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Abstract. With the rapid development of satellite observations of atmospheric composition and aerosols, long-term, 

independent, and standardized ground-based column measurements have become increasingly important for satellite product 

validation, retrieval error diagnosis, and multi-source data fusion. However, long-term ground-based column datasets covering 15 

multiple atmospheric constituents and processed using a unified framework remain limited in China. This study presents a 

ground-based dataset of multi-component vertical column densities (VCDs) and aerosol optical depth (AOD) from the Chinese 

Hyperspectral Vertical Remote Sensing Network for 2020–2025. The dataset includes VCDs of O3, NO2, HCHO, HONO, and 

SO2, together with AOD. It is based on observations from 53 MAX-DOAS sites across China, covering approximately 22.5–

44.1° N and 80.1–122.7° E. The sites represent urban agglomerations, suburban transition zones, industrial areas, coastal and 20 

island environments, inland basins, arid and semi-arid regions, and the Tibetan Plateau. All observations were processed using 

a unified retrieval and quality-control framework to ensure consistency among sites and species. AOD has the broadest 

coverage, with 53 valid sites and 1073 valid site-months. NO2 and HCHO each cover 52 sites and more than 1000 valid site-

months. SO2 and HONO cover 45 and 44 sites, respectively. O3 covers 29 sites and 588 valid site-months. For valid months, 

the median monthly completeness is 83.9% for O3, NO2, HCHO, and SO2, and 86.7% for HONO and AOD. Comparisons with 25 

independent observations show correlation coefficients of 0.899, 0.734, and 0.551 for MAX-DOAS NO2, HCHO, and O3 

VCDs against satellite products, respectively. The correlation between AOD and AERONET is 0.879. Correlations of NO2, 

SO2, and O3 VCDs with CNEMC surface observations are 0.720, 0.624, and 0.678, respectively. This dataset provides a long-

term, independent, and standardized ground-based reference for validating satellite VCD and AOD products, diagnosing 

retrieval biases, supporting satellite–AI integration and bias correction, and evaluating chemical transport models. The dataset 30 

is freely available at Zenodo ( https://doi.org/10.5281/zenodo.22691855, Xing et al., 2026). 
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1 Introduction 

China has experienced rapid urbanization and continued industrial restructuring. Air pollution control has also become more 

stringent. Accordingly, air-quality management has gradually shifted from single-pollutant reduction toward coordinated 35 

control of multiple pollutants and more refined management (He et al., 2024; Shao et al., 2025; Zhang et al., 2026a). O3, 

aerosols, NO2, HCHO, HONO, and SO2 are key atmospheric components that affect air quality, human health, and atmospheric 

oxidation capacity. Surface O3 is a strong oxidant. It can damage the respiratory system, reduce crop yields, and affect regional 

climate. It is mainly produced through sunlight-driven photochemical reactions involving NOx and VOCs and is removed 

through dry deposition and chemical reactions (Li et al., 2025a, 2024; Ma et al., 2025). Aerosols reduce visibility and affect 40 

cardiopulmonary health. They also influence climate and photochemistry by scattering and absorbing solar radiation. Their 

sources include primary particle emissions and secondary formation from precursors such as SO2, NOx, and VOCs. Removal 

occurs mainly through wet deposition, dry deposition, and atmospheric transport (Jiao et al., 2025; Song et al., 2023; Zhu et 

al., 2025). NO2 is a respiratory irritant and an important precursor of O3 and nitrate aerosol. Its major sources include traffic, 

industrial combustion, and power generation. It is removed through photolysis, oxidation, and deposition (Lin et al., 2023; 45 

Xing et al., 2026; Zou et al., 2025). HCHO is harmful to human health and is an important intermediate in VOC oxidation. It 

is emitted directly and is also produced from the oxidation of anthropogenic and biogenic VOCs. It is further removed by 

photolysis and oxidation (Mo et al., 2023; Wu et al., 2023; Yuping Chen et al., 2023). HONO usually occurs at low 

concentrations, but its photolysis can rapidly produce OH radicals in the early morning. It therefore affects atmospheric 

oxidation capacity and secondary pollution formation. HONO originates from direct emissions and heterogeneous conversion 50 

of NOx on ground and aerosol surfaces. Photolysis is its major daytime sink (Li et al., 2025b; Xing et al., 2023, 2024). SO2 

can irritate the respiratory system and contribute to acid deposition. It can also be oxidized to form sulfate aerosol. Major 

sources include coal combustion, industrial processes, and ship emissions. Its main removal pathways are oxidation, wet 

deposition, and dry deposition (Li et al., 2026; Peng et al., 2026; Xing et al., 2025). The emissions, transformation, and removal 

of these components are closely coupled. Together, they shape regional air pollution and its evolution. 55 

Satellite instruments such as OMI, TROPOMI, GEMS, and MODIS provide VCD products for several trace gases and 

AOD products. These observations are widely used for emission detection, pollution transport analysis, and air-quality 

assessment (Ji et al., 2026; Whitburn et al., 2026; Zhang et al., 2026b). China has strong emissions, diverse pollution types, 

and pronounced contrasts in topography and climate. Satellite observations therefore provide important and systematic 

spatial information for regional atmospheric studies and environmental management. 60 

However, satellite retrievals are affected by cloud screening, surface albedo, aerosols, air mass factors, a priori profiles, 

pixel representativeness, and overpass time (Bae et al., 2025; Li et al., 2023b; Ryan et al., 2020). These uncertainties can 

be larger in complex environments such as coastal regions, basins, mountains, and plateaus. Regional biases may 

therefore occur. Long-term, independent, and standardized ground-based observations are needed to validate and 

constrain satellite products. Several ground-based remote-sensing networks are available internationally, including PGN, 65 
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NDACC/FRM4DOAS, and the Asian MAX-DOAS network. However, their publicly available coverage in China 

remains limited, with sites mainly in Beijing and Hefei (De Mazière et al., 2018; Kanaya et al., 2014; Zhang et al., 2025). 

These sites cannot fully represent the diverse urban agglomerations, coastal regions, basins, arid and semi-arid areas, 

and plateau environments across China. The national air-quality monitoring network operated by the China National 

Environmental Monitoring Center (CNEMC) provides extensive near-surface in situ measurements. These observations 70 

represent surface pollution well, but they differ from satellite VCD and AOD products in sampling volume, vertical 

representativeness, and measured quantity (Kong et al., 2021). Ground-based hyperspectral VCD and AOD observations 

are more directly comparable with satellite products because both represent atmospheric column-integrated quantities 

(Peng et al., 2024). A long-term, multi-component, and quality-controlled ground-based VCD and AOD network across 

representative regions of China is therefore valuable. It can support satellite validation, diagnose retrieval errors, improve 75 

retrieval algorithms, and broaden the use of satellite products. 

Ground-based VCD and AOD datasets can also support the integration of satellite remote sensing and artificial intelligence. 

Machine-learning and deep-learning methods have been widely used for filling satellite data gaps, correcting satellite biases, 

estimating surface pollution, and predicting air quality (Li et al., 2023a; Wei et al., 2021, 2023). The performance of these 

models depends strongly on high-quality, long-term, and independent training and validation data. Ground-based VCD 80 

and AOD observations are closer to satellite observations in both physical quantity and sampling scale than conventional 

surface measurements. They can therefore provide more direct constraints for satellite–AI retrieval, data fusion, and 

prediction. They are also suitable for supervised learning, bias correction, and evaluation of model generalization. 

In this study, we develop and release a ground-based dataset of O3, NO2, HCHO, HONO, and SO2 VCDs and AOD from the 

Chinese Hyperspectral Vertical Remote Sensing Network for 2020–2025. The dataset includes 53 sites across China. These 85 

sites cover major urban agglomerations, coastal regions, inland basins, arid and semi-arid regions, and the Tibetan Plateau. A 

unified processing and quality-control framework is applied to all sites. The main objectives are to (1) provide long-term and 

spatially extensive multi-component column observations for characterizing atmospheric variability across representative 

regions of China; (2) provide an independent ground-based reference with physically comparable quantities for validating 

multi-source satellite VCD and AOD products and diagnosing retrieval errors; (3) provide standardized training and validation 90 

data for satellite–AI retrieval, bias correction, data fusion, and air-quality prediction; and (4) provide observational constraints 

for studies of regional atmospheric oxidation, pollution evolution, and related climate effects. 

2 Experimental setup 

2.1 Description of the monitoring sites 

The Chinese Hyperspectral Vertical Remote Sensing Network covers approximately 22.5–44.1° N and 80.1–122.7° E. It 95 

extends across North, East, South, Southwest, Northwest, Northeast, and Central China. The sites include densely populated 
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urban agglomerations, suburban transition zones, industrial areas, coastal and island environments, inland basins, mountain–

plain transition zones, arid and semi-arid regions, and high-altitude areas of the Tibetan Plateau. This broad coverage captures 

atmospheric column characteristics under diverse geographic, climatic, and emission conditions. Geographic coordinates and 

altitudes of all sites are listed in Table 1. 100 

Sites in North China are mainly distributed across Beijing, Hebei, Shanxi, and Inner Mongolia. They include CAMS, CAMS2, 

NC, UCAS, IAP, WD, XH, SJZ_LC, DZ, IMNU, and SXU. CAMS and CAMS2 were co-located but operated as independent 

instruments/data records. Sites in and around Beijing represent the core of the Beijing–Tianjin–Hebei urban agglomeration 

and include megacity and suburban environments. SJZ_LC, SXU, and IMNU extend the network to the Taihang Mountains 

and the Inner Mongolia Plateau. These sites provide observations across contrasting mountainous and plain environments. East 105 

China has the densest site coverage. Sites include SH_XH, SH_BS, SAES, NUIST, AHU, HFU, HF_HD, AMB, SI, FX, CF, 

HNU, QD_SU, TS, TA, NB, LA, DY, HZ, 3CLEAR, ZJ_JH, and HNI. They cover the Yangtze River Delta, the East China 

coast, the Shandong hills, inland mountains, and offshore islands. This region is highly urbanized and has strong industrial and 

traffic emissions. Land–sea interactions are also important. South China sites are mainly located in the Pearl River Delta and 

along the Fujian coast. They include SUST, GIG, GZ_LK, GZ_PZ, GZ_TM, GZ_LW, GZ_PY, and XM. These sites represent 110 

subtropical environments with high temperature, high humidity, strong solar radiation, and pronounced monsoon influence. 

Southwest China includes CQ, CD, YN, LS, and AL. These sites represent the Sichuan Basin, the southeastern margin of the 

Tibetan Plateau, and high-altitude plateau environments. LS and AL provide particularly valuable observations for assessing 

satellite performance under high-albedo, high-altitude, and low-pollution conditions. Northwest China includes LZ, XA, 

XJ_HJZ, and XJ_GQB. They cover Lanzhou, Xi'an, the northern slope of the Tianshan Mountains, and the southern margin 115 

of the Junggar Basin. These sites represent arid and semi-arid conditions and are influenced by dust transport. JHI represents 

Northeast China and is located near Liaodong Bay and the Bohai coast. It is influenced by industry, port activities, and land–

sea interactions. Central China is represented by LY and HN. These sites are located in the central plains and the transition 

zone between Central and North China and provide observations of pollution accumulation and regional transport. 

Table 1. Geographic information of the stations in the Chinese Hyperspectral Ground Based Vertical Remote Sensing Network. 120 

No. Region Site Longitude Latitude Altitude 

1 

North China 

Chinese Academy of Meteorological Sciences (CAMS) 116.3206 39.9472 100 

2 Chinese Academy of Meteorological Sciences (CAMS2) 116.3206 39.9472 100 

3 Nancheng (NC) 116.127 39.781 60 

4 University of Chinese Academy of Sciences (UCAS) 116.675 40.408 120 

5 The Institute of Atmospheric Physics (IAP) 116.3761 39.975 40 

6 Wangdu (WD) 115.15 38.17 35 

7 Xianghe (XH) 116.976 39.761 10 

8 Shijiazhuang_Luancheng (SJZ_LC) 114.6097 37.9072 70 

9 Dezhou (DZ) 116.3717 37.4322 23 

10 Shanxi University (SXU) 112.5805 37.6319 780 

11  Inner Mongolia Normal University (IMNU) 111.6869 40.801 138 

12 East China Shanghai_Xuhui (SH_XH) 121.4333 31.1705 3 
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13 Shanghai_Baoshan (SH_BS) 121.445 31.39 10 

14 Shanghai Academy of Environmental Sciences (SAES) 121.2532 31.1018 3 

15 Nanjing University of Information Science and Technology (NUIST) 118.7167 32.2075 73 

16 Anhui University (AHU) 117.1808 31.775 30 

17 Hefei University (HFU) 117.2142 31.7497 30 

18 Hefei_Hengda (HF_HD) 117.295 31.8758 30 

19 Anhui Meteorological Bureau (AMB) 117.2469 31.8632 40 

20 Science Island (SI) 117.1708 31.9056 24 

21 Feixi (FX) 117.08 31.69 40 

22 Changfeng (CF) 117.182 32.21 30 

23 Huaibei Normal University (HNU) 116.806 33.983 35 

24 Qingdao_Shandong University (QD_SU) 120.67 36.348 10 

25 Taishan (TS) 117.1056 36.255 1500 

26 Tai'an (TA) 117.0608 36.2028 170 

27 Dongying (DY) 118.98 37.76 3 

28 Ningbo (NB) 121.895 29.7513 10 

29 Lin'an (LA) 119.7516 30.2972 140 

30 Hangzhou (HZ) 120.169 30.225 24 

31 Zhejiang_Jinhua (ZJ_JH) 119.51 28.58 849 

32 Huaniao Island (HNI) 122.6728 30.8611 60 

33 Zhongke Sanqing Technology Co., Ltd. (3CLEAR) 120.251 31.995 23 

34 

South China 

Southern University of Science and Technology (SUST) 113.9964 22.6094 40 

35 Guangzhou Institute of Geochemistry (GIG) 113.3586 23.15 30 

36 Guangzhou_Liangkou (GZ_LK) 113.58 23.54 205 

37 Guangzhou Puzhou (GZ_PZ) 113.6 22.75 15 

38 Guangzhou_Timian (GZ_TM) 113.29 23.55 164 

39 Guangzhou_Liwan (GZ_LW) 113.259 23.132 15 

40 Guangzhou_Panyu (GZ_PY) 113.392 23.047 33 

41 Xiamen_Institute of Urban Environment (XM) 118.0583 24.6111 0 

42 

Southwest 

China 

Chongqing (CQ) 106.5061 29.6036 332 

43 Chengdu (CD) 104.04 30.66 505 

44 Yunnan (YN) 99.7256 28.0078 3700 

45 Lhasa (LS) 91.18 29.65 3663 

46 Ali (AL) 80.12 32.5 4287 

47 

Northwest 

China 

Lanzhou University (LZ) 103.8536 36.0419 1600 

48 Xi'an (XA) 108.9889 34.2542 425 

49 Xinjiang_Huanjingzhan (XJ_HJZ) 87.5605 43.9307 604 

50 Xinjiang_Ganquanbao (XJ_GQB) 87.4318 44.1028 484 

51 
Northeast 

China Juehua Island (JHI) 
120.7764 40.475 18 

52 Central 

China 

Luoyang (LY) 112.4597 34.673 100 

53 Henan (HN) 111.669 33.64 1239 
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2.2 MAX-DOAS measurements 

The MAX-DOAS instruments at the 53 sites operated during different periods from 2020 to 2025. Each instrument consisted 

of two AvaSpec-ULS2048L-USB2 spectrometers, a telescope, and two stepper motors. The spectrometers covered 296–408 

nm in the ultraviolet and 420–565 nm in the visible range. The telescope had an angular precision better than 0.1° and a field 125 

of view below 0.3°. The stepper motors controlled the elevation and azimuth angles. The elevation sequence was 1°, 2°, 3°, 

4°, 5°, 6°, 8°, 10°, 15°, 30°, and 90°. One full scan required approximately 12 min, depending slightly on scattered sunlight 

intensity. Dark current and electronic offsets were recorded at night and corrected during spectral analysis. Measurements with 

solar zenith angles (SZAs) greater than 75° were excluded to reduce stratospheric interference. 

Differential slant column densities (dSCDs) of O₄, NO2, HCHO, HONO, O3, and SO2 were retrieved using QDOAS developed 130 

by BIRA-IASB. The retrieval settings are listed in Table S1. Spectra measured at 90° elevation were used as reference spectra. 

Differential absorption between each low-elevation spectrum and the reference spectrum was used to derive dSCDs. 

Representative DOAS fits for the six components are shown in Figure S1. Strict quality control was applied. Retrievals with 

root-mean-square fitting residuals greater than 5 × 10⁻⁴ were excluded. Cloud contamination was identified using the color 

index (CI). A fifth-order polynomial was fitted to the CI, and measurements with CI values more than 10% below the fitted 135 

value were removed. 

The retrieved dSCDs were converted to VCDs using air mass factors (AMFs). The AMF depends on atmospheric radiative 

transfer and is affected by trace-gas concentrations, pressure, temperature, aerosol and cloud vertical distributions, and surface 

albedo. Aerosol vertical profiles and AOD at 361 nm were first retrieved from O₄ dSCDs using the optimal estimation method 

(OEM), with VLIDORT as the forward radiative-transfer model. These aerosol products were then used as a priori inputs for 140 

the AMF calculation. SCIATRAN was used to simulate the AMFs. The resulting AMFs were finally used to convert the trace-

gas dSCDs to VCDs. 

2.3 Ancillary Data 

To evaluate the accuracy of the MAX-DOAS dataset, we compared it with several widely used independent datasets. These 

include TROPOMI satellite products, CNEMC surface observations, and AERONET ground-based remote-sensing products. 145 

Official TROPOMI products were used. The nearest satellite pixel with latitude and longitude differences below 0.025° from 

each ground site was selected. Pixels with cloud_fraction ≥ 0.3 or qa_value ≤ 0.75 were excluded. For CNEMC, the nearest 

station within 5 km of each hyperspectral site was selected. AERONET has fewer collocated sites and observations. The spatial 

matching threshold was therefore extended to 10 km. The selected CNEMC and AERONET sites are listed in Tables S2 and 

S3. 150 
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3 Ground-based column observations of atmospheric composition and aerosols 

The dataset contains ground-based VCDs of O3, NO2, HONO, HCHO, and SO2, together with AOD, for 2020–2025. Figure 1 

summarizes monthly data completeness at each site. The color indicates the percentage of valid observations relative to the 

theoretically available observations in each month. A completeness of 100% indicates nearly continuous valid observations 155 

during the available daytime measurement period. The observation periods differ among sites because the sites were 

established at different times and because retrieval availability varies among species. 

AOD has the broadest coverage, with 53 valid sites and 1073 valid site-months. A site-month was defined as valid when 

monthly data completeness exceeded 10%. NO2 and HCHO each have 52 valid sites and more than 1000 valid site-months. 

SO2 and HONO are available at 45 and 44 sites, respectively. O3 has the smallest spatial coverage, with 29 valid sites and 588 160 

valid site-months. For valid months, mean monthly completeness is 72.7% for O3 and 75.1% for HONO, and 73%–74% for 

the other components. Median monthly completeness is 83.9% for O3, NO2, HCHO, and SO2, and 86.7% for HONO and AOD. 

Most valid months therefore contain a high fraction of usable observations. 
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 165 

Figure 1: Monthly data integrity of O3, aerosol, NO2, HCHO, HONO, and SO2 observations at each site during 2020–2025. 

Figure 2 summarizes the relative retrieval errors of each component across the network. Clear differences are found among 

components. O3 and aerosol retrievals are relatively stable. Mean relative errors of O3 at individual sites are mainly 2%–9%, 

with a network mean of approximately 4.6%. Aerosol retrievals also show relatively low errors. The mean relative error is 

approximately 6.8%, and most sites are below 10%. This indicates good stability of the O₄-based aerosol retrieval. NO2 and 170 

HCHO show moderate relative errors. The mean relative error of NO2 is approximately 10.7%, although values exceed 20% 

at some high-altitude or short-term sites. The mean relative error of HCHO is approximately 11.6%, with most sites between 

7% and 15%. These uncertainties are suitable for long-term statistical analysis. HONO and SO2 have larger relative errors. 

Their network means are approximately 25.1% and 26.1%, respectively. HONO concentrations are generally low and its 

spectral absorption is weak. The retrieval is therefore more sensitive to noise, spectral fitting, and observing conditions. SO2 175 

is strongly affected by local and intermittent emissions. Its signal-to-noise ratio can be low under clean conditions or far from 

emission sources, which increases the relative retrieval error. 

 

Figure 2. Distribution of relative retrieval errors for VCDs (O3, NO2, HCHO, HONO, SO2) and AOD at each site. The box 

plots show the median, interquartile range, and spread among sites. 180 
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3.1 AOD 

Figure 3 shows the mean diurnal variations in AOD across different stations from 2020 to 2025. The seasonal diurnal variations 

are shown in Fig. S2. Overall, AOD increases during the morning and decreases in the afternoon. The network mean rises 

from 0.78 at 08:00 local time to approximately 1.09 at 12:00–13:00. It then decreases to 0.75 at 17:00. The midday value is 185 

nearly 40% higher than the morning value. 

AOD levels and diurnal amplitudes differ substantially among regions. Several sites in Northwest China and on the Tibetan 

Plateau show high AOD. Mean AOD values at XJ_GQB and XJ_HJZ are 2.53 and 1.67, with peaks of 4.12 and 2.52, 

respectively. Both sites are located near the northern slope of the Tianshan Mountains and the southern margin of the Junggar 

Basin. Arid and semi-arid conditions, exposed surfaces, dust activity, and mountain-front circulation may contribute to the 190 

high aerosol loading (Xia et al., 2008). The mean AOD at LS is 2.05 and reaches 3.35 at 14:00. Its observation period is 

relatively short and is concentrated mainly in summer. The high values may therefore reflect local summer dust, strong 

convective boundary-layer development, or short-term transport over the plateau. In contrast, the mean AOD at AL is only 

0.08, indicating low aerosol loading at this high-altitude background site (Pokharel et al., 2019). Large differences are also 

found among North China sites. DZ has a mean AOD of 1.47. It reaches 2.38 at 10:00 and decreases to 0.63 at 17:00. This 195 

large diurnal range may reflect the combined effects of aerosol formation and removal, hygroscopic growth, horizontal 

transport, and boundary-layer evolution. Mean AOD values at CAMS and WD are 0.59 and 0.62, with peaks of 0.67 and 0.68 

around 13:00. IMNU has a lower mean AOD of 0.31. AOD in South China is generally moderate. Most sites show an increase 

from morning to midday followed by an afternoon decrease. Mean AOD values at GIG, GZ_LW, GZ_PZ, and GZ_TM are 

0.81, 0.87, 0.76, and 0.74, respectively. GIG reaches 1.04 at 11:00, GZ_LW reaches 1.02 at 13:00, and GZ_PZ reaches 0.94 200 

at 10:00. The Pearl River Delta is characterized by high temperature and humidity, strong solar radiation, and active urban, 

industrial, traffic, and biogenic emissions. These conditions favor secondary aerosol formation and hygroscopic growth. High 

humidity can further enhance aerosol extinction (Kong et al., 2020). Several sites in East China also show high AOD and 

pronounced diurnal variation. Mean AOD values at HZ, AHU, NUIST, and HF_HD are 1.16, 1.06, 1.02, and 1.05, with peaks 

of 1.49, 1.33, 1.35, and 1.62, respectively. These sites are located in and around the Yangtze River Delta, where population 205 

density and industrial and traffic emissions are high. Abundant aerosol precursors and enhanced daytime photochemistry can 

increase AOD (Yu et al., 2019). Among coastal and island sites, HNI has a mean AOD of 0.50. This value is lower than those 

at most inland urban sites, likely because local anthropogenic emissions are weaker over the island environment (Wang et al., 

2016). 

 210 
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Figure 3: Mean diurnal variations of AOD at each site during 2020–2025. 

3.2 O3 VCD 

O3 is a typical secondary pollutant formed through nonlinear photochemical reactions of NOx and VOCs under solar radiation. 

It is also an important indicator of atmospheric oxidation capacity and photochemical pollution. Figure 4 shows the mean 215 

diurnal variation of O3 VCD at each site during 2020–2025. The seasonal diurnal variations are shown in Fig. S3. Overall, O3 

VCD shows clear daytime accumulation. The network mean is 0.64 × 1018 molecules cm-2 at 08:00 and decreases to 0.59 × 

1018 molecules cm-2 at 10:00. It then increases steadily and reaches 1.50 × 1018 molecules cm-2 at 17:00. The afternoon 

maximum is more than 150% higher than the late-morning minimum. 

Sites in the Pearl River Delta show a consistent afternoon enhancement of O3. Mean O3 VCDs at GIG, GZ_TM, GZ_PZ, and 220 

GZ_PY are 0.72, 0.77, 0.64, and 0.62 × 1018 molecules cm-2, respectively. At GIG, O3 VCD increases from 0.56 × 1018 

molecules cm-2 at 08:00 to 0.88 × 1018 molecules cm-2 at 16:00. GZ_TM reaches 1.57 × 1018 molecules cm-2 at 16:00. The 

Pearl River Delta is a subtropical urban agglomeration with high temperature and humidity, strong solar radiation, and active 

VOC emissions. These conditions favor photochemical reactions. The afternoon increase in O3 VCD therefore mainly reflects 

regional photochemical production and accumulation of O3 (Jiang et al., 2010). Several sites in East and Central China also 225 
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show strong afternoon increases in O3 VCD. Mean O3 VCDs at SI and TS are 1.61 × 1018 and 1.56 × 1018 molecules cm-2, 

respectively. Their 17:00 peaks reach 4.78 × 1018 and 4.27 × 1018 molecules cm-2. SI is influenced by the Yangtze River Delta 

urban agglomeration and is affected by regional photochemical production and transport (Li et al., 2012). TS is located at high 

altitude on Mount Tai. Local emissions are relatively weak, but the site is more sensitive to regional transport, mountain 

circulation, and residual-layer O3. The valid observation period at TS is relatively limited. Its high values may therefore partly 230 

reflect specific seasons or high-O3 episodes. The mean O3 VCD at HN is 1.11 × 1018 molecules cm-2 and reaches 2.95 × 1018 

molecules cm-2 at 17:00. This may reflect strong regional photochemical production and transport in the transition zone 

between Central and North China (Su et al., 2023). The diurnal variation of O3 VCD is more complex in North China. CAMS 

has a mean O3 VCD of 0.91 × 1018 molecules cm-2. It reaches 1.33 × 1018 molecules cm-2 at 09:00 and then decreases around 

noon. WD has a mean value of 0.76 × 1018 molecules cm-2 and reaches 0.98 × 1018 molecules cm-2 at 16:00. Morning O3 at 235 

urban and suburban North China sites can be suppressed by NO titration (Li et al., 2021). As solar radiation increases, NO2 

photolysis and VOC oxidation accelerate, and O3 is produced and accumulated. Boundary-layer growth can also mix O3-rich 

residual-layer air downward and further increase the column amount (Zhu et al., 2020). 

 

 240 

Figure 4: Mean diurnal variations of O3 VCD at each site during 2020–2025. 

3.3 NO2 VCD 

NO2 is an important indicator of NOx emissions. Figure 5 shows the mean diurnal variation of NO2 VCD at each site during 

2020–2025. The seasonal diurnal variations are shown in Fig. S4. Overall, NO2 VCD shows a diurnal pattern opposite to that 

of O3 VCD. The network mean is 1.25 × 1016 molecules cm-2 at 08:00 and increases slightly to 1.30 × 1016 molecules cm-2 at 245 

09:00. It then decreases to 1.05 × 1016 molecules cm-2 at 13:00 and increases again in the afternoon. 
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Large spatial differences are observed in NO2 VCD. CQ, XA, SXU, CD, and SH_XH have relatively high mean values of 2.25, 

2.16, 2.06, 1.87, and 1.75 × 1016 molecules cm-2, respectively. CQ and CD are located in the Sichuan Basin. Basin topography 

and local meteorological conditions restrict pollutant dispersion. Strong emissions and urban activities can therefore lead to 250 

high NO2 levels (Ning et al., 2018). XA and SXU are located in the Guanzhong Basin and near Taiyuan, respectively. Both 

are strongly affected by traffic, industrial combustion, and energy-related emissions, which maintain high NO2 VCDs (Zhang 

et al., 2023). XJ_HJZ also shows a relatively high mean NO2 VCD. However, its observation period is short. The result may 

therefore be more strongly influenced by local emissions and dispersion conditions during the sampled period. Sites in the 

Pearl River Delta show a typical high-morning, low-midday, and high-evening pattern in NO2 VCD. Mean values at GIG, 255 

GZ_PZ, and GZ_TM are 1.57, 1.27, and 0.76 × 1016 molecules cm-2, respectively. At GIG, NO2 VCD is 1.70 × 1016 molecules 

cm-2 at 08:00, decreases to 1.16 × 1016 molecules cm-2 at 13:00, and rises to 1.95 × 1016 molecules cm-2 at 17:00. At GZ_PZ, 

it decreases from 1.60 × 1016 molecules cm-2 at 08:00 to 1.04 × 1016 molecules cm-2 at 14:00. Traffic, industrial, and residential 

emissions are dense in the Pearl River Delta. High morning NO2 can reflect nighttime accumulation and rush-hour emissions. 

The midday decrease is associated with stronger photolysis, O3 production, and boundary-layer dilution. In the evening, weaker 260 

photolysis and continued rush-hour emissions lead to a renewed increase in NO2 (Li et al., 2023b). NO2 VCD in North China 

also shows a strong anthropogenic influence. CAMS has a mean NO2 VCD of 1.58 × 1016 molecules cm-2. It reaches 1.90 × 

1016 molecules cm-2 at 08:00 and decreases to 1.19 × 1016 molecules cm-2 at 17:00. WD has a mean value of 1.25 × 1016 

molecules cm-2. It reaches 1.49 × 1016 molecules cm-2 at 09:00 and decreases to 0.69 × 1016 molecules cm-2 at 17:00. Under 

the high-emission conditions of the North China Plain, stable nighttime stratification and morning traffic emissions favor NO2 265 

accumulation. During the day, boundary-layer growth and stronger NO2 photolysis reduce NO2 VCD (Ma et al., 2013). The 

lowest NO2 VCDs occur at AL, YN, and TS, with mean values of 0.14, 0.19, and 0.35 × 1016 molecules cm-2, respectively. AL 

and YN represent high-altitude background environments on the Tibetan Plateau and in northwestern Yunnan. Local 

anthropogenic NOx emissions are weak, and NO2 VCDs are therefore much lower than those at urban sites (Ma et al., 2020). 

TS is located in Shandong but at high altitude. The mountain environment reduces the influence of local near-surface emissions, 270 

and its NO2 VCD is closer to the regional background. 
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Figure 5: Mean diurnal variations of NO2 VCD at each site during 2020–2025.  

3.4 HONO VCD 275 

HONO is an important early-morning source of OH radicals and contributes to the onset of daytime atmospheric oxidation 

and O3 photochemistry. Figure 6 shows the mean diurnal variation of HONO VCD at each site during 2020–2025. The seasonal 

diurnal variations are shown in Fig. S5. Overall, HONO VCD is highest in the morning and decreases during the day. The 

network mean reaches 0.67 × 1015 molecules cm-2 at 07:00 and is 0.44 × 1015 molecules cm-2 at 08:00. It then decreases to 0.30 

× 1015 molecules cm-2 at 13:00. The midday value is more than 50% lower than the morning maximum. 280 

High HONO VCDs are found at XA, HN, ZJ_JH, CQ, and CD, with mean values of 0.64, 0.56, 0.54, 0.52, and 0.50 × 1015 

molecules cm-2, respectively. XA reaches 0.99 × 1015 molecules cm-2 at 06:00 and decreases to 0.46 × 1015 molecules cm-2 at 

14:00. This pattern shows strong morning accumulation followed by daytime photolysis. XA, CQ, and CD are located in the 

Guanzhong and Sichuan basins. Their relatively enclosed topography favors nighttime accumulation of NOx and HONO under 

stable stratification. Urban traffic and combustion emissions also provide precursors for heterogeneous HONO formation (Li 285 

et al., 2022). XJ_HJZ has a relatively high mean HONO VCD as well. Its observations are concentrated in a short winter 
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period, so the values may mainly reflect low-temperature stable conditions and short-term local accumulation. The morning 

HONO enhancement is also consistent across Pearl River Delta sites. Mean HONO VCDs at GIG, GZ_PZ, and GZ_TM are 

0.36, 0.43, and 0.29 × 1015 molecules cm-2, respectively. At GIG, HONO VCD decreases from 0.47 × 1015 molecules cm-2 at 

08:00 to 0.29 × 1015 molecules cm-2 at 14:00. At GZ_PZ, it decreases from 0.52 × 1015 molecules cm-2 at 08:00 to 0.36 × 1015 290 

molecules cm-2 at 17:00. The Pearl River Delta has high humidity, strong NOx emissions, and complex urban surfaces. These 

conditions favor heterogeneous HONO formation on the ground, building surfaces, and aerosols at night. After sunrise, HONO 

is rapidly photolyzed to produce OH radicals. This process can provide an important radical source for initiating morning 

photochemistry in the region (Yu et al., 2022). Mean HONO VCDs at CAMS and WD in North China are 0.34 and 0.33 × 1015 

molecules cm-2, respectively. CAMS reaches 0.49 × 1015 molecules cm-2 at 08:00 and decreases to 0.25 × 1015 molecules cm-295 

2 at 14:00. At WD, HONO VCD decreases from 0.47 × 1015 molecules cm-2 at 08:00 to 0.23 × 1015 molecules cm-2 at 17:00. 

These patterns indicate nighttime and early-morning accumulation of HONO over the North China Plain, where NOx 

emissions are strong and the nocturnal boundary layer is stable. Rapid photolysis and boundary-layer development then reduce 

the column during the day (Wang et al., 2019b). HONO VCDs are much lower at plateau and background sites. Mean HONO 

VCD is only 0.11 × 1015 molecules cm-2 at AL and 0.26 × 1015 molecules cm-2 at LS. These low values mainly reflect weak 300 

NOx emissions and limited heterogeneous production at high altitude (Xing et al., 2021). Overall, HONO VCD is characterized 

by a morning maximum followed by a daytime decrease. HONO photolysis may therefore be an important process that initiates 

morning atmospheric oxidation in Chinese urban regions. 
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Figure 6: Mean diurnal variations of HONO VCD at each site during 2020–2025. 305 

3.5 HCHO VCD 

HCHO is an important oxygenated volatile organic compound in the atmosphere. It can be directly emitted from vehicle 

exhaust, industrial sources, biomass burning, and solvent use. It is also produced by oxidation of anthropogenic and biogenic 

VOCs (Li et al., 2024). Figure 7 shows the mean diurnal variation of HCHO VCD at each site during 2020–2025. The seasonal 

diurnal variations are shown in Fig. S6. The network mean is 0.95 × 1016 molecules cm-2 at 10:00 and increases gradually to 310 

1.33 × 1016 molecules cm-2 at 17:00. This corresponds to an increase of approximately 40%. 

High HCHO VCDs are found at TA, XA, GIG, HZ, AMB, and HN, with mean values of 1.83, 1.78, 1.48, 1.45, 1.33, and 1.32 

× 1016 molecules cm-2, respectively. GIG and HZ are located in the Pearl River Delta and Yangtze River Delta, where 

anthropogenic VOC emissions are strong and photochemical activity is high. HCHO VCD therefore remains relatively high 

at these sites. TA and XA show high HCHO peaks, but their observation periods are shorter. The extremes may therefore be 315 

influenced by specific seasons or pollution episodes. The daytime increase in HCHO VCD is most pronounced in the Pearl 

River Delta. GIG has a mean HCHO VCD of 1.48 × 1016 molecules cm-2. It increases from 1.02 × 1016 molecules cm-2 at 08:00 

to 1.95 × 1016 molecules cm-2 at 17:00, an increase of approximately 90%. GZ_TM has a mean value of 1.08 × 1016 molecules 

cm-2. It increases from 0.80 × 1016 molecules cm-2 at 09:00 to 1.57 × 1016 molecules cm-2 at 17:00. GZ_PZ has a mean value 

of 1.18 × 1016 molecules cm-2 and reaches 1.38 × 1016 molecules cm-2 at 15:00. The region has high temperature and humidity, 320 

strong solar radiation, and active VOC emissions. Oxidation of both anthropogenic and biogenic VOCs can therefore enhance 

HCHO production (He et al., 2019). HCHO VCD also increases strongly during the day at many East China sites. HZ has a 

mean HCHO VCD of 1.45 × 1016 molecules cm-2 and reaches 2.44 × 1016 molecules cm-2 at 17:00. AHU, HFU, NUIST, LA, 

SH_XH, and SH_BS also generally show lower values in the morning and higher values in the afternoon. Similar to the Pearl 

River Delta, the Yangtze River Delta has strong industrial, traffic, solvent-use, and residential emissions. Vegetation and 325 

regional transport also contribute. Oxidation of anthropogenic and biogenic VOCs may therefore be an important driver of the 

daytime HCHO increase (Su et al., 2019). Coastal sites can also be affected by land–sea breeze circulation, which modulates 

the timing of HCHO transport and accumulation. Diurnal patterns of HCHO VCD differ among North China sites such as 

CAMS, WD, SJZ_LC, DZ, SXU, and IMNU. However, most sites still show an overall daytime increase. CAMS has a mean 

HCHO VCD of 1.27 × 1016 molecules cm-2 and reaches 1.70 × 1016 molecules cm-2 at 17:00. WD has a mean value of 1.05 × 330 

1016 molecules cm-2, but it is already 1.51 × 1016 molecules cm-2 at 08:00. It then decreases and remains relatively low during 

the afternoon. HCHO VCD is generally low at plateau and background sites. Mean values at AL, YN, TS, and LS are 0.19, 

0.48, 0.58, and 0.59 × 1016 molecules cm-2, respectively. 
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Figure 7: Mean diurnal variations of HCHO VCD at each site during 2020–2025. 335 

3.6 SO2 VCD 

Compared with secondary pollutants such as O3 and HCHO, SO2 is more directly affected by local emission sources, 

intermittent point-source emissions, regional transport, and dispersion conditions (Wang et al., 2019b). Figure 8 shows the 

mean diurnal variation of SO2 VCD at each site during 2020–2025. The seasonal diurnal variations are shown in Fig. S7. 

Overall, the network mean is 0.72 × 1016 molecules cm-2 at 08:00. It decreases to 0.56 × 1016 molecules cm-2 at 13:00 and then 340 

increases again to 0.72 × 1016 molecules cm-2 at 17:00. 

The highest SO2 VCDs occur at JHI, SJZ_LC, XH, SXU, LZ, and WD. Their mean values are 1.38, 1.03, 1.01, 0.97, 0.93, and 

0.89 × 1016 molecules cm-2, respectively. JHI is located near Liaodong Bay and the Bohai coast. It has the highest mean SO2 

VCD and reaches 1.97 × 1016 molecules cm-2 at 18:00. Coastal industry, port activities, and ship emissions may all contribute 

to these high values (Chen et al., 2018). SO2 VCD is generally high in North China. WD has a mean value of 0.89 × 1016 345 

molecules cm-2. It decreases to 0.67 × 1016 molecules cm-2 at 12:00 and increases to 1.81 × 1016 molecules cm-2 at 17:00. 

CAMS has a mean SO2 VCD of 0.69 × 1016 molecules cm-2. It decreases to 0.59 × 1016 molecules cm-2 at 13:00 and rises to 

0.86 × 1016 molecules cm-2 at 17:00. The relatively high SO2 levels in North China may reflect the combined influence of coal 
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combustion, industrial emissions, and regional transport (Tan et al., 2020). SO2 VCD in South China is generally lower than 

at the high-value sites in North China. This may be related to substantial SO2 emission reductions in the Pearl River Delta and 350 

lower regional intensities of sulfur-containing fuel combustion and industrial emissions (Wang et al., 2019a). Mean SO2 VCDs 

at GIG, GZ_PZ, and GZ_TM are 0.40, 0.39, and 0.49 × 1016 molecules cm-2, respectively. At GIG, SO2 VCD decreases from 

0.47 × 1016 molecules cm-2 at 08:00 to 0.36 × 1016 molecules cm-2 at 13:00. At GZ_PZ, it decreases from 0.55 × 1016 molecules 

cm-2 at 08:00 to 0.31 × 1016 molecules cm-2 at 13:00. GZ_TM reaches 0.64 × 1016 molecules cm-2 at 17:00. SO2 shows strong 

site-to-site differences in East China and coastal regions. SI has a mean SO2 VCD of 0.65 × 1016 molecules cm-2 and reaches 355 

0.86 × 1016 molecules cm-2 at 17:00. TA has a mean value of 0.87 × 1016 molecules cm-2 and reaches 1.09 × 1016 molecules 

cm-2 at 14:00. Coastal sites such as XM, HNI, NB, and SH_XH may be influenced by ship emissions, port activities, and land–

sea breeze circulation. These processes can enhance SO2 VCD during specific periods of the day. SO2 VCD is generally low 

at plateau and background sites. The mean value is only 0.03 × 1016 molecules cm-2 at AL, 0.30 × 1016 molecules cm-2 at YN, 

and 0.45 × 1016 molecules cm-2 at TS. These values indicate weak local sulfur emissions. Overall, SO2 VCD shows stronger 360 

spatial heterogeneity and source dependence than O3 and HCHO. Its diurnal variation is controlled not only by boundary-layer 

dilution and oxidation but also by industrial emissions, coal combustion, port and ship emissions, and regional transport. 

 

Figure 8: Mean diurnal variations of SO2 VCD at each site during 2020–2025. 
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3.7 Validation 365 

To evaluate the reliability of the MAX-DOAS dataset, we compared the VCD and AOD products with TROPOMI, CNEMC, 

and AERONET observations. Monthly means were used for TROPOMI and CNEMC, while daily means were used for 

AERONET. The results are shown in Fig. 9. NO2 VCD shows the best agreement with the satellite product, with a correlation 

coefficient of 0.899. HCHO VCD also shows a strong positive correlation, with a coefficient of 0.734 and a slope of 0.82. The 

correlation coefficient for O3 VCD is 0.551, and the slope is 0.88. The slope is close to unity, indicating that the two datasets 370 

capture similar amplitudes of monthly O3 variation. The lower correlation of O3 than of NO2 and HCHO may reflect its more 

complex vertical distribution and the influence of the residual layer, regional background, and vertical mixing. 

 

AOD is strongly correlated with AERONET, with a correlation coefficient of 0.879. Differences may arise because MAX-

DOAS uses scattered sunlight, whereas AERONET primarily uses direct-sun observations. The two retrieval systems also 375 

differ in observation geometry and sampling characteristics. MAX-DOAS column measurements and CNEMC surface 

observations represent different atmospheric quantities. Their correlations nevertheless provide an additional assessment of 

the temporal consistency of the dataset. NO2 shows the highest correlation, with a coefficient of 0.720. This indicates a close 

relationship between NO2 VCD and surface NO2 concentration. NO2 is generally concentrated within the boundary layer and 

is strongly controlled by traffic, industrial, and combustion emissions. SO2 shows a moderate correlation with CNEMC surface 380 

concentrations, with a coefficient of 0.624. O3 VCD has a correlation coefficient of 0.678 with surface O3. This indicates that 

the O3 column captures the major month-to-month changes in surface O3. However, the relationship is more complex than for 

NO2 because O3 VCD also includes contributions from the upper boundary layer, residual layer, and regional background. 
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Figure 9: Comparisons of MAX-DOAS VCD and AOD observations with TROPOMI, AERONET and CNEMC observations. 385 

4 Summary 

This study develops and releases a ground-based dataset of O3, NO2, HCHO, HONO, and SO2 VCDs and AOD from the 

Chinese Hyperspectral Vertical Remote Sensing Network for 2020–2025. The dataset integrates observations from 53 MAX-

DOAS sites across China. It covers North, East, South, Southwest, Northwest, Northeast, and Central China, together with the 

Tibetan Plateau. The sites include major urban agglomerations, industrial areas, coastal and island environments, inland basins, 390 

arid and semi-arid regions, and high-altitude background areas. The large contrasts in emissions, topography, climate, and 

surface conditions provide long-term and spatially representative ground-based observations of key atmospheric column 

components across China. 

A unified processing and quality-control framework was applied to all sites and components. AOD, NO2, and HCHO have the 

broadest spatial and temporal coverage. HONO, SO2, and O3 have smaller coverage but still provide valuable multi-year 395 

records at many sites. Retrieval uncertainties differ among components. O3 and AOD retrievals are relatively stable. NO2 and 

HCHO show moderate uncertainties that are suitable for long-term statistical analysis. HONO and SO2 have larger relative 

errors because of weaker absorption signals, lower concentrations, and stronger effects of intermittent local emissions. 

https://doi.org/10.5194/essd-2026-743
Preprint. Discussion started: 8 October 2026
c© Author(s) 2026. CC BY 4.0 License.



21 

 

The dataset shows clear and physically consistent diurnal variations among atmospheric components. AOD generally increases 

from morning to around noon and then decreases in the afternoon. This pattern reflects the combined effects of aerosol 400 

formation, hygroscopic growth, boundary-layer evolution, and regional transport. O3 and HCHO generally increase in the 

afternoon because of photochemical production and VOC oxidation. NO2 and HONO show stronger morning signals and 

decrease during the day because of photolysis, dilution, and boundary-layer development. SO2 shows stronger spatial 

heterogeneity and source dependence, with clear enhancements at several industrial, inland, and coastal sites. These multi-

component column observations provide a useful basis for studies of regional photochemistry, atmospheric oxidation capacity, 405 

emission impacts, and aerosol–gas interactions. 

Independent comparisons further demonstrate the reliability and application value of the dataset. MAX-DOAS NO2 VCD 

agrees well with satellite NO2 products. HCHO, O3, and AOD also show stable positive correlations with satellite or 

AERONET observations. Comparisons with CNEMC surface measurements show that the column data capture major monthly 

variations in near-surface pollution. The relationship differs among components because VCDs also include contributions from 410 

the boundary layer, residual layer, and regional background. Overall, this dataset provides an independent, long-term, and 

physically comparable ground-based reference for satellite VCD and AOD products over China. It can also support satellite 

bias correction, satellite–AI retrieval and data fusion, air-quality prediction, chemical transport model evaluation, and studies 

of multi-pollutant atmospheric processes. 
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