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Abstract

Tamaki FUJINAWA

Satellite observation of nitrogen dioxide and acetonitrile from boundary
layer to upper troposphere and lower stratosphere

This thesis consists of following parts; (1) an overview of an air pollution problem in the whole
world, (2) a feasibility study for the tropospheric NO2 satellite observations with 1-km or-
der spatial resolution, (3) validation analysis of stratospheric CH3CN satellite observation of
SMILES, and (4) conclusions and future perspectives.

Based on a comprehensive analysis considering realistic atmospheric scenarios, a combina-
tion of a fit window of 425–497 nm and a satellite altitude of 300 km is likely to be the optimal
combination for the satellite instrument considered in this study. The error estimation analy-
sis considering the error propagation, including the AMF uncertainty, implied that the overall
error for the tropospheric NO2 retrieval was expected to be 0.88 × 1015 molec cm−2, which is
consistent with the scientific requirements (5% for the tropospheric NO2 column).

The systematic error and the relative difference to MLS were 3.78–5.09% and 24.7–35.5%
in the altitude range between 8.6 and 4.8 hPa (32–36km). Therefore, SMILES CH3CN profile
had the reliability in the altitude range between 8.6 and 4.8 hPa (32–36km). Above 36 km,
SMILES CH3CN precision was good value but relative difference to MLS is over 100%. From
a comprehensive analysis using GFED v4 data, I qualitatively linked the CH3CN observation
with the biomass burning strength.

I concluded necessity of an advanced super low satellite altitude to switch to ∼1 km hori-
zontal resolution for future satellite observation and validity of SMILES CH3CN as a tracer of
biomass burning.
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1 General introduction

Atmospheric chemistry from the planetary boundary layer (PBL) to upper troposphere is of im-
portance with regard to life, climate change, atmospheric transport, and air quality. In the PBL,
some trace gas species have key roles for human health, vegetation, and crops. From the upper
part of troposphere to tropopause where is a boundary between troposphere and stratosphere,
or the free troposphere, meteorological phenomena such as transport and convection are occur-
ring. On the other hand, the stratosphere, where is well-known as the ozone layer, is stratified
in temperature and less vertical transport. The stratosphere-troposphere exchange (STE) oc-
curs at the tropopause varying its altitude with latitude and season, which is significant for the
radiative balance and atmospheric composition. The study of the STE provides new under-
standing of atmospheric science such as atmospheric composition, chemical distribution, and
dynamical processes of gas species in the upper troposphere and lower stratosphere (UTLS).
Figure 1.1 shows that the relationships associated with convectional dynamical processes in
the tropopause; the breaking of Rossby waves; the growth and decay of synoptic-scale waves;
tropopause folds; warm conveyor belts; the initiation and breaking of gravity waves, and deep
convection. These meteorological phenomena significantly affect the chemical transport and
therefore transport at the UTLS is an important link in chemistry-climate interactions. For
example, the chemical gradients across the tropopause, especially those of water vapor and
ozone, are important components of Earth’s radiative balance (e.g., Forster and Shine, 1997;
Shepherd, 2007).

FIGURE 1.1: An illustration of processes of dynamics, chemistry, and cloud mi-
crophysics in the UTLS region. Source: Fig. 1 in Pan et al. (2010) which is based

on a concept described in Stohl et al. (2003).
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1.1 Global air quality

Global air quality is a societal concern in the whole world. According to the World Health Or-
ganization’s (WHO) report in 2018, ambient (outdoor) air pollution is estimated to have caused
4.2 million premature deaths worldwide per year in 2016, in both cities and rural areas, espe-
cially in South-East Asia and the Western Pacific region (World Health Organization, 2016).
Subsequently, International Council on Clean Transportation (ICCT) reported in 2019 that the
global transportation sector is a major source of this health burden through its contribution
to elevated fine particulate matter (PM2.5), ozone (O3), and nitrogen dioxide (NO2) concen-
trations, resulting in stroke, ischemic heart disease, chronic obstructive pulmonary disease,
and lung cancer. Figure 1.2 shows the number of transportation-attributable PM2.5 and ozone
deaths in 2015 in urbanized area all over the world and the transportation-attributable fraction
(TAF). This was epidemiologically estimated using bottom-up emission inventories. The TAF
is relatively higher in the developed countries such as Europe, United states of America, and
Japan (red color area in Figure 1.2) while in developing counties such as Southeast Asia and
India they have low fractions except a part of Indonesia (dark blue and green color area in
Figure 1.2). This fact indicates that premature deaths in such developing countries are mainly
due to inefficient manner of combustion of agricultural waste and cook-fire as indoor pollution
and also biomass burning as ambient pollution although in developed countries it is due to
transport. This figure also shows that most of premature deaths occur in East and South-east
Asia (size of circle).

FIGURE 1.2: Total number of transportation-attributable PM2.5 and ozone deaths
in 2015. A symbol size indicates total number of transportation-attributable
PM2.5 and ozone deaths. A color indicates transportation-attributable fraction

of total PM2.5 and ozone deaths. Source: Fig. 14 in ICCT report (2019).

Moreover, air pollutants affect not only human health but also atmospheric composition
and radiative forcing (Dentener et al., 2005; Unger et al., 2008; Fry et al., 2014). Such pollutants
are referred to as SLCPs (Short-Lived Climate Pollutants) including tropospheric ozone (O3),
black carbon, methane, and hydrofluorocarbons. WHO also reported policy-relevant summary
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of potential benefits to health from reducing emissions of SLCPs, in which they said that expo-
sure to ozone is responsible for roughly 150 thousand deaths annually from respiratory condi-
tions. The tropospheric O3 is a major air pollutant and greenhouse gas produced/destructed
by some significant photochemical reactions including Non-Methane Volatile Organic Com-
pounds (NMVOC), NOx (=NO+NO2) and HOx (=OH+HO2) cycle (See section 1.2 in detail).
These precursors also play a key role in the tropospheric photochemistry associating with
not only O3 production/destruction but also production of aerosols and environmental bur-
den such as eutrophication and acid rain. Furthermore, PAN (peroxyacetyl nitrate; RO2NO2),
which is formed via the reaction of NO2 with peroxyacetyl radicals (RO2), can be transported to
the site from distant pollution sources due to its relatively long lifetime (50 h at 273 K) (Phillips
et al., 2013) and re-release NO2 far from their source regions resulting in nitrogen deposition in
rural area and the transboundary pollution.

Nitrogen dioxide (NO2) is emitted from various sources such as combustion processes of
biomass and fossil fuels, microbial activity and lightning. In the PBL, NO2 emission from com-
bustion of fossil fuel, which is anthropogenic and emitted from power plant and vehicle ex-
haust, is the dominant source followed by natural sources of biomass burning and biogenic soil
emission while in the free troposphere contribution from lightning to NO2 form is dominant
followed by stratospheric injection and aircraft exhaust. van der A. et al. (2008) investigated
dominant NO2 sources all over the world using satellite data by introducing a month of maxi-
mum NO2. Fiugre 1.3 shows the distribution of the dominant NO2 source. A large part of India
and Southeast Asia is undefined because several sources of NO2 (biomass burning and vehi-
cle exhaust) are existing while meteorological conditions (notably the Asian monsoon) play an
important role in the removal of NO2. Identification of NO2 sources in such undefined areas
even including defined areas where have components of several sources, such as East Japan
and East China with anthropogenic emission and biomass burning, is important to assess the
effects of NO2 on human health because these regions have large amount of premature deaths
as mentioned above. A chemical transport model is a good tool to estimate the current and
future NO2 conditions. However, bottom-up emission inventories as input data into the model
have large uncertainties (-13%–37%) (Zhao et al., 2011). Therefore, a top-down observation
for example using satellite instrument is required in combination with in-situ measurement to
constrain emission inventories.

NO2 is a useful tracer for air pollution from anthropogenic emission. On the other hand,
acetonitrile (CH3CN), which is one of NMVOCs, is also a good tracer for the natural source, i.e.,
biomass burning, and not emitted from anthoropogenic sources. Therefore comprehensive ob-
servation and analysis including NOx and acetonitrile is important to identify NO2 sources, to
estimate the amounts of NO2 emission, and to understand the interaction between natural and
antropogenic emissions of pollutants. The interactive reactions associated with tropospheric
ozone and NOx cycle including acetonitrile (as VOC) are shown in Figure 1.4.

1.2 Key reactions associated with air pollutants

As mentioned above, NOx and HOx cycles including the VOC have a important role in pro-
duction and destruction process of tropospheric ozone.

Tropospheric ozone is photolyzed as following reactions,

O3 + hν→ O2 + O(3P), (R1)

O3 + hν→ O2 + O(1D), (R2)
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FIGURE 1.3: Dominant NO2 source identification based on anayses of the time
series of measured tropospheric NO2 at 10:00 am. Source: Figure 7 in van der A.

et al. (2008).

FIGURE 1.4: An illustration of NOx/HOx cycle including VOC in troposphere
and lower stratosphere.
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in the Chappuis band (visible–NIR region; 650–1100 nm) and the Hartley-Huggins band (UV
region; 200–340 nm), for example during summertime in mid-latitude by day, with the photol-
ysis rates of about 3 × 10−4 and 1.5 × 10−5 s−1 corresponding to the lifetime of around 1 hour
and 18 hours, respectively. On the other hand, generated O(3P) reproduce ozone to recombine
with atmospheric O2 by a three body reaction as,

O(3P) + O2 + M→ O3 + M. (R3)

Then, ozone is also destructed by the following reactions,

O(1D) + H2O→ 2OH, (R4)

O3 + OH→ HO2 + O2, (R5)

O3 + HO2 → OH + 2O2, (R6)

2O3 → 3O2 (net). (R7)

On the other hand, the tropospheric photochemistry sometimes works on the ozone formation
because OH derived from R4 reacts with CO, CH4, and NMHC in a chain reaction under an
existence of NOx,

CO + OH→ CO2 + H. (R8)

H + O2 + M→ HO2 + M, (R9)

HO2 + NO→ OH + NO2, (R10)

NO2 + hν→ NO + O(3P), (R11)

O(3P) + O2 + M→ O3 + M, (R3)

CO + 2O2 + hν→ CO2 + O3 (net). (R12)

Furthermore, reactions of NMHC with OH as below is well-known as the ’photochemical smog
reaction’,

NMVOC + OH + O2 → RO2, (R13)

RO2 + NO + O2 → NO2 + HO2 + CARB, (R14)

HO2 + NO→ OH + NO2, (R15)

2(NO2 + hν + O2 → NO + O3), (R16)
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NMVOC + 4O2 + hν→ CARB + 2O3 (net), (R17)

where CARB indicates carbonyl compounds. In a polluted region where NO concentration is
high, one molecule of VOC can produce 2 molecules of ozone as above.

Equations above show that NOx and VOC is mainly associated with the production of the
tropospheric ozone while HOx is associated with the destruction of tropospheric ozone. Espe-
cially in a polluted case, concentration and distribution of NOx are significant for the determi-
nation of HOx concentration and production (destruction) rate of ozone.

In the stratosphere, ozone is formed as below which is so-called the Chapman cycle (Chap-
man, 1930),

O2 + hν→ O + O, (R18)

O + O2 + M→ O3 + M, (R19)

O + O3 → O2 + O2, (R20)

O3 + hν→ O2 + O, (R21)

The stratospheric ozone is well-known as the ozone layer protecting life on Earth from haz-
ardous ultraviolet (UV) radiation from the sun.

1.3 Satellite observation of air quality

Satellite instruments are good tool for global air quality monitoring from space and observe
atmospheric trace gases using a remote sensing technique in specified frequency bands. To im-
prove air quality, it is important to know what contributes to polluting the air. Satellite images
help identify large areas of pollution caused by fires, dust or sand storms, volcanic eruptions,
large industrial sources, or the transport of man-made pollution from other regions. Global
observations of air pollutants having spectral features in UV/visible region (e.g., NO2 and O3)
from space, employing instruments such as the Global Ozone Monitoring Experiment (GOME;
(Burrows et al., 1999)), the Scanning Imaging Absorption Spectrometer for Atmospheric Car-
tography (SCIAMACHY; (Bovensmann et al., 1999)), the Ozone Monitoring Instrument (OMI;
(Levelt et al., 2006)), and GOME-2 (Callies et al., 2000), all operating on low earth orbit (LEO)
satellites orbiting at an altitude of around 800 km, have provided us with a better understand-
ing of the emissions, spatiotemporal distributions, and long term trends since the mid-1990s,
on the basis of the differential optical absorption spectroscopy (DOAS) technique (Richter and
Burrows, 2002; Beirle et al., 2003; Richter et al., 2005; Kim et al., 2006; van der A et al., 2006;
van der A. et al., 2008; Stavrakou et al., 2008; Boersma et al., 2011; Lamsal et al., 2011; Hilboll
et al., 2013; Duncan et al., 2016).

1.4 Purpose of this thesis

The final goal of this study is to identify NO2 emission sources in the region where several
sources are mixed, and to detect the NO2 hotspot. In this thesis, I provide a concept of future
satellite air quality observation of NO2 with high spatial resolution and validate the availability
of CH3CN as an indicator for biomass burning focusing on the satellite observations. This
thesis has two purposes as follows;
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• to investigate a feasibility of advance concept for air quality observation of the tropo-
spheric NO2 using satellite instrument with a high spatial resolution of 1 × 1 km2,

• to perform an error analysis for Superconducting Submillimeter-Wave Limb-Emission
Sounder (SMILES) observation and validation analysis comparing with Aura/MLS (Mi-
crowave Limb Sounder) observation, and to discuss a traceability of CH3CN for biomass
burning comparing with GFED (Global Fire Emissions Database) version 4.

Chapter 2 gives the concept of satellite observation of NO2 with 1 × 1 km2 horizontal res-
olution. In the chapter 3, the validation analysis of SMILES CH3CN observation are given.
Chapter 4 summarizes and concludes this thesis.
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2 Feasibility study for km spatial resolved NO2

observations

2.1 Introduction

Nitrogen dioxide (NO2) is one of the most important trace gases in the troposphere, participat-
ing in catalytic cycles that result in the production of ozone (O3), and its oxidation to nitric acid,
HNO3, results in the acidification of aerosols. As is well known, the anthropogenic production
of NOx (the sum of NO and NO2) from fossil fuel combustion leads to smog and poor air qual-
ity episodes. This in turn affects human health, especially through the entry of aerosol particles
of extremely small diameter (less than 2.5 microns) and O3 into the cardiovascular system. NO2
itself is also toxic. The main sources of NO2 are anthropogenic, especially fossil fuel combus-
tion (e.g., power plants and vehicles) at urbanized sites. Since the Industrial Revolution, fossil
fuel combustion has emerged as the major source of NO and NO2 owing to the rapid increase
in its use as a source of energy for domestic heating, power generation, industry, and transport.
Over polluted regions, 50%–90% of the NO2 exists in the troposphere depending on the degree
of pollution, where it has a typical photochemical lifetime of several hours (Beirle et al., 2011).

Recently, the Sentinel-5 Precursor (TROPOMI; TROPOspheric Monitoring Instrument), which
was launched in October 2017 at an orbit of 824 km, began to observe atmospheric trace gases
including NO2 with a high spatial resolution of 3.5 × 7 km2 (Ingmann et al., 2012). As existing
LEO instruments mentioned in Section 1.3 prioritize observations with global coverage rather
than diurnal variations of atmospheric gas species, they use sun-synchronous orbits that pass
the measurement location at a fixed local time. Satellite instruments in geostationary earth or-
bit (GEO), which are at an altitude of around 36000 km, enable us to conduct optimal temporal
sampling of a specific region and obtain information on the diurnal variations. In addition to
such LEO satellite missions, advanced air quality monitoring missions using a GEO satellite
constellation, namely GEO-AQ, are being developed for launch in the 2018–2026 time frame,
as are complementary LEO satellite missions, including Sentinel-5 (S5) on the MetOp-SG se-
ries, which is the successor to GOME-2 and has a better match with the spectral observations of
SCIAMACHY, Ozone Mapping Profiler Suite (OMPS) (Flynn et al., 2004) on the Suomi National
Polar orbiting Partnership (Suomi-NPP) and Joint Polar Satellite System (JPSS), and Environ-
ment Monitoring Instrument (EMI) on the GaoFen-5 satellite. The GEO-AQ constellation com-
prises the Geostationary Environment Monitoring Spectrometer (GEMS, Korea) (Kim, 2012),
Sentinel-4 (ESA) (Ingmann et al., 2012), and Tropospheric Emissions: Monitoring of Pollution
(TEMPO, NASA) (Zoogman et al., 2017). The nominal spatial resolution for observations is 2–
8 km at the middle latitudes, which is extremely high compared to existing LEO satellites, e.g.,
13 × 24 km2 for OMI nadir. The GEO-AQ and potential LEO satellite missions (e.g., Spectrolite
(de Goeij et al., 2017) for NO2), together with ship- or ground-based observations (Wang et al.,
2017; Hong et al., 2018) and aircraft measurements (Meier et al., 2017), are expected to facilitate
synergistic analyses for the study of air pollution. Although the spatial resolution of the GEO-
AQ and TROPOMI instruments is very high, it remains inadequate for maximizing the number
of cloud-free observations and effectively separating large point sources that are clustered to-
gether in urban regions. To obtain the best information about local sources, an observation
with a kilometer-order horizontal resolution, e.g., 1 × 1 km2, is required. A spatial resolution
of 1 × 1 km2 enables us to detect local emission plumes of NO2, although there is a trade-off
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between spatial resolution and observation frequency. Switching to a spatial resolution of 1 km
coupled with global and adequate diurnal sampling by a future constellation would address
issues such as understanding the turbulent mixing of emissions into the air mass and its effects
on transport and transformation, as well as the short-term evolution of pollution plumes.

I investigated the observation capability and proposed the optimal setup for the observa-
tional wavelength domain (425–450 nm, 405–465 nm and 425–497 nm), altitude of the satellite
(300 km and 600 km), and sensor specifications by performing simulations for NO2 measure-
ments under the assumption of a LEO satellite. In this study, the instrument is supposed to be
aboard on a small satellite and to specialize for NO2 observation with a narrow observational
wavelength domain from 400–500 nm. In case of Spectrolite, which is a nano satellite mission
developed in Netherlands, the observational wavelength domain and instrumental size are set
to be 320–500 nm and 10 × 20 × 20 cm3 (mass < 25 kg). The instrumental concept discussed in
the present study is inherited from the SCIAMACHY project and studies for potential Japanese
air quality monitoring missions, such as Air POLLution Observation (APOLLO), Geostation-
ary mission for Meteorology and Air pollution (GMAP-Asia) (Akimoto et al., 2009; Kasai et al.,
2011), the SCIA-ISS concept, and the uvSCOPE mission, which have been candidates for the
Earth observation section of the International Space Station (ISS). In the uvSCOPE technical
document (private communication with Dr. Y. Kanaya of JAMSTEC), two observational wave-
length domains were considered, i.e., (a) 320–450 nm which observes with a relatively-wide
range in UV/vis, and (b) 460–490 nm which specializes for NO2 observation, respectively. The
size of these instruments were expected to be 80 × 45 × 39 cm3 for instrument (a) and 56 × 35
× 35 cm3 for instrument (b), indicating that an extension of wavelength domain from 30 nm
to 130 nm is expected to results in increasing the instrumental size (i.e. instrumental mass)
in a factor of 2. Thus, based on the Spectrolite’s specification, the instrumental size and mass
considered in this study could be optimized in the further steps although it is out of focus in
this thesis. Our objectives for the instrument considered in this thesis are as follows: (i) to
observe the entire globe with a high spatial resolution of 1 × 1 km2; and (ii) to specialize in
NO2 observations using an optimal fit window for NO2 retrieval. To test the feasibility of such
an instrument, I estimated the signal-to-noise ratios (SNRs) of the proposed sensor and the
measurement errors of the tropospheric NO2 slant column densities (SCDs) with a horizontal
resolution of 1 × 1 km2.

The remainder of this chapter is organized as follows. Section 2.2 describes the setup used in
the sensitivity study, i.e., the setup for the radiative transfer calculation, the setup for the given
sensor specification and derivation of the SNR of the sensor, and the setup for the error analysis
method. Section 2.3 discusses the observation capability on the basis of comparison results
of measurement errors of the retrieved NO2 SCDs for each geometry and the relationships
between the SNRs and the measurement errors. The final section summarizes our findings and
concludes this chapter.

2.2 Setup for the sensitivity study

To determine the optimal space-based resolution for the estimation of NOx emissions using
the total tropospheric NO2 column amount from urban sources, I adopt a pragmatic approach.
This is because the size of NO2 plumes depends on several factors, namely the size and dis-
tribution of urban sources, the wind speed and direction, the processes that mix the air from
the source into the wind flow, which are in part turbulent, etc. Consequently, to determine
the optimal spatial resolution, I used NO2 observations from aircraft remote sensing measure-
ments obtained by the University of Bremen instrument, namely AirMAP (Schönhardt et al.,
2015; Meier et al., 2017). AirMAP was flown on an FU-Berlin Cessna aircraft with an altitude of
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3.1 km in a variety of campaigns to investigate NO2 plumes from urban sources, power plants,
and shipping (Meier et al., 2017; Seyler et al., 2018; Merlaud et al., 2018).

As an example, Figure 2.1 shows the NO2 VCD below the aircraft, measured by AirMAP in
the morning (∼ 07:30–09:30 UTC) of April 21, 2016, i.e., a weekday (Thursday), above the city
of Berlin. The city borders and major roads are shown by pink and black lines, respectively.
Flights were performed within the AROMAPEX campaign with the objective of comparing air-
borne imaging DOAS instruments (Tack et al., 2018). Details of the instrument and the analysis
of the data shown here can be found in Meier et al. (2017). The wind conditions on this day
were close to a good approximation constant during the 2 hours required to obtain the aircraft
measurements.

Figure 2.1 shows the tropospheric NO2 VCD data averaged to (a) 0.1 km × 0.1 km, (b) 0.5
km × 0.5 km, (c) 1 km × 1 km, and (d) the nominal S5P resolution of 3.5 km × 7 km. As can be
seen, the two large but different urban plumes are readily discerned in panels (a)–(c) but not
in panel (d). I note that winds are generally relatively strong at the middle latitudes compared
to the sub-tropical and tropical latitudes. Even the much improved spatial resolution of the
highest currently available space-based remote sensing data will thus not be able to separate
patterns such as those observed in Berlin. Therefore, I pragmatically conclude that a spatial
resolution of ∼ 1 km × ∼ 1 km is required to effectively identify and separate such urban
emissions sources.

FIGURE 2.1: NO2 VCD measured by AirMAP in the morning (∼ 07:30–09:30
UTC) of April 21, 2018, averaged to a horizontal resolution of (a) 0.1 × 0.1 km2,

(b) 0.5 × 0.5 km2, (c) 1 × 1 km2, and (d) 3.5 × 7 km2.

In general, the instantaneous field of view (IFOV) of an instrument determines the spatial
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resolution of its measurements; thus, a low IFOV leads to a higher spatial resolution. How-
ever, a low IFOV degrades the SNR, as IFOV and SNR are trade-off parameters. The optical
throughput, or etendue, which is related to SNR, is limited by the IFOV. Therefore, a super-
low-altitude satellite is expected to be an important breakthrough for improving the spatial
resolution of air quality monitoring, because it is easy to manage the trade-off parameters at
low altitudes. In 2017, the Super Low Altitude Test Satellite (SLATS) was successfully launched
by the Japan Aerospace Exploration Agency (JAXA) for use as a next-generation Earth obser-
vation satellite, at an orbit height of around 200 km, which provides a high spatial resolution
and greater cost reduction in terms of compact and lightweight satellite sensors and launch
services (Nagano et al., 2010; Kawasaki et al., 2018). Satellite stability is challenging at low
altitudes (less than 300 km), where the air drag is 1000 times greater than that at 600 km. Af-
ter the demonstration, the stabilization technique could contribute a satellite constellation at a
super-low altitude to facilitate frequent and global observations for chemical weather forecast-
ing, hazard management, and emission source identification over short and long time scales.
In this thesis, I considered a satellite altitude of 300 km in addition to 600 km.

I performed simulations for various cases to derive SNRs for the given satellite instrument
and to calculate the measurement errors of tropospheric NO2 SCDs (ε) using the radiative
transfer model (RTM) SCIATRAN, which has been developed to calculate atmospheric radi-
ance spectra in any observation geometry (Rozanov et al., 2005), as well as the DOAS method.
I defined the measurement errors, or ratio of standard deviation with mean value, as ε. The
analytical method used in this simulation is based on previous studies (Irie et al., 2009, 2012;
Noguchi et al., 2011). The method comprises three parts: the RTM calculation setup, the instru-
mentation setup and SNR calculation, and the DOAS retrieval method. The RTM calculation
setup and DOAS retrieval method are described in detail in Sections 2.2.1 and 2.2.3, respec-
tively. Section 2.2.2 describes the given instrumentation setup and the SNR derivation.

FIGURE 2.2: Flowchart of sensitivity study algorithm.

In this thesis, I determined the scientifically required measurement error to be 5% (corre-
sponding to around 3 × 1015 molec cm−2 tropospheric NO2 VCD under polluted conditions)
on the basis of results obtained in previous investigations for a representative area of interest
(Beijing) (Ma et al., 2013; Hendrick et al., 2014). I adopted Beijing area (40.5◦N, 115.3◦E) as a
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representative of hotspot of NO2 emission. Ma et al. (2013) reported that the daily mean val-
ues of the NO2 tropospheric VCDs in the Beijing area, which is the most heavily polluted city
in East Asia, ranged from 0.2 to 16.8 with an average of 5.8 in winter, and 0.5 to 13.3 with an
average of 3.6 in summer from 2008 to 2011, in units of 1016 molec cm−2. Therefore, I assumed
that a scientific requirement of less than 5% would be sufficient to detect NO2 hot-spots and to
identify individual sources, although it should be noted that satellite observations over this site
had negative biases of up to 50% because of the NO2 horizontal gradients, the assumed profile
shape of NO2, and aerosols, as well as systematic differences between the two observational
bases (Ma et al., 2013; Kanaya et al., 2014). For comparison, I also considered an unpolluted
site (Hokkaido; 43.3◦N, 143.4◦E) in the present study. In addition, I simultaneously considered
several realistic parameters related to the NO2 observations.

2.2.1 Radiative transfer calculation setup

I simulated Earth’s backscattered radiance spectra for several cases using SCIATRAN to obtain
realistic radiance spectra by considering three different parameters, namely geometry, profile
shape, and surface reflectance. To ensure that our parameters were realistic, parameters such as
area, season, satellite altitude, and fit window were specifically assigned as stated in Table 2.1.
In addition, I simulated radiance spectra using a vertical profile of tropospheric NO2 concen-
tration of nearly zero for each geometry case in order to calculate the stratospheric (from the
tropopause up to the top of the atmosphere) contribution of NO2 in the subsequent analysis.
I used the incident solar irradiance spectrum obtained from the data of Chance and Kurucz
Chance and Kurucz (2010). The RTM calculation was performed using the discrete ordinate
method from 401.0 to 500.0 nm in wavelength steps of 0.01 nm under cloud-free conditions in
order to avoid complicating the RTM calculation. The modeled atmosphere was set to 0–100 km
with a vertical resolution of 200 m for altitudes of 0–10 km, 500 m for 10–12 km, and 1 km for
12–100 km. The radiance spectra calculated by SCIATRAN were convolved with a Gaussian
slit function with a full width at half maximum (FWHM) of 0.2–0.5 nm (depending on the fit
window). In addition, I considered aerosol effects for all cases in the RTM calculations. A
detailed description of the aerosol effects is provided in Section 2.2.1.

TABLE 2.1: Parameter setup used in this simulation.

Parameters Characteristics
Instrument Wavelength range 425–450 nm

425–497 nm
405–465 nm

Satellite altitude 300 km (IFOV = 0.19◦)
600 km (IFOV = 0.1◦)

Situation Area Beijing (40.5◦ N, 115.3◦ E)
Hokkaido (43.3◦ N, 143.4◦ E)

Season Winter (January 2010)
Summer (July 2010)

Geometry

I considered the Beijing and Hokkaido (the northernmost prefecture of Japan) areas as exam-
ples of polluted and unpolluted regions, respectively. This is because Beijing is one of the most
urbanized cities in East Asia and is thus a suitable representative polluted region (Richter et al.,
2005; Kanaya et al., 2014). By contrast, the Hokkaido area is relatively clean and latitudinally
similar to Beijing; thus, it is a suitable candidate for comparison. In addition, I considered two



Chapter 2. Feasibility study for km spatial resolved NO2 observations 13

seasons, winter (January) and summer (July), for both areas in order to consider different solar
zenith angles (SZAs) and vertical profiles. I assumed that the satellite instrument was in a sun-
synchronous orbit and orbiting at an altitude of 300 km or 600 km while looking at the nadir
in each case. In other words, the satellite position was set to be constantly located at the zenith
through the RTM calculation. Therefore, the relative azimuth angle (the angle between the sun
and the satellite at the ground surface) and line-of-sight viewing angle were set to zero for each
case. The SZA was set to the monthly mean value for each area and season as defined in Ta-
ble 2.1 by assuming that the descending node is at 10:30 LT. Furthermore, I assumed that the
observing swath width was as narrow as 200 km; thus, the effects of off-nadir measurements
on the light path and the spatial resolution were negligible in this simulation.

Profile shape

Figure 2.3 shows the vertical profiles of trace gases as well as the pressure and temperature
used in this simulation. I employed monthly mean results in the Beijing and Hokkaido ar-
eas from the CHASER model (Sudo et al., 2002) for the tropospheric vertical profiles of NO2,
SO2, O3, BrO, and HCHO in 2010, when there was a rapid increase in NOx emissions in China
(Itahashi et al., 2014). The CHASER model has been well evaluated (Sudo et al., 2002) and val-
idated through comparisons with the MAX-DOAS NO2 measurements (Kanaya et al., 2014).
The vertical profile data were calculated with a horizontal spatial resolution of T42 (2.8◦ ×
2.8◦) and 32 vertical layers from the surface up to about 3 hPa altitude. Subsequently, the pro-
files were directly combined with the annual mean values of the SOCRATES model (Brasseur
et al., 1990), which is a two-dimensional global chemistry climate model of Earth’s atmosphere,
from the tropopause up to 100 km, with the same profile shape for all cases. The (thermal)
tropopause altitudes were determined by the lapse rate derived from the temperature profiles
of the CHASER results on the basis of the WMO 1985 definition. Finally, the vertical profiles
were linearly interpolated to the grid used in SCIATRAN. As shown in Figure 2.3, the NO2 lev-
els in the Beijing area (red thick line) were at most ten times higher from the surface to around
2 km compared to those in the Hokkaido area.

Surface reflectance

Figure 2.4 shows the distribution of the monthly mean values of OMI/Aura Surface Reflectance
Climatology Level 3 Global 0.5deg Lat/Lon Grid data (OMLER) (Kleipool et al., 2008) for the
period 2005–2009 in January (upper) and July (lower). Similar surface reflectance and the sea-
sonal trend between Beijing and Hokkaido can be seen in the rectangular region surrounded
by broken lines, which represents the grid of the CHASER model. As shown in Figure 2.5,
the monthly mean values of surface reflectance data extracted in the above-mentioned grid
ranged from around 0.05 to 0.08 with a negative peak in summer in Beijing (red line), whereas
in Hokkaido (blue line), they ranged from 0.04 to 0.07 with the same trend but were smaller by
0.01 compared to those in Beijing except in August. On the basis of these data, I employed 0.05
and 0.1 as the typical values of surface albedo in both Beijing and Hokkaido in summer and
winter, respectively. Lambertian surface reflectance was assumed in the RTM calculations.

Aerosol

I considered aerosols in the RTM calculations to simulate a realistic atmosphere. Scattering or
absorption by aerosols influences the NO2 VCD calculation through the air mass factor (AMF)
term (Boersma et al., 2004, 2011). Typical aerosol scenarios were considered for each area and
season on the basis of mixing states described by Hess et al. (1998) (see Table 2.2). The vertical
profiles of the aerosol extinction coefficients used in RTM calculations are shown in Figure 2.6.
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FIGURE 2.3: Vertical profiles of NO2, ozone, pressure, and temperature used in
SCIATRAN for each area and season.
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FIGURE 2.4: Monthly mean maps of surface reflectance taken from OMI/Aura
Surface Reflectance Climatology L3 Global Grid data for (top) January and
(bottom) July. The data were obtained from January 2005 to December 2009. The
red circles in both panels represent the Beijing and Hokkaido areas, and the rect-

angles with broken lines represent the grids of the CHASER model.
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FIGURE 2.5: Seasonal trend of the OMLER surface reflectance data in the same
period as Figure 2.4. The circles represent the mean values of the surface re-
flectance for the Beijing and Hokkaido areas, and the bars represent the one-

sigma standard deviations for each month.
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The aerosol extinction coefficient profiles decreased exponentially with height, with a scale
height of 3 km from the surface to 2 km, 8 km from 2 km to 10 km, and 99 km from 10 km to
100 km. The detailed aerosol scenarios are summarized in Table 2.2.

FIGURE 2.6: Vertical profiles of aerosol extinction coefficients for each area and
season.

2.2.2 Instrumental setup and the SNR calculation

In this thesis, I consider a new satellite instrument employing a two-dimensional CMOS array
sensor and a compact, robust, and cost-effective optical system with aberration-corrected con-
vex gratings, suitable for use in a satellite constellation for global air quality monitoring. The
grating imaging spectrometer employed In this thesis was based on the spectrometer described
by Kuze et al. (2015) and Kuze et al. (2018), covering a wide swath without a moving mecha-
nism on the basis of satellite motion to observe the entire globe. The spectrometer can easily
employ a custom-designed grating and foreoptics. As mentioned above, IFOV and SNR are
trade-off parameters, and they can be tuned by small foreoptics. The satellite instrument con-
cept used In this thesis has two major features: one is a high spatial resolution of 1× 1 km2, and
the other is a compact optical system covering a spectral window optimized for NO2 retrieval.
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Irie et al. (2009) performed sensitivity studies for the instrumentation concepts of GMAP-
Asia and quantitatively showed the relationship between measurement precision and sensor
specifications. Following the analytical method proposed by Irie et al. (2009), Noguchi et al.
(2011) demonstrated that the diurnal variation of tropospheric NO2 over Tokyo can be de-
tected by the GMAP-Asia UV/visible sensor with a FWHM of 0.4 nm and a sampling ratio of 4
(number of pixels per FWHM) at SNR > 500. Noguchi et al. (2014) also investigated the effect of
surface reflectance anisotropy on tropospheric NO2 measurements assuming the GMAP-Asia
UV/visible sensor specifications. The present study focused not on a GEO satellite instrument
but on a LEO satellite instrument.

I introduced the following assumptions about the instrument and its performance to simu-
late the realistic SNR of the detector:

• a two-dimensional Si–based CMOS array sensor with a size of 13× 13 mm2 was assumed
for an individual detector,

• the size of one pixel was assumed to be 6.5 µm and 10 pixels were binned,

• an empirical detectivity considering the degradation due to the array and read out elec-
tronics was introduced and assumed to be 2.0 × 1013 cm Hz1/2 W−1,

• the optical efficiency including the quantum efficiency was assumed to be 0.43.

Neither the optical efficiency nor the quantum efficiency of the detector can be accurately
quantified in advance; hence, the systematic errors related to the instrument were not consid-
ered In this thesis, although the optical parameters summarized in Table 2.3 are realistic on the
basis of nominal proposed specifications.

I considered two types of SNRs. One is a constant SNR (500, 2000, 5000, and 10000), and
the other is a more realistic type that depends on the sensor specifications and is defined as
follows:

SNRdet =
D∗ L Ac Ω ∆ν η

A1/2
d ∆ f 1/2

, (2.1)

SNRtotal =
1√(

1
SNRdet

)2
+
(

1
SNRsn

)2
+
(

1
SNRdc

)2
, (2.2)

where
D∗ : detectivity [cm Hz1/2 W−1],
L : luminance measured by the detector [W m−2 str−1 µm−1],
Ac : optical system area [m2],
Ω : targeting solid angle [str],
∆ν : spectral resolution [nm],
η : optical efficiency [-],
Ad : detector area [m2],
∆f : frequency [s−1],
SNRsn : SNR of the shot noise, and
SNRdc : SNR of the dark current.
SNRdet in Equation 2.2 represents the SNR of the read noise of the detector. D∗ is a plausible

detectivity value as described previously. The term Ac · Ω represents the etendue of the optical
system. The SNRs of the shot noise and dark current of the CMOS detector are represented
as SNRsn and SNRdc, respectively, and defined as follows: SNRsn =

√
(L Ac Ω ∆ν η ∆t) · λ/hc,

SNRdc = SNRsn
√

∆t dc, where ∆t denotes the integration time in seconds and dc dark current [e
pixel−1 s−1] (= 120), respectively. The parameters used in the equations are listed in Table 2.3.
In the following section, SNRtotal is simply referred to as SNR without a subscript.
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TABLE 2.3: Characteristics of the optical system assumed in the present study.

Parameters Characteristics
Detector size 0.065 mm
Aperture size 0.74 cm
Read noise 10 e
Dark current 120 e/pixel/s
Detector aspect ratio 1.0
Effective detector area 0.9
Optical efficiency 0.43
Slit width 0.065 mm
Time constant 0.14 s

2.2.3 DOAS retrieval

Corresponding to the above-mentioned SNRs, 1000 different patterns of random noise were
added to one radiance spectrum convolved with a slit function. I obtained 1000 spectra for each
case of areas, seasons, satellite altitudes, and surface albedo values. I derived NO2 SCDs from
these spectra using the DOAS method (Platt, 1994). The DOAS method is a well-established
method for retrieving amounts of trace gases having spectral absorption features in the UV/visible
range; it has been adopted in previous studies (Burrows et al., 1999; Bovensmann et al., 1999). I
used three different well-validated wavelength domains for the DOAS fitting, i.e., 425–450 nm,
425–497 nm, and 405–465 nm, in order to investigate the optimal fit window for NO2 retrieval,
as our instrument is specialized for NO2 observations. The wavelength range of 425–450 nm is a
basic fit window that is frequently used for NO2 retrieval, e.g., GOME measurements (Richter
and Burrows, 2002). The improved fit window of 405–465 nm has been used for OMI mea-
surements (Bucsela et al., 2006), while the wavelength range of 425–497 nm has been used for
improved GOME-2 NO2 retrieval by Richter et al. (2011). To exclude large-scale wavelength
trends that include the effects of aerosols and other factors, a third-degree polynomial was
used in the DOAS fitting. The absorption cross-sections for trace gases (NO2, O3, H2O, O4) and
the Ring effect used in the DOAS fitting are shown in Figure 2.7.

The total NO2 SCDs were separated into tropospheric and stratospheric contributions by
subtracting the stratospheric NO2 SCDs from the total SCDs in order to determine the tropo-
spheric NO2 SCDs. I used a method similar to the reference sector method (Velders et al., 2001;
Richter and Burrows, 2002; Martin et al., 2002) to derive the tropospheric NO2 contribution.
This method regards the total NO2 SCD over unpolluted regions (e.g., Pacific ocean) as the
stratospheric NO2 SCD through RTM calculations for each geometry. I used the results of the
CHASER model in the Pacific region (180◦ E), where the contribution of the tropospheric NO2
to the total NO2 SCD is small. Finally, I calculated the mean values and one-sigma standard
deviations of the tropospheric NO2 SCD distribution fitted with a Gaussian shape to estimate
ε of the NO2 observations for each case.

2.3 Observation performance and capability studies

2.3.1 Determination of feasibility

Our target measurement precision is better than 5% (corresponding to 3.0× 1015 molec cm−2 in
a highly polluted area) for a tropospheric NO2 VCD. This corresponds to a tropospheric NO2
SCD of around 3.0× 1015 molec cm−2 or less when using a tropospheric air mass factor (box air
mass factor; b-AMF) of around 1 in the polluted region. This is based on the following general
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FIGURE 2.7: Absorption cross-sections of trace gases used in DOAS retrieval. The
shaded areas represent each fit window; 425–450 nm (dark gray), 425–497 nm
(gray), and 405–465 nm (light gray). The absorption cross-sections for NO2
(220 K), O3 (223 K), O4 (293 K), H2O, and the Ring spectrum were obtained from
the work of Vandaele et al. (2002), Serdyuchenko et al. (2014), Thalman and Volka-

mer (2013), Rothman et al. (2009), and Vountas et al. (1998), respectively.

equation:

AMF =
SCD
VCD

. (2.3)

AMF depends on cloud, aerosol, surface property, and NO2 profile shape. To consider the
contribution of these effects to the light path, AMF is calculated considering these parameters
via RTM.

Figure 2.8 shows the b-AMF for each layer, calculated by SCIATRAN for each region (pol-
luted and unpolluted), and albedo (0.05 and 0.1) in winter and summer 2010, which depends
on the a priori assumed profile shape and surface albedo. The b-AMF values were mostly less
than 1 from the surface to 1 km and less than 3 from 1 km to the tropopause for the wavelength
domain in both seasons, indicating that the tropospheric b-AMF was as small as 1 or less owing
to the presence of aerosols, although the b-AMF above 10 km was nearly always greater than 3.
With a surface albedo of 0.1, the b-AMF values at longer wavelengths were higher than those
at shorter ones from the surface to the tropopause in both polluted and unpolluted regions.

Comparison between different geometries

I calculated the SNRs for the given sensor specifications and then retrieved the tropospheric
NO2 SCDs using the DOAS for each considered case. Figures 2.9 and 2.10 show the retrieved
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FIGURE 2.8: Box air mass factor (b-AMF) calculated by SCIATRAN for January
and July 2010 for polluted (a,c) and unpolluted (b,d) regions.
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tropospheric NO2 SCDs and the relative errors calculated in the two seasons for each SNR in the
Beijing and Hokkaido areas, respectively. Each SNR represented by a solid circle was calculated
at 450 nm for the given sensor specification using different fit windows and then shifted at a
center wavelength of each fit window, while the SNRs represented by open circles were a series
of constant SNRs (i.e., 500, 2000, 5000, and 10000). Due to shifting at a center wavelength of each
fit window, calculated SNRs were slightly different arising from the variation of the spectral
resolution in a range of 0.12–0.35 nm. The results using 425–497 nm showed the highest SNRs
of around 1000 in winter and around 1300 in summer in both areas, while the results using
405–465 nm showed the lowest SNRs. They depend on different seasons, or SZAs, although
they are comparable in both areas during the same season. It is interesting that in the case of
enhanced NO2 existing at the surface level (Figure 2.9(a)), the tropospheric NO2 SCD retrieved
using 405–465 nm shows the lowest value (5.9× 1015 molec cm−2 at SNR = 920), although in the
other cases of lower surface NO2 levels (Figure 2.9(b)), the SCDs retrieved using 425–497 nm
were the lowest. I believe that this is due to the wavelength dependency of radiance intensity
calculated by RTM because aerosol phase function assumed in each case (polluted, moderately
polluted and unpolluted) cause the difference of reflectance properties. When I assume that
the tropospheric b-AMF is nearly 1 in all the cases, the tropospheric NO2 VCDs are comparable
with the NO2 SCDs; thus, the tropospheric NO2 VCDs calculated in Beijing in winter were 3–6
times larger than those in the other cases depending on the fit windows and geometries. In
the polluted region of interest, the standard deviations of the tropospheric NO2 SCDs ranged
from 0.19 to 0.27 × 1015 molec cm−2 (corresponding to 0.13–0.18 × 1015 molec cm−2 total NO2
SCDs) in winter for all the fit windows, although in summer, they were as low as around
0.1 because higher SNRs were achieved. In winter, the ε calculated using all the fit windows
met our requirements (3%–3.8% at SNR = 920–1000), although none of the other cases showed
results that met our requirements during summer.It should be noted that in the unpolluted
region (Figure 2.10), the ε calculated using 425–497 nm increased, indicating that under clean
and moderately polluted conditions, using the fit window of 425–497 nm would yield a lower
ε.

Comparison between different satellite altitudes

Next, I compared the results calculated at different satellite altitudes (300 km and 600 km) to
verify the feasibility of NO2 detection from super-low satellite altitudes and conventional ones.
In this comparison, I considered only the case of the Beijing area in winter as a representative to
simplify the comparison. As shown in Figure 2.11, the ε values calculated using 300 km were
3.0% with SNR = 1000 (425–497 nm), 3.2% with SNR = 920 (405–465 nm), and 3.7% with SNR =
930 (425–450 nm), all of which meet the scientific requirements. However, at a satellite altitude
of 600 km, they did not meet the requirements because of lower SNRs < 500 (ε = 6.0%–7.8%).
The ε values at 600 km were two times larger than those at 300 km.It is obvious that a super-
low satellite altitude of 300 km enables global observations with 1 × 1 km2, which meets the
scientific requirements.

Comparison between different surface albedo values

Similar to the comparison of different satellite altitudes, I compared the results calculated using
different surface albedo values (0.05 and 0.1) by assuming a constant satellite altitude of 300 km
and the vertical profile of Beijing in winter. As the surface albedo values in the observed area
typically range from 0.04 to 0.08 annually as discussed above, it is reasonable to compare the
values of 0.05 and 0.1 as typical values. Figure 2.12 shows the relationship between ε and the
SNRs using the two albedo values of 0.05 and 0.1. The results with an albedo of 0.1 (circles)
met the scientific requirements for all the fit windows, although the results with an albedo of
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FIGURE 2.9: Tropospheric NO2 SCDs [× 1015 molec. cm−2] and relative error [%]
calculated for (a,c) Beijing in winter with albedo of 0.1 and (b,d) Beijing in sum-
mer with albedo of 0.05 at a satellite altitude of 300 km. The different colors
represent the different fit windows. Note that the y-axes in each panel have dif-
ferent scales and those in the lower ones have logarithmic scales. The different
symbols represent different albedo values (i.e., different seasons). The solid sym-
bols represent SNR calculated at 450 nm using the given sensor specifications,
while the open symbols represent a series of constant SNRs (i.e., 500, 2000, 5000,
and 10000). The error bars in the upper panels represent one-sigma standard de-
viations of NO2 SCDs calculated for each SNR. The horizontal broken lines in the
lower panels represent the measurement requirements of 5% NO2 slant column

uncertainty.
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FIGURE 2.10: Same as Figure 2.9 but for Hokkaido.
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FIGURE 2.11: Measurement errors of the tropospheric NO2 SCDs (winter) calcu-
lated with albedo of 0.1 in Beijing at different satellite altitudes: (a) 300 km, (b)

600 km. The different colors represent the results of the different fit windows.

0.05 (triangles) did not meet the requirements except for the result using 425–497 nm. The ε
values with an albedo of 0.05 were 4.6% at SNR = 940 using 425–497 nm, 5.3% at SNR = 860
using 405–465 nm, and 5.8% at SNR = 880 using 425–450 nm.

Overall comparison

In the discussion presented above, I individually compared the results calculated using dif-
ferent geometric parameters, profiles, and surface albedo values. Finally, I summarized each
comparison and discussed the optimal setup of the fit window and satellite altitude. The cal-
culated SNRs depended mainly on the assumed satellite altitudes owing to the dependency of
the etendue, although they were comparable at the same altitude. The other factors related to
the SNRs are the surface albedo and the fit windows, which caused the SNRs to vary within
10% for the same area and satellite altitude. The site dependence contributed the least to the
SNRs, with a relative error of less than 5% in the same season, although the SNRs showed much
higher dependency on the difference in season (approximately 25%), which indicates that the
geometry in summer (smaller SZA) results in higher SNRs than that in winter (larger SZA).

In the highly polluted case, the results using a fit window of 425–497 nm showed the fewest
measurement errors, whereas in most cases, use of the 425–450 nm window resulted in the
highest uncertainty. In the polluted region, from a satellite altitude of 300 km during winter,
all the cases achieved measurement errors of less than 5% with SNRs of around 1000. On the
other hand, at a satellite altitude of 600 km, no case met the scientific requirements even in the
polluted region. In the unpolluted region, the measurement errors were as high as 15%–55%
for both altitudes, although it is not necessary to strictly adhere to the scientific requirements
because this region is the control region. However, it is interesting that the ε using 425–497 nm,
which showed the lowest errors in the polluted region, resulted in high error values compared
with the results derived from the other two fit windows, in spite of showing the best SNRs.

In summer, no results met the scientific requirements in the simulated cases. It should be
noted that the results in summer showed fewer differences in the relative errors with regard
to the fit windows than those in winter, implying that the choice of the fit window is more
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FIGURE 2.12: Measurement errors of the tropospheric NO2 SCDs (winter) cal-
culated at a satellite altitude of 300 km in Beijing with different surface albedos
of 0.05 (circle) and 0.1 (triangle). The different colors represent the different fit

windows. Note that the y-axes in each panel have different scales.

significant for NO2 retrieval, especially in the polluted region and during winter, when the
surface NO2 tends to remain near the emission source.

Table 2.4 shows a summary of uncertainty estimates for each case calculated at a satellite
altitude of 300 km. The relative differences in Beijing ranged from 3.0% to 13.3% largely de-
pending on the season (i.e., profile shape) and fit window although those in Hokkaido ranged
from 15.6% to 20.0% that were relatively high. On the basis of these results, I propose that the
combination of a fit window of 425–497 nm and a satellite altitude of 300 km would be optimal
for the proposed satellite instrument to achieve the scientific requirements when making ob-
servations in polluted regions. In the moderately polluted case, use of the 405–465 nm window
resulted in fewer measurement errors than use of the 425–497 nm window, although it still
did not satisfy the requirements. Therefore, the 405–465 nm fit window may be suitable when
observing moderately polluted regions (around 3.0 × 1015 molec cm−2). However, it should
be noted that additional correction about aerosol should be performed in further steps because
405–465 nm (and also 425–450 nm) does not include O4 dimer which has aerosol information
and a spectral feature at 477 nm. Using the aerosol data derived from global model such as
GEOS-Chem (Wang et al., 2004) should be suggested but introducing the uncertainty of 40% at
maximum (Boersma et al., 2007). However excluding aerosol effect leads to changes between
-40% and 90% with aerosol optical depth > 0.8 (Lin et al., 2014).
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TABLE 2.4: Summary of uncertainty estimates for each case (satellite altitude of
300 km and surface albedo is fixed as 0.1 in winter and 0.05 in summer).

Area Season Uncertainties [× 1015 molec. cm−2] (%)
425–450 nm 425–497 nm 405–465 nm

Beijing Winter 0.26 (3.7) 0.19 (3.0) 0.19 (3.2)
Summer 0.21 (8.9) 0.14 (13.3) 0.16 (8.8)

Hokkaido Winter 0.26 (16.5) 0.18 (17.9) 0.20 (15.6)
Summer 0.21 (18.7) 0.15 (20.0) 0.17 (17.6)

2.3.2 Assessment of the sources of systematic error

The total error for the retrieved tropospheric VCD is determined by three main error sources:
the measurement noise and systematic SCD errors, errors from the separation of the strato-
spheric and tropospheric NO2, and errors from the uncertainties of the model parameters
through the AMF calculation. The measurement noise is a source of random error. The system-
atic SCD errors include imperfect wavelength calibration, reference spectra errors, and spec-
tral features of an instrument. These errors were negligible in this simulation on the basis of
assumptions that the reference spectra used are true spectra and that there are no spectral fea-
tures of an instrument. The errors from the separation of the stratospheric and tropospheric
NO2 depend on the uncertainties in the stratospheric NO2 SCD, which is generally estimated
to be of the order of 0.1–0.2 × 1015 molec. cm−2 (Dirksen et al., 2011). The errors from the AMF
calculation consist of uncertainties in the model parameters, such as clouds, aerosols, and sur-
face albedo, as well as the a priori NO2 profile shape, which is estimated to be as large as up to
29% (Boersma et al., 2004) on average in the region with large NO2 emission sources, and it can
have a considerable impact on the spatial distribution of NO2 retrieved with kilometer-order
resolution. Therefore, in practical retrieval of the tropospheric NO2 VCD using a LEO satellite
instrument, validation and model assimilation are required in subsequent analyses.

Boersma et al. (2004) proposed an equation for the overall error variance of the tropo-
spheric column owing to a satellite instrument considering error propagation. Based on this
equation, the overall error for the tropospheric NO2 retrieval was approximated as 0.88 ×
1015 molec cm−2 under polluted conditions, assuming that the tropospheric AMF is 1 and that
the error from the tropospheric AMF is 25%. This result is in good agreement with the scientific
requirements assumed In this thesis.

2.4 Summary and conclusions of this chapter

In this thesis, I determined the optimal fit window, satellite altitude, and sensor specification
to meet the scientific requirements of measurement errors (5%) for tropospheric NO2 observa-
tions using a small LEO satellite instrument with 1× 1 km2 horizontal resolution by simulating
random instrumentation errors in the NO2 SCDs. Specifically, I simulated backscattered radi-
ance spectra in polluted and unpolluted regions (Beijing and Hokkaido, respectively) at two
different satellite altitudes (300 km and 600 km) for two seasons (winter and summer), and I
statistically analyzed the retrieved tropospheric NO2 SCDs using the DOAS method to derive
the relative SCD errors. As a result of the comprehensive analysis, the lower satellite altitude
of 300 km was determined to be suitable to meet the scientific requirement of 5% for the tropo-
spheric NO2 SCD. The measurement error in the polluted region of interest (Beijing) met the
scientific requirement of 5% at an SNR of around 1000 with a precision of 2%–4% for all the fit
windows in the case of a satellite altitude of 300 km, while a satellite altitude of 600 km did not
meet the requirements in the same situation. In the analysis for different surface albedo values
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(0.05 and 0.1), only a fit window of 425–497 nm met the scientific requirements (3% at SNR =
1000 with albedo = 0.1 and 4.6% at SNR = 940 with albedo = 0.05). In the moderately polluted
case, use of the 405–465 nm window may be suitable because lower measurement errors are
achieved compared to use of the 425–497 nm window, although it still did not satisfy the re-
quirements. Therefore, a combination of a fit window of 425–497 nm and a satellite altitude of
300 km is likely to be the optimal combination for the satellite instrument considered In this
thesis.

Table 2.5 summarizes the proposed sensor specifications compared to existing/potential
satellite sensor specifications as well as the proposed spectrometer specification. The error es-
timation analysis considering the error propagation, including the AMF uncertainty, implied
that the overall error for the tropospheric NO2 retrieval was expected to be 0.88× 1015 molec cm−2,
which is consistent with the scientific requirements. As shown in Table 2.5, the satellite instru-
ment proposed In this thesis showed lower uncertainties of the retrieved total and tropospheric
NO2 SCDs without deterioration of the spectral resolution, compared with those of the other
satellite instruments. This can be achieved using an extremely low satellite altitude of 300 km.
In addition, I proposed the spectrometer specification optimized for NO2 observation with a
resolution of 1 × 1 km2 and an F number of 2.6–5.3, leading to high SNRs as well as good
measurement precision. These results have demonstrated the feasibility of the proposed spec-
trometer design, which will not only achieve a sufficiently high spatial resolution to identify
and separate urban sources of NO2 but also facilitate the determination of their emissions.
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3 Validation analysis of SMILES acetonitrile (CH3CN)
observation comparing with Aura/MLS observation

3.1 introduction

Air pollution derived from biomass burning (BB) has been serious problem with climate change
and population growth. BB events are important source of various trace gases and particles in
the atmosphere (Eagan et al., 1974; Crutzen et al., 1979). The study of atmospheric gas species
associated with BB is of significant because early estimation of pyrogenic emission suggested
that some atmospheric pollutants of BB could be comparable to fossil fuel (Crutzen and An-
dreae, 1990; Seiler and Crutzen, 1980) and these emissions could significantly affect global at-
mosphere (Andreae, 1983).

Acetonitrile (CH3CN) is a good tracer for BB as a dominant source of CH3CN is wildfire
(90–95 %) (Li et al., 2003). A mean lifetime in the atmosphere for CH3CN is about 6.6 months
assuming ocean uptake and reaction with hydroxyl radical (OH) radicals as the major sinks
(Singh et al., 2003; de Gouw, 2003). Chemical loss of CH3CN with OH especially occurs in the
stratosphere while oceanic loss is dominant in the troposphere. In these respects about sources
and sinks, hydrogen cyanide (HCN) is similar to CH3CN and thus frequently compared to-
gether as an indicator of BB (Li et al., 2000, 2003). Arnold et al. (1978) first inferred the presence
of stratospheric CH3CN from the composition of positive ions using active chemical ionization
mass spectrometry. Additionally, balloon-borne and airborne measurements for CH3CN in the
lower stratosphere have also been reported by Knop and Arnold (1987); Schneider et al. (1997).

The satellite observations of CH3CN in the lower stratosphere have been performed using
several satellite instruments, for example, Microwave Limb Sounder (MLS) onboard the UARS
(Upper Atmosphere Research Satellite) (Barath et al., 1993), Atmospheric Chemistry Experi-
ment Fourier Transform Spectrometer (ACE-FTS) onboard the Scisat-1 (Bernath, 2001), MLS on-
board the Aura (Waters et al., 2006), and Superconducting Submillimeter-Wave Limb-Emission
Sounder (SMILES) of JEM (Japanese Experiment Module) onboard the International Space Sta-
tion (ISS) (Kikuchi et al., 2010). The previous works reported the volume mixing ratio (VMR) of
CH3CN mainly in the UTLS (Livesey et al., 2001, 2004; Harrison and Bernath, 2013). However
there is only a few reports about the VMR of CH3CN for lower stratosphere to mesosphere.

In this work, I derived vertical distribution of CH3CN between lower stratosphere and
mesosphere from SMILES observation and performed error analysis and validation analysis
comparing with Aura/MLS observation data. The next section give the descriptions about
SMILES CH3CN observation and the quality control criteria. The validation analysis of SMILES
CH3CN observation using Aura/MLS observation is given in Section 3.3, followed by consid-
eration for seasonal variation of SMILES CH3CN (Section 3.4). Finally, I summarize the results
of error analysis and validation analysis with Aura/MLS observation and conclude the avail-
ability of SMILES CH3CN observation.

3.2 SMILES CH3CN observation

The JEM/SMILES was operated from 12 October 2009 to 21 April 2010 on ISS (Kikuchi et al.,
2010). The ISS has an inclination angle of 51.6◦ to the equator, which enables it to observe the
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TABLE 3.1: SMILES characteristics

Parameter Characteristics
Orbit Non sun synchronous orbit

∼ 91 min orbital period
Latitude coverage 38◦ S–65◦N (nominal)
Integration time 0.47 sec
Number of data 1630 scan per day
Frequency range 624.32–625.52 GHz (Band-A)

625.12–626.32 GHz (Band-B)
649.12–650.32 GHz (Band-C)

Receiver system SIS mixers and HEMT amplifiers†

Spectrometers Acousto Optical Spectrometers
Frequency resolution 0.8 MHz
System noise temperature ∼ 350 K

† SIS:Superconductor–insulator–superconductor mixer;
HEMT: High electron mobility transistor

FIGURE 3.1: Samples of observed and fitted spectra (thin lines: observed, thick
lines: fitted) in band A observed in 31 October 2009. This figure is referred from
JEM/SMILES Level-2 Product Guide for v3.2 (118-12-0702) based on Suzuki et al.

(2012).
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FIGURE 3.2: The distribution of AOS unit number for observation date.

atmosphere under various local solar times. The antenna field of view of SMILES instrument
was set to point in a 45◦ direction leftward from the ISS orbital motion. Employing the four
kelvin cooled submillimeter wave superconductive heterodyne receivers involved a low sys-
tem noise temperature (Tsys) of ∼ 350 K (Ochiai et al., 2011).A summary of characteristics for
SMILES observation is shown in Table 3.1.

The targeted CH3CN transition at 624.82 GHz for (J, K) = (33, 3)–(33, 4) is allocated with
a frequency region of Band-A (624.32–625.52 GHz) (See Figure 3.1). SMILES employed two
Acousto Optical Spectrometers (AOSs) with a bandwidth of 1.2 GHz, which are denoted as
AOS1 and AOS2 in this thesis. The date observed by AOS1 and AOS2 are shown in Figure 3.2.

The VMR profile of CH3CN for SMILES version 3.0.0 (v3.0.0) was retrieved from measure-
ment spectra solving inverse problem based on the least-squares method including a priori
constraint (Rodgers, 2000). In this version of 3.0.0, AOS response function and a priori temper-
ature profile used in the retrieval processing were improved. Detailed changes of this version
can be found in JEM/SMILES Level 2 Research Data (L2r) Product Guide for Version 3.0.0.
This version of Level-2 research (L2r) product are derived from Level-1b (L1b) version 008 cali-
brated spectra which employed the version 5.2 of the Goddard Earth Observing System Model
(GEOS-5.2) as a priori information (e.g., O3 VMR profile, temperature and pressure profile)
(Rienecker et al., 2008). To retrieve CH3CN VMR from SMILES measurement, inverse problem
is solved using the optimal estimation method (Rodgers, 2000). The method leads to the maxi-
mum a posteriori solution, which minimizes the value of χ2 described below. Detailed retrieval
algorithm of L2r product can be found in Baron et al. (2011).

I determined the quality condition of retrieval product using two parameters, the chi-square
statistics (χ2) and measurement response (m) defined as,

χ2 = [y− F(x, b)]TS−1
y [y− F(x, b)] + [xa − x]TS−1

a [xa − x] (3.1)

m[i] = ∑
j
|A[i, j]| (3.2)

A =
∂x̂
∂x

= DK (3.3)
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D =
∂x̂
∂y

= (KTS−1
y K + S−1

a )−1KTS−1
y (3.4)

K =
∂y
∂x

(3.5)

where F(x, b) is the forward model depending on x state vector and on the known model pa-
rameters b, S−1

y the measurement covariance matrix, xa the a priori state of x, Sa the a priori
covariance matrix, x̂ a solution of the retrieval, A the averaging kernel, D the contribution func-
tion, and K the weighting function. m, A and D were derived from using K (Urban et al., 2004).
Details on m are explained by Phillips et al. (2013). The χ2 of CH3CN for v3.0.0 was distributed
almost in a range of 0.4–0.6. In case the measurement response is low values, retrieved infor-
mation is contributed from the a priori state. Hence, in this thesis the data selection thresholds
of χ2 and measurement response were set to be χ2 < 0.6 and m > 0.80, respectively. The data
selection criteria was summarized in Table 3.3.

FIGURE 3.3: Left panel shows vertical profile of retrieved CH3CN from single
scan spectral from the observation of 4 November 2009 in tropic region. Mid-
dle panel shows averaging kernel of each measurement altitude (color line) and
measurement response (solid black line). Right panel shows vertical resolution.

Fig. 3.3 shows an example of a retrieval result for a single scan spectrum which is from
4 November 2009 observation data in tropical region; retrieved CH3CN vertical profile, av-
eraging kernel and vertical resolution, respectively. The measurement response of retrieved
CH3CN, shown as black solid line in Fig.3.3 middle panel, is sum of elements of averaging ker-
nel at each altitude. The measurement response was almost one from 30 to 55 km with a vertical
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resolution being 7–15 km and decrease with altitude. The vertical resolution was defined as the
full width at half maximum (FWHM) of each row of the averaging kernel matrix.

Fig. 3.4 shows (a) CH3CN vertical profile observed by AOS1 and 2, (b and c) the absolute
difference and the relative difference between AOS1 and AOS2 where measurement range is
equatorial regions (20◦ S–20◦N) in the period of March to April when observations by AOS1
and AOS2 were alternately conducted with a ratio of AOS1:AOS2=3:1. The errorbars shown in
left panel of Fig. 3.4 indicate 1 sigma standard deviations of CH3CN VMRs retrieved at SMILES
pressure grids for AOS1 (blue) and AOS2 (green). These errorbars include measurement error
(noise), smoothing error, and errors due to the uncertainties in the spectroscopic parameters.
As can be seen, the relative difference between AOS1 and AOS2 is approximately 30 % at max-
imum at 15.7 hPa, indicating the difference between the two AOSs due to the difference of
sensitivity. This difference was decreasing with altitude less than 10 % at 4.8 hPa.

FIGURE 3.4: (a) Vertical profiles of CH3CN from AOS1, AOS2 and sum of AOS1
and AOS2 in the equator region from 20◦S to 20◦N from March to April 2010.
Each line indicates the averaged VMR from AOS1 observation (blue line), AOS2
(green line) and sum of AOS1 and AOS2 (red line). (b) The absolute difference
between AOS1 and AOS2, i.e., AOS1− AOS2. (c) The relative difference between

AOS1 and AOS2, i.e., (AOS1− AOS2)/M when M is (AOS1 + AOS2)/2.
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3.3 Validation of SMILES CH3CN

3.3.1 Theoretical error analysis

Retrieval error consists of two components; (i) the spectrum statistical noise En and (ii) the
smoothing error Es described as follows, respectively,

Sn = D SyDT, (3.6)

En[i] =
√

Sn[i, i], (3.7)

Ss = (A−U)Sa(A−U)T, (3.8)

Es[i] =
√

Ss[i, i], (3.9)

where Sn and Ss are the error covariance matrices for the measurement noise and the errors
from Sa, respectively, and U is the unit matrix.

I estimated SMILES systematic error for VMR profile of CH3CN by a single scan spectrum
observed in 4th November 2009 in Tropic as same as Figure 3.3. I simulated the two differ-
ent spectra which were derived original forward model, AMATERASU (Advanced Model for
Atmospheric Terahertz Radiation Analysis and Simulation) (Baron et al., 2008), and perturbed
forward model. In this thesis, I performed error analysis using the a priori of CH3CN VMR in
the equatorial region. The error sources and their perturbation parameters are summarized in
Table 3.2.

Figure 3.5 shows the estimated systematic errors for the NICT v3.0.0 CH3CN retrieval. Total
systematic error, "Total" in Figure 3.5, was calculated as a root-sum-square (rss) of uncertain-
ties of CH3CN spectrum parameters and instrumental functions. The largest error source is
air pressure broadening coefficient ("γ"), followed in order by line intensity ("Strength") and
temperature dependence of air pressure broadening coefficient("n"). It is found from estimated
systematic error that SMILES CH3CN profile are influenced spectrum parameters.

TABLE 3.2: Error sources considered in this thesis. The name of the parameters
and the labels used for their identification in the figures are given in the paren-

thesis in the first column.

Error source Assumed uncertainty
Spectroscopic parameter of CH3CN

Line intensity (Strength) 1 %
Air pressure broadening (γ) 3 %
Temperature dependence of γ (n) 10 %

Impact from other species
H37Cl air pressure broadening (H37Clγ) 3 %
Temperature dependence of H37 Clγ (H37 Cln) 10 %
O3 air pressure broadening (O3 γ) 3 %
O3 temperature dependence of O3 γ (O3 n) 10 %

Instrumental functions
AOS response function (AOS) 10 %
Antenna scan (Antenna) 2 %

In the Band-A, O3 and H37Cl is observed in the same frequency bands as CH3CN. The
spectral shape of O3 and H37Cl should influence that of CH3CN spectrum. For this reason, I
estimated impact of other species spectrum parameters perturbation as shown in Figure 3.5 (b).
In this work, I perturbated γ and temperature dependence of γ for each species, expressed as
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FIGURE 3.5: (a) Summary of absolute and relative differences derived from sys-
tematic errors of the CH3CN retrieval due to the uncertainties of the spectrum
parameters and (b) instrumental functions derived from single scan spectrum
observed in 4 November 2009 in Tropic region as same as Figure 3.3. Black line
in the middle panel indicates total error given by root-sum-square value of the

assumed error sources.

FIGURE 3.6: (a) Summary of absolute and relative differences derived from ran-
dom errors of the retrieved CH3CN of SMILES single scan observation as same
as Figure 3.5. (b) Summary of absolute and relative differences derived from
random (blue), systematic (red), and total (black) errors in the SMILES CH3CN
retrieval for averaging of N profiles (N = 1, 10,100). of SMILES accumulating

several profiles. The number in the legend is accumulating profile number.
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TABLE 3.3: Data quality criteria for SMILES and MLS

Data products Quality threshold
SMILES v3.0.0 Measurement response > 0.80

Goodness of fit (χ2) < 0.6
Field-of-view = 0

MLS v4.2 Quality > 1.40
Convergence < 1.05
Status = 0

"O3γ", "O3n", "H37Clγ" and "H37Cln". "H37Clγ" is larger than "O3γ" in the lower stratosphere,
whose relative difference is 3.38 % and 0.47 %, respectively. Total error is 5.1–7.8 % in the lower
stratosphere and 2.2–3.8 % in the upper stratosphere to lower mesosphere.

The measurement noise and smoothing error from a single scan are shown in the Figure 3.6
(a). These errors can be considered as the random error of the CH3CN profile. SMILES CH3CN
total error consists of the systematic and random error. Figure 3.6 (b) shows the total systematic
error, the random and total error averaged by the number of profile (N = 1, 10 and 100). The
random error is larger than the systematic error from a single scan although the random error
averaged by 100 profiles was comparable to the systematic error except for the peak of the
systematic error existing at a pressure level of about 1 hPa.

3.3.2 Comparison with Aura/MLS v4.2 data

Methodology of comparisons

I investigated the difference of CH3CN VMR between SMILES and MLS of measurement CH3CN
VMR. Therefore, I set the data quality and the coincidence selection criteria. Table 3.3 gives the
data quality selection criteria for the SMILES and MLS datasets. The MLS data quality criteria
were based on MLS v4.2 Level-2 data quality and description document (2016). The geolocation
and measurement time criteria were determined as follows;

• the distance of measurement location within 300 km;

• difference in the measurement time within 1 hour.

Figure 3.7 shows the distribution of coincident points satisfied these criteria at 8.6 hPa.The
interpolation of VMRs was done by using a linear interpolation with respect to the logarithm
of the pressure levels. There are on average 10 coincident points in one grid at this pressure
level and the total coincident data number was 3257.

In the comparison between SMILES and MLS observations, the mean absolute difference,
∆abs , and relative difference, ∆rel , at the pressure levels, p , between coincident CH3CN profiles
of the two observations were calculated as follows,

∆abs =
1

N(p)

N(p)

∑
i=1
{xs(p)− xm(p)}, (3.10)

∆rel =
1

N(p)

N(p)

∑
i=1

{xs(p)− xm(p)}
x(p)

× 100, (3.11)

where N(p) is the number of coincidences at p, xs(p) and xm(p) are the VMRs at p for SMILES
and MLS observations, and the reference (xp) is xp = 1

2 (xs(p) + xm(p)).
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FIGURE 3.7: Distribution of the data number satisfied criteria in the time period
between 12 October 2009 and 21 April 2010 in the measurement latitude range at

8.6 hPa. Observation date and latitude bins are 1 day and 3◦.

Aura/MLS v4.2

The microwave Limb Sounder (MLS) instrument onboard the Aura satellite which has been
operated since 2004 observed CH3CN from lower to upper stratosphere. This satellite was
launched sun-synchronous orbit with an equator-crossing time 13:45 (ascending) and 01:45
(descending). The daily MLS measurement gives 82◦ S to 82◦N latitude coverage. MLS instru-
ment measures temperature and trace gases (O3, CO, H2O, HNO3, CH3CN etc.) using thermal
emission data from atmosphere. The CH3CN VMR was retrieved from the MLS observation
data using the optimal estimation method. Details on the retrieval algorithm was described in
Livesey et al. (2006). The MLS uses spectral bands of 118, 190, 240 and 640 GHz and 2.5 THz,
observing CH3CN from 640 GHz spectral regions (Waters et al., 2006). MLS Level-2 CH3CN
profile was observed in 640 GHz spectral regions. Although the pressure range of a retrieved
MLS CH3CN is 147 to 0.001 hPa, scientific using pressure range of version 4.2.0 CH3CN product
is 46–1.0 hPa (Livesey et al., 2006).

Result of comparisons

Fig. 3.8 shows the vertical profile, the absolute differences and the relative differences between
SMILES and MLS CH3CN. Left panel in Fig. 3.8 indicates good agreement from 15.7 hPa to 2.8
hPa between the two observations. In the range of pressure levels, the absolute difference and
the relative difference between SMILES and MLS observation were -20–5 ppt and 20–100 %,
respectively. The difference between SMILES and MLS becomes larger with altitude from a
pressure level of 8.6 hPa. Overall, the variance of SMILES is smaller than MLS because SMILES
Tsys was much smaller than that of MLS, indicating that SMILES has an advantage in upper
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FIGURE 3.8: Left panel: Mean CH3CN VMR values for SMILES and MLS mea-
surement (blue line is SMILES and red line is MLS). Error bar indicates 1σ stan-
dard deviation for each dataset. Number of coincident data are displayed at each
point. Middle panel: mean absolute difference for observed CH3CN between
SMILES and MLS calculated by Eq.3.10. Right panel: relative difference for ob-

served CH3CN between SMILES and MLS calculated by Eq.3.11

stratosphere and first observed CH3CN VMR in the altitude with much lower uncertainty of
∼20 ppt.

I investigated more detail of relationships between SMILES and MLS observation for lati-
tudinal and seasonal variation. Figure 3.9 shows the seasonal variations of SMILES and MLS
CH3CN observations and the absolute differences for each pressure level at coincident points as
a function of latitudes. Left column represents SMILES CH3CN VMR in units of ppt which were
separated into two AOSs observations. Middle column represents MLS CH3CN VMR and right
column represents the absolute differences between SMILES and MLS, that is SMILES−MLS.
In the lower altitudes of 15.7 hPa and 8.6 hPa, SMILES observation was overestimated by MLS
observation while in upper one (4.8 hPa∼) it was underestimated up to 40 ppt. This result was
consistent with a result of VMR comparison (see Figure 3.8). At higher altitudes, the number
of coincident points for MLS observation was significantly decreased, indicating that at upper
stratosphere the uncertainty of MLS observation was large.

3.4 Traceability of CH3CN for biomass burning

To validate a traceability of SMILES CH3CN for biomass burning, I compared SMILES data
with Aura/MLS HCN data and GFED version 4 (Global Fire Emissions Database) data (Ran-
derson et al., 2017). As mentioned before, HCN is used as a tracer for biomass burning (Li
et al., 2009). Pumphrey et al. (2011) reported the enhancement of biomass burning product in-
cluding HCN observed by Aura/MLS in February 2009 when the large Australian bush fires
occurred. Therefore, it should be expected that the good correlation between SMILES CH3CN
and Aura/MLS HCN data is obtained as CH3CN is also a tracer for biomass burning.
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FIGURE 3.9: Seasonal variations of SMILES and MLS CH3CN observations and
the absolute differences for each pressure level as a function of latitudes. The

data were binned to 1-day and 5◦ grid.
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TABLE 3.4: Summary of correlation coefficient between SMILES CH3CN and
MLS HCN.

Altitude [km] Correlation coefficient
28 (15.7 hPa) 0.26
32 (8.6 hPa) 0.66
36 (4.8 hPa) 0.89
40 (2.8 hPa) 0.92
44 (1.6 hPa) 0.89
48 (0.97 hPa) 0.83
52 (0.58 hPa) 0.73
57 (0.30 hPa) 0.46

FIGURE 3.10: Scatterplot of CH3CN profile from SMILES and HCN profile from
MLS. Time and latitude bins are one day and 5◦ -wide latitude range. (a): altitude

is 32km. (b): altitude is 52 km
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I calculated correlation using MLS version 4.2.0 HCN data satisfied data quality condition
. Figure 3.10 shows SMILES CH3CN vs. HCN scatterplots; the data are binned into 5 ◦ latitude
bins as well as one day bins There are positive correlation between SMILES CH3CN and MLS
HCN from lower stratosphere to upper stratosphere, each correlation coefficient are 0.66 and
0.73 although at lowermost and uppermost pressure height they decreased to 0.26 and 0.46,
respectively, as summarized in Table 3.4. This finding suggests that the relationship between
CH3CN and HCN shows a good linearity and that CH3CN should be traceable for biomass
burning.

Next, I investigate the relationship between SMILES CH3CN and GFED data to demon-
strate that CH3CN emission is associated with a biomass burning event. Figure 3.11 shows
(left) the basis regions defined in GFED v4 to divide continents into 14 regions based on the fire
sources and trace gas emissions and (right) the regions re-classified into large three parts in this
study based on those latitudes and sources. Abbreviations for the regions were explained in
the caption of Figure 3.11 and used without any annotations hereafter. The regions re-classified
in this thesis is hereafter called as the Northern-hemispheric (NH) region for the blue-colored
area, the equatorial (EQ) region for the red-colored area, and the Southern-hemispheric (SH) re-
gion for the green-colored area, respectively, consisting of 4–5 parts defined in GFED document
in each region.

FIGURE 3.11: Left panel shows the regions defined in the GFED v4 products; (1)
BONA (Boreal North America), (2) TENA (Temperate North America), (3) CEAM
(Central America), (4) NHSA (Northern Hemisphere South America), (5) SHSA
(Southern Hemisphere South America), (6) EURO (Europe), (7) MIDE (Middle
East), (8) NHAF (Northern Hemisphere Africa), (9) SHAF (Southern Hemisphere
Africa), (10) BOAS (Boreal Asia), (11) CEAS (Central Asia), (12) SEAS (Southeast
Asia), (13) EQAS (Equatorial Asia), and (14) AUST (Australia and New Zealand),
respectively. Right panel shows the regions distinguished in this thesis; blue color
includes (1) BONA, (2) TENA, (6) EURO, (10) BOAS, and (11) CEAS; red color
includes (3) CEAM, (7) MIDE, (8) NHAF, and (12) SEAS; green color includes
(4) NHSA, (5) SHSA, (9) SHAF, (13) EQAS, and (14) AUST. These regions were

separated based on those latitudes and the dominated emission sources.

Figure 3.12 shows vertical profiles of CH3CN observed by SMILES in the periods of October
to November (a), December to February (b), and March to April (c), respectively, which were
identified in each basis region defined in the GFED document. The different colors and sym-
bols represent different GFED regions displayed in Figure 3.11. Overall, CH3CN VMR values
were highest at lowermost altitude (= about 24 km) in most cases and reduce with altitudes
in all regions except the SH region in Dec–Feb and Mar–Apr, resulting from vertical convec-
tion and no CH3CN sources in the stratosphere although in mid-latitude vertical convection
generally is less than that in the tropics and CH3CN source is dominant in the troposphere. In
Figure 3.12 (a), EQ and SH regions were comparable and CH3CN VMR in some parts of NH
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regions were relatively higher at middle altitudes from 4.8 hPa to 2.8 hPa. As shown in Fig-
ure 3.12 (b and c), the classification in three parts is consistent showing the obvious differences
of vertical distribution pattern. It should be notable that there are maximum values at around 6
hPa in SH region except Oct–Nov although VMRs at lowermost altitude were comparable be-
tween EQ and SH regions. Figure 3.13 shows that carbon emission and burned fraction in each
period derived from GFED v4 products. As can be seen, burned fraction and carbon emission
in the tropic region (< ±30 ◦) including CEAM, SEAS, NHAF, AUST, EQAS, and NHSA were
dominant in all periods, which are consistent with the CH3CN VMRs distribution shown in
Figure 3.12. Although large emission and burned fraction in mid-latitude northern hemisphere
can be seen in the periods of Oct–Nov and Mar–Apr in BOAS and CEAS region, CH3CN VMR
in BOAS (blue triangle) and CEAS (blue plus) region in the periods were comparable to those in
Dec–Feb with 30–40 ppt of CH3CN at the lowermost altitude. This indicates that the source of
stratospheric CH3CN in mid-latitude area should be a transport from the tropic region rather
than vertical convection from the local biomass burning. On the other hand, VMR at lower-
most altitude in the NH region sometimes was comparable to those in the other two regions
and thus vertical convection of biomass burning plume can be considerable with the horizontal
transport.

FIGURE 3.12: Vertical profiles of CH3CN observed from SMILES in the periods
of (a) October to November, (b) December to February, and (c) March to April,
respectively, which coincide with each basis region defined in the GFED docu-
ment. The differences of the colors and symbols indicate different GFED regions

displayed in Figure 3.11.

3.5 Conclusions of this chapter

I performed data validation of SMILES and derived the vertical profile and seasonal variation
in the upper atmosphere using SMILES data. The CH3CN data quality of SMILES is inves-
tigated by error analysis and comparison with Aura/MLS. Error analysis shows systematic
error is dominant uncertainty spectral parameters in the measurement altitude range. In the
lower stratosphere, the uncertainty of air pressure broadening effects approximately 7.0 %. The
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FIGURE 3.13: Left column shows biomass burning carbon emissions and right
column shows the burned fraction of each grid cell in each period; October to
November 2009, December 2009 to February 2010, and March to April 2010. Units

of carbon emissions in g C/m2/month.
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random error from single scan spectra is larger than systematic error, but the random error de-
creases with the profile number.

Comparison with Aura/MLS shows there are good agreement lower stratosphere and also
no specific latitudinal and seasonal dependence between SMILES an MLS. The difference be-
tween SMILES and MLS increase with altitude.

The systematic error and the relative difference to MLS are 3.78–5.09 % and 24.7–35.5 % in
the altitude range between 8.6 and 4.8 hPa (32–36km). Therefore, SMILES CH3CN profile has
the reliability in the altitude range between 8.6 and 4.8 hPa (32–36km). Above 36 km, SMILES
CH3CN precision is good value but relative difference to MLS is over 100 %.

I derived correlation coefficient between SMILES CH3CN and Aura/MLS HCN both of
which are known as a biomass burning tracer. There is a strong correlation coefficient (0.66–
0.92 at pressure level of 8.6 hPa–0.58 hPa) between lower stratosphere and upper stratosphere.
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4 Conclusions and future perspectives

Although NO2 has various natural and antoropogenic emission sources, remote sensing of NO2
from space using satellite instruments has an advantage for global observation. My focuses
are to detect NO2 hotspots and to identify NO2 sources in the region where several emission
sources exist. In order to achieve these two concepts, I performed error analyses for NO2 obser-
vation with 1 km spatial resolution and for SMILES CH3CN observation as a biomass burning
tracer to distinguish natural and anthropogenic contribution. Based on the simulation analysis
for NO2 and the validation analysis for SMILES CH3CN, I understood how NO2 observation
with km-order resolution can be achieved in the future and whether CH3CN is valid as an
indicator for biomass burning using SMILES satellite measurement.

The lower satellite altitude of 300 km was determined to be optimum to meet the scientific
requirement of 5% for the tropospheric NO2 SCD because measurement error in the polluted
region (Beijing) met the scientific requirement of 5% at an SNR of around 1000 with a precision
of 2%–4% for all the fit windows in the case of a satellite altitude of 300 km, while a satellite
altitude of 600 km did not meet the requirements in the same situation. In the moderately
polluted case, however, use of the 405–465 nm window may be suitable because lower mea-
surement errors are achieved compared to use of the 425–497 nm window, although it still did
not satisfy the requirements. Therefore, a combination of a fit window of 425–497 nm and a
satellite altitude of 300 km is likely to be the optimal combination for the satellite instrument
considered in this study. The error estimation analysis considering the error propagation, in-
cluding the AMF uncertainty, implied that the overall error for the tropospheric NO2 retrieval
was expected to be 0.88× 1015 molec cm−2, which is consistent with the scientific requirements.
As shown in Table 2.5, the satellite instrument proposed in this study showed lower uncertain-
ties of the retrieved total and tropospheric NO2 SCDs without deterioration of the spectral
resolution, compared with those of the other satellite instruments. This can be achieved using
an extremely low satellite altitude of 300 km.

Comparison with Aura/MLS shows there are in good agreement in lower stratosphere
and also no specific latitudinal and seasonal dependence between SMILES an MLS. The dif-
ference between SMILES and MLS increase with altitude. The systematic error and the relative
difference to MLS are 3.78–5.09 % and 24.7–35.5 % in the altitude range between 8.6 and 4.8
hPa (32–36km). Therefore, SMILES CH3CN profile has the reliability in the altitude range be-
tween 8.6 and 4.8 hPa (32–36km). I derived correlation coefficient between SMILES CH3CN
and Aura/MLS HCN both of which are known as a biomass burning tracer. There is a strong
correlation coefficient (0.66–0.92 at pressure level of 8.6 hPa–0.58 hPa) between lower strato-
sphere and upper stratosphere except lowermost and uppermost pressure altitudes. Based on
comparison analysis with GFED v4 data, NO2 emissions in SHSA, NHAF, a part of AUST and
most part of SHAF regions were estimated to originate from biomass burning, can be seen in
the periods of Oct–Nov and Dec–Feb and this fact is consistent with SMILES CH3CN VMR
distinguished in each region.

In this thesis, I determined the optimum setup for NO2 observation with 1 km spatial reso-
lution, which could be a breakthrough in terms of spatial resolution. Small satellite and super
low altitude of 300 km are key concepts supporting such high spatial resolution. Such super
low satellite altitude is also needed to improve the sensitivity to atmospheric trace gases al-
though it is obvious that technical advance of the detector improve the spatial resolution of
previous satellite instruments. Based on test results of the SLATS, super low altitude less than
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300 km would be focused and utilized for air quality observation because this altitude is state-
of-the-art. I believe that this thesis could be helpful for the situation as a pioneer and a foothold
to switch to ∼1 km.

For CH3CN, its relatively long lifetime and near exclusive emission from biomass burning
suggest the great potential as a biomass burning tracer (Akagi et al., 2011). This thesis quanti-
tatively demonstrated a reliability of CH3CN VMR data in stratosphere derived from SMILES
measurement. Also, the availability of SMILES CH3CN data as a biomass burning tracer was
shown though it is qualitative. To evaluate its traceability quantitatively using satellite mea-
surements, simulations for vertical convection and horizontal transport would be considered
for further steps.
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A Differences between AOS1 and AOS2

Figure A.1 shows histgrams of SMILES CH3CN VMRs observed by AOS1 and AOS2 at 15.7,
8.6, 4.8, 2.8, 1.6, 0.97, 0.58, and 0.30 hPa, respectively, using data displayed in Figure 3.4. As can
be seen, differences of mean value between AOS1 and AOS2 decreased with altitudes although
even at 15.7 hPa, where the difference between AOS1 and AOS2 was largest, mean values for
AOS1 and AOS2 were in 1σ standard deviation of each other, implying that the difference
between AOS1 and AOS2 (about 10 ppt) was not significant.

FIGURE A.1: Histgrams of SMILES CH3CN VMRs observed by AOS1 (red) and
AOS2 (blue) at 15.7, 8.6, 4.8, 2.8, 1.6, 0.97, 0.58, and 0.30 hPa, respectively. Vertical
broken lines and dotted lines indicate each mean value and 1σ standard deviation

for each histgram, respectively.
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B Consideration for seasonal variation

I derived a daily scatter and average plots for SMILES CH3CN VMR at altitudes of 28–52 km
(corresponding to 15.7–0.58 hPa) to investigate the seasonality because of sparse observation
dates of SMILES measurements. Only the date when more than one hundred data were ob-
tained in one day was considered. As can be seen in Figure B.1, at pressure levels of 32–44 km,
the 1σ standard deviation of SMILES CH3CN VMRs in the period of Dec–Feb were slightly
larger than those in the other periods even if comparing with the periods when the same AOS
were observing. I believe this would be due to differences of the vegetation from which CH3CN
emitted in this period. Even if this effect and the uncertainties of CH3CN are considered, sea-
sonality of CH3CN which CH3CN is slightly high in February can be seen at pressure levels of
40–44 km, which is due to seasonality of biomass burning.

FIGURE B.1: Daily scatter and average plots for retrieved CH3CN at each altitude
(28–52 km) in the Equatorial region (20◦S–20◦N). Solid red lines indicate filtered
mean values. Error bar indicates 1σ standard deviation of moving average. Red

(blue) shaded areas represent the date observed by AOS1 (AOS2).
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C Monthly scattering plots of SMILES CH3CN vs.
Aura/MLS HCN

I derived seasonal (Oct–Nov, Dec–Feb and Mar–Apr) and monthly (December, January and
February) scattering plot of SMILES CH3CN vs. Aura/MLS HCN at 32 km. The distribution
derived in Dec–Feb (red) were obviously different from those derived in the other two periods
(green and blue) (see upper left panel in Figure C.1), which showed the distribution taking the
other two trends. The VMRs of SMILES CH3CN in December were relatively higher (about
20 ppt) than those in January and February when comparing with the same VMR value of
Aura/MLS HCN, i.e., at 160 ppt of Aura/MLS HCN SMILES CH3CN VMRs were 30–40 ppt in
December but 15–20 ppt in February. Also, scattering derived in January showed the interme-
diate of these two different trends. The enhancements of carbon emission and burned fraction
derived from GFED data also implied the enhancement of biomass burning event in December,
especially in Sahel. At this altitude (32 km = 15.7 hPa), differences between AOS1 and AOS2
is relatively large (see Figure B.1 and Figure A.1). Additionally, the spectrometer observing in
December was only the AOS1. Therefore, the distribution derived in Dec–Feb was likely to
have two trends.
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FIGURE C.1: (upper left) Seasonal scattering plot of SMILES CH3CN vs.
Aura/MLS HCN at 32 km. Red, blue and green color represent data from the
periods of Dec–Feb, Mar–Apr and Oct–Nov, respectively. Solid line represents
the regression curve derived in all periods. (lower left and right column) Monthly
scattering plots in the period of Dec–Feb at 32 km. solid lines in each panel show

the regression curves derived in each month.
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D Comparison of OMNO2 data with GFED data

Figure D.1 shows the distribution map of retrieved NO2 VCDs in troposphere (VCDtrop) ((a),
(d), and (g)), stratosphere (VCDstrat) ((b), (e), and (h)), and total (= VCDtrop + VCDstrat) ((c),
(f), and (j)), respectively. These VCDs were averaged in each period using 0.25◦ gridded OMI
standard products (OMNO2G) (Krotkov, 2012, Accessed: 8 April 2019) in the period of SMILES
observation. As mentioned in introduction, one of natural source of NO2 is biomass burning.
Therefore biomass burning emission can be estimated from the NO2 VCD observed by satellite
instruments although it is slightly hard to identify the NO2 source due to mixing NO2 from the
various sources in an urbanized area. van der A. et al. (2008) reported the map of dominant
NOx (=NO2) sources based on analyses of the time series of satellite NO2 observations such
as GOME and SCIAMACHY at 10 a.m. (Figure 1.3). Based on this analysis, NO2 emissions
in SHSA, NHAF, a part of AUST and most part of SHAF regions were estimated to originate
from biomass burning, can be seen in the periods of Oct–Nov and Dec–Feb in Figure 3.13. This
results showed a good consistency between OMNO2G data and GFED data. As can be seen
in Figure D.1, tropospheric NO2 (VCDtrop) was enhanced in the regions above, where biomass
burning event is concentrated.

The stratospheric NO2 (VCDstrat) in near equatorial region is as relatively high as 2.5–3.0
× 1015 molec cm−2 with slight enhancements of NO2 emissions from biomass burning. On
the other hand, in case of Mar–Apr the distribution was totally different from the other two
periods, which shows high NO2 VCDs of about 3.0 × 1015 molec cm−2 or more in mid-latitude
northern hemisphere due to the daytime hours.

According to van der A. et al. (2008), the distinction between NO2 from anthropogenic
sources and from biomass burning is determined by the month of maximum NO2 and biomass
burning mainly contributes to NO2 emission from the winter to spring (January–April in North-
ern hemisphere). Also, they reported that in the undefined area in India and Southeast Asia
a month of maximum NO2 is March which is in good agreement with GFED data because of
enhancement of carbon emission and burned fraction (see Figure 3.13) although NO2 VCDtrop
shows almost same value in all periods in Figure D.1. In the regions of SHSA, NHAF, a part of
AUST and most part of SHAF, where are mostly in Southern hemisphere, Month of maximum
should be July–October. Therefore, NO2 VCDtrop in Oct–Nov is slightly higher in the regions
above and this result seems to be consistent with SMILES CH3CN VMR distinguished in each
region.
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