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Abstract: In order to investigate the abundance of and temporal variation in nitrogen dioxide (NO;)
in the troposphere and validate the corresponding satellite products during a normal year and the
lockdown period of coronavirus disease 2019 (COVID-19) in Lhasa, a city on the Tibetan Plateau (TP),
ground-based remote-sensing measurements captured by applying multi-axis differential optical
absorption spectroscopy (MAX-DOAS) were recorded from August 2021 to March 2023 at the Lhasa
site (91.14°E, 29.66°N; 3552.5 m altitude). The NO, differential slant column densities (ASCDs) were
retrieved from the spectra of scattered solar light at different elevation angles. Then, the tropospheric
NO; vertical column densities (VCDs) were calculated with the geometric approximation method.
Based on the retrieved tropospheric NO, VCDs, we found that the pattern of monthly variation
in tropospheric NO, VCDs in Lhasa presented two peaks, one in winter and one around May.
According to the monthly means of tropospheric NO, VCDs during the COVID-19 lockdown, the
NO; background level in Lhasa was estimated to be 0.53 x 10%> molecules-em 2. For diurnal
variations in tropospheric NO, VCDs, the morning and evening peaks disappeared during the
COVID-19 lockdown period. The east-west direction (i.e., along the river valley) was the main path
of NO, transport and dispersion in Lhasa, but the tropospheric NO, VCDs were little dependent
on the wind direction or wind speed during the COVID-19 lockdown. The correlation coefficient
of tropospheric NO, VCDs was R = 0.33 (R = 0.43), with the averaged relative deviation of —28%
(99%) for the TROPOMI (GEMS) relative to ground-based MAX-DOAS. The monthly deviations of
tropospheric NO, VCDs between ground-based MAX-DOAS and the satellite showed a dependence
on NO, abundance, with the maxima of the monthly positive deviations during the COVID-19
lockdown period. The GEMS could not capture the strong and systematic diurnal variation in
tropospheric NO, VCDs in the “normal” year well. During the COVID-19 lockdown, the GEMS
(>2 x 10'® molecules-cm~2) overestimated the hourly levels measured by ground-based MAX-DOAS
(<1.6 x 10¥> molecules-cm—2). As a whole, these results are beneficial to understanding the influences
of anthropogenic activities on NO, background levels in Lhasa and to learning the accuracy of
satellite products over the TP, with its high altitude and complex terrain.
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1. Introduction

As one of the major air pollutants, tropospheric nitrogen dioxide (NO,) affects the
production of secondary atmospheric pollutants, such as ozone (O3), peroxyacetyl ni-
trate (PAN), and secondary aerosol [1]. Tropospheric NO, is harmful to human health,
for instance, inducing respiratory disease [2]. Tropospheric NO, originates from natural
processes (microbial activities in soils, lighting in the atmosphere, etc.) and human activi-
ties (transportation, residential energy, industry, etc.) [3—6]. Tropospheric NO; is mainly
removed by photolysis and the photochemical reaction with free radicals or O3 [7]. There-
fore, long-term observations of tropospheric NO, are essential to monitor the conditions
and characteristics of the atmospheric environment, which are quite useful to formulate
scientific emission-controlling measures for improving air quality.

As one of six criteria for air pollutants, the surface in situ hourly NO, concentrations
in Lhasa have been released online by China’s Ministry of Environmental Protection since
January 2013 [8]. These air quality data are widely used to reveal the spatiotemporal
variations and formation mechanisms of air pollution. Through a cluster analysis of the
annual and diurnal variations in the gaseous and particulate pollutants in 31 provincial
capital cities, it was found that Lhasa is a slightly polluted city [8,9]. In western China,
the meteorological conditions in winter tend to be unfavorable to pollutant dispersion
and dilution, and the reduction in transport emissions is crucial for reducing NO, [10].
Among six cities on the Tibetan Plateau (TP), the anthropogenic activities in Lhasa are the
strongest, so attention should be paid to local emissions in addition to long-range transport
pollutants [11]. A comparison of NO, mixing ratios in Lhasa in the summers between 1998
and 2012 showed that the emission of NO; is increasing and its inter-correlations with other
trace gases (for example, carbon oxide and sulfur dioxide) are changing [12]. These findings
are related to accelerated social and economic development, such as rapid urbanization, the
development of the tourism industry, and the change in energy structure [13]. To prevent
the spread of coronavirus disease 2019 (COVID-19), Lhasa took emergency lockdown
measures starting on 13 August 2022. The lockdown of production and living activities
caused a pronounced reduction in the local emission of primary air pollutants. This
presented a great opportunity to investigate the background condition of air pollution in
Lhasa during the COVID-19 lockdown period.

Tropospheric NO, vertical column density (VCD) is an important indicator reflecting
the air quality. Tropospheric NO, VCDs are usually measured by satellite or ground-
based remote sensing [14-17]. As a kind of ground-based remote-sensing technique,
multi-axis differential optical absorption spectroscopy (MAX-DOAS) is widely used to
retrieve tropospheric NO, VCDs, which are also applied in the validation of a satellite
product [18-20]. However, there are few reports of MAX-DOAS observations over the TP.
The NO; levels and monthly variations were estimated via this technique at Waliguan,
a global atmospheric background station located in the northeastern TP [21]. Strato-
spheric NO, VCDs were retrieved from the zenith DOAS spectra at Golmud station in the
northern TP [22]. The NO; profiles for the northern slope of Mount Everest were derived
from MAX-DOAS observations to investigate the characteristics of NO, vertical distri-
butions in the southern TP [23]. Mobile MAX-DOAS observations were also performed
to study the spatial distributions of tropospheric NO, VCDs during the summer over
the Three Rivers’ source region in the TP [24]. Ground-based MAX-DOAS was applied
to monitor the short-term variation in tropospheric NO, in Lhasa [25]. To the best of
our knowledge, relatively long-term variations in tropospheric NO, VCDs, especially
those during the COVID-19 outbreak in 2022, have not been reported yet. Currently,
the validations of satellite products, especially for the new-generation geostationary satel-
lites monitoring the atmospheric composition over the TP, are the focus of the remote-
sensing community [14].

In this study, we performed ground-based MAX-DOAS measurements in Lhasa from
8 August 2021, covering the COVID-19 pandemic from 13 August to 13 December 2022. In
the process, we retrieved the tropospheric NO, VCDs from the spectra of scattered solar
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light, investigated the characteristics of the temporal evolution of tropospheric NO, VCDs,
and validated the tropospheric NO; satellite products over Lhasa. The remainder of this
article is structed as follows. Section 2 introduces the measurement site and instruments,
the methods (including a spectral analysis and tropospheric NO, VCD retrieval), and
tropospheric NO, satellite products. Section 3 presents the monthly and diurnal varia-
tions in tropospheric NO, VCDs, the relationship to wind, and a comparison with the
satellite products. Finally, we provide a discussion and conclusions in Sections 4 and 5,
respectively.

2. Materials and Methods
2.1. Site and Instruments

The fieldwork was performed from 8 August 2021 to 20 March 2023 at the Lhasa
meteorological station (91.14°E, 29.66°N; 3552.5 m above sea level), located in the down-
town of the capital of Tibet Autonomous Region. The world famous Potala Palace is about
1.5 km away from the southwest of Lhasa station. Low buildings are distributed mainly
over 3 km within Lhasa, containing several temples (such as Jokhang temple and Ramoche
temple) with incense biofuel burning due to religious activities. The Lhasa city is within
a flat river valley over the TP, i.e., with the mountains located to the south and north
of the site. The Lhasa River, as a tributary of the Yarlung Zangbo River, runs through
the southern part of the Lhasa city from the east to west. The major roads are built
along an east-west direction. The national nature reserve of Lalu wetland is about 3 km
away to the northwest of the Lhasa site. The Duilongdeqing district, mainly contain-
ing light and logistics industries, is about 13 km west of the Lhasa site. The railway
station and airport are located to the southwest of the Lhasa site at distances of about
7.5 km and 45 km, respectively. The site is dominated by a monsoon temperate semi-arid
plateau climate, characterized by strong solar radiation, a long period of sunny weather
and low rainfall. The rainy season is concentrated in June through September with fre-
quent night rain. It is cold and dry in winter. The operational meteorological observa-
tions, such as surface wind, are performed at this station. For more details about the
natural conditions and human activities surrounding the site, please refer to previous
studies [12,13,25].

The commercial Mini MAX-DOAS from Hoffmann Messtechnik GmbH in Germany,
which was set up on the roof of a four-storied building, was used to collect the spectra of
scattered sunlight at 12 elevation angles (1°, 2°, 3°, 4°, 5°, 6°, 8°, 10°, 15°, 30°, 45°, and
90°). The same instrument had been used in previous measurements at Gucheng [26],
Waliguan [21] and Longfengshan stations [20], respectively. The instrument consists of
an entrance optical lens, fiber-coupled spectrograph, as well as collecting and controlling
electronics, which are sealed in a metal box with a volume of 3 L. A telescope and a stepper
motor are mounted outside the box. The box can be rotated on the whole in the vertical
direction to make the telescope point to different-elevation viewing angles with a fixed
azimuth angle of 211°. The spectrograph covers a wavelength range of roughly 290-447 nm,
operating at a stable detector temperature lower than the air temperature. The operating
detector temperatures in Lhasa were set as —10 °C in winter and 0 °C in other seasons. At
a specific operating temperature, the spectra of dark current (DC) and electronic offset (OS)
were manually collected to correct each measurement spectrum. A laptop with professional
software was used to control the instrument automatically. It takes about 12 min to perform
a sequence of elevation angles because the integration time of one individual spectrum
is ~1 min.

2.2. Spectral Analysis

The method of differential optical absorption spectroscopy (DOAS) was proposed
in the 1970s on the basis of the Beer—Lambert law, which can be used to retrieve the dif-
ferential slant column densities (dSCDs) of atmospheric trace gases (such as NO;) from
scattered sunlight spectra [27]. This process is achieved by a spectral fit, i.e., minimizing
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NO, differential optical depth

the differences between measured and simulated spectra (Figure 1a). The retrieved dSCDs
of a target trace gas, i.e., NO; in this article, represent the differences in the integrated
concentration along the effective light path (SCD) between the atmospheric measurement
spectrum and the Fraunhofer reference spectrum (FRS) [18,28]. The FRS, selected from the
measured spectra, usually includes two schemes, i.e., so-called “fixed FRS” and “sequential
FRS” [24,29]. The former corresponds to a fixed spectrum at the 90° elevation angle at noon,
which is used for all measured spectra to minimize the tropospheric and stratospheric
contributions. The latter is defined as the time-interpolated spectrum between two zenith
spectra measured before and after the time of the current off-zenith elevation angle. Com-
parisons in previous studies have shown that the signal-to-noise ratios are higher and the
fitting errors are smaller when using the sequential FRS rather than the fixed FRS, which
can be attributed to more similar instrument properties and similar atmospheric conditions
in a short time between a specific measurement spectrum and the corresponding sequential
FRS [24]. Therefore, we used the scheme of “sequential FRS” in this study. Table 1 lists
the final optimal fit settings for the NO, spectral analyses. In practice, the retrieval of NO,
dSCDs was achieved with the QDOAS software (version 3.0), developed by the Royal
Belgian Institute for Space Aeronomy (BIRA-IASB) [30]. The QDOAS software includes
multiple functions, such as DC and OS corrections of the measured spectra, spectral cal-
ibration of the FRS, convolution of the cross-sections of the trace gases, and spectral fit.
Figure 1 shows an example of the spectral fit for NO, dSCDs from a measured spectrum at
the 15° elevation angle and the 53.92° solar zenith angle (5ZA) at 3:43 UTC on 19 February
2022 in Lhasa. The reason for choosing this spectrum as an example of spectral fit is that
its root mean square (RMS) of the spectral fitting residual is close to the RMS’s median
of all spectra during the observation period. During the quality control of NO, dSCDs,
we applied filters to balance the results” quality and the remaining data amount. With the
filters of SZA < 75° and RMS < 0.003 [20], we kept 75.60% of the NO, dSCDs relative to the
original QDOAS output. For all the filtered NO, dSCDs, the means of RMS and relative
spectral-fit errors are 1.37 x 1073 and 10.6%, respectively.
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Figure 1. Example of the spectral fit for NO; at 3:43 UTC on 19 February 2022 in Lhasa at the 15°
elevation angle and 53.92° SZA. (a) Black curves and red curves with symbols indicate the measured
and simulated differential absorption spectral structures for NO,, respectively. The derived NO,
dSCD is 1.35 x 101® molec-cm~2. (b) The root mean square (RMS) of the spectral-fitting residuals
between measured and fitted spectra is 1.32 x 1073 for NO,.
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Table 1. Fit settings for the NO, spectral analyses.

Parameter Setting
fitting interval (nm) 400434
Fraunhofer reference spectrum sequential spectra
DOAS polynomial degree: 5
intensity offset degree: 2 (constant and order 1)
shift and stretch spectrum
Ring spectra original and wavelength-dependent Ring spectra

Vandaele et al. (1998) [31], 294 K, I, correction
(10 molecules-cm~2)

H;O cross-section Polyansky et al. (2018) [32], 293 K
Serdyuchenko et al. (2014) [33], 223 K, I, correction
(102 molecules-cm~2)

Oy cross-section Thalman and Volkamer (2013) [34], 293 K

NO, cross-section

O3 cross-section

2.3. Tropospheric NO, VCDs

Tropospheric NO, VCDs are calculated with the aforementioned filtered NO, dSCDs.
When adopting the scheme of “sequential FRS”, the NO, dSCDs retrieved from measured
spectra can be treated as tropospheric dSCDs (shown as dSCDryop) [18]. For convenient
comparison between different measurements, the air mass factor (AMF), which is inde-
pendent of solar position, observation geometry and effective light path length, is usually
used to convert the SCDs to VCDs. The total AMF can be split into two parts, i.e., the
tropospheric AMFr;p, and stratospheric AMFgy, [35]. The VCDryop can be expressed as
the following:

SCD« Trop
VCD =" 1
C Trop AMFoc,Trop ( )
If « = 90°,
SCDgg Trop
VCD . 2
Trop AMF9O,Tr0p ( )

Via further formula derivation with Equations (1) and (2), the VCDryp can be
written as:

VCD . — SCDe,rop — SCDoptrop  dSCDrop )
Trop = AMF“/Tmp - AMF90,Tr0p B dAMF“/TmP ‘

where:
dA1\/I]~T‘cx,Trop = AMFO(,Trop - AMF9O,Trop~ (4)

The AMF can be accurately simulated by an atmospheric radiative transfer model with
various input information or simply estimated by the so-called “geometric approximation”.
A previous study for the TP indicated that the “geometric approximation” method is
suitable for the VCD’s calculation of tropospheric NO,, which is mainly distributed in
the lower troposphere [24]. When adopting the “geometric approximation” method, the
AMF r0p can be expressed as follows:

AMF o Trop = sin~ (). (5)
Then, Equation (3) becomes:
dSCD(X,TI‘OP o
VD1 = S ST ( #90°, AMFoq 1rop = 1). ©)

More details about the applicability of the “geometric approximation” method can be
found in our previous research papers [24,35]. In this study, we calculated NO; VCDryop
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according to the dSCDs at the 15° elevation angle. In this situation, the typical errors caused
by the geometric approximation method are less than 20% for NO, [24].

2.4. Satellite Product
2.4.1. Tropospheric NO, by TROPOMI

The TROPOspheric Monitoring Instrument (TROPOMI) is the sole payload of the
Sentinel-5 Precursor (S-5 P) satellite, launched by the European Space Agency (ESA) on
13 October 2017. The S-5 P satellite flies in a near-polar sun-synchronous orbit, with the
local transit time of 13:30 at the ascending node. The TROPOMI can effectively monitor
the global distributions of several trace gases in the atmosphere, including tropospheric
NO,, and also allows the observation of aerosol and cloud [36]. The TROPOMI covers
multi-wavelength segments of the ultraviolet-visible, near-infrared, and shortwave in-
frared spectral ranges. It achieves daily global coverage with a 108° field of view at nadir.
Since 6 August 2019, the TROPOMI has performed the measurement in the spatial reso-
lution of 5.5 x 3.5 km? at nadir. To obtain the tropospheric NO, VCDs, a total NO, SCD
is firstly retrieved from the Level-1b radiance and irradiance spectra measured by the
TROPOMI using DOAS method. Then, total NO, SCDs are separated into the stratospheric
SCDs and the tropospheric SCDs based on the information coming from a data assimilation
system. Finally, the NO, SCDs are converted into corresponding VCDs by using a look-up
table of altitude-dependent AMFs. In this study, we use a kind of TROPOMI Level-2
NO; product named “S5P_L2_ NO2___ HiR” [37]. According to the official recommenda-
tions for the data product usage, the flag of ‘quality assurance value’ (i.e., the variable of
‘gqa_value’ in data product file) is used to filter the tropospheric NO, VCDs for each individ-
ual observation, with the filtering condition of qa_value > 0.5. For comparison, the valid
TROPOMI tropospheric NO, VCDs within a 0.05° x 0.05° cell of the Lhasa observation
site are averaged to ensure spatial consistency, and the filtered MAX-DOAS tropospheric
NO; VCDs within + 1.5 h of the TROPOMI overpass time are also averaged to ensure
consistency in time. Finally, 578 data pairs in total are applied in the comparison between
the two datasets.

2.4.2. Tropospheric NO; by GEMS

The Geostationary Environment Monitoring Spectrometer (GEMS) is onboard the
GEO-COMPSAT-2B satellite, launched on 18 February 2020 by the Arianespace Ariane
5 rocket [38]. The UV-visible hyper spectrometer for the GEMS measures the atmospheric
composition including NO,, sulfur dioxide (SO;,), ozone (O3), formaldehyde (HCHO),
and aerosols over East and Southeast Asia [39]. The GEMS, developed by the National
Institute of Environmental Research (NIER), firstly achieves the geostationary air quality
mission with high temporal resolution (8 observations over East Asia per day) [40]. The
nominal spatial resolution is typically 7 km x 8 km for gases in the eastern and central
scan domain, but the north-south spatial resolution can exceed 25 km in the western side.
The whole field of view (FOV) covers a latitude range of 5-45°N and a longitude range
of 80-152°E. There are four scan scenarios (i.e., Half East, Half Korea, Full Central, and
Full West) moving from the east to west. The hourly GEMS observation includes the
30 min to scan the full coverage and another 30 min to transmit data to the ground data
center. Owing to the seasonal variation in subsolar points relative to the Earth, there are
about 10 hourly observations per day in summer and 6 in winter. The basic three steps
of the GEMS tropospheric NO; algorithm are similar to those described in Section 2.4.1.
The details of the satellite, retrieval, and product can be found on the GEMS homepage
(https:/ /nesc.nier.go.kr/en/html/index.do, accessed on 21 July 2023). The official GEMS
tropospheric NO, VCDs (product version: v2.0.0), requested by the SFTP service, were
used in this study. In addition, the hourly GEMS tropospheric NO, VCDs within 0.05° of
the Lhasa observation site were averaged for comparison with the corresponding means of
ground-based MAX-DOAS measurements during the 30 min GEMS scan. Finally, there
were 3090 data pairs in total between the two datasets.
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3. Results
3.1. Monthly Variations in NO, VCDs

Using the aforementioned filtered data, we firstly calculated the daytime hourly
averaged NO, VCDs, which were used to statistically obtain NO, monthly variations at
the Lhasa station. Figure 2 shows the monthly variation in the tropospheric NO, VCDs
from August 2021 to March 2023. Both the mean and median tropospheric NO, VCDs
present the same annual cycles, with the maximum (4.04 x 10% molecules-cm~2) around
December 2021 and minimum (0.53 x 10'®> molecules-cm~?2) in September 2022 during our
observation period. The NO, VCDs show the peak in winter, similar to surface NO, in
situ measurements in Lhasa [11-13], but there is another peak for the NO, VCDs around
May. The lower value in October 2021 was partly because of less tourism activity, with
Lhasa moving into the cold season. The peak in December 2021 was probably related to the
increase in winter heating emissions. Local minimum values appeared in February 2022,
which were probably connected with the migrants leaving Lhasa, such as those returning
home for the Spring Festival. Then, the NO, VCDs began to increase and reached high
values in the warm seasons (April-July 2022), which were partly connected with many
people coming to Lhasa for business or summer tourism. The dramatic decline in NO,
VCDs from July to August in 2022 and the extreme minimum around September 2022
should be particularly noted. To a large extent, this was created by the COVID-19 outbreak
in Lhasa, and then some emergent lockdown measures were taken from 13 August to
13 December 2022 in order to prevent the COVID-19 pandemic. Correspondingly, the local
emissions of primary air pollutants were strongly reduced. After lifting the lockdown,
another local minimum of the NO, VCDs appeared in January 2023, probably with a cause
similar to that of the minimum in February 2022. In addition, the rather low levels of
NO; VCDs were not only less than those at the Longfengshan and Shangdianzi regional
background stations [20,28] but also significantly lower than those in megacities (such as
Beijing) [35,41]. This can be attributed to the higher site altitude with a thin tropospheric
air column and relatively fewer anthropogenic emissions in Lhasa.
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Figure 2. Monthly variation in the tropospheric NO, VCDs in Lhasa from August 2021 to March 2023.
Upper (lower) error bars and black boxes are the maxima (minima) and the 25th (75th) percentiles of
the hourly NO, VCDs grouped in each month, respectively. The hyphens inside the boxes and the
red dots are the medians and the mean values, respectively.
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3.2. Diurnal Variations in NO, VCDs

Due to the COVID-19 lockdown covering the late summer, autumn, and early winter
of 2022, we preferred to choose representative months to analyze the diurnal variations in
tropospheric NO, VCDs in different seasons in this study. Figure 3 shows the averaged
diurnal variations in tropospheric NO, VCDs in April, July, October and January (the
averaged diurnal variations in tropospheric NO, VCDs in four seasons are shown in
Figure Al). It should be noted that we eliminated one outlier (2.63 x 10'® molecules-cm~?2)
at 17:00 Beijing time (BJT = UTC + 8; we use BJT in this article unless otherwise specified) on
29 July 2022, which was larger than the mean plus three times the standard deviation. Due
to different lengths of the sunshine duration in different seasons, the longest available time
period for MAX-DOAS measurements appeared in July, and the shortest in January. The
diurnal variation patterns of tropospheric NO, VCDs were different in different seasons,
owing to the complex interplay of source emissions, atmospheric photochemical reactions,
and dynamic processes [28,35,42,43]. In April and July, the highest tropospheric NO, VCDs
occurred in the morning and late afternoon with the minimum around 16:00 BJT. In July,
there was another small peak around 14:00 BJT. In October 2021, tropospheric NO, VCDs
had a maximum at 10:00 BJT and a minimum at 17:00 BJT. However, the diurnal cycle
of tropospheric NO; in October 2022 was absolutely different. The tropospheric NO,
maintained a very low level with a slightly decreasing trend and without morning and
evening peaks. Figure 3 also shows the apparent differences in level and diurnal pattern of
tropospheric NO, between the ‘normal” and ‘lockdown’ conditions. In January, the diurnal
patterns of tropospheric NO; are similar between 2022 and 2023, i.e., a decreasing trend
from the early morning to the late evening. However, except during the morning, the levels
of tropospheric NO, VCDs are significantly lower in January 2023 (i.e., after COVID-19
pandemic) than those in January 2022 (i.e., during a normal year). As a whole, these results
imply that the characteristics of tropospheric NO, diurnal variation are closely related to
local anthropogenic activities in Lhasa.
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Figure 3. Diurnal variation in the hourly averaged tropospheric NO, VCDs in Lhasa in representative
month of different seasons, i.e., (a) April, (b) July, (c) October, and (d) January. The error bars denote
the standard deviations for each grouped hour. The numbers in the legends refer to the observation
time, with the first four digits for year and the last two digits for month, respectively.
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3.3. Relationship to Wind

In this section, we explore the relationship of tropospheric NO, VCDs to the wind
in the representative months of different seasons (the corresponding figures to different
seasons can be found in Figures A2-A4). Considering that tropospheric NO, commonly ex-
ponentially decreases with height (with scale heights of usually a few hundred meters) [23],
the ground wind data are usually used to investigate the dependences of the tropospheric
NO; column on wind [28,44]. According to the wind roses in 16 wind direction sectors
(Figure 4), we can see that the wind directions were mainly distributed in the W, WSW,
and E during the daytime effective observation period, conforming to the typical terrain
of river valley in Lhasa. The dominant wind directions changed with different months,
i.e., with western and eastern wind in spring and summer, WSW wind in autumn, and
eastern wind in winter, due to the differences in the atmospheric large-scale circulation
(such as monsoon) affecting Lhasa in different seasons [45]. Most of the wind speeds were
concentrated in the range of 1-4 m-s~!, and wind speeds higher than 6 m-s~! were rare
(mainly in winter). The tropospheric NO, VCDs were strongly dependent on the wind
(Figure 5). In all months, larger NO, VCDs appeared along with weak wind, indicating
the potential influence of local source emissions (such as traffic emissions) in Lhasa on
the tropospheric NO; levels. When under the lockdown of anthropogenic activities, the
tropospheric NO; in Lhasa sharply deceased to very low levels without the dependences
of wind direction and wind speed, as can be seen in Figure 5e. When wind speeds were
higher than 3 m-s~1, the tropospheric NO, VCDs were strongly dependent on the wind
direction in July 2022 (Figure 5d). In this case, the higher NO, VCDs were distributed in
the sections of N, SE, and SW, respectively. Furthermore, we explored the influence of
air mass transport via weighted NO, VCDs (Figure A5), which denote the tropospheric
NO, VCDs multiplied by the corresponding wind frequency [28]. Although the domi-
nant transport directions varied with seasons, the larger weighted NO, VCDs essentially
occurred in the sections of W, WSW and E, implying that the east-west direction (i.e.,
along the river valley) is the main transport path and the mountains to the south and
north of the Lhasa city block the transport of air masses with less air pollutants to Lhasa.
Therefore, the winds, affected by the terrain, influence the NO, transport and dispersion in
Lhasa significantly.

wind speed/m-s™! N

NNE NNW 0 NNE

wind speed/m-s™!

WSwW ESE

SSE SSW SSE
(b

Figure 4. Cont.
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Figure 4. The roses for wind frequency and wind speed in 16 wind direction sectors at Lhasa sta-
tion during the daytime of the observation period in the representative month of different seasons,
i.e,, (a) October 2021, (b) January 2022, (c) April 2022, (d) July 2022, (e) October 2022, and (f) January 2023.
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Figure 5. The roses of hourly tropospheric NO, VCDs in 16 wind direction sectors at Lhasa sta-
tion during the daytime of observation period in the representative month of different seasons,
ie., (a) October 2021, (b) January 2022, (c) April 2022, (d) July 2022, (e) October 2022, and (f) January 2023.

3.4. Comparison with the TROPOMI and GEMS Products

The MAX-DOAS measurement is performed on the ground, but the satellites (TROPOMI
and GEMS) detect atmospheric NO; from the space. Meanwhile, TROPOMI scans the
atmosphere in a near-polar sun-synchronous orbit once a day and the GEMS achieves
eight observations per day in a geostationary orbit. To validate the satellite NO, products
over the Tibetan Plateau, we compared the tropospheric NO, VCDs between the ground-
based MAX-DOAS measurements and two satellite measurements, i.e., TROPOMI and
GEMS, respectively. Based on the aforementioned data pairs (Section 2.4), the monthly
medians of tropospheric NO, VCDs were separately calculated for the three datasets. In a
linear regression analysis (Figure 6a) [46], the correlation coefficient (R = 0.53) of ground-
based MAX-DOAS with the TROPOMI was smaller than that (R = 0.73) with the GEMS,
with averaged relative deviations of —51% and —13% for the TROPOMI and the GEMS,
respectively, relative to the ground-based MAX-DOAS measurement. Furthermore, the
averaged GEMS NO, VCD (2.73 x 10'® molecules-cm~2) was significantly larger than that
(1.14 x 10" molecules-cm~?2) observed by the TROPOMI during the fieldwork period on
the whole. The differences in the levels and their correlations with ground MAX-DOAS
measurement between the two satellite NO, products are partly connected with the fact
that the GEMS contained more data pairs (Section 2.4) including larger NO, VCDs in the
morning, relative to the TROPOMI. Meanwhile, both the slopes of linear fit were smaller
than unity (Figure 6a), indicating that the two satellites overestimated (underestimated)
the tropospheric NO, VCDs in low-level (high-level) months. Figure 6b presents the
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absolute deviations (AD) and relative deviations (RD) of the monthly median tropospheric
NO; VCDs for the TROPOMI and the GEMS relative to the ground-based MAX-DOAS
measurement, respectively. For both the TROPOMI and the GEMS, the AD and RD show
similar seasonal variation patterns. The maxima of monthly positive AD and RD appear
during the COVID-19 lockdown period, specifically in October and November 2022 for
the TROPOMI and in September for the GEMS, respectively. The AD and RD depend
on the tropospheric NO, abundance, and their monthly variations show a reverse phase
of that of the tropospheric NO, VCDs (Figure 2). Similarly, previous studies for urban,
suburban, rural and remote stations found apparent station dependence, i.e., usually
negative deviations in the unban condition and positive deviations in the remote condition
for satellite tropospheric NO, products [14]. The possible reasons for our finding are:
(1) the ground-based MAX-DOAS is more sensitive to the NO; in the lower troposphere,
while the satellite’s sensitivity is higher in the upper troposphere; (2) the layer of high NO,
concentration was close to the surface in the ‘normal’” urban condition, but the relative NO,
profile had its maximum at higher altitudes during the lockdown period in Lhasa.
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Figure 6. Comparing the seasonal cycle of tropospheric NO, VCDs between the ground-based MAX-
DOAS measurement and satellite products. (a) Linear fit of the monthly medians of tropospheric NO,
VCDs between ground-based MAX-DOAS and two satellites (i.e., TROPOMI and GEMS), respectively.
(b) Relative to the ground-based MAX-DOAS, the absolute deviations (AD) and relative deviations
(RD) of monthly medians of tropospheric NO, VCDs for TROPOMI and GEMS, respectively.

On the basis of the aforementioned comparison between satellite and ground-based
MAX-DOAS measurements, the tropospheric NO, VCDs were further selected for cases
when the TROPOMI overpass time was within +0.5 h of GEMS observations, produc-
ing 338 data pairs among the three datasets. In this situation, the means + standard
deviations of tropospheric NO, VCDs for the ground-based MAX-DOAS, GEMS, and
TROPOMI were 2.09 + 1.33 x 10'° molecules-cm™2, 2.68 + 0.56 x 10® molecules-cm~2,
and 1.04 + 0.62 x 10'> molecules-cm~2 during the observation period, respectively. After
eliminating the data samples under the condition of data pairs <3 in a specific month, the
monthly medians of tropospheric NO, VCDs were calculated and a corresponding linear
regression analysis was carried out. The correlation coefficient was R = 0.33 (R = 0.43)
between the TROPOMI (GEMS) and ground-based MAX-DOAS, with the averaged RD of
—28% (99%) (Figure 7a). Figure 7b shows the updated monthly AD and RD of TROPOMI
and GEMS tropospheric NO, VCDs relative to the ground-based MAX-DOAS measure-
ment. Both the GEMS and the TROPOMI overestimated or underestimated the tropospheric
NO, VCDs in different degrees on average, but they had similar monthly variation patterns
for AD and RD. The large differences between the two satellite NO, products cannot be
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fully understood at present. A large effort should be made to validate and improve the
satellite tropospheric NO; products for the TP in the future.
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Figure 7. Comparing the seasonal cycle of tropospheric NO, VCDs for cases when the TROPOMI
overpass time is within + 0.5 h of GEMS observations. (a) Linear fit of the monthly medians of
tropospheric NO, VCDs between ground-based MAX-DOAS and two satellites (i.e., TROPOMI and
GEMS), respectively. (b) Relative to the ground-based MAX-DOAS, the absolute deviations (AD) and
relative deviations (RD) of monthly medians of tropospheric NO, VCDs for TROPOMI and GEMS,
respectively. The missing data are due to the data samples being <3 pairs in a specific month.

The GEMS satellite observes the same location on an hourly scale, providing the
unique opportunity to investigate the diurnal variation in tropospheric NO, VCDs from a
satellite perspective. Figure 8a shows the diurnal cycle of tropospheric NO, VCDs derived
from data pairs of ground-based MAX-DOAS and the GEMS during the whole observation
period (‘ALL’), the COVID-19 lockdown period (‘Lockdown’), and the period of lifting
the COVID-19 lockdown (‘NoLockdown’). In the situations ‘All” and “NoLockdown’, the
diurnal patterns of tropospheric NO, VCDs were different between ground-based MAX-
DOAS and the GEMS. The former decreased gradually from 9:00 BJT to 16:00 BJT, but the
latter fluctuated in a small range. This finding indicates that the GEMS does not capture
the strong and systematic diurnal variation in the tropospheric NO, VCD over Lhasa well.
One possible explanation could be that the temporal variation in the NO; layer height over
Lhasa is not well-represented in the profile assumptions in the satellite retrieval.

For the ‘Lockdown’ situation, both of the two datasets varied in a small range. How-
ever, the GEMS NO, VCDs were larger than 2 x 10'> molecules-cm 2 and the ground-based
MAX-DOAS NO, VCDs were smaller than 1.6 x 10'® molecules-cm ™2, indicating that the
GEMS overestimated the tropospheric NO, VCDs during the whole ‘Lockdown” daytime.
To further explore the consistency between the two datasets, we calculated the correlation
coefficients in each grouped hour during the three different time periods (see Figure 8b).
The diurnal patterns of correlation coefficient were similar for the three situations (‘All’,
‘Lockdown’, and ‘NoLockdown’), with the maximum correlation appearing around 12:00
BJT. It should be noted that a weak and even negative correlation tended to occur in
the early morning and afternoon (local time). This is probably related to the large un-
certainties of satellite observation under the condition of relatively low abundance and
small variation range of tropospheric NO, in Lhasa, especially during the COVID-19
lockdown period.
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Figure 8. Comparing the diurnal cycles of tropospheric NO, VCDs between ground-based MAX-
DOAS (abbreviated as DOAS in the figure) and GEMS satellite. (a) Averaged diurnal variation derived
from the medians of tropospheric NO, VCDs for three time periods, i.e., the whole observation
period (“ALL’), the COVID-19 lockdown period (‘Lockdown’), and the period of lifting the COVID-19
lockdown (‘NoLockdown’), respectively. (b) Correlation between the two datasets for each grouped
hour during the three different time periods. The error bars denote the standard deviations for each
grouped hour (B]T).

4. Discussion

The pattern of the monthly variation in the tropospheric NO, VCDs in Lhasa pre-
sented two peaks within one year, which were different from a single winter peak in
typical cities of eastern China [35]. With the background condition of very clean air over
the Tibetan Plateau [21,24], this monthly cycle is closely connected with migration and
seasonal living requirements. The peak around May was not detected by surface in situ
measurement [11-13]. Probably, column observation by ground-based MAX-DOAS is a
more appropriate way to monitor the NO; levels of atmospheric pollution in Lhasa. Due
to the COVID-19 lockdown, the tropospheric NO, VCDs dramatically declined to the
minimum during our observation period, further confirming that local emission sources
have a potential effect on the NO, levels in Lhasa.

In most cases, the diurnal variations in tropospheric NO; VCDs in Lhasa presented
two peaks, one in the early morning and another in the late afternoon. This is likely related
to traffic emissions during the morning and evening rush hours. The time of the lowest
NO; VCDs during the daytime changed with month due to time differences in minimal
SZA between seasons. The lowest NO; levels during the diurnal cycle are partly caused
by the photochemical loss under the strong solar radiation condition and also related to
the favorable diffusion with the development of the planetary boundary layer. There were
apparent differences in the diurnal pattern of tropospheric NO, VCDs between the ‘normal’
and ‘COVID-19 lockdown’ conditions. During the COVID-19 lockdown period, the levels
of tropospheric NO, VCDs were close to the background concentration over the Tibetan
Plateau [24].

The prevailing wind directions, i.e., western or eastern wind, are dependent on season
and are affected by the landform of the river valley in Lhasa. The blocking effect of
mountains in the south and north is not conducive to pollutant diffusion in the city river
valley. The wind strongly affects the tropospheric NO, VCDs, especially through source
emissions along the river valley. In the future, the characteristics of the NO; transport and
dispersion along the river valley should be fully considered for designing the industry
distributions in Lhasa. Although the tropospheric NO, VCDs are very low at present
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in Lhasa, we should pay close attention to the increase in local sources with the city’s
development [12], as well as the influence of long-distance transport on air pollution
around the Tibetan Plateau in summer in future studies [47].

The comparison results for the tropospheric NO, VCDs between ground-based MAX-
DOAS and satellite (TROPOMI and GEMS) show that it is a challenge to precisely monitor
NO; in the lower troposphere using satellite over the TP, even in the plateau city of
Lhasa. The small correlation coefficients, large deviations, and different diurnal patterns
of tropospheric NO; between ground-based MAX-DOAS and satellite are influenced
by multiple complex factors, such as the difference in the sensitive altitudes of the two
methods [14], low level and small variation range of tropospheric NO,, low signal-to-noise
ratio (reduced due to measurement errors over mountain terrain [24]), and horizontal
NO, inhomogeneity [16,28]. The satellite retrieval of tropospheric NO, should be further
improved and validated over the TP in future studies. Before improving the satellite NO,
products and confirming their validity, we should use them with caution to investigate
atmospheric chemical processes over the TP.

5. Conclusions

Ground-based MAX-DOAS measurements were conducted from August 2021 to
March 2023 at Lhasa, an urban site in the south-central Tibetan Plateau (TP). To our
knowledge, these are the first long-term measurements of this kind on the Tibetan Plateau.
The NO, differential slant column densities (ASCDs) were retrieved from the spectra of
scattered solar light at different elevation angles using the DOAS technique. Then, the
tropospheric NO; vertical column densities (VCDs) were derived with the geometric
approximation method. Based on the retrieved and filtered tropospheric NO, VCDs,
we investigated the characteristics of the tropospheric NO, temporal evolution. The
tropospheric NO, VCDs were also applied to validate the corresponding TROPOMI and
GEMS satellite products. The main findings are summarized as follows.

1.  The monthly variation pattern of the tropospheric NO, VCDs in Lhasa presented two
peaks, occurring in winter and around May. With the COVID-19 lockdown, the tropo-
spheric NO, VCDs dramatically declined to the minimum (0.53 x 10> molecules-cm~?)
in September 2022, which represents the NO, background level in Lhasa city. Our
dataset is thus very well-suited for the validation of atmospheric models centered on
that region.

2. Different from the diurnal variations in tropospheric NO, VCDs under the ‘normal’
condition, there were no morning and evening peaks during the COVID-19 lockdown
period, implying that local anthropogenic sources have apparent influences on the
abundance and temporal evolution of tropospheric NO; in Lhasa.

3.  Commonly, the east-west direction (i.e., along the river valley) was the main path
of NO, transport and dispersion in Lhasa. Under the condition of COVID-19 lock-
down, the tropospheric NO, VCDs were little dependent on the wind direction and
wind speed.

4.  We also carried out the first validation of the novel GEMS satellite (as well as the
TROPOMI satellite), utilizing its long-term observations over the Tibetan Plateau. Our
ground-based measurements are especially well-suited for the validation of the GEMS
observations because they also cover the diurnal variation in the tropospheric NO,
VCD. When the observations for the three datasets were available at the same time,
the correlation coefficient of tropospheric NO, VCDs was R = 0.33 (R = 0.43) with
the averaged relative deviation of —28% (99%) for the TROPOMI (GEMS) relative
to ground-based MAX-DOAS. Relative to the tropospheric NO, VCDs measured by
ground-based MAX-DOAS, the monthly deviations of satellite products had a depen-
dence on NO; abundance, with the maxima of monthly positive deviations occurring
during the COVID-19 lockdown period. The GEMS could not capture the strong and
systematic diurnal variation in tropospheric NO, VCDs in the ‘normal’ year well. Dur-
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ing the "Lockdown’ daytime, the GEMS (>2 x 10'> molecules-cm~2) overestimated the
hourly levels measured by ground-based MAX-DOAS (<1.6 x 10'®> molecules-cm~2).

As a whole, these conclusions are beneficial to further research on the atmospheric
environment over the region with complex terrain and high altitude. More long-term
ground-based MAX-DOAS measurements with smaller uncertainties are crucial for under-
standing the spatiotemporal evolution of air pollutants and satellite product validation in
the future over the Tibetan Plateau.
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Figure Al. Diurnal variation in the hourly averaged tropospheric NO, VCDs in Lhasa in dif-
ferent seasons, i.e., (a) spring (March-May 2022), (b) summer (June-August 2022), (c¢) autumn
(September—-November 2021 and 2022), and (d) winter (December—February 2021 and 2022). The
error bars denote the standard deviations for each grouped hour.



Remote Sens. 2023, 15, 4689

17 of 22

. . 71
; N NNE wind speed/m-s

WSW

SSwW SSE

NNW NNE
wind speed/m-s™!

WSW

SSW S SSE
(c)
. . _1
NNW . N NNE wind speed/m-s

(e)

. . 71
; N NNE wind speed/m-s

WSW

SSW S SSE
(b)
. . _1
NNW N NNE wind speed/m-s

WSW

SSW S SSE
(d)
. o1
NNW ; N NNE wind speed/m-s

WSwW

SSW S SSE

(€¥)

Figure A2. The roses for wind frequency and wind speed in 16 wind direction sectors at Lhasa station

during the daytime of the observation period in (a) autumn (September-November) 2021, (b) winter
(December 2021-February 2022) 2021, (c) spring (March-May) 2022, (d) summer (June-August) 2022,
(e) autumn (September-November) 2022, and (f) winter (December 2022-February 2023) 2022.
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Figure A3. The roses of hourly tropospheric NO, VCDs in 16 wind direction sectors at Lhasa station
during the daytime of the observation period in (a) autumn (September-November) 2021, (b) winter
(December 2021-February 2022) 2021, (c) spring (March-May) 2022, (d) summer (June-August) 2022,
(e) autumn (September-November) 2022, and (f) winter (December 2022-February 2023) 2022.
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Figure A5. The roses of hourly tropospheric NO, VCDs weighted by wind frequency in 16 wind
direction sectors at Lhasa station during the daytime of the observation period in the representative
month of different seasons, i.e., (a) October 2021, (b) January 2022, (c) April 2022, (d) July 2022,
(e) October 2022, and (f) January 2023.
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