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Abstract

We examined the effect of the coronavirus disease 2019 (COVID-19) pandemic on air quality
in the Kanto region of Japan using multiple satellites and ground-based observations.
The vertical column density (VCD) of nitrogen dioxide (NO;) derived from the Ozone
Monitoring Instrument (OMI) and the Tropospheric Monitoring Instrument (TROPOMI)
showed decreases of 38% and 27%, on average, respectively, in March of 2020, compared
with the same month in 2015-2019, for OMI and in 2019 for TROPOMI. Surface NO,
concentrations measured by the Atmospheric Environmental Regional Observation System
(AEROS) also declined by up to 22% relative to the 2015-2019 mean, which is consistent with
previously reported reductions. To investigate interactions between ozone (O3) and NOx,
we calculated the ratio of non-methane hydrocarbon (NMHC) and NOx and potential ozone
(PO) surface concentrations from the AEROS data. The results indicated that the ozone
formation regime in the Kanto region remained within the NMHC-limited domain during
the COVID-19 period and was unchanged from the previous five years. Nevertheless,
the baseline O3 concentration decreased by 2.5-8.5 ppbv, depending on site (urban vs.
suburban) and year (2020 vs. 2021). Diurnal variations in PO concentrations (defined
as O3 + NO;-0.1NOy), which is the net O3 concentration produced by photochemical
reactions and/or transport excluding the NO titration effect, showed significant reductions
of 6.3 ppbv in 2020 and 3.2 ppbv in 2021, suggesting that lower PO levels were mainly
attributed to the reductions in baseline O3 concentrations in 2020. These findings highlight
how pandemic-related emission reductions affected chemical processes and dynamics
related to both NOy and O3 in a major Japanese metropolitan region.

Keywords: remote sensing; satellite; ground-based measurements; air pollution; COVID-19;
nitrogen dioxide

1. Introduction

Nitrogen oxides (NOyx = NO + NO;) are primary air pollutants produced by combus-
tion processes and are harmful to human health. Surface NOx emissions are emitted from
anthropogenic sources, such as fossil fuel combustion in power plants and vehicles, and are
primarily in the form of NO [1]. NOx plays a key role in the photochemical formation of
tropospheric ozone (O3) via photochemical reactions involving volatile organic compounds
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(VOCs) and hydroxyl radical (OH) [2,3]. In the case of an alkane (RH), the photochemi-
cal reactions proceed as shown in Equations (1)—(4). RH reacts with OH and an oxygen
molecule (Oy) to form a peroxy radical, which oxidizes NO. NO, photolysis offers NO and
triplet oxygen (O(®P)), and OCP) reacts with NO, to form O3 with the third body (M).

RH + OH +0O, — RO, + H,0O 1)
RO, + NO — RO + NO, )

NO, + hv (A < 420 nm) — NO + O(’P) (3)
OCP)+0, +M — O3+ M (4)

In urban areas, more than 50% of NOy is concentrated within the planetary boundary
layer because surface emission sources dominate for NOx. NOy has a short lifetime of
several hours and is therefore spatially inhomogeneous. In NOx-saturated conditions,
ozone formation and destruction become sensitive to volatile organic compounds (VOCs), a
situation referred to as VOC-limited, whereas in NOy-limited conditions, they are sensitive
to NOy. Determining the local ozone formation regime is essential for designing effective
air pollution mitigation policies. In most urban areas of Japan, the regime is expected to
be VOC-limited [4,5]. Recently, Itahashi et al. [6] analyzed 15 years of long-term satel-
lite observation data and reported changes in ozone formation regimes across East Asia,
including Japan, particularly after 2015. Based on the observed increase in the ratio of
formaldehyde (HCHO) to NO, column amounts (HCHO-to-NO, ratio; FNR) obtained
from satellite measurements, the authors concluded that the regime has gradually shifted
from VOC-limited to NOx-limited. In Tokyo, during the winter season, which is the focus
of this study, the number of days classified as NOy-limited or in a transitional regime was
less than 10% between 2005 and 2015. However, it increased to approximately 10-30% from
2015 to 2019. Furthermore, according to Jin et al. [7], although their analysis was performed
in the United States, FNR values derived from geostationary orbit satellite observations in-
dicate that ozone formation regimes in major metropolitan areas exhibit diurnal variability:
VOC-limited conditions are dominant in the morning when NO, concentrations increase,
whereas NOy-limited conditions dominate in the afternoon. Although the photochemical
reactions described above lead to O3z formation during daytime in the vicinity of local
emission sources, O3 is reduced mainly at night by reaction with NO (referred to as NO
titration) as shown below:

O3 + NO — NO; + Oy, (5)

Previous studies [8,9] have reported this phenomenon in cities worldwide, including cities
in Japan.

Ambient air pollutant concentrations are monitored using a variety of ground-based,
airborne, and satellite-based platforms through both in situ measurements and remote-
sensing techniques. In Japan, long-term in situ observations of surface concentrations of
air pollutants, including NOy, O3, sulfur dioxide (SO;) and non-methane hydrocarbons
(NMHCs), have been conducted for several decades by the Ministry of the Environment in
Japan and local authorities. These observations provide detailed information on emissions
from traffic and on diurnal variations in near-surface concentration, although the monitor-
ing network is spatially sparse. On the other hand, satellite-based remote sensing provides
spatially dense two-dimensional images of the slant column density (SCD) and vertical
column density (VCD) of NO,, HCHO and Oj by observing the radiance spectra within
the UV /visible range. In the case of the low-Earth orbit (LEO), however, satellite-based
observations have limitations such as coarse temporal resolution and fixed overpass times
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depending on the satellite orbits and altitudes. Satellite remote sensing from the LEO
has been conducted by Global Ozone Monitoring Experiment (GOME; [10]), SCanning
Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIAMACHY; [11]),
the Ozone Monitoring Instrument (OMI; [12]), and the TROPOspheric Monitoring Instru-
ment (TROPOMI; [13]), each offering gradual improvements in spatial resolution down
to the kilometer scale. These satellite observations finally provide tropospheric VCD for
trace gases. Uncertainties in the tropospheric VCD are dominated by uncertainties in the
AMF in a polluted region. Because the ground sampling distances differ among platforms,
typically by ~100 m for airborne measurements and ~10 km for ground- and satellite-based
measurements, different spatial representativeness must be considered when comparing
multi-platform and in situ data.

The coronavirus disease in 2019 (COVID-19) had a major impact on atmospheric
composition, including air pollutants and greenhouse gases. With the global spread
of COVID-19, lockdown measures were implemented in many cities and countries. In
Japan, however, strict legal lockdowns were not imposed; instead, social distancing was
encouraged on a voluntary basis. A large outbreak on a cruise ship docked at Yokohama
Port (Kanagawa prefecture) may have prompted voluntary restrictions on mobility in
Kanagawa prefecture and the surrounding prefectures in February 2020. In addition,
COVID-19 spread in Hokkaido prefecture earlier than in other prefectures, leading to a
locally declared state of emergency (SoE) there at the beginning of March. Subsequently,
a SoE from the Japanese government was declared in seven prefectures, including the
Tokyo, Kanagawa, Saitama, and Chiba prefectures (hereafter referred to as the Kanto region
regarding these four prefectures), from 7 April 2020 to 25 May 2020.

Global effects of the COVID-19 pandemic on atmospheric composition have been
widely reported [14-20] using ground-based/satellite observation, as well as chemical
transport models (CTMs). Miyazaki et al. [21] estimated the effects of the COVID-19
lockdown on anthropogenic emissions using a data assimilation approach, reporting that
global anthropogenic nitrogen oxide (NOy) emissions decreased by 9-15% in 2020 relative
to total global emissions, with maximum reductions of 24.8% in May 2020, especially in the
Middle East and West Asia. Shi et al. [22] reported an abrupt NO, decline (10 to 50%) and
a concurrent O3 increase (2 to 30%) in 11 cities globally during the COVID-19 pandemic
using site-specific hourly concentration data. In Japan, Damiani et al. [23] investigated the
spatiotemporal variability in air pollutants, including NO,, formaldehyde (HCHO), O3 and
aerosols, in Greater Tokyo mainly using ground- and satellite-based remote sensing data.
They found an average 10% reduction in tropospheric NO, VCDs and enhancement in the
FNR, especially in suburban regions, indicating a shift in the ozone formation regime from
VOC-limited to NOy-limited conditions. However, Phan and Fukui [24] concluded that
increases in O3 concentrations during the COVID-19 pandemic did not occur immediately,
although they also observed significant reductions in ambient NO; concentrations, ranging
from 14.5% to 19.1%, compared with levels in the previous decade (2010-2019). While
previous studies have investigated declines in air pollutants and evaluated the impact
of the COVID-19 lockdown on atmospheric composition, the variation in baseline Os
concentrations during COVID-19 remains insufficiently discussed. Moreover, no studies
have focused on the diurnal variation in air pollutants during the COVID-19 pandemic.

In this study, we quantified the reduction in NO, in a metropolitan area of Japan (Kanto
area) using both satellite and ground-based data during the SoE period, which was declared
in response to the COVID-19 pandemic. Subsequently, we also examined the NOx(NO,)-O3
relationship before and during the COVID-19 pandemic to assess the influence of pre-
cursors on O3 formation. Specifically, we investigated variations in the ozone-formation
regime and quantified changes in the baseline O3 concentration during the pandemic, pro-
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viding insights relevant to air-quality policy making. In the following, Section 2 describes
mobility changes during the COVID-19 pandemic in the Kanto area (Section 2.1), satellite
(Section 2.2) and ground-based (Section 2.3) measurement data, and an analytical method
for evaluating the influence of the COVID-19 lockdown on the atmosphere (Section 2.4).
Section 3 presents results from satellite and ground-based measurement data (Section 3.1),
a consideration of year-to-year trends for trace gases (Section 3.2), and analytical results
of the relationship among NO,, O3 and NMHC:s. Section 4 presents the conclusion of this
study and future perspectives.

2. Data and Methods
2.1. Mobility Changes During the COVID-19 Pandemic

To quantify changes in human activity, we used the COVID-19 Community Mobility
Reports produced by Google ([25]: https://www.google.com/covid19/mobility/; last
access: 1 April 2026). The mobility indices are calculated relative to the median of data
collected for each weekday from 3 January to 6 February 2020 across six categories: “Retail
and recreation”, “Grocery and pharmacy”, “Transit stations”, “Residents”, “Parks”, and
“Workplaces”. Figure 1 presents a time series of mobility change rates for the metropolitan
area, the Kanto region in Japan. The gray- and red-shaded terms in Figure 1 indicate the
periods of the SoE declared in the Kanto region and for Tokyo only, respectively. Mobility
change rates in the “Retail and recreation”, “Transit station”, and “Workplaces” categories
dropped significantly during the SoE periods; conversely, the “Residents” category in-
creased as people worked from home and refrained from going out. Table 1 summarizes
the minimum mobility values (maximum for “Residents”) in the Kanto region and the
demographic data. The Kanto region is a well-urbanized and densely populated region in
Japan. Though the ratio of the land area of these four prefectures is 3.59%, about 30% of
the population is concentrated in this region. For the mobility change rate, Table 1 shows
that human activities, including transportation, decreased to about 65% during the SoE
declaration (7 April-25 May 2020).

Table 1. Summary of minimum (or maximum for “Residents”) values of mobility change rates (%)
during the state of emergency (7 April-25 May 2020) and demographic data of each prefecture.

Tokyo Kanagawa Chiba Saitama
Sector
Retail and recreation —58.6 —40.0 —36.6 —32.0
Grocery and pharmacy -11.0 -3.0 —4.8 —24
Transit stations —66.8 —60.4 —61.4 —60.6
Residents (maximum) 31.2 28.6 26.0 26.6
Parks —33.2 —12.2 —18.0 —19.8
Workplaces —65.2 —61.0 —55.8 —56.6
Demographics
Population [million] 14.18 9.23 6.25 7.33
(percentage) (11.45%) (7.45%) (5.05%) (5.92%)
Land area [km?] 2199.94 2416.55 5156.48 3797.75
(percentage) (0.58%) (0.64%) (1.36%) (1.00%)

2.2. Satellite Data
2.2.1. OMI

OMI was launched in 2004 on board the Aura satellite. The Aura satellite has a
sun-synchronous orbit with a local equator-crossing time of approximately 13:30 local
solar time (LST) and observes backscattered solar radiation within the UV-visible spec-
tral range (270-500 nm). OMI retrieves tropospheric NO, VCDs with a spatial resolu-
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tion of 13 km x 24 km at nadir. In this study, we used the Level-3 daily global gridded
product (OMNO2d), which provides tropospheric and total NO, VCDs averaged into
0.25° x 0.25° grids. Only pixels with a cloud fraction less than 30% were included in the
analysis. The OMNO2d data were downloaded from the NASA Goddard Earth Sciences
Data and Information Services Center (GES DISC) (https:/ /disc.gsfc.nasa.gov/; last access:
20 April 2026).
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Figure 1. Time series of mobility change rates for each category in four Japanese prefectures (Tokyo,
Kanagawa, Saitama, and Chiba). Change rates are calculated based on the median of weekday
mobility data for 3 January to 6 February 2020. Gray- and red-shaded areas indicate the periods of
the state of emergency declared in all four prefectures and in Tokyo alone, respectively.

2.2.2. TROPOMI

TROPOMI was launched in 2017 on the Sentinel-5 Precursor satellite. TROPOMI
employs a measurement concept similar to OMI but with a finer spatial resolution. It
provides Level-2 NO, VCD data at approximately 7 (5.5) km x 3.5 km. In this study,
we used the TROPOMI_MINDS_NO2 product, processed under NASA’s Making Earth
System Data Records for Use in Research Environments (MEaSUREs) program. This
product applies adapted OMI operational algorithms to TROPOMI data, facilitating direct
comparison with OMNO2d data. The data are also offered from the NASA GES DISC upon
a user registration.
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2.3. Ground-Based Data (AEROS)

The Atmospheric Environmental Regional Observation System (AEROS) monitors
air pollutants, including NOx (NO + NO3), O3, NMHCs, carbon monoxide (CO), SO,,
suspended particulate matter (SPM), and others. The Atmospheric Environmental Regional
Observation System (AEROS) monitoring sites are widely distributed throughout Japan
and have measured air pollutant concentrations at hourly intervals since 1970. Figure 2
shows the study area and the locations of AEROS and meteorological observatories used
here. To distinguish urban and suburban areas, we defined two analysis areas, indicated by
the blue and red dotted rectangles in Figure 2: a blue rectangle (+0.5° in latitude/longitude)
centered on Tokyo Station (35.68° N, 139.77° E) representing the suburban area, and a red
rectangle (+0.2°) representing the urban area. Not all AEROS sites measure all species. This
study used 324 sites for NOy (NO,), 210 sites for O3, and 126 sites for NMHC:s. Sites with
incomplete data during the target period (January—April 2015-2021) were excluded from
statistical analyses. We focused on surface NO, (NOx) and O3 concentrations to evaluate
the impact of the COVID-19 pandemic on atmospheric composition in the Kanto region.
Surface NO; concentrations in AEROS are measured either by the Saltzman method or a
chemiluminescence method (i.e., reaction of NO + Os). The latter may be affected by con-
tamination from NO, species (e.g., peroxyacetyl nitrate) because of the use of a nonselective
molybdenum converter for NO. Differences in measured NO, concentrations between the
two methods are shown in Figure S1 in the Supplementary Information. Although mean
NO, values occasionally show inconsistencies due to NO, overestimation, median NO,
values are comparable across months. Some prefectures in the Kanto region use only the
Saltzman method to quantify surface NO, concentration. Therefore, to maximize data
coverage for statistical analyses, we used the median AEROS values in this study. Surface
O3 concentrations were measured by UV absorption. The high-quality data of the O3
concentrations is assured.
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Figure 2. Map of the study area in the Kanto region of Japan. (a) The location of the Kanto region
(including Tokyo, Kanagawa, Saitama and Chiba prefectures; orange-shaded area). (b) Enlarged view
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of the Kanto region outlined by the dashed black box in the upper left panel. (c¢) Detailed map of the
blue rectangle in the lower-left panel showing AEROS monitoring stations (red plus, N = 324) and
meteorological observatories (black circle, N = 24) used in this study. The background color map
shows a distribution of population density.

2.4. Analysis of the Influence of the COVID-19 Pandemic on Air Quality

We first analyzed the monthly means of OMNO2d data from 2015 to 2020 to quantify
changes in NO; column amounts. Data from January to April were extracted to include the
period before and during part of the first SOE that was declared in Japan. Only weekday
data were used to remove the “weekend effect” attributable to reduced human activity
(e.g., industrial operations and transportation) on weekends. Unless otherwise noted, the
analyses in this study were conducted excluding weekends as well as public holidays.
TROPOMI_MINDS_NO2 data were gridded to 0.05° and compared with OMNO2d data
over the blue rectangle area shown in Figure 2. To evaluate differences between TROPOMI
and OMI data, we compared monthly mean NO, VCDs retrieved by both instruments from
January to April during 2015-2019 and in 2020.

To quantify the effect of the COVID-19 pandemic on surface atmospheric composition,
we compared AEROS surface NO; and O3 data from January to April before and during
the COVID-19 pandemic. For each site, the 2015-2019 monthly medians were treated as a
climatology for comparison. Furthermore, we estimated yearly trends in AEROS median
NO, data using a linear regression model to derive de-trended surface NO, concentrations
for 2020 and 2021. The linear regression model was used to infer “business-as-usual” (BAU)
values during the COVID-19 pandemic, accounting for temporal emission trends and
year-to-year variability. A de-trending correction (Section 3.3) was then applied to facilitate
comparison between pre- and peri-COVID-19 conditions. To examine baseline changes
in O3 concentrations in the Kanto region during the COVID-19 pandemic, we calculated
hourly differences in surface NO, (ANO;) and O3 (AO3) between pre- and peri-COVID-19
periods and compared results for urban and suburban areas separately. Finally, to assess
variations in the O3 formation regime during the COVID-19 pandemic, we analyzed the
NMHC/NOy concentration ratio and calculated potential ozone (PO), which accounts for
the effect of NO titration on ozone concentrations.

3. Results and Discussion

3.1. Quantification of the Effect of the COVID-19 Pandemic
3.1.1. Results from Satellite Data

We compared OMNO2d data from January to April 2015-2019 with those from the
same months in 2020 during the COVID-19 pandemic. Satellite data within the area
highlighted in the panel at the right in Figure 2 were extracted and re-gridded for analysis.
Figure 3 shows contour maps of monthly mean OMNO2d averaged over 2015-2019 and
2020, as well as the absolute differences between the two periods. Although OMI has
been in operation since 2004, we used the most recent five years (2015 to 2019) as the
climatological baseline. This choice avoids large uncertainties in long-term NO, trends
introduced by major energy demand and policy shifts, such as Japan’s response to the Paris
agreement adopted in December 2015 and the Great East Japan Earthquake on 11 March
2011. The former, which took effect in 2016, prompted global greenhouse gas reduction
targets, while the latter caused drastic changes in Japan’s energy policy. Thus, including
pre- and post-earthquake NO, data in the climatology could obscure recent trends. In
most southern coastal areas of Japan, including the Kanto region, tropospheric NO, VCDs

015

decreased by more than 1.0 x 10'® molec. cm~? (approximately 10%) from January to

March, reflecting annual NO, emission reductions near sources. In March, the Kanto region
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exhibited a significant decrease, with average reductions of 5.1 x 10'®> molec. cm~2 (38%).

These changes were accompanied by an approximately 20% reduction in mobility, as shown

in Figure 2.
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Figure 3. Monthly mean tropospheric NO, vertical column densities (VCDs) observed on weekdays
by OMI from January to April: (a) 2015-2019 climatological means, (b) 2020 means, and (c) absolute
differences (2020 minus 2015-2019). Color bars indicate NO, VCDs (a,b) and absolute differences
(c) in units of 101 molecules cm 2.

To verify NO, reductions with the other satellite measurements and to better un-

derstand regional NO; reduction patterns at a finer scale, we also generated monthly

https://doi.org/10.3390/atmos17050491


https://doi.org/10.3390/atmos17050491

Atmosphere 2026, 17, 491

9 of 27

gridded maps of TROPOMI NO, data at 0.05° resolution for the Kanto region, as shown in
Figure 4. Since TROPOMI_MINDS_NO2 data have only been available since 1 May 2018,
we compared 2019 and 2020. In March 2020, tropospheric NO, VCDs decreased by
3.3 x 10" molec. cm™2 (27%), which is consistent with the OMI results. Interestingly,
slight NO, enhancements in March appeared in some relatively remote areas. This increase
may reflect greater “Parks” mobility in surrounding prefectures as people traveled out-
side Kanto to maintain social distancing. In January and February, before the SoE, some
tropospheric NO, VCD pixels were enhanced by 21 x 10" and 16 x 10> molec. cm 2,
respectively, particularly over central Tokyo. In contrast, March and April exhibited
widespread reductions across the region, including central Tokyo. Figure 5 compares
tropospheric NO, VCDs (TVCDs) from TROPOMI_MINDS_NO2 between 2019 and 2020
using box-and-whisker plots separated into “urban” and “suburban” categories. The urban
area is defined as the 0.4° x 0.4° red rectangle centered on Tokyo Station in Figure 2;
the suburban area corresponds to the 1.0° x 1.0° blue rectangle excluding the red rect-
angle. Throughout the study period, NO, TVCDs in the urban area were consistently
higher (6.4 x 10" molec. cm~2 on average) than in the suburban area, reflecting dense
local emission sources (e.g., vehicles). Both urban and suburban mean NO, TVCDs in-
creased in January and February but decreased significantly in March 2020. As shown in
Figure 5a, mean values in March decreased by an average of 6.0 x 10'®> molec. cm 2 (32%)

015 molec. cm ™2 (24%) in the suburban area; in April, de-

in the urban area and 2.6 x 1
creases were 4.1 x 10'° molec. cm ™2 (24%) and 1.8 x 10'® molec. cm ™2 (22%), respectively
(Figure 5b). These results indicate that NO, reductions in an urban area were closely
associated with decreased human mobility. Damiani et al. [23], using TROPOMI standard
products, reported 20—40% NO; reductions during the SoE in southern Tokyo. Although
the study periods differ slightly, our results are consistent with those results.

Next, we compared the NO; TVCDs observed by OMI and TROPOMI during the
same period, as shown in Figure 5. To increase the sample size and simplify the comparison,
data from urban and suburban areas were aggregated. Figure 6 presents the mean values of
OMI and TROPOMI NO, VCDs averaged over the Kanto region (blue rectangle in Figure 2)
from January to April before and during the COVID-19 pandemic. For TROPOMI, mean
values in January and February between 2019 and 2020 were almost comparable or, in
February 2019, lower than 2020 because NO, TVCD in 2019 was especially lower than in
the previous four years from 2015 to 2018, even considering the NO, decreasing trend.
Significant NO, TVCD declines were also confirmed by the yearly trend of OMI in the
upper panels of Figure 10. For OMI, however, mean values in January and February showed
a large decline in 2020 compared with those in 20152019, which is reasonable based on
the NO; decreasing trend. In March and April of 2020, during the COVID-19 pandemic,
large reductions were evident for TROPOMI, with decreases of 3.3 X 10 molec. cm ™2
(27%) and 2.3 x 10'® molec. cm~2 (22%), respectively. For OMI, a significant reduction of
5.1 x 10 molec. cm~2 (38%) can be seen in March, whereas the reduction in April was
1.7 x 10'® molec. cm~2 (16%), which was comparable with those in January and February,
possibly due to shorter NO, lifetime in April, an effect arising from five-year averaging
and the relatively coarser spatial resolution of OMI (spatial smoothing effect; [26]).

These comparisons of NO, column data clearly indicate that the significant reductions
observed over the Kanto region were caused by COVID-19-related decreases in human
activities, although interannual meteorological effects were not explicitly considered in
these analyses. By aggregating the data monthly over a wide 1° x 1° grid, potential
influences from meteorological variability and episodic high-NO; inflows (e.g., long-range
transport) are considered to be minimized.
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Figure 4. Monthly mean tropospheric NO; vertical column densities (VCDs) observed by TROPOMI
on a 0.05° x 0.05° grid over the Kanto region (blue rectangle area in Figure 2) centered on Tokyo

station (1° x 1°): (a) 2019 means, (b) 2020 means, and (c) absolute differences (2020 minus 2019).

Color bars indicate NO, VCDs (a,b) and absolute differences (c) in units of 10® molecules cm 2.

3.1.2. Results from Surface Data

To assess COVID-19-related effects on surface concentrations of NO, and O3, we
analyzed AEROS data from the Kanto region. To make the comparison with satellite data
easier, 2015-2019 data were treated as climatology and compared with data from 2020 and
2021. Figure 7 shows maps of the monthly daytime median NO, surface concentrations in
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units of parts per billion by volume (ppbv) monitored by AEROS from January to April for
2015-2019 and 2020, together with the absolute differences between the two periods. As
with the satellite results, higher NO, concentrations were observed closer to central Tokyo.
In January, some sites showed increases in surface NO; concentration, even within central
Tokyo, despite the overall downward trend in NO; over recent years. From February to
April, widespread decreases in NO, surface concentration were evident across the Kanto
region, including relatively remote areas except parts of Chiba prefecture. Reductions
ranged from 2 to 3 ppbv (12-22%) with maximum decreases of 14 ppbv (100%) in some
locations. Cooper et al. [27] investigated regional NO, changes during lockdowns across
the globe using TROPOMI-derived ground-level NO, concentrations. They found that the
monthly population-weighted mean difference was —1.9 ppbv between 2019 and 2020 in
Japan. The NO; declines observed in the AEROS data in this study are consistent with the
reductions reported by them.

T 2019 Urban 2019 Suburban
B 2020 Urban I 2020 Suburban

T

—eo— Urban
—e— Suburban

1 2 3 4
Month

Figure 5. (a) Boxplots of tropospheric NO, vertical column densities (VCDs) observed by TROPOMI
from January to April. Warm-colored boxes show “urban” sites and cool-colored boxes show “subur-
ban” sites (see text for definitions). Light colors indicate 2019, and darker colors indicate 2020. Solid
triangles represent the means, and horizontal lines represent the medians. (b) Absolute differences
and standard deviations between 2019 and 2020 (2020 minus 2019) for urban and suburban sites.
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Figure 6. Comparison of monthly mean tropospheric NO, vertical column densities (VCDs) from
OMI and TROPOMI averaged over the 1° x 1° area (blue rectangle in Figure 2). Warm-colored bars
show OMI data for 2015-2019 (light) and 2020 (dark), while cool-colored bars show TROPOMI data for
2019 (light) and 2020 (dark). Error bars indicate the monthly standard errors for each measurement.

Figure 8 shows the same type of plots as Figure 7, but for O3. Surface O3 concen-
tration exhibits more complex variations compared to NO,. In January and February, a
decreasing trend in surface O3 was observed along the coastal areas of Kanagawa and
Chiba prefectures. Furthermore, while an overall decline was evident in March, the O3
concentration in April showed an increasing trend at most sites, with a few exceptions.
However, these tendencies varied considerably among sites; some locations in Kanagawa
and Chiba, as mentioned above, continued to exhibit a decreasing trend. Figures 7 and 8
indicate that, except for March, the O3 formation regime is, in general, VOC-limited at
most sites since O3 concentrations tend to increase as NO, decreases (and vice versa).
Considering this relationship between NO, and Og, the declining trend of O3 observed in
March is particularly noteworthy.

As shown in Figures 7 and 8, because the observation sites where high NO, (low O3)
concentration was observed are spatially inhomogeneous, though NO, basically tends to
be high closer to central Tokyo, an additional condition was applied to extract substantial
urban sites; sites exceeding 60-percentile NO; of all targeted periods and sites were assigned
as urban. After applying this threshold, though the number of sites assigned as urban
became 13% of the total, it was enough to perform a statistical analysis. Hereafter, unless
otherwise noted, we apply this threshold. Figure 9 shows boxplots of the monthly daytime
AEROS surface NO, and O3 concentrations separated into urban and suburban regions
for 2015-2019, 2020, and 2021. Both surface NO, and O3 medians in March 2020 decreased
relative to 20152019, by 4.5 ppbv and 1.5 ppbv in the urban area and 2.0 ppbv and 1.5 ppbv
in the suburban area, respectively. Furthermore, in the urban area, the upper whisker of
the boxplots (i.e., maximum value less than 1.5 times the interquartile range above the 75th
percentile) decreased markedly in 2020 by 17.0 and 12.5 ppbv for NO, in March and April,
respectively. These declines are likely attributable to reduced human activity, since the range
between the lower and upper whiskers and median values was significantly decreased in

https://doi.org/10.3390/atmos17050491


https://doi.org/10.3390/atmos17050491

Atmosphere 2026, 17, 491

13 of 27

32N

N
A
356™
35 AN
YA

2N

a2\

N
BN
A
AN
YA

%N

2N

3N
BN
256N
3 AN
a2\

BN

% 2N

2N
368 N
A
AN
2N

3w\

March and April of 2020 and 2021. This behavior can also be seen in the suburban area.
For surface O3, the variability in surface concentration (i.e., the difference between the
lower and upper whiskers) in March and April 2020 was lower than during 2015-2019,
while the mean and median O3 values were comparable between the two periods. This
may indicate that surface O3 approached a photostationary state with NOx under reduced
VOC levels, that meteorological variability (winds and humidity /water vapor) was lower
during the COVID-19 pandemic, or a combination of both. In the suburban area, NO,
and O3 exhibited similar patterns to those in the urban area, though the magnitudes of the
changes differed. Interestingly, while O3 concentrations in 2020 were comparable to, or
lower than, climatological values, those in 2021 increased in both the urban and suburban
areas in February and March. During the same period, since NO, showed significantly
lower values, this may be attributable to the weakening of the NO titration. Detailed
statistics for urban and suburban sites are summarized in Tables S1 and S2, respectively, in
the Supplementary Information.

a) 2015-2019 median b) 2020 median ¢) 2020 minus 2015-2019

/“/

1389°E  1395°E 140.1°E  140.7°E  138.9°E 139.5°E 140.1°E  140.7°E  138.9°E 139.5°E 140.1°E 140.7°E
0o 3 6 9 12 15 18 21 24 27 3 50 -25 00 25 50
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Figure 7. Spatial distribution of the monthly median of NO, surface concentrations (ppbv) monitored
by AEROS from January to April: (a) 2015-2019 climatological medians, (b) 2020 medians, and
(c) absolute differences (2020 minus 2015-2019).
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Figure 8. Spatial distribution of the monthly median of O3 surface concentrations (ppbv) monitored
by AEROS from January to April: (a) 2015-2019 climatological medians, (b) 2020 medians, and
(c) absolute differences (2020 minus 2015-2019).

3.1.3. Comparison Between Satellite and Ground-Based Data

To compare NO; reductions during the COVID-19 pandemic derived from satellite
and ground-based measurements considering long-term temporal trends, we applied a
simple linear model to estimate the expected NO, levels for each month based on year-to-
year trends using the OMI and AEROS data. Figure 10 shows a result of the year-to-year
trend analysis for OMI NO, TVCDs and AEROS surface NO, concentrations for January to
April from 2015 to 2021. Yearly median values were normalized to those of 2015 and are
plotted as open rectangles connected by thick lines. The broken lines and dotted lines show
the linear regression results between 2015 and 2019 and extrapolated values in 2020 and
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2021, respectively. The extrapolated values in 2020 and 2021 are indicated by solid circles,
and the error bars show mean absolute errors (MAEs) of the linear regressions. Different
colors correspond to results obtained for the AEROS urban and suburban areas and the
OMI results. For the AEROS data, we extracted sites corresponding to the observation sites
located within the blue rectangle shown in Figure 2 and averaged observations between
13:00 and 14:00 LST to match OMI’s overpass time at 13:30 LST. Japan’s decreasing trend in
NOy emissions is well documented [28], and Figure 10 reveals a similar decreasing trend
in NO; in the Kanto region, except for March. Depending on the period and area, the
decreasing trend ranged from —1 to —10% per year. For the OMI data, February 2020 NO,
values (open rectangles) were close to the extrapolated BAU values and within the MAE
range, indicating that NO, levels in those months were not yet affected by the COVID-19
pandemic. In March 2020, however, all observed NO; values dropped markedly and fell
outside the MAE. A similar sudden drop was seen in the AEROS March results, despite
an increasing trend in the suburban area. In April, no extreme reductions were observed
in the results of this study. By contrast, Phan and Fukui [24] reported NO; reductions of
12.9-18.0% between April and May during the first SOoE (7 April-25 May) compared with
estimated conditions using a machine learning approach. The difference in our findings
may arise because we limited the AEROS data to 13:00-14:00 LST and explicitly accounted
for the yearly trend.

NO,, Urban 03, Urban
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Figure 9. Monthly boxplots of AEROS surface NO, and O3 concentrations in the Kanto region for
2015-2019, 2020, and 2021 in urban sites (upper row) and suburban sites (lower row).
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Figure 10. Yearly trends of normalized NO, differences (relative to 2015) from January to April for
OMI and AEROS.

3.2. Year-to-Year Trend Analysis Considering Meteorological Field

Cooper et al. [27] estimated meteorological effects on NO; concentrations for numerous
cities worldwide, including those examined in this study (e.g., Tokyo), using GEOS-Chem
model simulations at 2° x 2.5° resolution. Estimated NO, concentrations were down-
scaled to 1 km x 1 km resolution using the horizontal variability in TROPOMI-derived
surface concentrations. According to their simulations, meteorology-attributable changes
between 2019 and 2020 averaged —9.1 &£ 2.4%, accounting for approximately 25-33% of
the TROPOMI-observed NO, reductions in March and April. If these simulations can be
applied to our comparison of 2015-2019 versus 2020 AEROS data, meteorological effects
would correspond to approximately 40-75% of the observed reductions across the whole
Kanto region, from February to April, indicating that a substantial portion of the surface
concentration decrease may be meteorology-driven. The simple linear model used in this
study considered only temporal variation in air pollutants and did not explicitly include
meteorological variability. To take the meteorological field into account, we also estimated
the BAU concentration of air pollutants, including NO,, NOy, O3 and NMHCs, using a
Generalized Linear Model (GLM) with meteorological fields as explanatory variables. We
then compared the GLM-based BAU estimates with those from the simple linear model.
The two models produced consistent results; therefore, for subsequent analyses, we used
the simple linear model to estimate de-trend values based on the year-to-year variation.
Details of the comparison methodology and results are provided in S2 of the Supplementary
Information, as they are outside the focus of this paper. It should be noted that, within the
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GLM framework, it is difficult to separately identify the effects of individual meteorological
variables on air pollutants during the COVID-19 pandemic because the model assumes
non-linear relationships via the link function, and the meteorological variables are not
perfectly independent.

Hourly de-trended values (4, treng) Were calculated by subtracting an hourly correc-
tion factor (Jc.r) from the observed concentration (y,ps):

Yde—trend = Yobs — Ocor *." Ocor = Yext — Y2017 (6)

where .y is the extrapolated (BAU) value, for 2020 or 2021, from the linear regression and
Y2017 is the interpolated value for 2017. This approach was introduced to remove yearly
trends when comparing surface concentrations observed before and after the COVID-19
pandemic. The results of the yearly trend analysis for NO; and O3 are provided in Figure 52
in the Supplementary Information. The correction factors for NO,, O3, and NMHCs are
shown in Figure S5 in the Supplementary Information.

3.3. Analysis of the Interaction Between NO,, O3 and NMHCs During the COVID-19 Pandemic

Figure 11 shows the diurnal variations in AEROS NO,, O3, and NMHCs observed on
weekdays in March for the urban area. Since the most pronounced NO, decrease occurred
in March, we focus hereafter on March AEROS surface concentrations. In the upper panels
of Figure 11, the broken lines represent hourly data for each year from 2015 to 2019, while
the solid lines represent hourly data for 2020 and 2021 without correction for year-to-year
variation. In the lower panels of Figure 11, the black dots and dashed lines indicate mean
values with standard deviations for 2015-2019 (grey shaded area), and the solid circles and
lines show de-trended hourly data for 2020 and 2021 after correcting for interannual trends
using a linear regression model.
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Figure 11. Diurnal variations in NO,, O3, and NMHCs observed by AEROS in March on weekdays
at sites in the “urban” areas of the Kanto region. Monthly medians of NO,, O3, and NMHCs for
each year without de-trending are in the top row; 2015-2019 means with mean absolute errors and
de-trended NO,, O3, and NMHCs observed in 2020 and 2021 are in the bottom row.

For NOg, the de-trended AEROS surface concentrations during daytime, especially
from 9:00 to 15:00, in 2020 were on average 3.9 ppbv (16.3%) lower than in 2015-2019. In
2021, NO; from 9:00 to 22:00 local time remained lower by 4.7 ppbv (20.7%) on average.
Since the mean standard deviation of the AEROS daytime observations between 2015
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and 2019 was 2.0 ppbv, these reductions in the de-trended values can be attributed to
COVID-19 lockdown effects, even after accounting for the yearly trend. In contrast, at
other times in 2020, the de-trended NO, concentrations were almost comparable to those
in 2015-2019. Typically, the NO, surface concentration in Tokyo exhibits two peaks—one
in the morning and another in the evening—with the morning peak being higher than
that in the evening [4]. In 2020, NO, concentrations exhibited this diurnal pattern more
clearly than in 2021. Similarly, NOx concentrations showed the same diurnal variation
as NOy, as shown in Figure S4. NMHCs showed a more ambiguous diurnal variation
compared to NO, despite having a slight peak at morning. The decrease during daytime
and subsequent increase after evening reflected changes in industrial activities and solar
radiation, as anthropogenic sources are assumed to dominate NMHCs in urban areas. It
is interesting that de-trended NMHC concentrations in 2021 were relatively higher than
the 20152019 mean, whereas NO, concentrations remained comparable or lower. The
elevated NMHC concentrations are likely to be caused by either uncertainties due to the
de-trend correction factor or uncertainties due to the lack of considering an advection effect
in the de-trend method because, as shown in Figure S5 in the Supplementary Information,
variation in the correction factor of NMHCs is large, leading to an overestimation.

In contrast to NO,, surface O3 concentrations typically increase after sunrise and reach
a peak in the afternoon as solar radiation increases [29]. The observed diurnal patterns of
NO; and O3 in this study were both consistent with the results previously reported. In
the urban area, whole-day O3 concentrations in 2020 were on average 5.4 ppbv (18.2%)
lower than in 2015-2019, with maximum reductions of 9.8 ppbv (33.4%). During nighttime
(01:00-07:00 and 23:00-24:00), hourly O3 concentrations in 2020 were significantly lower,
by an average of 8.4 ppbv (29.7%), compared to those in 2015-2019. In these periods, as
NO, concentrations were comparable at night but lower during daytime compared to those
in 2015-2019, daytime O3 was more effectively consumed via the reaction described in
Equation (5). By 2021, O3 concentrations had recovered to levels comparable to 2015-2019,
possibly because the linear regression model underestimated the climatological year-to-year
variation in O3 for 2021 (see Figure S3).

Figure 12 shows the same type of plots as Figure 11, but for the suburban area,
allowing comparison with the urban results. As shown in the upper panels of Figure 12,
interannual variability in the suburban area was lower than that in the urban area for
all species examined. Although suburban NO; surface concentrations in 2020 and 2021
were generally comparable to 2015-2019 levels, daytime (09:00-15:00) NO, decreased by
2.3 ppbv (—18.9%) in 2020 and 2.2 ppbv (—18.2%) in 2021. These reductions indicate a clear
effect of the COVID-19 pandemic on air pollutants, even in suburban areas where NO,
levels are typically low. Overall, diurnal patterns and the relationships between pre- and
peri-COVID-19 NO; concentrations in the suburban area resembled those in the urban
area despite the lower absolute NO; levels. For O3, the maximum in the suburban area
in 2015-2019 was 47.3 ppbv at 15:00, compared with 40.5 ppbv during the same time in
the urban area, a 6.8 ppbv higher peak that is consistent with the results of [28,30]. In
2020 and 2021, however, the absolute differences in maximum O3 concentrations between
the suburban and urban areas (i.e., suburban minus urban) narrowed to 3.9 ppbv and
3.8 ppbv, respectively. This suggests that NO titration by vehicle emissions decreased
due to the reduced NOy emissions in the urban area, leading to more comparable NO,
concentrations across urban and suburban sites. By 2021, suburban O3 concentrations
recovered to 2015-2019 levels, except at around midnight. In contrast to the urban results,
daytime NMHC concentrations in the suburban area in 2020 were lower than in 2015-2019
(except from 07:00 onward), which also likely contributed to reduced O3 formation.
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Figure 12. Diurnal variations in NO,, O3, and NMHCs observed by AEROS in March on weekdays
at sites in “suburban” areas of the Kanto region. Monthly medians of NO,, O3, and NMHCs for

each year without de-trending are in the top row; 2015-2019 means with mean absolute errors and
de-trended NO,, O3, and NMHCs observed in 2020 and 2021 are in the bottom row.

Figures S6 and S7 in the Supplementary Information show the year-to-year trend
of diurnal minimum, maximum and 8O3 (differences between minimum and maximum)

values for each year in the urban and suburban areas, respectively. It should be noted

that all the minimum O3 values were observed at 7:00, and de-trended minimum values
in 2020 and 2021 were significantly lower by 5.6 ppbv and 2.0 ppbv in the urban area
and by 9.2 ppbv and 7.3 ppbv in the suburban area, respectively, than those in 2015-2019,
which was consistent with an increase in the de-trended NO peak at the same time, as
shown in Figure S5. In both the urban and suburban areas, 603 values slightly decreased
from 2015 to 2019, whereas the minimum and maximum values increased starting in 2016,

indicating that the yearly baseline O3 increased since 2016 though the O3 amount formed

and destructed daily was unchanged. Interestingly, however, the de-trended 6O3 values for
2020 (2021) increased by 5.5 (5.0) ppbv in the urban area and 3.8 (6.1) ppbv in the suburban
area compared to the 2015-2019 values, which may indicate that local ozone production
likely intensified during the COVID-19 pandemic. Itahashi et al. [31] investigated varia-
tion in different timescale O3 values in April and May during the COVID-19 pandemic

using CTM and AEROS. They reported that domestic emission reductions increased the

monthly daytime mean of O3 while decreasing the monthly maximum of the daytime peak

during the COVID-19 pandemic. Our results were consistent with their results despite

differences in targeted periods and analytical methods. According to Gkatzelis et al. [32]

and references therein, at most sites around the world, O3 increased on a regional scale
during COVID-19 lockdowns, with a median change of 6.4%, whereas NO, decreased.
Heald et al. [33] concluded that, in polluted regions, an increase in O3 concentration arises

from two factors: one is catalytic ozone production due to RO, radicals under VOC-limited

conditions, and another is the weakened NO titration effect. As described in the Intro-

duction, since the Kanto regions including the Greater Tokyo area are often observed as

VOC-limited, our results showed a different behavior from those previously reported in

urban/polluted areas.
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Next, in order to estimate the net change in O3 levels before and during the COVID-
19 pandemic and changes in the O3 formation regime, we compared NMHC/NOy and
introduced potential ozone (PO), defined as

PO = O3 + NO, — aNOy, (7)

where « is the fraction of primary NO, contained in NOy. PO represents the net O3 con-
centration, accounting for photochemical production and transport without the influence
of NO titration, under the assumption that the sum of O3 and NO, in Equation (5) is
conserved [9,34]. Following previous studies [30,35], we used « = 0.1, which is broadly
accepted in Japan. Figure 13 shows diurnal variations in NMHC/NOy and PO values
in the urban and suburban areas. According to [4] and references therein, the boundary
region between NMHC- (VOC) and NOx-limited regimes corresponds to an NMHC /NOx
of 8-10 ppbvC/ppbv. It should be noted that a determination of the O3 formation regime
using NMHC/NOx has a large uncertainty because the boundaries of NMHC- and NOx-
limited regimes and the boundary region vary depending on location and season [36,37].
Liu et al. [36] showed analysis results of the O3 formation regime with NMHC/NOx
using the classical Empirical Kinetic Modeling Approach in four sites of Taiwan and esti-
mated lower and upper bounds of the boundary region during winter to be 2.22-8.11 and
6.45-12.96, respectively. Interestingly, the range we assumed is slightly consistent with the
calculated range of bounds, 5.14 + 2.19-9.85 & 2.31 ppbvC/ppbv, although they showed
large variation. In the Kanto region, including both the urban and suburban areas, no
period of the day fell into the NOy-limited regime. In the urban area, ozone formation
remained VOC-limited throughout the day. In the suburban area, VOC-limited conditions
extended from 04:00. In the morning, when surface NO, concentrations peak, the regime
consistently tended toward VOC limitation.

The right panels in Figure 13 show the diurnal variation in PO values in the urban and
suburban areas. In the urban area, an overall PO reduction due to the COVID-19 lockdown
was evident in 2020, while in 2021, the reduction was less pronounced and PO values
approached those in 2015-2019. In the suburban area, however, PO values in 2021 remained
low and comparable to those in 2020, indicating slower recovery of human activities, likely
due to ongoing mobility restrictions in suburban regions. On average, the differences in
PO between 2020 and 2015-2019 were —6.3 ppbv in the urban area and —7.1 ppbv in the
suburban area. In 2021, the corresponding differences were —3.2 ppbv and —4.7 ppbyv,
respectively. These values indicate that photochemical O3 decreased by 6.7 ppbv in 2020
and 4.0 ppbv in 2021, compared with 2015-2019 in the Kanto region.

Total uncertainties in PO were affected not only by measurement errors but also an
estimation error of x. The fraction of primary NO, (i.e., «) changes with vehicle types,
the Euro standard class (Euro 1 to Euro 7), which is an emission standard determined by
European Union governments and adopted internationally, and the mix of vehicles with
different control technologies [38—40]. In Japan, the original emission regulation complies
with the Euro standard class. Brimblecombe et al. [41] reported that « increased from 2008
up to about 0.2 in 2014, and it decreased down to below 0.1 recently (around 2020) in Hong
Kong. Minoura and Ito [42] reported an a value of 0.073 by using in situ measurement
implemented in Tokyo, Japan. However, measurements to determine the « value are
basically limited in Japan so far, especially in the last decade. Furthermore, previous
studies [40,41] reported that recent high-level regulations, such as Euro 6, lead to higher
« values compared with a lower level of Euro classes. Therefore, a lack of measurements
for primary NO; in Japan and consequent assumption of « = 0.1 possibly leads to large
uncertainty in consideration of primary NO,, which results in the underestimation of
primary NO, and subsequent overestimation of PO. Thus, the absolute amplitude of the
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NMHC/NOy
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PO reduction in 2020 and 2021 may need to be evaluated carefully. However, the qualitative
conclusion that PO decreased during the COVID-19 pandemic is robust.
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Figure 13. Diurnal variations in NMHC/NOx (left column) and PO (right column) observed by
AEROS in March on weekdays at sites in urban areas (upper row) and suburban areas (lower row).

We quantified baseline O3 reductions during the COVID-19 pandemic in both urban
and suburban areas. Figure 14 shows scatterplots of hourly differences in NO; (ANOy)
and O3 (AO3) data between pre- and peri-COVID-19 pandemic periods (i.e., 2020 or 2021
minus 2015-2019), illustrating the interaction between the two species during the pandemic.
The orange (blue) dots indicate the AEROS data observed in daytime (nighttime). The
blue (red) lines show linear regression fits for negative (positive) ANO; values. Overall,
during nighttime (18:00—6:00; blue circles in Figure 14), ANO, tended to be near zero
or slightly positive while AO3 was relatively lower; during daytime (6:00—18:00; orange
circles in Figure 14), ANO, was lower than at night while AO3 was higher. In this analysis,
we attempted to introduce an original two-step fitting method to estimate a baseline O3
reduction due to the COVID-19 pandemic. First, for cases where ANO, (x-axis) was positive,
we performed a linear regression with a slope fixed at 1 and estimated only the intercept
(e.g., red broken lines in Figure 14). Second, using the fitted intercept above, we performed
a similar regression for cases where ANO, was negative, estimating only the slope (e.g.,
blue broken lines in Figure 14). This method was based on two assumptions: (1) the de-
trending method used in this study effectively removes the yearly trend so that the A values
reflect only the effects of the COVID-19 pandemic, and (2) nighttime NO; concentration
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increases mainly result from the O3 + NO reaction. Under this framework, therefore, the
intercept (AO3 value when ANO, = 0) represents the baseline O3 concentration reductions
during the COVID-19 pandemic because AO3 values should converge to 0 if the two
assumptions mentioned above are valid and ANO; equals 0. Using this approach, the
baseline O3 reductions were estimated to range from 2.5 ppbv to 8.5 ppbv depending on the
site and year. In the urban area in 2020, variation in NO, showed a linear relationship with
variations in O3 concentration across the full range, indicating that NO; reductions during
the COVID-19 pandemic contributed linearly to slower O3 formation. In the suburban area
in 2020, however, the slopes fitted for negative ANO; values were steeper than —2.0, which
means that NO; reductions were associated with an obstruction of O3 reduction during
the COVID-19 pandemic. Although there are many limitations and assumptions in this
experimental analytical method, the derived baseline O3 reductions showed all negative
values and were slightly plausible in 2020. At the very least, the same magnitude of the
reductions can be seen in both the urban and suburban areas in 2020, suggesting that the
O3 concentration in March of 2020 did not increase due to the weakening of NO titration,
as several previous studies have reported [32,43,44].
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Figure 14. Scatterplots of AEROS ANO, and AOj3 in March (weekdays) for urban and suburban sites,
comparing business-as-usual (BAU) conditions with 2020 (left column) and 2021 (right column). See
the text for details of the fitting method and interpretation.
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As summarized in Table 2, baseline O3 reductions were comparable to decreases in
PO values, especially in 2020, which indicates that the estimated baseline O3 reduction was
attributable to precursor decreases and advection outside the domain. The PO reduction
can explain 78.8-83.5% of the reduction in baseline O3 in 2020. To quantitatively analyze
the contributions of precursor decreases and advection, it may be necessary to further
conduct sensitivity tests and simulation analyses using a chemical transfer model, which
was not performed in this study. However, the results in this study imply that to decrease
local emission of precursors such as NO; and NMHCs, it is important to decrease baseline
O3 especially during daytime.

Table 2. Summary of reductions in baseline O3 and PO and percentages of PO/baseline O3 in 2020
and 2021.

Percentage Ratio of Baseline O3

Baseline O3 Reduction [ppbv] PO Reduction [ppbv] Reduction and PO Reduction
(PO/O3) [%]
Urban 8.0 (2.5) 6.3 (3.2) 78.8 (128)
Suburban 8.5 (5.8) 7.1(4.7) 83.5 (81.0)

The values in 2021 are in parentheses.

4. Conclusions

This study examined atmospheric behavior in urbanized cities of Japan during the
COVID-19 pandemic to evaluate the effects of reduced human activity on ambient air
quality, providing information relevant to air pollution control policies. In Japan, especially
in the highly urbanized Kanto region, human mobility decreased by up to 70% due to
COVID-19-related movement restrictions. Based on satellite observations of NO, VCDs,
we estimated 16-38% reductions in tropospheric NO, VCD in the Kanto region from
March to April in 2020, relative to pre-COVID-19 conditions, which is in good agreement
with a previous report [23]. We also analyzed the effect of the COVID-19 pandemic on
air quality using ground-based in situ measurements (AEROS), which are widely and
densely deployed in Japan, accounting for year-to-year trends of atmospheric species.
The results indicated that surface NO, concentration decreased by 12-22% in March 2020
and 2021, when marked NO, reductions were also seen in the satellite data, compared
with mean values for the same months of 2015-2019. These reductions were broadly
consistent with the satellite results. In the urban area, surface O3 concentrations similarly
decreased in 2020 by an average of 18.2%, with a maximum reduction of 33.4%, although Os
concentration levels returned to 2015-2019 levels in 2021. In the suburban area, reductions
of comparable magnitude were observed, and the maximum O3 concentration in 2020
became comparable to that in the urban area. We calculated diurnal variations in the
NMHC /NOx and potential ozone (PO = O3 + NO, — 0.1NOx) to assess ozone-formation
regimes. These analyses indicated that during the COVID-19 pandemic, both urban and
suburban areas might remain within the boundary between NMHC- (VOC-) and NOx-
limited regimes at nighttime and VOC-limited during daytime. The NMHC/NOy during
the COVID-19 pandemic was comparable to pre-pandemic values. PO concentrations
in 2020 were lower by 6.3 ppbv in the urban area and 7.1 ppbv in the suburban area,
respectively, than in 2015-2019. The daytime decreases in NO, and NMHC concentrations
likely lead to relatively lower O3z concentrations during daytime and subsequent low
levels of O3 concentration at night, which implies that measures for air pollution control
during daytime are likely to be effective for mitigation of the background O3 concentration
level. Analysis of the differences in O3 and NO; between pre- and peri-COVID-19 periods
(2015-2019 versus 2020-2021) showed a baseline O3 reduction of up to 8.5 ppbv, which is
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partly explained by PO reduction. Our results showed O3 reduction under the condition of
a NO, decrease in urban areas, which may indicate a different situation than previously
reported. In this study, meteorological effects on formation and destruction of trace gases
were simply considered by including meteorological variables in a linear regression. Future
work may consider chemical and meteorological conditions, as well as transport from
outside of the domain, e.g., using CTM.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/atmos17050491/s1. Table S1. Summary statistics of the AEROS
NO, and O3 concentrations in urban areas. Table S2. Same as S1 but in suburban areas. Table S3.
Minimum, maximum and 503 (difference between maximum and minimum Oj3) values of diurnal O3
concentrations in urban and suburban areas. Texts in the parentheses in the Min. (Max.) column show
the local time the minimum (or maximum) was observed. Figure S1. Box-whisker plots of monthly
and diurnal variations in surface NO, concentration measured by AEROS in the Kanto region for
different methods. Figure S2. Yearly trend of NO; and O3 medians in March during weekdays for
urban and suburban areas. Figure S3. Yearly trend of AEROS surface concentrations for NO,, O3,
NOyx and NMHCs measured in March. Figure S4. Same as Figures 11 and 12 but for NOx and NO.
Figure S5. Box-and-whisker plots of the hourly correction factors (J.or) used for de-trending in this
study for NO2, O3 and NMHCs. The bottom and top of the boxes mean 25%ile and 75%ile. The
bars in the boxes mean median values. The lower and upper edges of the whiskers represent the
minimum and maximum values, except for outliers. The triangles represent mean values. Figure S6.
Box-whisker plots of minimum (upper) and maximum (middle) values and differences (503) in O3
concentrations (bottom) for each year in urban areas. A brown box represents a box-whisker of the
mean values in 2015-2019. The titles represent the local time when the values were observed. Note
that the maximum values in 2020 and 2021 were observed at 14:00. The means of the boxes and
whiskers are the same as those in Figure S5. Figure S7. Same as Figure S6 but for suburban areas.
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The following abbreviations are used in this manuscript:

AEROS Atmospheric Environmental Regional Observation System
BAU Business-as-usual

COVID-19 Coronavirus disease in 2019

CT™M Chemical transfer model

GES DISC Goddard Earth Sciences Data and Information Services Center
GLM Generalized linear model

GOME Global Ozone Monitoring Experiment

LST Local solar time
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MAE Mean absolute error

MEaSUREs Making Earth System Data Records for Use in Research Environments program
NMHC Non-methane hydrocarbon

OMI Ozone Monitoring Instrument

PO Potential ozone

ppbv Parts per billion by volume

SCD Slant column density

SCIAMACHY SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY
SoE State of emergency

TROPOMI TROPOspheric Monitoring Instrument

TVCD Tropospheric vertical column density

VCD Vertical column density

VOC Volatile organic compound
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