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Abstract: The tropospheric vertical column density of NO2 (Trop NO2 VCD) can be obtained using
satellite remote sensing, but it has been discovered that the Trop NO2 VCD is affected by uncertainties
such as the cloud fraction, terrain reflectivity, and aerosol optical depth. A certain error occurs in
terms of data inversion accuracy, necessitating additional ground observation verification. This study
uses surface NO2 mass concentrations from the China National Environmental Monitoring Center
(CNEMC) sites in Jiangsu Province, China in 2019 and the Trop NO2 VCD measured by MAX-DOAS,
respectively, to verify the Trop NO2 VCD product (daily and monthly average data), that comes
from the TROPOspheric Monitoring Instrument (TROPOMI) and Ozone Monitoring Instrument
(OMI). The results show that the spatial distributions of NO2 in TROPOMI and OMI exhibit a similar
tendency and seasonality, showing the characteristics of being high in spring and winter and low in
summer and autumn. On the whole, the concentration of NO2 in the south of Jiangsu Province is
higher than that in the north. The Pearson correlation coefficient (r) between the monthly average
TROPOMI VCD NO2 and the CNEMC NO2 mass concentration is 0.9, which is greater than the r
(0.78) between OMI and CNEMC; the r (0.69) between TROPOMI and the MAX-DOAS VCD NO2

is greater than the r (0.59) between OMI and the MAX-DOAS. As such, the TROPOMI is better
than the previous generation of OMI at representing the spatio-temporal distribution of NO2 in the
regional scope. On the other hand, the uncertainties of the satellite products provided in this study
can constrain regional air quality forecasting models and top-down emission inventory estimation.

Keywords: NO2; TROPOMI; OMI; MAX-DOAS; ground-level monitoring

1. Introduction

The NO2 level in the atmosphere is rising due to the rapid development of the social
economy and industrialization. As an important atmospheric trace gas, NO2 is one of the
main pollutants monitored by environmental protection agencies in China, Europe, and
North and South America [1,2]. NO2 causes the photochemical reaction of O3 and the
formation of secondary aerosols, as well as influencing the lifespan of CH4 and other green-
house gases, altering the Earth’s radiation balance and, ultimately, profoundly impacting
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human health and causing environmental changes [3,4]. As a result, the monitoring of
NO2 concentrations is crucial for the determination of their source and the development of
pollution control strategies. Currently, NO2 measurements are primarily carried out using
ground-based and satellite remote sensing monitoring methods. In 2012, NO2 was added
to the Chinese Ambient Air Quality Standard as a criterion for air pollutants. The Min-
istry of Environmental Protection (MEP) of China started to publish the monitored mass
concentrations of NO2 at CNEMCs located in major Chinese cities in January 2013 [5,6].
The monitored data have the advantages of high accuracy, high reliability, and all-weather
monitoring capabilities. However, the monitored data might not be representative because
of the limited number and spatial distribution of the monitors; as well as the uneven station
distribution, NO2 cannot be monitored in real time via large-scale ground-based observa-
tions [7]. Satellites have been widely used in environmental remote sensing since the 1990s,
and an increasing number of atmospheric components can be observed by satellites [8,9].
In comparison to the limited ground or ground-based remote sensing observations, satellite
remote sensing has the advantages of covering a wide area, providing macro-level change
information, reflecting pollutant transport at a large scale and a regional scale, and can
make up for the deficiency in the spatial and temporal distribution of ground monitoring
sites, etc. [10].

Therefore, satellites are becoming increasingly important in NO2 monitoring. The
advancement of satellite sensor technology has resulted in the launch of a series of satellites
which are capable of detecting NO2. The Global Ozone Monitoring Experiment (GOME)
instrument was launched by the European Space Agency (ESA) in 1995 [11]. It was the first
satellite capable of performing global air-scale observations, greatly advancing atmospheric
research [12,13]. The ENVISAT-1 satellite, launched by the ESA in 2002, is equipped with
a scanning imaging absorption spectrometer (SCIAMACHY) for atmospheric mapping,
which is specifically used to monitor trace gases such as NO2 and SO2 in the troposphere
and stratosphere [14]. The AURA satellite, which was launched in 2004, is outfitted with
the OMI. The OMI is a subsatellite point solar backscattering spectrometer that measures
ultraviolet (UV)–visible light [15]. In general, its transit time is 13:40–13:50 local time. It
obtains daily global atmospheric tropospheric O3 and various other trace measurement
results from which the distribution of gases such as NO2 and SO2 can be determined [16].
OMI data are widely used in the dynamic real-time monitoring of atmospheric trace
gases and pollutants in urban areas, air quality forecasting, and pollutant emission source
inventory estimation. On 13 October 2017, the ESA successfully launched Sentinel-5P,
an atmospheric measurement satellite with high temporal and spatial resolutions that
was outfitted with the TROPOMI. The TROPOMI has advantages similar to those of
SCIAMACHY, OMI, and other advanced technologies, as well as significantly improved
sensitivity and spectral, spatial, and temporal resolutions (https://sentinels.copernicus.
eu/web/sentinel/missions/sentinel-5p, accessed on 1 May 2021). On 17 April 2019, the
In-orbit Demonstrator-1 Global Environmental Monitoring System (IOD-1 GEMS) satellite
was launched. Satellite sensors have collected global NO2 observations for nearly 25 years
since the launch of GOME in 1995.

However, satellite observations also have some basic uncertainties due to the instru-
ments themselves and the retrieval algorithm; as such, the satellite products must be
verified in order to ensure their applicability [17,18]. The gold standard for the verification
of the results of satellite NO2 inversion is ground-based MAX-DOAS monitoring. From
sunrise to sunset, MAX-DOAS instruments measure the UV–visible radiance scattered
in several directions and elevation angles, from which the Trop VCD can be retrieved
through different techniques [19]. They provide an adequate source of reference data for
the validation of satellite nadir trace gas measurements [20]. For example, Xu Jin et al. [21]
used ground-based MAX-DOAS to monitor Trop NO2 VCD over Olympic venues during
the Beijing Olympics, and compared it with the result of OMI. This showed that the result
of MAX-DOAS was higher than that of OMI, and the maximum was 2.4 times the result
of OMI; both instruments had good accordance (r = 0.64) when it was clear, and when it
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was rainy or cloudy there was more difference between the results of both instruments
due to the existence of cloud, with a correlation coefficient of 0.19. Mu Fusheng et al. [22]
measured NO2 VCD based on MAX-DOAS in Hefei City during the open stalk-burning
period, and showed that the NO2 concentration measured by MAX-DOAS was 1.9 times
higher than that measured by OMI, and both instruments had good accordance during
clear days. Kramer et al. [23] employed the ground-based MAX-DOAS approach to conduct
experiments at the University of Leicester (52.38◦ N, 1.08◦ W), and a correlation coefficient
of r = 0.64 was discovered with the OMI Trop NO2 VCD data. Chan et al. [24] used the
MAX-DOAS to measure the Trop NO2 VCD in Nanjing (April 2014 to February 2017); the
NO2 VCD obtained by OMI show a good correlation with MAX-DOAS, with an r of 0.91,
but the average OMI-observed value is 30% lower than that of the MAX-DOAS.

MAX-DOAS, on the other hand, has yet to establish a large-scale conventional ground
observation network. Since 2013, China has established nearly 1500 CNEMC sites on a
national scale. The majority of NO2 emitted by human activities stays in the troposphere,
which is closest to the surface; studies have shown that about 80% of NO2 in the troposphere
comes from human activities [25,26]. As such, the CNEMC NO2 mass concentrations are
used for comparison with satellite data Trop NO2 VCD derived from satellites. Zhang
Ying et al. [27] used linear fitting to discover that the NO2 concentration measured at
the CNEMC in Beijing-Tianjin-Hebei and the Trop NO2 VCD obtained by the OMI are
significantly and highly correlated overall. The r values in Shijiazhuang, Xingtai, Baoding,
and Cangzhou all exceed 0.8. The TROPOMI sensor has a significant advantage over the
OMI sensor in terms of its signal-to-noise ratio and spatial resolution, and it is expected to
gain greater application potential in further checklist verification and mode input [28].

Furthermore, compared with the validation of OMI products, TROPOMI verifica-
tions have been limited; current studies have reported the performance and verification
of TROPOMI NO2 products. Griffin et al. [29] presented the first results of the valida-
tion of TROPOMI NO2 retrievals over the Canadian oil sands using air-mass factors
calculated with the high-resolution GEM-MACH model; they show that the TROPOMI
NO2 VCD are highly correlated with the aircraft and surface in situ NO2 observations,
as well as the ground-based remote-sensing measurements, with a low bias (15–30%).
Ialongo et al. [30] compared TROPOMI NO2 observations with ground-based measure-
ments in Helsinki, and found a high correlation (r = 0.68) between satellite and ground-
based data. Zhao et al. [31] assessed TROPOMI tropospheric NO2 data with Pandora
spectrometers NO2 measurements methods in the Greater Toronto area; they found that
these current TROPOMI tropospheric NO2 products met the TROPOMI design bias re-
quirement (<10%). Ialongo et al. [30], Judd et al. [32] and Chan et al. [33] all assessed
TROPOMI NO2 data with different methods focused on various regions. In contrast, there
are few evaluations of TROPOMI in China. Wang et al. [17] presented comparisons between
TROPOMI tropospheric NO2, total SO2 products, ground-based MAX-DOAS at a single
site (Xianghe), and OMI products over the North China Plain in China; TROPOMI Trop
NO2 VCD are generally underestimated compared with collocated MAX-DOAS and OMI
data, by about 30–60%. The inversion accuracy of TROPOMI NO2 data has some errors,
which require additional ground observation verification. Due to the large difference in
the global spatial and temporal distribution of NO2, validation in different regions will
provide support for the further improvement of the TROPOMI NO2 algorithm.

Adequate verification is the key to evaluating and improving the quality of satellite
products. This study evaluated the accuracy of OMI and TROPOMI NO2 products in the
region by referring to the NO2 concentration observed at 87 CNEMC sites and a single
MAX-DOAS in Jiangsu, which is of great significance to the application of satellite NO2
products in this region. In addition, the comparative analysis of the accuracy of OMI
and TROPOMI NO2 products further indicates that, with the improvement of the load
performance, the TROPOMI load is better than the previous generation of the OMI load
at representing the spatio-temporal distribution of NO2 in the regional scope. On the



Atmosphere 2022, 13, 886 4 of 15

other hand, the uncertainties of the satellite products provided in this study can constrain
regional air quality forecasting models and top-down emission inventory estimation.

2. Research Area and Data
2.1. Research Area

Jiangsu Province is located in East China, and is one of the important parts of the
Yangtze River Delta Economic Zone (Figure 1). This region is dominated by plains, which
cover more than 70% of the province’s land area, and there are numerous rivers and
lakes. This region features a mild climate, moderate rainfall, and four distinct seasons as it
transitions from the temperate zone to the subtropical zone. The ground-based MAX-DOAS
test site is on the Nanjing University Campus (32.14◦ N, 119.04◦ E), which is located in the
Qixia Scenic Area of Nanjing, with many pastures, forest areas, and industrial parks to the
east. In this area, urbanization has only recently begun.
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2.2. Data and Processing Method
2.2.1. CNEMC NO2 Products

The Chinese government established the CNEMC, the main functions of which are
state environmental monitoring and the development of state environmental monitoring
methods. The CNEMC has been monitoring ground-level NO2 concentrations in China
since the beginning of 2013 [34]. By the end of 2017, China had established 1497 moni-
toring stations for atmospheric pollution [35]. Every hour, the monitoring sites release
observations of ground NO2 and fine particulate matter (PM10). Although the CNEMC
measures NO2 mass concentrations very accurately, the construction and maintenance costs
are high, and it is difficult to meet the requirements of real-time and accurate large-scale
NO2 monitoring. The stations are primarily located in China’s central and eastern regions,
with little monitoring taking place in the country’s western development areas. The NO2
mass concentration data from 87 sites in Jiangsu Province released by the CNEMC in
2019 were used in this study. Figure 1 depicts the distribution of the sites. In this paper,
the obtained site NO2 mass concentration data were imported into the SQL Server for
processing. The NO2 mass concentration measured at environmental monitoring sites is
expressed in µg/m3, with a one-hour monitoring interval. Values with poor continuity
in terms of observation time were removed from the environmental monitoring site data,
specifically those from certain ground stations with fewer than 20 observations per day.
Due to the satellite transit time being approximately 13:00 local time, the daily average was
chosen as the average of the ground station observation data between 13:00 and 14:00.

2.2.2. MAX-DOAS NO2 Products

MAX-DOAS provides ground-based observations to assess and determine the degree
of atmospheric pollution. It has been widely used in the field of atmospheric environmental
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monitoring in recent years due to its continuous, non-contact, and high-spatial-resolution
characteristics [36]. It provides more accurate pollution distribution in the monitored area
than satellite equipment. MAX-DOAS data have been used extensively for tropospheric
NO2 satellite validation, for instance for OMI and GOME-2 [37], and ground-based MAX-
DOAS tropospheric gas observations can be used to verify the accuracy of TROPOMI
data [38]. The ground-based MAX-DOAS instrument receives light from various directions
based on the telescope direction in order to acquire the spatial distribution information
of the absorbed gas. The telescope receives absorbed and scattered sunlight through the
MAX-DOAS reception mirror, which is then transferred to the spectrometer via optical fiber,
and is lastly received by the charge-coupled device (CCD) to produce the spectral signal.
The MAX-DOAS spectral range of 300–500 nm is useful for spectrum collection, system
control, and calibration automation, whereas sky-scattered light from the zenith and other
observation directions is used for NO2, SO2, and O3 measurements [39]. The ground-based
MAX-DOAS data used for analysis are from the Chinese Academy of Sciences’ Anhui
Institute of Optics and Fine Mechanics (Figure 1), and test data is available for 196 days,
from March to November 2019. The monitoring interval is approximately15 min. In order
to match the transit time of the satellite, the daily average value was chosen as the average
value of the observation data from 13:00 to 14:00.

2.2.3. OMI NO2 Products

The OMI is equipped with three independent detectors [40], namely UV-1, UV-2,
and VIS detectors. NO2 has a spectral range of 350–510 nm, and the VIS detector covers
the majority of the wavelength range required for NO2 retrieval. Push-broom imaging is
used by the OMI. Each push-broom row has 60 pixels, with each pixel representing the
ground width perpendicular to the orbit, ranging from 24 km at the subsatellite point to
128 km at the pixel edge. The width is about 2600 km, and the length of the track along
the ground is approximately 13 km [41]. The OMI data used in this study were obtained
from the NASA website (https://disc.gsfc.nasa.gov, accessed on 1 January 2020), and are
satellite remote sensing data for public use. The Trop NO2 VCD product, version number
OMNO2 v003, in ESRI grid format, was utilized in this study; this spans from January
to December 2019. The row anomaly problem in OMI data affects the quality of level
1B radiance data at all wavelengths for a specific viewing direction of OMI. Since 5 July
2011, the abnormality of this line has frequently shown only minor changes. As a result,
comparisons for data in 2019 are unaffected by the row anomaly. The following are the data
selection criteria [42]: (1) Clouds have a significant impact on gas retrieval. Excessive cloud
cover will affect satellite pollutant detection and increase the light absorption intensity of
pollutants by clouds, thus increasing the gas retrieval error, and the cloud fraction is <0.3.
(2) Too high a solar zenith angle will greatly increase the atmospheric optical path observed
by satellites, and the solar zenith angle is <85. (3) Too much surface reflectivity will increase
backscattering and the inversion error, and the terrain reflectivity of the data should be
below 0.3.

2.2.4. TROPOMI NO2 Products

Every day, the TROPOMI crosses the equator at around 13:30 local time, providing
nearly global coverage [15,43]. The TROPOMI UV-VIS spectral range begins at 270 nm and
extends to 495 nm. In comparison to the OMI, which was launched in 2004 and is still in
orbit, the TROPOMI has fine-resolution NO2 detection capability. Using NO2 products as
an example, the resolution of OMI NO2 products is 13 × 24 km2, while TROPOMI NO2
products have a resolution of 5 × 3.5 km2. Furthermore, the TROPOMI NO2 data are based
on the DOMINO-2 product algorithm and a prototype of the OMI EUQA4ECV NO2 product
algorithm, which has been further optimized. The NO2 profile in the inversion algorithm is
based on the TM5-MP chemical transmission mode’s 1◦ × 1◦ latitude–longitude resolution
product, which is an improvement over the 2◦ × 3◦ latitude–longitude resolution profile
data used in the previous generation algorithm [29]. The daily TROPOMI data used

https://disc.gsfc.nasa.gov
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in this study can be downloaded from the Tropospheric Emission Monitoring Network
(http://www.temis.nl/, accessed on 1 January 2020); the version is TM5-MP-DOMINO
v1.2.× & v1.3.× OFFLINE, in ESRI grid format, and the period is January to December
2019. The data-filtering criteria are as follows: qa value > 75, solar zenith angle < 85, surface
albedo < 0.3, and cloud_fraction_crb_nitrogendioxide_window < 0.3.

2.3. Validation Method

The matching accuracies vary depending on the spatiotemporal matching method
used. The average value measured by the state-controlled monitoring stations and ground-
based MAX-DOAS instrument from 13:00 to 14:00 were used as the ground measurement
value for matching based on the TROPOMI and OMI transit times. When matching data
from state-controlled monitoring sites, data from the smallest pixel range at the matching
site were chosen, and the average value was used as the satellite measurement value. Given
the difference in resolution between the TROPOM and OMI, pixel averages were chosen
in different ranges when matching the ground-based MAX-DOAS data. Accuracy and
errors were reported using the r, the mean absolute percentage error (MAPE, Equation (1),
and root mean square error (RMSE, Equation (2)); these three indicators were compared
to determine the most suitable pixel range. The slope (β, Equation (3)) and intercept (α,
Equation (4)) between the collocated satellite (OMI, TROPOMI) and ground (CNEMC,
MAX-DOAS) NO2 data were calculated using the reduced major axis (RMA) regression,
which incorporates errors in both the independent (Ground) and dependent (Satellite)
variables [44].

MAPE =
∑n

i=1

∣∣∣X(Satellite,i)−X(Ground,i)
X(Ground,i)

∣∣∣
n

× 100% (1)

RMSE =

√√√√∑n
i=1

(
X(Satellite,i) − X(Ground,i)

)2

n
(2)

β =
σSatellite NO2

σGround NO2

(3)

α = Satellite NO2 −
(
σSatellite NO2

σGround NO2

)
× Ground NO2 (4)

3. Results and Discussion
3.1. Spatial Distribution of Satellites’ Trop NO2 VCD and CNEMC NO2

NO2 seasonal variation and product discrepancy can be better investigated using
spatial analysis. We used ArcGIS software to draw the seasonal distribution map of
TROPOMI data, OMI data, and CNEMC data in Jiangsu Province in 2019 (Figure 2).
According to the resolution of the different sensors, the simultaneous interpretation of
TROPOMI data is 0.1◦ × 0.1◦, and the average of the OMI data is 0.25◦ × 0.25◦ grid
averaging. Due to the limited number of CNEMC sites, the CNEMC NO2 distribution only
shows the concentration of some areas, which is also the biggest drawback of CNEMC
monitoring, i.e., only monitoring the near-ground NO2 concentration in some locations. In
order to observe the data consistency in the time dimension, the data are divided into four
seasons, including spring (January, February, and March), summer (April, May, and June),
autumn (July, August, and September) and winter (October, November, and December).
From the TROPOMI data (a1–a4), Figure 2 shows that the three NO2 dates (TROPOMI,
OMI, and CNEMC) in Jiangsu Province exhibit a similar tendency and seasonality, with
higher concentrations in spring and winter, and lower concentrations in summer and
autumn. Because TROPOMI has a higher spatial resolution than OMI, TROPOMI retrievals
are valuable to complement the ground-based CNEMC data (available with high temporal
resolution) for the description of the spatio-temporal variability of NO2, even on a city scale.

http://www.temis.nl/
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Overall, the results all show that the NO2 concentration in the southern part of Jiangsu
Province is higher than that in the northern part.
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Figure 2. Seasonal averaged NO2 in (1) spring, (2) summer, (3) autumn and (4) winter over Jiangsu
from the (a) TROPOMI, (b) OMI and (c) CNEMC.

Figure 3 depicts the annual average distribution of TROPOMI, OMI, and CNEMC
data in Jiangsu Province, China in 2019. The spatial distribution of the three types of data
is similar, and all show that the NO2 concentration in the southern part of Jiangsu Province
is higher than that in the northern part. Among them, the concentrations in the southern
cities of Suzhou, Wuxi, and Nanjing are significantly higher than those in other cities. This
is due to various factors, such as the population, economy, and industrial development of
these three cities. They are the total economic volume of Jiangsu Province in 2019. The top
three cities have higher polluting gas emissions than other cities due to related reasons,
such as high population density and good industrial development. Comparing (a), (b), and
(c), the Trop NO2 VCD retrieved from the OMI is significantly higher than that from the
TROPOMI, indicating that the monitoring value of OMI is higher than that of TROPOMI.
Looking at the OMI monitoring data (b1–b4), compared with the ground-truth data, the
monitoring values in southern Jiangsu Province are abnormally high. The comparative
analysis of the distribution of OMI and TROPOMI NO2 products further indicates that
with the improvement of the load performance, the TROPOMI is better than the previous
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generation of OMI load at representing the spatio-temporal distribution of NO2 in the
regional scope.
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3.2. Validation Analysis of the TROPOMI and OMI Trop NO2 VCD
3.2.1. Background Correction for the Comparison of TROPOMI and CNEMC Sites

The NO2 mass concentration data of the 87 sites in Jiangsu Province released by the
CNEMC from January to December 2019 were averaged every month, and the monthly
average value of the TROPOMI Trop NO2 VCD was extracted. Linear fitting was performed
in order to verify the accuracy of the TROPOMI data. Figure 4 shows a scatterplot of the
monthly average TROPOMI Trop NO2 VCD and the monthly average monitoring values at
various CNEMC sites in 13 prefecture-level cities in Jiangsu Province. The fitting results
show that the r between the TROPOMI Trop NO2 VCD and the CNEMC NO2 in Nanjing,
Changzhou, Lianyungang, Nantong, Suzhou, Taizhou, Wuxi, Suqian, Yan-cheng, and Zhen-
jiang are all greater than 0.9. Suqian and Zhenjiang had the strongest correlation, with an r
of 0.97. In Xuzhou, the lowest r was 0.81 and the p-value was 1.27975 × 10−72 < 0.05, indi-
cating a highly significant correlation. The agricultural economy dominates in Zhenjiang
and Suqian, whereas heavy industry dominates in Xuzhou. Figure 5 shows a scatterplot of
the TROPOMI Trop NO2 VCD and CNEMC sites’ daily average in Nanjing, with an r of
0.79. The Trop NO2 VCD derived from the TROPOMI is significantly correlated with the
near-surface NO2 measured by the CNEMC sites, and the correlation is quite high.

3.2.2. Comparison of the Trop VCD Retrieved from TROPOMI and MAX-DOAS

In order to compare the MAX-DOAS and TROPOMI more accurately, this paper
adopted the ground-based MAX-DOAS test point (32.14◦ N, 119.04◦ E) as the center to
match the TROPOMI data in the 0.05◦, 0.1◦, and 0.2◦ grids, and different matching results
were obtained, as depicted in Table 1. Based on Table 1 and Figure 6, it was found that
the r of the TROPOMI in the 0.05◦ grid is 0.69, the number of matching points is 51,
the RMSE mean is 2.03 × 1015 molec/cm2, and the MAPE mean is 0.22. The r of the
TROPOMI matched in the 0.1◦ grid is 0.75, the number of matching points is 76, the RMSE
mean is 2.26 × 1015 molec/cm2, and the MAPE mean is 0.24. The r of the TROPOMI
matched in the 0.2◦ grid is 0.62, the number of matching points is 103, the RMSE mean
is 2.82 × 1015 molec/cm2, and the MAPE mean is 0.29. In terms of the MAX-DOAS and
TROPOMI data, the RMSE and MAPE values of the 0.05◦ grid are the lowest, the r is
high, and the matching result is more accurate. As a result, the matching result of the
MAX-DOAS and TROPOMI data in the 0.05◦ grid was chosen as the final result, from
March to November.
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Table 1. Comparison of the monthly averaged NO2 measured by MAX-DOAS to TROPOMI (unit:
1015 molec/cm2).

Precision 0.05◦ × 0.05◦ Grid 0.1◦ × 0.1◦ Grid 0.2◦ × 0.2◦ Grid

Month MAX-
DOAS

TRO-
POMI RMSE MAPE MAX-

DOAS
TRO-
POMI RMSE MAPE MAX-

DOAS
TRO-
POMI RMSE MAPE

3 13.47 12.45 1.02 0.08 13.47 10.66 2.81 0.21 13.47 11.01 2.46 0.18
4 13.14 11.02 2.12 0.16 12.93 9.48 3.45 0.27 13.95 9.12 4.83 0.35
5 7.95 7.51 0.44 0.06 7.23 7.96 0.73 0.1 7.23 8.18 0.95 0.13
6 7.08 5.56 1.52 0.21 6.75 5.17 1.58 0.23 6.87 5.29 1.58 0.23
7 8.39 4.51 3.88 0.46 8.19 5.52 2.67 0.33 8.52 4.94 3.58 0.42
8 8.32 5.05 3.27 0.39 7.94 5.09 2.85 0.36 7.01 4.75 2.26 0.32
9 6.63 4.83 1.8 0.27 6.14 4.60 1.54 0.25 7.57 4.20 3.37 0.45

10 10.67 8.34 2.33 0.22 10.32 7.58 2.74 0.27 10.68 6.83 3.85 0.36
11 10.94 9.03 1.91 0.17 10.94 8.94 2.0 0.18 10.94 8.43 2.51 0.23

Mean 2.03 0.22 2.26 0.24 2.82 0.29
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TROPOMI Trop NO2 VCD are generally underestimated compared with collocated
MAX-DOAS, by about 8–46%. This is in line with previous verification results [26]. Because
of their spatial differences, satellite observation results are generally lower than MAX-DOAS
observation data. The ground-based MAX-DOAS instrument has a small measurement
area, whereas the TROPOMI has a spatial resolution of 5 × 3.5 km2, and the TROPOMI
represents the average results over a larger area. Owing to the test site’s location in the sub-
urbs and the troposphere’s contribution over the suburbs at lower concentrations [28,33],
the TROPOMI results have been consistently lower than those of the MAX-DOAS. Ac-
cording to the MAX-DOAS, the Trop NO2 VCD gradually decreased and then gradually
increased from March to November. Furthermore, the highest monthly average value was
13.47 × 1015 molec/cm2 in March, and the lowest was 6.63 × 1015 molec/cm2 in June. The
NO2 column concentration in March was twice that of June, indicating that Nanjing has
less air pollution in the summer and more in the winter.

3.2.3. Comparison of the TROPOMI and OMI

Figure 7 shows that the monthly averaged Trop NO2 VCD from the TROPOMI and
OMI is essentially the same as that of the NO2 concentration from CNEMC sites, with
consistent seasonal periodic changes. In urban areas, the concentration value of OMI
is higher than that of TROPOMI. The NO2 concentration in Jiangsu is high in spring
and winter, and low in summer and autumn. Jiangsu had the highest monthly average
concentrations in January, which were 38.67 ug/m3 (CNEMC), 17.35 × 1015 molec/cm2

(TROPOMI), and 20.04 × 1015 molec/cm2 (OMI). The lowest concentrations in August were
13.39 ug/m3 (CNEMC), 5.2 × 1015 molec/cm2 (TROPOMI) and 7.03 × 1015 molec/cm2

(OMI). Jiangsu’s air quality improved greatly in February compared to January and March.
This could be attributed to Jiangsu’s reduced pollution emissions during the Spring Festival.
The air quality has improved as a result of the ban on fireworks and firecrackers, the usage
of fewer cars during the Spring Festival, and the reduction in the production of industrial
and mining operations. When CNEMC, TROPOMI, and OMI measurement results are
compared, it is evident that the two datasets are highly correlated, and that TROPOMI
and OMI data can be used to reflect the concentration and pollution in areas that are
not monitored.

Figure 8a shows the scatterplot between the monthly average values of the NO2 con-
centration and TROPOMI Trop NO2 VCD of 13 prefectural-level cities in Jiangsu Province.
The number of matching points is 156, and the r is 0.90. Figure 8b depicts the scatterplot of
monthly monitoring values of the NO2 concentration at the CNEMC sites and the monthly
average OMI Trop NO2 VCD. The number of matching points and the r are 137 and 0.78,
respectively. The number of matching points with the CNEMC data varies due to the
different pixel sizes of the TROPOMI and OMI sensors. Because TROPOMI has a higher
resolution than OMI, it has more matching results.
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The r between the TROPOMI Trop NO2 VCD and CNEMC NO2 in Jiangsu Province
in 2019 was 0.90, which was higher than the 0.78 between the OMI Trop NO2 VCD and
CNEMC NO2. This demonstrates that the TROPOMI outperforms the OMI in terms
of monitoring the tropospheric NO2 VCD. Table 2 compares the monthly average NO2
values measured by the MAX-DOAS to the OMI. The grid size is matched with 0.1◦-,
0.2◦-, and 0.25◦ grids based on the OMI resolution. Table 2 and Figure 9 show that the
0.1◦ grid matching r is 0.56, and the number of matching points is 12, with an RMSE of
3.03 × 1015 molec/cm2 and an MAPE of 0.29. The 0.2◦ grid matching r is 0.59, and the
number of matching points is 34, with an RMSE of 2.43 × 1015 molec/cm2 and MAPE
of 0.23. The 0.25◦ grid matching r is 0.58, and the number of matching points is 46, with
an RMSE of 2.85 × 1015 molec/cm2 and MAPE of 0.25. When the matching results are
compared, the OMI data matched in the 0.2◦ grid has the lowest deviation and MSE
values, and the highest r, indicating a more accurate matching result. As a result, the
MAX-DOAS and OMI data matching result in the 0.2◦ grid was chosen as the final result.
For March to November, the OMI Trop NO2 VCD are generally underestimated compared
with collocated MAX-DOAS, except in March, October, and November.
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Table 2. Comparison of the monthly averaged NO2 measured by MAX-DOAS to the OMI (unit:
1015 molec/cm2).

Precision 0.1◦ × 0.1◦ Grid 0.2◦ × 0.2◦ Grid 0.25◦ × 0.25◦ Grid

Month MAX-
DOAS OMI RMSE MAPE MAX-

DOAS OMI RMSE MAPE MAX-
DOAS OMI RMSE MAPE

3 8.74 12.94 4.2 0.48 13.25 20.49 7.24 0.55
4 15.37 12.63 2.74 0.18 13.76 10.77 2.99 0.22 14.13 11.32 2.81 0.2
5 9.05 7.31 1.74 0.19 9.05 6.87 2.18 0.24 9.05 6.61 2.44 0.27
6 4.49 7.63 3.14 0.7 7.09 7.51 0.42 0.06 7.09 7.34 0.25 0.04
7 14.3 8.37 5.93 0.41 7.83 6.98 0.85 0.11 8.00 7.09 0.91 0.11
8 11.35 8.39 2.96 0.26 7.49 6.04 1.45 0.19 7.55 6.68 0.87 0.12
9 10.93 9.94 0.99 0.09 8.30 8.07 0.23 0.03 8.46 8.48 0.02 0.0

10 14.96 11.19 3.77 0.25 13.06 13.59 0.53 0.04 11.65 14.02 2.37 0.2
11 12.89 21.92 9.03 0.7 11.09 19.84 8.75 0.79

Mean 3.03 0.29 2.43 0.23 2.85 0.25
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The number of matching points shared with the CNEMC sites and MAX-DOAS
data differs due to the difference in pixel size between the TROPOMI and OMI. The
TROPOMI has a higher resolution than the OMI, covers more sites, and is more consistent
with national control monitoring site data in terms of matching results. According to
Table 2, OMI observations are generally higher than TROPOMI observations. This is
possible because the OMI grid unit partially covers the test site’s southwest, which is more
affected by pollution flows from urban areas [24]. The MB between the TROPOMI and
MAX-DOAS is 2.03 × 1015 molec/cm2, which is lower than that between the OMI and
MAX-DOAS at 2.43 × 1015 molec/cm2. The MSE between the TROPOMI and MAX-DOAS
is 1.44 × 1015 molec/cm2, which is smaller than that between the OMI and MAX-DOAS
at 1.72 × 1015 molec/cm2. The r between the TROPOMI and MAX-DOAS is 0.69, which
is larger than that between the OMI and MAX-DOAS at 0.59. In 2019, the r between the
TROPOMI Trop NO2 VCD and the CNEMC NO2 mass concentration in Jiangsu Province
was 0.90, which was greater than that between the OMI Trop NO2 VCD and the CNEMC
NO2 mass concentration at 0.78. This shows that the TROPOMI outperforms the OMI in
terms of monitoring tropospheric NO2 concentrations.

4. Conclusions

This paper utilized ground-measured NO2 data from various CNEMC sites in Jiangsu
Province in 2019 and Nanjing ground-based MAX-DOAS measurement results for compar-
ison, analysis, and cross-validation, in order to verify the Trop NO2 VCD of the TROPOMI
and OMI. The major conclusions are summarized below:

(1) At the urban level, the mass concentration of NO2 in 13 prefecture-level cities of
Jiangsu Province was highly correlated with the monthly average of the Trop NO2
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VCD given by TROPOMI, with the value of r ranging from 0.81 to 0.97, which shows
that TROPOMI provides an assessment of its applicability in monitoring urban pollu-
tion levels. At the provincial level, the r between TROPOMI and the CNEMC sites
is 0.9. It further indicates that TROPOMI data can better reflect NO2 concentration
pollution in areas without ground station monitoring.

(2) Three NO2 dates (TROPOMI, OMI and CNEMC) in Jiangsu Province exhibit a similar
tendency and seasonality. The TROPOMI monthly averaged Trop NO2 VCD has been
consistently lower than the ground-based MAX-DOAS observation results, whereas
the OMI values are higher than the TROPOMI values. This is possibly because the
OMI grid unit partially covers the southwest area of the test site, which is more
affected by pollution flows from urban areas.

(3) The RMSE between the TROPOMI monthly average Trop NO2 VCD and MAX-DOAS
data is 2.03 × 1015 molec/cm2, which is lower than that between the OMI and MAX-
DOAS data at 2.43 × 1015 molec/cm2. The MAPE value between the TROPOMI and
MAX-DOAS data is 0.22, which is lower than that between the OMI and MAX-DOAS
data 0.23. The r between the TROPOMI and MAX-DOAS data is higher than that
between the OMI and MAX-DOAS data (r = 0.69 > 0.59). Moreover, the r between
the TROPOMI and CNEMC data is higher than that between the OMI and CNEMC
(r = 0.9 > 0.78). The comparative analysis of the accuracy of OMI and TROPOMI NO2
products further indicates that with the improvement of the load performance, the
TROPOMI load is better than the previous generation of OMI load at representing the
distribution of NO2 in the regional scope.
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