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High spatial-temporal resolution distribution of atmospheric gaseous pollutant is an important basis for 
tracing its emission, transport, and transformation. Typical methods for acquiring regional atmospheric 
gaseous pollutant distributions are satellite remote sensing and in situ observations. However, these 
approaches have limitations, such as sparse overpass times for satellites and restricted coverage for in situ 
monitoring. In this study, we propose a method for the long-term detection of the horizontal distribution 
of trace gases. This method based on effective optical paths (EOPs) as the instrument's detection range. It 
acquires the average trace gas concentration along the EOPs by utilizing different detection distances within 
the ultraviolet (UV) and visible (VIS) spectral bands. Subsequently, we use the onion-peeling method to 
obtain trace gas concentrations at two distinct distances. The obtained trace gas horizontal distribution was 
consistent with the in situ and mobile measurements. Compared with satellite remote sensing, this method 
achieved horizontal distribution results with higher spatial and temporal resolutions, and located several 
small high-value areas in Hefei, China. The tropospheric NO2 vertical column density (VCD) results of the 
satellite at transit time (13:30) were consistent with the hyperspectral NO2 horizontal distribution results at 
13:00 to 14:00 on the same day but were not consistent with the daily average NO2 results. The hourly NO2 
concentration in each area was 10% to 40% lower than the daytime average obtained by the hyperspectral 
remote sensing result. We evaluated the errors associated with the calculation of NO2 emissions based on 
the satellite results and found a bias of approximately 69.45% to 83.34%. The spatial distribution of NO2 
concentration obtained from MAX-DOAS measurements may help in future bottom-up emission calculations.

Introduction

The rapid development of China’s economy and urbanization 
has led to considerable air pollution, particularly in cities [1]. 
Among them, nitrogen dioxide (NO2) is one of the most impor-
tant ambient air pollutants [2]. Anthropogenic sources of emis-
sions from industry, transportation, and biomass combustion 
have substantially increased the near-surface concentrations of 
NO2 gases, causing environmental effects, including acid rain, 
seriously damaging the ecological balance [3]. NO2 is an impor-
tant precursor that contributes considerably to the formation 
of secondary aerosols and ozone in the atmosphere [4], which 

can influence the surface energy balance and climate change 
[5,6]. The long-term exposure of humans to high concentrations 
of NO2 can cause respiratory damage and worsen the symptoms 
of bronchitis [7]. However, urban car emissions change spatially 
and temporally, as do NO2 concentrations, rendering them 
extremely heterogeneous [8]. Therefore, obtaining horizontal 
distribution changes in NO2 concentrations in urban areas can 
improve our understanding of regional air pollution transmis-
sion and help protect the health of residents.

The horizontal distribution of NO2 is widely used in pollut-
ant flux and emission inventory calculations, as well as hotspot 
identification [9]. Traditionally, the main approaches used to 
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monitor the regional distribution of air pollutants are in situ 
monitoring and satellite remote sensing [10,11]. However, the 
limited number of in situ monitoring devices means that urban, 
suburban, and rural areas are scarcely covered. On the other 
hand, satellite remote sensing covers large areas and has the 
advantage of analyzing the spatial and temporal distribution of 
pollutants [12]. Currently, many satellite remote sensing pay-
loads are widely used to observe air pollutants worldwide, 
including GOME-2 [13], OMI [14], EMI [15], and TROPOMI 
[16]. Among these, TROPOMI has the highest spatial resolu-
tion of 5.5 × 3.5 km (along-track × across-track) at nadir for 
bands since 2019 August 6 [17].

Geosynchronous satellite tropospheric NO2 vertical column 
densities (VCDs) have been widely used in bottom-up emission 
and regional transmission flux calculations within urban areas. 
The basic assumption is that the geosynchronous satellite trop-
ospheric NO2 VCD is equivalent to the daytime average trop-
ospheric NO2 VCD [18]. However, geosynchronous satellites 
have a sun-synchronous orbit with only a local time overpass; 
therefore, it is not possible to discern the daily variation of the 
pollutant results obtained based on satellites. Therefore, the 
calculation of bottom-up emissions adds additional uncertainty. 
The Emissions Database for Global Atmospheric Research 
(ver5.0, 2015) have reported that the uncertainty of NOx emis-
sion source results ranged from 17.2% to 69.4%, and only have 
estimated the uncertainty on the estimated part of the emis-
sions, not accounting for the missing super-emitting factors, 
such as vehicles [19].

Passive multi-axis differential optical absorption spectros-
copy (MAX-DOAS) is a common remote sensing technique 
used to determine the distribution of atmospheric trace gases 
[20]. This technique is based on the Beer–Lambert law, which 
states that the absorption of electromagnetic radiation by mat-
ter can be used to calculate the concentration of each trace gas 
in the effective optical path (EOP) of the atmosphere [21]. By 
using the sun-scattered spectra of collected trace gases, the 
slant column densities (SCDs) can be retrieved using linear 
least-squares minimization [22]. Ground-based MAX-DOAS 
can retrieve the VCDs and vertical profiles of aerosols and trace 
gases by measuring the elevation angle spectra in multiple 
directions [23]. A ground-based MAX-DOAS that retrieves 
near-surface trace gas horizontal distributions in multi-azimuth 
angle directions has been developed. The MAX-DOAS spectral 
dataset with a fine spatial resolution partly resolves the hori-
zontal distribution of near-surface trace gases around the 
measurement site [24]. In general, the MAX-DOAS observa-
tion elevation does not exceed 3° when retrieving the near- 
surface trace gas horizontal distribution [25]. Using tetra oxygen 
(O4) SCDs at different wavelength intervals, the EOP at differ-
ent wavelengths [26] and the trace gas concentration along 
the optical path can be obtained. Spectral information from 
different azimuth angles can be collected through the rotation 
of the telescope. Finally, the horizontal distribution of trace gas 
concentrations under different EOPs in each direction is cal-
culated [27].

Here, we have conducted long-term monitoring using ground-
based MAX-DOAS and have obtained the NO2 horizontal dis-
tribution within the monitoring area based on the onion-peeling 
method.The NO2 results obtained using this method achieved a 
higher spatial and temporal resolution compared with the satellite 
data and a higher spatial coverage compared with in situ meas-
urements. The spatial resolution in the direction of rotation is up 

to 0.1°, while the spatial resolution along each azimuth depended 
on the difference in EOPs in different wavelength intervals and 
reaches the kilometer level. Temporal resolution of up to 1 h is 
achieved. With a higher spatial resolution, the method can be 
used to locate hotspots more accurately than satellite remote 
sensing. Moreover, it can also be used to evaluate the satellite 
results when the satellite VCD of its passing time is regarded as 
the daily average result.

Methodology

Instrument and observation scheme
The MAX-DOAS instrument employed in this study is the Airyx 
2D SkySpec instrument (Heidelberg, Germany). It consists of 
three main components: two spectrometer boxes in a thermo-
stat, a telescope box, and a computer for instrument control and 
data storage [28]. One spectrometer covers the ultraviolet (UV) 
wavelength range (296 to 409 nm), whereas the other works in 
the visible (VIS) region (402 to 565 nm). The spectral resolution 
was 0.45 nm.

The instrument is located on the roof of the meteorological 
tower in the meteorological administration of Anhui province 
at an approximate height of 100 m, longitude of 117.2396°E, 
and latitude of 31.8660°N (Fig. 1A). The observation period is 
from 2022 March 1 to 2022 May 31. These observations are 
divided into two observation modes. The vertical observation 
mode collects spectra at different elevation angles at a given 
azimuth of 135° (blue line in Fig. 1), while the horizontal obser-
vation mode collects the spectra of several azimuths at a fixed 
low elevation angle (Table 1). The vertical profile of NO2 is 
obtained using the optimal estimation (OE) method [29,30]. 
A vertical profile is used to simulate the correction factor and 
verify the NO2 concentration results obtained using the hori-
zontal observation mode. The elevation angle sequence of the 
vertical mode is provided in Table 1. For the remaining azimuth 
angles (red lines in Fig. 1), the instrument is implemented at 
elevation angles of 0° (horizontal) and 90° (zenith). One com-
plete scan of the region takes approximately 1 h.

Three nearby China National Environmental Monitoring 
Centers (CNEMCs) are selected for the validation of horizon-
tal distribution, detailed information of which is provided in 
Table 2.

Fig.  1.  (A) MAX-DOAS setup and (B) MAX-DOAS observation geometry. The black 
dots indicate China National Environmental Monitoring Centers (CNEMCs). Dot A: 
Changjiang Middle Road; dot B: Hupo Villa; dot C: Sanlijie. The blue and red lines 
represent the vertical profile and horizontal observations, respectively.
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Data calculation
QDOAS software, developed by the Royal Belgian Institute for 
Space Aeronomy (BIRA-IASB) [31], is used to perform DOAS 
retrievals of aerosols and NO2 from spectral measurements in 
the UV and VIS bands. A detailed algorithm and an example 
of the spectrum-fitting results are provided in Appendix 1 in 
the Supplementary Materials. Since the spectral signal may 
decay with time, MAX-DOAS observations with a solar zenith 
angle (SZA) higher than 65° are removed.

The method employed to derive the horizontal distribution 
of NO2 is primarily based on the onion-peeling method. This 
approach is based on EOP of NO2 in the UV and VIS spectra 
to calculate the NO2 concentration in the direction of obser-
vation. QDOAS software is used to retrieve NO2 SCDs in both 
the UV and VIS spectra using the method described in Appendix 
1 in the Supplementary Materials. We also need to calculate 
the EOP length LNO2

. However, the difference between the pro-
file shapes of O4 and NO2 is marked. Therefore, a dimensionless 
correction factor f modeled by the radiative transfer model is 
needed to convert the O4 optical path into the NO2 optical path 
[32]:

where LO4
 is directly proportional to the O4 number density, 

and O4 number density is typically stable and can be calculated 
assuming that it is proportional to the square of O2 [33]. O2 is 
relatively constant at atmospheric density Cair:

where nO4
 denotes the O4 number density. The atmospheric 

density is calculated from the measured temperature T and 
pressure P:

where NA is Avogadro’s constant and R is the gas ratio constant.
The effective O4 horizontal optical path LO4

 of the MAX-DOAS 
instrument in all directions is calculated using the following 
equation [34]:

where nO4 denotes the O4 number density. The effective O4 
horizontal optical path LO4

 is regarded as the spatial detection 
range of the observation.The workflow for calculating correc-
tion factor f is provided in Appendix 2 in the Supplementary 
Materials. The vertical profile obtained in the vertical mode is 
used in modeling of the simulated NO2 SCD by SCIATRAN. 
The correction factor f is the ratio of the simulated NO2 SCD 
(SCDRTM) to the MAX-DOAS measured NO2 SCD (SCDmeasured):

Under a low aerosol load, the relationship between the NO2 
dSCD at a low elevation angle and near-surface concentration 
is as follows:

where cNO2
 is the average concentration of NO2. Therefore, the 

average NO2 concentrations of the UV and VIS optical paths 
are calculated. The optical path in the VIS band is always larger 
than that in the UV band. Therefore, the horizontal distribution 
in the NO2 region is obtained using the onion-peeling method:(1)LNO2

= LO4
⋅ f

(2)nO4
=

(
nO2

)2

=
(
0.20942 ⋅Cair

)2

(3)Cair =

(
P ⋅NA

)
(T ⋅ R)

(4)LO4
=

dSCDmea − dSCDref

nO4

=
dSCDO4

nO4

(5)f =
SCDRTM

SCDmeasured

(6)cNO2
=

dSCDNO2

LNO2

(7)

Table 1. The geometric setup of the MAX-DOAS measurements.

Date Mode Azimuth angle Elevation angle
Total integration times for individual  

measurements

March 1, 2022 to May 31, 2022 Vertical 135° 0°, 1°, 2°, 3°, 4°, 5°, 
8°, 10°, 15°, 30°, 90°

60 s

Horizontal 60°, 65°, 70°, 75°, 80°, 
85°, 90°, 95°, 100°, 105°, 

110°, 115°, 120°, 125°, 
130°, 140°, 145°, 150°

0°, 90° 60 s

Table 2. CNEMCs within the MAX-DOAS observation direction.

Site name

Hupo Villa
Changjiang 

Middle Road
Sanlijie

Longitude 117.259°E 117.25°E 117.3070°E

Latitude 31.8706°N 31.8572°N 31.8766°N

Distance from 
MAX-DOAS 
instrument 
(km)

2,160 m 1,508 m 7,522 m

Azimuth relative 
to instrument

77.5351° 132.6141° 81.3438°
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c2 in Eq. 7 can also be calculated as follows:

where cvis is the average concentration of the VIS optical path. 
Assuming that the error of concentration in the UV optical 
path is ec1

, the cumulative error ec2
 of c2 is as follows:

where ecvis
 is the error of concentration cvis in the VIS optical 

path, and the eL1
 and eL2

 are the errors of the optical paths L1 
and L2, respectively. Evidently, ec2

 is larger than ec1
.Due to the 

current need for MAX-DOAS instruments to operate in a 
low-elevation angle observation mode, the algorithms are 
closely tied to the UV-VIS path length. The UV optical path is 
generally shorter than the VIS optical path. Therefore, under 
adverse weather conditions or in areas with limited visibility, 
it may not be able to obtain optimal results. During study 
period and under favorable weather conditions, our MAX-
DOAS instrument typically observed that UV EOPs mainly 
varies from 5 to 7 km, while VIS EOPs generally varies from 
7.5 to 9.5 km.

The onion-peeling method is used to obtain the near-surface 
concentrations of NO2 based on MAX-DOAS, followed by com-
parison with the results obtained using in situ measurements, 
TROPOMI VCD, and mobile DOAS. Detailed information on 
the mobile MAX-DOAS and Sentinel-5 satellite results is pro-
vided in Appendix 3 in the Supplementary Materials.

Results and Discussion
Validations
Two CNEMCs (Hupo Villa and Changjiang Middle Road) are 
closed to the MAX-DOAS instrument (<3 km). Furthermore, 
both of these sites are within the MAX-DOAS instrument UV 
EOP under load conditions. By contrast, the other site (Sanlijie) 
is far from the MAX-DOAS location (>7 km), beyond the 
MAX-DOAS UV EOP but within the VIS EOP. Thus, we have 
verified the NO2 concentration results of the MAX-DOAS 
instrument using the UV EOP method within the two CNEMCs. 
We select the spectral data on no-rainfall days and retained only 
those results with a relative root mean square error (RMSE) less 
than 0.005 and a relative inversion error less than 0.5. To avoid 
a high aerosol load impact, observations with a PM2.5 concen-
tration larger than 55 μg/m3 are also removed. Figure 2A and 
B present a comparison of the NO2 concentrations at the 
Changjiang Middle Road and Hupo Villa sites, and the selec-
tions are made for NO2 concentration distribution results based 
on MAX-DOAS UV EOP in directions 80° and 135°, respec-
tively. The respective correlation coefficients for their compar-
isons are 0.659 and 0.718. This correlation coefficient is similar 
to other previous comparisons between near-surface NO2 ver-
tical profiles by MAX-DOAS and CNEMCs [35]. Meanwhile, 
we have also compared the NO2 concentration obtained by 
the horizontal algorithm with the near-surface concentration 
derived from vertical profiles at azimuth 135°. Details are shown 
in Appendix 4 in the Supplementary Materials. Figure 2C shows 

the comparison results of the NO2 concentration between the 
MAX-DOAS UV EOP but within the VIS EOP in directions 
80° and Sanlijie sites, with a correlation coefficient of 0.532, a 
slope of 0.308, and an intercept of 12.171. The in situ measure-
ments of NO2 concentration represent the air quality near the 
in situ instrument, while MAX-DOAS measurements represent 
the average NO2 concentration average from the observation 
point to the observed direction along the horizontal optical 
path, which is about 5 to 10 km. Therefore, the differences 
between the two can be understood due to this spatial distinc-
tion. Meanwhile, our MAX-DOAS instrument is mounted on 
a building at a height of 100 m to avoid obstructions from sur-
rounding buildings. As a result, the NO2 concentration infor-
mation detected by the instrument is the concentration at a 
height of 100 m, which would probably be lower than the NO2 
concentration measured by in situ instruments located at the 
ground surface. The correlation between the MAX-DOAS and 
Sanlijie sites is lower than that for the other two CNEMC sites, 
which may be due to the fact that the onion-peeling method 
algorithm accumulates UV and VIS inversion errors simulta-
neously, leading to a cumulative error, as shown in Eq. 9.

Figure 3A shows the comparison of the NO2 horizontal con-
centration distribution obtained by MAX-DOAS and mobile 
DOAS observations in Hefei from 9:00 to 11:00 on 2022 April 
2. The black arrows in Fig. 3A represent the movement trajec-
tory of the mobile DOAS. The mobile DOAS NO2 VCD with 
a relative RMSE larger than 0.005 and an inversion error larger 
than 0.5 is filtered out. Similarly, the NO2 VCD during the car 
turning time is also filtered out. Finally, 156 results of NO2 
concentration obtained from mobile DOAS observations are 
retained. Since there are several NO2 VCDs obtained by mobile 
DOAS within each region of the ground-based MAX-DOAS 
results, the NO2 results by the mobile DOAS are averaged 
within the area based on each region of the ground-based 
MAX-DOAS results. In Fig. 3A, there are a total of 18 pixel 
areas by MAX-DOAS covered by mobile DOAS results, and 
each 18 pixels encompass 3 to 18 results of NO2 concentration 
data by mobile DOAS. As shown in Fig. 2D, a correlation coef-
ficient of 0.790 is obtained between the NO2 results measured 
by ground-based MAX-DOAS and mobile DOAS. Furthermore, 
the slope and intercept between the group results are 0.749 and 
6.501, respectively. The NO2 concentrations obtained using the 
two methods are consistent.

Evaluation
TROPOMI obtains the tropospheric NO2 VCD at 13:30 (local 
time) (UTC+8:00). Recent studies have proved that the NO2 
VCD obtained by satellites correlates with the NO2 concentra-
tion near the ground surface [18,36,37]. In this study, the spatial 
distribution of the MAX-DOAS observations between 13:00 
and 14:00 is used to evaluate the satellite results. Figure 4 shows 
a typical NO2 horizontal concentration spatial distribution, as 
observed by the satellite and MAX-DOAS instruments. Dots I 
and II refer to the Hefei railway and bus stations, respectively. 
The parallelogram pixels in Fig. 4 represent the NO2 VCD sat-
ellite results. Only the NO2 VCD results of the satellite pixels 
in the MAX-DOAS observation area are used for comparison 
with the NO2 concentration results of MAX-DOAS. Figure 4 
shows a similar spatial NO2 horizontal distribution between 
TROPOMI and the onion-peeling method by MAX-DOAS, 
with the latter providing a higher resolution in the axis of NO2 
distribution. The NO2 concentration in the northeast is higher 

(8)c2 =
cvis ⋅ L2 − c1 ⋅ L1

L2 − L1

(9)

ec2
=

||||

L2

L2−L1

||||
ecvis

+

||||

L1

L2−L1

||||
ec1

+

|||
|||

c1 ⋅L1−cvis ⋅L1
(
L2−L1

)2

|||
|||

eL2
+

|||
|||

cvis ⋅L2−c1 ⋅L2
(
L2−L1

)2

|||
|||

eL1
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than that in the southwest. A TROPOMI pixel contains several 
MAX-DOAS pixels. The area of the MAX-DOAS pixel is used 
as the weight to obtain the weighted average corresponding to 
each satellite pixel. As shown in Fig. 5A, a correlation coefficient 
of 0.877 is obtained between the NO2 results measured by the 
ground-based MAX-DOAS instrument in multiple directions 
and those measured by TROPOMI, and the two results are 
consistent.

The horizontal distribution of NO2 obtained by the MAX-
DOAS instrument, combined with the horizontal distribution of 
NO2 VCD in the TROPOMI troposphere, is the most effective in 
determining NO2 pollution hotspots. In the northeastern urban 
areas of Hefei, where the satellite NO2 horizontal distribution 

concentration is relatively high, the MAX-DOAS results show 
that NO2 pollution is concentrated in three small regions. The 
first high-value area is the UV-to-VIS optical path, which is 
about 6.4 to 7.4 km away from the MAX-DOAS instrument in 
the direction between 60° and 65°. This area is close to Hefei 
Xinzhan Industrial Park, which produces high levels of emis-
sions through its intensive industrial activities. Another high-
value area is identified in the UV-to-VIS optical path, which is 
about 5.9 to 7.1 km away from the MAX-DOAS instrument in 
the 75° direction, located around the Hefei railway station, 
which experiences high traffic flows on a daily basis. The third 
high-value area is the UV-to-VIS optical path, which is about 
5.4 to 7.1 km away from the MAX-DOAS instrument in the 

0 20 40 60 80
10

20

30

40

50

60

70
R = 0.659
N = 417
Slope =0.573
Intercept =15.714

NO2 concentration by MAX-DOAS [µg/m3]  

N
O

2 
co

nc
en

tra
tio

n 
by

 C
N

EM
C

 [µ
g/

m
3 ]

 Comparison result of Changjiang Middle Road site

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

80
 Comparison result of Hupo Villa site

R = 0.718
N = 505
Slope =0.762
Intercept =8.820

N
O

2 
co

nc
en

tra
tio

n 
by

 C
N

EM
C

 [µ
g/

m
3 ]A B

0 20 40 60 80 100 120
0

10

20

30

40

50

60

70

80

90
Comparison result of Sanlijie site

R = 0.532
N = 354
Slope =0.308
Intercept =12.171

NO2 concentration by MAX-DOAS [µg/m3]  

N
O

2 
co

nc
en

tra
tio

n 
by

 C
N

EM
C

 [µ
g/

m
3 ]

C

16 18 20 22 24 26 28
16

18

20

22

24

26

28

30
R = 0.79
N = 18
Slope =0.749
Intercept =6.501

N
O

2 
co

nc
en

tr
at

io
n 

by
 m

ob
ile

 D
O

A
S 

[µ
g/

m
3 ]

NO2 concentration by ground-based MAX-DOAS [µg/m3]  

 Comparison result of mobile DOAS

D

NO2 concentration by MAX-DOAS [µg/m3]  

Fig. 2. Comparison of NO2 concentrations obtained by the MAX-DOAS instrument and at CNEMCs: (A) Changjiang Middle Road, (B) Hupo Villa, and (C) Sanlijie. (D) Correlation 
between mobile and ground-based MAX-DOAS.
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direction between 95° and 100° and primarily contains the inter-
section of the Yuxi Road overpass, which is an important source 
of pollution due to high traffic flows on working days. Overall, 
the onion-peeling method provided higher-resolution informa-
tion in the axis than the satellite. The fourth high-value area is 
in the azimuth between 155° and 150° about 5.5 to 6.2 km away 
from the MAX-DOAS instrument. The high NO2 concentration 
area is primarily located around the South Second Ring Road 

and the Jianghuai Automobile Manufacturing Plant. This high 
value of concentration could be attributed to the significant 
traffic volume on the South Second Ring Road. Additionally, 
the industrial NO2 emissions are also a possible factor.

Satellite tropospheric NO2 VCD has been widely used for 
calculating bottom-up emission and regional transmission 
fluxes in urban areas [38]. However, the satellite results cannot 
represent the daytime average concentration of NO2 in cities. 

Fig. 3. Comparison of NO2 horizontal concentration distribution observed by MAX-DOAS and mobile DOAS on 2022 April 2: (A) NO2 concentration observed by mobile DOAS 
and (B) mean NO2 concentration observed by mobile DOAS in the corresponding observed regions.

Fig. 4. Comparison of NO2 concentration horizontal distribution observed by MAX-DOAS at 13:00 to 14:00 and NO2 VCD by TROPOMI on 2022 April 2.
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This is because urban NO2 emissions are largely composed of 
vehicle and anthropogenic emissions during working hours. 
Thus, using the horizontal distribution of tropospheric NO2 
VCD obtained by satellite overpass at 13:00 (local time) makes 
it difficult to capture the daily variation in anthropogenic and 
traffic emissions in urban areas. Therefore, the emission inven-
tory obtained from satellite data of urban areas may exhibit 
certain bias. To estimate this bias, the daytime average results 
of the NO2 concentration obtained by MAX-DOAS are com-
pared with hourly results between 13:00 and 14:00.

Figure 5B shows the tropospheric NO2 VCD horizontal dis-
tribution of the daytime average NO2 concentration deter-
mined using MAX-DOAS on 2022 April 2. When calculating 
the daytime average NO2 concentration, we only select the NO2 
results derived from spectral inversions with UV and VIS EOP 
longer than 5 km. Meanwhile, we average the UV and VIS light 
paths and recalculated the NO2 concentration results for the 
onion-peeling method. The concentration over the mean opti-
cal path length is the ratio of the total SCD and the total optical 
path length. Dots I and II are Hefei Railway Station and Hefei 
Bus Station, respectively. Both Hefei Railway Station and Hefei 
Bus Station may result in NO2 emissions. This date represents 
a typical working day before China’s Qingming festival holiday 
and has a correspondingly high flow of traffic. This is indicated 
by the hourly NO2 concentrations between 13:00 and 14:00 
(Fig. 5B), which are higher than that during the daytime (Fig. 
4). In Fig. 4, for each pixel, the hourly NO2 concentration 
between 13:00 and 14:00 is approximately 10% to 40% lower 
than the daytime average (Fig. 5B). One possible reason for this 
is that the traffic flow was lower, while the planetary boundary 
layer height (PBLH) is higher between 13:00 and 14:00. Therefore, 
the NO2 concentration during lunch hours is not representative 
of the overall NO2 concentration for that day. Because of the 
correlation between the NO2 near-surface concentration and 
tropospheric NO2 VCD, we can conclude that the tropospheric 
NO2 VCD obtained by satellite at 13:30 (local time) on 2022 
April 2 represents the daytime average tropospheric NO2 VCD, 
which can lead to calculation bias.

These findings indicate that the emission inventory calcu-
lated based on the results of the satellite transit at 13:30 (local 
time) has certain bias due to a different underestimation of NO2 
VCDs in each pixel. To investigate this bias further, we have 
evaluated the bias of the results in the study area at 13:30 (local 
time) relative to the whole day, based on the average results 
within the MAX-DOAS observation period. The calculation 
methods for average optical path length and average results are 
detailed in Appendix 5 in the Supplementary Materials.

Figure 6A shows the average NO2 horizontal distribution 
concentration obtained by the ground-based MAX-DOAS 
instrument during 2022 March 1 to 2022 May 31. A high-value 
region of NO2 concentration is observed by the MAX-DOAS 
instrument in the azimuth from 145° to 150° and in the UV to 
VIS optical path in the azimuth of 60°, corresponding to the 
Xinzhan Industrial Park and large road networks. In the azi-
muth from 145° to 150°, significant traffic congestion areas, 
such as large roads (dot A), large shopping malls (dot B), hos-
pitals (dot C), and the Weigang Industrial Park, may result in 
further NO2 emissions. A low-value region of NO2 concentra-
tion is observed by the MAX-DOAS instrument in the azimuth 
from 65° to 100° and beyond the UV optical path and within 
the VIS optical path in the azimuth from 105° to 140°. Pedestrian 
streets (square I), the Nanfei River (square II), and parks (square 
III) are found in the azimuth from 65° to 100°. Therefore, 
lower overall NO2 emission sources are obtained. Similarly, 
suburban areas are found in the azimuth from 105° to 140°, 
with corresponding low NO2 emissions.

Figure 6B shows the average NO2 horizontal distribution 
of the satellite during the same time as in Fig. 6A, as well as 
the average NO2 concentration horizontal distribution of the 
MAX-DOAS between 13:00 and 14:00. The overall NO2 con-
centration in the UV EOP region is found to be smaller than 
that beyond this region but within the VIS EOP region. 
The horizontal distribution of NO2 concentration shown 
in Fig. 6A is lower than NO2 in Fig. 6B. The average NO2 con-
centration in the daytime observation region is approximately 
14.19 μg/m3, while that in the region observed from 13:00 to 

Fig. 5. (A) Correlation between TROPOMI and ground-based MAX-DOAS. (B) Daily average NO2 concentration horizontal distribution observed by MAX-DOAS on 2022 April 2.
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14:00 is approximately 9.86 μg/m3. The overall NO2 concen-
tration in the daytime observation region is higher than the 
satellite transit time by approximately 42.91%. This may be 
due to low traffic flows and higher PBLH during 13:00 and 
14:00. During this time, strong sunlight can also accelerate 
photolysis, resulting in decreased NO2 emissions. The subur-
ban area consists of the Xinzhan Industrial Park, and the Hefei 
railway and bus stations have relatively stable NO2 concentra-
tions, resulting in overall high NO2 concentrations beyond the 
UV EOP region and within the VIS EOP region. Comparing 
Fig. 6A and Fig. 6B, the area with the largest difference between 
the two figures is mainly found in the direction of 60° beyond 
the UV EOP but within the VIS EOP and in the azimuth from 
145° to 150°. Both of these directions encompass the Wulidun 
Interchange, South Second Ring Road, and Jinzhai Road Viaduct, 
constituting high-traffic areas in Hefei.

Figure 7 shows the daily variation of total NO2 concentra-
tions measured by MAX-DOAS in these areas and CNEMCs 
during the study period. Generally, the NO2 concentration 
observed by the ground-based MAX-DOAS instrument and 
the CNEMCs is higher in the morning and gradually decreases 
in the afternoon. While the Hupo Villa site is located in a res-
idential area, the Changjiang Middle Road and Sanlijie sites are 
located within 50 m of a road, which may cause the overall NO2 
concentration at the Hupo Villa site to be lower (Fig. 7B). As 
shown in Fig. 7A, the peak value of the near-surface concen-
tration of NO2 has occurred at approximately 9:00 and gradu-
ally decreased in the afternoon. The high NO2 concentration 
in the morning could be attributed to two factors. The first is 
the fact that the PBLH is low in the morning, which can lead 
to a higher NO2 concentration at the near-surface area. Second, 
mornings are characterized by high traffic flows due to rush 
hour, resulting in high NO2 emissions. In the afternoon, the 
decrease in the overall NO2 concentration could be attributed 
to the reduction of traffic flow. During the day, the increased 
light intensity can lead to the photolysis of NO2 in the tropo-
sphere, resulting in the formation of ozone.

Because of its ability to cover a larger observation range, 
MAX-DOAS can identify areas where anthropogenic emissions 
have a greater impact on the daily variations in NO2. As shown 
in Fig. 7A, in terms of the average NO2 concentration distribution 
during the study period, the difference between the highest and 
the lowest daytime average in this region is 39.07%. Meanwhile, 
the daytime NO2 concentration during satellite transit time is 
notably lower and has a difference of 40.32% between the average 
and the highest values. The average minimum NO2 concentra-
tions in the five directions during the observation period range 
from 33.09% to 40.85% of the maximum concentration. The 
maximum bias of the satellite result may be close to 69.45% com-
pared to the day average result. As shown in Fig. 4, the NO2 
concentrations within the seven satellite pixels on 2022 April 2 
show a difference ranging from 53.42% to 89.29% with the day-
time average concentrations. Notably, at the southern area enclosed 
by the dashed line in Fig. 5B, the satellite transit time’s NO2 con-
centrations show even greater disparities compared to the day-
time averages, suggesting that NO2 concentrations in the south 
may be more influenced by anthropogenic emissions during 
working time. As shown in Fig. 7B, the daytime average mini-
mum NO2 concentrations of the Hupo Villa, Changjiang Middle 
Road, and Sanlijie sites during the observation period are approx-
imately 41.62%, 42.07%, and 52.67% of the maximum concen-
tration, respectively. Compared with in situ measurement, this 
technique can be used to identify areas where anthropogenic 
emission sources cause greater daily variations in NO2 concen-
trations. In addition, the average NO2 concentration during the 
observation period of the MAX-DOAS detection area that is 
overlapped with the three CNEMC sites was 19.92 μg/m3. This 
was higher than the average NO2 concentration of the MAX-
DOAS detection area, which was approximately 14.35 μg/m3. 
This indicates that the NO2 concentrations of the CNEMC sites 
may result in an overestimation of the average NO2 concentration 
about 40% in the main urban area of Hefei. The main reason for 
this overestimation could be that the CNEMC sites were too close 
to main roads or bus stations.

Fig. 6. Average NO2 horizontal distribution results obtained by the MAX-DOAS instrument: (A) during the daytime and (B) between 13:00 and 14:00.
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Based on CNEMC data, Kong et al. [39] have reported a 
decrease in the NO2 concentration of approximately 5% during 
2013–2014. However, during 2013–2014, Yu et al. [10] have 
reported a decrease in the NO2 VCD of approximately 13% via 
OMI. This indicates that the decrease of NO2 from the CNEMC 
was slower. The monthly average NO2 concentration at the three 
CNEMC sites decreased from 29.73 to 24.06 μg/m3, with a 
decreasing rate of 19.70%. For the MAX-DOAS observations, the 
monthly average NO2 concentrations decreased from 22.39 to 
17.70 μg/m3, with a decreasing rate of 22.16%. Similarly, the 
monthly average NO2 VCD obtained using TROPOMI has 
decreased from 1.81 × 1016 to 7.2 × 1015 molecules/cm2 for the 
same time period, with a corresponding rate of decrease of 60%. 
Taken together, these findings indicate that TROPOMI VCD has 
much larger decreasing rates than the CNEMC and MAX-DOAS 
observations. One possible reason is that the measured VCD 
during the overpass time of the satellite cannot accurately repre-
sent a full day of NO2 emissions.

According to an Intergovernmental Panel on Climate Change 
(IPCC) report, top-down estimations of NOx emissions from 
satellite retrievals of tropospheric NO2 are strongly dependent on 
the choice of model and the mode retrieval, with a bias between 
10% and 50% for the annual mean over polluted regions [9]. In 
the simulations present herein, anthropogenic emissions are 
assumed to be time independent. Therefore, there is a greater bias 
in the current satellite results. For simplicity, we have assumed 
that hourly factors defined the daily cycle with respect to the local 
time. For measurements recorded over periods shorter than 6 h, 
according to the literature, the daily variations that give rise to 
enhance the tropospheric NO2 columns at satellite overpass times 
by traffic are approximately 1- to 1.2-fold overestimated [40]. 
Therefore, the NO2 emissions caused by the peak traffic (i.e., 9:00), 
such as the observation at 145° azimuth of MAX-DOAS in this 
study, may result in a maximum bias of 69.45% to 83.34% in the 
NOx emission inventory calculations.

Conclusions
In this study, the horizontal distribution of NO2 is calculated 
based on data obtained using a ground-based MAX-DOAS 

instrument and the onion-peeling method for the long-term 
monitoring of these emissions. The corresponding results can 
be used to analyze the temporal and spatial variations of NO2 
in specific regions.

The results of the horizontal distribution of NO2 calculated 
using a ground-based MAX-DOAS instrument are compared with 
several other observation methods during the study period. As a 
result, our NO2 concentration results are found to be consistent 
with the time trend of these results for three CNEMCs. In addition, 
these results are consistent with the NO2 horizontal distribution 
results obtained using mobile DOAS within the same period. The 
results obtained between 13:00 and 14:00 on a working day are 
also in good agreement with the TROPOMI satellite pixel results.

Following this, based on the results of the horizontal distri-
bution of NO2 obtained using ground-based MAX-DOAS, we 
have discussed the potential impact of the NO2 VCD results of 
the satellite overpass at 13:30 on the calculation error of the emis-
sion source list. The emission source list is obtained by calculating 
the distribution results of the satellite tropospheric NO2 VCD at 
13:30 (local time) on 2022 April 2 and replacing the daily average 
distribution results of urban NO2 VCD, which may not be rep-
resentative because of vehicle emissions. This allows us to evaluate 
the tropospheric NO2 VCD horizontal distribution of the satel-
lite using the daytime average NO2 concentration distribution 
obtained using MAX-DOAS. The results show that the hourly 
NO2 concentrations obtained by MAX-DOAS in each area are 
10% to 40% lower than the daily average NO2 concentrations 
obtained by MAX-DOAS in these same areas on the same day.

Furthermore, we have compared the results of the average 
daytime horizontal distribution of NO2 with those of the average 
horizontal distribution of NO2 between 13:00 and 14:00 during 
the entire observational period. In general, high values are 
obtained by MAX-DOAS in the areas around Hefei Weigang 
Industrial Park in the azimuth from 145° to 150° and Xinzhan 
Industrial Park in the UV to VIS optical path in the azimuth of 
60°. Furthermore, we evaluate regions with large deviations 
from the daily variations. The NO2 horizontal distribution is 
highest during rush hour, according to the data obtained using 
MAX-DOAS. This is due to the heavy flow of traffic during rush 
hour, combined with the fact that there is a lower PBLH in the 

All regionAll region

A B

Fig. 7. Average daily variation of total NO2 concentration: (A) MAX-DOAS and (B) CNEMCs.
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morning. The lower values of NO2 in the afternoon may be due 
to photolysis of NO2 and reduced traffic emissions. Large devi-
ations between the average minimum NO2 concentration and 
daily variations during the observation period are observed 
(approximately 59.38% to 70.30%). Compared with the CNEMC 
sites, MAX-DOAS is able to observe more variable traffic areas 
in cities because of the higher coverage rate. The maximum bias 
of the satellite transit time may be close to 69.45% compared 
with the all-day average result, resulting in a maximum bias in 
the calculation of the NOx emission inventory of approximately 
69.45% to 83.34%. The measured NO2 concentration spatial 
distribution obtained by MAX-DOAS is potentially useful in 
bottom-up emission calculation.

We expect that the technology presented in this study will 
help improve the assessment of areas with high anthropogenic 
emissions of trace gases in urban areas, as well as assist satellites 
in their calculation of the daily variation characteristics of trace 
gas emission inventories, based on the daily variation charac-
teristics of the regions of interest.
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High spatial-temporal resolution distribution of atmospheric gaseous pollutant is an important basis for tracing its
emission, transport, and transformation. Typical methods for acquiring regional atmospheric gaseous pollutant
distributions are satellite remote sensing and in situ observations. However, these approaches have limitations, such as
sparse overpass times for satellites and restricted coverage for in situ monitoring. In this study, we propose a method for
the long-term detection of the horizontal distribution of trace gases. This method based on effective optical paths (EOPs)
as the instrument's detection range. It acquires the average trace gas concentration along the EOPs by utilizing different
detection distances within the ultraviolet (UV) and visible (VIS) spectral bands. Subsequently, we use the onion-peeling
method to obtain trace gas concentrations at two distinct distances. The obtained trace gas horizontal distribution was
consistent with the in situ and mobile measurements. Compared with satellite remote sensing, this method achieved
horizontal distribution results with higher spatial and temporal resolutions, and located several small high-value areas
in Hefei, China. The tropospheric NO2 vertical column density (VCD) results of the satellite at transit time (13:30) were

consistent with the hyperspectral NO2 horizontal distribution results at 13:00 to 14:00 on the same day but were not

consistent with the daily average NO2 results. The hourly NO2 concentration in each area was 10% to 40% lower than

the daytime average obtained by the hyperspectral remote sensing result. We evaluated the errors associated with
the calculation of NO2 emissions based on the satellite results and found a bias of approximately 69.45% to 83.34%.

The spatial distribution of NO2 concentration obtained from MAX-DOAS measurements may help in future bottom-up

emission calculations.
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