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CHAPTER 2: REVIEW OF RELATED RESEARCHES

2.1. Hyperspectral Remote Sensing

The phrase ‘remote sensing’ refers to the acquisition of information on the surface and
the surrounding atmosphere of the earth and also those of the neighboring planets in the
solar system through distant recording of the interaction of electromagnetic radiation of
different wavelengths with the objects. This technique originated as a geographic tool
where the mapping used to be done with aerial photography. Later it developed as a wide,
interdisciplinary field of studies and applications in different disciplines of science and
technology having the principles of physics in the background (Rees, 2001; Elachi, 2006;
Scott, 2007). In a conventional remote sensing technique, the electromagnetic wave
emitted, absorbed or diffracted by the object are recorded in several broad wavebands.
The relative intensities of these bands are recorded in the images and the information on
the targeted features are derived from images in terms of various ratios and algebraic
combinations of reflectance values obtained at different wavebands (Jensen 2004).
However, spectroscopic studies were no way related to the phenomena.

‘Spectroscopy’, as realized from literature (Bohr, 1922; Herzberg, 1944;
Schawlow, 1982; Born and Wolf, 1999; Kleppner, 1999), is a technique for studying the
structure of atoms and molecules by observing the interactions of only electromagnetic
radiation of selective wavelengths with material objects. In addition to photons, subatomic
particles like neutrons and electrons are also incorporated to the modern techniques of
spectroscopy. The prime objective of spectroscopy is to study the radiation-material
interaction or the interaction of subatomic particles and material atoms at different
wavelengths of radiation and to achieve information on the atomic and molecular
configuration of the material. The evolution of hyperspectral remote sensing has
combined these two separate fields of earth science and physical science.

‘Hyperspectral’ or high spectral resolution in sensing provides a new dimension
to the field of remote sensing (Vane et al., 1984; Goetz et al., 1985; Vane and Goetz,
1993; Green et al., 1998) that is an amalgamation of photography and spectrometry. The
fundamental principle is to record images of the same object in narrow, contiguous

wavebands over a large range of wavelengths. Then assembling all of the reflectance
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values of the same pixel for each of the whole set of images, one can obtain a high-
resolution spectrum, almost of laboratory quality, on the variation of reflectance with
wavelength. Therefore, the technique is also known as imaging spectroscopy. The present
work utilizes two types of hyperspectral images: airborne AVIRIS-NG and space-borne
Hyperion introduced in Chapter 1. Their comparative features are now summarized in
Table 2.1. Figure 2.1 presents a comparative view of imaging spectroscopy and field
spectroscopy. The variation of radiance with wavelength is obtained for the radiation
reflected from a typical vegetation both from the hyperspectral airborne image of
AVIRIS-NG and the measured data of the ground-based spectroradiometer. Both are of

almost the same quality.

Table 2. 1. Comparison of Hyperion and AVIRIS-NG

Features Hyperion AVIRIS-NG
Platform Earth Observing-1 (EO-1) Sun- Airborne Flights
Synchronous Satellite
Spectral range 356 nm to 2577 nm 380 nm to 2510 nm
Spectral resolution 10 nm 5nm
No. of channels 220 unique channels. VNIR (70 | 450 contiguous channels.

channels, 356 nm - 1058 nm),
SWIR (172 channels, 852 nm -

2577 nm)
Ground swath 7.75 km 1.9kmto 11 km
Spatial resolution 30m ~4 m at 4 km flight
altitude
Height 705 km 1.8 kmto 5.3 km
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Reflectance
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Figure 2. 1. Samples of radiance spectrum for the solar radiation reflected from a typical vegetation derived
from AVIRIS-NG hyperspectral image (solid line) and measured with ground-based spectroradiometer
(dashed line).

As reviewed in literature (Goetz, 2009; Raychaudhuri, 2016), the technique of
hyperspectral remote sensing or imaging spectroscopy that provides with concurrent
spatial and spectral data collection has been applied successfully to various fields of earth
science, such as mineralogical mapping, studying vegetation species and physiology,
properties of ocean, ice and snow, greenhouse gas monitoring and also to other
disciplines, namely astronomy, medical science, and condensed matter physics. The
present work has adopted hyperspectral imaging technique obtained with both airborne
and satellite-borne sensors for assessing two important atmospheric parameters: carbon
dioxide (CO.) and aerosol. Ground-based spectral measurements carried out with

spectroradiometer has been used as a reference for comparison.

2.2. Use of Spectroradiometer

A complementary and indispensable component of any remote sensing process is the
procurement of ground truth. Corresponding to hyperspectral remote sensing, the ground

truth is obtained with spectroradiometer.
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A conventional spectrometer, generally used in undergraduate laboratories can
determine the wavelength of a visible radiation accurately with human eye as sensor. Our
human eye is an excellent hyperspectral sensor. However, it cannot measure the relative
intensities at different wavelengths. Therefore, advanced laboratories use
spectrophotometers that produce monochromatic light using grating, slit and white light.
Photodetectors are used as sensors. The monochromatic light is made to be incident on
material samples, such as semiconductor to understand its spectral behavior. The
instrument needs dark room and is not portable. In the case of ground measurements for
remote sensing, the instrument must be capable of acquiring spectra in bright daylight and
should be portable. The spectroradiometer serves this purpose. The working principle of

a spectroradiometer is outlined in Figure 2.2.

white light reflected

/ from the object

analog-to-digital
conversion

grating

photodetector for
each wavelength

Figure 2. 2. Working principle of a spectroradiometer

A lens system collects the incident radiation (e.g., sunlight) that is either
transmitted through the atmosphere or reflected from the object surface. The intensities
of different wavelength components of the incoming radiation are modified according to
absorption/scattering in the path and reflection/absorption at the object surface. Thus, the

incident radiation carries all information on spectral signature. This is dispersed into
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narrow wavebands by grating and an array of photodiodes detects the radiation intensities
corresponding to each waveband.

The hyperspectral imaging sensor has a similar principle but each separated
waveband is sent to a lens system to construct an image at that band. Each pixel of the
image of each band records the digital number corresponding to the intensity in that band.
Collecting all such data for all the images one can get the imaging spectrum for each pixel.
Figure 2.3 compares such spectra obtained with ground-based spectroradiometer, airborne
AVIRIS-NG and satellite-borne Hyperion. Figure 2.3(a) shows some samples of ground-
based solar radiance spectra measured with spectroradiometer and Figure 2.3(b) presents
some spectral samples derived from hyperspectral images. The present work has
compared the CO; absorption bands obtained from all the three sources, as illustrated in
Chapter 3.
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Figure 2. 3. Comparison of spectroradiometric and imaging spectra: (a) Samples of solar radiance spectra
measured with ground-based spectroradiometer. (b) Samples of image-derived hyperspectral radiance
variation for densely populated urban regions. The thick line marked as ‘AV’ denotes the radiance spectrum
derived from AVIRIS-NG image and the thin lines represent the similar radiance spectra obtained from
Hyperion images for monsoon (H1) and winter (H2) seasons.
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2.3. Studies on Atmospheric Carbon Dioxide

The atmospheric carbon dioxide (CO.), though exists in trace amount, exerts remarkable
influences on global warming and irreversible climatic changes and has high vulnerability
to human activities. Researchers have always been concerned with the existence of CO»
as a greenhouse gas in the atmosphere and its ever-increasing concentration, particularly
from the points of view of environment, ecosystem and future anticipation, as summarized
in Table 2.2.

Table 2. 2. Several reports on the investigation of atmospheric CO- during the last six decades.

Reference Major aspects of the study

Keeling, 1960 Variation of CO; concentration with season and latitude was estimated.
The concentration was measured with gas analyzer.

Sawyer, 1972 Anticipated enhanced greenhouse effect of CO;, produced by human
activity.

Keeling, 1997 Effect of enhanced man-made CO; on climate change was apprehended.

Norby and Luo, 2004 Effect of rising CO, concentration on ecosystem was investigated
involving multiple factors, such as vegetation, soil and environment.

Scheffer et al., 2006 The positive feedback, i.e. increasing effect of anthropogenic emissions
on global temperatures was estimated based on reconstructed past
changes.

Canadell et al., 2007 Rapid growth in fossil fuel CO, emissions and decline in the efficiency

of CO; sinks on land and oceans were noted.

Solomon et al., 2009 Simulated that the climate change taking place due to increase in CO;
concentration is largely irreversible. If all emissions were stopped, the
removal of atmospheric CO,would be associated with slower loss of heat
to the ocean and the atmospheric temperature would not drop
significantly for at least 1000 years.

Zhong and Haigh, 2013 Simulated that the greenhouse trapping by CO, at different wavelengths
is far from saturation and the greenhouse effect would increase at a faster
rate, if the concentration exceeded 800ppmv.

Friend et al., 2014 Modeled that future climate change and rising atmospheric CO, levels
are projected to have a significant impact on plant physiology throughout
a vast section of the worldwide land area.

Ciais et al., 2019 Apprehension of uncertainty in the long-term trend of the northern land
carbon sink.
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It is noteworthy that majority of the above studies considered CO> around the surface
level in either of the following three categories.

e Experimental determination of the gas concentration by chemical methods

e Use of previously reported results and

e Model generation based on simulated data.
The advent of hyperspectral remote sensing has added a new dimension to the CO>
assessment that is the spectroscopic determination of the average concentration of the

trace gas through the whole atmospheric column.

2.4. Hyperspectral Sensing of CO:

The monitoring of atmospheric carbon dioxide (COz2), an important greenhouse gas has
got tremendous impetus during the last few decades. The physical principle of assessing
the atmospheric CO2 concentration is based on spectroscopic inversion of the extent of
radiation absorption at specific wavelengths, proportional to the gas concentration,
detected by ground based (Wunch et al., 2011; Andrews et al., 2014; Buschmann et al.,
2016), airborne (Green 2001; Dennison et al., 2013; Thorpe et al., 2017) and space-borne
(Bovensmann et al., 1999; Crisp et al., 2004; Hamazaki et al., 2004; Buchwitz et al., 2007;
Kuze et al., 2009; Yokota et al., 2009; Bovensmann et al., 2010; Watanabe et al., 2015;
Crisp et al., 2017) sensors.

The retrieval process involves a forward model for radiation as function of
wavelength and gaseous concentration and a statistical inversion with reference to an
initial prediction of the atmospheric state. Such techniques determine the average CO>
concentration over the atmospheric column, which has a number of useful applications
including estimating global CO> flux (Basu et al., 2013) and spatial distribution of
anthropogenic sources (Hakkarainen et al., 2016; Janardanan et al.; 2016; Hakkarainen et
al., 2019). The comparisons of such measurements are also studied (Buschmann et al.,
2016; Wei et al., 2014; Wunch et al., 2017). Reports are available on global (Machida et
al., 2008; Yoshida et al., 2011; Crisp et al. 2017), regional (Tiwari et al., 2013, 2014; Ravi
Kumar et al. 2014, 2016; Hakkarainen et al., 2016; Umezawa et al., 2018; Gupta et al.
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2019) and local (Huang et al., 2015; Xueref-Remy et al., 2018; Imasu and Tanabe, 2018;
Roman-Cascon et al., 2019) CO; assessments.

The present work has utilized the satellite-borne data of mainly Orbiting Carbon
Observatory-2 (OCO-2) data. Also Atmospheric Infrared Sounder (AIRS) data are used
sometimes for comparison. It is relevant to mention that OCO-2 detects CO> at two
absorption bands centred about 1.61 um and 2.06 um, referred to as ‘weak absorption’
and ‘strong absorption’, respectively (Crisp et al., 2017) whereas AIRS retrieves CO>
utilizing 15 pum band of the spectrum (Wei et al., 2014).

High spatial resolution mapping of carbon dioxide (CO) concentration levels
from atmosphere has gained importance as a supplement to global CO2 monitoring with
ground-based and satellite-borne sensors in connection with validating satellite
measurements and detecting localized variations in CO. concentrations caused by natural
disturbances such as volcanic eruption and anthropogenic sources such as power plants.
The first airborne imaging sensor to detect the reflected solar radiation spectrum at high
spectral and spatial resolution, the Airborne Visible Infrared Imaging Spectrometer
(AVIRIS), has been successfully applied to analyze atmospheric trace gases and water
vapour. The sensors in this category do not have the same spectral resolution as the
specialized sensors for greenhouse gases and are unable to follow the actual physical
process of radiation absorption, which is a sub-nanometer phenomenon. These can only
detect an average absorption spectrum spanning several nanometers. These, on the other
hand, offer higher spatial resolution and the capacity to record local alterations in
terrestrial properties. A sensor with a very high accuracy of spectral resolution may have
a poorer spatial resolution. As a result, nanometer-level imaging sensors with improved
spatial resolution may identify trace gas point sources, precisely monitor local
atmospheric changes, and provide helpful methods for future space-borne imaging. The
significance of such narrowband channels for gaseous absorptions and point sources of

the gaseous emission is recognized in Chapter 4.
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2.5. Seasonal Variability of CO:

The overall trend of the seasonal variations of atmospheric CO. concentrations shows a
constant increase with time, which is overlaid by an oscillating seasonal oscillation
(Keeling et al., 1976; Keeling et al., 2005; Basu et al. 2014; Imasu and Tanabe, 2018). In
general, the amplitude of the yearly change is greater in the northern hemisphere than in
the southern hemisphere (Dettinger and Ghil, 1998; Keeling et al., 2005; Jiang et al.,
2016). Seasonal fluctuation in atmospheric CO content has been a well-documented
occurrence for over half a century. The seasonal development of terrestrial plants, which
causes CO- intake and release, has been identified as the cause of such periodic shift
(Keeling et al., 1996; Buermann et al., 2007; Basu et al. 2014).

However, additional intriguing aspects of CO. concentration are testified to all the
way through, preserving the topic's attractiveness. Several examples include the
occurrence of the maximum and minimum CO2 concentrations in two different seasons
for the northern and southern hemispheres (Monfray et al., 1987; Nevison et al., 2008),
semiannual fluctuation (Jiang et al., 2016) and simulated effect of fossil fuel emission on
the sub-annual variation of CO> concentration (Zhang et al., 2016), and the effects of
Madden-Julian Oscillation (Li et al., 2010) and El Nino events (Keeling et al., 1996;
Nevison et al. 2008; Jiang et al., 2013) on CO2 concentration. The greenhouse contribution
of CO> and related global climate changes (Kondratyev and Varotsos, 1995), long-term
persistence in CO concentration variation (Varotsos et al., 2007), and atmosphere-ocean
CO- exchange (Krapivin and Varotsos, 2016) are all being investigated. There have been
studies on the relationship between CO> and climate variability, including rainfall (Tiwari
et al., 2013) and sea surface temperature (Ravi Kumar et al., 2016), regional variability
(Tiwari et al., 2014), interannual variability of tropical carbon balance in connection to
climate-driven fluctuations (Fu et al., 2017), and the influence of non-uniform global
warming on the seasonal cycle of CO. variation (Li et al., 2018).

Recent research on CO> seasonal fluctuations encompasses a variety of factors,
including the association of climatic effect with gross primary production (GPP) (Lee et

al., 2018), biosphere and anthropogenic seasonal CO- contributions (Xueref-Remy et al.,
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2018), seasonal variability of CO> partial pressure in water bodies (Marescaux et al.,
2018), and the influence of wind direction (Roman-Cascon et al., 2019) on CO2, mixing
ratio. Concerns regarding the lack of agreement on the key mechanisms raising CO:
seasonal amplitude (Piao et al., 2018) and attempts to forecast its future trajectory (Zhao
and Zeng, 2014) highlight the topic's relevance. The present studies on the seasonal
changes of CO- and related explanations are elaborated in Chapter 6.

2.6. CO: in India

As outlined above, the technique of hyperspectral remote sensing, sometimes referred to
as imaging spectroscopy is widely applied to the field of global monitoring of atmospheric
CO. with satellite-borne, airborne and ground-based sensing systems. Yet the CO:
sensing in Indian context has some distinguished features, as follows.

(A) Vastness: India is a huge (= 3287263 km2, 6.7-35.5° N, 68.11-97.42° E) and
highly populated (= 1210 million as on March 2011) country with differentiated
geographical features. A large portion of the installed generation capacity (= 65 %
of 344002 MW) is dependent on fossil fuels (Govt. of India, 2019; India, 2020;
Roy etal., 2015). The energy consumption in India has almost tripled during 1991-
2013 and the CO> emission, with certain specifications, has got enhanced from
779 to 1574 million tons during 1994-2010 (Garg et al., 2017). These facts
highlight the significance of exploring the past and present trends of CO2 over the
Indian atmosphere.

(B) Long Legacy: Indeed diversified aspects of CO2 in the Indian context have already
been studied so far that include the simulation of climatic variability with CO>
enhancement (Bhaskaran et al., 1995), energy consumption and CO> emission
(Majumdar and Gajghate, 2011), CO2 and energy flux at forested (Jha et al., 2013)
and rural (Patil et al., 2014) zones, connotations with rainfall (Tiwari et al., 2013;
Singh et al., 2015) and circulation of monsoon (Revadekar et al., 2016),

sequestration potential (Garg et al., 2017a), temporal change (Chhabra and Gohel,

21



CHAPTER 2: REVIEW OF RELATED RESEARCHES

2017) and comparison of the recent CO> column averages of several Indian sites
with that of other places at global level (Raychaudhuri and Roy, 2022).

(C) Unexplored Facets: In spite of the above-mentioned studies, some significant

factors have remained uncultivated and some new features are expected with the
CO: of India. A few are highlighted below.

¢ In the tropical atmosphere of India, the atmospheric water vapour (H20) is
a major entity and the high quantity of H-O is likely to cast significant
influence on the CO- absorption band and the resultant CO; retrieval.

e The extensive vegetated regions of India and the surrounding seas are
likely to be in support of CO> sequestration and the balance of emission
and confiscation in this connection should be investigated.

e Also, it is necessary to correlate the present tendency of atmospheric CO-
in India with the previously reported results.

e Hyperspectral remote sensing techniques have seldom been applied to the
CO2 assessment in India.

Considering the above scopes for exploring the CO: trends in India and availing
the opportunity of the AVIRIS-NG hyperspectral imaging for the first time in India
(Chapter 3), the present work has assessed the spatial and temporal changes (Chapter 4)

and the seasonal variations (Chapter 6) of CO> over the Indian atmosphere.

2.7. Recent CO: Scenario at Global Level
Although the primary goal of this study was to investigate the suitability of OCO-3 in

estimating the yearly change in XCO>, coincidently this new sensor has been subjected to
the worldwide restricted fossil fuel burning situation caused by the novel coronavirus
(COVID-19). A recent set of papers (Table 2.3) investigated the influence of the COVID-
19 pandemic-related worldwide lockdown on atmospheric CO2. An overall conclusion

was that the surface-level CO, emissions were reduced to a substantial amount, but the
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effect on the column average was negligible. Furthermore, there was a high degree of
unpredictability in the data, as well as inaccuracies in the sequence of observation.
Nonetheless, the current study addresses just a few issues for additional investigation.
Many of the studies are regional in nature and do not account for the full-year CO>
change in 2020. The column mixing of CO2 with air is a lengthy process, and surface
changes are unlikely to be reflected promptly in the column average. Also, there is a
considerable variance in CO. drop from place to location, as discovered in the current

study. Table 2.3 provides a basic comparison.

Table 2. 3. Overview of several studies on the sudden decrease of CO emissions and the resulting changes
in column averaged dry-air mole fractions of CO; (XxCO,) during the worldwide lockdown caused by the

COVID-19 outbreak.

Reference | Data source Study Region | Findings Constraints and Conclusions
Sussmann | TCCON sites | Mid-latitude, Projected annual | Forecast uncertainty, improved
etal., 2020 46-49°N, CO; emission | terrestrial ecosystem models are
90°W-11°E reduction for 2020 | required for better quantifying
up to = 8%. land and ocean sinks.
Tohjima et | Hateruma Chinese Estimated fossil | 10% reduction of the global
al.,2020 Island Station, | provinces fuel CO2 reduction | emissions corresponds to only ~
Japan 32 £ 12% in | 0.5 ppm reduction in XCO,, a
Feb.2020 and 19 + | maximum of 0.8 ppm over China
15% in Mar.2020. | whereas per year increases is ~ 2
ppm with large variability
Chevallier | OCO-2 Global model | 0.5 to 2 ppm | The impact of the emission
etal., 2020 simulation decrease in | reduction is mainly local; may be
regional xCO, at | isolated but cannot be quantified
various places accurately. The cloud condition
is also an issue.
Le Quéré government Global: US, Reduction of 11 to | Present satellite measurements
etal., 2020 | policies and | China, 25% in daily fossil | are not suitable for near-real time
activity data Europe, India | CO,  emissions | determination of anthropogenic
during the forced | contribution to CO. column
confinement. average because of large
uncertainties and the variability
of the natural CO; fluxes
Liu et al., | Near-real-time | Global:  US, | Abrupt 8.8% Satellite and ground observed
2020 activity data | China, Europe, | decrease in global | nitrogen dioxide (NO;) column
from Carbon | India, Brazil CO, emissions in | concentration  exhibited a
Monitor the first half of | decrease consistent with the
research 2020 reduction of fossil carbon fuels
initiative and emissions.
xCO, from
GOSAT
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Buchwitz OCO-2 and | East China, Emission Sparseness of the satellite data,
etal., 2021 | GOSAT 28-44°N, reduction by | month-to-month variability.
102-126°E approximately Consistent detection and
10% + 10%. accurate quantification of the
The expected | emission reduction with the
XCO; reduction is | current satellite data sets is
only ~ 0.1 — 0.2 | challenging.
ppm.
Zengetal., | GOSAT and Global: East Lockdown-related | 7.9% reduction in emissions for
2020 ODIAC Asia, China, drop of 10-20 4 months would result in 0.25
emissions Europe, US ppm at discrete ppm decrease in the Northern
database and India cities Hemisphere CO, a few times
smaller than natural
variabilities.
Need of improved accuracy and
expanded spatiotemporal
coverage of monitoring systems
was realized.
Weiretal. | OCO-2 Global: US, The regional | XxCO, over largest emitting
2020 Europe, Aisa impact of | regions was 0.24 to 0.48 ppm
COVID-19 was | less, consistent with 5-10%
observable from | reduction in annual global fossil
space. The | fuel emissions. Just above OCO-
monthly CO; | 2 detection limit, still
emissions  from | distinguishable from climate-
fossil  fuel use | driven anomalies.
decreased up to | Improvement and collaboration
20% for a given | of monitoring systems with
day and 4-7% by | greater emphasis on fossil fuel
April, 2020. emissions is suggested.
The 0CO-3 Globally Clear indication of | Wavelet coherence technique is
present distributed reduction in CO. | suggested for quantifying that
work 2°%2° column average, | temporary reduction using the

locations, nine
urban (20 to
50° N),
unpopulated
(50° N to 30°
S)

nine

at urban regions,
during the
COVID-19
pandemic, 2020.

OCO-2 data as reference.

Abbreviations:
TCCON: Total Carbon Column Observing Network (ground-based)

GOSAT: Greenhouse Gases Observing Satellite
OCO-2 and OCO-3: mentioned in the main text

ODIAC: Open-source Data Inventory for Anthropogenic Carbon dioxide
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2.8. Relevant Parameters

2.8.1. Solar-Induced Chlorophyll Fluorescence

Under the stimulation of the shorter wavelength (e.g., blue) fraction of solar radiation, the
chlorophyll molecules of healthy green vegetation produce a modest emission in red and
near-infrared wavelengths. This solar-induced chlorophyll fluorescence (SIF) is a crucial
physiological feature of vegetation that is directly connected to carbon absorption via
photosynthesis resulting the oxygen—carbon dioxide equilibrium in the atmosphere.

The principle of retrieving SIF from space is based on the in-filling of solar
Fraunhofer line depths in the presence of SIF emission from the earth's surface. The
primary goal of OCO-2 (and also OCO-3) is to estimate the CO2 column averaged dry air
mole fraction (xCO2) from space, but SIF can also be retrieved concurrently using spectral
measurements in the oxygen absorption band (0.757-0.775 pm) that overlaps with the
SIF emission spectrum (0.660—-0.850 pm). The SIF (Wm2sr tum™) is calculated by
filling solar Fraunhofer lines in small spectral windows about 0.757 pum and 0.771 pm.
The details of estimating the column-averaged concentration of atmospheric CO; and SIF
from the spectroscopy of the reflected solar radiation are available in literature
(Frankenberg et al. 2012, Sun et al. 2018). It may be mentioned that the CO> exchange
with vegetation during photosynthesis, quantified as GPP is positively related with SIF
(Joiner et al., 2014; Miao et al., 2018). The use of SIF data in support of CO, assessment

are elucidated in chapters 6 and 7.

2.8.2. Atmospheric Aerosols

Aerosols are suspended particles in the atmosphere having either natural origin, such as
marine salt, volcanic ash and biological debris or man-made sources, such as black carbon
and industrial dust. Aerosols can influence the global climate significantly through
absorption and scattering of radiation solar radiation and take important part in cloud

formation, precipitation, pollutant transport, and other atmospheric phenomena.
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Aerosol impacts are assessed using both active lidar remote sensing (David et al.,
2012) and passive radiometric (Kaufman et al., 1997) observations. International
partnerships on ground-based aerosol measurements, such as AERONET (Holben et al.,
1998) and EARLINET (Matthais et al., 2004) are established. Aerosol estimate is carried
out using several satellite-based systems such as MODIS (Remer et al., 2005),
METEOSAT (Elias and Roujean, 2008), POLDER & MERIS (Dubuisson et al., 2009)
and SCIAMACHY (Sanghavi et al., 2012). For all such studies, the optical depth or
optical thickness of the aerosol is an essential metric in the assessment of the spatial
distribution, particle concentration, and size. It is assessed by applying the Beer-Bouguer-
Lambert law and knowing the amount of radiation transmitted through the atmosphere at
certain wavelengths. Table 2.4 presents a brief account of the physical principles generally
used for the retrieval of aerosol optical depth.

Generally the radiation values at the wavelengths of less attenuation are preferred
for the calculation of aerosol optical depth and the extra-terrestrial radiation near the top
of the atmosphere is required as a reference. The present work has addressed the aerosol
optical depth from a different angle of atmospheric oxygen absorption band. The related

mathematical model and validation with satellite images are depicted in Chapter 5.

Table 2. 4. A brief sketch of several well-known methods of assessing aerosol optical depth.

Source of measurement Physical principles involved References

Moderate Resolution Imaging | Visible blue (0.47 um), red (0.66 um) and | Kaufman et al., 1997
Spectroradiometer (MODIS) | shortwave infrared (SWIR) (2.13 um or 2.2 Remer et al. 2005
aboard both NASA’s Terra | um) wavelengths are involved in the aerosol '
and Aqua satellites estimation. The key factor is the difference in
surface reflectance for these wavelengths.
The SWIR (= 2 pum) wavelength is much
larger than the size of most of the aerosols and
the aerosols appear to be transparent to solar
radiation so that the surface reflectance is
quite different from the other two. The extent
of reflectance also distinguishes “land” pixels
or “water” pixels. The existence of subpixel
water is screened by detecting small (< 0.1)
values of the Normalized Difference
Vegetation Index for each pixel.
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Polarization and Directionality | Directional polarization measurements detect | Deuze et al. 2001
of  Earth’s  Reflectances | the polarized light that the aerosols
(POLDER) aboard ADEOS-1 | backscatter and the top-of-atmosphere
satellite measurements of the polarized light reflected
by the earth surface is more tractable than the
total reflected light.

Ground-based sun-sky | Solar photometry is carried out at different | Holben et al., 1998
scanning radiometer system visible and near-infrared wavelengths and the
spectral sky radiance is measured at known
angular distances from the Sun. spectral
extinction of direct beam radiation according
to the Beer-Lambert-Bouguer law. A number
of such systems are networked at regional to
global scale.

2.8.3. Wavelet Analysis
Traditional mathematical approaches for investigating the periodicity of a time series in
frequency domain, such as Fourier analysis, presume that the temporal variation is
stationary. However, wavelet analysis has proven to be a useful tool in the case of
multidimensional time series, such as non-stationary signals, localised fluctuations, or
intermittent periodicities. It has been used to understand geophysical and atmospheric
phenomena on several occasions.

The initial stage in wavelet analysis is to define a wavelet that will be compared
to the signal or time series under consideration. A wavelet is a wave-like functional form
that is not continuous but increases and decreases over a brief period of time. The integral

of the wavelet function w(t) over time (t) is zero, implying that
j w(t)dt=0 (2.1)

The wavelet has a rapid amplitude decay in time, implying that

o0

| @) dt=1 (2.2)

—00

As a result, the wavelet is a zero-mean function that is confined in both frequency and
time. Wavelet has various standard functional shapes. The present study adopts the Morlet

wavelet, which is complex exponential modulated by Gaussian given by
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w(t]s) =zt igiot/g /s (2.3)

In Eq. (2.3), t symbolizes time, s denotes the wavelet period, also known as scale, which

renders time dimensionless, and w refers a non-dimensional frequency. For instance, if @
= 6, the Gaussian envelope contains about three oscillations.

The wavelet transform of a time series x,, n = 1,..., N with uniform time interval

ot and the specified wavelet function y may be represented schematically as

W(s)= %mew[(m—n) %} 24)

The wavelet filters the time series like a band pass filter and is stretched in time (t) by
adjusting its size (s). The wavelet transform can be continuous (ideal for feature
extraction) or discrete (not good for feature extraction) (useful to noise reduction and data

compression). The continuous wavelet transform is used in this study.

o[ @ bW, (b))
Y s(w, @ b)) S(w, (@b))

Eq. (2.5) represents the wavelet coherence between two time series x and y, which is a

(2.5)

measure of their correlation. The continuous wavelet transformations of x and y at scale a
and position b are denoted by Wy(a,b) and Wy(a,b), respectively. The complex conjugate
is represented by the superscript (*), and S is a smoothing operator that performs a
weighted running average in both time and scale.

A phase arrow in the wavelet cross spectrum represents the phase difference
between the two time-series visually. A right arrow indicates that x and y are in phase, a
left arrow indicates that they are anti-phase, an upward arrow indicates that y leads x by
90°, and a downward arrow indicates that x leads y by 90°. The phase angle may be
computed from the phase arrows, and the distribution of phase angles in the highly
coherent zone offers a quantitative notion of how far apart the two signals are.
Interquartile Range (IQR) appears to be the best technique for estimating the spread of
phase angles for an unknown distribution. The difference between the upper and lower
quartiles, Qz and Qq, of a set of data is used to determine the IQR. The first quartile (Q1)
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is the median of the n smallest values, and the third quartile (Qs) is the median of the n
biggest values, given an even (2n) or odd (2n+1) number of values. The second quartile
(Q2) corresponds to the ordinary median. The overall phase difference of x and vy is
determined by the IQR of phase angles.

The present work has utilized the wavelet analysis technique for analyzing the
seasonal COz fluctuation using OCO-3 data (Chapter 7) in a two-step process. To develop
a reference for OCO-3 to compare against while maintaining both spatial and temporal
consistency. The former is obtained using fitted annual variations derived from the
database of its forerunner OCO-2 for a specific region, whereas the latter is obtained using
the time-frequency decomposition of wavelet analysis technique applied to the time-
variation of the spatial parameter (xCO3) using Morlet waveform (plane wave modulated
by Gaussian function) as the parent wavelet. The 3rd order polynomial fitted curves for
the xCO; yearly fluctuation of each region acquired from both OCO-3 and OCO-2 were
used to create the fundamental building blocks for the continuous wavelet transform. To
determine the presence of any probable localized consistency in phase, wavelet coherence
analysis was performed for two sets of time series: OCO-2,'18, OCO-2,'19 & OCO-3,'20
and OCO-2,'18, OC0O-2,'19 & OCO-2,'20 for each of the urban zones.
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