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Abstract. This study investigated the spatiotemporal variabilities in nitrogen dioxide (NO2), formaldehyde
(HCHO), ozone (O3), and light-absorbing aerosols within the Greater Tokyo Area, Japan, which is the most
populous metropolitan area in the world. The analysis is based on total tropospheric column, partial tropospheric
column (within the boundary layer), and in situ observations retrieved from multiple platforms as well as addi-
tional information obtained from reanalysis and box model simulations. This study mainly covers the 2013–2020
period, focusing on 2020 when air quality was influenced by the coronavirus 2019 (COVID-19) pandemic. Al-
though total and partial tropospheric NO2 columns were reduced by an average of about 10 % in 2020, reductions
exceeding 40 % occurred in some areas during the pandemic state of emergency. Light-absorbing aerosol levels
within the boundary layer were also reduced for most of 2020, while smaller fluctuations in HCHO and O3 were
observed. The significantly enhanced degree of weekly cycling of NO2, HCHO, and light-absorbing aerosol
found in urban areas during 2020 suggests that, in contrast to other countries, mobility in Japan also dropped on
weekends. We conclude that, despite the lack of strict mobility restrictions in Japan, widespread adherence to
recommendations designed to limit the COVID-19 spread resulted in unique air quality improvements.

1 Introduction

Fossil fuel combustion is the dominant source of nitrogen
oxides (NOx) in the atmosphere, to which traffic is the
main contributor, followed by thermal power plants. Other
sources include emissions from fires, soils, and lightning.
Consequently, NOx is among the main drivers of air qual-
ity degradation in urban areas, and epidemiological studies
have shown that nitrogen dioxide (NO2) exposure is often
associated with adverse health effects such as lung cancer,
asthma, and cardiopulmonary mortality (e.g., Hamra et al.,
2015; Achakulwisut et al., 2019). Therefore, NO2 is carefully
monitored using both surface and satellite instruments, and it
is often used as an indicator of air pollution. Moreover, NOx
is a precursor to secondary aerosols and catalyzes the forma-

tion of tropospheric ozone (O3), with consequences for the
climate. Due to its short lifetime on the order of a few hours,
NO2 is an excellent marker for anthropogenic emissions, and
satellites often show enhanced NO2 around large cities and
thermal power plants (e.g., Beirle et al., 2003). Therefore, in
the past, satellite NO2 observations have been exploited to
evaluate the effectiveness of long-term abatement strategies,
the effects of economic recessions, and the impacts of short-
term emissions regulations on air quality (e.g., Russell et al.,
2012; Lee et al., 2021; Vohra et al., 2022).

Along with volatile organic compounds (VOCs), NOx is
a major O3 precursor. Nevertheless, in contrast to rural sites
where NOx-limited conditions usually prevail, in urban lo-
cations under VOC-limited (i.e., NOx-saturated) conditions,
a reduction in NOx is often associated with an increase in
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O3 due to reduction of the NO titration effect (Murphy et
al., 2007). Indeed, in recent years, satellite observations have
shown that, although NOx emissions are still rising in vari-
ous developing countries (e.g., India), they have significantly
decreased in the majority of the developed countries of North
America, Europe, and East Asia (Russell et al., 2012; Ged-
des et al., 2016; Georgoulias et al., 2019), while tropospheric
ozone has increased (Ziemke et al., 2019; Li et al., 2019;
Lee et al., 2021). This general tendency has been confirmed
in Japan (e.g., Akimoto, 2017) and, recently, in the Kanto
region, where both NO2 and formaldehyde (HCHO) (as a
proxy for non-methane VOCs, NMVOCs) were reduced and
O3 recovered slightly during the period of 2013–2019 (Irie et
al., 2021).

Due to their association with human activities, anthro-
pogenic NOx emissions often display a weekly cycle. The
term “weekend effect” refers to the difference in pollu-
tant concentrations between weekdays and weekends (e.g.,
Cleveland et al., 1974). In the same manner, emissions usu-
ally decrease during holiday periods, and an equivalent “hol-
iday effect” can be defined (e.g., Tan et al., 2009). Reduced
NOx levels on rest days are often coupled with increased
O3 in and around cities (Cleveland et al., 1974; Murphy et
al., 2007) but not in rural areas (Sicard et al., 2020a). The
weekly cycles of both NO2 and O3 have been extensively
investigated in previous research using both ground-level
(Cleveland et al., 1974; Sadanaga et al., 2012; Zou et al.,
2019; Sicard et al., 2020a) and satellite (Beirle et al., 2003;
Stavrakou et al., 2020) observations. A satellite-based analy-
sis of the global temporal evolution of the NO2 weekly cycle
showed that it has become smaller in recent years (Stavrakou
et al., 2020). This trend has been explained by the current
reduction in NOx emissions, confounding of anthropogenic
and background NOx , and, secondarily, an increase in NO2
lifetime. On the other hand, a recent study of the O3 week-
end effect revealed a significant downward trend (Sicard et
al., 2020a). Overall, analysis of the response of O3 formation
to emission changes supports the development of strategies
to reduce precursor emissions and improve air quality.

The lockdowns caused by the coronavirus in the 2019
(COVID-19) pandemic represent an opportunity to assess the
impacts of human activities on the environment and human
health (Gkatzelis et al., 2021; Shakil et al., 2020; Laugh-
ner et al., 2021). Recently, many studies have shown that
NO2 levels in 2020 were lower than in previous years due
to reduced anthropogenic emissions associated with reduced
mobility during temporary lockdowns (e.g., Bauwens et al.,
2020; Venter et al., 2020; Cooper et al., 2022). Moreover,
these NO2 reductions in 2020 were associated with surface
O3 enhancement (Sicard et al., 2020b) and reduced O3 levels
in the free troposphere (Steinbrecht et al., 2021; Miyazaki et
al., 2021). Increases in surface O3 in some cities were ex-
plained by a reduction of the NO titration effect (Sicard et
al., 2020b).

After the first COVID-19 cases in Wuhan, to prevent the
spread of the pandemic, strong social distancing and quar-
antine measures were implemented in many Chinese cities
as early as 24 January 2020 until about 25 February; then,
measures gradually downgraded to a partial lockdown. Evi-
dent decreases in most air pollutant concentrations have been
reported for China, with satellite-based NO2 reductions of
about 40 % (Bauwens et al., 2020; Le et al., 2020). In Febru-
ary, TROPOMI NO2 and HCHO decreased to about 83 % and
11 % in Wuhan, respectively (Ghahremanloo et al., 2021).
Moreover, surface observations showed a general increase
in surface ozone in most regions, although ozone decreased
in the subtropical south, and, besides the reduced emissions,
meteorological changes were found to be important contrib-
utors (Sicard et al., 2020b; Le et al., 2020; Liu et al., 2021).
In Korea, the most significant changes occurred in March,
with a reduction of about 20 % in NO2 and 45 % in PM2.5
nationwide, while surface ozone, in contrast with China, was
slightly decreased (Ju et al., 2021).

Overall, data from various sources suggest a decline in
worldwide mobility in 2020 (Nouvellet et al., 2021). Fig-
ure 1 shows the change in mobility (number of people tran-
siting public stations, derived from Google) compared to
the pre-COVID period for some large metropolitan areas
around the world deeply affected by the pandemic (further
details in Sect. 2.1.7). The larger reductions (with peaks over
90 %) generally coincided with lockdowns, which occurred
at slightly different times in different countries. Outside lock-
downs, mobility remained markedly decreased throughout
2020.

In Japan, the change in mobility was smaller and more
gradual compared to other countries due to the avoidance of
strict legal restrictions. However, on 3 February, Japan be-
gan addressing the issue of the Diamond Princess cruise ship
quarantine, and on 3 March, primary and secondary schools
were closed and replaced with remote learning (Table 1).
Then, an official state of emergency, when the most strin-
gent restrictions were in effect, was declared from 7 April to
25 May. Thereafter, the situation never returned to normal,
as new periods of reduced mobility coincided with the sec-
ond wave of coronavirus infections, which peaked in July–
September, and the third wave starting in December.

Generally, the mean reduction in mobility was similar
among all weekdays and slightly smaller during the weekend
in most of the examined countries (Fig. 1b). In contrast to this
worldwide trend, Japan showed the largest mobility drop dur-
ing the weekend, with decreases about 10 % larger than on
weekdays. Although limited to the state of emergency period
and the Tokyo area, this behavior has been observed from
other data sources (e.g., Fig. 2 in Sugawara et al., 2021) and
appears to be a robust feature representing common Japanese
habits modified by the spread of the pandemic.

Due to this anomalous change in mobility, we suggest that
the (relative) NO2 weekend effect in 2020, primarily driven
by traffic, may show peculiar characteristics in Japan. Poten-
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Figure 1. Google mobility data for the place category of transit stations in 2020 (from 15 February to 31 December) compared to the
pre-COVID period for selected large metropolitan areas around the world strongly affected by the pandemic. For Japan and Italy, values
were averaged (thick line) over nine (Tokyo, Kanagawa, Saitama, Chiba, Kyoto, Nara, Osaka, Fukuoka, Nagasaki) and four (Milan, Rome,
Naples, and Turin) cities or prefectures (thin lines), respectively: (a) time series; (b) weekly changes. Holidays were removed. The baseline
in both (a) and (b) is the median value for the corresponding day of the week during the 5-week period of 3 January–6 February 2020.

Table 1. Milestones of the COVID-19 pandemic in Japan.

Date Milestone

15 Jan 2020 First COVID-19 infection
3 Feb 2020 Diamond Princess cruise ship quarantine
13 Feb 2020 First COVID-19 death
3 Mar 2020 Closure of schools
11 Mar 2020 COVID-19 declared pandemic by WHO
24 Mar 2020 Tokyo Olympic Games postponed
7 Apr to 25 May 2020 State of emergency
22 Jul 2020 Start of “Go To Travel” program
7 Jan to 7 Mar 2021 State of emergency
17 Feb 2021 Start of COVID-19 vaccinations
12 Jul to 30 Sep 2021 State of emergency
23 Jul to 8 Aug 2021 Tokyo 2020 Olympic Games
24 Aug to 5 Sep 2021 Tokyo 2020 Paralympic Games

tially, this effect could be larger than usual, despite reduced
NOx emissions tending to reduce the anthropogenic weekly
signature (Stavrakou et al., 2020). This unique situation pro-
vides the opportunity to examine the changes in air quality
that occurred in 2020 in Japan and compare them with previ-
ous years.

As detailed above, many previous studies examined
COVID-related changes in air quality on a global to local
scale. Nevertheless, due to somewhat soft countermeasures
to limit the spread of the pandemic adopted in Japan with

consequent more limited changes in mobility compared with
other countries, relatively fewer studies focused on this area
(e.g., Itahashi et al., 2022). In some cases, changes in relevant
air quality parameters observed by ground-based or satellite
instruments in the Tokyo center during the emergency period
have been examined on a local scale (Sugawara et al., 2021)
or related to other cities and/or countries on a global scale
(e.g., Cooper et al., 2022) within studies aimed at comparing
such variabilities with mobility changes. Nevertheless, as we
will see, such changes hide sizable spatiotemporal variability
and widespread adherence to recommendations designed to
limit the spread of the pandemic, which caused modification
of common habits. Those resulted in a unique air quality sig-
nature not limited to the emergency period, which should be
examined on a regional scale.

We focused our study on the Greater Tokyo Area (GTA)
in the Kanto region, which is the largest area of flat land in
Japan, extending inland from the Pacific coast (Fig. 2). It is
the most populous metropolitan area in the world and the
most important economic hub of East Asia, and local emis-
sions dominate it. Most of this large urban area is expected
to be under VOC-limited conditions (Akimoto, 2017; Irie et
al., 2021). Nevertheless, western Japan and, to a lesser ex-
tent, this region are usually affected by transboundary air
pollution from the continent (Itahashi et al., 2022). Due to
the strict mobility restrictions implemented in China, this
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additional contribution is expected to be reduced in early
2020 (Itahashi et al., 2022). This makes the analysis of the
COVID-related effects even more complex and points to the
necessity of a regional study focusing on spatiotemporal vari-
ability.

In this study, we apply an integrated approach that exploits
various independent datasets retrieved from multiple plat-
forms, including observations of NO2, O3, and HCHO (as
a proxy for non-methane VOCs, NMVOCs; Sillman, 1995)
from two sites equipped with multi-axis differential opti-
cal absorption spectroscopy (MAX-DOAS) systems located
in urban and suburban areas. Further, anthropogenic light-
absorbing aerosol data are presented. In contrast to most pre-
vious studies, which have focused on in situ and satellite-
based data, observations representative of the boundary layer
(< 1 km) provide our reference data to link surface and satel-
lite column observations.

2 Datasets and methods

2.1 Datasets

2.1.1 MAX-DOAS

We used MAX-DOAS observations from the Chiba Uni-
versity (in 2013–2020) and Tsukuba (in 2015–2020) sites,
which are located in urban and semi-urban environments
within the Kanto region (Fig. 2). The MAX-DOAS tech-
nique is based on the well-established DOAS technique (Platt
and Stutz, 2008), which utilizes differential absorption struc-
tures of trace gases in ultraviolet (UV) and visible (Vis)
wavelength regions to derive aerosol and trace gas infor-
mation (Hönninger et al., 2004). Our MAX-DOAS system
is equipped with a UV–Vis spectrometer located indoors,
while an outdoor telescope unit collects scattered sunlight
at reference and off-axis elevation angles. A set of scattered
sunlight spectra was measured in a 15 min interval. High-
resolution spectra were recorded from 310 to 515 nm us-
ing the Maya2000Pro spectrometer (Ocean Insight, Inc., Or-
lando, FL, USA) with a slit of 25 µm and a full width at
half-maximum of approximately 0.3–0.4 nm, embedded in a
temperature-controlled box. Wavelength calibration was per-
formed daily using a high-resolution solar spectrum to ac-
count for potential long-term degradation of the spectrom-
eter. Retrieval was conducted based on DOAS and optimal
estimation methods using the Japanese MAX-DOAS profile
retrieval algorithm version 2 (JM2) (Irie et al., 2011, 2015)
for the following purposes: DOAS fitting, retrieval of the
aerosol profile, and retrieval of trace gases. In this study, par-
tial vertical columns of O3, NO2, and HCHO concentrations
below 1 km were used. Notably, due to the contribution of
upper troposphere–lower stratosphere (UTLS) O3 to differ-
ential slant column densities, only data collected at a solar
zenith angle (SZA) below 50◦ can be used for O3 retrieval
(Irie et al., 2011, 2021). Therefore, the ozone dataset em-

ployed here was limited to the period of March–October. For
cloud screening, measurements with retrieved aerosol opti-
cal depth (AOD) greater than 3 and relative humidity over
water greater than 90 % were excluded (Takashima et al.,
2009). The uncertainty in the retrieved profiles was further
reduced by averaging the data from four collocated MAX-
DOAS instruments pointing in four different directions at the
Chiba site (see inset in Fig. 2). This procedure is expected
to better account for the potential spatial heterogeneity of
tropospheric gases. By contrast, observations from a single
MAX-DOAS system were used for the Tsukuba site. The
MAX-DOAS horizontal viewing distance depends on atmo-
spheric conditions (i.e., aerosol load) and can be up to 24 km
in the lowest 1 km vertical layer. Therefore, the MAX-DOAS
partial column observations at Chiba are representative of
the boundary layer across a region larger than (or compa-
rable to) a usual satellite pixel but sampled at higher accu-
racy. Within this framework, it is worth highlighting that our
MAX-DOAS observations contributed to recent efforts of the
scientific community to validate TROPOMI NO2 and HCHO
datasets at a global scale (Verhoelst et al., 2021; De Smedt et
al., 2021).

2.1.2 TROPOMI

The Tropospheric Monitoring Instrument (TROPOMI) on-
board the European Union Copernicus Sentinel 5 Precur-
sor (S5P) satellite has a Sun-synchronous orbit with a daily
Equator crossing time of approximately 13:30 local solar
time and daily global coverage (van Geffen et al., 2022).
The pixel size of TROPOMI was initially 3.5× 7 km2 and
was reduced to 3.5× 5.6 km2 (August 2019), while the swath
width is 2600 km. The imaging spectrometer of this in-
strument measures radiation in the UV, Vis, near-infrared,
and shortwave infrared spectral regions (De Smedt et al.,
2021; Veefkind et al., 2012). Operational level 2 (L2) prod-
ucts retrieved from TROPOMI observations include vertical
columns of O3, NO2, HCHO, carbon monoxide (CO), sulfur
dioxide (SO2), and methane (CH4). In the following analy-
sis, we used the official TROPOMI NO2 and HCHO products
from the Tropospheric Emission Monitoring Internet Service
and the Copernicus Open Access Hub, respectively, recorded
between January 2019 and December 2020. As in previous
studies (e.g., Barré et al., 2021), the datasets were binned and
averaged over a regular grid of 0.1× 0.1◦ to perform various
statistical analyses at each location (i.e., grid box).

The TM5-MP-DOMINO NO2 data used in this study are
based on the DOMINO retrieval (van Geffen et al., 2022),
which was previously used for Ozone Monitoring Instrument
(OMI) data, and exploit the 405–465 nm spectral range to
render tropospheric vertical column density with precision
of 30 %–40 %. The profile shape of the TM5-MP model is
used for computation of the air mass factor (AMF) with-
out accounting for aerosols. Screening of TROPOMI NO2
data involved retaining data with a quality flag (QF) value
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Figure 2. Main panel: terrain map (meters above sea level, colored isolines; elevations > 0.5 km shaded dark red) from the General Bathy-
metric Chart of the Oceans (GEBCO) 2021 and population density (black isolines, people per square kilometer) from the Gridded Population
of the World Version 4 (GPWv4). Circles highlight the average area sampled by the MAX-DOAS system (four azimuthal directions for
Chiba, one direction for Tsukuba). The top inset shows the location of the investigated Kanto region in Japan, and the bottom inset (© Google
Maps 2019) shows the azimuthal pointing directions of the four MAX-DOAS systems deployed at Chiba University.

higher than 0.5 and a cloud fraction (CF) lower than 0.2. The
TM5-MP-DOMINO NO2 dataset combines versions 1.2.x
and 1.3.x. Version 1.3.x was introduced on 6 February 2019,
so, essentially, it covers the entire period examined here. Mi-
nor differences exist between versions 1.2.x and 1.3.x, and,
according to all past studies, we combined them (van Gef-
fen et al., 2022). These differences were caused by improve-
ments in the FRESCO-S algorithm devoted to retrieving
cloud information. Indeed, since version 1.3.x, to avoid non-
physical cloud fraction and pressure values, when the top-
of-atmosphere reflectance is lower than expected, the surface
albedo is reduced to match the top-of-atmosphere reflectance
(van Geffen et al., 2022). A further change in FRESCO is
the treatment of very high cloud fractions (van Geffen et al.,
2022). Nevertheless, we excluded observations retrieved un-
der these conditions.

A retrieval algorithm developed for the OMI QA4ECV
products is used to retrieve TROPOMI L2 HCHO verti-
cal column densities. HCHO slant column densities are re-
trieved in the 328.5–359 nm fitting window. The HCHO
vertical columns are calculated from the retrieved slant
column densities and AMF, which is based on TM5-MP.
TROPOMI L2 cloud products provide cloud information
for AMF calculations. A more explicit explanation of the
TROPOMI HCHO retrievals and their validation is pro-
vided in the works of De Smedt et al. (2018, 2021).
Data filtering was performed as detailed in the product
read-me file (http://www.tropomi.eu/sites/default/files/files/
publicSentinel-5P-Formaldehyde-Readme.pdf, last access:
23 September 2022). The current TROPOMI HCHO prod-
uct is based on version 2.1.3 after 13 July 2020 and ver-
sion 1.1.x for the period before (De Smedt et al., 2021). Ver-
sion 2.1.3 includes various improvements compared to the
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previous version 1.1.x, such as a new surface albedo retrieval
algorithm, the adoption of new OCRA cloud-free maps, and
the correction of some QF values over snow–ice regions (the
latter did not affect the investigated area). More information
can be found in the product read-me file and recent validation
activities (De Smedt et al., 2021).

2.1.3 OMI

OMI is on board the National Aeronautics and Space
Administration (NASA) Aura satellite, which has a Sun-
synchronous polar orbit. OMI passes the Equator around
13:40 LT (local time), and the size of its pixels is
13 km× 24 km at nadir.

We used OMI NO2 Level-2 data (over Chiba University
and Tsukuba sites) and the recently updated Level-3 daily
global gridded (0.25× 0.25◦) OMNO2d data V4. The algo-
rithm includes improved surface and cloud treatments (Lam-
sal et al., 2021). In the following analysis, we exploit ob-
servations recorded in 2005–2020 and screen out NO2 data
associated with a cloud fraction larger than 0.3. OMI and
TROPOMI NO2 datasets are based on slightly different re-
trieval algorithms, including cloud algorithms to estimate
cloud fraction. Moreover, the size of the field of view of OMI
is larger than that of TROPOMI, and OMI is affected by the
row anomaly problem (http://omi.fmi.fi/anomaly.html, last
access: 23 September 2022), which further reduces the num-
ber of available observations. Here, the slightly larger cloud
fraction threshold for OMI than that of TROPOMI tends to
counteract the smaller number of available OMI observations
(by adding a further 10 % of data; more information on the
variation of OMI NO2 as a result of modifying screening cri-
teria can be found in Compernolle et al., 2020). Since OMI
O3 only has some low sensitivity to the boundary layer while
TROPOMI O3 is currently limited to tropical latitudes, we
did not use satellite-based O3 datasets in this study.

2.1.4 Surface in situ and additional ground observations

In Japan, continuous monitoring of NOx and other com-
pounds through a capillary surface network is performed
by the Atmospheric Environmental Regional Observation
System (AEROS). Historical time series data are accessi-
ble to the public via the geographic information system
(GIS) of the National Institute for Environmental Stud-
ies (NIES) (http://www.nies.go.jp/igreen/index.html, last ac-
cess: 10 January 2022). As the most recent years are unavail-
able from the NIES catalog, we limited our analysis to NO2
observations in 2015–2018. We used a total of 266 stations,
including general atmosphere measurement stations and au-
tomobile exhaust gas measurement stations in Tokyo, Chiba,
and Ibaraki prefectures. The measurement principles of O3,
NOx , and non-methane hydrocarbons are based on UV ab-
sorption, NO–O3 chemiluminescence, and flame ionization
detection, respectively.

In addition to the NIES dataset, we used observations
of black carbon (BC) concentrations recorded by the con-
tinuous soot-monitoring system (COSMOS) (Kondo et al.,
2009; Damiani et al., 2021) deployed at Chiba University
site in November 2019. Our analysis focused on observations
recorded in 2020.

Finally, we combined optical property information re-
trieved by a sky radiometer with MAX-DOAS data to es-
timate light-absorbing aerosols within the boundary layer
(Damiani et al., 2021), as described in Sect. 2.2.

2.1.5 CLASS model

Simulations with a box model accounting for boundary layer
dynamics and chemistry were performed using the Chem-
istry Land-surface Atmosphere Soil Slab (CLASS) model
(van Stratum et al., 2012; Vilà-Guerau de Arellano et al.,
2015). In these simulations, we used fixed dynamic (i.e., the
usual boundary layer height recorded by the collocated lidar
instrument) and chemistry conditions (as in van Stratum et
al., 2012), along with the concentrations of NO2 and HCHO
recorded by the MAX-DOAS system within the boundary
layer (at altitudes lower than 1 km) as initial conditions. The
model solves the diurnal evolution of dynamical and chem-
ical species over time in a well-mixed convective planetary
boundary layer (PBL) (Vilà-Guerau de Arellano et al., 2015).
Since these variables are assumed to be constant with height,
the model output approximates MAX-DOAS observations in
the PBL. Chemistry is represented by an Ox–NOx–VOC–
HOx photochemistry scheme based on 28 reactions that con-
trol O3 formation. Although this simplified scheme omits
other important organic species and aerosols, CLASS has
been shown to reproduce the observed diurnal variability and
mixing ratios of the main reactants present in polluted envi-
ronments (Zara et al., 2021, and references therein).

2.1.6 Copernicus Atmosphere Monitoring Service
(CAMS) global reanalysis

CAMS global reanalysis (EAC4) is the latest global re-
analysis dataset of atmospheric composition produced by
the European Centre for Medium-Range Weather Forecasts
(ECMWF), including aerosols, chemical species, and green-
house gases (Inness et al., 2019). Atmospheric data are in-
terpolated to 25 pressure levels (top level, 0.1 hPa) at a spa-
tial resolution of 0.7× 0.7◦. Notably, both OMI (overpass
around 13:40 LT) and GOME-2 (overpass around 10:00 LT)
NO2 data are assimilated in CAMS, but anomalous emissions
that occurred in 2020 are not included; i.e., the simulations
are based on a business-as-usual emissions scenario. Instead,
CAMS uses MACCity anthropogenic emissions and the CO
emissions upgrade described by Stein et al. (2014). Monthly
mean VOC emissions were calculated using the MEGAN
model.
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2.1.7 Additional datasets

Ozonesondes were launched from the Tateno Aerological
Observatory (Tsukuba, Japan) by the Japan Meteorological
Agency (JMA), usually at 15:00 (i.e., around the anticipated
time indicating maximum ozone). The KC ozonesonde used
until November 2009 was replaced with an electrochemical
concentration cell (ECC) ozonesonde in December 2009. In
some of the following analyses, to fill the gap of the absence
of MAX-DOAS O3 observations in winter (see Sect. 2.1.1),
we used data recorded in the period of 2013–2020 for con-
sistency with the MAX-DOAS time series.

MERRA-2 is NASA’s latest reanalysis and includes on-
line aerosol fields that interact with model radiation fields
(Buchard et al., 2017; Randles et al., 2017). This product is
based on coupling of the Goddard Earth Observing System
Version 5 Earth system model with the Goddard Chemistry
Aerosol Radiation and Transport aerosol model. The resolu-
tion is 0.625× 0.5◦ with 72 vertical layers from the surface to
approximately 80 km. In the following analysis, we employ
data for wind speed, temperature, and PBL height (PBLH).

Following previous studies (e.g., Guevara et al., 2021),
we used Google mobility data as a proxy for traffic counts
as they are easily accessible for the majority of the coun-
tries and allowed us to compare the changes that occurred
in different regions. Google mobility data show changes to
visits to various places worldwide (https://www.google.com/
covid19/mobility/, last access: 10 January 2022). Visits on
each day are compared to baseline values for that day of the
week. The baseline is the median value for the correspond-
ing day of the week during the 5-week period of 3 January–
6 February 2020. The following place categories are avail-
able: grocery and pharmacy, parks, transit stations, retail and
recreation, residential, and workplaces. Here, we focused on
changes in the transit stations category (Fig. 1) in certain
large metropolitan areas of the world deeply affected by the
pandemic. Google transit data have been previously used to
estimate the emission reduction for the road transport sector
(Guevara et al., 2021). They assume that mobility trends in
public transport hubs can be taken as a proxy for trends in
road traffic emissions. This assumption is likely more appro-
priate for lighter vehicles than for heavier vehicles (Brancher,
2021).

2.2 Methods

Except where otherwise noted, we focus on ground-based
daily observations recorded between 09:00 and 15:00 LT.
Weekly changes in NO2, HCHO, O3, and light-absorbing
aerosols are reported as differences with respect to the av-
erage value on weekdays. As the strongest reduction of an-
thropogenic emissions occurs on Sunday in the investigated
region, we refer to weekly changes as the difference between
the Sunday value and the average of the weekdays. The hol-
iday effect was estimated to be the difference between the

average concentration of a given compound during the given
holiday period and that in the two 10 d periods immediately
before and after the holiday.

Light-absorbing aerosols within the boundary layer were
estimated by combining sky radiometer and MAX-DOAS
optical property data at UV wavelengths (Damiani et al.,
2021). Then, in the following analysis, we examine the fine-
mode absorbing AOD within the partial column below 1 km
(i.e., fAAOD, 0–1 km), which was computed by combining
the columnar fine-mode fraction (FMF) and single-scattering
albedo (SSA) parameters retrieved from the sky radiometer
with the mean partial column AOD estimated from MAX-
DOAS measurements. As mineral dust can be strongly ab-
sorbing in the UV spectral range, we further removed days
with Ångström exponent (AE)< 1.

Under days characterized by stagnant low wind speed con-
ditions, NO2 accumulates around source locations. In con-
trast, under days with high wind speed conditions, NO2 is
dispersed. Tokyo is located in a polluted background with
various significant NOx sources surrounding it within about
a 100 km radius. Therefore, due to the influence of surround-
ing sources, the outflow plume of NO2 from Tokyo is not
evident in the TROPOMI NO2 maps. However, the spatial
pattern of the difference between these two NO2 composites,
built based on wind speed data, reveals outflow patterns more
clearly (see also Liu et al., 2016). We applied this method
limitedly to Fig. 5c. To select the threshold values to iden-
tify high and low wind speed days for each pixel, we used
MERRA-2 wind fields. According to previous studies (e.g.,
Fioletov et al., 2022), we used a PBL-averaged wind. Still,
the results are not sensitive to the wind altitude because the
wind is relatively constant within the boundary layer. Com-
posite differences between high and low wind speed days in
TROPOMI NO2 were computed based on MERRA-2 wind
fields averaged around the overpass time (12:00–15:00). The
median wind speed of each pixel was assumed to be the
threshold between the high and low wind values. We first re-
gridded the MERRA-2 data to the resolution of TROPOMI;
then, for each grid cell, we computed NO2 as the difference
between the composite values of days with high and low
wind speed.

3 Results

3.1 Trends and seasonal changes

The spatial distribution of the TROPOMI NO2 and HCHO
column data in the Kanto region is shown in Fig. 3 for 2019
and 2020 on an annual basis (top panels) and during the state
of emergency (bottom panels). The bulk of NO2 is around
Tokyo, which is the most densely populated area (Fig. 2),
including along the main transportation routes, and extends
toward the south, where various large power plants and in-
dustrial activities are located (left column in Fig. 3). Overall,
on an annual basis, column NO2 over the GTA was reduced
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by about 10 % in 2020 compared to 2019 (Fig. 3m), with
larger absolute reductions around Haneda and Narita interna-
tional airports, while smaller changes occurred in areas char-
acterized by the presence of multiple power plants (south of
Chiba). On the other hand, during the state of emergency,
TROPOMI shows the largest NO2 reduction (20 %–40 %)
in the southern Tokyo area, while limited reductions (about
10 %) occurred around Chiba and Tsukuba (Fig. 3o). The
area affected by the most significant NO2 reduction coincides
with the region characterized by the larger decrease in traffic
counts (Takane et al., 2022). Assuming that traffic currently
contributes about 40 % of Japanese domestic NOx emissions
(Kurokawa and Ohara, 2020), a drop in mobility by about
50 % in April–May (Fig. 1) is consistent with the TROPOMI-
based estimate of NO2 changes related to COVID.

Aside from anthropogenic emissions, meteorological con-
ditions contribute to determining the interannual variability
of NO2. Annual differences between 2020 and 2019 in ma-
jor meteorological parameters such as wind speed, surface
temperature, and PBLH, which are expected to influence
the NO2 distribution, were quite limited (Fig. S1a–c in the
Supplement). In contrast, during the state of emergency, the
wind speed in 2020 was slightly higher than that of 2019
and potentially contributed to further reducing the NO2 lev-
els (Fig. S1d).

Based on satellite observations and model simulations,
Cooper et al. (2022) estimated a significant overall decrease
in surface NO2 over more than 200 cities around the world
in April 2020 compared with 2019. Among others, they re-
ported NO2 changes for various Japanese cities. Within the
Kanto region, they showed reductions peaking at Yokohama
(−69 %), more minor changes at Saitama (−32 %), and val-
ues roughly in between at Tokyo (−54 %). Despite the in-
verse correlation between the lockdown stringency index and
NO2, they found that changes in Japan were comparable to
or slightly lower than those for the European cities where
lockdown restrictions were much more stringent. In agree-
ment with our findings (Figs. S1d and S3), they showed
that changes in Japan could have been favored by meteo-
rology and long NO2 trends. Although the period examined
by Cooper et al. (2022) only partially coincides with the
Japanese state of emergency, Fig. 3o shows comparable re-
ductions. Moreover, Fig. 3o reveals the complex pattern of
these variations, characterized by an evident north–south gra-
dient with the most significant (negative) changes in southern
Tokyo, further evolving toward zero changes in the Saitama
prefecture. This highlights the necessity of coupling detailed
analysis at a regional scale with a large-scale study when ex-
amining COVID-related impacts, particularly when focusing
on areas dominated by several close megacities.

Despite the high spatial heterogeneity of HCHO concen-
trations due to its short lifetime, the spatial distribution of
the TROPOMI HCHO column was estimated (panels e–h
in Fig. 3). While NO2 variability is dominated by anthro-
pogenic activities, HCHO arises from both anthropogenic

and natural sources. The principal source of HCHO is the
oxidation of methane, which provides a global ambient back-
ground (e.g., Surl et al., 2018). Then, over continental atmo-
spheres, the main anthropogenic sources are vehicle exhaust
emissions and industrial emissions, while the main natural
sources are plants and biomass burning (Surl et al., 2018;
Sun et al., 2021; Ghahremanloo et al., 2021). Although the
general increasing gradient from the ocean toward the con-
tinent resembles the pattern of NO2, the HCHO distribu-
tion is not well defined and does not align with the urban-
ized region. The somewhat higher HCHO concentration in
2020 (Fig. 3n), despite lower anthropogenic emissions, may
be driven by small differences in temperature between the
2 years (Fig. S1b). However, the change in meteorological
conditions and the application of cloud screening cause the
amount of data collected under clear-sky conditions to be
slightly different each year. Then, the distribution along the
year of the data can also be different. For example, due to
the rise in the summertime HCHO concentration, if frequent
clouds caused few TROPOMI observations collected in the
summer of a given year, the mean annual concentration of
such a year could be smaller than the mean of the other year
characterized by more summer HCHO observations. This
confounding factor complicated the interpretation of HCHO
changes. Then, despite the lower temperature that occurred
during the state of emergency (Fig. S1e), TROPOMI did not
show evident differences in the HCHO pattern between the
2 years (Fig. 3p).

A summer maximum characterizes the observed seasonal
cycle of the HCHO columns shown in Fig. 4g. This indi-
cates that biogenic emissions dominate HCHO even within
our urban region. Pieces of evidence in TROPOMI HCHO
reductions as a consequence of the COVID-related mobil-
ity restrictions have been reported only for China (Ghahre-
manloo et al., 2021), while meteorology likely drove most of
the HCHO variations in India (Levelt et al., 2022). However,
even in Wuhan, while the reduction in NO2 reached about
83 %, the decrease in HCHO was only 11 %. The recent study
by Sun et al. (2021) showed that comparable HCHO reduc-
tions (i.e., 11 %) were found in the Northern China Plain for
locations with predominant declines in NO2 columns and el-
evated anthropogenic NMVOC emissions. However, reduc-
tions were favored by meteorological conditions. Then, sim-
ulations showed that most of the HCHO decrease resulted
from the reduced anthropogenic NOx emissions. Still, an ad-
ditional reduction in anthropogenic NMVOC emissions of
about 15 % would be necessary to match the observations
(Sun et al., 2021). Since mobility restrictions in Japan were
less severe and more gradual than those established in China,
we expect such minor HCHO variations to be hardly identi-
fiable by using satellite observations.

The HCHO-to-NO2 concentration ratio is an indicator of
near-surface O3 sensitivity (e.g., Martin et al., 2004). Tra-
ditionally, the ozone production regime is considered to be
VOC-limited when this ratio is lower than 1 and NOx-limited
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Figure 3. Top two rows of panels: spatial distribution of TROPOMI NO2 (a, b), HCHO (e, f), and HCHO/NO2 (i, j) in 2020 and 2019, as
well as the 2020–2019 differences in NO2 (m) and HCHO (n). Bottom two rows of panels: the spatial distribution of TROPOMI observations
is as described above but limited to 7 April–25 May (i.e., the state of emergency).

when it is higher than 2, while ozone is expected to be in the
transition regime when the values are in the range 1–2 (Dun-
can et al., 2010; Ryan et al., 2020). Although several stud-
ies used this ratio to infer O3 sensitivity to NOx and VOCs
by using observations from satellite and ground-based instru-
ments (Duncan et al., 2010; Jin et al., 2017; Schroeder et al.,
2017; Irie et al., 2021), some limitations still exist. Assum-

ing the transition region lies within the range 1–2 (Duncan et
al., 2010) could not be valid at global levels, and it could be
necessary to compute it depending on the region (Schroeder
et al., 2017). Moreover, the ratio has an altitude dependence
(e.g., Jin et al., 2017; Schroeder et al., 2017). While seasonal
variations and trends in the columnar HCHO/NO2 ratio (i.e.,
based on satellite observations) generally match the ratio
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Figure 4. (a–d) Monthly time series of NO2 (a), O3 (b), and HCHO (c) partial tropospheric column (< 1 km) as recorded by the MAX-
DOAS system and estimated by CAMS at Chiba University. (e–h) Seasonal monthly changes in MAX-DOAS observations and CAMS
estimates of NO2 (e), O3 (f), and HCHO (g). (i–l) Differences (2020 minus 2019) in MAX-DOAS observations and CAMS estimates for
NO2 (i), O3 (j), and HCHO (k). Results are shown as percentage changes with respect to the 2013–2019 average (left and central panels)
and 2019 (right panels). (d, h, l) Changes as described above but for fine-mode light-absorbing aerosols, i.e., fAAOD and fAAOD (0–1 km).

computed with in situ observations, magnitudes are often dif-
ferent due to different vertical distributions of HCHO and
NO2 (Ryan et al., 2020). Therefore, although O3 sensitivity
derived from satellite column data can differ somewhat from
that based on in situ observations (Schroeder et al., 2017),
it nonetheless provides useful information and has been ex-
tensively studied in relation to COVID-19 (e.g., Ghahreman-
loo et al., 2021, among others). The HCHO/NO2 ratios are
shown in Fig. 3i–l. Overall, the ratio increased in 2020, in-
dicating a shift toward more NOx-limited conditions. This
change is particularly evident for Tsukuba, where the ratio
rose from 2.1 to 2.9, while limited variations occurred over
Tokyo and Chiba. We can observe similar findings during the
emergency period (Fig. 3k, l).

To further contextualize the changes that occurred in 2020,
Fig. 4 shows monthly partial column NO2, O3, and HCHO,
as well as light-absorbing aerosols within the boundary layer
(i.e.,< 1 km) recorded at Chiba University. To better account
for the spatial heterogeneity of tropospheric gases, the aver-
age values from four MAX-DOAS systems looking at dif-
ferent directions were employed (Sect. 2.1.1 and Fig. 2).
As shown in a recent study (Irie et al., 2021), both NO2
and HCHO were reduced and O3 increased slightly during
the period of 2013–2019. Any potential COVID-related ef-
fects in 2020 were superimposed over these trends. Indeed,
in 2020, NO2 remained at its lowest recoded levels for al-
most the entire year, whereas HCHO was only occasionally

lower in 2020 than 2019, particularly in the second half of
the year, and no modulation of O3 was evident. When anal-
ysis was limited to the period of the state of emergency (i.e.,
roughly April–May), all species considered here showed de-
creases in May compared with the same period of 2019,
while there were some enhancements in April. This is coher-
ent with an electricity demand reduction in May more sig-
nificant than April for Chiba and the other prefectures of the
Kanto region (data from the Japanese Agency for Natural Re-
sources and Energy available at https://www.enecho.meti.go.
jp/statistics/electric_power/ep002/results_archive.html, last
access: 11 January 2022).

Overall, in agreement with the tropospheric column obser-
vations (Fig. 3o, p), slight changes occurred in the boundary
layer around Chiba during the emergency period. In addition
to the decrease in NO2, similar month-to-month variabilities
in HCHO and O3 are apparent from the differences between
2020 and 2019.

Miyazaki et al. (2021) showed that the pandemic caused a
reduction in global NOx emissions, which resulted in over-
all decreased free-tropospheric ozone and some isolated en-
hancements due to the titration effect at the surface in corre-
spondence with some strongly urbanized regions (mostly in
China). Although they mostly focused on a global scale, so
their study is hardly comparable with our findings at regional
scale, this expected opposite change in ozone with altitude
suggests that MAX-DOAS ozone could result in negligible
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changes due to summing up of positive and negative changes
within the column.

As a further reference, we compared the observed
changes with equivalent CAMS data (Inness et al., 2019),
which assimilate satellite observations of tropospheric NO2
(Sect. 2.1.6). CAMS data roughly reproduced the observed
interannual and seasonal variabilities (Fig. 4). However,
while the trends in NO2 and O3 were comparable to observa-
tions, CAMS did not reproduce the HCHO decrease; instead,
an increasing trend was simulated. The month-to-month vari-
ability was very similar to that of observations. Neverthe-
less, the CAMS NO2 difference between 2020 and 2019
was generally smaller than the observed difference (Fig. 4i).
Although satellite NO2 data are assimilated in CAMS, the
impact of assimilation is expected to be limited for short-
lived species such as NO2 (Inness et al., 2019). Therefore,
as CAMS simulations did not include the anomalous 2020
emissions, comparison of CAMS and MAX-DOAS datasets
supports the possibility that the emissions reduction in 2020
was responsible for the observed stronger NO2 decrease. On
the other hand, CAMS satisfactorily reproduced the month-
to-month variabilities of both O3 and HCHO.

Finally, we considered the changes in light-absorbing
aerosol in both the boundary layer and the total column.
Although this dataset is characterized by high uncertainty
(Damiani et al., 2021), the values in 2020 were clearly the
lowest on record. The largest relative changes (not shown)
occurred before the state of emergency (i.e., in January and
February), while the largest absolute change occurred in fall;
nonetheless, some reduction was apparent in May. In this
huge urbanized region, light-absorbing aerosols tend to be
produced mainly by local pollution. However, transbound-
ary transport has been shown to further modulate the light-
absorbing aerosol dataset (Damiani et al., 2021), complicat-
ing the attribution of effects to the pandemic.

3.2 Weekend, holiday, and wind effects from various
platforms

Previous studies (e.g., Beirle et al., 2003) have reported
that apparent signatures of anthropogenic activity reflect a
weekly cycle of NO2 over most major cities in the Northern
Hemisphere. To contextualize the weekly changes occurring
in the GTA, we analyzed global OMI NO2 data for the pe-
riod of 2005–2020. Figure 5a and Table S1 in the Supplement
show the global ranking of the resulting relative changes on
Sunday over cities with populations larger than 0.5 million
inhabitants (we implicitly excluded cities where the rest day
is on Friday; see Stavrakou et al., 2020). For the sake of clar-
ity, we report only those cities with changes more promi-
nent than 30 %, although the majority of locations showed
negative values (except in China; Stavrakou et al., 2020).
Japanese cities dominate the histogram; worldwide, the ex-
tent of changes over the GTA is exceeded only by Los An-
geles and São Paulo. The OMI-based map of such changes

(Fig. 5b) shows a well-defined pattern over Japan, with con-
sistent negative values across the country, which were lower
than −40 % over most of the GTA and industrialized regions
in southern Japan (i.e., Nagoya, Osaka).

Power plants and other industrial facilities are the domi-
nant stationary emissions sources and are generally consis-
tent, with little effect of weekly modulation. Satellite NO2
data can be used to investigate both stationary (Beirle et al.,
2019) and mobility-related emissions sources (Ialongo et al.,
2020). Using satellite NO2 and wind field data, emissions
related to large and isolated stationary sources can be as-
sessed (Beirle et al., 2019). Nevertheless, when multiple sta-
tionary sources are located within an urbanized region, as in
our study area, evaluating the impacts of the various sources
becomes challenging. As shown in Fig. 5c, we exploited the
high resolution of TROPOMI data to compare NO2 changes
associated with the weekly cycle (i.e., Sunday minus week-
days, red contours) to NO2 changes associated with wind
speed (high wind speed days minus low wind speed days,
black contours; see Sect. 2.2 for further details) in 2019–
2020. Moreover, to better highlight the spatial patterns of
these changes, we focused on the extended summer period
from April to September, when the NO2 lifetime is shorter
and NO2 tracks emissions sources better. Both contour lines
suggest larger reductions over Tokyo than other areas, with
patterns mostly matching the spatial distribution of popula-
tion density. The weekly related NO2 generally extends north
to Tsukuba and east to Chiba with a roughly homogeneous
spatial gradient, while the gradient sharpens south of Chiba.

During days characterized by stagnant wind conditions,
NO2 levels tend to accumulate around stationary sources,
while rapid transport occurs with stronger winds. In addi-
tion to covering areas with a high population density, high
negative wind-related changes are apparent around the main
power plants on both sides of Tokyo Bay. Moreover, de-
tailed distributions around stationary sources have been re-
vealed (e.g., changes around Narita international airport and
the isolated Kashima power plant on the east coast of Chiba
Peninsula). Overall, the distribution of wind-related changes
is more southerly than the bulk of weekly changes. More-
over, this gradient becomes positive in the north, highlighting
the region downwind of the Tokyo area, including Tsukuba.
Overall, wind-related NO2 changes closely resemble the pat-
tern shown in the Japanese Emission Inventory.

The map in Fig. 5d shows the NO2 decrease occurring dur-
ing the end-of-year holiday, when most anthropogenic emis-
sions are reduced. To quantify this holiday effect, the aver-
age NO2 value of the 10 d before and after the holiday (de-
fined here as the period from 25 December to 4 January) was
subtracted from the holiday mean. Figure 5d shows patterns
similar to Fig. 5b, although the longer NOx lifetime in winter
causes the changes to be less confined to urbanized regions.
TROPOMI NO2 decreased by about −43 % and −49 % in
Chiba and Tsukuba, respectively (Fig. S2). The holiday ef-
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Figure 5. Global ranking of the weekend effect (Sunday minus weekdays, blue) and holiday effect (end-of-year period minus business
days, orange) for cities with a population greater than 0.5 million based on OMI NO2 in 2005–2019. Only cities where changes were larger
than 30 % are shown. Opposite axis: mean NO2 total tropospheric column in grey (a). The spatial distribution of the weekend effect over
Japan (b, relative changes) and over the Kanto region (c, absolute changes limited to April–September; red lines: Sunday minus weekdays;
black points: power plants; green points: airports). Wind-related NO2 changes limited to April–September (black lines: high minus low wind
speed) and population density (filled contours, in green shades) are also plotted in panel (c). Contours for both red and black solid lines read
as follows: −1× 1015, −2× 1015, −3× 1015, −4× 1015, −5× 1015, −6× 1015 molec. cm−2. Then, the black dashed lines show positive
changes (0.5× 1015, 1× 1015 molec. cm−2). Spatial distribution of the holiday effect in NO2 across Japan (d); the low number of OMI
observations prevents determination of the difference along the coastline of the Sea of Japan. Ozone profiles obtained from ozonesondes
launched from Tateno (green point in d) during the end-of-year holiday period and business holidays in 2013–2020 (i.e., when MAX-DOAS
data were available) are plotted along with box simulations (vertical lines) of the mean ozone concentration within the boundary layer (e).
See Sect. 2 for further details.
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fect is apparent in almost all cities with intense weekly cycles
(Fig. 5a) and will be used as a further reference.

Multiyear MAX-DOAS observations of partial column
NO2 recorded at Chiba University also showed a decrease
around the end of the year (Fig. S2). It was about −44 %,
while smaller changes occurred in HCHO (about −15 %).
Slightly larger reductions were observed at the Tsukuba site
(−55 % and 29 % for NO2 and HCHO, respectively).

Focusing on the holiday period provides insights into the
response of O3 to these significant changes. As only data
at SZA lower than 50◦ can be used to retrieve O3 with
the DOAS method (Irie et al., 2011; see Sect. 2), we fo-
cused on ozonesonde profiles recorded at the Tateno Obser-
vatory, located about 50 km from Chiba. In this manner, we
assessed the vertical distribution of O3 changes within and
slightly above the PBL. These data were used to better in-
terpret the changes in partial column O3 estimated by the
MAX-DOAS systems. In the lower troposphere, the average
O3 profile concentration averaged across business days was
smaller than the O3 concentration recorded during the end-
of-year holiday (Fig. 5e). The difference was greatest in the
lowest layers (about −18 %) and remained nearly constant
up to 0.5 km; then, it became smaller and disappeared above
1 km. The reduced NO titration effect occurring under VOC-
limited conditions is likely the main driver of this peculiar
pattern of increased O3 levels in the lowest layers during the
holiday period.

We simulated the periods of 2019 and 2020 with the
CLASS model using the appropriate mean NO2 and HCHO
observations as well as lidar-based PBLH recorded at Chiba
as initial conditions. The results of the simulations (vertical
lines in Fig. 5e) confirmed the holiday-associated positive O3
enhancement, with a relative difference of 22 % at 15:00 LT,
which was also the time of the sonde launch corresponding to
the diurnal ozone peak. Previous studies have reported com-
parable O3 enhancement effects on the weekend, particularly
in winter (Sadanaga et al., 2012; Sicard et al., 2020a). Us-
ing the same approach, we evaluated the changes occurring
around mid-August, which is a period of reduced mobility.
Such changes are interesting in terms of the O3 formation
regime, but significant variability prevented clear identifica-
tion of trends (Fig. S2).

Figure 6 further characterizes the NO2 weekend effect
and contextualizes the holiday effect through comparison of
ground-based partial column (< 1 km), satellite-based tropo-
spheric column, and surface in situ observations. In Chiba,
relocation of all four instruments occurred in 2014 (i.e., the
pointing direction of some sensors was changed slightly;
Irie et al., 2021); therefore, in the following analysis, we
exclude observations recorded in 2013 and 2014. Panel (a)
shows the geographic distribution of NO2 weekly changes
on Sunday for OMI, with MAX-DOAS and in situ observa-
tions plotted together. We focused on 2015–2018, when all
three datasets were available. The spatial distribution of OMI
NO2 is as shown in Fig. 5b. The largest negative changes oc-

curred over Tokyo, which reached −45 %, and changes be-
came smaller toward Chiba and Tsukuba. Notably, the mag-
nitude of these changes is larger around Tsukuba (−35 %)
than around Chiba (−30 %), although Tsukuba is a suburban
site, while the urban area of Chiba hosts a larger population
(Fig. 2) and industrial activities. In situ observations match
the satellite-based spatial distribution, although with a some-
what smaller magnitude (by about 5 %).

MAX-DOAS partial column data reproduced the spatial
distribution of the previous datasets (inset in Fig. 6a), show-
ing a magnitude of change slightly closer to that of OMI
(i.e., total column) than the surface network. Both in situ
and MAX-DOAS observations were averaged over 09:00–
15:00, while OMI observations were generally recorded
around 13:30. The small incongruence among measurements
is likely due to the different sampling periods (i.e., while in
situ observations include data recorded under all meteorolog-
ical conditions, satellite and MAX-DOAS data were limited
to clear-sky days).

We also compared the climatology of the weekly cycle
from various platforms according to data availability (ex-
cluding 2020). For comparison with the other datasets, we
used the mean value from the in situ stations within Chiba
(Fig. 6b) and Ibaraki (Fig. 6c) prefectures, respectively. De-
spite the different periods analyzed, the weekly cycles were
very similar for all three platforms. The magnitude of change
is largest on Sunday; at Chiba, OMI changes are approxi-
mately 10 % larger than both ground observation types. By
contrast, at Tsukuba, in situ data are lower than OMI and
MAX-DOAS by 10 %–15 % (but due to the scarcity of in
situ stations around Tsukuba, the average value of stations
inside Ibaraki prefecture is likely not representative of the
area around Tsukuba). In addition to Sunday, indications of
reduced NO2 are apparent on Friday and Saturday at both
sites. As a further reference, we included the NO2 weekly
cycle of Tokyo prefecture. The data confirmed that weekly
cycles are similar in the three prefectures, with values for
Tokyo on Sundays being about 5 %–10 % larger than in other
prefectures.

Figure 6d and e show changes in OMI NO2 on Sunday
averaged over the periods of 2005–2007, 2015–2019, and
2005–2019 at Chiba and Tsukuba. The OMI NO2 column
over the investigated region decreased by about 50 % over
2005–2019 (see Fig. S3 for Chiba). Therefore, in accordance
with a previous study (Stavrakou et al., 2020), the weekly cy-
cle showed a reduced amplitude in recent years. During this
latest period, in situ, satellite, and MAX-DOAS observations
at Chiba coincided, while these data sources showed a spread
of about 15 % at Tsukuba. This larger variability at Tsukuba
is likely due to its lower NO2 levels and suburban location
downwind of the Tokyo area (Fig. 5c).

As a further reference, Fig. 6d and e also show the end-
of-year holiday reductions. Overall, when considering the
full 2005–2019 period, OMI holiday changes were larger
than OMI Sunday changes by about 8 % for both Chiba and
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Figure 6. Spatial distribution of the weekend effect (Sunday minus weekdays) based on OMI NO2 total tropospheric column (filled contours),
MAX-DOAS partial tropospheric column (< 1 km, colored arrows), and in situ NO2 observations (circles) over 2015–2018 (a, main panel).
Magnified view of the area around Chiba University (inset). NO2 weekly cycle at Chiba and Tsukuba for the datasets noted above. In situ
data were averaged across the prefecture (b, c). The weekend effect (on Sunday) and the holiday effect (at the end of the year) were averaged
over different periods (as indicated by the horizontal lines) at Chiba and Tsukuba (d, e). MAX-DOAS NO2 data are also plotted for each
year and for each instrument at Chiba.

Tsukuba. However, in recent years, NO2 values were much
larger on holidays than on Sundays.

For Chiba, the distinct Sunday changes recorded by each
of the four MAX-DOAS instruments were also investigated.
The instruments showed a spread of less than 10 % with lim-
ited interannual variability. The amplitude of the NO2 week-
end effect differed among instruments, with smaller effects
for the instruments pointing south and east than for those

pointing north and west. This difference was likely due to
the presence of power plants and industrial activities within
a few tens of kilometers south of the sampling site, provid-
ing an additional and more constant emissions source that re-
duces the difference between rest and business days. Indeed,
absolute NO2 amounts were generally higher for the MAX-
DOAS facing south, followed by the east-, west-, and finally
north-facing instruments (inset in Fig. S3).
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Moreover, changes in MAX-DOAS NO2 were much more
prominent in 2020 than in previous years. Notably, 2020
was equally anomalous for all instruments, with decreases
around 15 %–20 %. Therefore, the observed decrease was
not a local phenomenon. Generally, MAX-DOAS changes at
Tsukuba are more significant than the data recorded at Chiba.
Nevertheless, at Tsukuba, changes in 2020 were within the
usual level of interannual variability. Therefore, the anoma-
lous weekly cycle in 2020 affected the urban region of Chiba
but not the suburban area.

3.3 Weekly cycles

3.3.1 Weekly cycle of partial column NO2, HCHO, O3
and light-absorbing aerosols

Figure 7 shows the interannual weekly changes in
MAX-DOAS partial columns of NO2, HCHO, O3, and
HCHO/NO2 at the Chiba and Tsukuba sites. Further changes
in fAAOD (0–1 km) were reported for Chiba only. As we
used observations averaged over four independent MAX-
DOAS systems at Chiba, the data are more statistically ro-
bust and representative of a larger area than observations
from Tsukuba (sampled with only one instrument). There-
fore, most of the following discussion on interannual changes
is focused on Chiba.

As noted above, at Chiba, while the NO2 change on Sun-
day was approximately −30 % for 2015–2019, it reached
about −45 % in 2020. This difference was much larger than
2× σ (Fig. S4). On the other hand, except in 2020, interan-
nual variability was much smaller on Sunday than on other
days. By contrast, at Tsukuba, Sunday changes in 2020 were
comparable to those in previous years.

Usually, the weekend effect was absent in HCHO data
from both Chiba and Tsukuba. Nevertheless, at Chiba, nega-
tive HCHO changes on Sunday 2020 were unprecedentedly
large (around −30 %). This negative anomaly is larger than
the largest deviation on any other day in previous years and
can be attributed to abnormally low anthropogenic NMVOC
on the Sundays of 2020 (Sun et al., 2021; Ghahremanloo et
al., 2021). By contrast, HCHO showed no unusual trends at
Tsukuba in 2020, and this difference is likely due to differ-
ences in local conditions (i.e., Tsukuba is located in a sub-
urban area, where a greater quantity of biogenic VOC emis-
sions contribute to HCHO concentrations) and higher vari-
ability associated with the usage of only one instrument.

A weekly cycle in the HCHO/NO2 ratio is evident for
Tsukuba, with its peak on Sunday (approximately double the
weekday average). On the other hand, for Chiba, the slightly
higher ratio on Sunday was similar to the value on week-
days (0.55 vs. 0.4). Notably, on almost all days of 2020, the
HCHO/NO2 ratio at Tsukuba was higher than in previous
years, while no difference was recorded at Chiba. Overall,
due to the seasonal variations in NO2 and HCHO concen-
trations, the HCHO/NO2 ratio also shows significant sea-

Figure 7. Weekly changes in MAX-DOAS partial tropospheric col-
umn (top to bottom) NO2, HCHO, O3, HCHO/NO2, and fAAOD
for Chiba (a–e) and Tsukuba (f–i) during 2015–2020. Only data
with SZA< 50 were considered in the O3 dataset; see text for de-
tails. Panel (e) includes the weekly cycle of surface BC concentra-
tions. BC data were unavailable for Tsukuba.

sonality, with a large ratio in summer compared to the other
seasons (Irie et al., 2021). Nevertheless, the frequent cloudy
conditions in the late spring to summer period and the lim-
ited temporal extension of the dataset prevent evaluation of
potential seasonal differences in its weekly cycle.

Despite this large variation in the main precursors, cor-
responding modulations in the O3 partial column were not
recorded on Sundays of 2020 or previous years. Although
the amplitude of the weekend effect in ozone is likely to
have been reduced in recent years (Sicard et al., 2020a), its
absence in our data contrasts with previous results show-
ing a discernible weekend effect in surface ozone at Tokyo
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(Sadanaga et al., 2012). Ozone in the free troposphere
presents a greatly smoothed diurnal cycle, if any, compared
to surface ozone, and this diurnal cycle is generally strongest
below 950 hPa (Petetin et al., 2016). The ozone profile is dif-
ferent from the other trace gases. In contrast to NO2, which
strongly decreases its concentration with altitude, ozone con-
centration does not decrease with altitude. The ozone week-
end effect at the surface level is usually 10 % (Sadanaga et
al., 2012) and is much less evident than NO2. As suggested
by ozonesonde observations (Fig. 5e), ozone changes due
to titration maximize at the surface and tend to be reduced
shortly at h > 0.5 km. Since MAX-DOAS O3 partial column
observations sample the 0–1 km layer, the effect tends to dis-
appear in our data. Moreover, more titration is expected in
winter, but MAX-DOAS O3 observations were unavailable
this season (Sect. 2.1.1). Finally, the number of MAX-DOAS
daily ozone samples was generally smaller than the other
trace gases. Therefore, any potential weekly cycle would be
difficult to observe in our MAX-DOAS O3 partial column
dataset.

We further evaluated potential ozone differences between
Sundays and weekdays of 2015–2020 using the box model
(not shown). As in the previous simulations, we used MAX-
DOAS observations of NO2 and HCHO as well as lidar-
based PBLH as initial conditions and focused on the pe-
riod most strongly affected by the pandemic (i.e., April–
September). The simulated ozone differences between Sun-
days and weekdays were slightly negative (i.e., Sunday
O3<weekday O3) and ranged from −4 % in 2018 to −8 %
in 2020.

As shown in the bottom panel, we examined the weekly
cycle of fAAOD partial column data at Chiba. Although such
data are characterized by high interannual variability, similar
to the results presented above, 2020 data were anomalous and
characterized by negative changes of about 50 % on Sunday
with no variation on Saturday. Notably, consistent with the
results for NO2 (Fig. 6d), changes in fAAOD on Sundays in
2020 are comparable with the effect usually observed during
the end-of-year holiday. Although the weekly cycle is hardly
discernible in the other years, the weekly cycle in 2020 is
coherent with that of collocated observations of surface BC
mass concentration, which show reductions larger than 40 %
on Sunday and no change on Saturday.

We further excluded the influence of meteorology on the
observed interannual variation by examining data on wind
speed, wind direction, and temperature recorded at Chiba
on days with available MAX-DOAS observations (Fig. S5).
Overall, the results showed that wind did not drive the weekly
changes in tropospheric gases. As increasing temperature en-
hances biogenic emissions and boosts oxidation processes,
temperature is usually positively correlated with HCHO. We
verified the absence of apparent weekly variation in temper-
ature. Moreover, due to the large amount of data recorded at
Chiba site, we could confirm that weekly changes around the
satellite overpass time were representative of the daily NO2.

No apparent difference between MAX-DOAS daily NO2 for
09:00–15:00 or 12:00–15:00 was observed (the same result
was obtained for HCHO and O3).

3.3.2 Weekly cycle of TROPOMI NO2 tropospheric
columns

Next, we examined the pattern of weekly changes in
TROPOMI NO2, looking for differences in the spatial dis-
tribution and magnitude of Sunday changes between 2019
and 2020 (Fig. 8). Overall, changes were larger in 2020 than
in 2019, reaching −50 % over central Tokyo. Moreover, dur-
ing the extended summer period (April to September), when
the largest influence of COVID is expected, differences be-
tween 2020 and 2019 were even more apparent. In addition
to the magnitude of the differences, the area characterized
by higher NO2 concentrations was greatly reduced in 2020
compared to 2019. This reduction averaged about −27 % for
weekdays and reached −67 % for Sundays (Fig. S6).

Within the areas sampled by the MAX-DOAS systems,
TROPOMI showed no clear differences between 2019 and
2020 in either Chiba or Tsukuba. For Chiba, this con-
trasts with ground observations. Different time windows,
over which the daily means were computed (i.e., between
09:00 and 15:00 for MAX-DOAS and around 13:30 for
TROPOMI), and cloud screening procedures resulted in a
larger amount of MAX-DOAS data than satellite data and
likely contributed to these differences. However, despite be-
ing based on 1 year of observations, both TROPOMI maps
could correctly reproduce the spatial pattern of changes es-
timated from ground-based observations around Chiba, i.e.,
the north–south gradient driven by the presence of power
plants. This similarity provides confidence in identifying the
interannual variability of the spatial distribution of the NO2
weekly cycle based on TROPOMI data.

4 Discussion and conclusions

This study investigated the interannual, seasonal, and weekly
variabilities as well as spatial distributions in NO2, HCHO,
O3, and light-absorbing aerosols measured with multiple
platforms within the Greater Tokyo Area, which is the most
populous metropolitan area in the world. We mainly exam-
ined the period of 2013–2020, focusing on 2020 when an
effect from COVID-19 is expected. The main results can be
summarized as follows.

– In 2020, levels of NO2 and light-absorbing aerosols
were the lowest on record, but the potential COVID-19
impact was superimposed on a decreasing trend.

– At Chiba, MAX-DOAS observations within the PBL
showed that annual NO2 reductions in 2020 were about
10 % relative to 2019, with limited changes during the
period of the state of emergency. No deviations in O3
and HCHO were apparent.
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Figure 8. Spatial distribution of the TROPOMI NO2 weekend effect (Sunday minus weekdays) in January to December 2019 (a), January
to December 2020 (b), April to September 2019 (c), and April to September 2020 (d).

– TROPOMI column-based observations confirmed the
observed reduction in NO2 and the absence of rele-
vant changes in HCHO. During the state of emergency,
NO2 reductions exceeded 40 % in the southern Tokyo
area but were about 10 % over Chiba and Tsukuba.
Moreover, both satellite and MAX-DOAS observations
showed enhancement of the HCHO/NO2 ratio, which
was strongest in the suburban region.

– OMI observations demonstrated that the weekly and
holiday effects in NO2 within the GTA are among the
largest in the world. NO2 reductions on rest days are
not limited to the GTA but extend uniformly over most
of Japan.

– Surface in situ, MAX-DOAS partial column, and
satellite-based tropospheric column observations
showed a coherent NO2 weekly cycle, with the largest
reductions on Sunday. Ground observations aligned
with the spatial distribution of the satellite changes,
even within the relatively limited area sampled by the
MAX-DOAS systems.

– In 2020, ground and satellite observations showed an
anomalous weekly cycle in NO2 in urban areas, with
larger reductions on Sunday than in previous years.
Similar large changes in light-absorbing aerosols were
identified. Such changes are comparable to the reduc-
tions observed during the end-of-year holiday period.

– At Chiba, large NO2 reductions on Sunday were cou-
pled with simultaneous reduction of HCHO, whereas no
significant changes in O3 were observed.

– In Japan, the reduction in mobility in 2020 was more ex-
tensive on the weekend than on business days, in accor-
dance with the larger NO2 weekly change in 2020 found
in the urban areas. By contrast, other countries generally
showed the opposite behavior. This highlights modifica-
tion of habits by the Japanese populace that resulted in
unique air quality effects, suggesting widespread adop-
tion of recommendations aimed at limiting the spread
of the pandemic in Japan despite the lack of strict legal
restrictions.
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Although not explicitly mentioned in the previous discus-
sion, an implicit assumption of our study relies on the fact
that satellite observations available only around midday are
representative of daily changes computed, for example, by
hourly observations. Although we provide evidence that this
is likely the case (see Fig. S5), data from new geostationary
satellites (e.g., Geostationary Environment Monitoring Spec-
trometer on board the Geostationary Korea Multi-Purpose
Satellite 2) are expected to shed some further light on this
issue.

A further shortcoming is the scarcity of reliable satellite-
based tropospheric ozone datasets to complement the
satellite-based spatial distribution achieved with NO2 and
HCHO observations. Despite the recent progress (Shen et al.,
2019), OMI O3 only has some low sensitivity to the boundary
layer, and this would make any analysis over the investigated
region challenging (past studies found some correlation with
the actual surface ozone in China, where tropospheric ozone
is much larger; Shen et al., 2019). TROPOMI is expected
to improve this capability soon, but its ozone dataset is cur-
rently limited to tropical latitudes.

Finally, it is worth mentioning the potential impact of the
rebound of the long-range transport of pollutants after Chi-
nese economic recovery from the COVID-19 pandemic (Ita-
hashi et al., 2022) on the current pollution within the Kanto
region, which will deserve further investigation.

Data availability. All datasets used in the present study are pub-
licly available as listed below.
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