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A B S T R A C T   

Ground-based Multi-Axis Differential Optical Absorption Spectroscopy (Max-DOAS) measurements of nitrogen 
dioxide (NO2) were continuously obtained from January to November 2019 in northeastern China (NEC). Sea-
sonal variations in the mean NO2 vertical column densities (VCDs) were apparent, with a maximum of 2.9 × 1016 

molecules cm− 2 in the winter due to enhanced NO2 emissions from coal-fired winter heating, a longer photo-
chemical lifetime and atmospheric transport. Daily maximum and minimum NO2 VCDs were observed, inde-
pendent of the season, at around 11:00 and 13:00 local time, respectively, and the most obvious increases and 
decreases occurred in the winter and autumn, respectively. The mean diurnal NO2 VCDs at 11:00 increased to at 
08:00 by 1.6, 5.8, and 6.7 × 1015 molecules cm− 2 in the summer, autumn and winter, respectively, due to 
increased NO2 emissions, and then decreased by 2.8, 4.2, and 5.1 × 1015 molecules cm− 2 at 13:00 in the spring, 
summer, and autumn, respectively. This was due to strong solar radiation and increased planetary boundary 
layer height. There was no obvious weekend effect, and the NO2 VCDs only decreased by about 10% on the 
weekends. We evaluated the contributions of emissions and transport in the different seasons to the NO2 VCDs 
using a generalized additive model, where the contributions of local emissions to the total in the spring, summer, 
autumn, and winter were 89 ± 12%, 92 ± 11%, 86 ± 12%, and 72 ± 16%, respectively. The contribution of 
regional transport reached 26% in the winter, and this high contribution value was mainly correlated with the 
northeast wind, which was due to the transport channel of air pollutants along the Changbai Mountains in NEC. 
The NO2/SO2 ratio was used to identify NO2 from industrial sources and vehicle exhaust. The contribution of 
industrial NO2 VCD sources was >66.3 ± 16% in Shenyang due to the large amount of coal combustion from 
heavy industrial activity, which emitted large amounts of NO2. Our results suggest that air quality management 
in Shenyang should consider reductions in local NO2 emissions from industrial sources along with regional 
cooperative control.   

1. Introduction 

Nitrogen dioxide (NO2) plays a vital role in atmospheric chemistry 
and participates in the formation of nitric acid rain, secondary aerosols 
and tropospheric ozone (Crutzen, 1970; Lelieveld et al., 2002; Stavrakou 
et al., 2013; Valin et al., 2013). NO2 emissions in China have been high 
at 1.5 million t/a during the past 10 years (Rollins et al., 2012; Yang 
et al., 2019), and the spatiotemporal distribution of tropospheric NO2 

has shown to be heterogeneous due to its relatively short lifetime and 
different sources (Wang et al., 2020). Thus it is important to investigate 
the spatial and temporal patterns of NO2 concentrations and NO2 
sources to implement effective air pollution control and air quality 
management measures. 

Most NO2 emissions originate from ambient combustion processes, 
such as fossil fuel combustion, biomass burning and lightning (Wu et al., 
2018; Adame et al., 2020). Among these processes, major sources of NO2 
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include vehicle exhaust and industrial activity, both of which result in 
high levels of fossil fuel combustion (Shen et al., 2021). Due to differ-
ences in energy demands and industrial structures, the primary sources 
of NO2 will vary in different regions (Hong et al., 2018; Song et al., 
2019). Regional transport from other regions is another key source of 
NO2 (Hong et al., 2019). For example, Feng et al. (2019) found that 
regional transport accounted for 32% of NO2 concentration in Hang-
zhou. Jeong et al. (2017) reported that the contribution of long-range 
transport to the mean NO2 concentration in Seoul was 3.4 ppb in 
2014, which accounted for 9% of the mean concentration compared to 
2001. These studies concluded that regional transport and local emis-
sions contributed to NO2 concentrations. Therefore, it is important to 
quantify the contributions of the different sources of NO2 to support NO2 
control measures. 

Most previous studies have investigated NO2 sources using data ob-
tained from satellite observations and in situ measurements (Lamsal 
et al., 2014; Guo et al., 2016; Tian et al., 2020; Wyche et al., 2021). 
However, these techniques have some notable disadvantages. For 
example, Hong et al. (2019) showed that the regional transport of air 
pollutants occurred at both the ground level and higher altitudes. 
However, in situ measurements will be limited to the vicinity of the 
ground (Song et al., 2015), and satellite observations do not provide 
sufficient sensitivity in the lower troposphere and do not provide ver-
tical information (Tao et al., 2012; Zhang et al., 2017, 2019, 2020). By 
contrast, multi-axis differential optical absorption spectroscopy 
(MAX-DOAS) is a ground-based passive remote sensing technique 
(Hönninger et al., 2004; Letu et al., 2021; Platt and Stutz, 2008; Ou et al., 
2021; Wittrock et al., 2004; Xing et al., 2019), which has the advantage 
of monitoring the vertical column density and vertical profile of NO2 
compared to the above techniques (Hendrick et al., 2014; Vlemmix 
et al., 2011; Xing et al., 2017, 2020). Because of its simple experimental 
setup, this process offers relatively high sensitivity and continuity; thus, 
MAX-DOAS has been widely used to measure atmospheric NO2 con-
centrations (Li et al., 2012; Hendrick et al., 2014; Takashima et al., 
2015; Wang et al., 2017; Chan et al., 2018; Cheng et al., 2019; Chan 
et al., 2020). MAX-DOAS can also provide information regarding the 
vertical distribution of NO2 to support the study of regional NO2 trans-
port. Yang et al. (2019) reported that local emissions, rather than 
regional transport, were the largest contributor of NO2 during the 
heating season in Hefei based on MAX-DOAS observations. Tan et al. ( 
2020) used both MAX-DOAS data and weather research and forecasting 
model-simulated wind field information to quantify NO2 transportation 
flux from northern Jiangsu to the Anhui Province during the haze 
pollution period. Therefore, MAX-DOAS measurements may be suitable 
for obtaining the spatiotemporal distribution of NO2 and analyzing NO2 
sources. 

Northeastern China (NEC) is located at high latitudes. Due to the low 
perennial temperature in this region, coal combustion is often used for 
heating in winter (Li et al., 2020a, 2020b), which combined with the 
blocking effect of the southeast mountains readily causes air pollution 
events. Zhao et al. (2020) found a pollution transport belt across 
northern China and into NEC along the coast. Shenyang is the economic, 
industrial and transportation center of NEC (Yang et al., 2020), and it is 
dominated by the machinery industry, which is mainly located in the 
Tiexi District. Previous studies have shown that NO2 pollution in She-
nyang is associated with local emissions and regional transport from 
surrounding areas (e.g., the Beijing-Tianjin-Hebei, Shandong and Inner 
Mongolia Autonomous regions) (Miao et al., 2018; Ma et al., 2019). 
However, these studies usually have typically in situ measurements that 
were limited to the ground surface and could easily underestimate the 
transport effect. 

In this study, tropospheric NO2 sources in Shenyang were analyzed 
using MAX-DOAS measurements. Section 2 presents a detailed intro-
duction to the measurement instrument, data retrieval, generalized 
additive model (GAM) simulation, application of the NO2/SO2 ratios, 
and the ancillary data. Analysis of the temporal characteristics of the 

NO2 vertical column densities (VCDs), as well as a comparison with the 
ozone monitoring instrument (OMI) satellite observations are presented 
in sections 3.1 and 3.2, respectively. The contributions of local emissions 
and regional transport toward the NO2 VCDs, as well as the relative 
contributions of the industrial sources and vehicle emissions to the NO2 
emissions are presented in sections 4.1 and 4.2 The conclusions are 
presented in section 5. 

2. Measurements and methodology 

2.1. MAX-DOAS measurements 

2.1.1. Experimental setup 
The MAX-DOAS system for monitoring NO2 VCDs was operated from 

January 2019 to November 2019 on the roof of the Huixing building at 
Liaoning University (41

◦

55′N, 123
◦

23′E) (Fig. 1). The MAX-DOAS in-
strument operated automatically, and it consisted of three major parts: a 
telescope unit, two spectrometers with a stabilized temperature of 20 ◦C, 
and a computer, which served as the control terminal and data collection 
unit. The scattered sunlight collected by the telescope, and its change in 
viewing elevation angle were controlled by a stepping motor. The ul-
traviolet (UV) and visible wavelength ranges of the two spectrometers 
(Acton Spectrapro 300i Czerny-Turner Optical Spectrometer) were 
300–460 nm and 400–560 nm, respectively. Only the UV wavelength 
range was used to retrieve the NO2 and SO2 differential slant column 
densities (DSCDs) in this study. The spectral resolution of the spec-
trometers, in terms of the full width at half maximum was 0.6 nm. Two 
optical spectrometers were equipped with 2048-pixel charge coupled 
device detector cameras (model DU 440-BU). 

The full measurement scanning sequence of the telescope included 
11 elevation angles, of 1, 2, 3, 4, 5, 6, 8, 10, 15, 30, and 90

◦

. In this study, 
only the 30

◦

and 90
◦

elevations were used to calculate the NO2 geometric 
VCDs; however, the full elevation scan will be used to retrieve the NO2 
profiles in future work. The exposure time of each elevation angle 
measurement was fixed at 60 s, while the azimuth angle of the telescope 
was fixed at 56

◦

(north = 0
◦

). The field of view was estimated to be less 
than 0.3

◦

. The dark current and offset were measured every night. 

2.1.2. Spectral analysis 
In this study, the QDOAS software developed by the Royal Belgian 

Institute for Space Aeronomy (BIRA-IASB) (http://uv-vis.aeronomie.be 
/software/QDOAS/) was used for analyzing the measurement spectra. 
The details of the NO2 and SO2 retrieval settings are presented in 
Table 1. The spectrum measured with a scan zenith of 90◦ was selected 
as the reference spectrum in each scan set to remove the effects of ab-
sorption in the stratosphere. Prior to spectral analysis, the offset spectra 
and dark current were subtracted from the measured spectra, and the 
DSCDs were the direct result of the DOAS fit which was applied to a 
wavelength range from 338 to 370 nm to retrieve the DSCDs of the NO2 
in this study (Table 1). Fig. 2 shows a typical example of QDOAS 
retrieval from the MAX-DOAS spectrum obtained at 8

◦

on January 29th, 
2019 at a solar zenith angle (SZA) of 54.35

◦

. The root mean square 
(RMS), NO2 DSCD and NO2 DSCD errors were 3.06 × 10− 4, 1.57 × 1017, 
and 7.74 × 1014 molecules cm− 2, respectively. The data for NO2 DSCDs 
were filtered when the RMS value of the residuals was greater than 2.5 
× 10− 3 and the SZA was greater than 80

◦

. 

2.1.3. Determination of tropospheric NO2 VCD 
Because the DSCD was dependent on the position and viewing di-

rection of the MAX-DOAS, the NO2 slant column density (SCD) was 
converted to the VCD using the air mass factor (AMF). The tropospheric 
DSCD (DSCDTrop(α)) of a trace gas can be obtained by subtracting the 
DSCD of the observation spectrum of the zenith direction (α ∕= 90

◦

) and 
the azimuth direction (α = 90

◦

) in the same observation sequence of 
MAX-DOAS. The equation is given by: 
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VCDTrop =
DSCDTrop(α)

DAMFTrop(α)
=

SCDTrop(α) − SCDTrop(90◦)

AMFTrop(α) − AMFTrop(90◦)
, (1)  

where VCDTrop is the tropospheric VCD of the trace gas, and DAMFTrop(α) 
is the differential tropospheric atmospheric AMF between α ∕= 90

◦
and α 

= 90
◦
. 

The AMF could be calculated quickly using the geometric approxi-
mation method, which has been a widely used method validated using 
the radiative transfer model (RTM) calculation method. The time series 
of the NO2 VCDs obtained from the geometric AMF (AMF = 1/sin(α)) and 
RTM AMF were in good agreement, and the difference between them 

Fig. 1. Location of the measurement sites and topography of the surrounding region.  

Table 1 
The parameter settings used in the MAX-DOAS analysis.  

Parameter Data Source Fitting interval 

NO2 SO2 

Wavelength 
range  

338–370 
nm 

305–317.5 
nm 

NO2 298 K, I0a correction (SCD of 1017 

molecules/cm2); 
Vandaele et al. (1998) 

✓ ✓ 

NO2 220 K, I0a correction (SCD of 1017 

molecules/cm2), pre- 
orthogonalized; Vandaele et al. 
(1998) 

✓ ×

O3 223 K, I0 correction (SCD of 1020 

molecules/cm2); Serdyuchenko 
et al. (2014) 

✓ ✓ 

O3 243 K, I0 correction (SCD of 1020 

molecules/cm2), pre- 
orthogonalized; Serdyuchenko et al. 
(2014) 

✓ ✓ 

O4 293 K; Thalman and Volkamer 
(2013) 

✓ ×

BrO 223 K; Fleischmann et al. (2004) ✓ ✓ 
SO2 293 K; Bogumil et al. (2003) × ✓ 
Ring Calculated with QDOAS ✓ ×
Polynomial 

degree  
Order 5 Order 5 

Intensity 
offset  

Constant Constant  

a Solar I0 correction; (Aliwell et al., 2002). 

Fig. 2. Example of the DOAS retrieval of the NO2 DSCDs. The black lines 
represents the absorption signal and the red line represents the sum of the 
absorption signal and the fit residual. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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was about 20%–30%. Thus, the 30
◦

elevation angle measurements of the 
campaigns were the most appropriate for the geometric approach. The 
possible biases arising from the geometric approximation AMF calcu-
lation will typically be smaller than those calculated through that RTM 
model for an elevation angle of 30

◦

, with a bias of <20%. Thus, the error 
in the AMF calculations using the geometric approximation would 
mainly depend on the vertical aerosol distributions. The uncertainty of 
the AMF calculations caused by the aerosol profiles at different wave-
lengths was determined by a sensitivity study, and we found that the 
average effect of different aerosol profiles on the AMF calculation results 
for NO2 (SZAs were less than 75

◦

) was 11% (Fig. S1), according to the 
equation: 

VCDerr =
DSCDerr

DAMFerr
, (2)  

where the VCD errors (VCDerr) originated from the DSCD errors 
(DSCDerr) and the DAMF errors (DAMFerr). The DSCD errors were caused 
by DOAS analysis progress, and in this study, the DAMFerr were defined 
as the difference between the geometrical AMF and the RTM AMF. The 
DSCD errors in this study were calculated through DOAS fittings 
(Fig. S2), where the DAMF errors were set to 20%, 25%, and 30% (i.e., 
20%–30%) in the summer, spring (autumn), and winter, respectively. 
The large error in winter was mainly due to the heavy aerosol load. 

The DSCDs of NO2 and SO2 were measured at an elevation angle of 
30

◦

to calculate their VCDs. Because 1/sin (30
◦

) = 2, the DSCDs 
measured at an elevation angle of 30

◦

were equal to the VCDs. Therefore, 
an elevation angle of 30

◦

was used in the VCDTrop and error calculations 
due to the geometrical approximation in this study, where VCDTrop was 
expressed by: 

VCDTrop =
DSCDTrop(α)

1
sin(α)

− 1
. (3)  

2.2. GAM simulation 

The GAM allowed for the addition of non-linear variance functions 
by generalizing the linear regressions. It could also be used to fit non- 
linear relationships automatically without attempting different trans-
formations manually. 

A GAM requires less data; thus it could be applied to different types 
of distributions (e.g., normal distributions), and used to measure the 
effects of explanatory variables on the response variables using different 
functions (e.g., inverse, logarithmic, and other link functions). The GAM 
for the daily NO2 concentration series used the logarithmic function as 
the link function, according to the following equation: 

log(y) ∼ β+
∑n

i
S(Xi) + ε, (4)  

where y is the response variable, β is the constant mean of y, Xi is an 
explanatory variable that drives or intercepts y, S(Xi) is the ith 
smoothing function of the covariate for the ith sample, and ε is the ith 
residual, assuming that ε ~ N(0, σ2). 

In this study, the GAM was implemented to assess the contributions 
of emissions and transportation toward the NO2 concentrations. This 
study considered the average daily NO2 VCDs obtained from the MAX- 
DOAS measurements as the response variable, while the daily average 
of relevant influencing factors was the explanatory variable. The GAM 
model revealed the percentages of contributions from the local emis-
sions and transport from the other regions toward the NO2 VCDs and the 
total NO2 concentration. 

2.3. NO2/SO2 ratios 

To identify the main sources of NO2 emissions, the contributions of 
different sources toward the emitted NO2 were estimated using the NO2/ 

SO2 ratios. The NO2 and SO2 VCDs were obtained from the MAX-DOAS 
measurements. The ambient NO2/SO2 ratio was approximately equal to 
the ratio of NO2/SO2 emissions because NO2 and SO2 had approximately 
the same lifetime. The NO2 VCDs and SO2 VCDs exhibited a good cor-
relation (R = 0.82) (Fig. S3), indicating that ambient NO2 and SO2 had 
generally similar emission sources. Moreover, because vehicles mainly 
emit NO2 instead of SO2, while heavy industry emits both NO2 and SO2 
due to the use of fossil fuels that contain sulfides, a low NO2/SO2 ratio 
indicated higher industrial sources. By contrast, high NO2/SO2 ratio 
implied that vehicle emissions make a large contribution to the NO2 
VCDs. 

In this study, we assumed that ambient NO2 was mainly emitted from 
industrial and vehicle sources, and natural and other anthropogenic 
sources of NO2 were not considered. Linear regression of the NO2 and 
SO2 VCDs was performed to calculate the slope (NO2/SO2) and inter-
cept. Thus, a linear orthogonal regression was used, where the orthog-
onal difference was used for slope estimation, rather than the x- or y- 
errors. The slope and intercept were used to estimate the contributions 
of the industrial (Pindustrial sources) and vehicle (Pvehicle sources) sources to 
the emitted NO2. These contributions can be calculated using the 
following equations: 

Pindustrial sources =
NO2(industrial sources)

NO2
× 100%, (5)  

=
SO2 × slope + intercept

NO2
× 100% , (6)  

Pvehicle sources =
NO2(vehicle exhaust)

NO2
× 100%, (7)  

=
NO2 − (SO2 × slope + intercept)

NO2
× 100%, (8)  

where SO2 and NO2 denote the SO2 and NO2 VCDs, respectively, and the 
linear regression slope and intercept were 1.08 and 0.48, respectively 
(Fig. S3). 

The impact of error estimation on the regression results was calcu-
lated using Equations (6) and (8). The errors of the regression results 
were 16%, 13%, 15%, and 19% in spring, summer, autumn and winter, 
respectively. 

2.4. Ancillary data 

The meteorological variables (i.e., wind speed, wind direction, 
relative humidity, air temperature and precipitation) used in the GAM 
simulation were measured at Taoxian Airport in Shenyang (http://www 
.wunderground.com, last access: 18 April 2021), which was approxi-
mately 22.6 km away from the monitoring site used in this study. The 
temporal resolution of these meteorological data was 30 min, and this 
study focused on the effects of wind speed and wind direction on the 
NO2 concentration in the GAM. The planetary boundary layer height 
values (PBLH) (CALIPSO Lidar Level 2, Validated Stage 1 V4-02) were 
obtained from the National Aeronautics and Space Administration 
(NASA) (https://disc.gsfc.nasa.gov/, last access: 18 July 2021). The 
particulate matter (PM) concentrations were obtained from the Ling-
dongjie monitoring station at the China National Environmental Moni-
toring Centre (CNEMC) network (41.84◦N, 123.42◦E) (http://www. 
cnemc.cn/, last access: 2 October 2021), which was about 1.5 km 
from the monitoring site. 

This study compared the MAX-DOAS measurements and OMI 
(TROPOMI) NO2 (SO2) VCDs. Retrieval of the NO2 SCDs from the OMI 
was accomplished using the DOAS method and by converting the SCDs 
to VCDs using the AMF. The OMI level-3 gridded NO2 product 
(OMNO2d) was obtained from the NASA Goddard Earth Sciences Data 
and Information Services Center (GES-DISC) (https://disc.gsfc.nasa. 
gov/, last access: 18 April 2021), and the Level 2 offline SO2 dataset 
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(S5P_OFFL_L2_SO2_) version 1.01.07 was obtained from the European 
Space Agency (ESA)-Copernicus Sentinel-5P Pre-Operation Data-Hub 
(https://s5phub.copernicus.eu/, last access: 5 October 2021). The 
OMNO2d consisted of a daily data product with a 0.25

◦
× 0.25

◦
latitude- 

longitude grid, with a spatial resolution o about 13 × 24 km2. The 
gridded OMI VCDs within 15 km of the measurement site (i.e., the 
approximate average OMI pixel size) were averaged to monthly values 
and compared with the MAX-DOAS time series. The overpass time of the 
OMI satellite in the Shenyang region was around 13:30 local time. The 
effective cloud fractions (CFs) and cloud top heights (CTHs) were ob-
tained from the Tropospheric Emission Monitoring Internet Service 
(TEMIS) for OMI retrieval, where CFs greater than 30% were excluded 
from the comparison. 

3. Results 

3.1. Overview of the tropospheric NO2 

The seasonal variations in the tropospheric NO2 VCDs exhibited a 
maximum value of 2.9 × 1016 molecules cm−2 in January and a mini-
mum value of 1.4 × 1016 molecules cm−2 in May (Fig. S4). In addition, 
the monthly averaged tropospheric NO2 VCDs were compared at 15

◦
and 

30
◦

(Fig. S5). In this study, the spring, summer, autumn and winter 
seasons were defined as March to May, June to August, September to 
November, and January to February, respectively. In December, the 
instrument failed, and it was removed and sent back to the manufacturer 
for maintenance. January and February could be used to characterize 
winter. The averaged seasonal NO2 VCDs were 1.8 × 1016, 2.1 × 1016, 
2.0 × 1016, and 2.9 × 1016 molecules cm−2 in the spring, summer, 
autumn and winter, respectively (Fig. 3). Shenyang typically has a long 
and harsh winter, and January is the coldest month of the year with an 
average temperature of −16 ◦C. The heating season starts earlier and 
lasts longer, i.e., for about 6 months (November–April), in Shenyang 
compared to other cities in China. This increased consumption of fossil 
fuels and biofuels during the heating season will partly contribute to the 
maximum NO2 VCDs in winter, especially as people rely more on motor 
vehicles than walking in winter, resulting in increased traffic emissions. 
However, the oxidation of the hydroxyl radical (OH) has shown to be a 
key pathway for the NO2 sink pathway in the troposphere, and the OH 
concentrations reached a minimum value in winter, causing the lifetime 
of NO2 to be longer in winter than that in other seasons. In addition to 
the emissions and photochemical processes that affect the seasonal 

pattern of the NO2 VCDs, meteorological conditions have also been 
shown to play an important role in the high NO2 concentrations in 
winter. Shenyang is surrounded by heavily polluted areas, and the 
transport of pollutants under the influence of southern winds may 
decrease the air quality in Shenyang in winter. Therefore, regional NO2 
transport from nearby polluted areas may increase the NO2 concentra-
tions in winter. 

The diurnal variations in the NO2 VCDs at elevation angles of 15
◦
and 

30
◦

in spring, summer, autumn, and winter are shown in Fig. S6 and 4, 
respectively. We found that there was an initial increase in the NO2 
VCDs at all times; however, this was extended in winter. The diurnal 
variations in NO2 VCDs increased by 1.6 × 1015, 5.8 × 1015, and 6.7 ×
1015 molecules cm−2 from 08:00 to 11:00 in summer, autumn, and 
winter at an elevation angle of 30

◦
, respectively, while the NO2 VCDs 

decreased between 11:00 and 14:00 in the summer (from 1.8 to 1.6 ×
1016 molecules cm−2), spring (from 2.2 to 1.8 × 1016 molecules cm−2), 
and autumn (from 2.4 to 1.9 × 1016 molecules cm−2) at an elevation 
angle of 30

◦
. This reduction was associated with high photochemical 

NO2 loss around noon, and the elevated PBLH increased the NO2 mixing 
area (Fig. S7). Interestingly, the NO2 VCDs lagged by about 2 h in the 
winter compared to the other three seasons (Fig. 3). One reason for this 
was that the peak travel time was delayed during the winter. Additional 
reasons include the relatively weaker removal capacity and weak 
diffusion conditions of NO2 in winter compared to the other seasons. 

The weekend effect was defined as a reduction in industrial activity 
and traffic volume, resulting in lower concentrations of pollutant 
emissions during the weekend. The weekend effect has shown to be 
significant in most western countries; however, this effect was not found 
in most Chinese cities (Beirle et al., 2003). This was due to the contin-
uous industrial activity throughout the week and the fact that there are 
no formal weekly breaks in China (Javed et al., 2019). In this study, the 
measured NO2 VCDs decreased by less than 10% on weekends compared 
to weekdays (Fig. 4). By contrast, a pronounced reduction of 20%–35% 
occurred in the NO2 VCDs in the Baoshan district of Shanghai. The 
Baoshan district is a semi-industrial area with light industrial activity, 
with reduced the NO2 emissions over the weekend. Shenyang is a heavy 
industrial city with a large workload, power plants, and heavy industrial 
work throughout the week, which did not show an obvious reduction in 
NO2 emissions during the weekend. The NO2 concentrations on week-
ends at 9:00 were higher than that on weekdays (Fig. 4). The increase in 
PM concentration was related to the decrease in visibility caused by 
increased human activity, resulting in a decrease in the NO2 photolysis 
rate. The diurnal variations in the PM concentration during the weekly 

Fig. 3. Seasonally averaged diurnal variations in the tropospheric NO2 VCDs 
from the MAX-DOAS measurements. The error bars represent the ratios of the 
DSCD and DAMF errors. 

Fig. 4. Weekly cycle of the diurnal variations in the tropospheric NO2 VCDs 
retrieved by MAX-DOAS. The error bars represent the ratios of the DSCD and 
DAMF errors. 
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cycle verified the conjecture in Fig. S8. 

3.2. Comparison with OMI NO2 

The MAX-DOAS measurements and the OMI (TROPOMI) NO2 (SO2) 
VCDs were compared. For better comparison, the MAX-DOAS results 
within ±1 h of the OMI (TROPOMI) satellite overpass time were used. 
The MAX-DOAS and OMI measurements of the NO2 VCDs showed a good 
correlation, with a Pearson correlation coefficient of R = 0.73 (Fig. 5b), 
while the SO2 VCDs showed a poor correlation at R = 0.39 (Fig. 9Sb). 
However, the NO2 and SO2 VCDs of the satellite observations were 
systematically lower than the MAX-DOAS measurements for all months 
(Figs. 5a and 9Sa). These discrepancies were related to the different 
spatial coverages of the two observation methods and the large-area 
averaging effect, including the clean OMI observation regions, which 
has possibly led to an underestimation of pollution hotspots around the 
world by about 20%–50%. In addition, the cloud cover, aerosol shield-
ing effect, and low sensitivity to near-surface NO2 and SO2 of the OMI 
(TROPOMI) observations also contributed to these discrepancies. 

4. Discussion 

4.1. Evaluating the contributions of emissions and transport toward the 
NO2 concentration 

Local emissions and regional transport can affect air pollution (Zhao 
et al., 2020). Thus, to assess the contributions of local emissions and 
transportation toward the NO2 concentrations, a statistical fitting 
approach was implemented based on GAM. We found that local emis-
sions contributed 89 ± 12%, 92 ± 11%, 86 ± 12%, and 72 ± 16% to the 
measured NO2 concentrations in the spring, summer, autumn and 
winter, respectively, while the contributions of transport were only 9%, 
6%, 11%, and 26% during the four seasons, respectively (Fig. 6). The 
higher contribution of local emissions suggested that NO2 could be 
mainly attributed to emissions from local sources in all seasons. She-
nyang was influenced by southwest wind (Fig. 7) and short-range 
transport from the Tiexi District (an old industrial base) may have 
partly contributed to the changes in the NO2 concentrations at the 
observation site (Fig. S10). The highest contribution of local emissions 
was observed in the summer, reaching 1.7–2.1 × 1016 molecules cm−2. A 
lower wind speed (mostly <4 m s−1) (Fig. 7) and weak diffusion con-
ditions led to local NO2 accumulation, and the shorter photochemical 
lifetime of NO2 in the atmosphere during summer limited long-range 
NO2 transport (Li et al., 2016). 

Although domestic coal-fired heating increased local emissions 
during winter, regional transport still made a large contribution to the 
NO2 concentration during this season at 26%, which was higher 

compared to its contributions in other seasons (Fig. 6). This large 
contribution showed that regional transport was an essential source of 
NO2. Shenyang frequently experiences northeast winds with high wind 
speeds (3–6 m s−1) in the winter (Fig. 7). The northeast area also hosted 
more industrial activities and had more vehicles in operation. This led to 
significant NO2 emissions, which were transported to the observation 
site by under the prevailing northeast wind. Topography has been 
shown to affect the wind fields that drive the regional transport of 
pollutants (Quan et al., 2020), and NEC is surrounded by the Xiaox-
inganling Mountains, the Greater Khingan Mountains and the Changbai 
Mountains to the north, west, and east, respectively. Thus, a transport 
channel of air pollutants existed from the northeast to the southwest 
along the Changbai Mountains of NEC. Polluted air originating from the 
northeast was transported to areas at low altitudes in the southwest by 
the northeast wind in winter (Fig. 7). Liaoning Province, located 
southwest of the Jilin and Heilongjiang provinces, is typically cold in 
winter with a greater need for burning coal for heating. Therefore, the 
air masses from the northeast passed through these regions, and more 
NO2 was transferred during air transport from the polluted upwind areas 
to Liaoning Province. The results of this study suggest that local emission 
reductions and regional cooperative control should be considered when 
managing air quality in Shenyang. 

4.2. Possible contributions to NO2 emissions 

Industrial sources and vehicle emissions have shown to be the two 
major contributors to anthropogenic NO2 emissions in Shenyang (Gao 
et al., 2020). Thus, it is important to understand the individual contri-
butions of industrial NO2 emissions and vehicle exhaust toward NO2 
emissions in order to design appropriate NO2 emission control strate-
gies. The results of this study showed that the contributions of industrial 

Fig. 5. Comparison of the tropospheric NO2 VCDs obtained by the MAX-DOAS measurements and by the OMI satellite observations. (a) Time series of tropospheric 
NO2 VCDs. (b) The correlation between the tropospheric NO2 VCDs measured using MAX-DOAS and the NASA-OMI satellite data. 

Fig. 6. Contributions of local emissions and transport toward the NO2 
concentrations. 
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sources toward the NO2 concentrations were 75.3%, 66.3%, 76.6%, and 
83.5% in the spring, summer, autumn and winter, respectively (Fig. 8). 
Shenyang was a heavily industrialized city in China that with 1107 in-
dustries in 2019, and coal consumption in Shenyang was 2.8 × 107 t in 
2019, while the coal utilization by the industry was 8.5 × 106 t (Sta-
tistical Yearbook of Shenyang, 2020). This accounted for about 
one-third of the total coal consumption in Shenyang. Excessive fossil fuel 
combustion by industrial activity enhanced NO2 emissions. The gov-
ernment has taken aggressive measures in recent years to control vehicle 
exhaust pollution by reducing NO2 emissions from mobile sources, such 
as by implementing strict vehicle emission standards and promoting 
energy transition from fossil fuels to cleaner fuels. The contribution of 
industrial sources toward NO2 concentrations in winter was higher than 
in other seasons (Fig. 8). This phenomenon may be associated with 
increased coal combustion for heating, which released significant 
amounts of NO2 during the winter. Moreover, in Shenyang, about 90% 
of winter heating depends on the combustion of coal in. Therefore, it is 
necessary to control NO2 emissions from coal combustion to improve the 
air quality during winter (Li et al., 2019). These results showed that 
industrial emissions played a dominant role in local emissions in She-
nyang, and placing an emphasis on reducing NO2 emissions from in-
dustry is important in to mitigate air pollution. 

The coordinated control of PM2.5 and O3 and coordinated regional 
governance have been the primary tasks of the 14th Five-Year Plan in 
China. NO2 is a key precursor of PM2.5 and O3, and mainly derived from 
emissions. Therefore, the control and reduction of NO2 emissions will be 
the key to achieving the coordinated control of PM2.5 and O3. These 
results indicated that controlling local NO2 emissions will be necessary 
to improve the air quality in Shenyang. In addition, regional NO2 
transport from the northeastern regions may have an impact on the air 
quality in Shenyang, suggesting that NO2 pollution cannot be eliminated 
solely by reducing local emissions. To continuously improve air quality, 
it is important to strengthen the coordinated control of regional 
collaborative governance. These findings may be useful for designing 

collaborative strategies for air pollution control on the regional scale in 
NEC. 

5. Conclusions 

MAX-DOAS observations were conducted in Shenyang to measure 
the tropospheric NO2 from January to November 2019. The tropo-
spheric NO2 VCDs showed maximum values in January due to increased 
emissions from heating. The NO2 VCDs increased from 08:00 to 11:00 
and then decreased slightly at noon. The OMI and MAX-DOAS mea-
surements of the NO2 VCDs showed a good correlation (R = 0.73). The 
NO2 mainly originated from local emissions in Shenyang in all seasons, 
and the largest contribution to local emissions occurred in the summer, 
with emissions reaching 1.7–2.1 × 1016 molecules cm−2. Regional 
transport contributed 26% toward NO2 concentrations during winter 
under the influence of the northeast wind and the transport channel 
along the Changbai Mountains in NEC. The contribution of industrial 
sources toward the NO2 concentrations was higher than the contribution 
of vehicle exhaust in all the seasons due to massive fossil fuel combus-
tion by intensive industrial activity. The contribution of industrial 
sources toward the NO2 concentrations was significantly higher in 
winter than in other seasons due to the increased coal combustion for 
heating. Thus, it is important to reduce local emissions and strengthen 
regional collaborative governance to improve the air quality in 
Shenyang. 
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