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ARTICLE INFO ABSTRACT
Keywords: Nitrogen dioxide (NO2) pollution is mainly caused by anthropogenic processes such as burning of fossil fuels. Due
NO; pollution to its severe impact on health as well as the environment in general, it is important to monitor the amount of NO2

Satellite observations
Economic activity
Decoupling process
Spectral analysis methods
Time series analysis

pollution especially in areas with a high population density. Therefore, the aim of this study is to investigate to
what extent spatiotemporal fluctuations in the tropospheric NO2 column density can map variations in economic
output. To do so, we analyzed satellite based tropospheric NO, column observations obtained from the ERS-2,
ENVISAT, MetOp-A and MetOp-B satellite missions covering the period from 1996 to 2017 for Tokyo, Japan
and Los Angeles, United States. Within our studies, a harmonic analysis was carried out in order to exclude
meteorological influences. Afterwards, the NO, time series were further investigated through a wavelet analysis
method to characterize the fluctuations, that is the temporal variability of the NO,. These fluctuations have been
shown to be a particularly sensitive measure of the change in NO, pollution. We further use the gross domestic
product (GDP) for the metropolitan areas as an indicator for economic performance. The results for the study
area of Los Angeles shows a substantial reduction in NO, variability starting in 2007. The NO,, variability for the
period during the global financial crisis (December 2007-April 2012), dropped by around 77% in comparison to
the previous period (January 1997-November 2007). However, a second period from May 2012 to December
2016 presents a further reduction of the NO, variability of around 82% in contrast to the period from 2007 to
2012. Contrary to this, continuous economic growth can be observed during the second period. A similar picture
emerges for the metropolitan region of Tokyo. A significant decline in NO; variability of around 73% can be
detected from October 2003 to January 2012. Additionally, a second period with a strong decline in NO5
variability of around 80% can be identified from February 2012 to December 2016. A plunge in GDP during 2008
reflects that year’s global financial crisis, but cannot independently explain the following sharp decline in NO2
variability. Those results suggest that Tokyo as well as Los Angeles managed to substantially decouple its NOy
pollution from the economic growth due to strict air quality policies.

1. Introduction NOy, often referred to as NOy) are mainly produced by anthropogenic
processes such as fossil fuel combustion as the most dominant source,
Nitrogen oxides (the sum of nitrogen monoxide (NO) and dioxide lightning and by soil release and biomass burning (see for example
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Seinfeld and Pandis, 2016 or Brasseur and Jacob, 2017 for a compre-
hensive description). As a result of nitrogen dioxide’s (NO3) high reac-
tivity as a trace gas (depending on the dominant meteorological
characteristics, other trace gases, as well as the height in the atmo-
sphere), the lifetime of NO5 can vary between some hours in the lower
troposphere or even up to days near the tropopause (Pérez-Invernon
et al., 2022; Liu et al., 2016; Shah et al., 2020; Levy II et al., 1999).

Even though NO; can be transported over certain distances by winds
depending on its given lifetime, it is possible to draw - to some extent -
conclusions about the sources of NO5 emissions. Many studies have been
conducted on this in recent years. For example, Miiller et al. (2022)
mapped areas of systematically higher and lower tropospheric NO2
pollution over Germany based on annual mean Sentinel-5 Precursor
(Sentinel-5P) with TROPOspheric Monitoring Instrument (TROPOMI)
data. They find that higher NO, pollution appear over highly populated
urban areas and over rural areas close to power stations at opencast
lignite mines whereas lower pollution occurs over rural areas. Similarly,
Beirle et al. (2019) demonstrated that by using Sentinel-5P NO, and
wind data it is possible to create top-down emission maps without using
chemical transport models. The authors used their approach to analyze
point sources which emit NOy emissions such as power plants or cement
plants in Riyadh, Germany and South Africa. Such results underline the
impact of anthropogenic activity on air pollution. This means that
observing the spatiotemporal distribution of NO pollution allows con-
clusions to be drawn about the economic activity in a region. Due to
their global coverage, satellite-based observations would therefore
enable such studies in almost any place on Earth. Various studies sup-
port this approach. Hilboll et al. (2013) for example used the European
Remote-sensing Satellite-2 (ERS-2) with the Global Ozone Monitoring
Experiment (GOME), the Environmental Satellite (ENVISAT) with the
Scanning Imaging Absorption Spectrometer for Atmospheric Cartog-
raphy (SCIAMACHY), the Earth Observation System — Aura (Aura) with
the Ozone Monitoring Instrument (OMI), and the Meteorological
Operational Satellite-A (MetOp-A) with the Global Ozone Monitoring
Experiment-2 (GOME-2) data from 1996 to 2011 to analyze the NO,
long-term trends for various megacities around the world. The authors
also conclude that there has been a decrease in NOy pollution over
industrialized countries such as the USA, Europe, Japan, or Australia for
instance. In contrast, megacities in China, India or the Middle East
presented increasing trends. Castellanos and Boersma (2012), Russell
et al. (2012), Vrekoussis et al. (2013), Lelieveld et al. (2015), Tong et al.
(2015), as well as Cui et al. (2022) addressed the relationship between
economic activity and air pollution. They not only concluded that policy
measures were responsible to significant reductions in NO5 pollution but
also that severe economic events such as the global financial crisis in
2008, the recent COVID-19 pandemic in 2019-2022, as well as hu-
manitarian catastrophes such as armed conflicts had an impact on air
quality.

Moreover, decreases in human activity caused by lockdowns during
the COVID-19 pandemic that began in 2019 has a significant impact on
air quality (see for example Liu et al. (2020), Goldberg et al. (2020),
Zhang et al. (2020), Liu et al. (2021), Voigt et al. (2022), Le Quéré et al.
(2020), Filonchyk and Peterson (2020), and Filonchyk et al. (2021) as
well as references therein).

In Bichler and Bittner (2022), we analyzed the development of the
Italian GDP, as reported by the Organization for Economic Co-operation
and Development (OECD), against NO2 pollution based on satellite ob-
servations from ERS-2/GOME, ENVISAT/SCIAMACHY,
MetOp-A/GOME-2, and MetOp-B/GOME-2 in the Po Valley in northern
Italy. We used the intensity of temporal fluctuations in NOy pollution
based on wavelet analysis as a very sensitive measure of systematic
changes in NO; burden. We found that from mid-2007 to mid-2013 a
significant reduction in NO5 variability took place while at the same
time Italy faced severe declines in GDP development. Therefore, we
concluded that the fluctuations in NO; pollution provide a very sensitive
measure for tracking fluctuations in economic activity. Correspondingly,
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a study by Al Yammahi and Aung (2022) shows similar findings about
the impact of the COVID-19 lockdown on the NO; variability over the
United Arab Emirates based on a wavelet analysis.

Another recent study by Jia et al. (2022) who studied the NO,
tropospheric vertical column density (VCD) with OMI data as well as the
economic development in China concluded that with an increasing in-
dustrial electricity consumption of one billion kWh, the tropospheric
NO; VCD increases by 25% for Nanjing, 12% for Suzhou, and 59% for
Xuzhou. Furthermore, the study found that an increase by one billion
USD in total exports leads to an increase of 15% and 6% of tropospheric
NO3 VCD for Nanjing and Suzhou. It should be noted that the influence
of economic activity on air quality has been investigated in many studies
such as Grossman and Krueger (1995), Dinda et al. (2000), Jiang et al.
(2020), Hassler et al. (2016), and Tong et al. (2015). It can thus be
concluded that air quality and economic activity are coupled in a
fossil-based economy.

In this study we focus on the expectation that a decoupling process of
the relationship between NO, pollution and economic growth occurs
when economic development is either made more sustainable (e.g.
electromobility, renewable energy) and/or when the use of pollution
filters is increased due to political specifications such as air pollution
control mechanisms. Regarding a decoupling process between air
pollution and economic growth see for example Wu et al. (2022), Li et al.
(2021), Shen et al. (2021), Fang and Yu (2021), Yu and Fang (2021) and
references therein. What remains unanswered is how well processes of
decoupling economic activity and air quality (in our case we focus on
NO») can be recorded from satellite observations.

Research and monitoring of air pollution exposure are important due
its harmful impacts on human health. The World Health Organization
(WHO) reports that 4.2 million premature deaths were estimated in
2016 due to ambient air pollution (WHO, 2022). Konduracka and
Rostoff (2022) analyzed published literature regarding the relationship
between outdoor air pollution and cardiovascular morbidity as well as
mortality over a period of 30 years. The authors concluded that exposure
to pollutants such as particulate matter (PM) as well as other gaseous
pollutants are substantial contributors for cardiovascular morbidity and
mortality. Furthermore, the authors emphasize that a vast amount of
studies show that the health effects remain serious even below defined
limits by the European Union (EU) or the WHO. Nevertheless, air
pollution not only affects the health of living beings on Earth, it can also
damage sensitive ecosystems (Itoh et al., 2021).

In this study, two prominent regions — Los Angeles, USA and Tokyo,
JPN - are examined. The changes in NO, pollution are characterized by
the NO; fluctuations, the NO5 trend, and the change in characteristics of
the NO annual variation in terms of the amplitudes. Therefore, a self-
consistent 21-year long time series by Georgoulias et al. (2019) is
analyzed. This time series is based on four different satellite instruments
such as GOME/ERS-2, SCIAMACHY/ENVISAT, GOME-2/MetOp-A, and
GOME-2/MetOp-B. In comparison to other studies, we used advanced
spectral analysis methods and satellite observations to investigate
worldwide decoupling processes between NO5 pollution and economic
activity which could support the United Nations Sustainable Develop-
ment Goals (UN SDGs) on a global scale and the European Green Deal at
the regional scale.

The paper is organized as follows, Section 2 details sources of data,
Section 3 explains the methods, in Section 4 describes the results, Sec-
tion 5 includes the interpretation and discussion our findings with the
literature review, and Section 6 covers our summary and conclusion.
Sections 7 and 8 include an acknowledgement as well as our references.

2. Data
2.1. Tropospheric NO3 vertical column density

Since the data was taken by four different satellites which include
ERS-2/GOME, ENVISAT/SCIAMACHY, MetOp-A, and MetOp-B/GOME-
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2, the self-consistent data product generated by Georgoulias et al. (2019)
is used to avoid influences like different spatial resolution and so forth.
Therefore, Georgoulias et al. applied a three-step procedure on the
GOME (April 1996 to June 2003), SCTAMACHY (July 2002 to March
2012), GOME-2A (January 2007 to September 2017), and GOME-2B
(January 2013 to September 2017) TM4NO>A version 2.3 data prod-
ucts which are available from the Royal Netherlands Meteorological
Institute (KNMI). The authors procedure is based on methods of Hilboll
et al. (2013) and Geddes et al. (2016). In a first step, Georgoulias et al.
applied a spatial resolution correction regarding the different horizontal
resolution of GOME and SCIAMACHY. Afterwards a shift correction is
applied (step 2) to consider the instrumental biases between the
different measurement instruments. In a third step, a seasonal amplitude

RS Santa Barbara.. m
7 \
I

Atmospheric Environment 310 (2023) 119968

correction is carried out. Detailed information about the compilation of
the 21-year self-consistent data can be found in Georgoulias et al. (2019)
and references therein. The gridded vertical tropospheric NO, column
density data used in our study (Merged TM4NO>A version 2.3) is pub-
licly available on the Tropospheric Emission Monitoring Internet Service
(TEMIS) website (www.temis.nl) and covers a period from 1996 to
2017. It should be mentioned that there are no monthly mean values for
January 1998. Those values were therefore interpolated linearly.
GOME, SCIAMACHY, and GOME-2 are Nadir-viewing passive mea-
surement instruments that observe the reflected UV-visible sunlight in
the morning (equator crossing times between about 09:30 LT and 10:30
LT). By comparing the spectrum gained from the reflected sunlight with
the spectrum of the sunlight itself, it is possible to draw conclusions
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Fig. 1. Topographic Map of the study areas (A) Los Angeles, California, USA (Latitudes: 33°-35°, Longitudes: 117° — —119°) and (B) Tokyo, Japan (Latitudes:
35°-37°, Longitudes: 139° — 141°). The maps also include information about the Digital Elevation Model (DEM) and the World Settlement Footprint (WSF). Sources:
World Settlement Footprint, 2019; OpenStreetMap (2023); USGS SRTM 1 Arc-Second Global, 2018; Made with Natural Earth, 2023; GSHHG, 2017; Wessel and

Smith, 1996; EPSG: 4326.
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about the amount of trace gases in the atmosphere. The VCD is thereby a
product from the slant column density (SCD) and the influence of the air-
mass factor (AMF). The tropospheric NO, VCD can be derived from this.
Further information about the measurement instruments can be found in
Burrows et al. (1995, 1999), Bovensmann et al. (1999), and Munro et al.
(2016) as well as references given therein.

NO; is well-known to show a pronounced diurnal cycle. We therefore
did not consider the observations from TROPOMI/Sentinel-5P and OMI/
Aura in our study. These satellites have significantly different equator
crossing times (Boersma et al., 2008; Georgoulias et al., 2019).

As aforementioned, the instruments used in our study deliver the
tropospheric NO; VCD. They do not provide the surface concentration of
NOy. In fact, the majority of the signals measured stem from higher al-
titudes. See for instance the book of Rodgers (2000), which addresses
inverse methods for atmospheric soundings and the work of Eskes and
Boersma (2003) who concentrate on averaging kernels for the Differ-
ential Optical Absorption Spectroscopy (DOAS) total-column satellite
retrievals.

2.2. Areas of interest

A first study area (Fig. 1A) covers the metropolitan area of Los
Angeles in Los Angeles County with around 10 million inhabitants as
well as Ventura County (~844,000 inhabitants), Orange County (~3,2
million inhabitants), and parts of San Bernardino County (United States
Census Bureau, April 1, 2020). The area of interest borders the Pacific
Ocean in the south and the San Gabriel Mountains in the north. Due to
the location close to the ocean, a sea breeze/land breeze circulation can
occur which impacts the air pollution in the city. The land/sea breeze
circulation has a diurnal cycle which, in the case of Los Angeles, causes a
sea wind in the morning that brings cold Pacific air into the city. At
nighttime, the circulation changes into a land breeze and therefore
transports air pollution — which are produced during the day in the city —
to the Santa Monica Bay. This phenomenon and the impacts on several
pollutants has been studied by Wagner et al. (2012) and Jury (2020) as
well as references therein. With this information in mind it should be
noted that the satellite observations are taken in the mornings and
thereby the polluted air might be influenced by fresh air due to the sea
breeze. Wagner et al. (2012) and Brioude et al. (2013) also point out that
besides land/sea breezes, there are other influencing factors on pollution
transport such as the localized “Catalina” eddy wind pattern in this area,
as well as the impact of the surrounding terrain and therefore the
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upslope transportation of air pollutants. Moreover, Jury (2020) em-
phasizes that 85% of the precipitation is below 0.2 mm/day and 82% of
the analyzed wind speed over Los Angeles is below 2 m/s thus conditions
are ideal for the development of thermal inversions. Referring to the
www.climate-data.org, the highest temperatures occur in July, August,
and September with around 32 °C on average. The highest amount of
precipitation with an average of 84 mm and 89 mm can be observed in
January and February.

Our second study area (Fig. 1B) covers the Tokyo metropolitan re-
gion in Japan at 35°N to 37°N and 139°E to 141°E. According to Tokyo’s
Statistical Tokyo Statistical Yearbook, 2020, around 14 million in-
habitants live in the megacity. In terms of the climatology the maximum
temperatures are usually reached from June to September with an
average of around 27 °C. The maximum values of precipitation are
reached in September and October with around 200 mm (see www.
climate-data.org). In regards to the topography, the study area borders
the Pacific Ocean in the east and south, and the Akaishi mountains in the
west. Due to thermal differences between land and sea during the day, a
sea breeze occurs throughout the day and a land wind through the night
which can have an impact on air pollution. (Itoh et al., 2021).

Each study area has different meteorological characteristics such as
land/sea breeze circulations, the monsoon or frequently occurring
temperature inversions for instance. Since, for example, wind and/or
precipitation influence the degree of pollution in the air, it is important
to briefly understand the meteorological peculiarities in order to
comprehend the self-cleaning process of the atmosphere in a certain
area. By the self-cleaning process of the atmosphere we mean the in-
fluence of meteorology regarding to air pollution that lead to a reduction
in NO3 pollution. There are therefore study areas where the atmosphere
influences the reduction of NOy pollution more than others. Therefore,
for example, the pollution levels for the same NO; emitters can be
different. Further investigations regarding the meteorological influences
during the examined period for each study area can be found in section
2.3 Meteorological Data.

2.3. Gross domestic product

The GDP for the metropolitan areas Los Angeles and Tokyo is taken
from the OECD. The GDP data is made available for free and offers in-
formation about the annual development of metropolitan areas all over
the world (OECD, 2022).

Both areas of interest, Los Angeles and Tokyo, show a continuous

2009 2011 2013 2015 2017 2019

2009 2011 2013 2015

Fig. 2. Temporal development of the GDP for the metropolitan areas (A) Los Angeles from 2001 to 2019, and (B) Tokyo from 2001 to 2016. Source: Draft produced
from OECD (2022), Data table: CITIES, Metropolitan areas, Economy, GDP (Million USD, constant prices, constant PPP, base year 2015).
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growth of the GDP from 2001 to 2007. When the global financial crisis
took place in 2008 a drop of about 37.000 USD (2008: 935.289 2009:
898.771) for Los Angeles and around 90.000 USD (2008: 1.702.305,
2009: 1.612.699) for Tokyo can be observed. Afterwards, both econo-
mies recover within only two years to nearly the same level as before the
crisis.

2.4. Meteorological data

In order to exclude that the results were influenced by meteorolog-
ical characteristics, the European Center for Medium-Range Weather
Forecasts (ECMWF) Reanalysis v5 (ERA-5) data from the Copernicus
Climate Change Service (C3S) is analyzed. Further information about
the ERA-5 data can be found in Hersbach et al. (2017, 2018, 2020).

With regard to the possible influence of meteorological conditions on
the NO,-pollution during the time periods, A, B, and C we analyzed more
closely the hourly ERA-5 data regarding the 2m temperature, the total
cloud coverage and wind speed based on the u- and v-component of the
wind. The data was downloaded for UTC 1500 (8 a.m. PDT summer
time), UTC 1600 (9 a.m. PDT summer time), UTC 1700 (10 a.m. PDT
summer time), and UTC 1800 (11 a.m. PDT summer time) for Los
Angeles as well as UTC 2300 (8 a.m. JST), UTC 0000 (9 a.m. JST), UTC
0100 (10 a.m. JST), and UTC 0200 (11 a.m. JST) for Tokyo. The mean
values of each meteorological parameter as well as area of interest were
calculated between 8 a.m. and 11 a.m. (PDT and JST) to cover the
overflight time of the satellites. Afterwards, the mean values and the
standard deviations (SD) of the different periods A, B, and C, which were
derived from the NO, variabilities, were calculated to identify changes
over time (see Table 1 and Table 2). Furthermore, based on the wind u-
and v-component the wind speed is calculated (Table 1).

As Table 1 for the greater Los Angeles area presents, the deviations in
terms of windspeed, precipitation as well as temperature between the
time periods A, B and C are minor. It is therefore unlikely that meteo-
rology can explain the observed significant decline in NO variability
shown in Fig. 8B for the periods B and C.

The same approach as aforementioned was performed for the greater
Tokyo area. As presented in Table 2 the average values for the investi-
gated periods A, B, and C show only minor changes and therefore could
not be the cause for the significant reduction of NO5 variability espe-
cially for the period B, and C (Fig. 9).

Due to the fact that the satellite observations used in this paper only
deliver observations during more or less clear sky conditions, cloud
cover only plays a minor in our analysis. Moreover Georgoulias et al.
(2019) describe that only data with a cloud radiance fraction of less than
50% - which is equivalent to a cloud fraction with less than 20% - is
considered for the data base we use. Furthermore, the authors mention
that only data with a surface albedo smaller than 0.3 is used and
moreover data with a solar zenith angle higher than 80° is filtered out as
well.

The cloud analysis is used to determine the average number of days
used in the calculation of the monthly averages regarding the cloud
coverage. This is important because the used data product does not
contain any information on how many days were considered for the
monthly mean values. In order to better understand the cloud cover in
the two study areas, we looked at hourly ECMWF ERA-5 data from C3S

Table 1
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about the total cloud cover (see Hersbach et al., 2017, 2018, 2020).
Fig. 3 presents the number of days within a month with less than 20%
cloud cover. A closer look on the total cloud cover above the greater Los
Angeles area reveals that on average 13 days per month are available.
Regarding the greater Tokyo area, the ERA-5 data shows that on average
3.5 days per month are obtainable whereas the spline (blue curve) re-
veals a slightly increasing trend. Moreover, all study areas in Fig. 3
portray an annual cycle. Los Angeles for instance displays on average
fewer days with less than 20% total cloud cover in January, whereas
Tokyo has fewer days in July. The latter can be explained by the
monsoon season in spring.

As shown in Fig. 4A, the mean (blue dot) of the daily total cloud
cover for the greater Los Angeles area varies between 46% in February
and 21% in August. The most cloud free days occur during the summer
months - June, July, August, and September — with a density (Fig. 4A
gray shaded area) of the total cloud cover with less than 12% and a
median between 16% and 21%. In comparison to that Fig. 4B represents
the greater Tokyo area where the highest total cloud cover appears
during June and July with a mean value of 79% and 73%. This can be
referred due to the monsoon season in spring which is also called
“Tsuyu”.

3. Methods

The data visualization is done by using the programming language R
with the packages “ggplot2” (Wickham, 2016), and “lubridate” (Grole-
mund and Wickham, 2011; Spinu et al., 2018).

The long-term trend in Fig. 5 is calculated by using the “mgcv”
package by Wood (2017). This makes it possible to subtract the
long-term trend effects from the NO, observations and proceed with the
spectral analysis methods described in the following subchapters.

Moreover, the maps of the study areas are made with Natural Earth.
The vector and raster map data are freely available and can be down-
loaded at www.naturalearthdata.com.

3.1. Harmonic analysis

This study employs the methodological approach of harmonic anal-
ysis (HA) to subtract seasonal variations (e.g. annual cycle) from the
time series. The methodology of HA is a well-established spectral anal-
ysis method but a brief description of its formula and scope is warranted.
The following description of HA is based on that of Bichler and Bittner
(2022) that applies this methodology for a related purpose and to a
similar data set type. If the amplitude A;, the phase ¢;, and the period 7;
withi=1,...nis known it is possible to model (yo4(t)) the original time
series y(t) to a certain degree by applying a linear superposition of n
sinusoidals.

. 2r
Ymoa (1) = ZA, sin (T— 1+ (p,~>
P i

(€8]

Z [y(t) - ynwd(t)]z -0 2)

As mentioned, the HA in this article is used to extract the annual and

Averaged meteorological parameters and standard deviation (SD) for the investigated periods A, B, and C for the greater Los Angeles area in the United States shown in
Fig. 8. Source: Hersbach et al. (2017, 2018), Generated using Copernicus Climate Change Service (C3S) Information [2022].

Los Angeles A B C

Jan. 97 — Nov. 07 Dec. 07 — Apr. 12 May 12 — Dec. 16

Mean SD Mean SD Mean SD
Windspeed 1.59 m/s 0.95 m/s 1.69 m/s 1.00 m/s 1.57 m/s 0.90 m/s
Total precipitation 0.03 mm 0.00018 mm 0.03 mm 0.00017 mm 0.02 mm 0.00012 mm
2m temperature 16.89 °C 5.96 °C 15.78 °C 5.98 °C 17.73 °C 5.77 °C
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Table 2
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Averaged meteorological parameters and standard deviation (SD) for the investigated periods A, B, and C for the greater Tokyo area in Japan shown in Fig. 9. Source
Hersbach et al. (2017, 2018), Generated using Copernicus Climate Change Service (C3S) Information [2022].

Tokyo A B C
Jan. 97 — Sep. 03 Oct. 03 - Jan. 12 Feb. 12 - Dec. 16
Mean SD Mean SD Mean SD
windspeed 2.60 m/s 1.48 m/s 2.45m/s 1.44 m/s 2.47 m/s 1.46 m/s
Total precipitation 0.17 mm 0.00037 mm 0.20 mm 0.00048 mm 0.21 mm 0.0005 mm
2m temperature 14.89 °C 7.84°C 14.98 °C 7.73 °C 15.57 °C 7.88°C
30
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Fig. 3. Total cloud cover with less than 20% cloud cover for (A) the greater Los Angeles area and (B) the greater Tokyo area from 1996 to 2017. Source: Hersbach
et al. (2017, 2018), Generated using Copernicus Climate Change Service (C3S) Information [2022].

the semi-annual cycle from the tropospheric NOy column density time
series. To do so, the time series is split into single years starting from July
to July of the following year. Afterwards a sinusoidal is fitted to the data
based on the least squares method and then subtracted from the data
(see equations (1) and (2)). The result are the residues. Equations (1) and
(2) can then be applied again on the residues and so on. To further
improve the outcoming of the HA the amplitude A; as well as the phase
@, are re-fitted to the new time series (residues) at the same time. Further
information about the HA and the aforementioned optimization
approach can be found in Bittner et al. (1994). As described in Bichler
and Bittner (2022) the non-linear system of equations is solved by using
the Newton-Raphson method (see Ortega and Rheinboldt, 1970).

3.2. Wavelet analysis

On the other hand, this study also exerts briefly the methodology of
the wavelet analysis (WA) to analyze various types of variations such as
transient events where an abrupt change takes place, non-stationary
signals, local frequency changes such as seasonal patterns as well as
non-seasonal variations in the given tropospheric NO, time series. In
comparison to the HA the WA does not require stationarity in the sta-
tistical sense. This means that the time series does not require the same
statistical moments such as the standard deviation or the mean values
for instance, and therefore not need to be split into single years. This is a
great advantage of this method. The wavelet transform can be found in

equation (3). In this equation f(t) represents the given time series, h
characterizes the mother wavelet, in this case a Morlet wavelet, a is the
dilation factor, and b stands for the shift in time.

1 [ t—b
s(ab)= 2 /_ R {T} dr ®)
The Morlet wavelet can be described as the following:
1 i k2 2
h(t):m[ek'—ek/z]e /2 4)
where
5 712

More detailed information on the wavelet transform can be found in
Wouest and Bittner (2006), Bittner et al. (2000), Torrence and Compo
(1998), as well as Chui (1992).

Within this article the WA is carried out in R by using the “Wave-
letComp” package from Roesch and Schmidbauer (2018).

4. Results
4.1. NOg long-term trend and seasonal variability

The time series of the NO; column density for the greater Los Angeles
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Fig. 4. Daily total cloud cover for (A) the greater Los Angeles area and (B) the greater Tokyo area divided by months from 1996 to 2017. Gray layer shows the density
of the daily total cloud cover over the month. Red dots represent outliers, blue dots indicate the mean value, and the horizontal lines show the median. Source:
Hersbach et al. (2017, 2018), Generated using Copernicus Climate Change Service (C3S) Information [2022].
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Fig. 5. Time series of the tropospheric NO; monthly mean column densities from 1996 to 2017 based on GOME, SICAMCHY, GOME-2A and GOME-2B observations
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represents a cubic spline fit indicating the long-term trend, red line indicates a turning point (see text for detail).
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area (Fig. 5A, black curve) shows from 1996 till August 2000 (Fig. 5A
red line) an increase in NO; of about 22% before it then rapidly starts to
decrease almost linearly by 64% within the period from August 2000 to
2017. This long-term development is superimposed by shorter scale
fluctuations which are shown as the blue curve after taking out the long-
term course. Obviously, the strength of these fluctuations decreases with
time. The narrowing towards 2017 can be observed by looking at the
course of the local maxima and minima. A closer look on the develop-
ment of the fluctuations also present structural differences for the period
from 1996 to 2007 compared to the succeeding period from 2008 to the
end of 2017. In fact, it appears that the periodicity of the fluctuations
changes with time. While fluctuations on time scales of a few months are
strongly characterizing the fluctuations in the years up to about 2006/
2007, the annual cycle increasingly emerges thereafter. In order to
quantify the temporal development of the annual cycle we performed a
harmonic analysis. It turns out that the amplitude of the annual cycle is
in the order of about 1-5 * 10'® molecules cm™2. They show a clear
tendency to decrease over the years as is shown in Fig. 6A. It is also
striking that the long-term decrease in the amplitude of the annual cycle
is superimposed by a quasi-two-year variation with a peak-to-peak
variation in the order of about 1 * 10'> molecules cm ™2,

Examining the amplitudes, after applying the harmonic analysis for
the annual cycle in the study area of Los Angeles, it can be observed that
the height of the amplitudes decreases by 53% (Fig. 6A, blue spline).

In contrast, the cubic spline for the greater Tokyo area indicates a
continuously decreasing and as a linear incline appearing trend with an
overall reduction of about 40% (Fig. 5B, black curve). Like Los Angeles
the gray splines show a similar trend of a significant narrowing towards
2017. Regarding to the strength of the fluctuations (blue curve in
Fig. 5B), a pronounced reduction can be noticed from 2004 onwards.
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The temporal development of the annual cycle is shown in Fig. 6B. The
annual cycle strongly weakens in time reaching amplitudes down to
about 0.5 * 10> molecules cm~2 from 2008 on. Note that the annual
cycle also seems to reveal a quasi-two-year modulation.

An even stronger decline in the amplitudes can be detected in the
greater Tokyo area where the amplitudes decrease by 96% between
1996 and 2017 (Fig. 6B, blue spline).

4.2. NOgz sub-seasonal variability

The NO,-fluctuations shown in Fig. 5A and B (blue curves) contain
contributions also in the sub-seasonal range. In order to quantify them, a
wavelet analysis was applied to the time series of the fluctuations. The
spectrograms are given in Fig. 7A for Los Angeles and in Fig. 7B for the
Tokyo greater area. The panels beside the wavelet-spectrograms give the
mean wavelet spectral density averaged separately for each period.

The NOs-fluctuations for Los Angeles are characterized by strong
contributions with periods of around 12 months (annual cycle) and
contributions with shorter periods and peaking around three months.
The latter could indicate the influence of the Madden-Julian oscillation
(MJO) (Jones, 2000; Zhou et al., 2020) but further research needs to be
done.

The wavelet spectrogram indicates that the annual cycle extends
over almost the entire time series. It is consistent what is already said
above that the variability of the annual cycle varies over time and rea-
ches comparatively lower values around 2003-2004 and low values
from 2016 to 2017. Strikingly noticeable are also strong fluctuation at a
period of around three months. Specifically, the years 1997, 2000, 2001,
2003, and 2006 emerge. Starting in 2007 the NO5 — and apart from a
short period of increased activity around 2012 - variability decreases
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2006 2008 2010 2012 2014 2016 2018
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Fig. 6. Development of the amplitude of the annual cycle (black line) in the tropospheric column NO, - time series between 1996 and 2017 for (A) the greater Los
Angeles area and (B) the greater Tokyo area. The blue lines represent a cubic spline to visualize long-term tendencies.
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Fig. 7. Wavelet power spectrum based on the residues shown in Fig. 5 for (A) the greater Los Angeles area and (B) the greater Tokyo area. White contours show
significant areas, the shaded area reveals the cone of influence which marks areas that might be influenced by edge-effects due to the stretched Morlet wavelet on the
edges of the time series, and the plots on the right side represents the related average wavelet power in the frequency domain (averages over time) over the entire

period from 1996 to 2017 (Roesch and Schmidbauer, 2018).

significantly in this frequency range and this continues until the end of
2017. Note that there are also enhanced intensities at longer periods. A
quasi two-year variation is visible between 1997 and 2007 which could
be caused by the quasi-biennial oscillation (QBO). There is also some
indication for the presence of variations in the period range of about 40
months as well as 80 months. This could be caused by the time intervals
of three (36 months) to seven years (84 months) between two El Nino
events which are part of the El Nino-Southern Oscillation (ENSO).

Fig. 7B represents the results of the spectral analysis for the greater
area of Tokyo, Japan. Beginning with the plot on the right side, six
ranges of periodicities with enhanced amplitudes can be detected. Two
maxima are present between the period two and four months which
could indicate the Madden-Julian oscillation (MJO), the third maximum
arises at a period of around six months which implies the semi-annual
cycle. Afterwards another peak can be observed at around twelve
months which represents the annual cycle. The last two maxima are
noticeable at around 32 months and 48 months. Like Los Angeles the
two to four-year signal could be caused by ENSO.

Regarding to the related wavelet-spectrogram, a significant signal is
present between the periods of 30 and 64 months. This signal spans from
1996 until 2008. However, for the following nine years, the aforemen-
tioned signal cannot be detected anymore. Studying the annual cycle at
the period of around 12 months reveals that the variability is stronger
between 1996 and 2000, as well as from 2001 to 2006. In between, a
significant drop in the fluctuation can be detected in the year 2000.

Remarkably, the annual cycle almost dissolves after 2006. Stronger
signals in the NO; variability can further be observed in the sub-seasonal
frequency region at the end of 1997, in 1999, 2001, 2002, and 2003.
Strikingly, the timespan between 2004 and 2012 where a strong
decrease of the fluctuations is noticeable over almost the whole fre-
quency range. Moreover, the succeeding period from 2012 to 2017
presents an even stronger significant drop in the NO, variability.

In order to get a more precise picture of the sub-seasonal fluctua-
tions, we took out the longer-term signals, the annual and semi-annual
cycles from the original time series by means of the harmonic anal-
ysis. The residues for the greater Los Angeles area are shown in Fig. 8A
(blue line) are then subject to the wavelet analysis. The resulting wavelet
spectrogram is shown in Fig. 8B. This adjusted wavelet spectrogram
clearly shows that the sub-seasonal variability strongly decreases from
2008 onwards with an exception in 2012.

Based on the wavelet-spectrogram shown in Fig. 8B we identified
three time zones with different spectral characteristics as shown by the
squares A, B, and C. By calculating the monthly mean wavelet intensity
values between the periods of two (according to the Nyquist-Shannon
criterion) and six months, it is possible to quantify the change of the
sub-seasonal NO., variability between the identified time zones A, B, and
C. From time zone A to time zone B we find a reduction in NO, vari-
ability of around 77%. A further reduction from time zone B to time zone
C leads to a decrease by 82%.

Fig. 9 gives the results for the greater area of Tokyo. The NO2-
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Fig. 8. Spectral analysis results for the greater Los Angeles area. (A) Harmonic analysis fit based on the annual and semi-annual cycles presented as red curve. The
black curve shows the original time series with subtracted long-term trend. The blue curve visualizes the residues which is the result of subtracting the red curve from
the black curve. (B) Wavelet spectrogram for the residues shown in Fig. 8A (blue curve).

fluctuations adjusted for the annual and half-year cycle (blue curve in
Fig. 9A) show significantly lower values from about 2004 than in the
previous period. This is also reflected in the wavelet spectrogram. The
variability of the intensities of the sub-seasonal fluctuations can be
divided into three time zones, A, B, and C (see Fig. 9B). We tentatively
did not designate the drop in intensity in 2000 as a separate time zone.
Again, the sub-seasonal NO; variability was estimated for each time
zone separately by averaging the wavelet intensities between the pe-
riods two and six months. We find a decrease in NOy variability of
around 73% from time zone A to time zone B. A reduction of around 80%
is found from time zone B to time zone C.

5. Discussion
5.1. NOj long-term trend

The long-term NO, development for the greater Los Angeles (Fig. 5A)
systematically increases from 1996 to August 2000 by about 22% before
it reaches a turning point. From there on the NO, pollution appears to
decrease almost linearly by about 64%. Superimposed is a seasonal
variation showing higher NO, values in winter times and lower values
during summer times. The amplitude is found to decrease over time by
about 53% (Fig. 6A).

There are several studies which address the long-term trend of air
quality in the Los Angeles region. For example, Brioude et al. (2013)
studied air pollution measurements taken during several NOAA (Na-
tional Oceanic and Atmospheric Administration) P-3 aircraft campaigns
in combination with three different transport models. The main goal of

10

Brioude et al. (2013) was to evaluate and improve the National Emission
Inventory (NEI) 2005, however, one of the results that fits the content of
our paper is that the posterior NOy (NOy = NOx + PAN + HNO3 + NO3)
emissions for the Los Angeles County decreased by 36% + 10% and 37%
=+ 15% for the South Coast Air Basin (SoOCAB) between 2002 and 2010.
This reduction in NOy emissions is in line with our finding. We derive a
reduction of tropospheric NOy of around 39.8% between 2002 and the
end of 2010.

Russell et al. (2012) analyzed OMI data, they report about a decrease
in NOy of 40.3% for Los Angeles from 2005 to 2011. The authors
conclude that the results indicate that improved emission control tech-
nology for on-road mobile sources led to a reduction in NO3 pollution.
Hassler et al. (2016) who analyzed the inventory NOy emissions find a
decrease by 45.3% + 10.9% between 2005 and 2014. They conclude
that NOy emissions declined due to more stringent vehicle emission
standards as well as the growing importance of heavy-duty diesel en-
gines. And Duncan et al. (2016) found a reduction in satellite-based
observations of the NO, tropospheric column based on OMI/Aura data
over Los Angeles of around 56.4% + 5.6% between 2005 and 2014.
Duncan et al. (2016) conclude for various cities in the U.S., Europe, and
Japan that the changes in NO, pollution might be caused due to local,
regional, and/or country specific environmental regulations. Moreover,
astudy by Tong et al. (2015) reviled a reduction in NOy over Los Angeles
by around 40% based on OMI data and a 37% based on ground obser-
vations (Air Quality System, AQS) between 2005 and 2012. Regarding to
the authors this is probably caused by combined effects of emission
control regulations as well as the economic recession. The findings of
Tong et al. (2015) compare quite well with our result which gives a
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Fig. 9. Spectral analysis results for the greater Tokyo area. (A) Harmonic analysis fit based on the annual and semi-annual cycle presented as red curve. The black
curve shows the original time series with subtracted long-term trend. The blue curve visualizes the residues which is the result of subtracting the red curve from the
black curve. (B) Wavelet spectrogram for the residues shown in Fig. 9A (blue curve).

reduction of the tropospheric NO; column densities of about 42% from
2005 to the end of 2014.

Additionally, Hassler et al. (2016) found a decreasing NOy/CO
pollution after 2007 in their fuel-based inventory data. The authors
reference this event with the global economic crisis which had an impact
on freight traffic. This further led to a decrease in NOy emissions for the
Los Angeles Basin by around 41%.

In the greater Tokyo region, there are also several studies available
which address the long-term change of air quality. For example, Duncan
et al. (2016) also find a decrease in the NO; column density for Tokyo of
around 38.3 + 8.3% between 2005 and 2014. The authors indicate that
local, regional, and/or country specific environmental regulations led to
the large NOx decrease in Tokyo for instance. However, Duncan et al.
(2016) mention that western parts of Japan experience weaker changes
in NOy pollution. Regarding to the authors this might be caused due to
transboundary NOy pollution from China. Additionally, Choo et al.
(2020) analyzed the tropospheric NO; VCD from Aura/OMI data from
2005 to 2018. The authors describe that the VCD for Japan decreased by
3.55 + 2.37 * 10" molecules cm 2. In comparison to that, the decrease
of the linear trend between 2005 and 2017 based for the Tokyo area in
our studies is about 2.74 * 10*® molecules cm~2 which equals a reduc-
tion of around 28%.

Moreover, Choo et al. (2020) mention a decrease in the tropospheric
NO2 VCD for Japan of around 30% between 2005 and 2017. In com-
parison to that, the long-term NO; tropospheric column densities
(Fig. 5B) in our studies decreases almost linearly over the whole period
(1996-2017) by 40%. It can be said, that those results are very similar,
although it must be pointed out that we analyzed a longer period of time,
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a smaller study area as well as NO, observations in the morning not
around noon. Nevertheless, Choo et al. (2020) concludes that the NO4
trends over Northeast Asia might be caused by various socio-economic
changes such as economic growth/recession, environmental policy
and so forth.

In our study we show that the long-term trend is superimposed by
smaller scale fluctuations in a scale of a few months. By removing the
long-term decrease from the NO time series, we find that the variations
between 2004 and 2017 are significantly smaller than from 1996 to
2004. In other words, the amplitudes are significantly smaller during the
period from 2004 to 2017 in comparison to the previous years. In gen-
eral, the height of the amplitudes decreased by about 96% (Fig. 6B).

Souri et al. (2017) also examined OMI NO, data and found for Japan
a downward trend in the yearly averaged time series for all three study
periods from 2005 to 2014 (—0.06 * 10 molecules cm ™2 yr’l), 2005 to
2010 (—0.11 * 10" molecules cm™2 yr™1), and 2010 to 2014 (—0.03 *
10'® molecules cm™2 yr~1). The authors imply that this is a result of
strictly persistent air pollution regulations. However, Souri et al. (2017)
also mention that other parts of Japan might be influenced by the export
of Chinese NOy emissions.

Based on the results, it should be mentioned that the selected study
areas seem to be quite successful in their ongoing decoupling of eco-
nomic activity from air pollution.

It should be noted at this point that, based on literature as well as
reports from the United States Environmental Protection Agency (EPA),
the long-term decline of NO; pollution (Fig. 5) for both study areas seem
to be a result of air pollution control measures.

In the greater Los Angeles region, the EPA introduced the Clean Air
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Act in the 1990s. Since then, the exhaust gas emission standards got
stricter and the fuel composition environmental friendlier (EPA, 2022).
Stringent standards for emissions caused by diesel engines during con-
struction, agriculture, industrial equipment or marine applications were
applied. In 1999, based on EPA reports the emission standards for cars
were also applied for the first time to light-duty trucks as well as sport
utility vehicles (SUVs) (EPA, 2022). Additionally, large marine diesel
engines were forced to reduce their NOy and PM emissions which may
have led to further reductions in air pollution (EPA, 2022). In 2000, a
new regulation for nonroad handheld engines such as chainsaws or bush
cutters etc. came into effect which also led to a reduction of hydrocar-
bons (HC) and NOy pollution. A national control program was also
developed to regulate 2007 model year heavy-duty vehicles as well as
the inherent fuel. Between 2001 and 2016 EPA further established the
Clean School Bus USA program, stricter standards for nonroad diesel
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engines, marine diesel engines as well as motorcycles. Additionally, the
Smart Way Transportation Partnership program was introduced and
changes for commercial aircraft engines regarding their NOy emissions
were made. Due to the Energy Policy Act from 2005 the Renewable Fuel
Standard Program as well as the Diesel Emission Reduction Program
were established. A stringent emission standard was also adopted for
locomotives regarding to their PM and NOy pollution. EPA also notes
that due to the 2007 Energy Independence and Security Act the
composition of fuel changed by adding 15% of ethanol to the mixture,
also known as E15. Furthermore, the Emission Control Area (ECA) for
shared waters by the US, Canada, and France was developed (EPA,
2022).

In addition to the California Ambient Air Quality Standards
(CAAQP), another reason for the long-term decline in NO3 pollution for
Los Angeles could be the implementation of the low-emission vehicle
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Fig. 10. Comparison of the wavelet spectrogram with political air pollution control measures for the study area in Los Angeles.
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(LEV) and zero-emission vehicle (ZEV) program in 1990 (CARB, 2022,
2022a, 2022b). Both programs, LEV and ZEV, were later combined in
the California’s Advanced Clean Cars Program. The Advanced Clean Car
(ACQ) I regulation was introduced in 2012 to regulate the period be-
tween 2015 and 2025 and will be followed by the ACC II regulation for
the period 2026 to 2035. The goal of the ACC II is that by 2035 all new
passenger vehicles, trucks, as well as SUVs that will be sold in the state of
California shall be zero emission vehicles (CARB, 2022c). California also
established the Assembly Bill 32 Global Warming Solutions Act of 2006
to reduce greenhouse gas (GHG) emissions. Since GHGs as well as NO5
pollution has its source mostly by fossil fuel combustion, thus regula-
tions for GHGs can have an impact on air pollutants as well. Within the
literature Hassler et al. (2016), Bishop et al. (2015), McDonald et al.
(2012, 2013), and Bishop and Stedman (2015) further mention the
implementation of NOy emission control technologies such as the se-
lective catalytic reduction (SCR) systems as well as the Tier II emission
standards which lead to a reduction in air pollution for heavy-duty diesel
vehicles as well as light-duty vehicles after 2007. Also, worth
mentioning is the impact of the global financial crisis in 2008 on the
truck fleet population. Due to the recession, emissions from diesel as
well as gasoline trucks decreased largely (Bishop and Stedman, 2015;
Hassler et al., 2016).

Furthermore, in 2006 the San Pedro Bay Ports Clean Air Action Plan
(CAAP) was introduced. This plan was created and established between
the Port of Los Angeles and Long Beach with the task to reduce port
emissions (Giuliano and Linder, 2013; CAAP, 2017, 2017a). Giuliano
and Linder (2013) also stress out that ports are complex in terms of their
“fragmented regulations” due to international trade. Therefore, emissions
can be regulated for instance by federal, state or local agencies (Giuliano
and Linder, 2013). Nevertheless, referring to the authors the CAAP is an
example of self-regulation which was adopted because of “the loss of
social legitimacy, to social pressure that were restricting the ability of the ports
to expand, and to regulatory threats”. Although the authors further
conclude that at least 50% of air pollution was reduced by the CAAP in
comparison to without the initiative.

In a direct comparison with the wavelet spectrogram (Fig. 10), the
Energy Policy Act, the Renewable Fuel Standard Program, and the Diesel
Emission Reduction Program stand out. All three measures are estab-
lished in 2005 and if a start-up period of one and a half year is consid-
ered, significant drops in NO, variability can be observed. Moreover, the
Assembly Bill 32 Global Warming Solutions Act, as well as the San Pedro
Bay Ports CAAP in 2006 show similar results after less than one year.
Additionally, in 2007 the SCR systems, the Tier II emission standards, as
well as the Energy Independence and Security Act also seem to have a
positive impact on the reduction of the NO, variability. From 2015
onwards, it can also be seen that the annual cycle loses intensity which is
probably supported by the ACC 1.

Like California, Japan has taken environmental protection measures
early on such as the Air Pollution Control Act in 1968 (Act No. 97 of June
10, 1968). Nevertheless, in this paper we aimed to address measures that
became effective in the period between 1996 and 2017 and therefore
might influenced the NO; variability in Tokyo. As Hara et al. (2013)
emphasizes, the Ministry of Land, Infrastructure, Transport, and
Tourism (MILT) established several national laws to reduce air pollu-
tion. Regarding Hara et al. (2013), in the years 1994, 1997, 2003, 2005,
and 2009 the diesel vehicle exhaust emission standards from brand-new
cars continuously became stricter. Furthermore, in 2002 the Automobile
NOy and PM Control law was introduced which especially had an impact
on the use of older vehicles (Hara et al., 2013; TransportPolicy.net,
2018; DieselNet, 2015). Within their study, Hara et al. (2013) concluded
that the traffic volume especially of diesel trucks decreased in Tokyo and
might be the effect of stricter regulations but also due to technological
improvements regarding the engine. The authors found a reduction in
PMy 5 of 49.8% between 2001 and 2010. Furthermore, Japan is since
2012 a partner of the Climate and Clean Air Coalition (CCAC) which not
only focuses on the reduction of GHG but also air pollution (CCAC,
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2022). Additionally, Japan introduced the Feed-In Tariff (FIT) in 2012 in
order to promote renewable energy (METI, 2017).

On sub-national level, the Tokyo Metropolitan Government (TMG)
established a new Ordinance on Environmental Preservation at the end
of 2000. This regulation included the Countermeasure Against Vehicle
Pollution program which consist of six different strategies and came into
effect in October 2003 (Hara et al., 2013; ESCI Energy Smart Commu-
nities Initiative, 2014; TransportPolicy.net, 2018a; DieselNet, 2015a).
Also, from 2002 to 2005 the Tokyo Carbon Reduction Reporting Pro-
gram for existing large facilities was introduced (EBRD, 2023). This was
a mandatory reporting scheme that helped identify one’s potential to
reduce the energy consumption. This initiative and the outcome of
several meetings with various stakeholders paved the way for the
cap-and-trade program (Roppongi et al., 2017; TMG, 2023). The TMG
introduced the cap-and-trade program in 2010, which was proposed in
the Tokyo Climate Change Strategy of 2007 to regulate GHG emissions
within a five-year period. Like Roppongi et al. (2017) notes, Tokyo’s
cap-and-trade program was worldwide the first city-scale scheme that
also included the regulation of buildings to reduce GHG emissions. The
authors further stress that Tokyo was able to reduce 23% of GHG
emissions after 2013 compared to the base years. This was done by
regulating energy consumers such as large building facilities for
example. As the name of the program indicates, the exceeding emission
can be capped through five different types of credits. If there is no
improvement regarding to the emissions, the Governor of Tokyo can
issue a warning to the specific facility and, in worst case, impose a fine of
up to 500.000JP¥ (Roppongi et al., 2017). This regulation not only re-
duces GHG, but also trace gases, as these are also associated with energy
consumption. Additionally, the Tokyo Carbon Reduction Reporting for
Small and Medium Entities (CRR) Program is a mandatory reporting
initiative for CO emissions that was launched in 2010 (EBRD, 2023;
TMG, 2018; TMG, 2018a; TMG, 2018b). Moreover, TMG announced in
2019 the Zero Emission Tokyo Strategy, which aims to achieve net zero
CO4 emissions by 2050 (TMG, 2019; TMG, 2019a). Since CO- is also
produced as a product of fossil fuel combustion, this strategy also has a
positive impact on reducing air pollutants.

Similar results are found for Tokyo. In this regard, the Automobile
NOx PM Control law as well as the Tokyo Carbon Reduction Program
which were introduced in 2002 appear to have had an impact on the
NO,, variability one year later. Furthermore, in 2003 the diesel vehicle
exhaust emission standards for brand-new cars became stricter and in
addition the Countermeasure Against Vehicle Pollution program came
into effect while at the same time the wavelet spectrogram (Fig. 11)
shows significant declines in NOy variability. Starting in 2005 the
annual cycle loses substantial on intensity and disappears completely
after 2006. A further decrease in smaller fluctuations between the pe-
riods of two and eight can also be seen in 2009. At both points in time,
2005 and 2009, measures for diesel vehicle exhaust emission standards
for brand-new cars tightened again. In 2010 the five-year period for the
cap-and-trade program was introduced and the wavelet analysis shows
once more a striking reduction in NO, variability.

Both wavelet spectrograms in Figs. 10 and 11 suggest that the air
pollution control measures mentioned resulted in a reduction of NOg
pollution and variability. Detailed research on pollution measures as
well as pollution variability can help identify effective measures and
apply them to other study regions to promote better air quality.

5.2. NO; seasonal and sub-seasonal variability

To better understand the NO, variability based on smaller scale
fluctuations, the wavelet analysis (Figs. 7, Fig. 8, and Fig. 9) will be
discussed. The wavelet spectrogram for the study area in Los Angeles
(Fig. 7A) presents a strong annual cycle at a 12 months period due to
temperature differences between summer and winter. After deducting
the annual cycle from the NO, time series (Fig. 8) variations in smaller
scales come out more clearly.
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Fig. 11. Comparison of the wavelet spectrogram with political air pollution control measures for the study area in Tokyo.

It should also be mentioned that the study area in Los Angeles
(Fig. 7A) shows a significant section between the periods 64 and 96,
which is indicated by a white bordered line. This signal implies a five to
eight-year cycle, which could be caused by the El Nino-Southern
Oscillation (ENSO). Additionally, the amplitudes in Fig. 6A of Los
Angeles present a maximum almost every two years, which could imply
the quasi-biennial oscillation (QBO). This is a phenomenon in the
stratosphere in which the wind directions change at a cyclic interval.
Moreover, the QBO can be observed worldwide.

Regarding sub-seasonal fluctuations in a range of a few months a
strong decrease in the variability can be observed strikingly well in the
period starting from 2007 to 2017. In contrast, in the previous period
(Figs. 5A and 1996-2007) there are a few years in which the variability
is significantly more distinct. A reduction of the variability in the sub-
sequent period could be caused on the one hand by short-term events
such as the global financial crisis in 2007/2008. Bichler and Bittner
(2022), and references therein, further point out the low-periodic NO2
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fluctuations are mostly a composition of production, loss, and transport
processes. This can be written as

ONO,

5 =Pi— L — uANO,

©

where t is the time, u is the velocity, A is the three-dimensional spatial
gradient operator, P is the production, and L stands for the loss on NO», i
and j intended to represent different processes. On the other hand,
changes that reduce smaller variabilities and thus lead to a clearer
appearing of the annual cycle (Figs. 5A and 2007-2017) may have been
brought as a result of aforementioned persistent political measures to
improve air quality.

McDonald et al. (2012, 2013) emphasize that on-road vehicles are
the dominant source (around 80%) for anthropogenic NOx emission in
Los Angeles. They further describe that between 2007 and 2009 the two
study areas — the Los Angeles basin and the San Joaquin Valley — observe
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a decrease of around 10% per year in NOx. The authors suspect the
connection with the economic crisis which had an impact on the freight
sector and further mention that the sales regarding to diesel fuel fell by
13%-17% whereas gasoline dropped by 2%-6%. Furthermore, Russell
et al. (2012) found a reduction in NO5 column densities for Los Angeles
prior (2005-2007), during (2007-2009), and after (2009-2011) the
global economic crisis of around 5.47%, 14.99%, and 2.15% per year.

It is now possible to quantify the reduction of the NO, variability
based on three periods A, B, and C. As described in the literature, the
periods A, B, and C can also be divided into before, during, and after the
economic crisis. When dividing the economic development into the
same three periods as shown in Fig. 8 it can be observed that the NOy
pollution during period A (1997 to end of 2007) is more pronounced
than in subsequent years. At the same time, the GDP development be-
tween 2001 and 2007,/2008 is constantly rising. Subsequently, the
second phase starting at the end of 2007 presents a slight decline in
economic output, triggered by the global economic crisis. However,
until the beginning of 2012 the economy is able to recover and reaches
before crisis levels again. In comparison, there is a significant decrease
in NOy variability during this crisis-ridden phase. During the second
period there is a 77% decrease in NO variability compared to the pre-
vious time. Although, within period C, ranging from the beginning of
2012-2017, the economic output starts to increase again whereas NOy
pollution continues to fall, is very interesting. Compared to period B,
NO,, variability decreased by another 82% in period C. The drifting apart
of GDP development and NO pollution can be interpreted as decoupling
process.

In Tokyo (Fig. 7B), an annual cycle can be found from 1996 to 2005/
2006. Afterwards the variability of the annual cycle becomes hardly
noticeable in the spectrogram. Additionally, the wavelet spectrogram
shows a significant area between the periods 32 and 64 which indicates
an almost three to five-year cycle. The amplitudes of the study area for
Tokyo (Fig. 6B) also show higher values almost every two years. This
phenomenon could also be caused by the aforementioned QBO. Also, the
smaller scale fluctuations decrease significantly beginning in mid-2003.
When subtracting the long-term trend from the NO, time series (Fig. 9)
the decrease in NO; variability can be divided into three periods.

From period A to period B a reduction of around 73% and from
period B to period C a reduction of around 80% of NO,, variability can be
observed. Looking at the economic output it can be noticed that a
decoupling between the NO; pollution and the GDP development started
already in 2003. From there on the NO, variability significantly de-
creases especially for fluctuations between period two and period eight
which can be seen in Fig. 7B and in Fig. 9B. It is also astonishing that the
annual cycle from 2007 onwards ends abruptly (Fig. 7B). At the same
time, the GDP has shown significant slumps since 2007, which only
recovered in 2012 where the economic output is back at a pre-crisis
level. It can now be speculated to what extent the economic crisis has
affected the NOy annual cycle. What is certain, however, is that even
after 2012 annual cycle is not appearing again and the decoupling
process continues.

In some study areas, transboundary air pollution can also occur due
to special wind flow conditions and adjacent sources of pollution.
Takashima et al. (2011) analyzed the NO, pollution observed by
MAX-DOAS observations over Cape Hedo on the Okinawa Island in
Japan by applying backward trajectory calculations on meteorological
data. They found that the NO; pollution was higher when strong west-
erly winds occurred due to a low-pressure system over Japan. In those
cases, polluted air masses were transported from the east coast of central
China. This means that higher variabilities can arise for a short time
(~24h) due to transport processes in the marine boundary layer. Similar
research regarding the transportation of anthropogenic air pollutants
from East Asia to Cape Hedo, Okinawa in Japan was also carried out by
Hatakeyama et al. (2011) where the authors also concluded that within
the transportation of air mass photochemical oxidation reactions took
place. Moreover, Kajino et al. (2013) analyzed the total deposition of

15

Atmospheric Environment 310 (2023) 119968

nitrate (TDN) for 2006 and additionally conducted a source-receptor
relationship (SRR) analysis for March, July, and December 2006.
Within the study the authors concluded that Chinese emissions
contributed around 50%-60% of the TDN in South Korea and Japan. As
Choo et al. (2020) and OECD (2016) emphasize, transboundary air
pollution has become a serious social, economic as well as a diplomatic
issue especially for countries close to significant air pollution sources. In
this study, transboundary influences were not examined in detail due to
the temporal resolution of the satellite observations for the area of in-
terest in Tokyo. Therefore, it is not possible to make a statement about
the extent to which such transboundary air pollution processes have
influenced our results but provide potential for future research. More-
over, Irie et al. (2016) and Souri et al. (2017) for instance also mention
the impact on the NOy pollution by the Fukushima Daiichi nuclear
power plant accident due to a tsunami which was caused by a massive
earthquake close to the Pacific coast in 2011. Both authors describe that
more energy was generated in the power plant sector after the accident
which lead to an increase in NO; column densities. The findings of Irie
et al. (2016) who found an increase of around 13% per year in the NO,
VCD from 2013 to 2015 based on OMI data cannot be confirmed.
Nevertheless, the slightly higher NO;, variability between a period of two
to 12 months in 2011 shown in Fig. 7B might be a result of the nuclear
power plant damage; however, further investigation is needed.

6. Summary and conclusion

In this study, we used a self-consistent tropospheric NOy VCD time
series based on GOME, SCIAMACHY, and GOME-2 with a temporal
resolution of monthly mean values which covers a period from 1996 to
2017 from Georgoulias et al. (2019). In a further step the satellite ob-
servations are studied by using two spectral analysis methods — the
harmonic analysis as well as the wavelet analysis. This approach makes
it possible to observe the temporal development of the NO; variability in
a certain area. Since NO; can be influenced by meteorological condi-
tions, the possible impact of precipitation, wind, and temperature is
analyzed. It is determined that the meteorology had no significant in-
fluence on our results. This study identified successful examples, Tokyo
and Los Angeles, of a decoupling process between NO, pollution and
economic activity using spectral analysis methods based on satellite
observations.

The main conclusions of this study are:

1. Decoupling process between NO, pollution and GDP growth

Both study areas show a decoupling process of NO, pollution and
GDP development. This occurs when NO; pollution decreases over time
while the GDP increases. It can thus be assumed that the economy in
these study areas has developed in a sustainable manner. From the study
area in Los Angeles, this can be observed from 2008 onwards (Fig. 7A),
with a strong annual cycle remaining due to seasonal changes. However,
minor fluctuations between the periods two through eight months
decrease significantly, while the economy recovers and grows after the
global financial crisis in 2008 (Fig. 2A). In comparison to that the NO5
variability in Tokyo significantly decreases starting in 2004 (Fig. 7B).
Remarkable about the study area is also the disappearance of the annual
cycle in the spectrogram which means that Tokyo has managed to
integrate air pollution measures that completely remove NO3 pollution
caused by seasonal changes. Referring to the economy it is shown in
Fig. 2B that from 2002 to 2007 a strong GDP growth is taking place.
Between 2007 and 2009 Tokyo suffers from the impacts of the financial
crisis but in 2011, the city returned to pre-financial crisis levels.

2. Air pollution control measures

The influence of political air pollution control measures is particu-
larly evident when examining the long-term trend (Fig. 5). For the
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greater Los Angeles area, a constantly and almost linear declining NO5
trend can be observed starting in the year 2000 (Fig. 5A). Moreover,
after 2008 shorter scale fluctuations disappear, which can be recognized
by a clearer appearance of the annual cycle. These developments can be
traced back to several initiatives of EPA on a national scale as well as air
pollution control measures such as the CAAQP, LEV regulations, ZEV
regulations, SCR systems, as well as the CAAP for instance on a sub-
national scale. Tokyo, on the other hand, shows a linear decline in
NO; pollution from the start in 1996 (Fig. 5B). These developments
might be ascribed to steadily tightened diesel vehicle exhaust emission
standards, the Automobile NOy, PM Control law, the introduced Ordi-
nance on Environmental Preservation which includes the Countermea-
sure Against Vehicle Pollution program, as well as the Tokyo Carbon
Reduction Reporting program that led to the cap-and-trade program, for
example.

This study has shown that the NO; variabilities can provide an
indication of whether economic activities are developing more sus-
tainably and whether goals such as those in the UN SDGs or the Euro-
pean Green Deal for instance can be achieved or not. Based on satellite
observations, these targets can thus be observed worldwide. Neverthe-
less, because we only focus on NO; pollution there is room for further
research on other air pollutants. Another limitation of this paper is that
we only focus on the GDP as a whole, therefore, a more detailed analysis
regarding the different economic sectors would offer potential.

Further studies could cities that successfully implement air quality
measures and continue to grow their GDP, such as Los Angeles and
Tokyo. Furthermore, an investigation on why some air pollution control
measures are more effective than others would have high potential for
future studies. The resulting findings could then be implemented in
political measures in other countries to improve air quality. In other
words, effective measures from other countries could be identified and
established in other study areas. The extent to which the outsourcing of
industries, foreign trade, consumer spending or population development
for instance has an impact on air pollution was not examined in this
study, but would show potential for future investigations in other areas
around the world.
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