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Abstract

Atmospheric carbon dioxide (CO2) and methane (CH4) are the most important
anthropogenic greenhouse gases and have been proved having a great influence on the
changing of global temperature. It is critical for the understandings of source and sink of
CO; and CHa4 to measure temporal variations of their concentrations in many places. In
situ measurement near surface that a traditional method often heavily influenced by
local sources. With global coverage and high measurement density, satellite observation
of CO, and CHs has become an important approach to obtain CO2 and CHas
concentrations. However, there are still a lot of uncertainties in the main ground-based
data source for validating satellite retrieval, as well as weakness in the instrument
settings and inversion methods. As the main ground-based data source for validating
satellite retrievals, the Total Carbon Column Observing Network (TCCON) sites are
sparsely distributed globally with fixed positions, moreover, most sites are located in
areas far from human activities. The TCCON uses a large FTS (Bruker 125HR wave
number resolution ~ 0.01 cm™). Some groups use a small FTS (Bruker EM 27
resolution 0.5 cm™). Both of them are high in cost. To increase the density of
observations, low-cost and easy-operating remote-sensing instruments are used as a
promising complement to the current techniques. Column measurement by solar
spectrometry is suitable for detecting effect of anthropogenic activities in urban area
without strong influence from local sources around the observation site, because it can
be used for smaller scales than that of the satellite sensors.

In this research, we used OSA (Optical Spectrum Analyzer, wavelength swept type

spectrometer, resolution 0.2 cm™) to obtain the XCO; (CO, column-averaged volume
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mixing ratio) and XCH4 (CH4 column-averaged volume mixing ratio) with lower cost
in Tokyo, Japan and Sichuan, China.

We used GOSAT-XCHs data from January 2010 to December 2013 to study the
spatio-temporal variation of XCHgs in Sichuan Basin where it presents consistent higher
XCHjs values than other parts of China. Our results show that the spatial distribution of
GOSAT-XCHzs is generally consistent with that of CH4 emission, and abnormal high
XCHjs values can be seen in the Sichuan Basin, which is consistent with previous other
research results. The regional variations of XCH4 observed by GOSAT in Sichuan
Basin are determined by not only the CH4 emissions from ground sources but also very
likely the regional topography and the related regional air transport. And then, we have
utilized the OSA instrument at the Yanting station in the Sichuan Basin of China for
September-November of 2013 because no ground-based column concentration data are
available in this remote area. By analyzing the near-infrared solar spectra measured we
obtain the XCH4 and XCO,. We compare the OSA results with those of GOSAT
satellite. Both data sets are in good agreement. The results are also compared with the
TCCON observation at the Lamont station that is located in the latitude zone same to
the Yanting station. The OSA, GOSAT and TCCON values of the concentration ratios,
XCH4/XCO., are in good agreement except in the middle of September. Also, we
measured the XCO: at the central area of the Tokyo metropolitan area for two years
using the portable OSA instrument. To perform comparison, the data from a TCCON
site in Tsukuba, which was located at the northeast edge of the metropolitan, were used.
The seasonal trend coincided with the observations of the ground in situ instruments in
central Tokyo. The diurnal variation in XCO. was correlated with the wind direction.

The high XCO2 values in central Tokyo were attributed to the large emission sources in
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Tokyo. The high XCO> concentration during July 2015 may be caused by the local air
retention.

The OSA instrument can be easily operated at any place and can provide useful
information on source and sink of CO2 and CHg4, because of its compact design, low
power requirement and appreciable accuracy. This OSA system will help future
construction of a ground-based greenhouse gas observation network.

The results in this thesis show that the small ground-based observation system we
have developed not only can provide the time-varying data and provides verification
data for satellites, but also greatly reduces the cost of greenhouse gas observations. The
OSA instrument was portable and not expensive, and it can be easily operated at any
place to measure the XCO, and XCHj4 values and to estimate the local CO2 and CHs
emissions and absorption processes, and using this as a reference, small-scale
ground-based observing systems for CO2, CH4 and other greenhouse gases will be

developed to provide more convenient global greenhouse gas observations.
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Chapter 1

General Introduction

Earth’s climate system is driven primarily by heat energy arriving from the Sun. When
sunlight reaches the surface of the Earth, some of it is absorbed which warms the ground
and some bounces back to space as heat. Because some gases in the Earth’s atmosphere
such as carbon dioxide (CO;) and methane (CHs) can absorb long-wave infrared radiation
emitted by the Earth and return part of the energy back to the surface, increases the
temperature of the Earth.  This is called the greenhouse effect and the gases involved are
called greenhouse gases (GHGs).

The greenhouse effect under normal conditions maintains the average surface
temperature at about 15°C, but since humans entered the industrial revolution, with the
intensification of activities such as fossil burning and deforestation, excessive GHGs are
emitted into the atmosphere, it has led to an ever-increasing greenhouse effect, and the
global surface temperature has continued to rise. Global warming will redistribute global
precipitation, melt glaciers and frozen soil, and increase sea levels. It will not only harm
the balance of natural ecosystems, but also threaten human survival.

The CO2 and CHg are potent GHGs that contribute to human-induced climate change.
In 2011 the atmospheric concentrations of CO; and CH4 have exceeded the pre-industrial
levels 391 ppm and 1803 ppb by about 40% and 150%, respectively. Limiting climate
change will require substantial and sustained reductions of greenhouse gas emissions,

quantifying anthropogenic greenhouse gas emission is essential toward reduction (Duren



and Miller, 2012). The amount of anthropogenic GHGs emission is estimated by either
the bottom-up or top-down methods. The bottom-up method uses diverse inventory data.
The top-down method contrast requires measurement, reporting and verification of
atmospheric composition data. It is already true that GHGs are increasing, and it is
important to accurately determine the total emissions of GHGs. The amount of GHGs
emitted in the atmosphere, which is determined by background concentration and
atmospheric transport. Therefore, in order to know the GHGs emissions, it is necessary
to accurately measure the time variation of GHGs in various places. In-situ measurements
at the ground can provide diurnal change data of atmospheric CO., but suffers from the
fact that they are heavily influenced by local contributions. Satellite observations are
useful to improve the capability to monitor anthropogenic CO: emissions. The
observations provide the uniform large-scale observation results. However, because they
have a sun-synchronous orbit over a target is limited, result is that since cannot provide
the detailed diurnal variation data. In addition, satellite data need ground-based
observations to be validated by a globally distributed observation network such as Total
Carbon Column Observing Network (TCCON; Wunch et al., 2011). Using high-
resolution Fourier-transform infrared (FTIR) spectrometers, it provides a column-
averaged CO2 mixing ratio (XCO») data with high precision and accuracy, but the number
of these sites is limited because it is large and expensive. To increase density of
observations, low-cost and easy-handling remote-sensing instruments are a promising
complement to those current techniques. The column measurements by using solar
absorption spectrometry can probe larger sample volumes than the in-situ measurements
and smaller spectrum scales than the satellite sensors (Kobayashi et al. 2010, Frey et al.

2015. Hase et al. (2015)).



This thesis focuses on the greenhouse gas data analysis related to a low-cost, compact
ground-based CO» solar spectrum observation system. In this chapter, the importance of
the greenhouse gases CO> and CHys is described. Then, the current major measurement

techniques is described in detail. Finally the aim of this thesis is presented.

1.1 Global warming and Greenhouse effects of

atmospheric CO; and CH4

Global warming has become one of the most important global environmental issues
nowadays. After the pre-industrial era, due to human activities, the emissions of
anthropogenic GHG such CO; and CH4 have increased significantly.

The continuous increase in atmospheric concentrations of greenhouse gases is
considered to be the main cause of rising global average temperatures. The global
warming effect caused by greenhouse gases contributes about 78% (IPCC, 2014).
Moreover, it is considered to induce the frequent occurrence of extreme climate events,
such as extreme droughts in dry regions and floodis in rainier regions. These extreme
climate events have caused tremendous damage to human life. CO> is the most important
greenhouse gas causing global warming. The CO» concentration emitted by humans has
exceeded the absorptive capacity of terrestrial ecosystems and oceans, disturbing the
balance of the global carbon cycle and thus affecting the climate system (Falkowski et al.
2000; Schindler et al. 1999). Factors that directly contribute to the increase in atmospheric
CO2 concentration include anthropogenic emissions (fossil fuel combustion,
anthropogenic combustion), natural emissions (ecosystem respiration, forest fires,

volcanic eruptions, etc.), and CO2 produced by the circulation of atmospheric transport
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substances. Many researches proven that the anthropogenic emissions are the main
contributor to regional atmospheric CO2. And the CO; emitted by fossil fuel combustion
caused by human factors is the main reason for the increase of global CO, concentration
in the atmosphere (Falkowski et al. 2000). At present, the reduction of greenhouse gas
emissions, especially the reduction of CO> emissions, is a global consensus. Therefore,
accurate monitoring of CO; emissions information, study of the temporal and spatial
distribution of CO; concentration and its spatio-temporal dynamic changes, including
their sources and sinks, will help countries around the world develop reasonable and
effective greenhouse gas emission reduction programs.

CHy is also one of the most important greenhouse gases, and is the major component
of natural gas. The greenhouse effect generated by unit molecule of CHy is about 23 times
higher than that of atmospheric CO>. Therefore, it will be more effective to reduce the
CH4 emissions to mitigate the potential global warming than reducing the CO> emissions
(Hogan et al. 1991).

The World Meteorological Organization (WMO) indicated in the "Greenhouse Gas
Bulletin" published on September 9, 2014 that from the year 1990 to 2013, greenhouse
effect had increased by 34% due to increasing CH4 concentrations. Therefore, analyses
of the CH4 concentration variation and studies on its driving factors have drawn
increasing attention. However, due to limited observation capabilities and understanding
of CH4 sources and sinks, the underlying driving factors for the regional CH4 spatio-
temporal variation are still unclear (He et al. 2012). The increase of global atmospheric
CHj4 concentration is mainly due to significant emissions occurring as a result of animal
husbandry and agriculture, in which irrigated rice paddy is one of the most important

sources (Sshen et al. 1995).



In 1997, the United Nations Framework Convention on Climate Change (UNFCCC)
countries have signed the "Kyoto Protocol" aimed at stabilizing atmospheric
concentrations of greenhouse gases, especially CO, and placing the global carbon cycle
under direct human control. It is required to monitor the source of CO; released into the
atmosphere, but due to the limited understanding of CO> emission, absorption process
and location, we cannot explain the current atmospheric CO; concentration change law,
nor can we make accurate predictions of future atmospheric CO2 concentration changes
(Rayner et al., 2001; Michalak et al., 2011). At the same time, assessing the
implementation of the treaty at various national scales and evaluating the response of the
global carbon cycle to the implementation of the agreement are still challenging issues
(Houweling et al. 2004). Therefore, responding to future climate and formulating policies
and strategies for mitigating and adapting to climate change need to make accurate
estimates of surface carbon sources and sinks, quantify atmospheric CO> concentrations,

and need to manage the global carbon cycle effectively.

1.2 Observation of CO; and CH4 concentrations in the

atmosphere

It is critical for the understanding their sources and sinks using the continuously CO; and
CHy distribution and its global variation. Atmospheric CH4 and CO; observation methods
mainly include in-situ measurement and remote sensing observation. Ground-based

observations have high accuracy, but they are mainly based on scattered single-point
observations, and do not have the ability to provide uniform, global-wide observations

(WMO, 2012). The satellite remote-sensing observations can be used for real-time
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detection and unified detection in areas and large areas ( Liu et al., 2012; NIES GOSAT

Project, 2012).

1.2.1 In-situ measurement techniques

In-situ measurement can provide long-term, high-precision, systematic atmospheric CO»
and CH4 concentration observations at a fixed location. It is of great significance for the
temporal and spatial variation of CO; and CH4 concentration in the atmosphere, the
source and sink information of the continental scale, and the prediction of atmospheric
CO7 and CH4 concentration in the future.

Since the 1950s, relevant organizations in various countries have established
greenhouse gas concentration background observation stations in different regions of the
world. Most of these observatories are located in islands and coastal areas far from the
sources of man-made emissions, and have obtained background concentrations of
greenhouse gases that are not affected by regional human factors, and eventually formed
observation networks (Figure 1.1). At present, the world's largest and well known
international integrated atmospheric observation network is the Global Atmospheric
Observation Network (GAW) established by the International Meteorological
Organization (WMO) in 1990. As of June 2018, there were more than 200 stations in
more than 60 countries around the world. Atmospheric CO2 concentration data was
reported to the World Data Center for Greenhouse Gases (WDCGG) in Japan.
Observation points covered all latitudes in the world.

According to the scope and nature of the observing station representatives, GAW

ground observing stations can be divided into global observatories, regional observatories



and cooperative observatories. Observing platforms can be divided into fixed platforms
(surface fixed observatories, high towers), mobile platforms (aircraft, air balloons, ships,
satellite remote sensing) and ice core measurements (GAW, 2009). In addition to
observations of greenhouse gas concentrations, individual greenhouse gas profiles are
also observed at some sites to obtain vertical distribution of atmospheric greenhouse gases.
GAW atmospheric greenhouse gas concentration observations have also established a
series of specifications in measurement methods, quality assessment, data management,
analysis and forecasting, etc. to ensure that data from different countries and laboratories
are comparable across the globe(WMO, 1978; WMO, 1971). In addition to WMO/GAW,
the US National Oceanic and Atmospheric Administration-The Earth System Research
Laboratory (NOAA/ESRL) established its own atmospheric greenhouse gas
concentration observation network using most of the same observation stations as GAW
and using different data analysis methods and developed the GLOBALVIEW-CO./CHg4
global greenhouse gas assimilation dataset. In addition, the CSIRO/CMAR, the Canadian
Meteorological Agency (MSC), the National Institutes of Environmental Research (NIES)
and other agencies also conducted a large number of greenhouse gas observations and
research work respectively.

GAW Atmospheric greenhouse gas background observations provide reliable
observational data to assess the long-term trends of GHGs concentrations in different
latitude regions and global average conditions (Bell et al., 1999). The use of surface CO»
observation data combined with atmospheric transport models can be used for inversion
of surface carbon fluxes, and many scientists have conducted research on this. Enting et
al., through the observation of atmospheric CO, and isotope *CO,, combined with the

atmospheric trace gas transport model GISS, pointed out that at the global scale, marine
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and terrestrial carbon sinks can be obtained from surface CO; concentration observations
(Enting et al., 1995). Fan et al. calculated the temporal and spatial distribution of carbon
uptake in terrestrial ecosystems using surface CO» observation data, by global chemical
transport model (GCTM) and SKYHI models and ocean-atmosphere carbon flux data and
fossil combustion CO emissions data (Fan et al., 1998). From this we can see that based
on the CO; observation data of surface atmospheric carbon, we first need to obtain the
spatial and temporal distribution of atmospheric CO: concentration through the
atmospheric transport model, and then obtain the distribution of surface carbon sources
and carbon sinks. In addition to the uncertainty of the atmospheric transport model, due
to the scarcity of ground observation stations, their uneven distribution, and their high
cost, they have become the main factors restricting the accurate retrieval of carbon
sources and carbon sinks. For example, Enting also pointed out that although surface
observation data can provide constraints on the inversion of regional carbon sources and
carbon sinks, it cannot reduce the uncertainty in the calculation of global carbon revenue
and expenditure. Fan's research also showed that the existing data and model constraints
can detect the carbon absorption of the terrestrial ecosystem in North America, but its
magnitude cannot be determined. Due to the lack of observational data, the carbon flux
in the tropics still has great uncertainty.

In summary, the concentration measurement of atmospheric GHGs based on surface
observations has advantages such as high accuracy away from man-made pollution
sources, and it plays an important role in revealing the dynamic law of atmospheric CO>
concentration and in the early research on carbon source and carbon sink inversion.
However, due to the high cost and low spatial resolution, different scholars still have great

disagreement on the spatial and temporal distribution and size of carbon sources and
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carbon sinks. Therefore, quantification of global carbon budget research urgently requires
more observational data of GHGs, especially COz, that can be used in global atmospheric

transport models.

1.2.2 Remote sensing techniques

Observed by remote sensing technology is the result of atmospheric CO> column
concentration (XCO3). XCO; refers to the ratio of atmospheric CO2 molecules to total air
molecules in the air column from the surface to the top of the atmosphere, reflecting the
overall level of CO2 from the near surface to the upper atmosphere. Movement of the
atmosphere in the vertical direction does not affect column concentration values.
Atmospheric COz column concentration values will not change during the vertical
interaction process between near-surface ecosystems and atmospheric CO», and can
intuitively and accurately reflect the change of atmospheric CO; total concentration in the
horizontal direction. When describing changes in carbon sources and sink fluxes, column
concentrations are more accurate than near-surface atmospheric CO; concentrations
(Wunch, 2010).

The XCOz and XCH4 remote sensing platforms mainly include Space-based observing

systems and ground-based observing systems.

1.2.2.1 Space based

Space-based observations are mainly satellite observations. Satellite remote sensing has
the characteristics of rapidity, low cost, and large-scale continuous observation. It

provides new ideas for solving the problem of ground station atmospheric GHGs



measurement. The GHGs in the atmosphere selectively absorb light at specific
wavelengths. After the light passes through the atmosphere and returns to space, it has
atmospheric GHGs content and other information. Based on this, atmospheric GHGs
concentrations and profiles can be obtained.

Taking CO» as an example, it can be seen from the solar spectrum absorption diagram
that CO; in the atmosphere mainly has 1.58 um, 1.61 um, 2.06 pm, 2.7 um, 4.3 um, and
15 um, and 6 characteristic absorption bands. However, the band used for inversion of
atmospheric CO; concentration should also satisfy conditions that are insensitive to
temperature changes, less affected by other gas absorption, and less likely to be saturated
by CO, absorption. Many scientists discussed the feasibility of using satellites to invert
atmospheric COz concentrations: analysis of the COz absorption characteristics of 1.6pum,
Tolton pointed out that the filter radiometer based on satellite sensor design has the
potential to measure atmospheric CO; concentration from space (Tolton et al., 2001). Mao
Jianping pointed out through spectral sensitivity experiments that under conditions of
high signal-to-noise ratio and spectral resolution of the instrument, 1% COz concentration
on the surface can be detected using absorption features near 1.58 um (Mao et al., 2004).
Kuang et al. used simulated satellite measurements to show that the CO> concentration in
the 1.58 um and 2.06 um absorption bands combined with the 0.76 pm absorption band
can be used to invert high-precision atmospheric CO> concentrations (Kuang et al., 2002).
The requirements for the accuracy of satellite observations of atmospheric CO; vary with
the spatio-temporal distribution of data and the inversion of carbon flux at different
regional scales. However, it is clear that the higher the accuracy (above 1 ppmv), the less
the uncertainty in the estimation of surface carbon fluxes (Miller et al., 2007). The

presence of clouds and aerosols in the atmosphere changes the optical path of CO»
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absorption, making the calculation of the CO, absorption spectrum more complicated.
Surface factors, such as surface albedo and topographic changes, affect the ability of
satellites to determine surface carbon flux at relatively small temporal and spatial scales.
In addition to the low CO; content in the atmosphere, the current observation accuracy
also imposes higher requirements on satellite signal-to-noise ratio, spectral resolution,
and radiation resolution.

At present, satellites observing atmospheric CO> concentrations have reached the
consensus that, including uncertainties such as instrument calibration, noise, and
atmospheric conditions, the total uncertainty should be less than 1% (3.6 ppmv) to
increase surface carbon fluxes inversion accuracy (Houweling et al., 2004). Based on the
above research, the current special carbon satellites for atmospheric greenhouse gas
observations are GOSAT, OCO-2, and TANSAT.

(1) GOSAT
On January 23, 2009, the Global Greenhouse Gases Observing Satellite (GOSAT), the
world's first dedicated greenhouse gas detection satellite, was co-developed and launched
by Japan Aerospace Development Agency (JAXA), the National Institute of
Environmental Research (NIES), and the Ministry of the Environment (MOE). Its
mission goal is to observe the global atmospheric CO; and CH4 distribution. The scientific
goal is to obtain global and regional distributions of anthropogenic emissions of
atmospheric CO; sources and sinks through observations (Bousque et al. 1980, Fan et al.
1998). The GOSAT is a medium-sized satellite with a weight of 1650 kg and operates in
a sun-synchronous orbit at an altitude of 666 km. Its spatial resolution is 500m below the
sub-satellite point, its operating cycle is 98min, and it can cover the world every 3 days,

collecting the latest data of about 56,000 observation points worldwide (Aumann et al.
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2003). The GOSAT satellite carries two sensors: the Fourier Transform Spectrometer
(FTS) and the Cloud and Aerosol Imager (CAI). FTS is used for greenhouse gas detection
and CAI is used to collect cloud and aerosol information (Enting et al. 2003). The
inversion accuracy of the atmospheric CO; mixture ratio needs to reach 1 to 4 ppmv. This
accuracy can meet our research requirements, that is, the source and sink of CO»
generated by human activities can be discriminated from the background of the temporal
and spatial changes of natural sources and sinks. The above-mentioned observation
targets place very high requirements on the spectral resolution and channel wavelength
range of instruments for detecting CO.. Therefore, the GOSAT satellite uses a Fourier
transform spectroscopic interferometer for observation of greenhouse gases. The Thermal
And Near infrared Sensor for carbon Observation (TANSO) sensor for CO; observation
on the GOSAT satellite has high luminous flux and high spectral resolution. The first band
of the TANSO (central wavelength 0.76 um) is used to detect the O2 concentration and
convert the atmospheric CO> content to a mixture ratio. Its second channel (1.56-1.72 um)
contains the absorption band of atmospheric CHa, which increases the ability to detect
atmospheric CH4. Its third channel serves as an auxiliary detection channel for
atmospheric CO; content. In addition, the TANSO-specific medium and long-wave
infrared channel (5.5 to 14.3 um) information can be used for nighttime observations of
atmospheric CO2 (Enting et al. 1995). The GOSAT satellite uses the cloud and aerosol
imager CAI (Cloud Aerosol Imager) mounted on the same star to correct cloud and
aerosol effects. The first channel of CAl is used for the observation of absorptive aerosols.
Channel 2 and Channel 3 are the most commonly used visible light aerosol observation
channels. Channel 4 can increase the detection of cirrus clouds (Table 1.1). In order to

simulate the analysis of the scope and accuracy of GOSAT greenhouse gas satellite
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observations, the National Institute of Environmental Studies (NIES) of Japan developed
a forward (radiation transfer) and reverse (greenhouse gas inversion) simulation
calculation model to estimate different scenarios (The inversion accuracy of clouds,
clouds, aerosols, etc.)
(2) 0OCO-2

Orbiting Carbon Observatory-2 (OCO-2) is an American environmental science satellite
which launched on 2 July 2014. A NASA mission aiming at quantifying the sources and
sinks of CO> at regional scales and it is a replacement for the Orbiting Carbon
Observatory which was lost in a launch failure in 2009 (Crisp, 2015). It is the second
successful high-precision (better than 0.3%) CO; observing satellite, after GOSAT.

The Orbiting Carbon Observatory-2 (OCO-2) is NASA’s first Earth-orbiting satellite
dedicated to observing atmospheric COx> to better and clearly understand the carbon cycle.
The mission’s main goal 1s to measure CO2 with enough precision and accuracy. The
nadir resolution of OCO-2 is less than 1.3%2.3km?, much finer than GOSAT/TANSOFTS
(diameter of 10.5 km) (Boland et al., 2009; Crisp et al., 2008; Crisp, 2015).

The OCO-2 grating spectrometers measure near-infrared spectra of sunlight reflected
off the Earth’s surface in three spectral regions around 765 nm (O2 A band, or O2A herein),
1.61 um (weak CO; band, WCO3), and 2.06 um (strong CO> band, SCO.), The O>A band
absorption directly constrains the dry-air column abundance and the atmospheric optical
path length. The WCO; and SCO; bands provide information about both the CO> column
abundance and aerosol properties (Table 1.2). By fitting those absorption features using
an optimal estimation retrieval algorithm described in detail by Connor et al. (2008) and
O’Dell et al. (2012), atmospheric abundances of surface pressure and CO; are retrieved

along with other atmospheric and surface properties (e.g., water vapor, temperature, and
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surface reflectance, aerosol and cloud optical depth and distribution).

Schwandner et al.(2017) pointed out that the observation data of the OCO-2 satellite
reveals the different structures of CO; in the atmosphere caused by anthropogenic and
natural point source emissions over several kilometers. Chatterjee et al. (2017) used
OCO-2 observations to characterize the response of CO; concentrations in the tropical
atmosphere to the strong El Nifo events of 2015-2016. OCO-2 observations indicate that
the tropical Pacific plays an important role in regulating the changes in atmospheric CO>
concentrations in the early El Nifio phase in 2015-2016. Sun et al. (2017) used the
chlorophyll fluorescence imaging spectrometer (CFIS) for aerial observation of SIF and
verified ground and space observations. The results show that OCO-2 clearly depicts the
landscape gradient of the SIF and corresponds to different vegetation types. This is a
capability that previous satellite missions did not possess.

(3) TanSat
China launched its first minisatellite dedicated to the carbon dioxide detection and
monitoring at 15:22 UTC on December 22, 2016.TanSat is in a Sun-synchronous orbit
with a local time of the descending node of ~13 : 30 min, an orbital altitude of ~700 km,
and an angle of inclination of 98.2°.

The Chinese Carbon Dioxide Observation Satellite (TANSAT) was designed to focus
on the global observation of CO». For retrieving carbon dioxide from TANSAT
observations, cloud detection is an essential preprocessing step. The main payload aboard
TanSat is the atmospheric carbon dioxide grating spectrometer (ACGS),The ACGS has a
spatial resolution of 2 x 3 km, a swath of 20 km, a mass of 204 kg, and a peak power of
255. This spectrometer is a suite of three grating spectrometers that make coincident

measurements of reflected sunlight in the near-infrared CO; band near 1.61 and 2.06 pm
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and in the molecular oxygen A-band (O2A) at 0.76 um. The main payload of the TanSat
satellite - a hyperspectral CO> detector with 3 channels, in which the spectral resolution
of the O2-A channel at 760 nm can be up to 0.04 nm, capable of capturing vegetation
sunlight induced chlorophyll fluorescence to Fe (758 nm) And KI (771 nm) fill effects of
two solar Fraunhofer dark lines, which can not only dynamically monitor the CO»
concentration in the global atmosphere, but also accurately invert vegetation chlorophyll

fluorescence (Zhongdong Yang et al) .

1.2.2.2 Ground based
1.2.2.2.1 TCCON

The resolution spectrum has higher sensitivity to changes in atmospheric CO>
concentration. However, the space-based platform has strict restrictions on the weight,
volume, and stability of the instrument, while the terrestrial telemetering spectrum
instrument does not have such a problem. Therefore, OCO, GOSAT, and SCTAMACHY
R&D teams have jointly established the Total Carbon Column Observing Network
(TCCON), which uses ground-based FTS to obtain high-precision detection results and
provides verification services for SCIA MACHYGOSAT and OCO space-based
observations.

TCCON is an atmospheric CO> observation network created by the National Center
for Atmospheric Research in the United States in 2004. It aims to increase people's
awareness of the carbon cycle and provide verification data with sufficient accuracy for
satellite observations of CO> column concentrations. TCCON uses a ground-based
Fourier transform spectrometer to record spectral data in the range of 4000-9000 cm™! in

direct solar radiation by observing the near-infrared spectrum of the sun, and adopts a
15



nonlinear least squares spectral matching algorithm to perform inversion to obtain
atmospheric CO». Concentrations of CHs, N>O, HF, CO, H>O, and HDO. Because the
instrument is directly aligned with the sunlight for observation, the TCCON data can
avoid the influence of aerosols, cirrus clouds, etc. on the observation optical path and
obtain high-precision CO> column concentration data. In order to maintain the
consistency of data between different stations, all TCCON stations use the same
observation instruments and software for data processing, including converting the
instrument's interference pattern into spectral data and inverting gas concentration
profiles using spectral data, and then using the average kernel function is weighted to
obtain the CO> column concentration and other processes. The TCCON site uses the
continuous observation mode to acquire spectral data, and the data obtained after the
standardization process has good stability. Wunch compared the inversion CO; profile of
the TCCON with observation data from the aircraft and calibrated the TCCON CO;
column concentration inversion results. In sunny conditions, the TCCON CO> column
concentration measurement accuracy can reach 0.25% (Wunch et al. 2011), which can be
used to validate CO; column concentration data from GOSAT satellites. The TCCON
observation site is sited according to a unified standard. There is no significant impact of
human activities within 100 km, and there will be no significant change in the land use
status in the site area within several decades. After nearly a decade of development, the
TCCON observation sites are widely distributed in the global continents and ocean
regions at various latitudes in the tropical to polar regions. The total number of TCCON
observation sites has reached 26, of which 21 observation sites are available online
(http://tccon.edu.cn).The site distribution as shown in Fig.1.2.

TCCON observation sites are located far away from the direct impact of human
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activities and can represent the average distribution of atmospheric groups in the area
where the observatory is located. These data are widely used in the verification of satellite
remote sensing inversion (Kobayashi et al. 2010). However, due to the high cost of
observation equipment at the TCCON ground site, high construction costs, and high labor
costs for maintenance, the total number of ground-based atmospheric CO; sites at the
current stage is limited and not evenly distributed. Insufficient ground observation data

limit the accuracy of global carbon source and carbon sink inversion.

1.2.2.2.2 Small observation system

TCCON instruments are rather expensive and need large infrastructure to be set up and
expert maintenance. Therefore TCCON stations have sparse global coverage, especially
in Africa, South America and large parts of Asia (Wunch et al., 2015). Therefore, small,
portable ground-based observation equipment is needed as a supplement.

Some researchers use the EM27™ spectrometer from Bruker to detect CO; absorption
spectrum (Gisi et al., 2011; Frey et al., 2015; Hedelius et al.,2016). The interferometer of
this spectrometer is the RockSolid™ pendulum style, with a CaF> beamsplitter and 2 cube
corner mirrors. The spectrometer weighs 25 kg and measures 35%40%x27 cm in size
including the home-built trackersize. The resolution of spectrometer is 0.5 cm™!. The
spectrometer is only capable of recording single-sided interferograms. Although the
differences of temporally coinciding measurements for the XCO; were small (0.12+0.08)%
when compared to TCCON spectra (Gisi et al., 2012), but the instrument cost is relatively

expensive.
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1.3 The aim of this thesis

At present, the remote sensing observation methods of greenhouse gases are mainly
satellite observations. Although satellite observations have the advantages of large scale
and global coverage, they need corresponding ground verification data and cannot
provide detailed daily variation results.

TCCON, the main observing network for terrestrial-verified satellite data, although
providing high accuracy can provide detailed daily variation results, but currently there
are few global sites and most of them are far from anthropogenic emissions areas, small-
scale ground observation systems are needed to provide supplementary data. Therefore
we use OSA to develop a small ground-based greenhouse gas observation system. We
hope that the small ground-based observation system we have developed not only can
provide the time-varying data and provides verification data for satellites, but also greatly
reduces the cost of greenhouse gas observations.

In order to give full play to the advantages of the observing system and to continuously
improve the observing system in the observation we use this system to perform solar
spectrum observations in many places(City, farmland, ocean, desert), and then calculate
XCOz concentration and XCH4 concentration and analyze the reasons. Sichuan, China
has been considered to be a region with high CH4 emissions, but there has been no locally
observed XCHj4 concentration results. In addition, the emission of COz in large cities has
a big influence on world CO» emissions. There are examples of measurements in big cities
of the world, but there are few measurements in Tokyo.

In order to scientifically investigate the concentration of XCH4 and XCO3 in Sichuan

and the anthropogenic emissions of CO: in Tokyo in metropolitan areas, we measured the
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column-averaged concentrations XCO; and XCHas, in Sichuan and Tokyo metropolitan
city using a portable OSA instrument and hope obtain new knowledge from CO> and CH4

observations in Sichuan and Tokyo measurements.
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Table 1.1 GOSAT/TANSO-FTS 4 bands

Band wavelength (um) object
Band 1 0.758-0.775 Detect Oz concentration and obtain surface
pressure
Band 2 1.56-1.72 Detecting gas concentrations using CO>, CHy
absorption bands
Band 3 1.92-2.08 CO2, H>0 absorption bands, auxiliary channels for
the determination of CO>
Band 4 5.56-14.3 Detecting COz channels
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Table 1.2 The spectral information of OCO-2

Band wavelength (um) object
Band 1 0.758-0.772 02 A band, Detect O> concentration and defining
the total dry air column abundance
Band 2 1.594-1.619 weak COz band, WCO;, Detecting gas
concentrations
Band 3 2.042-2.082 strong CO2 band, SCO», auxiliary channels for the

determination of CO;
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Chapter 2

Ground based OSA observation
system

2.1 Importance of small ground observation systems

It is critical for the understanding the sources and sinks of CO, and CHs using the
continuously CO; and CHg distribution and its global variation. However, traditional
measurement methods, in situ measurement suffers from the fact that it is heavily
influenced by local contributions. With global coverage and high measurement density,
satellite observation of CO> has become an important approach to obtain CO:
concentrations. Many satellites for observing greenhouse gases that have been
successfully launched, such as the American Carbon satellite OCO-2, Chinese TanSat,
and Japanese GOSAT-2, and more satellites will be launched in the future, such as the
European CarbonSat and Japanese GOSAT-3. However, as the main ground-based data
source for validating satellite retrievals, the Total Carbon Column Observing Network
(TCCON) sites are sparsely distributed globally with fixed positions, moreover, most
sites are located in areas far from human activities. To increase the density of
observations, low-cost and easy-operating remote-sensing instruments are used as a
promising complement to the current techniques. Measurement of column amount with
solar spectrometry is suitable for localized sources because it can be used for probing

larger sample volumes than that can be probed using the in-situ measurements and
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because it can be used for smaller scales than that of the satellite sensors.

Therefore, we use the ground-based observing system developed by the small-spectrum
spectrometer to perform solar spectrum observation in different regions, and calculate
XCO2 and XCHy, evaluate the performance of the system and analyze the causes of the
concentration change, and then improve the system. This handy OSA measurement can
provide the time-varying data that will help future construction of a ground-based
greenhouse gas observation network. We hope to make some contributions to global

greenhouse gas observations in the future.

2.2 Introduction of the OSA observing system

To measure the atmospheric CO; column density, our portable instrument consists of
outdoor devices such as a solar telescope (30 cm long, 10 mm dia.), a portable sun
tracker (Prede, ASTX-2, resolution 0.00225°) and a Global Positioning System (GPS)
device (CanMore Electronics, GMS6-CR6), and indoor ones such as a tabletop OSA
(Yokogawa, AQ6370-custom), an NIR intensity monitor (THORLABS, PAD10CS) and
a laptop computer (Kobayashi et al., 2010, Kawasaki et al., 2012). A schematic diagram
of the data acquisition system is shown in Fig. 2.1. The solar telescope is installed on
the sun tracker. A long-pass filter (HOYA, RM100, A > 1000 nm) with anti-reflection
coating is placed in front of an object lens of the telescope. The solar signal is guided to
the OSA and the intensity monitor via an optical fiber cable (Mitsubishi Cable Industry,
seven quartz optical fibers in one cable). The quartz optical fibers (fiber diameter 60um,
design wavelength 1550 nm) has uniform transmittance around 1500-1700 nm. The
center optical fiber is connected to the signal inlet of the OSA while the others to that of

the intensity monitor. Reference solar intensity is monitored in 800-1800 nm
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simultaneously with the OSA signal to compensate the OSA signal for solar intensity
fluctuation caused by thin cloud blocking of the solar light. The absolute wavelength of
the OSA is £ 0.02 nm at 1520-1580 nm with a grating optics, which is automatically
calibrated by with a built-in wavelength reference system with an acetylene line
absorption cell. The peak wavelengths in the spectrum are additionally calibrated by
fitting of Fraunhofer lines. Our analysis minimizes the fitting residual by shifting the
wavelength with an increment of 0.01 nm. The measurable signal level of the OSA is >
-90 dB and typical solar spectral intensity is -50 dB. The spectral resolution is typically
0.049 nm (0.020 cm™). In our previous papers (Refs. 7 and 8) the OSA was used with a
non-coated color filter equipped on the front side of the solar telescope which produced
interference pattern noise due to an etalon effect in the spectra. In the present work, the
interference noise is removed by using the anti-reflection coated filter. The OSA
consists of a wavelength scanning monochromator.

The spectral scan time was 2-3 min in the previous work, while it is 12 s in this work.
The OSA instrument is improved for the fast wavelength scan, which can avoid
distortion of the spectra due to the sunlight intensity fluctuations. Geographical data and
coordinated universal time are obtained from the GPS device. The clock of the
computer is calibrated by the GPS signal at midnight every day. Specific parameters are

described in our previous papers (Yokota et al., 2009, Frankenberg et al., 2015).
2.3 Observations using OSA

2.3.1 Selection of observation sites

CH4 and CO; are potent GHGs that contribute to human-induced climate change.
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Understanding the budget of the CH4 and CO; has implications for future climate
change scenarios and mitigation options to avert further global warming. Previous
studies by (Hayashida et al., 2013, Xiong et al., 2009, Zhang et al., 2011) showed that a
consistently high CH4 concentration is observed in the Sichuan Basin, including
Chonggqing and Sichuan regions in south-western China. Although various studies have
shown that the concentration of CH4 in Sichuan is high, and satellites have a small
number of observations, there are no local detailed observations to verify. So we used
the OSA observation system to perform actual XCHs and XCO:> observations in
Sichuan.

We have not only observed in remote areas, but also in metropolitan areas for XCOx.
Schwandner et al. (2017) analyzed the OCO-2 satellite data and reported the high XCO»
over the urban core but not over the suburban areas of Los Angeles, with the differences
which vary seasonally from 4.4 to 6.1 ppm.

According to the GOSAT project report, the human-originated CO; in Tokyo's urban
areas is about 0.5 ppm, which is much smaller than other metropolitan areas. The
GOSAT transit data is very small. The nearest TCCON is nearly 60km from Tsukuba in
the central area, where the population is small and cannot represent the change of CO>
in urban areas. Therefore, we set up the OSA observation system in the center of Tokyo

and actually observed the changes in CO; in the metropolitan area of Tokyo.

2.3.2 Parameter settings

The observing devices in Sichuan and Tokyo are roughly the same, but the details are
slightly different. Among them, the spectral range of Sichuan is1672-1680 nm and

1568-1576 nm, and its purpose is to observe the absorption bands of CH4 and CO». The
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spectrum of Tokyo is set at 1568—1576 nm, only to observe the CO> absorption band.
Moreover, the OSA used is slightly different. The specific parameter settings are shown

in Table 2.1.

2.3.3 Introduction of Column-averaged dry-air molar mixing

ratios

After the solar light passes through the atmospheric layer and interacts with the gas
molecules, the rovibronic bands due to absorption by CHs, CO2 appear in the NIR
spectra and Fraunhofer lines (Jenkins et al., 1981) also appear. The spectral range used
for analyses of CH4 is 16721680 nm while that of CO> concentrations is 15681576
nm. Here we briefly describe how the mixing ratios are obtained. We assume
homogeneous vertical profiles of mixing ratios for CHs4 and CO; from 0 to 48 km
altitudes to retrieve total column densities from observed spectra. As for spectral
simulation, after we divide the air layer into 28 sublayers, for every 1 km at altitude up
to 16 km, every 2 km at altitude 16-32 km, every 4 km at altitude 32-48 km, applying
the Beer-Lambert law to CO; absorption in each layer for a certain CO; mixing ratio,
summing up their absorbance with a line-by-line radiative transfer calculation method.
We calculate the corresponding absorption spectra for the CO> column densities. The
molecular absorption is taken into account through a Voigt line-shape and Boltzmann
distribution model. The values of total column density for CHs or CO, absorption
baseline level, water vapor column density and spectral wavelength shift are treated as
fitting parameters between observed and simulated spectra with a non-linear least
square fitting method. Examples of measured absorption spectra are shown in Fig. 2.2,

in which spectral fitting is satisfactory with calculated ones with a spectral resolution of
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0.049 nm.

To obtain the column-averaged molar mixing ratios, the total column densities of CO:
are divided by total column densities of dry air estimated from weather data of pressure
and humidity (Washenfelder et al., 2006). The total column density of dry air is obtained
by subtracting the mass of water vapor based on the reanalysis weather data of the
relative humidity of the ground and the upper atmosphere. Air masses of the layers are
calculated from the solar zenith angles (SZA) obtained from the GPS time and
geography data of the station. The XCO, data is slightly dependent on SZA. For this
dependency we test a correction formula similar to that implemented by Wunch et al
(2010). The correction influences only slightly our results for daily averaged values
since the deviation are calculated to be less than 0.1%.

As for the spectral database, we tested both HITRAN2008 and HITRAN2012 (Rothman
et al., 2009, Rothman et al., 2013). There are differences of 1.1 and 0.032 ppm in the
retrieved mixing ratios of CO; and CHa, respectively, between the results using the
HITRAN2008 and 2012 databases. The differences are stable and considered to be
small compared to the standard deviations (15) of XCO, and XCH4. The HITRAN2008
database is used for both the measurements and calibrations because data processing
time is shorter.

Since the molecular absorption lines in the NIR are optically thick as well as pressure
and temperature dependent, the spectral retrieval in the NIR requires a detailed
representation of the vertical profiles of meteorological parameters. Meteorological
reanalysis data at four points surrounding the observation point are downloaded from
MDISC Data subset (MERRA-2 inst3 3d asm Np ) in Goddard Earth Sciences Data

and Information Services Center (GES DISC), which consist of surface geopotential
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heights, air temperature, specific humidity and surface pressure at 42 layers divided
from 0.1 hPa to 1000 hPa (Fig. 2.3). The meteorological data at the observation point
and time was interpolated by bilinear method from the four data sets and by linear
method from the data of the interval for three hours.

Impacts of the weather parameters to the fitting calculations by shifting altitude
distributions of pressure and temperature by 1% (10 hPa on the ground) and 1 K are
estimated to be 0.020 and 0.012 ppm for XCH4, and 4 and 1.6 ppm for XCO:
respectively. We take the spectral wavelength shift as a parameter in the fitting process.
Since the full data channels for wavelength scan are 4001, one channel corresponds to
0.002 nm. The spectral shift caused by one digit shift may have an impact of 0.2 ppm
for XCOs,.

In case that the spectral fitting in the retrieval calculation is poor because the solar light
intensity was not stable enough due to interruptions of cloud during the measurements,
we eliminated the data that have a deviation over the averaged fitting deviation (1Gay)
1.0x10*in units of absorbance, where Gay is defined as the sum of squared deviations

divided by total number of data points.

2.3.4 Evaluation of instrument performance Comparison of

the instrument sensitivity

Because the instrument's own model has different performance, and the vibration during
transportation may cause slight changes in the instrument structure, and the instrument
related parameters may change due to the passage of time and instrument wear. To
verify the performance of the instrument, we also observed with the OAS and TCCON

instruments, simultaneously. TCCON has been carefully calibrated against tower and
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aircraft measurements and provides a reference for remote-sensing measurements of
GHGs observations. We put the OSA next to TCCON for observation, compare the
observed data, and find the correction factor.

For the observation in Sichuan, we have obtained the scale factors of XCH4 and XCO;
for the present data processing program by analyzing the OSA spectral data at
10:00-14:00 daily measured at University of Wollongong, Australia (34.406°S,
150.879°E) in 2010-2011 where calibration study was conducted for the presently used
OSA instrument, referring to the TCCON data. Unstable weather conditions or
occasional thin-cloudy conditions reduce reliability of the OSA data since one spectral
scan took about 3 min duration and compensation to solar intensity fluctuation is
imperfect. We eliminated data points (the 10-min averaged values) if the data have a
deviation over 0.14 ppm for XCH4 and 10.2 ppm for XCO;, which are averaged
standard deviations (2c) calculated for one day periods. Thus selected data points of 66
days are plotted in Fig. 2.4. The scale factor for the OSA XCH4 and XCO, datas are

determined to be 1.005 and 0.991:

XCHA4(scaled) = XCH4 (retrieved)/ 1.005 (2.1)
XCO:s(scaled) = XCO:; (retrieved) / 0.991 (2.2)

The observed standard deviations (1o) of the scale factors for 10-min average values are
0.032 for XCH4 and 0.011 for XCO», which corresponds to 0.061 ppm for XCH4 and
4.5 ppm for XCO,. The standard deviations of 1-hour average values are 0.038 ppm for
XCH4 and 2.8 ppm for XCOx.

For the observation in Tokyo, as for the TCCON FTS data, the scale factor and standard
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error are 0.989 and 0.001, respectively (Wunch et al., 2010). The Tsukuba TCCON data
available to us are reported to be scaled. The XCO» data of the OSA were compared
with that of a co-located TCOON FTS instrument between April 22, to July 31, 2017 at
the National Institute for Environmental Studies (NIES) at Tsukuba, Japan (36.05°N,
140.12°E). XCO> data are selected during a solar time of 10:00—14:00. When the solar
light intensity is not stable enough due to occasional interruptions by clouds within a
unit spectral scanning time of 1 min, spectral fittings in the retrieval calculations
become poor. We eliminate the data over the averaged fitting deviation of 1.0 x 107 in
units of absorbance. After selection, the number of days under measurable weather
conditions is 67 days that range from April to July 2017. According to the comparison
between OSA and FTS at Tsukuba under above conditions, the scale factor for the OSA

XCO; data was determined to be 1.003:

XCO; (scaled) = XCO: (retrieved) /1.003 (2.3)

In the following descriptions, we use the OSA data that were corrected using this factor.
The observed standard deviation (1c) and error of the scale factor for 10-min average
values were 0.011 and 0.0008 (0.3 ppm) for XCO,, respectively (Fig 2.5).

The scale factors of Eqgs. (2.1) and (2.2) are used in the observations of Sichuan in
Chapter 4, and the scale factor of Egs. (2.3) are used in the observations in Chapter 5 in

Tokyo.
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Fig 2.1 Schematic of the CO2 column density measurement system. OSA: optical

spectrum analyzer, AD converter: analog-digital signal converter, PC: personal

computer, and GPS: global positioning system receiver.
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Table 2.1: The specific parameter settings of OSA

Station | OSA Type Wavelength range Scanning speed Time period

Sichuan | AQ6370-custom | 1672-1680 nm CHy 12 seconds / scan | 10:00-14:00

1568-1576 nm. CO»

Tokyo AQ6370B 1568—-1576 nm CO2 12 seconds / scan | 9:00-15:00
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Chapter 3

Analysis of GOSAT XCHs and XCOz in
Sichuan

Abstract

Since in the previous study, there were few studies using satellite data to analyze CH4 emissions,
so in this chapter, we analyzed the atmospheric column-averaged methane (XCHs) observations
from GOSAT, spanning from January 2010 to December 2013, to study the spatio-temporal
variation of XCHs4 in China. In further, we investigate the driving mechanism of XCHs
spatio-temporal variations, especially for high XCHs values shown over Sichuan Basin in
south-west China, by analyzing both the emission mechanism of rice planting process, which is one
of main CH4 emission source in China, and the regional atmosphere dynamic transportation. The
results indicate that spatially the Sichuan Basin presents a higher XCH4 concentration than other
regions in China, and is 17 ppb higher than the paddy area in the same latitude zone. Seasonally,
XCHg4 in Sichuan Basin during rice harvest season (August and September) is generally higher than
that in the early stage of the cultivation period (May), which is consistent with the general
knowledge obtained from the ground measurements of CH4 emissions process in rice paddy fields.
However, comparing to paddy area in the same latitude zone, Sichuan Basin shows a relatively
higher XCHs value during the winter of non-cultivation period when the emissions from rice
paddies are weak and surface air temperature is low. To further investigate the high XCHa4
concentration during this low-emission period, we use the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model to simulate the atmosphere dynamic transport process, and
the result suggests that the typical closed topography of Sichuan Basin, which may leads to CHa
accumulation and keep it from diffusion, is one possible reason for the high XCHa4 value in winter.

It is concluded that the spatial distribution and temporal variation of XCHs from GOSAT
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observations are influenced by both emission sources, such as the regional rice paddies emissions,

and the regional topography, such as Sichuan Basin which results in gas retention.

3.1 Introduction

Atmospheric CH4 is one of the most important greenhouse gases, and the greenhouse effect
generated by unit molecule of CH4 is about 23 times higher than that of atmospheric CO.. Therefore,
it will be more effective to reduce the CH4 emissions to mitigate the potential global warming than
reducing CO. emissions (Hogan et al., 1991). The World Meteorological Organization (WMO)
indicated in the "Greenhouse Gas Bulletin" published on September 9, 2014 that from the year 1990
to 2013, greenhouse effect had increased by 34% due to increasing concentrations of greenhouse
gases such as CO. and CHs. Global warming has become one of the most important global
environmental issues nowadays. Therefore, analyses of the CH4 concentration variation and studies
on its driving factors have drawn increasing attention. However, due to limited observation
capabilities and understanding of CH4 sources and sinks, the underlying driving factors for the
regional CHg spatio-temporal variation are still unclear (He et al., 2012). The increase of global
atmospheric CH4 concentration is mainly due to agricultural activities, in which irrigated rice paddy
is one of the most important sources (Shen et al., 1995). China is the world's largest rice producer,
accounting for about 22% of the rice planting area in the world and 37% of the global production.
Therefore, studies of China's regional CH4 emissions and its driving factors are of importance to
understand the regional and global carbon cycle and the changing climate.

Since 1983, WMO has established a global greenhouse gases reference network for continuous
observation of atmospheric greenhouse gases, including CH4 concentration. However, due to the
limited observation stations in many parts of the world, it is still difficult to comprehensively
understand the global distribution and variation of CHs (Zhou et al., 1998, WMO 2001 ). Satellite
remote sensing observation of atmospheric CHas concentration, which provides continuous
observations at the global scale, plays an increasingly important role to improve our understanding

of the distribution of sources and sinks of CH4 and the carbon cycle (Kirschke et al., 2013, Deng et
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al., 2014). To date, several satellites for observing CH4 had been launched, including Atmospheric
Infrared Sounder (AIRS) on the EOS/Aqua platform (Xiong et al, 2008),
SCanning Imaging Absorption spectrometer for Atmospheric CHartographY (SCIAMACHY)
(Frankenberg et al., 2004, Hayashida et al., 2013), and the Greenhouse gases Observing SATellite
(GOSAT) (Yokota et al., 2009), and a lot of valuable observations have been obtained. Using AIRS
data, Xiong et al. (2009) investigated a strong enhancement of CH4 over South China region during
the summer July, August and September in the middle to upper troposphere, and its relationship
with transport and local surface CHs emission. Zhang et al. (2011) discovered that the vertical
distribution of CH4 concentration in the troposphere of China area decreases as the altitudinal
increases. Moreover, seasonal CH4 concentration in the eastern and northern parts of China presents
a double-peak variation, with the highest concentration in summer and the second highest in winter.
Hayashida et al. (2013) analyzed the relationship between rice paddy emission and XCHys
concentration in Southeast Asia using satellite data obtained by SCIAMACHY, and found that there
is a strong correlation between the two variables in Southeast Asia. Zhang et al. (2011) showed that
paddy CHs emission is the major source of CHs in China and found that the air temperature,
normalized difference vegetation index (NDVI) and soil total nitrogen explain more than 75% of
the XCHjs variation in China. Previous studies by (Hayashida et al., 2013, Xiong et al., 2009, Zhang
et al., 2011) also showed that a consistently high CH4 concentration is observed in the Sichuan
Basin, including Chongging and Sichuan regions in south-western China. These studies greatly
improved the estimation of regional and national CH4 emissions as well as our understanding of the
CHa emission mechanism. However, most of previous studies focused on examining the correlation
between the CH4 variation and emissions from rice paddies, while potential driving factors for CHs
variation, such as the atmospheric dynamic transport and influence from external sources, are not
well analyzed, and therefore the underlying mechanism affecting the spatial and temporal
distribution of CHs has not been comprehensively understood. Moreover, the used satellite
observations of CHs concentration by most previous studies are primarily obtained from
SCIAMACHY (Xiong et al., 2009, Zhang et al., 2011), which was launched on board ENVISAT
and operational from March 2002 to April 2012. However, due to sensor problems happened in the

end of the year 2005, the SCIAMACHY observing instrument became unstable since 2006 (He et
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al., 2012). The GOSAT, launched on January 23, 2009, is the world's first spacecraft dedicated to
observe greenhouse gases, including CO, and CHs (Hamazaki et al., 2004). GOSAT data has been
widely used in many previous studies for studying CO- (Xiong et al., 2008, Xiong et al., 2008, Zeng
et al., 2013, Lei et al., 2014., Zeng et al., 2014,), while studies on analyzing CHs from GOSAT
observations are still rare.

In this study, XCHas observations from GOSAT, spanning from January 2010 to December 2013,
are analyzed to study the spatio-temporal variation of XCH4 in China and its relationship with
regional surface emissions. In further, we investigate the driving mechanism of XCH4
spatio-temporal variations, especially for high XCHs values shown over Sichuan Basin in
south-west China, by combining the emission mechanism of rice planting process, the meteorology

data, the surface emission data and the regional atmosphere dynamic transportation.

3.1.1 Station

Figure 3.1 shows the study area of China land region, the Sichuan Basin and the corresponding
same latitude zone in the east for comparison of XCHa variation. Sichuan Basin is located in the
upper reaches of the Yangtze River, encompassing the eastern part of Sichuan Province and most of
Chongging city, with an elevation of about 500 meters above the sea level. The Basin has a close
topography, in which the eastern, southern and northern part of the basin is surrounded by
mountains; and to the western is Qinghai-Tibet Plateau, which makes it difficult for air flow
diffusion. The summer season of the basin lasts for 4 to 5 months with rich rain and temperatures as
high as 25 ~ 29 °C during the hottest month, which is suitable for rice growing and make the basin
one of China's five major rice-producing regions (Xia et al., 2004). The paddy region in Sichuan
Basin with elevation less than 1000 meters is chosen to be the study area. In addition, Yanting
county (105°27'E,31°16'N, ~420m in altitude), where we conducted ground-based observation of
XCO2 and XCHas (Qin et al., 2014, Kawasaki et al., 2012), and Yueyang city (116°42'E,43°38'N,
~40m in altitude), which is located between Hunan province and Hubei province in the same
latitude paddy zone with Yanting, as shown in Figure 3.1, are chosen to be centers of the

atmospheric molecule trajectory simulation.
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3.1.2 Data

3.1.2.1 Satellite data

In this study, 3-year GOSAT XCHjs Level 2 data (Version 02.XX) for General User (GU) from the
year 2010 to 2012 are collected. XCH4 data are retrieved using the spectra observed from Thermal
And Near-infrared Sensor for carbon Observation Fourier Transform Spectrometer (TANSO-FTS)
onboard the satellite with an orbiting period of 3 days. The nadir footprint of the instrument has a
diameter of about 10.5 km at sea level. Compared to early versions, this 02.xx version XCH data
(https://data.gosat.nies.go.jp/gateway/gateway/MenuPage/open.do) were improved by identifying
and correcting the error characteristics in retrieval, such as handling of aerosol scattering (Yoshida
et al., 2013) which has a big impact on the GOSAT retrieval accuracy. The comparison result with
data of the TCCON shows the bias and standard deviation of the GOSAT XCHj, data are —5.9 and
12.6 ppb, respectively (Yoshida et al., 2013). Our ground measurement results implemented at
Yanting Station using OSA (Qin et al., 2014, Kawasaki et al., 2012) for October- November of
2013 present 24 ppb lower deviation comparing with the GOSAT-XCH4 data within 400 km
distance from the station. Our XCHjs data are the averaged values for the local mean solar time of
10-14 h, which show a decreasing tendency from the beginning of October to the end of November

by 90 ppb, and have one standard deviation of 70 ppb. More detailed analysis is still in process.

3.1.2.2 Meteorological data

To study the relationship between air temperature and satellite-observed XCHs concentration,
monthly mean temperature data in Sichuan Basin and the paddy area in the same latitude zone are
collected from the China Meteorological Data Sharing System (http://cdc.cma.gov.cn/), which are
based on the basic-reference surface weather observation station and automatic stations in China.
We obtain the temperature data from the 19 stations in Sichuan Basin and 33 stations in the paddy
areas in the same latitude zone from January 2010 to December 2013, and calculate the regional

monthly-mean temperature of the two areas for the following analysis.
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3.1.2.3 Emission dataset

CHa4 emissions from human activities and natural processes correspond to anthropogenic sources
and natural sources respectively, in which anthropogenic emissions account for about 60% (WMO
2014). The anthropogenic emissions are mainly from rice cultivation, ruminants, waste disposal,
biomass burning, and energy industries. The used dataset of CH4 emissions is from the Emissions
Database for Global Atmospheric Research (EDGAR) v4.2 data (http://edgar.jrc.ec.europa.eul/.) for
the year 2010 on spatial grid of 0.1° x 0.1°. EDGAR is joint project of the European
Commission JRC Joint Research Centre and the Netherlands Environmental Assessment Agency,
and the data are mainly from point source emissions and global energy statistics database of the
International Energy Agency (IEA). The EDGAR CHs emission data include emissions from
agricultural soils, gases, industrial process and animal enteric fermentation (Yue et al., 2012).
Figure 3.2 shows the spatial distribution of CH4 emissions in China for the year 2010. The area of
high emission sources around the Sichuan Basin are mainly located to the east and northeast,

followed by the south, whereas the emissions to the west and north are almost negligible.

3.2 Data processing and analysis

In order to study the influence of nonlocal sources and atmospheric transport on CH4 concentration,
Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) is used to simulate the
atmospheric transport by successively setting Yanting and Yueyang as center point under the
weather conditions of the year 2013. The HYSPLIT model is a complete system, developed jointly
by NOAA and Australia's Bureau of Meteorology, for computing simple air parcel trajectories to
complex dispersion and deposition simulations, allowing a variety of meteorological elements in the
input file, varying physical processes and different types of emission sources. Past studies showed
that 3-5 days trajectory simulation is an appropriate simulation period to study regional impact
(Stohl et al., 1996, Rousseau et al., 2004). Therefore, three-day (72 hours) period is chosen in this
study to implement the trajectory simulation using HYSPLIT. The simulations were started from

the UTC time 00:00, 06:00, 12:00, and 18:00 respectively, with simulated height of 500 meters
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above the ground. The simulated trajectories are aggregated using 0.5 ° x 0.5 ° grids to calculate the
number of trajectory lines and the corresponding orientations within each grid under certain
atmospheric conditions. CH4 sources and sinks can then be further analyzed by combing the

simulation data and the distribution of CH4 emissions.

3.3 Results and discussion

Using the GOSAT XCHs Level 2 dataset collected from January 2010 to December 2013, we
aggregated all the data into 2.5°x2.5° grids and calculated the averaged data within each grid to
obtain the spatial distribution of XCHa in China, as shown in Figure 3.3. We found that the spatial
variation of XCHs from GOSAT is generally consistent with XCHa4 bottom-up calculated emission
data from EDGAR as shown in Figure 3.2. From Figure 3.3, it can be seen that west China shows a
much lower value than south-east region. The lowest value exits in Qinghai-Tibet Plateau, where
little CH4 emission happens because the elevation is high (about 3000 meter on average) and there
are much less human activities. However, the Sichuan Basin next to the Qinghai-Tibet Plateau
presents the highest XCHs concentration in China. This overall distribution from GOSAT data
shown in Figure 3.3 agrees with previous studies (Zhang et al., 2011).

A more detailed demonstration of the XCH4 seasonal variations is shown in Figure3. 4, in
which the seasonal variation of all the GOSAT XCHj4 data in China region with monthly mean data,
the Sichuan Basin and the rice paddy fields in the same latitude zone are compared. The XCHs
value in China land region varies from 1702 to 1917 ppb with mean value of 1794 ppb, and also
presents an annual increase and a seasonal cycle with highest value in Autumn (July to September)
and lowest value in Winter (November to January). This temporal variation is consistent with
ground-based observation result from Waliguan, one of the World Data Centre for Greenhouse
Gases (WDCGG) stations in China (Wei et al., 2000, Zhang et al., 2013). Moreover, XCH4 in both
of the Sichuan Basin and the rice paddy field area in the same latitude zone of the basin present
general higher XCHs value than the averaged value in China land region, and XCH4 value in

previous region are on average 17 ppb higher than that in latter region. The difference of 17 ppb is
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larger than the standard deviation (12.6 ppb) of the GOSAT XCHj4 data error, indicating a XCHas
difference between the two regions with high confidence.

Two main factors that contribute to the XCH4 concentration variability are the local surface
CHs emission and the large scale atmosphere dynamic transport. Among the CH4 emissions, more
than 60% percent are from human activities, in which agriculture related emissions are the main
component. According to statistics from EDGAR, as shown in Figure 3.2, in the Sichuan Basin the
proportions of CH4 emissions from agriculture related emission, fuel gas and waste water are 44%,
14% and 13%, respectively. On the other hand, the typical closed topography of Sichuan Basin,
which results in low surface wind speed and CH4 accumulation and keeps it from outward diffusion,
together with high CH4 emissions from large area of rice paddy fields in the Sichuan Basin are
possibly the main reasons for the high XCH4 value in region (Zhang et al., 2011). To further
investigate the high XCHjs value in this region, two factors, including the emission mechanism of
rice paddy which is the main CHs4 emission source and the regional atmosphere dynamic
transportation are analyzed to investigate the underlying processes leading to XCHjs variability in

the Sichuan Basin.

3.3.1 Relationship between seasonal variation of XCH4 and emissions

from rice paddies

Emissions of CH4 from rice paddies become active through soil CH4 production, re-oxidation and
transmission and release from plant through the aeration organizations (Wei et al., 2000). The
emission process of CHs is influenced by many factors including weather, water management,
fertilization, soil respiration and rice growth (Wei et al., 2000, Chen et al., 1993, Wang et al., 2008).
As shown by previous studies, the temperature is one of the most important factors influencing the
CHs emissions from rice paddies (Shangguan et al., 1993, Yu et al., 1994) and the CH4 emission
will increase 3 times as the temperature increases by 10 °C(Wang et al., 1995). The Sichuan Basin
paddy region mainly includes winter rice paddy, which is characterized by irrigation in March,

planting in May and rice harvesting in September. Afterwards the land keeps soil moisture and
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remains arable until transplanting rice in the following May (Zhang et al., 2011, Wang et al., 2008).
This kind of paddy field is flooded during all four seasons to keep the soil in a reduced state.

Figure 3.5 (@) and (b) show the relationship between the monthly averaged surface air
temperature from weather stations and the XCHjs values in the Sichuan Basin and the corresponding
paddy fields in the same latitude zone, respectively. From Figure 3.5(a), in the Sichuan basin region
the averaged XCHa value in September is generally higher than that in May, as expected according
to the seasonal variation of CH4 emissions due to rice paddy cultivation with planting in May and
harvest in September. However, XCHs value during the non-cultivation season, especially from
November to December and January to February, is unexpectedly higher than that in September
which is the harvest month in cultivation. As shown in Figure 3.5(b), paddy rice regions in the same
latitude zone show a different feature from the Sichuan Basin. From the available monthly mean
XCHya data shown in Figure 3.5, we can see that both regions present an annual maximum of XCHg4
concentration in September. Moreover, we found the seasonal variation of XCH4 of paddy regions
in the latitude zone as shown in Figure 3.5(b) agrees well with the seasonal variation of surface air
temperature, while the Sichuan Basin in Figure 3.5(a) presents a relatively higher XCHs value
during low temperature period in winter. For the period during July and August, unfortunately,
almost no GOSAT XCHs data are available during this rainy season because of the frequency
clouds. As presented by Hayashida et al. (2013) using the SCIAMACHY data, this period, which is
right before the paddy harvest time, presents the highest CH4 concentration, corresponding to the
highest surface air temperature.

It can be concluded that, in the Sichuan Basin region as in Figure 3.5(a), the seasonal variation of
XCHgy is generally consistent with CH4 emissions from cultivation of rice paddy fields. However,
higher XCHa is unexpectedly observed during the low temperature period in winter, which will
be further investigated in the following sections in this paper. For the rice paddy fields located in
the same latitude zone in Figure 3.5(b), the seasonal variation of XCHa4 generally agrees with
CHs emissions from cultivation of rice paddy fields, and consistent with the surface air

temperature variation.
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3.3.2 Relationship between XCHs variation and atmospheric

transport

HYSPLIT model is used to simulate atmospheric transport and trajectories to investigate the
influence of transport on high XCHs concentration in January, February, November and
December in the Sichuan Basin. Based on the source of gas molecules, a simulation can be
categorized into backward trajectory simulation and forward trajectory simulation. A backward
track simulation can be used to analyze the impact of external sources on local circumstances,
and a forward trajectory simulation can be used to examine atmospheric dynamics and transport
in a specific region. In this study, we chose Yanting and Yueyang in Sichuan Basin, as shown in
Figure 3.1, as the target regions and implemented both the forward and backward simulation
every three days beginning respectively from the two target regions at four UTC time (00:00,
06:00, 12:00, 18:00) each day for the year 2013. There are in total 4 trajectories for each target
regions each day. Figure 3.6 shows gridded results from the backward simulation of the Sichuan
Basin for each month in 2013. Figure 3.7 shows the results from forward trajectory simulation by

setting Yanting and Yueyang City as the target regions in the year 2013.
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Using all the trajectories from HYSPLIT forward simulation, as shown in Figure
3.7, we calculate the number of trajectories that remains in the target regions within
different time ranges, to study the atmospheric transport and diffusion of CH4 molecules
from the study regions. Each trajectory line from the HYSPLIT output is a series of 73
hourly trajectory points, including the initial time (0 hour) and all hourly output of the 3
day simulation (3 dayx24 hours). For each trajectory line, the time when the line
intersects with the study region boundary is obtained and then used to calculate the
staying time of the molecule inside the study area. The total number of daily trajectories
inside the study region is grouped into 4 different time length (0, 12, 24 and 48 hours)

and then further grouped into monthly statistics using the following equation (3.1).

n; =1 (hy; = H)
_ymays o (M ij
bm = 2j1 L Ty {nij =0 (h <H)

(3.1)

(H = 0,12,24,48; h;; € (0,72])

where L,, is the number of trajectories staying inside the study area in month m. my,
is the number of day in the corresponding month. i is the daily number of trajectories. j
is the j-th day in month m. h;; is the time length from target point to the area boundary
of the i-th trajectory in j-th day, which quantify the transport time by the molecules to
be transported out of the study region. The value is from 0 to 72 hours. H stands for the
4 different time length. We define the Sichuan Basin region (Figure 3.7 (a)) and the
circle region centering on Yueyang with 2.5° radius (Figure 3.7(b)) as two target
regions. Figure 3.8 shows the number of CH4 molecule trajectories staying inside these
two target regions after 4 different transport running time in each month for the year

2013 calculated from equation (3.1) based on the forward simulations.
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From Figure 3.8, in the Sichuan Basin region the number of staying trajectories is
generally higher than Yueyang area, especially the result after 48 hours of transport,
which indicates a strong gas retention phenomenon in the Sichuan Basin. For January,
February, November and December in the basin region, the number of staying
trajectories inside this area is obviously larger than other months, even after 48 hours of
transport. However, the number of staying trajectories in Yueyang region is smaller in
these months. Comparing with seasonal variation of XCHs in Figure 3.5, we found the
seasonal variation of the number of staying trajectory inside the study region agrees
well with the seasonal variation of XCHas. Moreover, from Figure 3.7 we found in the
Sichuan Basin area the air parcel trajectories are aggregating in a volute shape,
indicating weak outward diffusion of the CHs molecules. However, the overall
atmosphere transport in Yueyang as observed from the trajectories is distributed in
obvious along the north-east and south-west direction, which is very different from the
Sichuan Basin possibly mainly due to their different topography.

Compared with the backward simulation results in Figure 3.6, the Sichuan Basin is
weakly influenced by emissions from a small part of the eastern China source region in
February, and from north-eastern part in November, and is consistently and greatly
influenced from north regions all the year, where, however, almost no CH4 emission
sources exist according to EDGAR emission data shown in Figure 3.2. Therefore, we
conclude that in January, February, November and December, the CH4 in Sichuan Basin
is partly affected by the CH4 emissions from the north-east and north regions, where the
emissions are small, indicating the high XCHa values during these four months are not

results of strong influence by external emission sources.
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Regarding CH4 emission from sources other than rice paddies, which might be
impacting the spring/winter high in Sichuan Basin, we examined the GISS bottom-up
emission inventory data (Matthews et al. 1991) as shown in Figure 8 (6-2, Sichuan
Basin) in Hayashida et al. (2013). We found that during the cultivation season almost all
the CHs emission is from rice cultivation, while during the winter non-cultivation
season the rice emission is close to zero and the emissions from other sources are also
very small that the GOSAT-observed high XCHa4 value during spring/winter are not
likely from these sources.

From both the spatial and temporal variation of XCHs from GOSAT data as
described and discussed above, it can be concluded that the typical closed topography of
Sichuan Basin, which leads to CH4 accumulation and keep it from diffusion, is one
important reason for the high XCHys value observed in this region.

As the main sink of atmospheric CHa, the reaction of CH4 with hydroxyl radicals (OH)
removes almost 90% of CHs (IPCC 2001). Because of a stronger chemical loss
happened in summer, the CHs concentrations are generally lowest in summer and
highest in winter, as reported by (WDCGG 2012) using the background observations
from the monitoring network data. However, GOSAT XCHg data in this study shows a
different seasonal variation in Sichuan Basin characterized by higher concentration
during summer and autumn (rice cultivation season) and lower concentration during
winter and spring (non-cultivation season), which are consistent with Hayashida et al.
(2013) using the SCIAMACHY XCHs4 data. Unfortunately, few XCHa retrievals from

GOSAT during summer are available for further investigation.

3.4 Conclusions
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In this chapter, GOSAT-XCHj4 data from January 2010 to December 2013 are used to
study the spatio-temporal variation of XCH4 in China, especially for Sichuan Basin
where it presents consistent higher XCHa values than other parts of China. We further
investigate the driving factors, including the CH4 emissions and regional atmosphere
dynamic transport, to study the variations of CH4 concentration in the basin, and
evaluate the potential role of satellite-observed XCH,4 data in analyzing the regional
variation of CHa.

Our results show that the spatial distribution of GOSAT-XCHys is generally consistent
with that of CH4 emission, and abnormal high XCHa values can be seen in the Sichuan
Basin, which is consistent with previous results from SCIAMACHY (Hayashida et al,
2012; Xiong et al, 2009). The seasonal variation of XCHjs is highly related to the CH4
emissions from rice paddy fields during rice growing period from April to October, and
presents a difference feature from background CHa variation related to stronger CH4
lose in summer due to chemical reaction. During the rice harvesting season of August to
September, XCHj4 data are higher than that in early stage of rice growing about in April.
However, the abnormal high XCHs data are shown in the winter when the CHs
emissions from rice paddy fields are weak and the surface air temperature is low. By
implementing the trajectory simulation using HYSPLIT in the basin, we found the
typical closed topography of Sichuan Basin, which may leads to CH4 accumulation and
keep it from diffusion, is one possible reason for the extreme high XCHa value in winter.
The influence of CH4 emissions from sources other than rice paddies is also discussed
and bottom-up emission inventory data show that they are not likely big causes of the
observed winter high XCHj4 value in Sichuan Basin. It can be indicated that the regional

variations of XCHgs observed by GOSAT in Sichuan Basin are determined by not only
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the CH4 emissions from ground sources but also very likely the regional topography and
the related regional air transport.

Our result from studying the CH4 variations in Sichuan Basin, especially the
abnormal higher value during winter, and their driving factors demonstrate a certain
potential of using GOSAT-XCHj for investigating the regional CH4 changes. This study
presents preliminary results of CH4 in China, and a further investigation of the CH4 in
the basin is still necessary as more satellite observations of CHs4 with improving
accuracy are available in the coming future to further study the CHs4 variations and

regional emissions (Parker et al., 2011).
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Fig 3.1 (a) Paddy fields distribution in China, the Sichuan Basin (black line polygon) and the
comparative study regions (within two horizontal lines) at the same latitude zone to the east of the
basin, and (b) the terrain elevation of the Sichuan Basin. Also showed in (a) and (b) are the
localtions of Yanting (solid triangle) and Yueyang (solid circle).
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Fig 3.2 Amount of CH4 emissions in China region in 2010 from EGDARA4.2 data (a

colorbar of the emission value is shown by taking their base 10 logarithms).
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Fig 3.3 Spatial distribution of XCH4 aggregated into 2.5°%2.5° from GOSAT

observations spanning from January 2010 to December 2013.
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Fig 3.4 The seasonal variation of all the GOSAT XCHjs data over China land region
(light blue dots), the Sichuan Basin (red dots) and the rice paddy fields (dark green dots)
in the same latitude zone from January 2010 to December 2013. The dark blue dots are

the monthly mean for land region and the blue line shows the corresponding trend from

linear fitting.
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Fig 3.5 Comparison of XCH4 value from GOSAT and the corresponding surface air temperature
values from weather stations in (a) the Sichuan Basin and (b) the rice paddy fields in the same latitude
region. The time lable of months in x-axis indicates the beginning of each month.
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Fig 3.6: The density of the backward simulated trajectories, which are gridded into 0.5 by 0.5
degree grids, from Yanting in the Sichuan Basin for each month in 2013.
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Fig 3.7 The spatial distribution of forward trajectory simulation from (a) Yanting (solid triangle) in
Sichuan Basin and (b) Yueyang area (solid circle).
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Chapter 4

XCH4and XCO: observations in
Sichuan using OSA system

Abstract

The CH4 and CO» in the atmosphere are mainly from anthropogenic and biological sources.
Among them, the CH4 of the biological emission source is mainly the final product of the
decomposition of organic matter in anaerobic environments, such as rice paddies, water-
saturated soils etc. Many results indicate that spatially the paddy field area presents higher
CH4 concentrations than other regions. The geographical distribution of the emissions
from one of anthropogenic sources, rice cultivation, is assessed by global and regional
inventories or by land surface models. Most emission is from the area around 30°N,
including China and India. The geographical distribution of high XCHjs corresponds to
strong emissions from regions where rice is cultivated. In China, the concentrations of
CHy is the Sichuan Basin because rice cultivation emits CH4 and the Basin topography
slows down air spread according to analysis of the GOSAT data and the hybrid single-
particle Lagrangian integrated trajectory (HY SPLIT) model calculations (Qin et al, 2015).
The station density of TCCON is sparse especially in the areas remote from human
settlements. Satellite observations can provide the GHG data globally but only for brief
time every few days at each target. To provide detailed time-varying data of XCH4 and
XCOz in the Sichuan Basin in China, we here report measurements by using the OSA and
a portable sun tracker in the fall of 2013. The OSA measures solar absorption spectra in
the near-infrared (NIR) region. Our results are compared with the GOSAT satellite data
targeted near Yanting in the Sichuan Basin during the same observation period as well as

the ground-based TCCON observation data at the latitude zone same as our observation
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station.

4.1 Introduction

CH4 and CO; are potent GHGs that contribute to human-induced climate change.
Understanding the evolution of the CH4 budget as well as CO has implications for future
climate change scenarios and mitigation options to avert further global warming. The
GHG budget includes emissions from anthropogenic sources (e.g. rice paddy, fossil fuel)
and natural sources (e.g. wetland), which are estimated using top-down method that
combines global measurements of atmospheric GHGs concentrations at ground-based
stations and by satellites with an atmospheric inversion framework. Examples are the
surface station network like TCCON network equipped with high-precision and high-
accuracy Fourier transform infrared spectrometers (Wunch et al., 2011; Wunch et al., 2015;
Wunch et al., 2005), satellite-borne instruments like SCIAMACHY (Frankenberg et al.,
2005), GOSAT (Yokota et al., 2009) or OCO-2 sensors (Frankenberg et al., 2015).
Reducing uncertainties in individual GHG sources, the atmospheric observation sites
density has improved with the measurements of column-averaged molar mixing ratios,
XCHs and XCOs. Along with those established atmospheric observing networks, the
development of a portable column spectrometer can partition regional emission sources
to cover sparse world-wide observation points. There have been attempts with use of a
desktop optical spectrum analyzer (Kobayashi et al., 2010; Kawasaki et a., 2012) for the
back-ground measurement of column-averaged dry air abundances of COz and CH4, and
a portable FTIR spectrometer for the quantification of localized sources(Hase et al., 2015;
Butz et a., 2017). An alternative approach to remote sensing is the boundary layer
abundance measurement, the downside of which is the high sensitivity to vertical
exchange of air masses and local sources near vicinity.

The CH4 and CO> in the atmosphere are mainly from anthropogenic and biological

sources. Among them, the CH4 of the biological emission source is mainly the final
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product of the decomposition of organic matter in anaerobic environments, such as rice
paddies, water-saturated soils etc. Many results indicate that spatially the paddy field area
presents higher CH4 concentrations than other regions. The geographical distribution of
the emissions from one of anthropogenic sources, rice cultivation, is assessed by global
and regional inventories or by land surface models. Most emission is from the area around
30°N, including China and India (Hayashida et al., 2013; Chen et al., 2013; Zhang et al.,
2013; Yan et al., 2003). The geographical distribution of high XCHj4 corresponds to strong
emissions from regions where rice is cultivated, as indicated in the inventory maps. In
China the concentrations of CHg is the Sichuan Basin because rice cultivation emits CH4
and the Basin topography slows down air spread according to analysis of the GOSAT data
and the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model
calculations (Hayashida et al., 2013; Qin et al., 2015).

The station density of TCCON is sparse especially in the areas remote from human
settlements. Satellite observations can provide the GHG data globally but only for brief
time every few days at each target. To provide detailed time-varying data of XCH4 and
XCO:z in the Sichuan Basin in China, we here report measurements by using a desktop
OSA and a portable sun tracker in the fall of 2013. The OSA measures solar absorption
spectra in the near-infrared (NIR) region. Our results are compared with the GOSAT
satellite data targeted near Yanting in the Sichuan Basin during the same observation
period as well as the ground-based TCCON observation data at the latitude zone same as
our observation station. The present instrument, used for greenhouse gases observations,
is suited for operation at remote places because of its compact design, low power

requirement and appreciable accuracy.

4.2 Introduction of observation station

Our observation station is located at the Yanting Agro-ecological Experimental Station of

Purple Soil (105.45°E, 31.27°N, 483 m a.s.l.) surrounded by mountains about 150 km
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north-east away from the capital of the Sichuan province in the Sichuan Basin as shown
in Fig. 4.1. The station belongs to Institute of Mountain Hazards and Environment,
Chinese Academy of Sciences. The Sichuan Basin is in the upper reaches of the Yangtze
River and the southwest part of China. It is one of the five major rice producing areas in

China because of its high rainfall and hot temperatures.

4.3 Calibrations

As described in the chapter 2, we obtain the scale factors as shown in Eqs. (2.1) and (2.2)
by analyzing the OSA spectral data previously measured at University of Wollongong,
Australia, where a calibration study was conducted for the OSA instrument using a co-
located TCCON Fourier transform spectrometer

In the following descriptions we use the OSA data corrected by these factors. The
observed standard deviations (1) of the scale factors for 10-min average values are 0.032
for XCH4 and 0.011 for XCO», which corresponds to 0.061 ppm for XCH4 and 4.5 ppm
for XCOs». The standard deviations of 1-hour average values are 0.038 ppm for XCH4 and
2.8 ppm for XCO,.

As for TCCON raw data, the scale factors are 0.978 (standard error 0.002) for XCH4
and 0.989 (0.001) for XCO> (Rothman et al., 2013). The standard errors of TCCON data
correspond to 0.004 ppm for CH4 and 0.4 ppm for XCO,. The TCCON data available to
us are reported to be scaled. As for the GOSAT satellite data (version 02) available to us,
the retrieval algorithm shows biases and standard deviations, -0.0059 and 0.0126 ppm for
XCH4 and -1.48 and 2.09 ppm for XCOa», respectively (Yoshida et al., 2013). In the

following descriptions we use the GOSAT data corrected for these biases.

4.4 Results and discussion

4.4.1 Diurnal and Temporal Variations of CH4 and CO:
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The OSA observation can provide daytime diurnal variations. During the period of
September-November of 2013, the number of days under measurable weather conditions
was fifteen days in a three-month campaign. The diurnal variations in XCH4 and XCO»
for solar time of 10:00-14:00 of a sunny day, October 12, 2013, are shown in Fig. 4.2.
To see the averaged diurnal variations, the lower panel of Fig. 4.3 presents the XCO>
averaged deviations data over all observation period. In this figure, firstly the deviation in
XCO; from the daily mean value, XCOa(d,t) — <XCOa(d,t)>a, is calculated for a certain
solar time, ¢, of a certain day, d. Secondly the deviations at that time ¢ are averaged over
all available days, < XCOx(d,t) — <XCOx(d,t)>4>;. When examining Fig. 4.3, the diurnal
variation is not conspicuous within the standard deviation of 2.6 ppm because the
reduction of atmospheric CO> due to the photosynthesis by plants was possibly small
during the observation time of 10:00-14:00 around the Yanting station. Although
Sichuan's most important industry is agriculture, it has strong presence in a variety of
heavy and light industries. Yanting is located at 150 km northeast of Chengdu (population
14 billion), the capital of the province, and 80 km east-southeast of Mianyang (5 billion),
a large industrial city. When examining the diurnal variation of the averaged deviations of
XCOz, we estimate that polluted air masses of those megacities did not come to the
Yanting area during the campaign period since the wind directions are mostly southeast
according to the NOAA HYSPLIT model back-trajectory calculations except Oct. 23",
The diurnal variation of the XCH4 averaged deviations in Fig. 4.3 (upper panel) is also
not conspicuous within the standard deviation of 0.042 ppm, suggesting that the emission
and dissipation processes of CH4 do not have strong diurnal variations in 10:00-14:00.
Satellite cannot provide diurnal variations because measurements are performed at the
limited overpass time (~13:00 solar time) every three days at each observation target
(TCCON site).

Figure 4.4 shows the time series of the daily mean values. The <XCH4> values are
high during the observation period of September-November, 2013. The Sichuan Basin

paddy region is characterized by irrigation in March, planting in May, and rice harvesting
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in September. Saga and Tsukuba TCCON stations in Japan are located in the latitude zone
same to the Yanting station. A large anomaly of XCH4 was seen there in August-
September, 2013 according to Ishizawa et al. (2016), which was attributed to the
anomalous atmospheric pressure pattern over East Asia during the summer of 2013. The
CHa-rich air was effectively transported to Japan from the strong CHa4 source areas in
southeast China. Saga and Tsukuba stations are located along the substantially CHas-rich
air flow from east China. The CH4 emissions from the Sichuan Basin during the August-
September period may also have contributed to the CHas-rich air.

The upward variation of <XCO>> in Fig. 4.4 is consistent with the mid latitude
seasonal variation of XCO, that is, low in summer and high in winter in the boundary
layer due to vegetation activity change, however, its amplitude is large. A satellite-derived
carbon dioxide variation over China from 2003 to 2011 shows that XCO> has the lowest
value in September and then rises in the southwestern part of China (Yuyue et al., 2017).
Qin et al. (2015) studied the seasonal XCHj4 variations in the Sichuan Basin, simulating
atmospheric transport and diffusion by setting Yanting as the center point. They estimated
the number of trajectories that remain in the target region within certain time ranges in
each month for the year 2013. For January, February, November and December in the
basin region, the number of staying trajectories inside this area is larger than for other
months. This calculation suggests that the closed topography of the basin leads to CH4
accumulation and keeps it from diffusion from the region. The CO, accumulation can also
take place in the Sichuan Basin in November and result in the high CO, concentrations in

November.

4.4.2 Comparison of OSA Data with GOSAT and TCCON Data

The GOSAT (ver.02.21) XCHs and XCO; observation points available during this
campaign period are plotted in the right hand side of Fig. 4.1, which are targeted within

300 km away area centered at the Yanting station. The altitudes of those GOSAT
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observation targets are roughly 1000 m, almost equal to the average height of the Sichuan
Basin. Under these restrictions, the GOSAT data are available for five days (34 points)
during September-December, 2013. When the observation targets are within the ranges of
50 km, the data were available for one day (3 points) for the entire period, and within 200
km for four days (20 points). To compare the OSA and GOSAT data, the temporal series
of XCH4 and XCO; are plotted in Fig. 4.4. XCH4 are slightly decreasing because of
lowering in biogenic activity in fall, while XCO, are increasing. The small differences
between the OSA and GOSAT data may be due to the fact that the GOSAT observation
regions are much geographically wider than the OSA observation area at Yanting.

The XCH4/XCO; ratios of OSA and GOSAT are plotted in Fig.4.5. The comparisons
of the ratio values XCH4/XCO; can reduce the influences of observational biases due to
light scattering on aerosols and other optical parameters. This method is efficient due to
the small spectral distance of ~0.1 pm between the CH4 and CO; solar light absorption
bands. The decreasing time-series trends of OSA and GOSAT are consistent to each other
since XCOz increases in winter.

The TCCON network has no station near the Sichuan Basin. The Lamont TCCON
station in Oklahoma, USA (97.49°W, 36.60°N, 320 m a.s.l.) is located in an inland region
of the latitude zone same as the Yanting station. The average annual temperature of
Lamont is 15.5°C and the main planting is wheat and sorghum while those of Yanting are
16.7°C and rice, respectively. Both the Lamont and Yanting stations belong to a grassland
ecosystem. The XCH4/XCO; ratios at Lamont in Fig. 4.5 is constant around 0.046 and flat
for the time-series trend while the values of OSA and GOAST at Yanting are higher than
those of Lamont in September, and in other months these three data sets are consistent.
The methane concentration in September is high, which is in good agreement with the

time when much methane from the rice cultivation of this rural field comes out.

4.5 Conclusions
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We have utilized a portable column concentration observing instrument at the Yanting
station in the Sichuan Basin of China for September-November of 2013 because no
ground-based column concentration data are available in this remote area. By analyzing
the near-infrared solar spectra measured with the optical spectrum analyzer (OSA), we
obtain the column-averaged dry-air molar mixing ratios of atmospheric methane, XCHs,
and carbon dioxide, XCO». The diurnal variations of both species are not conspicuous for
local time of 10:00-14:00 during the campaign period. Furthermore, we compare the OSA
results with those of GOSAT satellite, which targeted the spots within 300 km range region
from the Yanting station in the same observation period. Both data sets are in good
agreement. The results are also compared with the TCCON observation at the Lamont
station that is located in the latitude zone same to the Yanting station. The OSA, GOSAT
and TCCON values of the concentration ratios, XCH4/XCO, are in good agreement
except in the middle of September. There is an appreciable difference between the OSA
observation in the Sichuan Basin and the TCCON observation at the Lamont station in
September. This handy OSA measurement can provide the time-varying data and will be

useful for future constructions of a ground-based greenhouse gas observation network.
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Fig 4.1 Maps of the Sichuan Basin of China. Inset filled circle: location of the Yanting
station, filled triangles: GOSAT sattelite observation targets available within 300 km range

region centered at the Yanting station and with the altitude lower than 1000 m.
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Fig 4.2 Diurnal variations of XCH4 (upper) and XCO; (lower) obtained by the OSA
measurements on October 12, 2013. The OSA data are scaled by the scale factors given

in the text.
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Chapter 5

XCO:; observations in Tokyo using
OSA system

Abstract

The metropolitan area of Tokyo, which is the capital of Japan, emits a large amount of
CO», which is an anthropogenic greenhouse gas. In this chapter, we measured the
day-time column-averaged dry-air molar mixing ratios of atmospheric CO2, XCOs, in
the central area of Tokyo during September 2014—-August 2016 using a portable optical
spectrometer. The observed seasonal cycle is compared with the seasonal cycle that is
observed at the TCCON site in Tsukuba, which is located 60 km to the northeastern
direction of Tokyo. The differences in XCO: between the two sites are high (~5 ppm)
during December—February and low (~0.5 ppm) during June—September. The
characteristic variations of XCO> in Tokyo are interpreted in terms of local emission
sources and surface meteorological data, by referring to the variations in the
concentrations of surface CO.. The sharp peaks in XCO; at both the Tokyo and Tsukuba
sites in July are interpreted in terms of local air retention in the areas, as indicated by the
aircraft profiles and wind-flow forward trajectory calculations. Finally, we compare the

ground-based column measurements with the top-down satellite column observations.

5.1 Introduction

Urban areas are significant sources of fossil fuel CO>, further, urban areas host more
than 50% of the world’s population and produce more than 70% of the total CO>
emissions (UN, 2006). Because the contribution of megacities to the world-wide

emission of CO: is out of proportion with their small surface area (IEA, 2017; Oda et al.,
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2018), quantifying the anthropogenic greenhouse gas emission is essential to ensure
reduction of CO2 (Duren et al., 2012). The high CO2 concentrations in megacities have
been reported to quantify sources and sinks. Satellite observations are useful for
improving the capability to monitor anthropogenic CO, emissions. Kort et al. (2012)
reported on monitoring the CO2 emissions from megacities using the data obtained from
the GOSAT. Hakkarainen et al. (2016) performed the OCO-2 satellite observations of
anthropogenic CO. over the majorly polluted regions across various continents.
Janardanan et al. (2016) reported that the CO, abundances that were obtained from the
satellite measurements do not match with those obtained from the emission inventories.
In situ ground-based measurements can also provide data for atmospheric CO..
Measurements of ground CO> emissions have been analyzed in case of Paris, which is
another megacity (Bréon et al., 2015; Xueref-Remy et al., 2018). Globally distributed
observation networks, such as the TCCON, use high-resolution FTS (Wunch et al.,
2011), to provide the XCO- data with high precision and high accuracy, however, the
number of these non-mobile sites is limited. To increase the density of observations,
low-cost and easy-to-handle remote-sensing instruments are used as a promising
complement to the current techniques. Column measurement by solar spectrometry is
suitable for localized sources because it can be used for probing larger sample volumes
than that can be probed using the in situ measurements and because it can be used for
smaller scales than that of the satellite sensors (Wilson et al., 2007; Kobayashi et al.,
2010; Frey et al., 2015; Hase et al., 2015; Bréon et al., 2015).

In this study, we investigate the seasonal cycle and diurnal variations of XCO- through
measurements that were performed using a portable OSA at a site in the central area of
metropolitan Tokyo. The observed XCO> data are compared with those at the TCCON
site in Tsukuba, 60 km northeast of Tokyo. The high XCO> concentration in the winter
season and the abrupt increase in July are interpreted by referring to the results of the

aircraft profiles and the wind-flow forward-trajectory calculations.

5.2 Introduction of observation station

90



The Tokyo observation site, the Senior High School of Tokyo Gakugei University
(35.63°N, 139.68°E), is located in the southern residential area of central Tokyo.
Fig.5.1a depicts the spatial distribution of the Open-source Data Inventory for
Anthropogenic CO, (ODIAC) fossil fuel emission dataset points (Oda et al., 2018; 1x1
km mesh; Available at http://db.cger.nies.go.jp/dataset/ ODIAC; Data downloaded in Jul.
2017) for the Kanto Plain, which includes both the Tokyo and the Tsukuba observation
sites. The locations of the observation sites and thermal power plants in Tokyo are
illustrated in Fig. 5.1b. The power plants are distributed in the eastern and southern

coastal areas.

5.3 Data preparation for analysis

5.3.1 Column averaged CO:2 concentration from OSA

observation

Because the spectrometers and the analytical procedures that were employed were
different at the Tokyo OSA and the Tsukuba FTS observation sites, a comparison was
performed by moving the OSA instrument from the Tokyo site to the Tsukuba site and
by measuring the XCO: values simultaneously using the OSA and FTS instruments for
four months from a period of April to July 2017. The comparison study, which is
described in the supplementary information, was conducted for the OSA instrument
with a co-located TCCON FTS, furthermore, the scale factor for the OSA XCO. was

derived.
5.3.2 CONTRAIL aircraft and GOSAT satellite data

To explain the high values of XCO: through the OSA observations in July 2015, we
used the results that were obtained by performing in situ aircraft measurements of the
Comprehensive Observation Network for TRace gases by AlrLiner (CONTRAIL)
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project (Machida et al., 2008). The CONTRAIL Aircraft data at a height range of 3-10
km were used with the departure and arrival flights at the Tokyo Haneda Airport in July
2015.

The XCO; values that were measured using the GOSAT satellite around the Tokyo
site were also compared with the values that were obtained using ground-based
observations in this study. The GOSAT satellite measured the amount of XCO; by
observing the ground surface reflection of solar light at approximately 13:00 (solar
time) once every three days (Yokota et al., 2009). The GOSAT SWIR (Short
Wavelength InfraRed) Level 2 XCO. data (version 02.72) used in this study had a bias
of ~0.07 ppm as compared with that of the TCCON data and a standard deviation of
~2.36 ppm (NIES GOSAT Project, https://data2.gosat.nies.go.jp /doc/document.html).
Only the GOSAT data for the area (a circle with 10 km radius) that was centered at the
Tokyo site (Fig. 5.1b). For the comparison with the GOSAT data, the XCO, obtained by
the OSA were averaged over 12:30-13:30 solar time. Under these condition, the GOSAT
and OSA data considered 29 (39 points) and 271 days between September 2014 and
August 2016, respectively.

5.3.3 Surface CO2 concentration

The differences between the surface CO, concentrations of Tokyo and Tsukuba were
analyzed to perform comparison with the column concentrations of XCO; that were
obtained in this study. The surface CO. concentrations in Tokyo were measured at the
Tokyo Metropolitan Research Institute for Environmental Protection (TMRIEP)
(35.67°N, 139.82°E) using an NDIR (Non Dispersive Infrared) instrument (Shimadzu,
URA-207, one-hour average). In Tsukuba, the CO, concentrations were measured at the
National Institute of Advanced Industrial Science and Technology (AIST) (36.05°N,
140.12°E), which is located 200 m to the north of the Tsukuba site, using a mass
spectrometer (Ishidoya and Murayama, 2014).

We analyzed the relation between the wind direction/speed, XCO, and the surface

NO: concentrations to estimate the CO> emission sources around the Tokyo observation
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site. The one-hour averaged surface meteorological and NO> data were obtained from
the  Atmospheric Environmental Regional Observation System (AEROS,
http://soramame.taiki.go.jp) that was provided by the Ministry of the Environment,
Government of Japan at the Setagaya observation site (35.65°N, 139.65°E), which is
located 2.6 km northeast of the Tokyo site.

5.4 Results and discussion

5.4.1 Seasonal cycles of XCO>

Figure 5.2 depicts the daily averaged XCO: at the Tokyo site and the Tsukuba TCCON
site between September 2014 and August 2016. The seasonal variations of the
daily-averaged XCO, values are fitted using the following formula with a linear trend
and using 365-day and (365/2)-day periodicities:

XCO,(t) = Lntercep + Trena X t + AMPy X cos (2m2—L) + AMP, x

t—,

cos (47T 365.25) (5.1),

where Iniercepe IS the intercept on January 1, 2014; T, is the yearly trend; AMP;
and AMP, are the amplitudes with a period of one and a half year, respectively; and
@, and @, are the phase shifts for one and a half year cycles, respectively. The
best-fitted curves are illustrated in Fig. 5.2. The parameters are presented in Table 1.
The seasonal variations of XCO; at the Tsukuba site are the maximum at around
March—April and the minimum during August-September. This seasonal behavior is
extensively observed in the rural areas of the northern mid latitude zone (Wunch et al.,
2013; Inoue et al., 2016). However, the seasonal variations of XCO> at the Tokyo site
depict the maximum value during December—January and the minimum value during
July—-August, and the amplitude is large, which are characteristic features that may be

caused due to heating-related emissions in urban areas (Briber et al., 2013).
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5.4.2 Difference between Tokyo and Tsukuba

The average value of <XCO.(Tokyo)> during the observation period is 403.4 + 4.14
(1o) ppm, whereas that of <XCO»(Tsukuba)> is 401.2 + 3.0 (15) ppm, which is lower
by 2.1 ppm than in Tokyo. The large variation in XCO2 during winter is probably
caused due to the large anthropogenic emissions of CO> that were caused by heating in
the Tokyo area.

Schwandner et al. (2017) analyzed the OCO. satellite data and reported the high
XCO2 over the urban core but not over the suburban areas of Los Angeles, with the
differences which vary seasonally from 4.4 to 6.1 ppm. They attributed these differences
to some anthropogenic activity. The differences between the Tokyo and Tsukuba sites in
this study are a little smaller than their reported values. Probably, the meteorological
conditions in the Tokyo megacity were different from those in Los Angeles. The Tokyo
metropolitan area is located in the Kanto Plain, which is open to the surrounding ocean
(Fig. 5.1a), whereas the Los Angeles metropolitan area is inland basin and is surrounded
by mountains; therefore, the air masses with high CO. concentration can be easily
stagnated. The photochemical smog phenomena occurred frequently in Los Angeles in
1960-70 and have been partially attributed to these geographical and meteorological
features (Parrish et al., 2011).

Figure 5.3 depicts the monthly average values of the surface CO> concentrations at
Tokyo and Tsukuba (as described in Section 3.2) since 2014. The average difference
between the surface CO: values of Tokyo and Tsukuba is 10.1 ppm. Because the
contribution of the surface CO2 concentration to the column-averaged XCO; is
approximately 1/5 due to the contribution of the atmospheric boundary layer to the total
column amount, a difference of 2 ppm between the XCO- values of Tokyo and Tsukuba

can be explained by this difference.
5.4.3 Effect of weather condition

Effects of wind direction/speed on <XCO(Tokyo)> in each season were examined.
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Fig. 5.4 depicts that the southerly—southeasterly wind causes the high <XCO»(Tokyo)>
values, regardless of the season and the wind speed. This may be caused due to the CO>
emission from the power plants that were located in the southern area of Tokyo (Fig.
5.1b).

In July 2015 and July—August of 2016, the <XCO.> variations at both Tokyo and
Tsukuba do not follow the simple seasonal cycle that is expressed in Eqg. 5.1 with the
365-day and (365/2)-day periodicity terms. Figure 5.5 depicts an extremely high XCO-
toward the end of July 2015. To analyze the sources of these high values, we compared
the XCO> concentrations at the Tokyo site with the pressure-weighted average values of
the CONTRAIL aircraft data of the departed and arrived flights at the Tokyo Haneda
Airport in the 3-10 km height range and with the surface measurements in Tokyo during
the same period. We observed that the trend in the XCO, values and the surface
measurement of CO> were very consistent; however, the XCO, values in the free
troposphere (3—10 km altitude) were approximately constant. This indicates that the
high CO- concentration in the boundary layer (lower than 3 km altitude) contributes to
the high XCO: concentration that is observed during this period.

To investigate the influence of atmospheric transport on the high XCO:>
concentrations in late July 2015, the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model calculations are applied (Stein et al., 2015). The data of
trajectories are obtained at altitude of 500, 1000, and 1500 m at noon in July 2015. The
corresponding 72-h forward trajectory trace lengths for the highest-XCO> day (July 27)
and the lowest-XCO: day (July 14) are ~200 and ~4000 km, respectively, as depicted in
Fig. 5.6 of the supplementary information. This indicates that the local air retention

caused the high XCO; values.
5.4.4 Typical diurnal variations of XCO: at the Tokyo site

On November 14, 2014, the content of XCO: at the Tokyo site was higher than the
monthly average XCO> of November (Fig. 5.7a). The of XCO: in the afternoon (local

time) was much higher than that in the morning even though the rush hour humps in
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XCO2 and NOx were observed at around 9:00. The wind direction was observed to be
northeast in the morning, whereas it altered to southwest in the afternoon. These results
indicate that the high CO> pollution is caused due to the thermal power plants that are
located in the west and southwest of the Tokyo observation site.

On October 8, 2015, the XCO> value was lower than the monthly average value, and
the NOx concentration was low (Fig. 5.7b). The wind direction was northern during the
entire day, and the wind speed was high. There are forest areas in the northern direction,
and air masses from the northern areas outside the Tokyo megacity are not affected by
the impacts of residential, mobile, and power-plant emissions. These local weather
conditions eliminate the local accumulation of the polluted air and cause the
approximately low values of XCO; and NOx.

On December 16, 2015, the XCO> and NOx values were observed to be higher than
the monthly mean value after 10:00 (Fig. 5.7c). Because the wind speed was low, the
local CO. emissions from residential mobile sources were accumulated, which caused
the observed high values of XCO; and NOx.

5.4.5 Comparison with the GOSAT satellite observations

One of the objectives of the CO2 measurements using OSA in Tokyo was to validate the
GOSAT data for which the standard products of XCO. that were measured over the
surface, which was covered with asphalt or concrete, depicted some negative biases
because of the underestimation of surface reflection during the retrieval processes
(Gavrilov et al., 2013). Fig. 5.8 depicts the XCO> values of the GOSAT satellite that
was obtained for the observation targets, which were available within the 10 km range
of the region that was centered at the Tokyo site (Fig. 5.1b) during the same period.
Although the XCO> values of OSA and GOSAT are observed to be in almost good
agreement, the GOSAT winter data were sometimes significantly smaller than those
observed by the OSA.

5.5 Conclusions
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The column-averaged concentrations of CO2, XCOg, at the central area of the Tokyo
metropolitan city were measured for two years using a portable OSA instrument. To
perform comparison, the data from a TCCON site in Tsukuba, which was located at the
northeast edge of the metropolitan, were used. The seasonal trend coincided with the
observations of the ground in situ instruments in metropolitan urban areas. The diurnal
variation in XCO; was correlated with the wind direction. The high XCO; values in
central Tokyo were attributed to the large local emission sources, e.g., thermal power
plants and automobile exhausts. The high XCO> concentration during July 2015 may be
caused by the local air retention. The OSA instrument was portable and not expensive,
and it can be easily operated at any place to measure the XCO> values and to estimate
the local CO2 emissions and absorption processes. While the satellite passes over a
specific study area once every three days at approximately 13:00, the OSA instrument
can provide continuous diurnal observations of XCO, during daytime. In future, the
ground site network with several OSA instruments will provide systematic analyses of

the carbon cycles.
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Fig 5.1 (a) CO2 emissions in the Tokyo metropolitan region (Kanto Planes) in December 2015
based on the ODIAC Fossil fuel emission dataset (Oda et al., 2018). The locations of the
observation sites at Tokyo and Tsukuba are indicated. (b) Red circle: OSA Tokyo observation site,

green circle: GOSAT satellite observation target within the 10-km range of the region that was

centered at the observation site, black triangle: thermal power plants, blue square: the Tokyo

Haneda Airport.
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Fig 5.3 Upper: (red) The monthly average surface CO2 concentrations of Tokyo that
were obtained by the Tokyo Metropolitan Research Institute for Environmental
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Technology. Only the data during daytime (10:00-14:00) are used to perform
comparison with the data obtained by the column measurements using the OSA and

FTS instruments. Lower: The difference between the Tokyo and Tsukuba data
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Fig 5.8 Time series of the daily average XCO. averaged over 12:30-13:30 solar time
obtained by the OSA measurements at the Tokyo site (red circle) with those of the
observations by the GOSAT satellite (yellow circle) in the central Tokyo area (see Fig.
5.1 b) at 13:00 (solar time) during the same days from September 2014 to August 2016.
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Chapter 6

Summary of the thesis

6.1 Conclusions

In this study, solar spectrum observations were performed using small ground-based
spectrometers in Sichuan, China, and Tokyo, Japan. XCOzand XCH4 were calculated,
and the results were compared with satellite observations. Combined with the
meteorological data and in-situ data, the reasons for the changes of XCO, and XCHjs4
were further analyzed. The advantages and practicability of small-ground observation
systems in greenhouse gas observation research are proved.

GOSAT-XCH4 data from January 2010 to December 2013 are used to study the
spatio-temporal variation of XCH4 in China, especially for Sichuan Basin where it
presents consistent higher XCHs values than other parts of China. We further investigate
the driving factors, including the CHs emissions and regional atmosphere dynamic
transport, to study the variations of CH4 concentration in the basin, and evaluate the
potential role of satellite-observed XCHa data in analyzing the regional variation of CHa.
Our results show that the spatial distribution of GOSAT-XCHys is generally consistent
with that of CH4 emission, and abnormal high XCHs values can be seen in the Sichuan
Basin, which is consistent with previous results from SCIAMACHY. The seasonal
variation of XCHa is highly related to the CH4 emissions from rice paddy fields during

rice growing period from April to October, and presents a difference feature from
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background CHs variation related to stronger CHs lose in summer due to chemical
reaction. During the rice harvesting season of August to September, XCH4 data are
higher than that in early stage of rice growing about in April. However, the abnormal
high XCH, data are shown in the winter when the CH4 emissions from rice paddy fields
are weak and the surface air temperature is low. By implementing the trajectory
simulation using HYSPLIT in the basin, we found the typical closed topography of
Sichuan Basin, which may leads to CH4 accumulation and keep it from diffusion, is one
possible reason for the extreme high XCHas value in winter. The influence of CH4
emissions from sources other than rice paddies is also discussed and bottom-up
emission inventory data show that they are not likely big causes of the observed winter
high XCHgs value in Sichuan Basin. It can be indicated that the regional variations of
XCHas observed by GOSAT in Sichuan Basin are determined by not only the CHs
emissions from ground sources but also very likely the regional topography and the
related regional air transport.

Our result from studying the CHs4 variations in Sichuan Basin, especially the
abnormal higher value during winter, and their driving factors demonstrate a certain
potential of using GOSAT-XCHys for investigating the regional CH4 changes. This study
presents preliminary results of CH4 in China, and a further investigation of the CHs in
the basin is still necessary as more satellite observations of CHs4 with improving
accuracy are available in the coming future to further study the CHa4 variations and
regional emissions.

We have utilized a portable column concentration observing instrument at the Yanting
station in the Sichuan Basin of China for September-November of 2013 because no

ground-based column concentration data are available in this remote area. By analyzing
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the near-infrared solar spectra measured with the OSA, we obtain the column-averaged
dry-air molar mixing ratios of atmospheric methane, XCHgs, and carbon dioxide, XCOx.
The diurnal variations of both species are not conspicuous for local time of 10:00-14:00
during the campaign period. Furthermore, we compare the OSA results with those of
GOSAT satellite, which targeted the spots within 300 km range region from the Yanting
station in the same observation period. Both data sets are in good agreement. The results
are also compared with the TCCON observation at the Lamont station that is located in
the latitude zone same to the Yanting station. The OSA, GOSAT and TCCON values of
the concentration ratios, XCH4/XCO,, are in good agreement except in the middle of
September. There is an appreciable difference between the OSA observation in the
Sichuan Basin and the TCCON observation at the Lamont station in September. This
handy OSA measurement can provide the time-varying data and will be useful for future
constructions of a ground-based greenhouse gas observation network.

The column-averaged concentrations of CO2, XCOz, at the central area of the Tokyo
metropolitan city were measured for two years using a portable OSA instrument. To
perform comparison, the data from a TCCON site in Tsukuba, which was located at the
northeast edge of the metropolitan, were used. The seasonal trend coincided with the
observations of the ground in situ instruments in metropolitan urban areas. The diurnal
variation in XCO; was correlated with the wind direction. The high XCO; values in
central Tokyo were attributed to the large local emission sources, e.g., thermal power
plants and automobile exhausts. The high XCO- concentration during July 2015 may be
caused by the local air retention. The OSA instrument was portable and cheap, and it
can be easily operated at any place to measure the XCO values and to estimate the local

CO; emissions and absorption processes. While the satellite passes over a specific study
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area once every three days at approximately 13:00, the OSA instrument can provide
continuous diurnal observations of XCO. during daytime. In future, the ground site
network with several OSA instruments will provide systematic analyses of the carbon

cycles.

6.2 Future prospects

In addition to the OSA observing system, we have also developed a smaller observation
system using a fiber spectrometer of a commercially available array type infrared sensor
(Ocean Optics, NIR Quest, 1557-1625 nm resolution 1.0 cm™) and an equatorial mount
for amateur astronomy (Kenko Sky Memo S). Since it is sufficient for a budget of 1/50
or less of the large FTS and about 1/10 of the small FTS, this compact apparatus can be
arranged in a large number. This instrument had been used to conduct continuous solar
spectrum observations at Nagoya University for one month. Much data on solar
spectrum had been obtained and analyzed to obtain the XCO> column concentration.

In the future, we will to develop a low-cost, compact ground-based CO: solar
spectrum observation system that can perform observations under unstable weather
conditions, and it not only in satellite verification at various places, is also possible to
analyze the dynamics of CO: in urban areas from multipoint observations. In the future,
through international cooperation research, this ground equipment will can be used for
observation in various regions to obtain more information about sources and sinks on
CO. concentration, and to contribute to global CO> concentration observation research.
And | hope to improve the existing CO> concentration inversion algorithm through data

analysis, reduce the dependence of the algorithm on external data, and improve the
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robustness of the algorithm.
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