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Anonymous Referee #3 

1 General comments: 

This work comprehensively investigated the vertical distribution, seasonal variation, 

and formation mechanisms of nitrate pollution at different altitudes in urban Beijing, 

and thus is important. There are some comments which require to be addressed before 

it can be accepted. 

Authors’ response: 

We thank the reviewer for the positive assessment and constructive suggestions of 

our manuscript.  

2 Detailed Comments: 

1) The title showed aircraft observation, however there is no any description in the main 

text. Add necessary related description or remove the aircraft from the title. 

Authors’ response: 

Thanks for your suggestion. We have added a clear, concise description of the 

aircraft observations, including the sampling platform, instrumentation, and validation 

results (Figure R1) ,to Section 2.1.2 (Observation Data) to align the title with the text: 

“Aircraft observations collected by Liu et al. aboard a KingAir 350 platform 

during vertical measurement flights (100 m–2.9 km above ground level) were used as 
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input for our chemical retrieval algorithm (Liu et al., 2018). Ambient air was sampled 

isokinetically and maintained at 650 hPa via a pressure-controlled manifold before 

being analyzed by a Compact Time-of-Flight Aerosol Mass Spectrometer (C-ToF-AMS, 

Aerodyne). The AMS provided 1 min–averaged mass concentrations of non-refractory 

PM₁ species, including nitrate (NO3
-), sulfate (SO4

2-), ammonium (NH4
+), chloride (Cl-), 

and organics. In addition, refractory black carbon (rBC) mass concentrations were 

measured at 1 Hz using a Single Particle Soot Photometer (SP2, Droplet Measurement 

Technologies) (Liu et al., 2020). Because aircraft-based measurement campaigns 

involve substantial organizational, operational, and maintenance costs and are limited 

to discrete time intervals, continuous and perfectly time-aligned chemical observations 

with our ground-based lidar retrievals were not available. We therefore selected flight 

segments under meteorological conditions most closely matching our lidar retrievals 

to serve as vertical validation data. Comparison of aircraft observations with our 

retrieved vertical profiles yielded correlation coefficients (R) above 0.92 and 

root-mean-square errors (RMSE) below 7.9 µg m-3 for all five chemical components 

(Song et al., 2025), confirming the robustness of our retrieval methodology.” 

 

Figure R1. Comparison of aircraft observations with retrieved vertical profiles. 

Reference 

Liu, Q., Ding, D., Huang, M., Tian, P., Zhao, D., Wang, F., Li, X., Bi, K., Sheng, J., 
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Zhou, W., Liu, D., Huang, R., and Zhao, C.: A study of elevated pollution layer over 

the North China Plain using aircraft measurements, Atmospheric Environment, 190, 

188-194, https://doi.org/10.1016/j.atmosenv.2018.07.024, 2018. 

Liu, D., Hu, K., Zhao, D., Ding, S., Wu, Y., Zhou, C., Yu, C., Tian, P., Liu, Q., Bi, K., 

Wu, Y., Hu, B., Ji, D., Kong, S., Ouyang, B., He, H., Huang, M., and Ding, D.: Efficient 

Vertical Transport of Black Carbon in the Planetary Boundary Layer, Geophysical 

Research Letters, 47, e2020GL088858, https://doi.org/10.1029/2020GL088858, 2020. 

Song, Y., Yang, T., Tian, P., Li, H., Tian, Y., Tan, Y., Sun, Y., and Wang, Z.: Novel 

Insights into the Vertical Distribution Patterns of Multiple PM2.5 Components in a 

Super Mega-City: Responses to Pollution Control Strategies, 10.3390/rs17071151,  

2025. 

2) Line 20, provide the specific height or height range for “the boundary layer top”. 

Authors’ response: 

Thanks for your suggestion. We have revised Line 20 to specify the boundary‐

layer top height range (0.7–1.2 km) and updated the sentence as follows: 

“High nitrate levels are observed at the boundary‐layer top (0.7–1.2 km), peaking 

at 118.11 μg m⁻³ in late autumn, closely linked to photochemical processes and dynamic 

drivers.” 

3) Line 23, what policy suggestion for the “actionable insights”? 

Authors’ response: 

Thanks for your suggestion. We have therefore added the following policy 

recommendation at the end of Line 23 to link our actionable insights directly to urban 

air–quality management: 

“These findings support targeted emission controls by reducing photochemical 

precursor emissions at the boundary layer top and strengthening NOx reductions at key 

sources, including retrofitting SCR on power plants, installing low-NOx burners in 
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industrial boilers, and promoting electric vehicles and public transit.” 

4) Line 49, “Therefore, the nitrate formation processes in the atmosphere are complex 

and challenging to elaborate” can be moved to the end of this paragraph. 

Authors’ response: 

Thanks for your suggestion. We have moved the sentence “Therefore, the nitrate 

formation processes in the atmosphere are complex and challenging to elaborate” from 

Line 49 to the end of the paragraph to improve the logical flow. 

5) Line 56, for the “Despite a global decrease in nitrate radicals (NO3)”, is there any 

evidence and reference? 

Authors’ response: 

Thanks for your suggestion. In response, we have added citations to two recent 

peer-reviewed studies that robustly document declining NO3 under reduced NOx 

emission scenarios: 

1. Wang et al. (2023, Nature Geoscience) demonstrates through surface observations 

(2014–2021) across China, the U.S., and Europe that although nocturnal NO3 

production increased in China, significant declines occurred in the U.S. and EU regions, 

collectively driving a net reduction in global NO3 formation. 

2. Archer-Nicholls et al. (2023, Atmospheric Chemistry and Physics) projects a ∼26% 

decrease in Northern Hemisphere tropospheric NO3 (within the lowest 1 km) relative 

to pre-industrial levels under stringent emission-reduction pathways (CMIP6 SSP1-2.6 

simulations). 

These references now directly follow the statement in Line 56: 

"Despite a global decrease in nitrate radicals (NO3) (Archer-Nicholls et al., 2023; 

Wang et al., 2023)..." 
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Reference 

Archer-Nicholls, S., Allen, R., Abraham, N. L., Griffiths, P. T., and Archibald, A. T.: 

Large simulated future changes in the nitrate radical under the CMIP6 SSP scenarios: 

implications for oxidation chemistry, Atmos. Chem. Phys., 23, 5801-5813, 

10.5194/acp-23-5801-2023, 2023. 

Wang, H., Wang, H., Lu, X., Lu, K., Zhang, L., Tham, Y. J., Shi, Z., Aikin, K., Fan, S., 

Brown, S. S., and Zhang, Y.: Increased night-time oxidation over China despite 

widespread decrease across the globe, Nature Geoscience, 16, 217-223, 

10.1038/s41561-022-01122-x, 2023. 

6) Line 69, For the description “nitrate concentrations tend to increase with altitude”, 

please supplement the condition of this phenomenon, such as within boundary layer or 

lower boundary layer. 

Authors’ response: 

Thank you for this valuable suggestion. We have reviewed the relevant literature 

and found that the increase in secondary particulate matter (including nitrate) with 

height is most pronounced within the lower boundary layer, specifically below 300 m 

(Fan et al., 2022). Accordingly, we have revised the sentence in Line 69 to specify this 

altitude range. The updated text now reads:  

“The findings consistently indicated that nitrate concentrations tend to increase 

with altitude within the lower boundary layer (0–300 m), suggesting that higher levels 

experience enhanced nitrate generation (Fan et al., 2022).” 

Reference 

Fan, M. Y., Zhang, Y. L., Lin, Y. C., Hong, Y., Zhao, Z. Y., Xie, F., Du, W., Cao, F., Sun, 

Y., and Fu, P.: Important Role of NO3 Radical to Nitrate Formation Aloft in Urban 

Beijing: Insights from Triple Oxygen Isotopes Measured at the Tower, Environ Sci 

Technol, 56, 6870-6879, 10.1021/acs.est.1c02843, 2022. 

7) Line 80, add “and” before “coefficient analyses”. 
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Authors’ response: 

Thanks for your suggestion. We have inserted “and” before “coefficient analyses” 

so that the sentence now reads: 

“We divided different altitude layers vertically to comprehensively investigate the 

seasonal variations in nitrate concentrations and formation mechanisms in urban 

Beijing, and coefficient analyses of various driving factors were conducted in relation 

to nitrates.” 

8) Line 81, “managing nitrate pollution” can be “mitigating nitrate pollution”. 

Authors’ response: 

Thank you for this suggestion. We have replaced “managing nitrate pollution” with 

“mitigating nitrate pollution” so that the sentence now reads: 

“Additionally, we conducted a detailed analysis of specific pollution events. This 

study enhances the understanding of atmospheric physics and chemistry, providing 

insights and recommendations for mitigating nitrate pollution across various altitude 

layers in Beijing throughout the four seasons.” 

9) Line 112, pay attention to the subscript for NO2. 

Authors’ response: 

Thank you for pointing out this formatting oversight. We have corrected the 

subscript of “NO2” in Line 112 to ensure proper chemical notation. 

10) Line 95-96, how about the consistence between the ACSM measurements and the 

retrieval data at the lowest level? Simplify describe the comparison result. 

Authors’ response: 

Thanks for your suggestion. As noted by Sun et al. (2015) and confirmed by Zhao 

et al. (2017), simultaneous measurements of PM1 composition at 260 m and ground 

level over Beijing in winter show that mean concentrations at 260 m differ by less than 

10 % from those at the surface under well-mixed boundary-layer conditions. By analogy, 
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aerosol concentrations at 150 m can be expected to be even closer to surface values, 

justifying a direct comparison between our 150 m retrievals and ACSM ground-site 

measurements. The validation results are shown in Figure R2. Accordingly, we have 

added the following concise statement at Lines 95–96: 

“Under well-mixed winter boundary-layer conditions, PM₁ concentrations at 

150 m closely match surface values (Sun et al., 2015; Zhao et al., 2017). Therefore, we 

compare our lowest retrieval level (150 m) directly with ACSM ground-site 

measurements, yielding R2 = 0.70, 0.69, 0.62, 0.61 and 0.58 and RMSE = 0.96–

7.67 µg m-3 for NH4
+, NO3

-, SO4
2-, OM and BC, respectively, with normalized mean 

biases within ± 0.012.” 

 

Figure R2. Validation of ground-layer retrieval results against ACSM observations. 

Reference 

Sun, Y., Du, W., Wang, Q., Zhang, Q., Chen, C., Chen, Y., Chen, Z., Fu, P., Wang, Z., 

Gao, Z., and Worsnop, D. R.: Real-Time Characterization of Aerosol Particle 

Composition above the Urban Canopy in Beijing: Insights into the Interactions between 
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the Atmospheric Boundary Layer and Aerosol Chemistry, Environmental Science & 

Technology, 49, 11340-11347, 10.1021/acs.est.5b02373, 2015. 

Zhao, J., Du, W., Zhang, Y., Wang, Q., Chen, C., Xu, W., Han, T., Wang, Y., Fu, P., 

Wang, Z., Li, Z., and Sun, Y.: Insights into aerosol chemistry during the 2015 China 

Victory Day parade: results from simultaneous measurements at ground level and 

260 m in Beijing, Atmos. Chem. Phys., 17, 3215-3232, 10.5194/acp-17-3215-2017, 

2017. 

11) Line 115-117, how about the consistence between the ground NO2 measurements at 

the Beijing Olympic Sports Center and the ground-level data from CAMS? 

Authors’ response: 

Thanks for your suggestion. The consistency between the ground NO2 

measurements at the Beijing Olympic Sports Center and the ground-level data from 

CAMS is relatively good, with a correlation of 0.68, as shown in Figure R3 (a). The 

scatter plot indicates a decent alignment between the two datasets, although the CAMS 

data tends to slightly overestimate NO2 levels, with some individual data points 

showing larger deviations.  

In terms of the time series (Figure R3 (b)), the two NO2 time series are well-aligned 

during January–May and October–December. However, during June–September, a lag 

is observed. This discrepancy can be attributed to both the seasonal influence and the 

height difference between the two stations. The CAMS ground-level data, measured at 

approximately 100 m (representing the 1000 hPa level) , differs in elevation from the 

Olympic Sports Center’s ground station. Both of these factors contribute to the 

observed seasonal bias, but they also explain the deviation's reasonableness. In summer, 

strong convective mixing due to surface heating deepens the boundary layer and lifts 

surface-emitted NO2. However, surface NO2 is quickly depleted by enhanced photolysis, 

dry deposition, and wet scavenging processes. At ~100 m, these removal processes are 

less intense, allowing NO2 to accumulate and decay more slowly. Studies (Cheng et al., 

2022; Kuhn et al., 2024) support this pattern, showing that convective transport delays 
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the peak of NO2 concentrations aloft, while near-surface processes rapidly reduce NO2.  

Based on your valuable suggestion, I will move the comparison between the 

ground NO2 measurements at the Beijing Olympic Sports Center and the ground-level 

data from CAMS to the supplementary materials, enhancing the article's rigor and 

scientific quality. 

 

Figure R3. Scatter plot (a) and time series plot (b) comparing NO2 volume 

concentrations between ground-based observations at the Beijing Olympic Sports 

Center and the ground-level output (1000 hPa) from CAMS. 

Reference 

Cheng, S., Jin, J., Ma, J., Lv, J., Liu, S., and Xu, X.: Temporal Variation of NO2 and 

HCHO Vertical Profiles Derived from MAX-DOAS Observation in Summer at a Rural 

Site of the North China Plain and Ozone Production in Relation to HCHO/NO2 Ratio, 

10.3390/atmos13060860, 2022. 

Kuhn, L., Beirle, S., Kumar, V., Osipov, S., Pozzer, A., Bösch, T., Kumar, R., and 

Wagner, T.: On the influence of vertical mixing, boundary layer schemes, and temporal 

emission profiles on tropospheric NO2 in WRF-Chem –  comparisons to in situ, 

satellite, and MAX-DOAS observations, Atmos. Chem. Phys., 24, 185-217, 

10.5194/acp-24-185-2024, 2024. 

12) Line 170, it needs to clarify that NO2 are finally converted into nitric acid, nitrate, 

and organic nitrates. 

Authors’ response: 
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Thank you for this helpful suggestion. We have clarified the fate of NO2 in our 

revised manuscript. In particular, the sentence now reads: 

“Intense photochemical reactions in summer primarily convert NO2 into O3 and 

hydroxyl radicals (HOx), leading ultimately to the formation of nitric acid (HNO3), 

particulate nitrate (NO3
-), and various organic nitrates.” 

13) Line 171-172, show the correlation coefficient for the “weak correlation”. 

Authors’ response: 

Thanks for your suggestion. In response, we have revised lines 171–172 to 

quantify the strength of the summer NO3
—NO2 relationship. The new sentence now 

reads:  

“During summer, high temperatures and low relative humidities shift the NH4NO3 

equilibrium toward the gas phase, while a deeper convective boundary layer further 

dilutes surface aerosols; consequently, particulate nitrate concentrations are lower 

than in other seasons and exhibit only a weak correlation with NO2 (R = 0.13–0.48).”  

14) Line 190-192, show the correlation coefficients and the p values. 

Authors’ response: 

Thanks for your suggestion. We have revised lines 190–192 to include both the 

Pearson correlation coefficients and their p values. The new text now reads: 

“In the 0.15 to 0.30 km range, relative humidity shows a significant positive 

correlation with nitrate concentrations in spring, summer and winter (R values range 

from 0.43 to 0.68, p < 0.01), while temperature exhibits a significant negative 

correlation in spring (R = –0.76, p < 0.01) and summer (R = –0.10, p < 0.01). These 

results indicate that thermodynamic factors are the primary drivers of increased nitrate 

concentrations in Beijing’s lower atmospheric layers during these seasons.” 

15) Line 201-202, “the negative correlation between RH and nitrate” cannot conclude 

the nitrate decomposition at high humidity condition. Correct the explanation. 
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Authors’ response: 

Thank you for this important point. We agree that a simple inverse correlation 

between relative humidity and nitrate cannot be taken as proof of chemical 

decomposition. Instead, it likely reflects changes in particle growth and removal under 

humid conditions. Accordingly, we have revised lines 201–202 to read:  

“Notably, in spring and autumn, the observed inverse relationship between relative 

humidity and nitrate concentrations at higher altitudes suggests that increased aerosol 

liquid water under humid conditions enhances the growth of particle nitrate. Those 

larger, more hygroscopic particles settle more rapidly, leading to lower nitrate levels in 

the upper layers of the atmosphere.” 

16) Fig. 2, it seems that the extremely polluted cases in Fig. 6, Fig. 8, and Fig. 9 were 

not clearly shown in Fig. 2. Double check or explain it. 

Authors’ response: 

Thanks for your suggestion. Fig.  2 shows the Gaussian‑smoothed vertical profiles 

of hourly nitrate mass concentrations for all 8,760 time points in 2021, in order to 

characterise the overall seasonal structure. This smoothing procedure suppresses 

high‑frequency noise and attenuates outliers, so some extreme values are naturally 

muted. In contrast, Fig.  6,  Fig. 8, and Fig. 9 present the original, unsmoothed nitrate 

concentrations over selected 3–9 day periods, allowing individual pollution peaks to 

remain clearly visible. We have expanded Section 2.1.1  (Retrieval Data) with a more 

detailed explanation of the Gaussian smoothing procedure. The new text now reads: 

“Gaussian smoothing was applied to the vertical profiles to suppress 

high‑frequency noise and reduce the impact of outliers, ensuring smoother transitions 

between adjacent layers and enhancing the physical interpretability of the vertical 

structure.” 

17) Fig. 5, Thermodynamics processes generally also include the thermal 

decomposition of particulate nitrate. In addition, there may be some problem in the 

color of the correlation coefficient for TKE and w, because very low values also show 
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red or light red color. 

Authors’ response: 

Thank you for your insightful comments. We have added the thermal 

decomposition of ammonium nitrate ( NH4NO3(s) ↔ NH3(g) + HNO3(g) ) to Fig.  5 in 

order to illustrate that, under high-temperature conditions, the equilibrium shifts toward 

the gas phase and thus reduces particulate nitrate concentrations in summer (Figure R4). 

Positive correlation coefficients are still shown in red and negative ones in blue, with 

color intensity reflecting their magnitude. We have refined the color scale in Fig.  5 to 

make small and large coefficients more easily distinguishable, and areas that did not 

meet the significance threshold (P > 0.01) are left blank (Figure R5). To keep the main 

manuscript clear and concise, the correlation-coefficient panel has been moved to the 

Supplementary Materials. 

 

Figure R4. Vertical distribution of nitrate formation drivers across seasons. 
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Figure R5. Heatmap of correlations between nitrate and each driven factor across 

four seasons and four height layers, with blank cells for non-significant 

correlations. 

18) Fig. 6, show the p values for the linear correlations in Fig. 6 a-h. Same suggestion 

for Fig. 8 and Fig. 9. 

Authors’ response: 

Thanks for your suggestion. We have now marked the panels with p < 0.01 by 

adding double asterisks (**) after the correlation coefficients in panels a–h. The same 

modification has been applied to Figs. 6, 8, and 9, as shown in the revised Figure R6–

R8. 
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Figure R6. (a-d): Correlation between nitrate mass concentration and RH at 

various altitude levels (** indicates p < 0.01); (e-h): Correlation between nitrate 

mass concentration and T at various altitude levels; (i): Lidar range-squared 

corrected signal and planetary boundary layer height derived using the gradient 

method; (j): Nitrate mass concentration profile. 
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Figure R7. (a-d): Correlation between nitrate mass concentration and AOC at 

various altitude levels(** indicates p < 0.01); (e-h): Correlation between nitrate 

mass concentration and O3 at various altitude levels; (i): Lidar range-squared 

corrected signal and planetary boundary layer height derived using the gradient 

method; (j): Nitrate mass concentration profile. 
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Figure R8 Same as Figure R7 but for 22nd -30th January. 

 

 


