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Abstract: We investigated long-term observations of the tropospheric nitrogen dioxide vertical
column density (NO2 TropVCD) from the Multi-Axis Differential Optical Absorption Spectroscopy
(MAX-DOAS) network in Russia and ASia (MADRAS) from 2007 to 2017 at urban (Yokosuka and
Gwangju) and remote (Fukue and Cape Hedo) sites in East Asia. The monthly mean in the NO2

TropVCD from MAX-DOAS measured at ~13:30 local time, which is the Ozone Monitoring Instrument
(OMI) overpass time, shows good agreement with OMI data during summer, but differences between
the two datasets increase in winter. The Theil-Sen slope of the long-term trend indicate a relatively
rapid and gradual reduction in NO2 at Yokosuka and two remote sites (Fukue and Cape Hedo),
respectively, regardless of the season except for fall at Fukue, but significant changes in NO2 are not
observed at Gwangju, Korea. In contrast, OMI satellite data reveal an increase in the NO2 TropVCD at
all sites except for Yokosuka, where a decreasing trend common to MAX-DOAS is found, suggesting
that the results from satellites need to be cautiously used for investigating long-term trends in less
polluted or remote areas. Using backward trajectories, potential source regions are identified for the
two urban sites. The spatial distribution from OMI data shows good agreement with the potential
source regions at Yokosuka. The potential source regions in Gwangju are identified as the National
Industrial Complex in Yeosu and Gwangyang, while the transport route is not clearly visible with
OMI data because of their low sensitivity in less polluted areas. The proposed approach is suitable
for identifying potential source areas that might not be recognized by satellite observations.

Keywords: nitrogen dioxide; MAX-DOAS; OMI; long-term trend; potential emission source

1. Introduction

Nitrogen oxides (NOx; i.e., NO and NO2) are emitted from natural (biomass burn-
ing and lightning) and anthropogenic (fossil fuel combustion) sources [1,2] and play an
important role in global air pollution by acting as catalysts of ozone (O3) formation in the
troposphere and O3 destruction in the stratosphere [3]. Typically, under ultraviolet sunlight,
NO2 produces NO and O(3P) through photolysis, and the produced O(3P) recombines
with O2 to form O3. Then, the generated O3 reacts with NO again to generate NO2. The
reaction cycle involving NO, NO2, and O3 maintains an equilibrium state, the so-called
photo-stationary state [4]. In addition, peroxy radicals (HO2 and organic peroxy radicals,
RO2), generated from the oxidation of volatile organic compounds (VOCs), react with NO
to reproduce NO2, and then its photolysis generates O3, effectively increasing the ozone
concentration [5]. This reaction simultaneously recycles OH radicals, thereby maintaining
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the concentration of peroxy radicals and determining the atmospheric oxidative capacity.
Indeed, the reaction of OH radicals with NO2 during the daytime is the main pathway of
nitric acid (HNO3) formation and leads to the formation of ammonium nitrate (NH4NO3),
one of the main constituents of particulate matter, via gas-particle partitioning and/or
heterogeneous reactions.

NOx emissions in China significantly increased due to rapid industrialization, eco-
nomic growth, and urbanization during the two decades before the 2010s [6–8], but started
to decrease in the early 2010s [9,10] due to the effectiveness of China’s Clean Air Ac-
tion [11,12]. In particular, NOx emissions in eastern China from the Multi-resolution
Emission Inventory for China (MEIC) decreased by 21% in 2017 relative to 2013, which
is a smaller decrease than the 30% decrease observed by the Ozone Monitoring Instru-
ment (OMI) in NO2 columns over the same region during the same period [11]. Zheng
et al. [11] also reported that ground-level NO2 concentrations for the same region and
period decreased by only 9%, which is significantly lower than the decreases in the NOx
emissions and observations from OMI. The differences in the decreasing trends between
OMI observations and surface NO2 might be mainly due to uncertainties in the satellite
products—their uncertainties are large as they only assume vertical distributions of trace
gases for the sensitivity calculations and need to assume horizontal homogeneity. There-
fore, it is essential to validate satellite observations with ground-based observations of
trace gases for accurate assessments not only on local and regional scales but also on a
global scale.

For more than 20 years, Multi-Axis Differential Optical Absorption Spectroscopy
(MAX-DOAS) measurements have been used to investigate aerosols and trace gases in the
troposphere [13–16]. These passive remote sensing instruments measure the molecular
absorption of scattered sunlight at several different viewing angles within the ultraviolet
and visible spectral bands and then determine the tropospheric aerosol and trace gas
concentrations by applying the DOAS technique. Ground-based MAX-DOAS has a higher
sensitivity in the lower troposphere and a higher temporal resolution than satellite observa-
tions, thus enabling cost-effective investigations of tropospheric chemistry. Therefore, the
tropospheric NO2 vertical column density (NO2 TropVCD) determined from ground-based
MAX-DOAS has been regarded as a ground truth and is suitable not only for evaluating
those from satellite sensors, e.g., [17,18], but also for investigating the temporal variation
in the NO2 TropVCD at a local scale in both urban and rural areas [19–22].

As a part of the Global Earth Observation System of Systems (GEOSS)-related project, a
long-term NO2 monitoring network based on MAX-DOAS over Russia and ASia (MADRAS;
https://ebcrpa.jamstec.go.jp/maxdoashp/(accessed on 20 December 2020)) was estab-
lished by using a relatively cost-effective MAX-DOAS system [20]. The main purpose of
our network observations is to retrieve the NO2 TropVCD (and its vertical profiles) during
daytime and to validate satellite observations at several key locations with different levels
of air pollution covering both urban and rural areas. The advantage of such networks is
that data processing is standardized, thus ensuring a consistent quality of the data retrieved
from the sites. In this study, we investigated NO2 TropVCD at four sites in East Asia (Yoko-
suka, Fukue, and Cape Hedo in Japan and Gwangju in Korea) during the period 2007–2017.
The detailed temporal variations (hourly, monthly, and long-term) and potential emission
sources of the NO2 TropVCD were investigated along with the temporal variations and
spatial distribution from OMI satellite observations.

2. Materials and Methods
2.1. Measurement Sites

MAX-DOAS instruments were installed at four locations (Figure 1). Detailed geo-
graphical information, azimuth angles of the line of sight, and measurement periods for
each instrument are summarized in Table 1. The Gwangju site (126.84◦E, 35.23◦N) is located
on the campus of the Gwangju Institute of Science and Technology (GIST) in southern

https://ebcrpa.jamstec.go.jp/maxdoashp/


Remote Sens. 2021, 13, 1937 3 of 16

Korea. As one of the metropolitan cities in Korea, the population of Gwangju within an
area of ~500 km2 is 1.5 million and a highway is located 1.5 km to the west of the site.
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Figure 1. Emission rates of NOx (Gg yr−1) in the Regional Emission inventory in ASia (REAS) version
3.2 [12] over East Asia and site locations of selected MAX-DOAS networks (Gwangju in Korea and
Yokosuka, Fukue, and Cape Hedo in Japan). The numbers in parentheses indicate the NOx emission
rate of each site.

The Yokosuka site (139.65◦E, 35.32◦N) is located within an industrialized area that
extends in the north-south direction along Tokyo Bay in the Kanto Plain. The site is approx-
imately 41 km south of the centre of Tokyo and 14 km south of the centre of Yokohama. The
population of Yokosuka is only 0.41 million, but those of Tokyo (9.3 million) and Yokohama
(3.7 million) are high, indicating a large influence of nearby local anthropogenic emissions
from these larger cities at Yokosuka.

The Fukue site (128.68◦E, 32.75◦N) is located on a peninsula of northwestern Fukue
Island in the westernmost part of Kyushu, Japan [23–26]. The measurement site is remote
and located approximately 20 km to the southeast of the main residential area, Goto
(population of 38,000). Because Fukue is located between the Korean Peninsula (270 km
from Busan, Korea) and Japan, it is a suitable place for monitoring the outflow from Korea
and China.

Cape Hedo (128.25◦E, 26.87◦N) is also a remote site and is located in the northernmost
part of subtropical Okinawa Island [20,27]. There are no major emission sources around the
site because it is distant not only from local cities (40 km from Nago, population of 60,000,
and 100 km from Naha, population of 0.32 million), but also from the nearest major cities
(more than 600 km from Shanghai, China; Taipei, Taiwan; and Fukuoka, Japan). Although
the site is relatively close to a small city, Nago, the effect of anthropogenic emissions from
Nago could be negligible since a national park and forests are located between Cape Hedo
and Nago.
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Table 1. Detailed information of MAX-DOAS.

Site Name Country Longitude
(◦E)

Latitude
(◦N)

Azimuth Angle
(◦, from North, Clockwise) Periods Type

Gwangju a Korea 126.84 35.23 44 2008.2–2017.12 Urban
Yokosuka b Japan 139.65 35.32 37 2007.10–2017.12 Urban

Fukue a Japan 128.68 32.75 30 2009.2–2017.12 Remote
Cape Hedo b Japan 128.25 26.87 −14 2007.3–2017.11 Remote

a rotating optical axes MAX-DOAS. b fixed five-fold optical axes MAX-DOAS.

2.2. MAX-DOAS Instruments

The specifications of the MAX-DOAS instruments used in this study were described
in detail in Kanaya et al. [20]. The MAX-DOAS instruments consist of a light-receiving part
and a miniature spectrometer (USB4000; Ocean Optics, Dunedin, FL, USA) connected by
a fibre optic cable bundle. Scattered sunlight (sky irradiance) collected by a telescope is
redirected by a prism reflector and quartz fibre to the spectrometer for spectral analysis,
with a field of view (FOV) of < 1◦. From the measured wavelength range from 230 to
560 nm, with less than 0.7 nm of the full-width at half-maximum (FWHM), we selected
460–490 nm for retrieving the NO2 and oxygen collision complexes (O2-O2 or O4) column
densities in this study. We installed MAX-DOAS systems for measuring the NO2 TropVCD
with slightly different viewing azimuth angles depending on the site (mainly the north
side; Table 1). By rotating a prism, the sky irradiance at six elevation angles (EAs; 3, 5, 10,
20, 30, and 90◦ (70◦ for Cape Hedo)) was sequentially observed (5 min for each angle, for a
total of 30 min). For Yokosuka and Cape Hedo, the five-fold optical axes were installed
for simultaneous observations at different EAs, but only a single telescope was used for
sequential scanning for each EA. The measurements started in 2007 or later, with slight
differences from site to site (Table 1). The longest measurement period was in Yokosuka
and Cape Hedo at approximately 11 years (from 2007 to 2017), followed by that in Gwangju
(10 years) and Fukue (9 years).

2.3. Retrieval Algorithms

All the measured spectra were retrieved following the same procedures to ensure
consistent data quality among the sites. The algorithm consisted of DOAS spectral fittings
using QDOAS software version 2.0 (http://uv-vis.aeronomie.be/software/QDOAS/, (ac-
cessed on 10 May 2020)) and conversion of differential slant column densities (∆SCDs) to
the TropVCD by optimal estimation method [28]. Because a detailed description can be
found in Kanaya et al. [20] and the references therein, we describe it here only briefly. All
the measurement spectra were first corrected for offset and dark currents and analysed
using the DOAS technique to retrieve the ∆SCD of O4 and NO2 with respect to the reference
spectrum (recorded with an EA of 90◦ or 70◦ within 30 min). The ∆SCD is defined as the
difference in the slant column density (SCD) between the measured spectrum and the
corresponding reference spectrum. The absorption by various species (O4, NO2, O3, and
H2O) and the Ring effect [29] were considered. The cross sections included were O4 [30]
but increased by a constant factor of 1.25 [31], NO2 at 298 K [32], O3 at 223 K [33], H2O [34].
A polynomial of degree three was used to fit the continuum.

MAX-DOAS profile inversion algorithms consisted of two steps. First, the aerosol
extinction profiles below 5 km were retrieved and then used as constraints to retrieve the
NO2 profile below 5 km. To retrieve both the aerosol optical depth (AOD) at 476 nm and
the NO2 TropVCD, an optimal estimation method [28] was applied to solve the nonlinear
inversion problem with an iteration equation using a lookup table of box AMF that was
generated by the Monte Carlo Atmospheric Radiative Transfer Simulator (MCARaTS; [35]).
In brief, the state vector consisted of the target outputs (AOD or NO2 TropVCD) and
three parameters (f 0–1 km, f 1–2 km, and f 2–3 km; f denotes the parameters determining the
shape of a vertical profile of AOD or NO2 TropVCD and are defined to range between
0 and 1). Then, each partial column (0–1, 1–2, and 2–3 km) of the target outputs was

http://uv-vis.aeronomie.be/software/QDOAS/
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expressed as f 0–1 km×output, (1 − f 0–1 km) × f 1–2 km × output, and (1 − f 0–1 km) × (1 −
f 1–2 km)×f 2–3 km × output, respectively. A priori values of f 0–1 km, f 1–2 km, and f 2–3 km were
0.60 ± 0.05, 0.80 ± 0.03, and 0.80 ± 0.03, respectively. The a priori values of the AOD and
NO2 TropVCD were 0.21 ± 3.0 and 20% of the largest ∆SCD values for NO2 among the
five ∆SCDs during 30 min, respectively. The error covariance matrix of a priori values
(Sa) contains diagonal elements representing aforementioned uncertainties (AOD or NO2,
f 0–1 km, f 1–2 km, and f 2–3 km) and off-diagonal elements of zero [20].

A large fraction of cloud contaminated cases was eliminated in advance of NO2
retrievals, because we used only the cases where AOD were successfully retrieved from the
measured O4 quantities at the five EAs [20]. The overall uncertainty (combined systematic
and random uncertainties) in the AOD was estimated as 30% from a comparison with
the co-located sky radiometer and/or Mie LiDAR [36–38]. The overall uncertainty in the
NO2 TropVCD was reported as 17%, as it was influenced by random uncertainty (~10%
based on the residuals in the ∆SCD fitting) and systematic uncertainty (~14% due to the
uncertainties in the AOD and AMF) [20]. The minimum detection limit (MDL) for the
NO2 TropVCD at an altitude of 0–1 km was reported to be <0.2 ppbv, corresponding to
5 × 1014 molecules cm−2 [20,27,39]. Quality control was carefully applied to remove data
measured under unstable conditions (e.g., changes in integration time and temperature
settings, large residuals in the spectral fittings and saturated signal levels) [20].

2.4. Ozone Monitoring Instrument (OMI)

The OMI is a UV/vis (ultraviolet/visible) passive nadir viewing satellite-borne imag-
ing spectrometer onboard the National Aeronautics and Space Administration (NASA)
Aura satellite launched in 2004 on a sun-synchronous orbit. The swath width of OMI is
2600 km, thus enabling global daily coverage with high spatial resolution (up to 13 km ×
24 km). We used the satellite-retrieved NO2 TropVCD, which was obtained from OMNO2d
(OMI/Aura NO2 Cloud-Screened Total and Tropospheric Column L3 Global Gridded
0.25◦ × 0.25◦) version 3 [40]. The main criteria used in generating the OMNO2d data
products included a solar zenith angle < 85◦, terrain reflectivity < 30%, and cloud fraction
< 30% (for cloud-screened fields). The SCDs of NO2 are derived from a revised spectral
fitting algorithm in the visible range (402–465 nm) using an iterative sequential algorithm,
resulting in lower SCD values that are much closer to other models and satellites [41].
OMI NO2 SCDs are also converted to VCDs by using an AMF, which is calculated using
NO2 profiles simulated on the basis of monthly geographical climatology constructed from
4-year simulations using the Global Modeling Initiative (GMI) model [42]. It should be
noted that results using OMNO2 level 2 which has finer resolution (spatial resolution of up
to 13 km × 24 km) were insignificant different from OMNO2d. The monthly NO2 TropVCD
from MAX-DOAS and OMI satellite reported a strong correlation with a high Pearson’s R
of 0.93 for six sites in MADRAS network, but OMI systematically underestimated the NO2
TropVCD compared to MAX-DOAS [20].

2.5. Potential Source Regions

To investigate the influence of the regional transport of NO2, the potential source
regions of NO2 were identified using the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model, version 4 [43]. Notably, we used European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA5 data, which provide a much finer resolution of
0.25◦ × 0.25◦, as the input for the HYSLPIT model instead of the Global Data Assimilation
System (GDAS; 1◦ × 1◦) to improve the accuracy of the airmass trajectories. The starting
altitude and time were 500 m above ground level and three times a day (08:00, 12:00,
and 16:00 LT), respectively. First, a regional grid domain divided into 0.125◦ areas was
generated within 4◦ × 4◦ around the measurement sites. Second, each backward trajectory
tagged with a measured NO2 TropVCD was assigned to an individual grid (0.125◦ × 0.125◦)
when the trajectory altitude was lower than 2.5 km. Then, we averaged the NO2 TropVCD
data in each grid to identify the potential source region. Since the NO2 concentration
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levels in the atmosphere can be determined by its relatively short lifetime and advection
from emission sources, the NO2 TropVCD loss resulting from photochemical reactions
was considered based on the age weighting factor (W), exp(−t/τ), which was used in
backward propagation [19]. Here, τ is the assumed lifetime of NO2, and t represents
the travelling time for the air mass. Since τ for NO2 has strong seasonal variability, we
applied different seasonal τ cycles: 24 h for winter, 18 h for spring and fall, and 12 h
for summer. The reason we selected 24 h for the NO2 lifetime in winter is that the NO2
TropVCD from the model (9.1 × 1015 molecules cm−2) reported in Lee et al. [44] was
slightly lower but closer to that from Gwangju in winter (12.4 × 1015 molecules cm−2) than
the other assumed lifetimes therein. Considering τ for NO2, the backward trajectories
were calculated for a period twice as long as the assumed τ (i.e., 48 h for winter, 36 h
for spring and fall, and 24 h for summer). Because the assumed lifetime is used for only
the calculation of the age weighting factor [19], the uncertainty due to the different τ
values was less than ± 30% when τ was 50% higher and lower, indicating no significant
impact on our spatial distribution. This approach has been applied to derive regional and
global emissions of long-lived atmospheric trace gases and aerosols from ground-based
measurements [19,45,46] because the weighting factor is useful when multiple trajectories
overlap within a single grid point. In addition, to ensure statistical significance, we allowed
the number of trajectories that passed a single grid cell to be higher than three.

3. Results and Discussion
3.1. Monthly Variation in the NO2 TropVCD from MAX-DOAS and OMI

Figure 2 shows the monthly variation in the NO2 TropVCD at the four sites during the
study period. OMI NO2 TropVCD was selected from the grid (0.25◦ × 0.25◦) where each
MAX-DOAS measurement site is located. To consider the temporal discrepancy between
MAX-DOAS and OMI data, two types of monthly mean MAX-DOAS data were used: (1)
time-matched data (±30 min) with OMI overpass time of 13:30 LT and (2) daily mean using
whole data (regardless of the measurement time) because the photo-chemical reaction at
13:30 LT was active during the daytime. To ensure accurate statistics, daily means were
calculated from individual data points when three or more data points were available
during the daytime from 07:00–17:00 local time (LT) but varied depending on the length
of local daytime. Monthly means were obtained from the daily points when five or more
daily points were available.

The highest overall mean NO2 TropVCD from MAX-DOAS was observed at Yokosuka
(20.3 × 1015 molecules cm−2), followed by Gwangju (9.99 × 1015 molecules cm−2), Fukue
(2.65 × 1015 molecules cm−2), and Cape Hedo (0.89 × 1015 molecules cm−2). The order
of NO2 TropVCD coincides with that of the population and local emission sources. The
order of magnitude of OMI NO2 TropVCD was the same as that from MAX-DOAS, but the
monthly mean concentrations of OMI were lower by a factor of 1.7 than the time-matched
MAX-DOAS and 2.0 than the whole MAX-DOAS data, respectively. The relative change
between OMI and time-matched MAX-DOAS was also lowest (3.1%) at Cape Hedo, but
the difference increased at urban sites.

The monthly variation in the NO2 TropVCD measured by MAX-DOAS and OMI
showed similar seasonal variations at all measurement sites, with high NO2 in winter and
low NO2 in summer. In winter, the atmospheric lifetime of NO2 is longer because of the
diminution of solar irradiance, which suppresses photochemical reactions [19,20] along
with higher emission rates from anthropogenic sectors (fossil fuel and biofuel combustion).
The low NO2 in summer could be a result of efficient partitioning to NO via the faster
photolysis rates of NO2 and efficient oxidation of NO2 by OH. Notably, the monthly
mean of the time-matched MAX-DOAS data was consistent with that of the whole MAX-
DOAS data during the cold season but was more similar to that of OMI satellite data
as summer approached. This is because the time at which the satellite passed over the
site (~13:30 LT) corresponded to the most active photochemical reactions due to the high
solar irradiance, especially in summer. This disagreement between the time-matched and
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whole MAX-DOAS data during summer was greater in the urban areas (Yokosuka and
Gwangju), suggesting that the diurnal variations were more pronounced because of a large
amount of local emissions (such as transportation and industry) in the urban compared
to the remote areas. The differences in both the time-matched and whole MAX-DOAS
data with OMI satellite data increased during the cold season. This may be attributed
to the inhomogeneous spatial distribution of NO2 due to the increased emissions from
local sources (e.g., heating) and/or the enhanced contribution of Chinese NOx emissions
to the NO2 levels in Korea and Japan during winter along with the long lifetime of NO2
(Figure S1) [44]. For this reason, a careful approach is required to assess the monthly NO2
TropVCD in urban areas using OMI satellite data.
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Figure 2. Monthly variation in NO2 TropVCD from MAX-DOAS and OMI at four sites: (a) Yokosuka,
(b) Gwangju, (c) Fukue, and (d) Cape Hedo. Red and open orange squares indicate the mean of the
whole and time-matched MAX-DOAS data with OMI satellite (blue diamonds) overpass time (~13:30
local time). The vertical bars indicate the monthly standard deviation of NO2 TropVCD.

3.2. Long-Term Trend in the NO2 TropVCD from OMI and MAX-DOAS

Figure 3 shows the long-term trend in the NO2 TropVCD from time-matched MAX-
DOAS and OMI at the four sites with a linear Theil-Sen slope, which is used to analyse
long-term temporal variations in air quality data because it is robust to outliers [47,48]. The
Theil-Sen slope was calculated from the monthly means using the R function “TheilSen”
included in the package “openair” in R cran [49]. Before calculating the Theil-Sen slope,
the monthly mean was deseasonalized by decomposing into three parts (seasonal, trend,
and residuals) using a ‘Seasonal Trend decomposition using Loess’ (“stl” function in the
package “stats” which is also built into “openair”).
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From 2007 to 2017, the NO2 TropVCD from time-matched MAX-DOAS in Japan
(Yokosuka, Fukue, and Cape Hedo) continuously decreased by −1.6% yr−1 to −4.8% yr−1

at a significant level (p < 0.01; Table 2). The trends in Yokosuka from both MAX-DOAS and
OMI are consistent with the decreasing NO2 TropVCD trend (from −0.1 ± 1.4% yr−1 for
Nagasaki to −4.3 ± 0.9% yr−1 for Tokyo) from OMI observations (0.1◦ × 0.1◦ by calculating
an area-weighted average) from 2005−2014 based on the 2014 average NO2 TropVCD [50].
In addition, the ground NO2 concentration in the Tokyo metropolitan area also decreased
from 2006 to 2012 [51], suggesting that ground-based and space-borne remote sensing
instruments also captured the trend in ground NO2 concentrations in urban areas well.

In contrast, the NO2 TropVCD from MAX-DOAS in Gwangju did not undergo sys-
tematic changes (−0.4% yr−1; ranging from −1.8 to 2.0% yr−1 at the 95% confidence
level), and the changes were insignificant (p ≥ 0.1). The insignificant trend in Gwangju
was also confirmed by reducing the time scale (2012–2015) when measurements were
continuously conducted throughout the year (−0.9% yr−1; ranging from −5.3 to 3.8%
yr−1 at 95% confidence level and p ≥ 0.1). The decreasing trend in Yokosuka (−3.2%
yr−1 with p < 0.01) and constant trend in Gwangju (−0.9% yr−1) are also confirmed
by the ground-level NO2 concentration from the air quality monitoring stations near
sites with similar trends from both time-matched and whole MAX-DOAS data (Table S1;
Figure S2). Herman et al. [52] reported that the NO2 VCD trend from the Pandora in-
strument (https://pandora.gsfc.nasa.gov/Instrument/ (accessed on 13 August 2020)) in
Gwangju significantly increased (18% yr−1), but their study period was too short (approxi-
mately one year; May 2016 to July 2017) to estimate a long-term trend. Herman et al. [52]
found a decreasing trend in both Seoul and Busan of approximately −3.8 and −3.9% yr−1

from 2012−2016, respectively. However, the ground-level NOx concentration in Seoul
significantly decreased while the ground-level NO2 concentration remained constant [53],
which was similar to that in Gwangju.

This finding might be explained by the air becoming more oxidative, which can rapidly
convert NO to NO2, and/or by a contribution from the increased oxidation state of the
NOx emitted from diesel vehicle emission control equipment (diesel particulate filters and
diesel oxidation filters) as the fraction of diesel vehicles increased [53]. Moreover, the total
number of registered diesel vehicles and their fraction of all registered vehicles increased

https://pandora.gsfc.nasa.gov/Instrument/
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gradually from 2011 to 2017 in both Seoul and Gwangju. Although the NOx emission
rate decreased gradually in Japan and Korea after 2000, mainly due to a reduction in road
transportation, the decrease in Japan was only remarkable because the total emission rate
in Japan decreased by 52% along with constant rates from domestic and industrial sectors,
while that in Korea decreased by 9% from 2007 to 2015 in the Regional Emission inventory
in ASia (REAS) [12]. Compared to Yokosuka, where the percent of the decrease in the NO2
TropVCD from OMI satellite (−4.1% yr−1) was similar to that from MAX-DOAS (−4.8%
yr−1), the trends in the NO2 TropVCD from OMI satellite at Fukue and Cape Hedo were
opposite signs (increased with a significant level at Cape Hedo only) to those from MAX-
DOAS (decreased). These results suggest that a trend analysis using satellites might be
appropriate for highly polluted urban areas because the less polluted and/or remote areas
could be misdiagnosed the results from the implementation of atmospheric environmental
regulations.

Table 2 shows the seasonal Theil-Sen slopes with p-values for the NO2 TropVCD from
the time-matched MAX-DOAS and OMI satellite data. At the Japanese sites, all the seasonal
trends except for the trend in fall at Fukue showed decreases, which was similar to the trend
from whole MAX-DOAS data with a significant level (p < 0.05) (Table S1). The Theil-Sen
slopes of the concentration in winter and percentage in spring were much steeper than those
of other seasons. In particular, a rapid decrease was observed at Yokosuka. Considering
that the seasonality driver of NO2 in the REAS emission inventory is the road transportation
sector, whose emission rate was highest in spring and winter (mainly due to cold start
emissions), the sharp decrease during these seasons could have resulted from a decrease in
traffic volume (or mileage) and/or a decrease in the number of registered vehicles. Since
the number of registered vehicles in 2017 was not much different (increased by 1.2%) from
that in 2007, the decrease in mileage due to the lower usage of vehicles might be a plausible
reason for the pronounced decrease in spring and winter. However, the NO2 TropVCD
at Gwangju increased in spring and autumn but sharply decreased in winter. Similar to
that in Japan, the largest contributor to the NO2 TropVCD in Korea was the transportation
sector. However, since 2007, (1) the number of registered vehicles in Korea has increased, (2)
the mileage of vehicles and (3) the monthly variation in the traffic volume in Gwangju has
remained constant (Traffic Monitoring System; http://www.road.re.kr/main/main.asp
(accessed on 15 July 2020)). Therefore, the influence of road transportation is not sufficient
to explain the reduction in winter. Moreover, the ground-level NO2 measurements at
nearby air quality monitoring sites (site P1 in Figure S3; 1.7 km to the west) also revealed
a decreasing trend (−0.7% yr−1; p < 0.01) that was similar but much lower in magnitude
and occurred only in winter. This finding could be partially explained by the decreasing
emissions in China, which have contributed to the NO2 abundance over Gwangju during
winter because a relatively long NO2 lifetime was expected [44].

Table 2. Observed seasonal and overall Theil-Sen slopes of tropospheric NO2 vertical column density (NO2 TropVCD;
×1015 molecules cm−2) from the time-matched MAX-DOAS and OMI satellite data at four sites from 2007–2017. a The
values in parentheses indicate the percentage of Theil-Sen slopes to the mean NO2 TropVCD corresponding time scale.

Spring Summer Fall Winter Overall

(a) MAX-DOAS
Yokosuka −0.97 (−5.92%) ** −0.27 (−2.54%) ** −1.12 (−4.77%) ** −1.27 (−4.14%) ** −0.99 (−4.78%) **
Gwangju 0.45 (4.54%) ** 0.04 (0.55%) 0.39 (4.43%) ** −0.75 (−5.31%) ** −0.04 (−0.38%)

Fukue −0.22 (−10.5%) ** −0.03 (−2.14%) * 0.00 (−0.22%) −0.38 (−7.97%) ** −0.09 (−3.29%) **
Cape Hedo −0.03 (−3.34%) ** −0.01 (−1.64%) ** −0.01 (−0.70%) ** −0.01 (−1.31%) ** −0.01 (−1.64%) **

(b) OMI satellite
Yokosuka −0.54 (−4.50%) ** −0.15 (−2.30%) ** −0.66 (−4.62%) ** −0.92 (−4.79%) ** −0.54 (−4.10%) **
Gwangju 0.01 (0.16%) 0.04 (1.41%) ** −0.01 (−0.22%) 0.11 (1.65%) ** 0.03 (0.61%)

Fukue 0.01 (0.59%) + 0.02 (2.14%) ** 0.02 (1.22%) + −0.11 (−4.04%) ** 0.01 (0.43%)
Cape Hedo 0.04 (3.57%) ** 0.01 (1.52%) ** 0.01 (1.12%) ** 0.00 (0.34%) ** 0.01 (1.81%) **

a ** p < 0.01, * p < 0.05, + p < 0.1.

http://www.road.re.kr/main/main.asp
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3.3. Diurnal Variation in the NO2 VCD below 1 km Altitude

Because the lifetime of NO2 is short, the diurnal variations in urban NO2 concen-
trations are closely related to both human activities and photochemistry. Analysing the
diurnal variation in the concentrations of atmospheric pollutants can provide further infor-
mation on the composition of their emission sources and atmospheric processes involving
primary and secondary sources. The mean normalized bias (MNB; [A − B]/B × 100, where
A and B stand for hourly and daily mean NO2 VCD1km, respectively) for NO2 partial VCD
for the lowest 1 km altitude range (f 0–1 km × TropVCD, hereafter termed NO2 VCD1km)
in each month are shown in Figure 4. Typically, the NO2 concentration in urban areas
increases because of stronger traffic emissions in the early morning and decreases because
of effective partitioning to NO during daytime via NO2 photolysis and stronger oxidation
of NO2 by OH in conjunction with increasing solar irradiance. Therefore, the diurnal
variation in NO2 VCD1km at the urban sites (Yokosuka and Gwangju) was pronounced
in March to September when the NO2 TropVCD was low during the year (Figure 2). This
result might have been caused by the active photolysis of NO2 around noon as summer
approached, which was more emphasized by the relatively high accumulation of NO2 in
the early morning. Compared to the weak second peak of the NO2 VCD1km in the late
afternoon in July and August in Yokosuka, that in Gwangju showed an obvious second
peak in the afternoon (15:00 to 18:00 LST) because of rush hour, which was similar to that
early in the morning because the site is close to a highway. In contrast, during the cold
season (November–February), the MNB of the NO2 VCD1km at the urban sites showed a
different diurnal pattern in which the MNB increased in the early evening instead of in
the early morning. High NO2 VCD1km in the afternoon during the cold season has also
been observed in many urban areas, such as Beijing [54] and Wuxi [55] in China and the
Goddard Space Flight Center in the U.S. [56]. The accumulation of NO2 might result from
its longer lifetime in winter due to the low OH concentration, which slowed the chemical
loss, thus implying that NOx emissions may offset the chemical loss during the daylight
hours [20,57]. However, rush hour peaks in the morning were not observed at the remote
sites (Cape Hedo and Fukue) due to low local emissions from transportation.

Increasing NO2 VCD1km in the afternoon is not common among the reported diurnal
variations based on ground-level NO2 measurements. To analyse the ground-level NO2
along the direction of the line of sight for MAX-DOAS (to the north), the seasonal variation
in NO2 measured from air quality monitoring stations, including the nearby Gwangju site
(P1) and the north (P2–P4), was investigated (Figure S3). The hourly NO2 concentration
(ppb) was monitored by a chemiluminescence instrument equipped with a molybdenum
converter during the study period (2007–2017). The ground-level NO2 concentration was
also high in winter and low in summer, which was similar to the NO2 TropVCD. However,
the diurnal variation pattern in winter consisted of two peaks in the early morning and
evening and a low concentration at 16:00 LT and was significantly different from that of the
NO2 VCD1km. This different behaviour between the ground-level NO2 and NO2 VCD1km
was also observed in Yokosuka [20]. However, the converted volume mixing ratio from
the NO2 TropVCD did not peak in the early evening in winter [55,58]. This feature could
be explained by the diurnal variation in the planetary boundary layer height, which can
systematically affect the diurnal patterns of ground-level NO2 but has almost no impact
on the VCD1km [55], and seasonal and/or diurnal variations in the surface temperature,
pressure, and effective light path length, which are input parameters for the conversion of
the volume mixing ratio [58].
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Figure 4. Monthly diurnal variation in the mean normalized bias (MNB) of NO2 VCD at less than
1 km (VCD1km) at (a) Yokosuka, (b) Gwangju, (c) Fukue, and (d) Cape Hedo. The MNB is defined as
[A − B]/B × 100, where A and B denote the hourly and daily mean NO2 VCD1km from MAX-DOAS,
respectively.

3.4. Potential Source Region for the NO2 TropVCD at Yokosuka and Gwangju

Figure 5 shows the seasonal potential source region of the NO2 TropVCD at Yokosuka
and Gwangju. In winter, both sites were greatly affected by emissions over a relatively
large area due to the long lifetime of NO2, whereas in the other seasons, both sites were
dominated by local pollutants nearby. Regardless of the season, the hot spots for the NO2
TropVCD in Yokosuka were located in the Tokyo Bay area, which has the highest emission
rate in the REAS emission inventory because of the large amount of emissions from the
road transportation and industry sector, as described in the previous section. The identified
potential source region based on the MAX-DOAS data showed good agreement with the
spatial distribution of OMI satellite data, although OMI satellite simultaneously captures
the spatial distribution of the NO2 TropVCD, which is a different definition of the potential
source regions (Figure 6). This is because the Yokosuka site is located in the main hotspot
area (Tokyo metropolitan area); therefore, the spatial distribution of the NO2 TropVCD
from OMI and that of potential emission sources were well overlapped.
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Figure 5. Seasonal spatial distribution of the potential source region of the NO2 TropVCD (×1015 molecules cm−2) at
Yokosuka (a–d) and Gwangju (f–i) based on a combination of MAX-DOAS measurements and backward trajectories from
the HYSPLIT model. The simulation time of the backward trajectories differed depending on the season (12 h in summer,
18 h for spring and fall, and 24 h for winter) by considering the doubling lifetime of NO2. NO2 emission rates are from the
REAS emission inventory version 3.2 (e,j). The red circle in (j) indicates the Yeosu and Gwangyang National industrial
complex.
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Compared to that in Yokosuka, the seasonal potential source region in Gwangju had a
different transport pattern that was influenced by the southern area in spring and winter
and the local area in summer and fall. It should be noted that the hot spots in spring
and winter were found at the National Industrial Complex in Yeosu (127.67◦E, 34.76◦N)
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and Gwangyang (127.77◦E, 34.92◦N), which are located approximately 80 km southwest
of Gwangju and emitted a large amount of NOx based on the REAS emission inventory
(red circle in Figure 5j). The NOx emission rates from Yeosu and Gwangyang from the
Clean Air Policy Support System (CAPSS; [59,60]) were 69 Gg yr−1 (31 and 38 Gg yr−1,
respectively), which is similar to that from Seoul (77 Gg yr−1) but much higher than that
from Gwangju (10 Gg yr−1) (https://airemiss.nier.go.kr/ (accessed on 31 August 2020)).
Therefore, the NO2 emitted from the industrial complex had a continuous and significant
effect on the air quality in Gwangju, but the magnitude could differ according to the NO2
lifetime (high in winter and low in summer). In addition, a large amount of NO2 was also
observed in winter along the northwest direction, thus providing evidence of long-range
transport from China, which explained the decreasing trend in wintertime, as discussed
in Section 3.2. However, the spatial distribution of the NO2 TropVCD around Gwangju
from OMI satellite data did not directly show that transport route. This might be caused
by either different time resolutions (once a day for OMI vs. three times a day for potential
source region) or relatively low OMI TropVCD in Gwangju (4.4 × 1015 molecules cm−2),
making the transport pathway easily masked by the uncertainty. It is concluded that our
approach is suitable for identifying transportation routes from potential source areas that
might not be recognized by satellite observations, especially in less polluted regions.

4. Conclusions

To enhance our understanding of the spatial and temporal (diurnal to long-term)
variation of NO2, the NO2 TropVCDs from MAX-DOAS at four sites (Yokosuka, Fukue,
and Cape Hedo in Japan and Gwangju in Korea) were investigated from 2007 to 2017
based on standardized retrieval processing and quality controls. The Theil-Sen slope of
the long-term trend indicated a gradual reduction in NO2 at all Japanese sites, especially
at Yokosuka, regardless of the season, whereas the NO2 TropVCD at Gwangju did not
significantly change because NO2 was rapidly converted from NO and/or the oxidation
state of the NOx emitted from diesel vehicles increased. The trends in Yokosuka and
Gwangju were consistent with those in the ground-level NO2 concentrations measured at
nearby air quality monitoring stations. A significant decrease in winter was observed in
Gwangju, which was mainly due to long-range transport from China, whose emission rate
has decreased since the 2010s. In contrast, at Fukue and Cape Hedo, the Theil-Sen slope
for OMI data showed opposite trends (increased) to those observed for the MAX-DOAS
NO2 TropVCD, suggesting that caution should be exercised when evaluating trends from
satellite NO2 data for remote areas. The monthly mean of the NO2 TropVCD was lowest
in summer and highest in winter, mainly due to the seasonal cycle of the NO2 lifetime.
Importantly, the difference in the monthly NO2 TropVCD between the time-matched data
and OMI (~13:30 LT) and the whole data from MAX-DOAS implied active or inactive
photochemical reactions according to the meteorological conditions. Regarding diurnal
variations, double peaks in the early morning and afternoon in the urban areas (Yokosuka
and Gwangju) were observed during summer due to active photochemical reactions along
with high solar irradiance. However, the NO2 VCD1km during the cold season peaked in
the early evening instead of the early morning because of the longer NO2 lifetime resulting
from less NO2 chemical loss. The identified potential source regions confirmed the emission
hotspots in the REAS emission inventories: near the Tokyo metropolitan area for Yokosuka
and near the Yeosu and Gwangyang National Industrial Complex for Gwangju. In the case
of Yokosuka, which is close to the main emission region, the spatial distribution of OMI
data was consistent with the potential source regions because Yokosuka is continuously
influenced by the Tokyo metropolitan area. In contrast, the transport routes from Yeosu and
Gwangyang to Gwangju were not clearly identified from OMI data, suggesting that our
approach can provide more detailed information that might not be recognized by satellites,
especially over less polluted regions.
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