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Abstract 22 

Nitrogen dioxide (NO2) is a major pollutant which at high concentrations may affect 23 
human health. It is also a photochemically reactive gas which is important for the 24 
oxidation potential of the atmosphere and acts as a precursor for the formation of 25 
aerosol particles and ozone. However, monitoring of near-surface (NS) NO2 faces the 26 
challenge of spatial discontinuity due to large distances between ground-based 27 
monitoring stations, whereas satellite remote sensing provides column-integrated 28 
concentrations (total column, TC) which are related to NS concentrations in a 29 
complicated manner. In this study, the relation between TC and near-surface (NS) NO2 30 
concentrations is studied using TC NO2 data from remote sensing observations using a 31 
Pandora and NS NO2 concentrations from in-situ observations, which were located at 32 
the Beijing-RADI site (Beijing, China) during January 2022. The ratio between TC and 33 
NS NO2 concentrations varies throughout the day with substantially different relations 34 
in the morning and afternoon. During the night and morning the atmosphere was 35 
vertically stratified, with disconnected layers which prevented vertical mixing of 36 
atmospheric constituents. In the afternoon, these layers connected allowing for vertical 37 
mixing and transport between the surface and the top of the boundary layer. Thus the 38 
prohibition of vertical transport in the morning and the mixing in the afternoon resulted 39 
in different relations between the NS and TC NO2 concentrations. These different 40 
relationships have consequences for the use of satellite remote sensing to estimate NS 41 
NO2 concentrations.  42 
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1 Introduction 46 

Nitrogen dioxide (NO2) can have adverse effects on human health (Eum et al., 47 

2022, 2019; Nordeide Kuiper et al., 2021; Kornartit et al., 2010). NO2 plays an 48 

important role in atmospheric chemistry, and acts as a precursor for the formation of 49 

ozone and secondary aerosols in the atmosphere. The major sources of NO2 are from 50 

fossil fuel burning such as power plants, traffic and households. Because of these 51 

anthropogenic sources, together with the relatively short atmospheric lifetime of NO2, 52 

high tropospheric NO2 concentrations are usually observed near highly industrialized 53 

regions (Van der A et al., 2006), densely populated agglomerations (de Souza et al., 54 

2022), and power plants (Tang et al., 2024), as well as along major highways (Goldberg 55 

et al., 2021) and shipping lanes (Ding et al., 2018). In addition, NO2 is produced from 56 

some natural sources such as lightning and soil emissions.  57 

Concentrations of NO2 in the atmosphere can be measured using satellite-based 58 

sensors providing vertical total column and tropospheric densities, ground-based 59 

remote sensing using MAX-DOAS or Pandora instruments, or in situ instruments. 60 

Satellite remote sensing is currently a widely used technique, for example using the 61 

Ozone Monitoring Instrument (OMI, Levelt et al., 2006) on the Aura satellite, and the 62 

TROPOspheric Monitoring Instrument (TROPOMI, Veefkind et al., 2012) on the 63 

Sentinel-5 Precursor (S5P) satellite. Satellite data show that the total column (TC) NO2 64 

concentrations are highly variable in space and time (e.g., Lamsal et al., 2014; Fan et 65 

al., 2021). Duncan et al. (2016) analyzed global NO2 observed by OMI from 2005-2014 66 

and found that NO2 levels were initially high over China but had significantly decreased 67 

over the Beijing, Shanghai and the Pearl River Delta (PRD) regions in 2014, in response 68 

to pollution control measures. In particular, over the PRD region the NO2 69 

concentrations decreased by about 40%. Also in the following years, the NO2 70 

concentrations over China have been substantially reduced in response to the 71 

implementation of emission reduction policy (e.g. van der A et al., 2017; Fan et al., 72 

2021; de Leeuw et al., 2021) and fell below the 2008 level in 2017 (Zhao et al., 2023). 73 

However, the decrease seems to have flattened in recent years (Fan et al., 2021).    74 
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The Pandonia Global Network (PGN) of Pandora Spectrometer Instruments has 75 

been established in 2018 (http://www.pandonia-global-network.org/, last accessed: 76 

10th July 2024) to provide “quality observations of total column and vertically resolved 77 

concentrations of a range of trace gases”. The PGN data are used, for instance, for the 78 

validation of products from environmental satellites. However, the comparison of OMI 79 

TC NO2 data with Pandora observations at 6 sites in Korea and the USA by Herman et 80 

al. (2019) showed that mean and daily Pandora NO2 concentrations were 50% or more 81 

higher than those retrieved from OMI at sites that were frequently contaminated, such 82 

as Seoul, Busan and Washington DC. Tzortziou et al. (2018) reported that Pandora TC 83 

NO2 observations during the KORUS-AQ coastal cruise experiment (Tzortziou, et al., 84 

2015) were 10-50% higher than OMI-derived TC NO2. Thompson et al. (2019), using 85 

data from the same experiment, reported that there is no consistent correlation between 86 

TC and NS NO2 across different cases and that the relation between TC and NS NO2 is 87 

complex. Similar results were obtained from the analysis of data from the DISCOVER‐88 

AQ campaign in the Baltimore‐Washington region in July 2011; the discrepancies were 89 

suggested to be caused by the large field of view of OMI (Flynn et al., 2014; Knepp et 90 

al., 2015; Reed et al., 2015; Tzortziou et al., 2015). Preliminary validation of TC NO2 91 

observations from the Ozone Mapping and Profiler Suite (OMPS) aboard the joint 92 

NASA/NOAA Suomi National Polar-orbiting Partnership (Suomi NPP) satellite by 93 

Huang et al. (2022) in the USA showed that OMPS TC NO2 tends to be lower in 94 

polluted urban areas and higher in clean areas/events than Pandora observations. 95 

Ialongo et al. (2020) and Zhao et al. (2020) obtained similar results from the validation 96 

of TROPOMI TC NO2 using PGN data but the differences were significantly smaller 97 

than for the OMI and OMPS data with a coarser spatial resolution than TROPOMI. The 98 

validation of TROPOMI TC versus Pandora data at the Beijing-RADI site shows the 99 

good performance of TROPOMI (Liu et al., 2024). It is noted that Liu et al. re-sampled 100 

the TROPOMI data to a spatial resolution of 100×100 m2, i.e. similar to that of the 101 

Pandora observation area.  102 

Satellite-derived TC NO2 data are often used to determine trends (e.g., van der A 103 
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et al., 2017; Fan et al., 2021) but, in view of the above, the relation between TC and NS 104 

NO2 is more complex. For instance, Fan et al. (2021) discussed the TS/NS relationship 105 

for selected major urban regions in China during the first 20 weeks after the COVID-106 

19 lockdown and observed substantial differences (their Figure 9). Chang et al. (2022) 107 

analyzed data from the Geostationary Environment Monitoring Spectrometer (GEMS) 108 

Map of Air Pollution (GMAP) campaign conducted during 2020–2021. Their results 109 

show that TC NO2 and NS NO2 are better correlated in advective boundary layer 110 

conditions at high wind speeds, with a more uniform vertical distribution of NO2, than 111 

during mixed boundary layer conditions with plumes from large point sources 112 

decoupled from the surface or transported from nearby cities, enhancing the vertical 113 

heterogeneity of NO2. Similarly, Liu et al. (2024) show different relations between TC 114 

and NS NO2 for low and high concentrations which are qualitatively explained in terms 115 

of transport and local emissions. Thus, to accurately assess NO2 pollution in China and 116 

effects on air quality, accurate ground-based observations are needed. 117 

Although a large number of ground-based NO2 observation stations have been 118 

established in China since 2012 by the China National Environmental Monitoring 119 

Center (CNEMC) of the Ministry of Ecology and Environment of China (MEE) for the 120 

provision of the ground-based monitoring data (available at http://www.mee.gov.cn/; 121 

last access: 08 July 2024), there are still large areas for which no data are available. 122 

Satellite data can fill these gaps by converting satellite observations of aerosols and 123 

trace gases from TC to NS concentrations. Such data are usually provided from sensors 124 

flying on polar-orbiting satellites with global coverage but with a single overpass per 125 

day which at most latitudes cannot provide the daily variability of NO2 characteristics. 126 

However, with the launch of geostationary satellites, spatial and temporal distributions 127 

of NO2 concentrations can be obtained within the satellite field of view throughout the 128 

day. The GEO-KOMPSAT-2B geostationary satellite, launched by the National 129 

Institute of Environmental Research (NIER) under the Ministry of Environment, Korea, 130 

in February 2020, carries the Geostationary Environment Monitoring Spectrometer 131 

(GEMS), which provides high-resolution measurements of TC concentrations of key 132 
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air quality components (Kim et al., 2020). With the launch of GEMS, the Asian region 133 

was the first to achieve coordinated hour-by-hour monitoring of pollutants. GEMS will 134 

form a constellation of satellites to monitor air quality globally with high temporal and 135 

spatial resolution, together with the Tropospheric Emissions: Monitoring Pollution 136 

(TEMPO) mission, launched by NASA on 7 April 2023 to cover the North American 137 

region (https://tempo.si.edu/overview.html) and Sentinel-4 planned to be launched on 138 

the Meteosat Third Generation Sounder (MTG-S) planned to be launched by the 139 

European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) 140 

in 2024 (EUMETSAT, 2024). Although geostationary satellites can make continuous 141 

observations of TC NO2 during the day, the difference between TC and NS NO2 remains 142 

an important challenge. The weak correlation between NS NO2 concentrations and 143 

satellite-derived TC NO2 (Lamsal et al., 2014), is closely related to their vertical 144 

distribution, lifetime in the atmosphere, and chemical reactions (Xing et al., 2017). To 145 

study the relation between TC and NS NO2, accurate information is needed on both the 146 

TC NO2 and the NO2 vertical structure in the atmosphere, together with the temporal 147 

evolution, which until recently was not available for China.  148 

The first operational Pandora instrument in China has been installed at the Beijing-149 

RADI site in 2021, for the ground-based remote sensing of several trace gases (e.g. 150 

NO2). The Beijing-RADI Pandora instrument is part of the PGN network and all data 151 

are publicly available via the PGN website (https://data.pandonia-global-152 

network.org/Beijing-RADI/Pandora171s1/, last accessed: 22 Jan 2025) within one day 153 

of the observations. The aim of this study is to analyze the relationship between TC 154 

NO2 obtained by remote sensing and NS measurements during a field experiment at the 155 

Beijing-RADI site during January 10-29, 2022. In order to better determine and 156 

understand the relation between TC and NS NO2 concentrations, we also used auxiliary 157 

data such as simultaneous measurements of PM2.5 mass concentrations, lidar 158 

observations, meteorological parameters, and satellite observations. Section 2 presents 159 

the experiments and data, Section 3 presents the main results, and the conclusions and 160 

discussion are presented in Section 4. 161 
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2 Materials and Method 162 

2.1 Site description 163 

Beijing is a metropolis with an area of 16,800 square kilometers and a population 164 

of nearly 22 million (2023) (https://worldpopulationreview.com/world-cities/beijing-165 

population, last accessed: 22 Jan 2025). Beijing is surrounded by high mountains to the 166 

north, east, and west (Figure 1). The rapid economic development of Beijing and the 167 

topography of the area lead to emission of pollutants which may either disperse or 168 

accumulate, depending on wind direction and wind speed. During northwesterly winds, 169 

clean air is transported from the mountains, whereas during southerly winds polluted 170 

air is transported from the highly industrialized North China Plain. The southerly 171 

airflow is blocked by the mountains to the west and north and thus pollution 172 

accumulates, in particular during certain weather conditions conducive for the 173 

formation of smog, such as low wind speed. Photochemical processes may further 174 

contribute to the build-up of pollution which may result in the formation of haze.  175 

The Beijing_RADI site is located at the roof (22 m above the surface) of the 176 

Aerospace Information Research institute of the Chinese Academy of Sciences (40.004° 177 

N, 116.379° E, elevation 59 m), which in turn is located in the north of Beijing between 178 

the Fourth and Fifth Ring Roads at the edge of the Olympic Parc. The site is 179 

representative for an urban background affected by vehicle exhaust, combustion and 180 

domestic emissions including those from heating during wintertime. 181 

 182 
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Figure 1. Digital elevation map of the study area showing the location of the Beijing-183 

RADI site (40.004° N, 116.379° E, altitude at 59 m) (red star) and surrounding 184 

mountains. 185 

A short-term field experiment was carried out at the Beijing-RADI long-term 186 

observation site during January 10-29, 2022. Pandora provided TC and NO2 187 

concentrations in 4 layers, information on the spatial distribution of TC NO2 was 188 

obtained from TROPOMI and a lidar provided aerosol backscatter profiles showing the 189 

vertical structure and evolution of the atmospheric boundary layer. The NS parameters 190 

were measured with instrumentation mounted near the Pandora on the roof of the 191 

AirCAS building, as described in the following sections.  192 

2.2 Observations of Column-Integrated Parameters and Vertical Profiles 193 

2.2.1 Pandora  194 

Pandora is a UV-visible spectrometer which can provide high-quality 195 

measurements of spectrally resolved direct-sun/lunar or sky scan radiances. It uses 196 

direct solar measurements to obtain TC NO2, and sky measurements to obtain the 197 

vertical layer concentrations of NO2, with a FOV of 2.6° in direct sun mode and 1.5o in 198 

sky mode (Cede et al., 2024). Based on the Beer-Bouguer-Lambert law, the spectra 199 

observed at 400~470 nm in direct-sun mode are used to invert TC NO2 using the 200 

differential optical absorption spectroscopy (DOAS) technique of trace gas spectral 201 

fitting. Pandora's direct sun measurements depend only on the geographic location with 202 

a known solar zenith angle which simplifies the air mass factor for correction of the 203 

atmospheric light path (Chang et al., 2022). Pandora measures TC NO2 with a clear-sky 204 

precision of 0.01 DU and a nominal accuracy of 0.1 DU Herman et al. (2009). In view 205 

of this high precision, we use TC NO2 in this study and select products with quality 206 

control flag of L10. Diffuse (scattered) radiation is measured at 5 pointing zenith angles 207 

(PZAs) in sky mode which, together with the direct sun measurement, provides 208 

information on the tropospheric VCD and on the surface concentrations. The PZAs are 209 

0o, 60o, 75o, 88o and a maximum angle taken as 89o. The measurements are taken in a 210 
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V shape (all angles are measured twice around a central angle) as described in Cede 211 

(2021). These data are used to derive vertical profiles as described in the ATBD (Cede, 212 

2024) Section 6.7, which were downloaded from the PGN website. Pandora data are 213 

public and can be downloaded from the PGN website (https://pandonia-global-214 

network.org, last accessed: 22 Jan 2025). 215 

2.2.2 Lidar  216 

A small lidar developed by the Hefei Institute of Physical Sciences, Chinese 217 

Academy of Sciences, was used for continuous measurements of aerosol backscatter 218 

profiles during day and night. The GBQ L-01 aerosol lidar consists of a laser, optical 219 

unit, control unit board, high-speed signal acquisition card, industrial motherboard and 220 

communication module. The GBQ L-01 aerosol lidar uses a high-frequency pulse laser 221 

emitting linearly polarized light at a wavelength of 1064nm. The optical unit consists 222 

of a transmitter and a receiver. The optical transmitter unit emits laser light pulses, 223 

which are expanded before they are emitted into the atmosphere. The optical receiver 224 

unit consists of a telescope which focuses the back-scattered light onto an optical 225 

detector which in turn is connected to an amplifier unit. The vertical and parallel 226 

polarized components of the back-scattered light are separated by the polarizing prism 227 

in the receiving channel. The industrial motherboard carries lidar acquisition and 228 

control software and data analysis software to control the overall operation of the 229 

system. 230 

2.2.3 TROPOMI  231 

The TROPOMI (TROPOspheric Monitoring Instrument) is a passive-sensing 232 

hyperspectral nadir-viewing imager aboard the Sentinel-5 Precursor (S5P) satellite, 233 

launched on 13 October 2017. S5P flies at an altitude of 817 km in a near-polar sun-234 

synchronous orbit. The local equator overpass time in the ascending node is 13:30, and 235 

the repetition period is 17 days (KNMI, 2017). TROPOMI’s four separate 236 

spectrometers cover wavelengths in the ultraviolet (UV), UV–visible (UV-VIS), near-237 

infrared (NIR) and short wavelength infrared (SWIR) spectral bands (Veefkind et al., 238 

2012). The TC NO2 used in this study is derived from spectral measurements of solar 239 
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radiation in TROPOMI’s UV–VIS wavelength bands (van Geffen et al., 2015, 2019). 240 

Compared to the relatively small field-of-view of the Pandora instrument, the size of 241 

the TROPOMI ground pixel (3.5 km × 5.5 km; across × along track) is relatively large. 242 

Therefore, TROPOMI NO2 products are only used as a reference for upwind 243 

concentrations during backward trajectory tracking and not for quantitative analysis. 244 

Furthermore, tropospheric NO2 column densities are used because these are more 245 

representative of near-surface NO2.  246 

2.3 Near Surface Measurement 247 

2.3.1 Trace Gas Analyzer 248 

The Thermo Fisher Scientific Model 42i Trace Level Chemiluminescence NO-249 

NO2-NOx Analyzer was used to measure NS NO2 concentrations. This instrument first 250 

transforms NO2 into nitric oxide (NO) using a molybdenum NO2 to NO converter 251 

heated to about 325 °C. Then, NO and ozone (O3) react to produce a characteristic 252 

luminescence with an intensity linearly proportional to the NO concentration (Model 253 

42i Trace Level Manual, 2007). NO2 values are derived by subtracting NO from NOx 254 

measurements. Measurements were made every minute during the observation period.  255 

2.3.2 Beta attenuation monitor 256 

Ground-based near-surface PM2.5 concentrations were measured using the beta 257 

attenuation monitor Met One BAM-1020 (BAM 1020 particulate monitor operation 258 

manual) equipped with a PM2.5 inlet. The Met One BAM-1020 collects aerosol particles 259 

on glass filter tape. PM2.5 is measured using beta rays generated by a small 14C source 260 

(https://metone.com/products/bam-1020/). At the start of every measurement cycle, the 261 

flux of beta rays is measured across clean filter tape, to determine a zero reading. Next, 262 

the filter tape is advanced and ambient air is sampled at the same spot, with a controlled 263 

air flow, thereby impregnating the tape with PM2.5. After the sampling is completed, the 264 

tape retracts and PM2.5 samples are dried (in an environment with relative humidity 265 

lower than 40% which removes most of the water content) by a built-in heater. Then 266 

the concentration of PM2.5 collected on the filter tape is measured as described above. 267 

Samples are taken every hour. 268 
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2.3.3 Auxiliary meteorological data 269 

In addition to the above observations, we also use weather maps, meteorological 270 

surface observations and sounding observations published by the World Meteorological 271 

Organization (WMO) to aid in our analyses. Weather maps for the Asian region are 272 

published by the Korea Meteorological Administration and can be downloaded at 273 

http://222.195.136.24/chart/kma/data_keep (last accessed: 22 Jan 2025). We 274 

downloaded the surface and sounding observations of meteorological station 54511 in 275 

Beijing, located at 39.93N, 116.28E, which is part of the WMO network. These data 276 

are available from the website of the University of Wyoming 277 

(http://weather.uwyo.edu/surface/) (last accessed: 22 Jan 2025). Although this station is 278 

far away from our experimental site (about 23 km), it is representative of the 279 

macroscopic changes of the meteorological conditions in Beijing. 280 

2.4 HYSPLIT Model 281 

To better understand the regional transport pathways and source regions at 282 

different altitudes, backward trajectories from the Hybrid Single Particle Lagrangian 283 

Integrated Trajectory (HYSPLIT; Draxler & Hess, 1998) model were used. The 284 

HYSPLIT model assumes that the parcel trajectory is formed through time integration 285 

and spatial differences when moving in the wind field. The path of the air mass is mainly 286 

related to the air flow situation, pressure system movement and topography (Draxler & 287 

Hess, 1998). The HYSPLIT model has the ability to deal with a variety of 288 

meteorological input fields and physical processes, and can also be used to describe 289 

atmospheric transport, diffusion and deposition of pollutants and harmful substances 290 

(Stein et al., 2015). In this study, the backward trajectories were initialized for arrival 291 

at the Beijing-RADI site at 300, 500 m, and 1000 m. The HYSPLIT model was run at 292 

https://www.ready.noaa.gov/HYSPLIT_traj.php, with the input meteorological field 293 

data (0.25°×0.25°) provided by the Global Forecasting System.  294 
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3 Results and Analysis 295 

3.1 Data overview  296 

Time series of the measured NS and TC concentrations of NO2 during the study 297 

period are presented in Fig. 2a. For comparison of NS NO2 concentrations with Pandora 298 

observations, they are expressed in mg m-3. Fig 2a shows the common diurnal variation 299 

of the NO2 concentrations, i.e. a gradual decrease in the morning to a minimum around 300 

mid-day, followed by a gradual increase in the afternoon to a maximum value during 301 

the night. This diurnal variation is due to photochemical reactions during daytime, 302 

meteorological effects and anthropogenic emissions during certain hours (for instance 303 

during rush hour) (e.g., Atkinson, 2000; Boersma et al., 2009; Y. Zhang et al., 2016; 304 

Cheng et al., 2018; Li et al., 2021). TC NO2 concentrations can only be measured with 305 

Pandora during day time. The diurnal variations between 8:00 and 16:00 local Beijing 306 

time (UTC+8; throughout this paper local time, LT, will be used) at the Beijing-RADI 307 

side are similar to those of NS NO2. Based on the variation of the NS NO2 308 

concentrations (Fig. 2a) three periods are considered during the study period: Period I: 309 

10 to 18 January, with strong diurnal variations and high NO2 concentration peaks; 310 

Period II: 19 to 24 January, NS NO2 sharply decreases and then increases with stronger 311 

fluctuations, but TC NO2 observations are not available due to the presence of clouds; 312 

Period III: 25 to 30 January, a sudden drop occurred on January 25, and low NO2 313 

concentrations with some narrow peaks lasted until the 30th. 314 

The time series of the NS PM2.5 concentrations in Fig. 2b shows four peaks in 315 

Period I, with maximum values during the night and very low concentrations (<10 μg 316 

m-3 ) during daytime. The maxima were relatively low on 12 and 17 January (~25 μg 317 

m-3), whereas on 14 and 18 January the PM2.5 peak concentrations were ~120 and ~70 318 

μg m-3. During Period II, the PM2.5 concentration increased steadily from less than 25 319 

μg m-3 on 20 January to more than 125 μg m-3 on the 24th, with similar day/night 320 

variations as in Period I. During Period III, the PM2.5 concentrations were relatively 321 

low (<25 μg m-3) and there was no clear diurnal variation. 322 
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The air temperature and relative humidity (RH) during the study period are 323 

presented in Fig. 2c and the wind speed and wind direction are presented in Fig. 2d. 324 

During Period I, air temperature, RH and wind speed all varied strongly with a clear 325 

diurnal pattern: elevated wind speed during the day, with daily maxima between about 326 

7 and 13 m s-1, and very low wind speed during the night (<2 m s-1); day time air 327 

temperatures around 0oC and night time temperatures around -10oC; dry air during the 328 

day (RH~20%) and more humid during the night (RH of 60-80%). The wind was mostly 329 

from northerly directions (NW-NE) and veering during the night. During Period II, the 330 

air temperature increased gradually from about -5oC to about 0oC, with small diurnal 331 

variations, and RH increased initially from 40% to 60% on 20 January and then 332 

gradually to about 70%, with little day/night variations, whereas during the nights of 333 

22-25 January the humidity was very high, the RH sensor saturated and reported 334 

maxima close to 100%. Wind speed during this period was low (< 3 m s-1) and wind 335 

direction was mostly SE. During period III, day/night temperature and RH fluctuations 336 

occurred, with day time air temperatures above 0oC and gradually rising and RH 337 

varying between 20% during the day and 60% during the night. Wind speeds were 338 

higher during the day, mostly a little higher than 3 m s-1, than during the night (close to 339 

0 m s-1) and wind direction was mostly northerly.  340 

The variations of the NO2 and PM2.5 concentrations were similar in the sense that 341 

the minimum and maximum peak concentrations occurred at about the same time, but 342 

with differences in the ratios between minima and maxima. The occurrence of peak 343 

concentrations during the night is consistent with the variation in meteorological 344 

conditions, with maxima during low wind speed and low air temperature, conducive for 345 

the formation of a nocturnal boundary layer in which the concentrations accumulate 346 

near the surface. This is observed during Periods I and III. During Period II, however, 347 

there were no Pandora observations during day time due the occurrence of clouds. This 348 

suggests that clouds may also have been present during the night. Hence radiative 349 

cooling was reduced and air temperature did not decrease as much as during the other 350 

periods. Wind speed was low, thus pollutants were not transported away and 351 
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accumulated in the area, as also indicated by the high RH. Hence the concentrations of 352 

NO2 and PM2.5, as well as RH, gradually increased during period II, with relatively 353 

small diurnal variations. 354 

 For further analysis, we selected two cases for which both TC and NS NO2 data 355 

were available, including lidar observations and air mass trajectories. The selected cases 356 

are the periods when both NO2 and PM2.5 concentrations were high, i.e. on 14 and 18 357 

January, when the 24-hour average NO2 concentrations exceeded 80 mg m-3. The first 358 

pollution episode (case 1) started in the afternoon of January 14 and ended in the 359 

morning of January 15. The other pollution episode with high NS NO2 occurred on 360 

January 18 (case 2). The diurnal variation of the NS NO2 concentrations was similar in 361 

both cases, while the air temperature, RH, wind speed and wind direction show that 362 

also the meteorological situations were similar. However, differences are observed in 363 

the temporal variations of TC NO2 concentrations versus NS NO2 concentrations and 364 

in PM2.5 concentrations.   365 
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 366 

Figure 2. Time series of observed parameters from Jan 10 to 29, 2022 (a) TC and NS 367 

NO2 concentrations, (b) NS PM2.5 concentration, (c) temperature and related humidity, 368 

and (d) wind speed and wind direction from WMO meteorological station 54511 in 369 

Beijing.  370 

3.2 Variations of TC and NS NO2 during the two selected cases  371 

The evolution of the TC and NS NO2 concentrations and their ratio during the two 372 

high pollution episodes identified in Section 3.1 are discussed in detail. Processes 373 

influencing the concentrations and their ratio are identified based on lidar data, 374 
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providing information on the boundary layer structure, together with large scale 375 

weather maps and air mass trajectory analyses, providing information on sources of 376 

pollutants and their transport over a wider area. 377 

3.2.1 Case 1: Disconnected boundary layers merging (14 January, 2022)  378 

Time series of the TC and NS NO2 concentrations on 14 January 2022 (Fig. 3a) 379 

show their different evolution throughout the day. The NS NO2 concentrations are 380 

available for every minute during the whole day and show a gradual decrease from 381 

about 0.11 mg m-3 between midnight and 04:00 to about 0.065 mg m-3 at 10:30. After 382 

10:30 the concentrations increased to 0.11 mg m-3 at 13:30 and hardly changed until 383 

about 16:00 after which they strongly fluctuated (0.04-0.175 mg m-3) and then reached 384 

a steady value of about 0.12 mg m-3 from 19:00 till midnight. The strong fluctuations 385 

may have been caused by emissions during evening rush hour, domestic heating and 386 

other activities producing NO2, followed by stabilization during the evening.  387 

Pandora uses direct sun observations and during this campaign in the winter time, 388 

high quality TC NO2 data are only available between 10:30 and 15:30. The data in Fig. 389 

3a show initially a similar behavior of TC and NS NO2 concentrations, with little 390 

variation between 10:30 and 11:30. Thereafter, both NS and TC concentrations 391 

increased, initially slower for the TC than for the NS concentrations. After 13:00 the 392 

NS concentrations levelled off while the TC concentrations increased much faster. 393 

Between 12:00 and 15:00 the TC concentrations increased from 40 mg m-2 to 72 mg m-394 

2, almost a doubling, then decreased to 64 mg m-2. The difference in the temporal 395 

behavior between the TC and NS NO2 concentrations is amplified in Fig 3b which 396 

shows a scatterplot between the TC and NS concentrations. Observations before and 397 

after 13:00 are plotted with different symbols and color coded in blue and red, 398 

respectively. For each of these two data sets, before and after 13:00, TS and NS 399 

concentrations are well correlated with linear correlation coefficients R of 0.94 and 0.85, 400 

respectively, but with significantly different slopes.  401 

The different behavior of the TC and NS NO2 concentrations can be explained by 402 
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considering the dynamical behavior of the boundary layer structure. Lidar observations 403 

reveal the vertical structure of the atmospheric boundary layer from the variation of the 404 

lidar signal as a function of height. A 3-D plot of the vertical variation of the lidar signal, 405 

measured on 14 January 2022 at the Beijing-RADI site, close to the Pandora and the 406 

ground-based measurements, is presented in Fig. 3c. The lidar signals are color-coded 407 

according to the scale to the right of Fig. 3c and each vertical line shows the variation 408 

of the lidar signal with height, plotted along the primary vertical axis. The time of 409 

measurement of each profile is plotted along the horizontal axis. The lidar signal in this 410 

figure is range-corrected, i.e. corrected for attenuation as the laser light propagates in 411 

the atmosphere away from the emitter and, after backscattering by aerosol particles, 412 

back to the receiver. The time between emission of the laser pulse and receiving the 413 

backscattered signal is a measure for the height where the backscattering takes place 414 

(after correction of the slant to a vertical optical path) and the intensity is a measure for 415 

the aerosol concentration. This is illustrated with the data in Fig 3d. For example, the 416 

data show an aerosol layer between 08:00 and 13:00, located at a height between about 417 

800 and 900 m, as indicated by the large lidar signal (yellow and red, i.e., between about 418 

1.2 and 2.2), with light blue above and below, indicating lower aerosol concentrations. 419 

Between about 400 and 500 m a dark blue area can be observed, which indicates very 420 

low backscatter and thus the absence of aerosol, whereas further down toward the 421 

surface, backscatter is observed with a varying intensity. The vertical variation of the 422 

lidar signal, i.e. indicating the presence of aerosol in the layer adjacent to the surface 423 

up to about 400 m, a layer with no aerosol between 400 and 500m and an elevated 424 

intense aerosol layer above, indicates a situation of a disconnected boundary structure 425 

with two layers which are not connected and thus no material can be exchanged 426 

between these layers. Such a situation can occur due to nocturnal cooling when the 427 

surface is cold due to radiation cooling and cools the layer adjacent to the surface (Stull, 428 

1988). In this layer, no mixing occurs and material emitted near the surface accumulates. 429 

The atmospheric trace gases and aerosol in the warmer layer above are trapped in that 430 

layer and exchange with the cold layer below is prohibited due to the temperature 431 
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gradient. Hence the two layers become disconnect and may separate.  432 

The occurrence of such a situation is consistent with the observations discussed in 433 

Section 3.1 and Fig. 2, with low wind speed, lowest air temperature during period I (-434 

12oC) and enhanced RH (indicating trapping of water vapor together with decreased air 435 

temperature). Also the lidar data in Fig. 3c indicate the occurrence of such a situation, 436 

with a well-mixed shallow boundary layer between midnight and 03:00, an indication 437 

of an internal boundary layer starting to form after about 04:00, disconnected from the 438 

layer above. The internal boundary layer rises gradually until about 11:00, with the 439 

clean layer above, and a new layer appears around 07:00, probably due to advection. 440 

Note that wind direction was south-easterly during a short period of time on 14 January 441 

with a wind speed of 2 m/s, slightly more than during the rest of the day when the wind 442 

direction was northerly. During south-easterly winds, polluted air may be advected to 443 

the Beijing-RADI site, whereas during northerly wind clean air is advected (Liu et al, 444 

2024).  445 

From 12:00, the lower layer deepened and backscatter is observed from the clean 446 

layer indicating that aerosol is gradually mixed into that layer which completely 447 

disappears around 14:00. At the same time, the lidar signal from the growing lower 448 

layer increases gradually whereas after 13:00 the lidar signal from the upper layer 449 

becomes smaller, indicating that the aerosol concentration becomes lower until both 450 

layers are mixed around 14:00 into a well-mixed boundary layer. After 15:00, the lidar 451 

signal increases, first near the surface and then growing throughout the boundary layer. 452 

The increase of the NS concentrations is consistent with the highest PM2.5 453 

concentrations as presented in Fig. 2b and the overall increase of the lidar signal, 454 

indicating increasing aerosol concentrations. This is confirmed by AERONET AOD 455 

observations at the Beijing-RADI site (https://aeronet.gsfc.nasa.gov/cgi-456 

bin/data_display_aod_v3?site=Beijing_RADI&nachal=2&level=2&place_code=10) 457 

which however were only available until 16:00 LT. 458 

The vertical variation of the NO2 concentrations, derived from the Pandora sky 459 

https://doi.org/10.5194/egusphere-2025-360
Preprint. Discussion started: 12 February 2025
c© Author(s) 2025. CC BY 4.0 License.



19 
 

radiance measurements at four elevations, is presented in Fig. 3d. Pandora data are only 460 

available during day time and therefore only the period from 08:00-16:30 can be shown. 461 

The NO2 concentrations are available in 4 layers. Assuming that NO2 is uniformly 462 

distributed within each layer, the data were interpolated to form a time series of NO2 463 

vertical distributions, similar to the lidar profiles. The data in Fig. 3d also show the 464 

similar behavior of the NO2 concentrations and the aerosol backscatter, with increasing 465 

concentrations between 12:00 and 17:00 and their vertical mixing. In particular the 466 

increase around 15:00 is evident in both the Pandora and lidar observations. However, 467 

the Pandora observations do not show the occurrence of disconnected boundary layers 468 

in the morning. Instead, the Pandora observations show an enhanced layer between 300-469 

800 m, rather than the more detailed structure visible in the lidar data. These differences 470 

may be due to the absence of elevated NO2 concentrations in the aerosol layer between 471 

800 and 900 m, while the layered structure below is not well-resolved by Pandora due 472 

to it’s vertical resolution resulting in lower concentration over a large layer. The latter 473 

is in agreement with the observations later in the day.  474 

The overall similarity between the variations in the lidar and Pandora observations 475 

supports the use of lidar observations to explain the dynamic behavior of the NO2 476 

concentrations. In particular, the different relations between TC and NS observations 477 

before and after 13:00 (Fig. 3b), can be explained by the occurrence of the disconnected 478 

layers. The variations of the NS NO2 concentrations until 13:00 reflect the effects of 479 

chemical processes and emissions within the atmospheric layer near the surface and 480 

within the elevated layer where only removal processes influence the NO2 481 

concentrations. As a result, the temporal variation of the concentrations in both layers 482 

was in part influenced by the same processes, differences were not large (Fig. 3a) and 483 

the ratio of the TC/NS concentrations changed little (Fig. 3b). In the afternoon, such 484 

processes resulted in the increase of NO2 concentrations while also the two layers are 485 

connected which, together with the somewhat enhanced wind speed (Fig 2d) resulted 486 

in mixing of NO2 throughout the whole boundary layer up to about 1000 m. Hence the 487 

usual afternoon increase of NO2 concentrations near the surface (Liu et al., 2024) was 488 
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dampened by upward transport whereas the increase in TC concentrations was 489 

enhanced, as is well illustrated by the time series of both NC and TC between 13:00 490 

and 15:00 (see Fig. 3a). As a result, also the TC/NS relationship changed substantially 491 

after 13:00 (Fig. 3b).  492 

 493 

Figure 3. (a) Time series of NS NO2 (grey line) and TC NO2 (blue circles) at the Beijing 494 

RADI site (40.004°N, 116.379°E) on Jan 14, 2022; (b) relationship between TC and 495 

NS NO2 concentrations during the morning (before 13:00) and during the afternoon 496 

(after 13:00); (c) time series of vertical profiles of range-corrected lidar signal at 1064 497 

nm. Note that the lowest height in Fig. 3c is 100 m; (d) time series of NO2 vertical 498 

profiles derived from Pandora sky radiance measurements. 499 

The effect of transport on the NO2 concentrations at the Beijing-RADI site on 14 500 

January 2022 was analyzed using the data presented in Fig. 4: the spatial distribution 501 

of tropospheric NO2 columns derived from TROPOMI data (overpass time 13:30), the 502 

synoptic weather map at 00 UTC and 24-hour backward trajectories for arrival at the 503 

Beijing-RADI site at altitudes of 300 m, 500 m and 1000 m, at 10:00, 13:00 and 16:00 504 

LT. The TROPOMI data show the relatively high tropospheric NO2 concentrations over 505 
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the study area, in particular over an elongated area stretching from the SW to the NE 506 

over Hebei Province, including Beijing (compare with Fig. 1), and from Beijing 507 

eastward. This area is bounded by the Taihang mountains in the west and by the Yan 508 

mountains in the north, blocking transport of pollutants. The weather map in Fig. 4b 509 

shows the pressure distribution and location of low pressure areas resulting in wind 510 

from the SW, i.e. along the direction of the elongated area with elevated NO2 511 

concentrations (see Fig. 4a). This is confirmed by the air mass trajectories in Fig. 4c, 512 

all showing overall transport from the SW. However, the trajectories arriving at 10:00 513 

LT show that during the last 8h, the air mass arriving at 300 m came from the NE at 514 

low wind speed and the airmass arriving at 500m came from the NW at even lower 515 

windspeed. The airmass arriving at 1000 m came from the SW during the last 14 h 516 

before arrival and from the NW during the earlier 12 hours. The airmasses arriving at 517 

13:00 show similar trajectories. These trajectories are consistent with the lidar 518 

observation of disconnected layers, with different air mass trajectories during the last 519 

hours before arriving at the Beijing-RADI site and thus possibly different composition. 520 

The air mass arriving at 1000 m had been at high elevations during its entire 24 h 521 

trajectory and originated from higher than 1500m, but those arriving at 300 and 500 m 522 

originated from the surface at different locations separated by tens of km and may thus 523 

have been influenced by different sources.  524 
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 525 

Figure 4. (a) Spatial distribution of tropospheric NO2 in the study area derived from 526 

TROPOMI data on 14 January 2022; (b) Synoptic weather map at 00:00 UTC (08:00 527 

LT); (c) 24-hour backward air mass trajectories arriving at the Beijing-RADI site at 528 

10:00, 13:00 and 16:00 LT, at heights of 300, 100 and 1000 m, calculated using the 529 

HYSPLIT model with 6h time steps (00, 06, 12 and 18) and a shorter time step to the 530 

arrival time. 531 

3.2.2 Case 2: Multi-layer structure on 18 January, 2022 532 

Time series of the TC and NS NO2 concentrations on 18 January 2022 are shown 533 

in Fig. 5a, together with a scatterplot between the TC and NS concentrations in Fig. 5b 534 

and 3-D plots of the vertical variation of lidar backscatter coefficients in Fig. 5c and of 535 

NO2 concentrations in Fig. 5d. The NS NO2 time series in Fig. 5a show that the 536 

concentrations were higher than on 14 January, but their variation was initially similar, 537 

with a decrease to a minimum around 11:30 (later than on the 14th) followed by an 538 

increase. However, on 18 January, the increase continued non-linearly until about 14:30 539 

when the concentrations plateaued at a value of about 0.12 mg m-3 during about 1 hour 540 

and then increased further, likely due to increased emissions during rush hour and 541 
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decreasing photochemical sink when the solar radiation intensity decreased in the 542 

afternoon. After 18:00 the concentrations plateaued at 0.13-0.14 mg m-3, fluctuated up 543 

to about 0.14 mg m-3 around 21:00 and decreased somewhat toward the end of the day.  544 

The TC NO2 concentrations decreased faster than on 14 January, from the initial 545 

54 mg m-2 around 08:30 to the minimum of 36 mg m-2 around 12:30, with a smaller 546 

decrease after 11:00. Hence, similar to the situation on 14 January, the TC NO2 547 

concentrations initially decreased while also the NS NO2 concentrations decreased, but 548 

in contrast to the 14th, after 11:30 the TC NO2 concentrations continued to decrease 549 

while the NS NO2 concentrations increased. As a result, there was no clear correlation 550 

between TC and NS NO2 concentrations before 13:00, as on 14 January. These morning 551 

data could be separated into two groups, before 11:30, when there was no TC/NS 552 

relation, and after 11:30 where the data in Fig. 5b suggest a non-linear relation. Hence, 553 

in this situation, it may be difficult to determine NS NO2 concentrations from satellite 554 

data. After 13:00, the TC NO2 concentrations increased from about 37 mg m-2 to almost 555 

60 mg m-2 at 16:30, with a plateau around 15:00. The scatterplot in Fig. 5b shows a 556 

good correlation between TS and NS NO2 concentrations.  557 

The lidar data in Fig. 5c, with lower intensity than on 14 January, indicate smaller 558 

aerosol concentrations on 18 January than on 14 January, consistent with the smaller 559 

PM2.5 concentrations (in Fig. 2b). The lidar data show the occurrence of multiple layers 560 

during the night and morning, with sharp boundaries indicating that aerosol particles 561 

are trapped in rather shallow layers with little or no exchange between these layers. 562 

After 10:30, the boundaries between layers become less sharp indicating the onset of 563 

vertical transport, although the very shallow clear layer (dark blue) between 500 and 564 

600 m indicates a clear separation between the lower and upper layers, prohibiting 565 

vertical transport. Around 13:00 this shallow layer disappeared and after 15:00 the 566 

atmospheric boundary layer appears well-mixed up to the top at about 800m.  567 

The time series of the NO2 vertical distributions in Fig. 5c shows that NO2 568 

concentrations were lower on the 18th than on the 14th, and concentrated below 1000 m. 569 
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The NO2 concentrations and their vertical distributions varied between 08:00 and 12:30, 570 

with an initial increase between 08:00 and 10:00 with a broad elevated maximum 571 

centered around 500 m and another small maximum around 11, Apart from these, the 572 

NO2 concentrations were rather homogeneously distributed up to the top of the 573 

atmospheric boundary layer at about 800 m as also indicated by the lidar data. After 574 

about 12:00 the NO2 concentrations increased with a significant enhancement after 575 

14:00.  576 

The evolution of the atmospheric boundary layer, as shown in detail by the lidar 577 

data, and the variation of the NO2 concentration profiles provide a plausible explanation 578 

for the evolution of the TC and NS NO2 concentrations and their ratios, with changes 579 

around 11:30 and 13:00. The plateau in the NS NO2 concentrations may be indicative 580 

of the dilution near the surface due to upward transport and vertical mixing, at the same 581 

time increasing the TS NO2 concentrations.  582 

 583 

Figure 5. Same as Fig. 3 but for 18 January, 2022.  584 

Fig. 6 shows the large scale situation for the study area on 18 January. The TROPOMI 585 

data in Fig. 6a show the spatial distribution of the tropospheric NO2 VCDs which are 586 
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highest to the SE of Beijing, in Hebei/Tianjin and over the Yellow Sea. Over Beijing, 587 

the tropospheric NO2 VCDs, as indicated by TROPOMI, are substantially lower than 588 

in case 1. This can be explained by the transport from clean areas to the W and WNW 589 

as indicated by the air mass trajectories arriving in Beijing at 300m, 500 m and 1000m, 590 

at 10:00, 13:00 and 16:00 LT (Fig. 6c). The trajectories of the air masses arriving at 591 

10:00 LT show a clear difference between the lower and higher layers visible in the 592 

lidar data: where the air arriving at 1000 m originated from the WNW and had traveled 593 

during the last 24 h over clean areas (Fig. 6a) over a distance of 1000 km (10o), between 594 

heights of 1000-1500 m, the lower air mass was influenced by local air from SSW (at 595 

300 m) and SW (500m) that had traveled during the last 24 h near the surface at heights 596 

up to 500 m over moderately polluted areas. Hence the lidar data show higher aerosol 597 

content in the lower layer (<500 m) than in the layer above (>600m) and both 598 

disconnected layers are from different origin. 599 

This situation changed as indicated by the air mass trajectory arriving at 12:00 LT. The 600 

air mass arriving at 300 m had the same characteristics as at 10:00 LT, had traveled an 601 

even shorter distance and the layer adjacent to the surface was more stagnant. However, 602 

the air mass arriving at 500 m now came from the west, had traveled over clean areas 603 

(Fig 6a) at heights between 500 and 1000 m and thus was distinctly different from the 604 

layer below. The air mass arriving at 1000 m originated from a bit further north and 605 

further away (in Inner Mongolia) than at 10:00 LT, and had travelled at heights between 606 

750 and 1000 m. Hence all three air masses suggest that the layers originated from 607 

different regions and likely had different composition.  608 

The trajectories of the air masses arriving at 16:00 LT indicate that the situation had 609 

changed, i.e. the pollution episode was finished and pollution was replaced with cleaner 610 

air transported from the W to WNW over distances of hundreds of km and originating 611 

from elevations of 500-1000 m for air masses arriving at 300m and 500m, whereas the 612 

air mass arriving at 1000 m had actually followed a lower trajectory. 613 

   614 
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 615 

Figure 6. Same as Fig. 4, but for 18 January, 2022. 616 

3.3 Ratio of TC vs NS NO2  617 

The two pollution cases discussed above show that the ratio between TC and NS 618 

NO2 in the morning (before 13:00) is different from that in the afternoon (after 13:00) 619 

during the study period in the winter in Beijing. In order to better understand the 620 

relationship between TC and NS NO2, we calculated the ratio of TC and NS NO2 621 

concentrations for each day, while we also differentiated between the morning and 622 

afternoon using 13:00 as the split time. The results are presented as violin plots in Fig. 623 

7, for each of the 12 days for which data are available. The data in fig. 7 show that the 624 

mean and median values of the NO2 ratio during Period I (10-18 January were 625 

substantially higher than those during Period III (25-30 January), with the exception of 626 

25 and 29 January. During these two days, at the beginning and end of Period III, signify 627 

the transition from polluted to clean days (see fig. 2b). On most days the ratio was 628 

smaller in the morning than in the afternoon. The difference between the morning and 629 

afternoon ratios was small during the two days (14th and 18th) with accumulated 630 

pollution, while during the four days when wind speed increased, on 13, 15, and 17, the 631 

differences were relatively large, with the largest difference of 192 m on the 13th. 632 
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During Period III the difference between the morning and afternoon ratio was basically 633 

smaller than 50 m, with a gap of more than 100 m only on the 29th. There were no valid 634 

observations of TC NO2 concentrations during Period II, so it is not possible to judge 635 

the changes in ratio over multiple consecutive days of pollution. Throughout the 636 

observation period, the standard deviations of the ratio were overall larger in the 637 

morning than in the afternoon, when the winter boundary layer was well-mixed and the 638 

relationship between TC and NS NO2 concentrations was relatively stable. However, in 639 

the morning, when the boundary layer was developing, the day-to-day variations in the 640 

standard deviation imply relatively large changes in the ratio. The box plot in fig. 7b 641 

illustrates the difference between the morning and afternoon ratios. The mean values 642 

are lower in the morning (364m) than in the afternoon (428m), and the upper quartile 643 

in the afternoon are closer to their median value, suggesting that the ratio is more stable 644 

in the afternoon when it is well mixed vertically. However, although the ratio is quite 645 

stable in the afternoon with well mixing, there are still unpredictable extreme values 646 

(e.g. 771 m).  647 

 648 

 649 

Figure 7. (a) Violin plots of the ratio of TC and NS NO2 concentrations for each day 650 

when observations were available in January 2022, where the data were differentiated 651 

between morning (before 13:00 LT) and afternoon (after 13:00LT). (b) The box-whisker 652 

plot of the ratio averaged over all observations before and after 13:00 in January 2022. 653 

The horizontal lines in the boxes and the top and bottom edges represent the mean and 654 
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upper and lower quartile values of the Ratio, the solid square dots represent the median 655 

values, and the bars represent the minimum and maximum values. 656 

4 Conclusion and Discussion 657 

Total column and near surface NO2 data observed during the winter field experiment 658 

from Jan 10 to Jan 29, 2022, at the Beijing RADI site were analyzed together with lidar, 659 

PM2.5 and meteorological data, satellite data, weather maps and air mass trajectories. 660 

Based on these observations, the experimental period was sub-dived into three periods: 661 

intermittent pollution days, persistent pollution days and clean days. The analysis of the 662 

TC and NS NO2 concentrations shows substantial differences between the first and third 663 

period, while during the second period with persistent pollution no TC NO2 664 

observations were available due to the presence of clouds. During the first period, two 665 

episodes with high pollution were identified and analyzed in detail with a focus on the 666 

ratio between the variations of the TC and NS NO2 concentrations and their ratio. The 667 

relations between the TC and NS NO2 concentrations in the morning and in the 668 

afternoon, split at 13:00 LT, appear to be significantly different. These differences have 669 

been explained in terms of boundary layer dynamics, using lidar data showing the 670 

vertical stratification with disconnected boundary layers at different heights in the 671 

morning which connected as the boundary layer develops in the afternoon. In addition, 672 

the 4-layer NO2 column concentrations obtained from Pandora show good agreement 673 

with the lidar signal in terms of the temporal and vertical variations of the NO2 674 

concentrations, with differences attributed to the vertical resolution of the Pandora and 675 

lidar observations, as well as physical properties of NO2 and aerosols. From this, 676 

together with air mass trajectories, weather maps and TROPOMI satellite observations 677 

of the NO2 spatial distribution, a consistent picture was created showing different 678 

source regions for disconnected airmasses arriving at different heights and different 679 

times of the day. 680 

Data from the full experimental period, with 12 days for which valid data are available, 681 

were analyzed in detail to obtain more insight into the variation of the ratio between the 682 

TC and NS NO2 concentrations. This ratio appears to be overall smaller in the morning 683 
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than in the afternoon, with larger standard deviations. In addition, the ratios and their 684 

standard deviations were overall larger during the more polluted episode I than during 685 

the relatively clean period III.   686 

Time-continuous remote sensing observations of Pandora were used in this study and 687 

the results confirm its possible importance in understanding changes in the distribution 688 

of NO2 in the vertical direction. The NO2 vertical distribution has been analyzed using 689 

less than 3 weeks of observation data, which has some limitations, but the research idea 690 

is worthy of reference and promotion. In the future, the implementation of larger-scale 691 

experiments in different typical regions and seasons will help to provide further 692 

understanding of the ideas presented in this study and improve the shortcomings. 693 

The overall conclusion from this study during a relatively short period of almost 3 694 

weeks in the winter in Beijing is that the variation between the total column and near 695 

surface NO2 concentrations varies with the concentration level and the time of day. In 696 

the afternoon the boundary layer is well developed and satellite observations are 697 

sensitive to the NS concentrations, whereas in the morning this depends on 698 

meteorological conditions. Hence, satellites with an afternoon overpass are capable to 699 

measure TC NO2 which is representative for NS concentrations, whereas observations 700 

earlier in the day may not be. This could possibly affect the interpretation of diurnal 701 

variations derived from observations using geostationary satellite.  702 
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