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With the coming of the ‘‘14th Five-Year Plan,” the coordinated control of particulate matter with an aero-
dynamic diameter no greater than 2.5 lm (PM2.5) and O3 has become a major issue of air pollution pre-
vention and control in China. The stereoscopic monitoring of regional PM2.5 and O3 and their precursors is
crucial to achieve coordinated control. However, current monitoring networks are currently inadequate
for monitoring the vertical profiles of both PM2.5 and O3 simultaneously and support air quality control.
The University of Science and Technology of China (USTC) has established a nationwide ground-based
hyperspectral stereoscopic remote sensing network based on multi-axis differential optical absorption
spectroscopy (MAX-DOAS) since 2015. This monitoring network provides a significant opportunity for
the regional coordinated control of PM2.5 and O3 in China. One-year vertical profiles of aerosol, NO2

and HCHO monitored from four MAX-DOAS stations installed in four megacities (Beijing, Shanghai,
Shenzhen, and Chongqing) were used to characterize their vertical distribution differences in four key
regions, Jing–Jin–Ji (JJJ), Yangtze River Delta (YRD), Pearl River Delta (PRD), and Sichuan Basin (SB),
respectively. The normalized and yearly averaged aerosol vertical profiles below 400 m in JJJ and PRD
exhibit a box shape and a Gaussian shape, respectively, and both show exponential shapes in YRD and
SB. The NO2 vertical profiles in four regions all exhibit exponential shapes because of vehicle emissions.
The shape of the HCHO vertical profile in JJJ and PRD was Gaussian, whereas an exponential shape was
shown in YRD and SB. Moreover, a regional transport event occurred at an altitude of 600–1000 m
was monitored in the southwest–northeast pathway of the North China Plain (NCP) by five MAX-DOAS
stations (Shijiazhuang (SJZ), Wangdu (WD), Nancheng (NC), Chinese Academy of Meteorological
Sciences (CAMS), and University of Chinese Academy of Sciences (UCAS)) belonging to the above network.
The aerosol optical depths (AOD) in these five stations decreased in the order of
SJZ > WD > NC > CAMS > UCAS. The short-distance regional transport of NO2 in the 700–900 m layer
was monitored between WD and NC. As an important precursor of secondary aerosol, the peak of NO2

air mass in WD and NC all occurred 1 h earlier than that of aerosol. This was also observed for the
short-distance regional transport of HCHO in the 700–900 m layer between NC and CAMS, which poten-
tially affected the O3 concentration in Beijing. Finally, CAMS was selected as a typical site to determine
the O3–NOx–volatile organic compounds (VOCs) sensitivities in vertical space. We found the production
of O3 changed from predominantly VOCs-limited conditions to mainly mixed VOCs–NOx-limited
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condition from the 0–100 m layer to the 200–300 m layer. In addition, the downward transport of O3

could contribute to the increase of ground surface O3 concentration. This ground-based hyperspectral
stereoscopic remote sensing network provide a promising strategy to support management of PM2.5

and O3 and their precursors and conduct attribution of sources.
� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and

Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Following rapid economic development, air pollution has
become a serious threat in China. To tackle the major challenge
of improving air quality, the Chinese government has successively
disseminated the ‘‘Action Plan for Air Pollution Prevention and
Control” (the so-called national ‘‘Ten Measures of Air”) and
‘‘Three-Year Action Plan to Win the Blue Sky Defense War” (the
‘‘Blue Sky Defense War”) since 2013 [1–3]. Following these contin-
uous efforts on emission control and restriction, SO2 and PM2.5

emissions have been considerably decreased by 70% and 46%,
respectively, from 2013 to 2019. Although major pollutants such
as PM2.5 have reduced substantially, O3 concentrations have main-
tained an upward trend in recent years [4,5]. The 90th percentile of
the daily averaged maximum eight-hour O3 concentration in 337
main cities of China increased 20.3% from 2013 to 2019.
Tropospheric O3 is produced by emissions of nitrogen oxides
(NOx = NO + NO2) and volatile organic compounds (VOCs) and their
photolysis [6–8]. The emission reduction of NOx and VOCs was only
26% and 2%, respectively, from 2013 to 2019. In short, China is fac-
ing a complex air pollution problem with high PM2.5 and O3 con-
centrations that developed countries have not experienced.
Therefore, it is urgent to carry out stereoscopic monitoring of
PM2.5, O3, and their precursors and promote the coordinated con-
trol of PM2.5 and O3 compound pollution.

In addition to local emission and secondary formation of air pol-
lutants, regional transport is also a driving force of air pollution
that cannot be ignored. Currently, the main technological means
being used to study air pollution include in situ observation, satel-
lite observation, model simulation, and ground-based remote sens-
ing observations. Since 2012, the Chinese government has
successively established a nationwide ground-based air quality
monitoring network—China National Environmental Monitoring
Center (CNEMC) with 1497 stations to monitor surface concentra-
tions of SO2, NO2, CO, PM10, PM2.5, and O3, providing a basis for air
quality evaluation and related scientific research [9]. Satellite
observations can monitor the horizontal distribution of the vertical
column densities (VCDs) of aerosol, NO2, HCHO, and O3 at a large
scale; however, their temporal and spatial resolution is limited
and most of the environmental remote sensing monitoring satel-
lites only overpass the target area once a day, with a maximum
spatial resolution of only (3.5 � 7) km2 [10–12]. In addition, both
CNEMC and satellite technology cannot monitor the vertical
futures of atmospheric composition. Moreover, the chemical trans-
port model is an important means to assist atmospheric environ-
mental monitoring, forecasting and research on atmospheric
pollution mechanisms; however, inadequate modelling of air pol-
lutants in the vertical has been recognized as an important defi-
ciency. Many important processes that determine formation,
conversion, and transport of air pollutants occur above the surface,
often in distinct vertical layers between 0 and 2 km above the sur-
face. To compensate for the lack of vertical technology, multiple
research units have carried out vertical observations of atmo-
spheric composition using aircraft, unmanned aerial system
(UAS), and light detection and ranging (LiDAR) technologies [13–
15]. However, LiDAR only can monitor aerosol and O3 vertical
profiles and has a monitoring overlap height. Aircraft and UAS
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consume considerable labor and material resources and cannot
achieve continuous monitoring.

The ground-based hyperspectral stereoscopic remote sensing
network is composed of multiple stations. Multi-axis differential
optical absorption spectroscopy (MAX-DOAS) provides a promising
strategy to learn coordinated control of O3 and PM2.5. It can provide
vertical distribution data for PM2.5, O3, and their precursors and
help to advance diagnostic understanding and prediction of air pol-
lution. To date, several MAX-DOAS networks have been reported
around the world. The University of Bremen, Germany established
the Bremian DOAS network for atmospheric measurements (BRE-
DOM) network, including 15 stations distributed throughout
Europe and Africa [16]. The Royal Belgian Institute for Space
Aeronomy (BIRA-IASB) set up an MAX-DOAS network, including
six stations around the world [17]. The Japan Agency for Marine–
Earth Science and Technology (JAMSTEC) and European Union
established the MAX-DOAS network over Russia and Asia
(MADRAS) with seven stations and Network for Observation of
Volcanic and Atmospheric Change (NOVAC) with 15 stations
[18,19]. A ground-based hyperspectral stereoscopic remote sens-
ing network based on MAX-DOAS with 34 stations coving seven
regions of China (north China, east China, south China, southwest
China, northwest China, northeast China, and central China) was
established by the University of Science and Technology of China
(USTC) in 2015. The major purpose of this network is to realize a
long-term, continuous, and stereoscopic monitoring of the stereo-
scopic distribution of atmospheric composition over China. It can
make up for the lack of vertical observation capabilities of in situ
stations and meet the actual needs of precise location of air pollu-
tion sources, quantification of regional transmission, and evalua-
tion of the relative contribution of meteorology and emissions to
guide air quality management.

In this study, we used one-year observation data of four mega-
cities (Beijing, Shanghai, Shenzhen, and Chongqing) to determine
the regional differences of vertical distribution of aerosol, NO2

and HCHO in Jing–Jin–Ji (JJJ) area, Yangtze River Delta (YRD) area,
Pearl River Delta (PRD) area, and Sichuan Basin (SB) area based
on above network. A typical transport process with a southwest–
northeast pathway over the North China Plain (NCP) was analyzed
to reveal the impact of regional transport on air pollution in
Beijing. Moreover, O3–NOx–VOCs sensitivities in the vertical direc-
tion at a one-year time scale in Beijing were determined based on
the above network. The development of this ground-based hyper-
spectral stereoscopic remote sensing network is helpful to promote
coordinated control of O3 and PM2.5 over China in the ‘‘14th Five-
Year Plan” and boost our understanding of air pollution.
2. Methodology and calculation

2.1. Introduction to the network

USTC has organized and complete the construction of a ground-
based hyperspectral stereoscopic remote sensing network over
China between December 2016 and October 2020. The core instru-
ment within this network is MAX-DOAS. Table 1 shows the geo-
graphic distribution and details of the network stations,
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Table 1
Geographic of MAX-DOAS network of China. The classification of regions is based on the standards of the Administrative Division of China.

No. Region Station (code) Longitude (�E) Latitude (�N) Altitude (m)

1 North China Chinese Academy of Meteorological Sciences (CAMS) 116.32 39.94 100
2 The Institute of Atmospheric Physics (IAP) 116.37 39.97 100
3 Nancheng (NC) 116.12 39.78 60
4 University of Chinese Academy of Sciences (UCAS) 116.67 40.40 120
5 Gucheng (GC) 115.73 39.14 20
6 Wangdu (WD) 115.15 38.17 35
7 Xianghe (XH) 116.97 39.76 10
8 Shijiazhuang (SJZ) 114.60 37.90 70
9 Shanxi University (SXU) 112.58 37.63 780
10 Inner Mongolia Normal University (IMNU) 111.68 40.80 1040
11 East China Dongying (DY) 118.98 37.76 2
12 Qingdao (QD) 120.67 36.34 10
13 Taishan (TS) 117.10 36.25 1500
14 Shanghai_Xuhui (SH_XH) 121.43 31.17 3
15 Shanghai_Dianshan Lake (SH_DL) 120.97 31.09 3
16 Nanjing University of Information Science and Technology (NUIST) 118.71 32.20 73
17 Ningbo (NB) 121.89 29.75 10
18 Huaniao Island (HNI) 122.67 30.86 60
19 Huaibei Normal University (HNU) 116.80 33.98 35
20 Anhui University (AHU) 117.18 31.77 30
21 Anhui Meteorological Bureau (AMB) 117.24 31.86 40
22 Hefei Environmental Protection Bureau (HEPB) 117.20 31.78 39
23 South China Xiamen_Institute of Urban Environment (IUE) 118.05 24.61 340
24 Guangzhou Institute of Geochemistry (GIG) 113.35 23.15 30
25 Southern University of Science and Technology (SUST) 113.99 22.59 40
26 Southwest China Everest Station (EVS) 86.94 28.36 4276
27 Nam Co Station (NCS) 90.96 30.77 4730
28 Shangri-La Station (SLS) 99.72 28.00 3580
29 Chongqing (CQ) 106.50 29.60 332
30 Northwest China Lanzhou University (LZU) 103.85 36.04 1600
31 Xi’an (XA) 109.09 34.52 410
32 Northeast China Juehua Island (JHI) 120.77 40.47 18
33 Liaoning University (LNU) 123.04 41.81 46
34 Central China Luoyang (LY) 112.45 34.67 100
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respectively, which include 34 standard instruments and cover
seven major regions of China (ten stations in north China, 12 sta-
tions in east China, three stations in south China, four stations in
southwest China, two stations in northwest China, two stations
in northeast China, and one station in central China). Table 2 pre-
sents the observational elements and the instrument detection
limit and vertical distribution spatiotemporal resolution of these
elements.

2.2. Ground-based hyperspectral stereoscopic remote sensing
measurements

2.2.1. Instrument setup
The MAX-DOAS instrument consists of three major parts

(Fig. 1): a telescope with an accuracy of < 0.1� and a field of view
Table 2
Observational elements, detection limit, and temporal and spatial resolutions across the n

Observational element Detection limit

SCD VMR

O4 4 � 1041 molec2�cm�5 —
Aerosol — 0.02 km�1

NO2 7 � 1014 molec�cm�2 30.0 ppt
HONO 4 � 1014 molec�cm�2 15.0 ppt
SO2 7 � 1015 molec�cm�2 300.0 ppt
HCHO 5 � 1015 molec�cm�2 200.0 ppt
Glyoxal 3 � 1014 molec�cm�2 20.0 ppt
BrO 2 � 1013 molec�cm�2 0.7 ppt
IO 1 � 1013 molec�cm�2 0.6 ppt
H2O 1 � 1022 molec�cm�2 0.05%

SCD: slant column density; VMR: volume mixing ratio; molec: molecule; ppt: part per
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of < 0.3�, two spectrometers (AvaSpec-ULS2048L-USB2 (Avantes,
the Netherlands); ultraviolet (UV) range: 296–408 nm; visible
range: 420–565 nm; spectral resolutions: 0.45 nm) with tempera-
ture stabilized at 20 �C (deviation < 0.05 �C), and a computer acting
as the system controller and data acquisition and transmission
unit. The viewing elevation angle and azimuth angle of the tele-
scope are controlled by two stepping motors. The telescope collects
scattered sunlight and then the prism reflector and quartz fiber
direct it to the spectrometers. Moreover, a charge-coupled device
detector camera (ILX511 with 2048 individual pixels (Sony, Japan))
is used to convert the optical signal from analog to digital.

A full elevation sequence consists of 11 angles (i.e., 1�, 2�, 3�, 4�,
5�, 6�, 8�, 10�, 15�, 30�, and 90�), and one sequence takes about
12 min due to the time consuming of the rotation of elevation step-
ping motor. The settings of exposure time and scan number
etwork.

Resolution

Temporal Spatial

— —
Per vertical profiles: 15 min Vertical spatial resolution: 100 m
— —
— —
— —
— —
— —
— —
— —
— —

trillion.



Fig. 1. Schematic view of the MAX-DOAS instrument.
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depend on the intensity of the scattered sunlight. The data
acquisition unit is controlled by JavaScript to automatically collect
scattered sunlight during the daytime and collect dark current and
offset during the night. The dark current and offset were removed
during the spectral analysis. In order to avoid the strong influence
of stratospheric absorbers, the spectra measured with a solar
zenith angle (SZA) of > 75� were filtered [20–22].
2.2.2. Spectral analysis
The software QDOAS developed by BIRA-IASBy is based on the

least squares algorithm, and was used to analyze measured spectra
from MAX-DOAS. The zenith spectrum is generally used as a refer-
ence spectrum to make differences with off-zenith spectra of each
elevation sequence during the retrieval. The direct DOAS fitting
results are slant column densities (DSCDs) [23]. Moreover, the ring
spectrum was calculated for the measured spectrum with reference
to the absorption from the stratosphere. DSCDs of oxygen dimer (O4)
and NO2 were analyzed in the interval of 338.0–370.0 nm, and the
336.5–359.0 nm wavelength interval was used for HCHO absorption
analysis, based on recommended settings from the Cabauw inter-
comparison campaign for nitrogen dioxide measuring instruments
(CINDI) [24,25]. Details of fit settings for O4, NO2, and HCHO are
listed in Table 3 [26–34]. A typical DOAS fit example of the above
three species is shown in Fig. 2. To ensure the validity of the
retrieved data, O4, NO2, and HCHO DSCDs with a root mean square
(RMS) larger than 5 � 10�4 were filtered out. In addition, considering
the cloud effect, a threshold obtained through fitting a fifth-order
polynomial to color index data at each time was used to filter out
DSCDs with a color index less than 10% [35].
y http://uv–vis.aeronomie.be/software/QDOAS/ (last access: December 15 2020).

Table 3
DOAS settings used for the O4, NO2, and HCHO DSCDs’ retrieval.

Parameter Cross sections

Wavelength rangea —
NO2 220 K, 294 K, I0 correctionb (SCD of 1017 molec�cm�2)
HCHO 297 K
O3 223 K, 243 K, I0 correction (SCD of 1020 molec�cm�2)
O4 293 K
BrO 223 K
H2O 296 K
Ring Ring spectra calculated with QDOAS

Polynomial degree —
Intensity offset —

a Wavelength calibration: based on a high-resolution solar reference spectrum (SAO2
b Solar I0 correction [34].
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2.2.3. Vertical profile retrieval algorithm
The vertical profile inversion algorithm for aerosol and trace

gases (i.e., NO2 and HCHO) was developed based on the optical
estimation method (OEM) [36] and employs the radiative transfer
model linearized pseudo-spherical vector discrete ordinate radia-
tive transfer models (VLIDORT) as the forward model [37]. The fol-
lowing cost function v2 was selected to determine the maximum a
posteriori state vector x.

v2 ¼ y � F x;bð Þð ÞTS�1
e y � F x;bð Þð Þ þ x� xað ÞTS�1

a x� xað Þ ð1Þ
where F(x,b) describes the measurement vector y (measured
DSCDs) as a function of the retrieval state vector x (aerosol and
trace gases vertical profiles) and true atmospheric state parameters
b (i.e., temperature and pressure profiles, albedo, single scattering
albedo, asymmetry factor, and Ångström exponent). The tempera-
ture and pressure profiles were taken from a climatology database
[17]. Aerosol optical properties are selected from the monthly aver-
aged results of the moderate resolution imaging spectroradiometer
(MODIS). xa is the a priori vector. The exponential decreasing shape
was selected for the initial a priori profiles of all aerosol and trace
gases. In the iteration process, the state profile retrieved from the
previous step will be used as the a priori profile for the next step.
Moreover, aerosol optical depth (AOD) simulated by weather
research and forecasting model coupled with chemistry (WRF–
Chem) is also an input priori information in this algorithm. Sa and
Se describe the covariance matrices of xa and y, respectively. The
inversion strategy is based on a Gauss–Newton (GN) scheme.
Jacobians of F xð Þ are used as weighting function in this strategy,
which describes the changes of simulated DSCDs of each elevation
Fitting interval Reference

O4 NO2 HCHO

338.0–370.0 nm 338.0–370.0 nm 336.5–359.0 nm —p p p
(only 294 K) [26]p p p

[27]p p p
[28]p p p
[29]p p p
[30]p p � [31]p p p
[32]

Order 5 Order 5 Order 5 —
Constant Constant Order 1 —

010 solar spectra) [33].

http://uv%e2%80%93vis.aeronomie.be/software/QDOAS/


Fig. 2. Typical DOAS spectral fittings for (a) O4, (b) NO2, and (c) HCHO. RMS: root
mean square.

Table 4
Estimated errors for retrieved NO2 and HCHO in different height layers in CAMS
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angle when x within a certain layer is varied. This weighting func-
tion calculation process greatly improves the inversion speed com-
pared with the method proposed in the algorithm of Ref. [38]. The
determination of air mass factor (AMF) is crucial for the retrieval
of trace gases vertical profile. Therefore, two inversion steps were
used in this algorithm. The aerosol vertical profile was retrieved
first, and then inputted into VLIDORT to participate in retrieval of
the vertical profile of the trace gases.
station.

Height
layers (m)

Component Random
error (%)

Systematic
error (%)

Total error
(%)

0–200 NO2 3 7 7.61
HCHO 4 8 8.94

200–400 NO2 5 8 9.43
HCHO 5 10 11.18

400–600 NO2 6 10 11.66
HCHO 7 12 13.89

600–800 NO2 9 12 15.00
HCHO 11 13 17.03

800–1000 NO2 11 13 17.03
HCHO 12 15 19.21

1000–1200 NO2 11 15 18.60
HCHO 14 17 22.02

1200–1400 NO2 12 17 20.81
HCHO 16 19 24.84
2.3. Ancillary data

Surface PM2.5, NO2, and O3 concentrations were obtained from
the stations of national environmental monitoring networky. Sur-
face HCHO concentrations were measured by an AERO LASER
AL4021 installed in Peking University (116.31 �E, 39.98 �N). A
dynamical-chemical model (WRF–Chem) was used to simulate
AOD, wind speed, and direction. A detailed description of this model
can be found in Ref. [39]. The horizontal simulation resolution was
set to (10 � 10) km2, and 44 hybrid pressure-sigma levels were set
from the ground to 5000 Pa in the vertical direction. The O3 vertical
profiles were monitored by in situ instruments installed on the tower
located in the IAP with a temporal resolution of 1 h.
y https://quotsoft.net/air/ (last access: November 2 2020).
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3. Results and discussion

3.1. Regional differences in vertical distribution of aerosol and trace
gases

In the last few years, PM2.5 and O3 in China have shown clear
characteristics of regional uneven distribution and frequent trans-
mission. Current monitoring networks in China are mainly focused
on the ground surface layer [40,41] without monitoring the stereo-
scopic distribution of PM2.5 and O3 and their precursors, which cre-
ates obstacles to the full understanding of their formation to assist
air quality management. Therefore, we focused on the vertical
structure difference of PM2.5 and O3 and their precursors in four
central cities (Beijing, Shanghai, Shenzhen, and Chongqing) to rep-
resent the overall conditions in the four major polluted regions of
China: the JJJ, YRD, PRD, and SB area.

Four MAX-DOAS stations in the above four central cities, CAMS,
SH_XH, SUST, and CQ (Table 1), were selected to study the differ-
ence of vertical structure of aerosol, NO2, and HCHO from 1 March
2019 to 1 March 2020. The CAMS station was selected for retrieved
error analysis, and the details are presented in Table 4. Aerosol is
the primary pollutant in the atmospheric environment. As shown
in Fig. 3(a), a good agreement was observed between the hourly
averaged aerosol surface extinction coefficient from the MAX-
DOAS retrievals and the in situ PM2.5 mass concentration in CAMS
during the winter of 2019. The correlation coefficient between
aerosol and PM2.5 depends on the relative humidity (RH) [42],
due to the hygroscopic growth of fine particles. To avoid the influ-
ence of the RH on the aerosol extinction coefficient in different
cities, we normalized the yearly averaged aerosol extinction pro-
files retrieved from these four stations (Fig. 3(b)). The normalized
aerosol extinction vertical profile exhibits a box shape under
400 m in CAMS, indicating that the aerosol particles were well
mixed by the turbulence and the weak horizontal transport in
the boundary layer height (BLH). Zhang et al. [43] and Liu et al.
[44] also found a similar aerosol vertical distribution structure by
aircraft measurements in Beijing. The normalized aerosol extinc-
tion vertical profile in SH_XH showed an exponential shape. This
is likely to be because aerosol pollutants in Shanghai are mainly
from local emission, except for the biomass burning season that
can be affected by regional transport [45]. The normalized aerosol
extinction vertical profile also showed an exponential shape in
Chongqing, because the distribution of particulate matter concen-
trations in SB showed high horizontal homogeneities [46]. The nor-
malized aerosol extinction vertical profile exhibits a Gaussian
1400–1600 NO2 14 19 23.60
HCHO 19 24 30.61

https://quotsoft.net/air/


Fig. 3. (a) The scatter plots of surface PM2.5 and surface aerosol extinction in Beijing 2019. (b) The normalized and yearly averaged aerosol profiles in Beijing, Shanghai,
Shenzhen, and Chongqing. (c) The yearly averaged vertical profiles of NO2 in the above four cities. (d) The yearly averaged surface NO2 concentration in above four cities.
(e) describes the scatter plots of surface HCHO between in situ measured and MAX-DOAS retrieved. R: Pearson correlation coefficient. (f) The yearly averaged vertical profiles
of HCHO in above four cities. N: the number of valid data; ppb: part per billion.
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shape in SUST. Liu et al. [47] reported that the regional transport
contributes more than 50% to PM2.5 concentrations, and local
emission only contributed about 10% in Shenzhen. Moreover, the
relative contributions from local emissions and regional transport
could vary considerably by location. For example, unlike in Shen-
zhen, Zhao et al. [48] found that the local contribution is around
40%–70% (average 63%) in an industrial city in NCP.

NO2 and HCHO are the common precursors of secondary aerosol
and O3. Fig. 3(c) shows the yearly averaged NO2 vertical profiles in
the above four stations. The vertical distribution structure of NO2

in these four stations all exhibit an exponential shape due to the
traffic emissions [13,15,49–51]. Moreover, the adverse diffusion
condition is also a driving force causing NO2 to be mainly dis-
tributed at the surface in Chongqing [52,53]. Compared with
Fig. 3(d), we found that the variation of yearly averaged NO2 sur-
face concentration from MAX-DOAS retrievals and in situ measure-
ments agreed well among the above four stations. The surface NO2

concentrations at these four stations decreased in the order of
CQ > SH_XH > SUST > CAMS. The basin topography hinders the
regional diffusion of NO2, resulting in the highest surface NO2 con-
centration among the four stations in CQ. The considerable
decrease in the NO2 concentration in Beijing can be attributed to
the powerful emission reduction and regional joint prevention
and control measures in recent years and the impact of the
coronavirus disease 2019 (COVID-19) in early 2020. As shown in
Fig. 3(e), the hourly averaged HCHO surface concentration from
the MAX-DOAS retrievals show a good agreement with in situ
HCHO surface concentration with a Pearson correlation coefficient
(R) of 0.68 in CAMS from May to October of 2019. Fig. 3(f) shows
the yearly averaged HCHO vertical profiles in the above four sta-
tions, respectively, which exhibited a Gaussian shape in CAMS,
and the highest HCHO concentration was distributed in the
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100–200m layer. That is because the short-distance regional trans-
port of secondary HCHO produced from VOCs photolysis in the
southwest of Beijing is also a non-ignorable source of HCHO in
CAMS, especially in summer [54,55]. The yearly averaged HCHO
shows an exponential shape and the highest surface concentration
among above the four stations in SH_XH because the HCHO con-
centration mainly originates from local primary emission and the
photolysis of VOCs [15,56]. The yearly averaged HCHO also showed
an exponential shape due to the local industrial emissions in CQ
[21]. The yearly averaged HCHO exhibited a Gaussian shape in
SUST. Luo et al. [57] reported that the short-distance regional
transport of industrial emissions located in northeast Shenzhen is
one of the sources of HCHO in SUST.

3.2. Regional transmission analysis of aerosol and the corresponding
precursors

The NCP is one of the most polluted regions in China, and sev-
eral megacities are located in this area (i.e., Beijing, Tianjin, and
Shijiazhuang). The NCP is surrounded by Mt. Taihang to the west
and Mt. Yan to the north. The semi-basin geographical features
and continental monsoon climate mean that regional transport is
an important factor affecting air quality in the NCP. The southwest
wind belt is the main transport pathway in this region, which can
drive PM2.5 and O3 and their precursors to be transmitted in the
southwest–northeast direction. Several studies have explored the
influences of regional transport over NCP. A community multi-
scale air quality (CMAQ) model simulation study reported by
Streets et al. [58] indicates that unfavorable meteorological condi-
tions can drive the regional transport of PM2.5 and O3 between Bei-
jing and the NCP through this southwest-northeast pathway in
summer. Wu et al. [59] used a WRF–Chem simulation to evaluate
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the contributions of regional transport from NCP to the elevated
PM2.5 and O3 levels in Beijing during summer, and indicated that
regional transport contributed 61.5% and 36.6% to PM2.5 and O3,
respectively. Based on synchronous in situ observations in several
cities of the Beijing–Tianjin–Hebei (BTH) region, Ge et al. [60]
found the regional transport from southwest to northeast domi-
nated by southwesterly winds is an important role of the daytime
elevated PM2.5 and O3 levels. Ge et al. [61] and Zhao et al. [62] also
reported a south-to-north transport bell existing over the NCP,
which caused regional transport of PM2.5 and O3. However, current
in situ observations and air quality models are woefully inadequate
to fully understand the regional transport of PM2.5 and O3 and their
precursors. Air quality models without stereoscopic observation
data as support remain large uncertainties in modeling and predic-
tion studies, and the regional transport of air pollutants will be
greatly underestimated when using in situ observations alone
because the transport process is always associated with a high-
layer transport belt. A ground-based hyperspectral stereoscopic
remote sensing strategy that can monitor the stereoscopic distri-
bution of air pollutants is greatly needed to beat down the disad-
vantages of the above two techniques in evaluating the regional
transport of air pollutants.

Fig. 4 shows the location and topography of the BTH region, and
five different MAX-DOAS stations (SJZ, WD, NC, CAMS, and UCAS)
of the network are located in the southwest–northeast pathway
of this region. A typical southwest–northeast transport process in
this region occurring on 5 March 2020, was selected as a case study
to indicate the advantages of ground-based hyperspectral stereo-
scopic remote sensing strategy assisted by the wind field dataset
simulated by the WRF model in evaluating transport of air pollu-
tants. Figs. 5(a) and (b) describe the spatial variations of NO2 and
HCHO from the tropospheric monitoring instrument (TROPOMI)
in the BTH region on 5 March 2020. NO2 showed a clear belt distri-
bution along the southwest–northeast pathway, and HCHO
Fig. 4. Study area location, topography, and distribution of MAX-DOAS stations.
Black points represent the stations.
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showed a continuous regional distribution between NC and CAMS.
Figs. 5(c) and (d) present the regional wind field information at 0–
20 and 600–1000 m, respectively. The wind direction in these two
layers were all from the southwest to northeast along the trans-
mission pathway, and the wind speed in the 600–1000 m layer
was about three times that in the 0–20 m layer. Correspondingly,
the 600–1000 m layer was the main height of transmission.

Fig. 6 shows the vertical distributions of aerosol, NO2, and
HCHO in the above five stations located along the southwest–
northeast pathway on 5 March 2020. It was found that the AOD
in these five stations decreased in the order of
SJZ > WD > NC > CAMS > UCAS. The high-extinction air mass grad-
ually increased to 700 m after 10:00 in SJZ and was transported to
the northeast direction along the transmission pathway driven by
the southwest wind. Subsequently, high-extinction aerosols at
800 m were measured in WD after 12:00 and in NC after 13:00.
Subsequently, the transmission height of aerosol gradually
decreased, and then high-extinction signals were measured near
the ground surface after 14:30 in CAMS. Driven by topography
and the continuous southwest wind, the high-extinction air mass
increased once again and continued to be transported in the north-
east direction from CAMS. Finally, the high-extinction aerosol was
measured at 500 m in UCAS after 16:00. High-concentration NO2

near the ground surface was measured in SJZ and CAMS, which
was mainly related to the high vehicle emissions in Shijiazhuang
and Beijing. There are no clear ground NO2 emission sources in
WD and NC, with high vegetation coverage. Nevertheless, high-
concentration NO2 air masses at 800 m were measured in WD after
11:00 and in NC after 12:00, respectively. At the same transmission
height in these two stations, the appearance of high-concentration
NO2 air masses were all about 1 h earlier than those of aerosols.
The transport process was accompanied by the formation of sec-
ondary inorganic aerosols, based on NO2 as a main precursor.
Moreover, the high-altitude transmission process of HCHO
between NC and CAMS stations was also observed (Fig. 6), and
mapped to the HCHO transmission belt observed by TROPOMI
between NC and CAMS shown in Fig. 5(b). HCHO at NC station is
mainly produced by the photolysis of natural source VOCs
[63,64]. The air mass carrying secondary-generated HCHO gradu-
ally increased to 800 m driven by meteorological elements (i.e.,
wind and BLH) after 12:00 in NC. Half an hour later, high-
concentration HCHO air mass was measured at 800 m in CAMS.
The regional transmission of HCHO could affect the variation of
O3 concentration in Beijing to a certain extent.

3.3. O3–NOx–VOCs sensitivities in vertical space

In recent years, the continuous increase of O3 concentration has
caused it to become the second major pollutant after PM2.5, which
has a serious impact on ambient air quality and human health in
China. The O3 in the lower troposphere mainly originates from
photochemical reactions of its precursors, regional transport, and
the free tropospheric or stratospheric invasion [65]. NOx and VOCs
are two major precursors of O3. The chemical formation of O3

depends upon the one (NOx or VOCs) with substance being inade-
quate in the reactions. Therefore, the key to controlling O3 pollu-
tion is to effectively control the emissions of its precursors.
However, the sensitive types of O3 formation vary with altitude.
We also need to be very clear about the sensitive types of O3 for-
mation in different heights within the BLH to effectively control
O3 formation. HCHO is an oxidation product of most VOCs and
related to their total reactivity [66–68]. It can thus be applied as
an indicator of VOCs. Nevertheless, researchers have mainly
focused on the sensitive types of O3 formation at different alti-
tudes. For example, Geng et al. [69] indicated that the formation
of surface O3 is mainly under a VOC-sensitive regime in Shanghai



Fig. 5. (a, b) The spatial distribution in NCP of NO2 and HCHO monitored by TROPOMI on 5 March 2020, respectively. (c, d) The wind field on 0–20 and 600–1000 m layers
simulated by WRF on 5 March 2020, respectively. The arrows represent the wind direction.
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using in situ measured O3, NOx, and VOCs. Liu et al. [70] used ozone
monitoring instrument (OMI)-observed NO2 and HCHO tropo-
spheric VCDs to determine the sensitive types of O3 formation in
Beijing during the 2014 Asia–Pacific Economic Cooperation (APEC)
summit and 2015 Grand Military Parade.

Observations of NO2 and HCHO vertical distributions from
ground-based hyperspectral stereoscopic remote sensing network
can help to investigate the O3 formation pathways in different
regions. In this study, Beijing was selected as a typical city to deter-
mine sensitive types of O3 formation in three different height lay-
ers (0–100, 100–200, and 200–300 m) from May to October 2019.
The O3 concentrations in these layers were measured using in situ
instruments installed in a tower at the IAP. The NO2 and HCHO
concentrations in these three layers were retrieved from MAX-
DOAS at the IAP station. With reference to Su et al. [71], the
sensitivity thresholds of O3 formation in these three layers were
determined by the slope of the linear regression analysis for O3

versus the normalized HCHO or NO2 ratios. Fig. 7 shows the time
series of O3, NO2, and HCHO all with temporal resolutions of 1 h
in these three layers from May to October 2019. As shown in
Fig. 8, the sensitive types of O3 formation were divided into
VOCs-limited, VOCs–NOx-limited, and NOx-limited. The O3 produc-
tion sensitivity regimes in the 0–100, 100–200, and 200–300 m
layers are shown in Table 5. In the 0–100 m layer, the chemical
sensitivity of local O3 production is mainly under VOCs-limited con-
ditions, accounting for 71.10% of the effective time of the total obser-
vation period. The VOCs–NOx-limited and NOx-limited conditions
accounted for 16.46% and 12.44%, respectively. The NOx-limited con-
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ditions mainly occurred in July and early October. In the 100–200 m
layer, the chemical sensitivity of local O3 production accounted for
64.31%, 27.02%, and 8.67% under VOCs-limited, VOCs–NOx-limited,
and NOx-limited conditions, respectively. In the 200–300 m layer,
the chemical sensitivity of local O3 production accounted for
56.10%, 35.55%, and 8.35% under VOCs-limited, VOCs–NOx-limited,
and NOx-limited conditions, respectively. The proportions of VOCs-
limited, and NOx-limited conditions of the chemical sensitivity of
local O3 production gradually decreased from the 0–100 m layer to
the 200–300 m layer, whereas the proportion of VOCs–NOx-limited
conditions showed the opposite trend.

The O3, NO2, and HCHO vertical profiles measured at 14:00 on 2
July 2019 were selected as a typical case to study the O3–NOx–
VOCs sensitivities in different layers. As shown in Fig. 9(a), a high
O3 concentration was observed in the 0–100 m layer, and the cor-
responding chemical sensitivity of local O3 production in this layer
indicated an NOx-limited regime. We also found that the NO2

concentration at this layer also had a high value (Fig. 9(b)).
Fig. 10(a) depicts the O3 vertical profile at 14:00 on 2 July 2019
and the averaged O3 vertical profile of July 2019. The averaged con-
centration of the former was approximately twice that of the latter,
especially in the 0–100 m layer, in which the former was approx-
imately 1.99 times higher than that of the later. In order to esti-
mate the influence of the high O3 concentration in the 0–100 m
layer to the ground surface, the diurnal cycle of ground surface
concentration of O3 on 2 July 2019 was compared with that the
monthly average diurnal cycle for July 2019 (Fig. 10(b)). The
monthly averaged diurnal cycle of O3 peaked at 14:00 and



Fig. 6. Vertical profiles of aerosol, NO2, and HCHO in SJZ, WD, NC, CAMS, and UCAS stations on 5 March 2020, respectively.
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decreased thereafter; however, the diurnal cycle of O3 on 2 July
2019 also peaked at 14:00, but continued to increase at least until
15:00. This indicates that the downward transport of O3 in BLH
could contribute to the increase of the ground surface O3

concentration.
4. Conclusions

A ground-based hyperspectral stereoscopic remote sensing net-
work based on MAX-DOAS was established by USTC, and vertical
profiles of aerosol, O3, and their common precursors were moni-
tored. Firstly, we explored the differences in the vertical structure
of aerosols, NO2, and HCHO in four typical pollution regions (JJJ,
YRD, PRD, and SB). The structure of aerosol vertical profile showed
a box shape under 400 m in JJJ, due to the regional transport and
the effect of BLH. Given that the regional transport contributed
more than 50% to PM2.5 in the SUST station, the vertical profile
exhibits a Gaussian shape in PRD. The vertical profiles in PRD
and SB exhibit exponential shape, due to the contribution of local
emissions and the limitation of regional diffusion conditions. The
structure of NO2 vertical profiles in the above four regions were
all exponential because of vehicle emissions. The yearly averaged
vertical profile of HCHO shows a Gaussian shape attributing to
the short-distance transport from the southwest direction in CAMS
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and the regional transport from northeast industrial emissions in
SUST. The vertical structure of HCHO exhibited an exponential
shape because of the local emissions and local photolysis of VOCs
in SH_XH and the local industrial emission in CQ.

Second, the southwest–northeast pathway of NCP was identi-
fied as a typical regional transport pathway of atmospheric compo-
sition. Five MAX-DOAS stations (SJZ, WD, NC, CAMS, and UCAS)
were installed in this pathway. A typical southwest–northeast
transport process in the NCP region occurred on 5 March 2020.
Combining the TROPOMI NO2 VCDs and the daily averaged WRF
wind field information for this day, we found that the 600–
1000 m layer was the main height of transmission. The AOD in
these five stations decreased in the order of
SJZ > WD > NC > CAMS > UCAS. The extinction air mass gradually
upward 700 m from the surface in SJZ. Subsequently, the aerosol
extinction belts were monitored in the 600–1000 m layer in both
WD and NC, and there was a 1 h offset the time of its appearance
between these two stations. The extinction air mass was pushed
down to the surface in CAMS, and then upward to 500 m again
and transported to the UCAS station. Moreover, the short-
distance regional transport processes of NO2 and HCHO in 700–
900 m layer were monitored between WD and NC and between
NC and CAMS. The maximum NO2 air mass in WD and NC all
occurred 1 h earlier than that of aerosol, and contributed to
secondary aerosol formation during the transmission. The short-



Fig. 8. O3 production sensitivity regimes in 0–100, 100–200, and 200–300 m layers.

Table 5
O3 production sensitivity regimes in 0–100, 100–200, and 200–300 m height layers.

Height layer
(m)

VOCs-limited VOCs–NOx-limited NOx-limited

0–100 HCHO/
NO2 � 1.0

1.0 < HCHO/
NO2 < 1.5

HCHO/
NO2 � 1.5

100–200 HCHO/
NO2 � 1.0

1.0 < HCHO/
NO2 < 2.2

HCHO/
NO2 � 2.2

200–300 HCHO/
NO2 � 0.9

0.9 < HCHO/
NO2 < 2.3

HCHO/
NO2 � 2.3

Fig. 7. The time series of NO2, HCHO, O3, and the O3 production sensitivity on (a) 0–100, (b) 100–200, and (c) 200–300 m layers, respectively.
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distance regional transport of HCHO potentially affected the O3

concentration in Beijing.
Third, we selected CAMS as a typical site to learn O3–NOx–VOCs

sensitivities in three different layers (0–100, 100–200, and 200–
300 m) from May to October, 2019. The proportions of VOCs-
limited and NOx-limited conditions of the chemical sensitivity of
local O3 production gradually decreased from 0–100 m layer to
200–300 m layer, whereas the proportion of VOCs–NOx-limited
condition showed the opposite trend. A case study describing a
high concentration of O3 in the 100–200 m layer on July 2, 2019
revealed that the downward transport of O3 could contribute to
80
the increase of ground surface O3 concentration. This suggest that
the government needs to control the increase of O3 concentration
in different altitude layers and different regions.
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