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Abstract
Ground-based remote sensing using multi-axis differential optical absorption spectroscopy (MAX-DOAS) was used
to conduct continuous simultaneous observations of ozone (O3), nitrogen dioxide (NO2), and formaldehyde (HCHO)
concentrations at Chiba (35.63° N, 140.10° E, 21 m a.s.l.) and Tsukuba (36.06° N, 140.13° E, 35 m a.s.l.), Japan, for 7
years from 2013 to 2019. These are urban and suburban sites, respectively, in the greater Tokyo metropolitan area.
NO2 and HCHO are considered to be proxies for nitrogen oxides (NOx) and volatile organic compounds (VOCs),
respectively, both of which are major precursors of tropospheric O3. The mean concentrations below an altitude of
1 km were analyzed as planetary boundary layer (PBL) concentrations. For a more spatially representative analysis
around the urban area of Chiba, four MAX-DOAS instruments directed at four different azimuth directions (north,
east, west, and south) were operated simultaneously and their data were unified. During the 7-year period, the
satellite observations indicated an abrupt decrease in the tropospheric NO2 concentration over East Asia, including
China. This suggested that the transboundary transport of O3 originating from the Asian continent was likely
suppressed or almost unchanged during the period. Over this time period, the MAX-DOAS observations revealed
the presence of almost-constant annual variations in the PBL O3 concentration, whereas reductions in NO2 and
HCHO concentrations occurred at rates of approximately 6–10%/year at Chiba. These changes provided clear
observational evidence that a decreasing NOx concentration significantly reduced the amount of O3 quenched
through NO titration under VOC-limited conditions in the urban area. Under the dominant VOC-limited conditions,
the MAX-DOAS-derived concentration ratio of HCHO/NO2 was found to be below unity in all months. Thus, the
multi-component observations from MAX-DOAS provided a unique data set of O3, NO2, and HCHO concentrations
for analyzing PBL O3 variations.
Keywords: Ground-based remote sensing, MAX-DOAS, multi-component observation, PBL, tropospheric ozone
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1 Introduction
Ozone (O3) plays a critical role in the troposphere not
only as a photochemical oxidant with harmful impacts
on human health but also as the third most important
greenhouse gas. In recent years, its importance has been
more widely recognized as one of short-lived climate
forcers (SLCFs) or short-lived climate pollutants
(SLCPs). The SLCPs contribute to the man-made global
greenhouse effect in addition to carbon dioxide. Despite
its importance, recent concentration trends in Japan
have indicated the existence of a paradox (Akimoto
2017), in which the concentration of surface O3 has increased despite a decrease in the concentrations of its
major precursors, namely nitrogen oxides (NOx ≡ nitric
oxide [NO] + nitrogen dioxide [NO2]) and volatile organic compounds (VOCs). After 2000, emission control
measures for diesel-powered trucks in Japan were tightened significantly, resulting in an apparent decrease in
ambient NO2 concentrations (e.g., Akimoto 2017). New
emission control measures for VOCs from fixed sources
were introduced in 2006, which further decreased ambient VOC concentrations. Nevertheless, an increase in
average ambient concentrations of oxidants (Ox, a collective term, of which the major components are O3,
peroxy acetyl nitrate, hydrogen peroxide, and organic
hydroperoxides) was observed in the 2000s. As argued
by Akimoto (2017), the paradox should reflect the following three factors: (1) a decrease in the NO titration
effect, (2) an increase in transboundary transport, and
(3) a decrease in in situ photochemical production of
O3. Meanwhile, for China, Li et al. (2019) estimated that
anthropogenic NOx emissions decreased by 21% from
2013 to 2017 and there was little change in VOC emissions. Under such conditions, an analysis of observation
data from ~1000 sites in China showed a slight increasing trend in ambient O3 concentrations of 1–3 ppbv/
year in the megacity clusters of eastern China only and a
decreasing trend in the southern parts of China (Li et al.
2019). It has been suggested that O3 production could
have been stimulated by a reduction in the aerosol sink
of hydroperoxy radicals due to the rapid decrease in the
amount of atmospheric aerosol in China in recent years.
Thus, causes of recent trends in near-surface O3 concentration and its major precursors and the relationships
among them remain under discussion. Although
satellite-based column density measurements have been
used to derive the formaldehyde (HCHO) to NO2 concentration ratio as an indicator of near-surface O3 sensitivity (e.g., Martin et al. 2004), the column-based ratio
was suggested to derive a different O3 sensitivity from
that derived from in situ data because of the vertical gradient of the ratio (Schroeder et al. 2017). A determination of the causes leading to the O3 trend would
improve our quantitative understanding of the processes
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leading to the variation in O3 concentrations and hence,
the development of a SLCP co-control policy.
In this study, we utilized ground-based remote sensing
using multi-axis differential optical absorption spectroscopy (MAX-DOAS). Continuous simultaneous observations of planetary boundary layer (PBL) O3, NO2, and
HCHO concentrations in the 0–1 km layer (i.e., neither
the tropospheric column nor the surface concentration)
at Chiba (35.63° N, 140.10° E, 21 m a.s.l.) and Tsukuba
(36.06° N, 140.13° E, 35 m a.s.l.), Japan (Fig. 1), were
conducted by MAX-DOAS for 7 years from 2013 to
2019. Chiba and Tsukuba are located in an urban and
suburban area, respectively (Fig. 1). At Chiba, four
different-azimuth-viewing MAX-DOAS instruments
were used to increase the spatial representativity of observations. NO2 and HCHO are considered proxies for
NOx and VOCs, respectively. The seasonal variations
and annual trends in O3, NO2, and HCHO concentrations retrieved from MAX-DOAS observations were investigated over the 7-year study period. We investigated
how much of the HCHO/NO2 concentration ratio could
be reflected by MAX-DOAS observations under O3 sensitivity regimes, which were suggested from both the literature (e.g., Akimoto, 2017) and our study.

2 Methods
Continuous ground-based observations using our MAXDOAS system (e.g., Irie et al. 2008, 2011, 2015, 2019),
which has participated in both the Cabauw Intercomparison Campaign of Nitrogen Dioxide measuring Instruments (CINDI) (Roscoe et al. 2010) and CINDI-2
(Kreher et al. 2020), were conducted at Chiba University,
Chiba, and the Meteorological Research Institute, Tsukuba, Japan (Fig. 1), for 7 years from 2013 to 2019. The
MAX-DOAS method is based on the well-established
DOAS technique, which quantitatively detects narrow
band absorption by trace gases by applying the LambertBeer law (e.g., Platt and Stutz, 2008). After the pioneering studies conducted by Hönninger and Platt (2002),
Wittrock et al. (2004), and Hönninger et al. (2004), various instruments and algorithms for MAX-DOAS have
been developed worldwide. The MAX-DOAS system
used in this study employed the Maya2000Pro spectrometer (Ocean Insight, Inc., Orlando, FL, USA) (with a slit
of 25 μm). It was embedded in a temperature-controlled
box to record high-resolution spectra from 310 to 515
nm (with the full width at half maximum of approximately 0.3–0.4 nm and an oversampling factor of 3–4).
At both Chiba and Tsukuba, measurements were conducted at five (2°, 3°, 4°, 6°, and 8°) and three off-axis elevation angles (2°, 4°, and 8°), respectively, and at the
single reference elevation angle, for which 70° was
adopted instead of 90° to reduce the variation in signals
measured at all elevation angles, while the integration
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Fig. 1 Locations of the MAX-DOAS observation sites in this study (Chiba and Tsukuba, Japan). The lines with arrows represent the lines of sight
for each MAX-DOAS instrument. The length of the lines represents a typical observation spatial scale of 10 km

time was kept constant. At Chiba, we operated four
MAX-DOAS instruments simultaneously, which were
directed at different azimuth directions, namely north
(2° E until May 16, 2014; 13° W afterwards), west (7° W
until December 4, 2013; 100° W until May 15, 2014; 95°
W afterwards), east (109° E until May 21, 2015; 118° E
afterwards), and south (175° E throughout the study
period). To increase the spatial representativity around
Chiba, which was situated in an urban environment, the
averages of data retrieved for the four different azimuth
directions were used in the analysis described below. To
derive concentrations, we used the Japanese MAXDOAS profile retrieval algorithm, version 2 (JM2) (e.g.,
Irie et al. 2008, 2011, 2015, 2019). A daily wavelength
calibration was performed using a high-resolution solar
spectrum to take the possible long-term degradation of
the spectrometer into consideration. A spectral fitting
analysis based on the DOAS technique (Platt and Stutz
2008) was performed using the nonlinear least-squares
method, and vertical profiles were subsequently retrieved
using the optimal estimation method, allowing us to retrieve lower-tropospheric vertical profile information for
eight quantities, including NO2, HCHO, O3, and H2O
concentrations, which were analyzed as described below.
The fitting windows and absorption cross-section data
used in this study were identical to those used by Irie
et al. (2011, 2015). In the retrieval process, off-axis elevation angles were limited to below 10° to minimize the
potential systematic error in oxygen collision complex
fitting results (Irie et al. 2015). This enhanced the

capability for observing the PBL as a result of the loss of
sensitivity to extinction at high altitudes, where clouds
are usually more dominant than aerosols. Our MAXDOAS system was therefore optimized for retrieving
aerosol and trace gas information in the PBL rather than
across the entire tropospheric column. For the retrieval
of O3, only data at a solar zenith angle (SZA) smaller
than 50° were analyzed, because the contribution of
upper-troposphere/lower-stratosphere O3 to differential
slant column densities was significant even at elevation
angles smaller than 10° (Irie et al. 2011). This limited
MAX-DOAS O3 data to the March–October period in
this study. To consider such high-altitude contributions
explicitly, the state vector included the factor fclm, with
which the US standard atmosphere O3 profile above 5
km, given as the a priori, was allowed to scale (Irie et al.
2011). In the vertical profile retrieval, the elevation angle
setting was fully considered in the calculation of differential air mass factors (e.g., Irie et al. 2011, 2015). The
degrees of freedom for signal for trace gas vertical profiles retrieved in this study generally ranged from about
1 to 2. Of the vertical profiles retrieved, concentration
data in the 0–1 km layer were analyzed as PBL concentrations. This layer is the lowest layer in profiles retrieved by JM2 and has the highest sensitivity, because it
has the longest light path. The validity of the retrieved
data was discussed by Irie et al. (2011). For the O3 retrieval, additional validation was performed via a comparison with ozonesonde data, as described in the next
section, because only a few other studies have conducted
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such a validation. For a single measurement, the total
uncertainties, including random and systematic errors,
were estimated to be 15% (NO2), 24% (HCHO), 26%
(O3), and 18% (H2O) (Irie et al. 2011). For the retrievals,
the systematic error was estimated by additional retrievals that assumed aerosol retrieval uncertainties of
30% for NO2 and H2O and 50% for HCHO and O3 (Irie
et al. 2008, 2011). The error estimate could be underestimated, because all the error sources have not been considered. From the retrieved H2O concentration, the
relative humidity over water (RHw) for the 0–1 km layer
was estimated using National Centers for Environmental
Prediction pressure and temperature reanalysis data (2.5
degree grid and 6 hourly). For cloud screening, we only
analyzed data with an RHw lower than 90%. Cloud
screening based on MAX-DOAS-derived RHw was
shown to be effective in comparison with other independent data reported by Takashima et al. (2009). For a
simple and consistent analysis across different seasons,
the daily median values for 9:00–15:00 LT (local time)
were calculated. More detailed descriptions of our
MAX-DOAS system, including the instrumentation and
algorithm, can be found in Irie et al. (2008, 2011, 2015,
2019) and the references therein.

3 Results and discussion
First, to evaluate our MAX-DOAS retrieval of O3, ozonesonde data obtained in the 0–1 km layer were analyzed as shown in Fig. 2. The data plotted here are from
electrochemical concentration cell (ECC) ozonesondes,
which were launched regularly from Tsukuba (Tateno)
around 14:30 LT once per week. Also shown in Fig. 2
are mean O3 concentration data from 13:00–15:00 LT
retrieved from MAX-DOAS observations at Chiba and
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Tsukuba. These two sites are ~50 km apart (Fig. 1).
However, as shown in Fig. 2, both ozonesonde and
MAX-DOAS data exhibited the same variations within
the range of ~20 to ~80 ppbv. Most of the data agreed
well, particularly considering the total uncertainty in
MAX-DOAS data of 26% (Irie et al. 2011) and the temporal variation (and spatial variability for Chiba) in a day
(13:00–15:00), as represented by the error bars in Fig. 2.
The MAX-DOAS data followed the daily and seasonal
variations in ozonesonde data. Their correlation is
shown in Fig. 3. The linear least-squares fit shows a
moderate correlation, with a correlation coefficient (R)
of 0.63. The R value for the comparison with Tsukuba
MAX-DOAS (0.69) was better than that with Chiba
MAX-DOAS (0.62), presumably due to the fact that
MAX-DOAS and ozonesonde observations were made
relatively nearby for Tsukuba. The slope indicates the
underestimation tendency in MAX-DOAS O3 data. This
was likely insignificant due to the relatively large total
uncertainty in MAX-DOAS O3 data. The mean O3 concentration (± 1σ standard deviation) from MAX-DOAS
was 53±14 ppbv, whereas that from ozonesondes was
61±13 ppbv. Thus, the validity of our MAX-DOAS observations and retrievals was well supported via comparison with ozonesonde data.
Figure 4 shows the seasonal variations in the NO2 and
HCHO concentrations, HCHO/NO2 concentration ratio,
and O3 concentration in the lowest layer (altitude of 0–1
km) retrieved from MAX-DOAS observations at Chiba
and Tsukuba, Japan for the 2013–2019 period. As expected, NO2 concentrations were higher in winter than
in other seasons for both Chiba and Tsukuba. This was
mainly because the lifetime of NOx is longer and the
NO/NO2 concentration ratio is lower in winter due to

Fig. 2 Time series of O3 concentrations for the 0–1 km layer measured by ozonesondes launched at Tsukuba (Tateno), Japan (blue). The
ozonesonde was launched around 14:30 LT once per week. The linear trend is shown by the blue line. Mean O3 concentrations for 13:00–15:00
LT retrieved from MAX-DOAS observations at Chiba and Tsukuba are shown daily in red and black, respectively. For clarity, MAX-DOAS data are
shown only for the days when ozonesonde data were available. Error bars represent standard deviations within 13:00–15:00 LT (plus spatial
variabilities in four different azimuth directions for Chiba)
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Fig. 3 Correlations between the ozonesonde and MAX-DOAS O3 concentration data shown in Fig. 2. Their medians, means, and 1-σ standard
deviations (in brackets after the means) are given. The root-mean-square error, number of comparisons, and equation of the linear least-squares
fitting, and correlation coefficient are given. The linear least-squares fitting and 1:1 lines are shown by solid and dashed lines, respectively

less photochemical activity. Annual mean NO2 concentrations for the 0–1 km layer were estimated to be 4.1 and
1.9 ppbv for Chiba and Tsukuba, respectively (Table 1),
reflecting the fact that Chiba is located close to strong
emission sources in the Tokyo Bay area (Fig. 1). Annual
mean HCHO concentrations for the 0–1 km layer were
1.7 and 2.2 ppbv for Chiba and Tsukuba, respectively
(Table 1). The HCHO concentrations were higher than
1.0 ppbv in all months (Fig. 4), whereas the surface level
of HCHO in the remote marine atmosphere was reported
to be below 1.0 ppbv (Weller et al. 2000; Singh et al.
2004). The HCHO data exhibited clear summer peaks at
both sites, due to the significant secondary production of
HCHO by summertime photochemical activity compared
to other seasons. In addition, more HCHO was likely produced from the oxidation of biogenic VOCs (BVOCs),
such as isoprene, whose emissions increase as the ambient
temperature rises. The larger HCHO concentrations at
Tsukuba were likely a result of more BVOC emissions
around Tsukuba (Chatani et al. 2015, 2018). The retrieved
O3 concentrations were similar for Chiba and Tsukuba,
except for July and August. A southerly wind usually dominates in those months (e.g., Tanimoto et al. 2005; Kiriyama et al. 2015) as the North Pacific High extends
northwestward around Japan, bringing clean maritime air
masses into the Tokyo Bay area, including Chiba. The air
masses then pass over the Tokyo Bay area to reach Tsukuba, which is located approximately 50 km downwind of

Chiba. During the transport, strong photochemistry in
summer leads to significant secondary production of O3,
resulting in a greater concentration of O3 in Tsukuba.
Thus, seasonal variations in the NO2, HCHO, and O3 concentrations retrieved from MAX-DOAS observations were
considered reasonable. In response to the seasonal variations in NO2 and HCHO concentrations, the HCHO/NO2
concentration ratio also displayed significant seasonality,
with a large ratio in summer compared to the other seasons (Fig. 4).
Surface concentrations were measured regularly by the
Atmospheric Environmental Regional Observation System (AEROS or Soramamekun in Japanese) at seven and
four stations in the vicinity of our observation sites in
Chiba and Tsukuba, respectively. For Ox, the surface
concentration around both sites for March–October,
when MAX-DOAS O3 monthly data were available, was
~35 ppbv (annual average in daytime), which was lower
than the mean O3 concentration at 0–1 km retrieved
from MAX-DOAS (~48 ppbv). This difference reflects
the typical vertical profile shape of O3 in the PBL because the MAX-DOAS O3 data showed a reasonable
agreement with the ozonesonde data (Figs. 2 and 3).
Some of the difference could be caused by the fact that
the MAX-DOAS instruments were on the rooftop of
one of the tallest buildings (at ~30 m from the surface)
in Chiba University. Similarly, according to the typical
vertical profile shape of NO2 in the PBL, surface
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Fig. 4 Seasonal variations in NO2 and HCHO concentrations, HCHO/NO2 concentration ratio, and O3 concentration for the lowest layer (altitude
of 0-1 km) retrieved from MAX-DOAS observations at Chiba (red) and Tsukuba (black), Japan for 2013–2019. The O3 data for January, February,
November, and December were unavailable, because the amount of retrieved data at SZA < 50° with less influence by high-altitude O3 was
limited (see the text for more details). The median values of monthly means for the 7 years are shown. Shaded areas represent 67% ranges

Table. 1. Means, medians, and change rates for NO2, HCHO, and O3 concentrations in the lowest layer (altitude of 0–1 km) retrieved
from MAX-DOAS observations at Chiba and Tsukuba, Japan, for 2013–2019. The change rates and determination coefficient (R2)
were calculated by a linear least-squares fit. Statistics for the 8 months of March to October, when MAX-DOAS O3 data were
available, are given. For NO2 and HCHO, statistics for 12 months are also given in brackets
Species

Location

Mean (ppbv)

Median (ppbv)

Change rate (ppbv/year)

Change rate (%/year)

R2

NO2

Chiba

3.6
(4.1)

3.6
(4.1)

-0.2
(-0.3)

-6
(-7)

0.50
(0.76)

Tsukuba

1.6
(1.9)

1.5
(1.9)

-0.1
(-0.1)

-6
(-5)

0.48
(0.65)

Chiba

2.0
(1.7)

2.2
(1.7)

-0.2
(-0.1)

-10
(-6)

0.83
(0.67)

Tsukuba

2.8
(2.2)

2.8
(2.1)

±0.0
(±0.0)

±0
(±0)

0.17
(0.03)

HCHO

O3

Chiba

47

47

+0.5

+1

0.28

Tsukuba

49

50

-0.1

±0

0.37
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concentrations of NO2 (~14 and ~9 ppbv at Chiba and
Tsukuba, respectively) were higher than MAX-DOAS
data for the 0–1 km layer. Surface concentration data
for HCHO were unavailable but non-methane hydrocarbon (NMHC) concentrations were ~106 and ~92 ppbC
around Chiba and Tsukuba, respectively, with the
greater anthropogenic NMHC emissions likely contributing to the higher NMHC concentration around Chiba
compared to Tsukuba.
Figure 5 shows the year-to-year variations in the NO2
and HCHO concentrations, HCHO/NO2 concentration
ratio, and O3 concentration for the 0–1 km layer retrieved from MAX-DOAS observations at Chiba and
Tsukuba. The median values for the 8-month period
(March to October) are plotted for each year. Because
Chiba and Tsukuba are located in an urban and suburban area, respectively, the NO2 concentration was higher
in Chiba but the rate of decrease was similar for both
Chiba and Tsukuba (6–7%/year) (Table 1). For HCHO,
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the 8- and 12-month median concentrations for Tsukuba were 2.8 and 2.2 ppbv, respectively. These values
were higher than those at Chiba (2.0 and 1.7 ppbv) because more significant BVOC emissions likely occurred
around Tsukuba (Chatani et al. 2015, 2018). It is interesting to note that an apparent decreasing trend in the
HCHO concentration was observed at Chiba (6–10%/
year) (Fig. 5 and Table 1). This was likely because emission control measures against anthropogenic VOCs, including primary emissions of HCHO, have worked well
(e.g., Akimoto 2017).
However, MAX-DOAS O3 data displayed almostconstant variations, particularly at Chiba (Fig. 5 and
Table 1). The trend indicated by MAX-DOAS O3 data
for Tsukuba was found to be very similar to that from
ozonesonde observations (Fig. 2). For Chiba, there were
clear reductions in both NO2 and HCHO, and therefore,
the in situ photochemical production of O3 must have
decreased. The decrease should have been compensated

Fig. 5 Timeseries of NO2 and HCHO concentrations, HCHO/NO2 concentration ratio, and O3 concentration for the lowest layer (altitude of 0–1
km) retrieved from MAX-DOAS observations at Chiba (red) and Tsukuba, Japan. The median values for the 8 months (March to October), when
MAX-DOAS O3 data were available, are shown for each year. Shaded areas represent 67% ranges
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for by the impact of the decrease in the NO titration effect and/or increase in the transboundary-transported
O3 from the Asian continent. Investigations of these effects have largely been conducted through model simulations using the emission inventories, which became
available several years later (Akimoto 2017 and references therein). However, the present study emphasizes
the importance of the NO titration effect, from our observations only that were conducted over a unique time
period, as shown by satellite observations reported
below.
As done by Irie et al. (2016), the tropospheric NO2
burdens (B) over the entire area of China, Japan, and
South Korea were estimated by multiplying the annual
averages of tropospheric NO2 vertical column density
(VCD) from Ozone Monitoring Instrument (OMI) observations (Levelt et al. 2006) over the respective areas
of each country, as follows:
B ¼ VMS=A
where V is the annual average of the tropospheric
NO2 VCD values over the entire area of the respective
countries, M is the molecular weight of NO2, S is the
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national area, and A is Avogadro’s number. For this estimate, the OMI data from the Quality Assurance for Essential Climate Variable project (Boersma et al. 2018)
were used. A country code map created from national
boundary data (http://hydro.iis.u-tokyo.ac.jp/GW/
basemap/) was used to assess the OMI data corresponding to each country. To minimize the possible effects of
row anomalies in OMI observations and cloud and
snow/ice coverage on estimates of national-mean VCDs,
the OMI data were first averaged over a 1° × 1° grid for
each month, and then the gridded values were averaged
over the entire national area.
In Japan, it was found that the tropospheric NO2 burden declined by approximately half from 2005 to 2019
(Fig. 6). In South Korea, no significant trend was apparent, but the NO2 concentration decreased overall by
~10% from 2005 to 2019. In China, the estimated NO2
burden decreased at a rate of ~10%/year from 2013 to
2016, which was significant compared to other periods
(Fig. 6). Variations in the NO2 burden were almost constant in the 3-year periods before and after 2014–2015
(i.e., 2011–2013 and 2016–2018). The mean NO2 burden
in 2016–2018 corresponded to 74% of that in 20112013, representing a 26% reduction between the two

Fig. 6 Updated results of a trend analysis using OMI tropospheric NO2 VCD data by Irie et al. (2016). Temporal variations in annual mean
tropospheric NO2 burdens over the entire national area of China (red), Japan (green), and South Korea (blue) are shown. The burdens were
estimated by multiplying the annual averages of OMI tropospheric NO2 VCD data over the entire national area by the area of each country
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periods. Summing up the data for China, Japan, and
South Korea confirmed that tropospheric NO2 levels
over East Asia have improved substantially in recent
years.
Li et al. (2019) analyzed observation data in China and
estimated that anthropogenic NOx emissions decreased
by 21% from 2013 to 2017 and VOC emissions changed
little. Consistent estimates were made by Zheng et al.
(2018) using a combination of a bottom-up emission inventory and index decomposition analysis approaches. A
slight increasing trend in O3 of 1–3 ppbv/year was observed only in megacity clusters in eastern China. Shen
et al. (2019) showed that an insignificant change in
HCHO, at a rate of 1%/year, occurred from 2011 to
2016 in China. There were consistent tendencies seen in
these trace gas concentrations, but smaller rates of
changes in O3 were suggested from model simulations
by Liu and Wang (2020a, b). Assuming that such variations in NO2 and HCHO continued until 2019, the
amount of O3 transported as transboundary air pollution
from the Asian continent is likely to have been suppressed or remained unchanged over the period of the
present study. Furthermore, a sensitivity analysis using
regional chemical transport models (Chatani et al. 2020)
suggested that the impact of transboundary transport on
O3 in the Kanto area, which was the location of our observation sites (Chiba and Tsukuba), was much smaller
than that of local photochemistry.
Therefore, it is likely that for our observations at
Chiba, the decrease in in situ photochemical production
of O3 was compensated for by the impact of the decrease in the NO titration effect. Thus, NO titration
played a critical role in determining O3 concentrations.
The decreasing NOx concentration significantly reduced
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the amount of O3 quenched through NO titration. This
effect would have been more significant in Chiba than in
Tsukuba, because more fresh NO is available around
Chiba, which is closer to strong NOx emission sources.
This observational evidence, without any model simulations or emission inventories, indicated that the dominant O3 production regime around Chiba was the VOClimited regime.
To demonstrate the suitability of continuous multicomponent MAX-DOAS observations in the analysis of
variations in PBL O3, correlations between HCHO and
NO2 concentrations retrieved by MAX-DOAS for the
0–1 km layer were plotted (Fig. 7). To use the largest
amount of HCHO and NO2 data, an analysis was first
conducted using 12-month data. The results showed
that the HCHO/NO2 concentration ratio for Chiba was
below unity and almost unchanged at around 0.4–0.5
from 2013 to 2019 because the NO2 and HCHO concentrations decreased at a similar rate (Table 1). From similar analyses using data collected over 8 months (March
to October), when O3 data were also available, and using
data collected in the three summer months (June to August), which are the most critical for in situ O3 photochemistry, it was found that the HCHO/NO2
concentration ratio was below unity, while the HCHO/
NO2 concentration ratio tended to be large in the three
summer months compared to the 8- and 12-month analyses. This was further confirmed by the data on seasonal variations, which showed that the HCHO/NO2
concentration ratio was below unity in all months. Our
finding that the MAX-DOAS-derived HCHO/NO2 concentration ratio was below unity under VOC-limited
conditions was consistent with those of previous studies
using model simulations, satellite observations, and in

Fig. 7 HCHO-NO2 correlations for Chiba (squares) and Tsukuba (circles). Each data point represents the median value of monthly means using
data collected over (left) 12, (middle) 8 (March to October), and (right) 3 months (June to August). Error bars represent 67% ranges. Different
years are shown in different colors. The solid and dashed lines represent constant HCHO/NO2 concentration ratios at values given on the
respective lines

Irie et al. Progress in Earth and Planetary Science

(2021) 8:31

situ aircraft observations (e.g., Tonnesen and Dennis
2000; Martin et al. 2004; Duncan et al. 2010; Schroeder
et al. 2017). Because we focused on the PBL (i.e., the 0–
1 km layer), it was expected that the multi-component
observations from MAX-DOAS would provide a unique
O3, NO2, and HCHO data set for analyzing O3 variations
in the PBL (neither column nor surface concentrations).
It was interesting to further note a decreasing tendency in the HCHO/NO2 concentration ratio at Chiba
from 2013 to 2019 (Figs. 5 and 7), suggesting that the
dominant O3 production regime shifted to a more VOClimited regime. During the same period, an increase in
the HCHO/NO2 ratio was suggested to have occurred
but the value was still below ~3 (as a summertime peak
value) for Tsukuba (Figs. 4, 5, and 7). Although our analysis of O3 data revealed an insignificant change in the
annual trend in O3 concentration at Tsukuba (Figs. 2
and 5), further continuous multi-component MAXDOAS observations for both Chiba and Tsukuba are encouraged to investigate O3 sensitivity, which may remain
unchanged or range within a NOx-limited, VOC-limited,
or their transition/ambiguous region in the near future.

4 Conclusions
We used the MAX-DOAS technique to conduct continuous simultaneous observations of 1 km thick PBL (at
an altitude of 0–1 km) O3, NO2, and HCHO concentrations at Chiba and Tsukuba, Japan, for 7 years from
2013 to 2019. In the 7-year period, satellite observations
by the OMI indicated an abrupt decrease in the tropospheric NO2 concentration over East Asia, including
China, suggesting that the transboundary transport of
O3 originating from the Asian continent was likely suppressed or remained unchanged. Over the same time
period, MAX-DOAS observations showed almostconstant variations in the PBL O3 concentration at
Chiba, whereas reductions in the NO2 and HCHO concentrations occurred at rates of approximately 6–10%/
year at Chiba. These results provide clear observational
evidence that the decreasing NOx concentration significantly reduced the amount of O3 quenched through NO
titration under VOC-limited conditions at Chiba, which
is situated in an urban area. The MAX-DOAS-derived
HCHO/NO2 concentration ratio had a value below unity
for all months. Thus, the multi-component observations
from MAX-DOAS provided a unique data set of O3,
NO2, and HCHO concentrations for analyzing variations
in PBL O3. The data set is expected to be useful for developing a better understanding of the processes leading
to PBL O3 variation.
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