq. S9) as a temperature-dependent value: 

  (S9) 

Daytime NO concentrations were estimated from the NO–NO2–O3 photostationary-state relationship. 

To minimise uncertainty, only data collected between 11:00 and 15:00 were used. 

(2) Uncertainty: The uncertainty associated with NO2 originates from the DOAS retrieval process. 

Calculated using the identical methodology as described in our response to Comment 3), the total 

uncertainty for NO2 is determined to be 26%. Within the DOAS community, this level of uncertainty is 

entirely acceptable and well-documented in the literature (Hendrick et al., 2014; Kreher et al., 2020; 

Xing et al., 2023). In our future studies, we aim to further enhance the retrieval precision of the 

instrument to continually reduce this uncertainty. 

(3) The NO2 presented here comprises vertical profile data (Figure R1-7). The retrieval methodology is 

identical to that employed for other trace gases such as HONO, O3, and HCHO. As this method has been 

comprehensively detailed in our response to Comment 1), we omit further elaboration here. 

(4) We have explicitly excluded the influence of direct HONO emissions at the AHU site. Conversely, at the 

CF site, such exclusion was not performed due to the lack of available NOX data. The primary 

justification for this is that at the rural agricultural CF site, direct NOX emissions from vehicular traffic 

are negligibly low, while soil-emitted HONO (Xue et al., 2021, 2022) is likely the dominant source. 

Therefore, in the calculation of C(HONO) at the CF site, the values primarily reflect the conversion 

potential of NO2 to HONO and the apparent conversion rate that may be influenced by soil emissions. 

(5) Calculation of C(HONO): This parameter was calculated using the following equation (Wentzell et al., 

2010; Xing et al., 2024b), where [HONO] and [NO2] denote the respective concentrations of HONO and 

NO2. Both variables are derived from the instrumental retrievals and are strictly paired to match identical 

timestamps and altitudes during the computation. 



  (S10) 

The time interval (t2 – t1) in the equation does not have an absolute, fixed standard; rather, it depends on 

the specific objectives of the study (e.g., nocturnal averaging or a specific growth period) and the 

temporal resolution of the dataset. In analogous studies within the field, the most prevalent approach is 

to adopt a 1-hour time interval (Alicke et al., 2002; Wentzell et al., 2010; Xing et al., 2024b), which is 

the interval adopted in the present study. 

(6) It should be emphasized that NOX does not represent a constant value; rather, it is dynamically derived 

as addressed in our response to point (1). Our instrument provides the NO2 measurement, from which 

NO is subsequently calculated via the conversion relationship. NOX is then determined as the sum of 

NO2 and NO. Consequently, NOX is not a constant but a variable quantity that tracks the vertical 

variability of the NO2 profile. We acknowledge that the current study possesses certain inherent 

limitations, yet this approach is a widely adopted convention in comparable research. In subsequent 

studies, we plan to deploy dedicated NOX instrumentation to further refine the research accuracy. 

We will explicitly clarify these points in the revised manuscript to preclude any potential misunderstanding. 

 

Figure R1-7. Seasonal mean vertical profiles of NO2. (a1) AHU site in spring; (a2) AHU site in summer; (b1) 

CF site in spring; (b2) CF site in summer. 

 

8) The Chapter about daytime O3 sources should in my opinion be removed, as it does not really contribute 

to the question of OH abundance and the sources of OH. If it is supposed to remain in the manuscript it must 

be substantially modified as at the moment the conclusions are in my opinion erroneously formulated. The 



analysis shows that near the surface there is a lot of NOx and HONO (being a primary OH source), therefore 

the conclusion that this region is NOx limited is simply wrong (Fig.5). If there is more NOx than HCHO in 

the determination of the FNR, then the system is VOC limited and not NOx limited. At maximum, the 

lowermost layers with enhanced HONO (and consequently NOx) are transition of even VOC limited. In the 

layers above the surface in summer, the authors state that this is a NOx limited regime, but do not provide 

any information where the NOx data have been derived from! In spring, the analysis states that in the lower 

layers, there is a VOC limitation which is not that obvious from Fig. 2m which shows also in spring and 

most dominant substantial HCHO mixing ratios in altitudes up to 1.5 km altitude. All of this appears in 

either a transition regime. If this kind of analysis is conducted you have to have proper NOx vertical profiles 

and show the FNR instead! If the results are intended to show different things than those which I interpreted 

from the graphic, then this should be substantially clarified. 

Re: Thank you for your comments.  

(1) We have removed this section from the revised manuscript. 

(2) In response to your concern regarding this issue, we provide the following clarification. 

① Clarification of definitions and NO2 data source: The reviewer pointed out that “high near-surface 

HONO/NOx should be VOC-limited, making the conclusion of NOx-limited contradictory.” We 

need to reiterate the classic definition of the FNR (HCHO/NO2) threshold method: a high FNR 

(large HCHO/O3) indicates relatively scarce NOx and NOx-limited conditions; a low FNR 

indicates VOC-limited conditions. Our thresholds in Figure 5 (AHU: 1.48–1.88, CF: 1.04–1.76) 

are based on the normalized slope method (Li et al., 2024; Lin et al., 2022), not arbitrary fixed 

values. The key point: NO2 is not a single surface point! As detailed in our Response 7, NO2 has a 

vertical profile (retrieved from the same source), and the FNR in Figure 5 is the ratio of HCHO to 

NO2 at corresponding altitudes for each layer, not an extrapolation of surface NO2. Summer AHU 

0–2 km: high near-surface NO2 (urban emissions, weak titration consuming O3), low FNR (<1.48), 

NOx-limited (consistent with the definition: adding NOx suppresses O3 due to strong NO titration); 

2–4 km NO2 exponentially decays to <5 ppb, HCHO is maintained at ~1 ppb due to VOC 

oxidation, FNR >1.88, VOC-limited. Spring overall FNR ~1.5 (transition). This vertical reversal 

has been reported in Lin et al., (2022) and Li et al., (2024) (NOx-limited at lower layers, 

VOC-limited at upper layers). The failure of the initial draft to explicitly state “NO2 profiles from 

MAX-DOAS” was a major omission; the revision will clarify this and append the NO2 profile 

figure. CF 0–1 km NO2 is lower (few sources in rural areas) but HCHO is high (biogenic VOCs), 

FNR is occasionally high but strongly influenced by NO2 fluctuations (threshold 1.04–1.76), hence 

0–1 km NOx-limited (low FNR), 1–2.5 km transitional, >2.5 km VOC-limited. Figure 2 (CF 



HCHO in spring) shows high HCHO at 0–1.5 km, but if NO2 is synchronously high (near the 

surface), the FNR is not necessarily high, belonging to a transitional/NOx-limited regime, rather 

than purely VOC-limited. 

② Section 3.3 is not redundant; it explains why the OH pathway exhibits vertical differentiation. The 

lower-layer NOx-limited regime implies that HONO/HCHO compete for OH and NO titration 

suppresses O3 photolysis; the upper-layer VOC-limited regime implies that O3 photolysis proceeds 

unhindered, becoming the primary OH source. This supports the pattern in Section 3.4 of “<1 km 

HONO/HCHO dominance, >2.8 km O3 dominance.” If deleted, the vertical transition of OH would 

lose the context of precursor sensitivity. 

 

9) The link to the aerosol particles in 3.5 are over-simplifying the aerosol system in my point of view. If all 

the aerosol would originate from oxidised organics, this relation could hold. However, no chemical analysis 

of the aerosol is undertaken. Consequently, especially the urban aerosol will contain many additional 

compounds (sulfate, nitrate, ammonium) which is only indirectly affected by the oxidation capacity and 

therefore those connections are only weak and can be dominated by the effects of e.g., boundary layer height 

and boundary layer mixing. The correlation between AOC and aerosols can therefore originate from 

co-correlated variables and not necessarily from the chemical relations. 

Re: Thank you for your comments. 

(1) This represents a limitation of our current study, which fundamentally stems from the inherent 

constraints of the DOAS technique itself. In our future work, we aim to address this issue through the 

development of Polarization DOAS. The incorporation of polarimetric capabilities is expected to 

effectively resolve the issue you raised, as it holds the potential to discriminate various aerosol 

components. The development of this Polarization DOAS system is currently underway. 

(2) High correlation coefficients alone cannot prove unidirectional chemical causality; boundary layer height, 

convective mixing, and meteorological conditions can indeed simultaneously modulate AOC and aerosol 

extinction. In the revised manuscript, we will revise the original sentence “AOC promotes secondary 

aerosol formation” to: “AOC and aerosol loading exhibit strong vertical covariation (R=0.88–0.93), a 

relationship that is jointly modulated by boundary layer dynamics and is also consistent with the 

coherent physical chain of oxidative capacity driving the conversion of gaseous precursors (VOCs, SO2, 

NOX) to secondary particles.” The following points use published literature to demonstrate the 

rationality of this statement. 

① The AOC–secondary aerosol coupling is a classic conclusion in atmospheric chemistry, not an 

original simplification of this paper. Numerous observation- and model-based studies have 



confirmed that enhanced AOC significantly increases the fractions of SOA and nitrate/sulfate in 

PM2.5. Feng et al., (2020) (WRF-Chem simulation in the Guanzhong Basin) reported 

ΔPM2.5/ΔAOC ≈ 1.94 μg·m-3 / (106 cm-3s-1), with SOA accounting for 43% and nitrate for 40%. 

Zhou et al., (2024) pointed out that low AOC (MDA8 O3 ≤ 100 μg·m-3) promotes the oxidation of 

VOCs to form secondary particles, and Ox is significantly correlated with SOR/NOR. Dai et al., 

(2023) explicitly defined AOC as the total reaction rate of oxidants, with >90% of daytime AOC 

coming from the reactions of OH with VOCs/CO, directly linking it to the formation of SOA and 

SNA. These studies mostly used surface or column totals; this paper uses MAX-DOAS to advance 

this chain to the vertical dimension. 

② Covariation with PBL dynamics ≠ negation of the chemical chain. We acknowledge that the 

contraction/expansion of PBLH simultaneously alters J values, mixing, and extinction. However, 

multiple vertically resolved MAX-DOAS studies have demonstrated that the aerosol–OH 

precursor relationship contains process-level chemical components: He et al., (2023) (Shanghai 

suburbs) found that the HONO high-value layer at ~0.7 km is positively correlated with aerosol 

extinction, attributing this to photo-enhanced heterogeneous conversion on aerosol surfaces. Xing 

et al., (2024b) showed that HONO/NO₂ peaks occur in layers with aerosol extinction >0.15 km-1 

(<1 km) or >0.02 km-1 (1–2 km), directly linking heterogeneous conversion to the vertical aerosol 

structure. Cheng et al. (Guangzhou 450 m tower) (Cheng et al., 2025) demonstrated that the 

contribution of in situ NO+OH production to the HONO budget within the urban boundary layer 

increases with altitude, while the weight of surface processes decreases. This indicates that the 

“aerosol–OH/HONO” relationship cannot be explained by PBLH alone. 

③ The vertical structure of Figure 7 in this paper itself supports the chemical explanation: The 

correlation between AOC and aerosols varies with altitude: R≈0.93 near the surface (0–0.5 km), 

decreasing to ≈0.88 at 2–3 km. If purely dominated by PBL dilution, the correlation across layers 

should be uniform; the stronger coupling near the surface exactly corresponds to the highly 

reactive zones of near-source emissions, HONO/HCHO photolysis, and SOA/SNA, consistent with 

the compositional conclusions of Feng et al., (2020) and Zhou et al., (2024). The rural CF site, 

where biogenic HCHO drives OH (P(OH)HCHO=1.82×10-3 ppb·s-1), also supports the biogenic 

SOA chain. 
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