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Abstract

Currently, policy makers put high attention in supplying global energy demand
by focusing on 2°C policy; global temperature anomaly based on the global mean
temperature of pre-industrial era (13.7°C). How to keep the 2°C policy at global
scope is the main question in climate framework. It is widely believed that
primary energy resources (mainly coal, oil and natural gas) with focus on shale
gas resources (one of natural gas resources) will be the main resources to global
energy demand. Based on the shale gas boom in USA, there is an open question
related to amount of fugitive methane emission from shale gas exploitation at
local scale. In this study, which is separated into two parts, it was intended to
narrow down current questions on climate change at global scope, and shale gas
exploitation at local scale. The first part of the study is about climate simulations
based on different natural gas scenarios using Educational Global Climate
Model (EdJGCM) software. In the second part, Airborne Visible/Infrared
Imaging Spectrum (AVIRIS) imagery over Marcellus shale basin in
Pennsylvania, USA, was retrieved from Jet Propulsion Laboratory (JPL) of
National Aeronautics and Space Administration (NASA). By using high-
resolution transmission (HITRAN) molecular absorption compilation and
database the atmospheric transmittance spectrum was modelled. In order to map
and evaluate fugitive methane emissions from shale gas well-heads,
MatrixLaboratory (MATLAB) and Environment for Visualizing Images (ENVI)
software were used. The results of the climate simulations show that if human
activities switch from the current style of primary resources combustion (25.62%
coal, 39.05% oil and 21.85% natural gas) to 8.5% coal, 19.24% oil, and 58.8%
natural gas in average until 2100, there would be USD 19.82 billion (2005 USD)
saved annually until 2078, for the countries who are paying for adaptation to
climate change; meanwhile we can keep the 2°C policy until the end of 21%
century. In the second part, in addition to inducing a new mapping technique of
methane emission plumes, the results show that shale gas production has almost
the same fugitive gas emissions as conventional gas wells, but some areas were
detected where possible methane emissions were not direct fugitive emissions
from the shale gas well-head but from surrounding areas of the well-pads. For
these areas, site sampling and isotope analysis should be done to determine
whether the probable methane emissions are results of shale gas activities. All in
all, switching to supply global energy demand mostly from natural gas resources
can play as a possible golden transition bridge to slow down global warming with
consideration of local environmental impacts of shale gas exploitation.

Keywords: Age of natural gas; Fossil fuel combustion; Carbon Dioxide; Climate
change; Fugitive Methane; Shale gas exploitation;



Popular Summary

We have the planet Earth where we and so many species are living. But so many alarms from
Arctic all the way down to Antarctic are alerting us to very terrifying happenings at global
scale which are known under climate change framework. The global warming is happening,
which put living conditions on the blue planet Earth in dangerous red zones. According to a
report from World Bank in 2010, annual adaptation costs to climate change at global scale is
about USD 81.1 billion (2005 USD).

In the framework of climate change, it is extremely likely that burning fossil fuel resources
are the main driving forces of global warming, so if we want to slow down the global mean
temperature rise, we have to think about switching from the current style of fossil fuel
combustion to a style which slow down the temperature rise, but how?

Our life styles have been dependant on fossil fuel combustions for a very long time, and it is
impossible to change the style in the blink of an eye, so we need long term plans with support
of short term plans. It is extremely likely that: 1) our planet Earth is very vulnerable to
temperature rise of more than 2°C, Il) fossil fuel combustion is the main driving force of
climate change, along with the facts that: I) we need resources to supply our energy demand,
and 1) natural gas combustion increase global mean temperature less than oil and coal
combustion to produce the unit of energy. So, should we increase natural gas combustion
share and decrease coal and oil share to keep the 2°C policy?

There are different resources from which we can extract natural gas. One of the natural gas
resources is called shale gas formations. Fracking is a practice to extract natural gas from
shale gas formations. Currently, we have heard about environmental impacts of fracking at
local scale, mainly fugitive methane emissions, so here is the question: is it environmental
friendly to increase the natural gas combustion from shale gas resources?

In this study, it was assumed that we are going to switch from current style of fossil fuel
combustion to an age when we replace coal and oil with natural gas to slow down global
warming, so let’s call this age “Golden Age of Natural Gas”. It was also assumed that the
natural gas is extracted from shale gas resources. The results of this study show that if we
switch from current style of fossil fuel combustions (25.62% coal, 39.05% oil and 21.85%
natural gas) to 8.5% coal, 19.24% oil, and 58.8% natural gas in average until 2100, there
would be USD 19.82 billion (2005 USD) saved annually. This switching should be
implemented step by step in coherent plans at global scale as sudden change is far from
reality. Fracking may be environmental friendly if companies from oil/gas sector follow
standards. The “Golden Age of Natural Gas” may be considered as a bridge to mitigate
climate change. This age will give us time to develop promising clean technologies to supply
global energy demands.
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1 Introduction
In this chapter of the thesis, information on background of the thesis study, research
objectives, research questions, scientific importance of the research work are written.

1.1 Background

In this part, facts which are provided in figures and literature studies related to the “Age of
Natural Gas” (ANG) are given. Also, the relationship of ANG with climate change at global
scope with focus on impacts of shale gas exploitation at local scale is described.

1.1.1 Age of Natural Gas and Climate Change at Global Scale

Increasing populations and subsequently increasing energy demands have resulted in huge
demands for finding new unexploited fossil fuel resources. International Energy Agency
(IEA) and U.S. Energy Information Administration (U.S. EIA) reported that although global
energy demand will increase by 37% to 56% up until 2040 (equally supplied by four different
sections: coal, oil, gas and low-carbon sources), there will be decrease in shares of coal and
oil to supply global energy demand (IEA, 2014;U.S. EIA, 2013). It is also claimed that
renewable energy sources are not sufficient for world’s future energy demand and over-
estimation of global potential of renewable energy will result in very dangerous policies (De
Castro et al., 2013). It is also widely concluded that the global conventional oil peak has
passed both from academic studies (Murray and King, 2012) and reports from international
organizations (Sorrell et al., 2009). From the perspective of supplying future energy demand,
with respect to decrease in oil and coal combustions and undetermined global potential of
renewable energy, natural gas resources can get more attractions by policy makers.

The Intergovernmental Panel on Climate Change (IPCC) in 1988 was established by World
Meteorological Organization (WMQ) and United Nations Environment Program (UNEP)
(IPCC, 2015). IPCC is able to access to socio-economic documents on climate change issues,
and on the alternative actions to decrease impacts of climate change, and the way to improve
policies related to climate change. On request, IPCC feed reports and instructions to the
Conference of Parties to the United Nations Framework Convention on Climate Change
(UNFCCC). IPCC (1990) published reports on impacts of greenhouse gases (GHGSs) based
on radiative forcing (RF) capacity of them. The detailed concept of RF is explained by IPCC
(1990Db). Generally, the RF is the amount of energy per unit area, per unit time, absorbed by
GHGs that would otherwise be lost to space. As it can be understood from the Fig. 1,
anthropogenic Carbon Dioxide (CO;) has the highest contribution to increase global mean
temperature.
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Figure 1- Anthropogenic GHGs contributions in increasing global radiative forcing, adopted from Myhre
etal. (2013, P. 677)

In Fig. 2, based on real data from U.S. EIA (2015e), it is clear that the natural gas combustion
has the least amount of CO, emission in order to produce the unit of energy compared to coal
and oil combustion. So, in order to reduce anthropogenic CO, emission whilst supplying
global energy demand, replacing shares of coal and oil with natural can be an option;
however it is not clear how increasing share of natural gas for supplying global energy
demand impacts on future climate.
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Figure 2- CO, emission from different primary sources per unit of energy (U.S. EIA, 2015¢)

Supplying world’s future energy demand with focus on keeping maximum 2°C rise in global
temperature based on global mean temperature of pre-industrial era has been a concern for
policy makers for making both short and long term plans (e.g. World Bank, 2010). It is
reported that we have to take the 2°C policy seriously, else there will be dangerous
consequences (Directorate-General for Climate Action, 2010). It seems there are still possible



mitigations to keep the 2°C policy by the end of 21% century (IPCC, 2014a, p. 20). Acting on
the fifth IPCC assessment, it is “extremely likely” that over 50% of the global average
surface temperature rise from 1951 to 2010 was the result of increasing anthropogenic
concentration of GHGs (IPCC, 2014a, p. 5). The main anthropogenic GHGs are considered
CO,, Methane (CH,4) and Nitrous Oxide (N,O) which have the main contributions to global
warming (Qin et al., 2007); meanwhile 75% of anthropogenic CO, emissions into atmosphere
are results of fossil fuel combustions, and cement productions (Forster et al., 2007, p. 131).
Based on data from U.S. EIA, coal, oil and natural gas in average had supplied 86.52%
(25.62% coal, 39.05% oil and 21.85% natural gas) of total global energy demand since 1980
to 2012 (Fig. 3). Keeping the same style of fossil fuel combustions will result in exceeding
2°C policy (Shaftel, 2015; Critchlow, 2015; IEA, 2015). It is essential to find a scenario by
which anthropogenic emissions decrease enough, thus we can keep the 2°C policy.
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Figure 3- Contributions of resources to supply global energy demand (U.S. EIA, 2015f)

In 2000, IPCC defined different future anthropogenic emission scenarios, the scenarios are
explained by Nakicenovic et al. (2000). In general, defining different scenarios shows
available uncertainties on how the future will be. Acting on data from U.S. EIA, among
available fossil fuel resources, natural gas is the cleanest one (Fig. 2), which produces the
least CO, emissions comparing to coal and oil combustions to produce a unit of energy. It is
also progressively mentioned that the future is the “golden age of gas” (IEA, 2012) with
focus on shale gas resources (BP, 2014). On the other hand switching to high share of natural
gas combustion is considered as a “bridge to nowhere”, so we should not replace fossil fuel
(coal, oil) with fossil fuel (natural gas) (Howarth, 2014). However, acting on the climate
framework at global scale with focus on 2°C policy, it is uncertain that how golden the age of
natural gas might be.



1.1.2 Impacts of Shale Gas Exploitation at Local Scale

Fossil fuels are separated into two main categories; conventional and unconventional
resources (Halliburton, 2011). Conventional resources have been exploited for decades all
around the world; those are considered conventional because, naturally, oil/gas can easily
flow into wellbore. Unconventional resources are any reservoirs that require particular
recovery operations within the unconventional formation, outside the conventional operating
practices. Unconventional reservoirs include reservoirs such as tight-gas sands, gas and oil
shale, coalbed methane, heavy oil and tar sands, and gas-hydrate deposits. Based on data
from U.S. EIA (2015b), it is shown in Fig.4 that how the production of natural gas had been
increased since 1990 until 2012 at global scale.
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Figure 4- World natural gas production from 1991 to 2012 (U.S. EIA, 2015b)

Shale gas is considered as one of the main natural gas resources to supply global energy
demand in future (BP, 2014). Currently the United States of America (USA) is the leading
country in shale gas production. In Fig. 5, it is shown that how shale gas production from
U.S. shale basins has been increased from 2007 to 2013.
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Figure 5- USA natural gas production from shale basins from 2007 until 2013 (U.S. EIA, 2015g)
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Environmental Protection Agency (EPA) (2013b) announces that “natural gas and petroleum
systems are the largest sources of CH, emissions from industry in the United States.” There is
fugitive methane emission from gas energy activities for both conventional and
unconventional wells (Bradbury and Obeiter, 2013); from wellhead during production, work
over, transportation, storage etc. It was also reported for the first time that fugitive methane
emissions from shale gas exploitation are much higher than exploiting other fossil fuel
resources (Howarth, Santoro and Ingraffea, 2011). Since 2011, there have been studies
related to fugitive methane emissions from shale gas exploitation (Alvarez et al. 2012;
Wilcox et al. 2014; Jackson et al. 2014). Howarth in 2014 mentioned that the results of the
first article in 2011 were robust (Howarth, 2014). So, finding the effective technique to map
and evaluate fugitive methane emission from shale gas activities makes this situation clear
whether the fugitive methane emissions from shale gas exploitation are higher than normal.
There are different techniques in remote sensing realm to detect methane emission plums
(e.g. Roberts et al., 2010; Bradley et al., 2011; Thorpe, Frankenberg and Roberts, 2014). It
was also reported that CH4 emissions from drilling in Marcellus shale basin in Pennsylvania,
USA are 1000 times EPA reports (Kelly, 2015). However there was not study with focus on
shale gas exploitation sites in Marcellus shale basin in Pennsylvania, USA using remote
sensing. So, remote sensing imagery over the shale gas exploitation sites in Marcellus shale
basin, PA, USA might give an answer to the current question related to the amount of fugitive
methane emissions over Marcellus shale basin. Answering to the question related to the
fugitive methane emission can decrease uncertainties related to CH4 emissions for policy
makers for further consideration on the age of natural gas with focus on shale gas
exploitation. Based on the data from U.S. EIA (2001), there are different shale basins across
the USA, which are shown in the Fig. 6. In the thesis study, the focus was on Marcellus shale
extent in PA, USA which is the largest basin for shale gas production in USA (Lieskovsky,
Yan and Gorgen, 2014), in addition other required data (remote sensing imagery, wells data,
etc.) were available for this basin.
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In Fig. 5, the locations of gas wells over Marcellus shale basin in PA, USA are shown. Based
on data from U.S. EIA, by Feb. 2015, 8891 wells were drilled. Among all the drilled wells,
just 51 wells were drilled before 2007, which is the reason that recent shale gas activity in
USA is called the boom period of natural gas production from shale formations.
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Natural gas reservoirs are classified into two main categories from the perspective of fluid
types; dry and wet reservoirs (Fekete, 2014). The reservoirs which generally contain less than
85% of methane, more ethane, and other complex hydrocarbons are classified as wet gas. Dry



gas reservoirs are those with very high amount of methane with some intermediates. There
was no information on type of wells in Marcellus shale basin in the wells’ metadata.
However, in northeast of Marcellus shale basin which was the study area of this thesis, dry
gas is dominant (Marcellus center for outreach and research/Penn State University, 2009). So,
in this thesis study, shale gas wells were considered as dry gas.

Throughout this thesis, it is assumed that in future, there will be much higher natural gas
combustion for supplying global energy demand compared to current situation, so the term
“Age of Natural Gas” (ANG) in any part of this study, refers to future with higher share of
natural gas combustion among combustion of other world’s total primary energy resources. It
was also assumed that in future, energy sector will exploit unconventional gas resources;
especially shale gas resources, for meeting the energy needs. Nowadays, about 21% of global
energy demand is supplied by natural gas combustion (Fig. 3).

1.2 Problem Statement

In the last years, there have been large efforts to make international policies on slowing down
global mean temperature rise (Ruamsuke, Dhakal and Marpaung, 2015). Majority of
countries are now involved in climate change discussion to make long-term plans for
supplying future world’s energy demand from the view of socio-economic growth as it is
reported by IPCC (2014a). Different perspectives on age of natural gas, whether this age
helps to slow down global warming, occur. Based on a report from World Bank (2010, p. 96),
uncertainties make decision making difficult to assess adaptation costs to global warming.
The World Bank (2010, p. 19) estimated that by 2050, in order to keep the global mean
temperature less than 2°C rise (based on global mean temperature in pre-industrial era), about
USD 70 billion to USD 100 billion (2005 USD) needed to adopt to the climate change. The
main question is: which scenario will lead us to keep the 2°C policy?

Based on the facts and documents provided in the background study of this thesis, it is
probable, with high confidence, that in future primary energy resources (mainly coal, oil, and
natural gas) remain the most in hand supply for global energy demand. It is also reported that
natural gas production will increase; both from conventional and unconventional resources.
However, in Fig. 8, it is shown that there are high uncertainties in both energy market and
climate issues for policy makers. As it is shown in Fig. 8, issues related to energy market and
climate framework have high impacts on lives of humans whilst these two issues have high
uncertainties, so there is high need for acting to address uncertainties of these issues. In this
thesis work, it is intended to address parts of these uncertainties and open questions by
studying impacts of ANG scenarios on global mean temperature, and impacts of shale gas
exploitation at local scale.
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1.3 Research Questions
- Can policy makers trust on increasing natural gas production as a golden bridge for
supplying global future energy demand with consideration of global warming?
- Is it possible to map fugitive methane emission from well pads of shale gas
production or surrounded area using remote sensing data; if any?
- Is it possible to calculate flux of fugitive methane emission from well pads of shale
gas production or surrounded area using remote sensing data; if any?

1.4 Research Objectives

Generally, the objectives of this thesis are to evaluate the “age of natural gas” (ANG) with
focus on shale gas exploitation. Specific objectives are to simulate global mean temperature
under different ANG scenarios, meanwhile map and evaluate possible fugitive methane
emission from shale gas exploitation sites in Pennsylvania, USA. In Diagram 1, the
relationship between general and specific objectives of this study is shown.
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Diagram 1- General and specific objectives of this study

1.4.1 General Objective
The general aim of this thesis is to study the impacts of switching from current ~21% global
natural gas production to ANG scenarios.

1.4.2 Specific Objectives

- To simulate future global mean temperature under different global natural gas
production scenarios defined by the author and compare them with extending current
portions of primary energy resources for future global energy demand as a control run

- To find a scenario by which we can keep the 2°C policy until the end of 21* century

- To detect fugitive methane emission points over shale gas well pads and surrounded
area using remote sensing data

- To estimate flux of methane emission at probable detected points

1.5 Motivation of the Thesis Study

How climate change should be considered as an important issue to policy makers is explained
by Darbee and Field (2010). Climate change increases annual costs at global scale (IPCC,
2007, p. 22). Adaptation costs of climate change at global scale is reported by World Bank
(2010). Anthropogenic CO, and CH, are known as two major GHGs which are known as the
main driving forces of current global warming (Myhre et al., 2013). About 75% of global
anthropogenic CO; emissions into atmosphere are the results of fossil fuel combustions, and
cement productions (Forster et al., 2007, p. 131). Since 2007, there has been shale gas (one of
unconventional natural gas resources) exploitation boom in the USA, and it is predicted that
at global scale natural gas extraction from unconventional resources will speed up in future
(BP 2014). It is mentioned by IPCC (2014a, p. 13) that CO, has the main contribution in
global warming. Environmental Protection Agency (EPA) (2013b) announces that “natural
gas and petroleum systems are the largest sources of CH4 emissions from industry in the
United States.” Howarth et al. (2011) claimed that fugitive methane emission from shale gas
exploitation is much higher compared to exploiting conventional gas reservoirs. Increasing
natural gas production in future is called “golden age of natural gas” (IEA, 2012) or “a bridge
to nowhere” (Howarth, 2014). So, more research on the age of natural gas should be studied




both at global scale with focus on anthropogenic CO, emissions, and at local scale (shale gas
extraction sites in the USA) with focus on fugitive CH4 emissions.

1.6 Contribution to Future of the Planet Earth and Academia

The results of this thesis are important for energy sector policy makers who also consider
climate change in long term plans at international scale. Detecting natural or anthropogenic
gas plumes over any regions of interest gives a clue about natural or human activities across
the regions, so the results may be useful to understand the happenings at regions of interest.
The results of this study could be used for energy or climate policy makers. A new straight
forward technique for methane plum detection is introduced using remote sensing imagery.
This technique might be extended for detecting other kinds of gas plumes.

1.7 Research Outline

This outline shows how this document is separated into different parts. The first chapter
provides the background of the study along with the current problems for which specific and
general objectives were defined (Diagram 1). The materials and methods are written in the
second chapter, and in the third chapter results are presented and discussed. In the fourth
chapter, conclusions of this study, and future works are described. At the end of this
document, references and appendices are provided.

l. Introduction
Background
Problem Statement
Research Objectives
Research Questions
Motivation of the Thesis Study
. Contribution to Future of the Planet Earth and Academia
I. Material and Methods
a. Data Extrapolation Methods
b. Climate Simulations
c. Methane Emission Mapping and Evaluation
1. Results and Discussion
a. Climate Simulations
b. Methane Emission Mapping and Evaluation
IV.  Conclusions and Future Works
a. Conclusions
b. Future Works
V. References
VI.  Appendices
a. Appendix A (Climate Simulations)
b. Appendix B (Methane Emission Mapping and Evaluation)
c. Appendix C (Access Links to Datasets)
d. Appendix D (MATLAB Codes)
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2 Materials and Methods

In order to achieve the research objectives of this study, future climate simulations and
fugitive methane emission mapping and evaluation were computationally operated. In this
chapter, sources of data, data preparation methods, software, equations along with
explanatory diagrams of how the steps were taken are described.

This study is separated into two main sub-studies. The first part is about climate simulations
to find out impacts of switching to “Age of Natural Gas” (ANG) on global mean temperature
under different ANG scenarios. The second part is about fugitive methane emission mapping,
and an evaluation to figure out the probable flux of fugitive methane emission from shale gas
exploitation sites in Marcellus shale basin, PA, USA. All in all, first part deals with
simulations, and the second part is modelling.

2.1 Data Extrapolation Methods

In this study, in order to find extrapolated variation trends of different dataset spatially or
temporally in both simulations and modelling parts, fitting models over available historical
data played an important role. Firstly, a fitting model with the highest fitting goodness value
was calculated using MATLAB (The MathWorks Inc., 2012) over a variation trend.
Secondly, the variation trend was extrapolated (spatially or temporally) based on the fitting
model.

2.1.1 Fitting Models

Linear (Eq. 1), exponential (Eq. 2) and Gaussian (Eqg. 3) fitting models were the most suitable
fitting models in this study based on the identity of different datasets. The selection of the
fitting model was based on the fitting goodness which is also known as R-Square.

fx)=axx+b Equation 1

where a is slope, b is intercept of linear model, x is explanatory variable and f (x) is
dependent of x.

f(x) = a, * eP1™* + a, x eb2*x Equation 2

where a;, by, az, and b, are the coefficients of the exponential model, x is the explanatory
variable and f (x) is function of x.

—(X—bl))z (—(X—bz))z
f(x) = a;*xe 1 "~ t+a,xe Equation 3
where aj, by, €1, az, by, and c; are the coefficients of the Gaussian model, x is the explanatory
variable and f (x) is function of x.

2.1.1.1 Fitting Goodness (R-Square)

Fitting goodness or R-Square shows how well a model fits over a dataset. R-Square is in the
range from O to 1 and calculated by Eq. 4. The higher value of R-Square shows better fitting
over the data. So, one of the introduced fitting models (Eq. 1, Eq. 2, and Eq. 3) which gives
the highest R-Square was used.

11



Tioy wilyi—f(x))?

Equation 4
Z?:1 Wi(Yi_Yavg)2 q

R — Square =1 —
where, y; is observed value, f(x) is predicted value by the fitting model, yayq is average value
of observed data, and w; is weight which is 1 in all fitting models in this study.

2.2 Climate Simulations
Educational Global Climate Modelling (EDGCM) (Columbia University and NASA, 2013) is
a powerful software by which future climate can be simulated and visualized in user friendly
interface by EVA (Columbia Univeristy and NASA, 2012) for students at university level and
educational institutions (Chandler, 2015). The use of the software is mentioned in other
research works in climate simulation framework (e.g. Evangelinos et al., 2006; Crouch, Shen,
Austin and Dinniman, 2008; Lanckriet et al., 2012; Huning and Margulis, 2015) . EAGCM
and EVA were developed by Columbia University and National Aeronautics and Space
Administration (NASA) scientists in a joint project at the Goddard Institute for Space Studies
(GISS) (Chandler, Richards and Shopsin, 2005). EAGCM was developed based on database
structure so students and researchers can study future or past climate by changing driving
forces, e.g. changing concentrations of atmospheric GHGs or altering solar luminosity. More
information about how the software is functioning is available on the EAGCM website
(http://edgcm.columbia.edu/). In the climate simulations of this thesis work, it was focused on
the impacts of changing atmospheric concentrations of GHGs on future global mean
temperature. The required data files for simulating future climate were downloaded from
databases of NASA, IPCC, European Environment Agency (EEA), and U.S. EIA. Diagram 2
demonstrates general steps of the climate simulations part. Firstly, in order to start
simulations, it was required to estimate future atmospheric concentrations of GHGs under
each ANG scenario. Secondly, the simulation of future global mean temperature under each
ANG scenario was done by the EdJGCM. Thirdly, based on the simulations outputs, a
scenario was proposed by which we can keep 2°C policy until 2100. Finally, based the report
of World Bank (2010) on adaptation costs to climate change, financial saved by the
introduced scenario was estimated.

i j N
Define ANG scenarios l Historical data of CH4 and N2O until 2012 =
B
3
: o)
Future atmospheric CO, Future atmospheric Extrapolation methods =
concentration based on CH, and N2O using MATLAB g
ANG scenarios Concentration (@]

Climate simulations using EdGCM until 2050 Future global mean

temperature trend under

each ANG scenario
Annual financial saved of the Find a scenario to
proposed scenario based on the keep 2°C policy )
report from World Bank (2010) Extrapolations of future
global mean temperature

Diagram 2- General steps of the climate simulations | trends from 2050 to 2100
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2.2.1 Global mean Temperature Estimation in Pre-Industrial Era

Pre-industrial era is defined the time before the beginning of industrial revolution in 1750
(IPCC, 2007b, p. 2). It is estimated that the global mean temperature in the pre-industrial era
was equal to the global mean temperature from 1850 until 1900 (Buckle and Mactavish,
2013). Based on global mean temperature anomalies from 1850 until 1900 in the IPCC report
(2014a, p. 3), and the global mean temperature values from GISS/NASA (2015), it was
estimated that the global mean temperature in pre-industrial era was 13.7°C.

2.2.2 Extent of Climate Simulations

When it comes to study climate change, it is undeniable to study the globe as a system.
Regional and local human activities result in global changes, so in the study of climate
change it is important to analyse impacts of human activities such as changes in concentration
of GHGs at global scope (NOAA, 2007). In the climate simulations of this thesis, the driving
forces of climate change are increases of atmospheric concentrations of three main GHGs;
CO,, CH4 and N,O. Future annual atmospheric concentrations of CH, and N,O under the
ANG scenarios were estimated based on the extrapolations over historical data. Future annual
atmospheric concentration of CO, under each ANG scenario was estimated based on CO,
emissions from coal, oil, and natural gas combustions. The simulations under all scenarios
were done until 2050, as the outlook reports of future energy are around 2050 (e.g. BP 2014;
U.S. EIA 2014; World Energy Council 2014). Global climate simulations were time
consuming which is another reason of simulating until 2050. Finally, based on the
simulations until 2050, the variation trend of global mean temperature under each ANG
scenario was extrapolated until 2100.

2.2.3 Age of Natural Gas (ANG) Scenarios

Six different ANG scenarios, based on different shares of primary resources to supply future
global energy demand with focus on an increasing share of natural gas combustion.
Throughout this thesis, these six scenarios are called ANG scenarios. Acting on Fig. 3, in
average current human life style is 86.52% dependent on primary resources (mainly coal, oil,
and natural gas) combustion. In the control run scenario, it was assumed that until 2050,
human activities will remain dependent on the same contribution of each primary resources
as it had been in average from 1990 until 2012; 25% for coal, 39.05% for oil, and 21.85% for
natural gas (Fig. 3). In the other five ANG scenarios as it is shown in Table 1, the
contributions of either coal or oil or both were decreased by 5% or 10%. The total
contribution of coal, oil, and natural gas to supply global energy demand was considered
86.52% in all scenarios. So, the same percentage of decrease in contributions was considered
as increase in contribution of natural gas combustion to supply global energy demand.

Table 1- Contribution of coal, oil and natural gas to supply global energy demand in the ANG scenarios

RESOUICES Contributions of resources in each scenario (%)
Control Run | Scenario 1 | Scenario 2 | Scenario 3 Scenario4 | Scenario 5
Coal 25.62 15.62 10.62 10.62 5.62 0
Oil 39.05 29.05 29.05 19.05 19.05 0
Natural Gas 21.85 41.85 46.85 56.85 61.85 86.52
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2.2.4 Climate Simulations Diagram
The climate simulations were done by the use of EAGCM software. The data for the ANG
scenarios were transferred from different databases; NASA, EEA, IPCC and U.S. EIA. In
practice, the measurement methods of atmospheric concentrations of GHGs from different
agencies are different, so in order to verify the data, actual atmospheric GHGs (Fig. 28 in
Appendix A) from EEA and the IPCC data distribution centre were retrieved and mean
values of the data from these two dataset were used. As it is demonstrated in Diagram 3,
which is about the detailed steps of climate simulations of this study, finding extrapolation
trends for CH,4 and N,O were straight forward but not for CO..
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Diagram 3- Detailed steps of data preparation for climate simulation
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2.2.5 Data Retrieval and preparation for Climate Simulations

Atmospheric concentrations of CO,, CH; and N,O as input driving forces for climate
simulations for the ANG scenarios were done by fitting models over historical data and
extrapolations of the fitting models. The extrapolations for CH, (Fig. 29b in Appendix A) and
N.O (Fig. 29c in Appendix A) were based on fitting models over real data, but to find
atmospheric CO, concentration more steps were taken.

2.2.5.1 Atmospheric CO, Concentrations for ANG scenarios

To estimate future atmospheric concentration of CO,, first it was required to know how much
primary resources will be combusted under different ANG scenarios. In order to estimate
future energy consumptions from coal, oil, and natural gas resources, real data from U.S. EIA
(2015f) were retrieved. Linear and exponentially fitting models were modelled using
historical data. Mean values of the two fitting models were used as the future global
consumptions of primary resources. In Fig. 9, real data from 1980 till 2012 along with the
extrapolation models are shown.
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Figure 9- Historical data of coal, oil, and natural gas combustion (U.S. EIA, 2015f) along with
extrapolations of the historical data

The fitting properties over historical data of global coal, oil, and natural gas combustions are
shown in Table 2. The first column shows the models used, the second column shows
equation of each models. The third and fourth columns show the coefficients of the fitting
models. Finally, the mean value of linear and exponential models were calculated which is
shown in the fourth row of Table 2. The fifth column of Table 2 shows R-Square for linear
and exponential fitting models.
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Table 2- Fitting properties of models over global coal, oil, and natural gas combustions (Quadrillion Btu)

E:g:jr(]e? Equation a b sqltz\:;lre
Linear a*year + b 7.498 -1.458e+004 | 0.9646
Exponential a * exp(b*year) 2.199e-015 0.01988 0.9821
ai ay by b, -
Do
Mean a; xyear + by + a, * exp(b, * year) _: @ g §
: s | & 128 -
5 o |

As it is shown in Fig. 10, CO, emissions from fossil fuel combustions account for about 74%
of global total emission of CO, (IPCC (2007) in U.S. EPA (2013a)). However, there are
different natural CO, sinks by which 55% of anthropogenic CO, emissions sink every year
(Ciais et al., 2013, p. 467).

F-gases 1%

Methane
14%

Carbon Dioxide

Carbon Dioxide (fossil ueliuse)

(deforestation, decay of 57%
biomass, etc.)

17%

Carbon
Dioxide (other}
3%

Figure 10- Global GHG emissions by gas from IPCC (2007) in U.S. EPA (2013a)

Based on historical contributions data of coal, oil and natural gas in supplying global energy
demand (Fig. 3), and CO, emission from combustion of each primary resource (Fig. 2)
potential increase of CO, concentration in the atmosphere was estimated (blue stars in Fig.
11). Based on potential along with actual atmospheric CO; increase (Fig. 11), the global sink
of CO, was estimated from 1980 to 2012, and extrapolated linearly till 2050 (Fig. 12). The
linear fitting model was used because of high fluctuation of data. Assumption of linear
increase of global natural CO; sink is also mentioned by Raupach et al. (2014, p. 3454). It is
reported that anthropogenic CO, emissions sink about 50% (NOAA, 2012) to 55% (Ciais et
al., 2013) by natural processes at global scale every year. In average, the estimation on global
CO; sink in Fig. 12 was estimated 51.22% from 1980 to 2012 in annual basis.
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Figure 11- Estimated potential atmospheric CO, increase (Diagram.3), and mean value of actual
atmospheric CO, increase from two datasets: EEA (2013) and IPCC (2014b)

Subtracting the actual CO, increase from potential CO, increase (Fig.11) gives the global
CO; sink (Fig.12).
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Figure 12- Global CO, sink from 1980 till 2012 along with linear extrapolation until 2050
In Table 3 the fitting properties over historical CO; sink are presented.

Table 3- Fitting properties over global CO, sink (ppm)

Fitting model Equation a b R-square
Linear a*year +b 0.03796 -74.12 0.3828
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Based on future global energy demand from coal, oil and natural gas (Fig. 9), contributions of
coal, oil, and natural gas in each ANG scenarios (Table 1), CO, emission per unit of energy
from combustion of each primary resource (Fig. 2), and global CO; sink (Fig. 12), the future
atmospheric concentrations of CO, were estimated for each ANG scenario as one of the
driving forces input to the EQAGCM for climate simulations (Fig. 29 in Appendix A).

2.2.5.2 Atmospheric N,O and CH, Concentration for ANG scenarios

Estimation of the future atmospheric concentrations of N,O and CH,; were based on
extrapolation on fitting models over mean real data from EEA and IPCC (Fig. 28 in
Appendix A). The driving forces input for climate simulations by EAGCM from N,O and
CH, along with CO; trends are presented in Fig. 28 and Fig. 29 in Appendix A.

2.3 Fugitive Methane Emission Mapping and Evaluation

The second part of this study deals with the mapping and evaluating fugitive methane
emissions over shale gas drilling sites in the Marcellus shale basin, Pennsylvania, USA.
Firstly, it was necessary to map the pixels of methane emissions. In order to verify mapping
and evaluating techniques, there was a need for a known methane emissions point. In this
study, natural seep of methane in coal and oil point (COP) in California, USA, was selected
as it is one of the largest natural methane seep (Leifer, Kamerling, Luyendyk and Wilson,
2010, p. 331). In addition, there were studies of the COP (e.g. Roberts et al., 2010; Bradley et
al., 2011; Thorpe, Frankenberg and Roberts, 2014), and the flux of methane emission from
COP was reported by Quigtey et al. (1999, p. 1050). In this part, ArcMap (ESRI, 2013) was
used for visualizing geographically coordinated extent of the study areas, ENVI (EXELIS,
2013) for remote sensing analysis, and MATLAB for programming.

2.3.1 Airborne Visible/Infrared Imaging Spectrum (AVIRIS)

In order to map and estimate flux of gas plumes, remote sensing is a powerful tool, and high
spectral spectrometer allows mapping pixels of a gas plume using a specific spectral
fingerprint for each gas (American Geophysical Union, 2012). In this study, imagery from
Airborne Visible/Infrared Imaging Spectrum (AVIRIS) flights was used. AVIRIS is a unique
spectral sensor in remote sensing which gives upwelling radiance in 224 bands from 250 to
2500 nm. The flights are generally in height of 20 km above sea level with 34 degree field of
view at a speed of 730 km per hour (JPL, 2015). Information about the AVIRIS imagery
including bands’ wavelength and gain values for converting digital number (DN) values into
radiation are presented in Table 24 (Appendix B). In order to visualize true colour of AVIRIS
imagery band 29 as red, band 20 as green, and band 12 as blue were used.

In Diagram 4, the relationships between the reference point, mapping techniques and flux
evaluation of fugitive methane emissions are shown. In Diagram 2, it is also shown how the
regions of interest (ROIs) were selected.
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Diagram 4- General steps of verifying the methane emission mapping and evaluation methods

Mapping methane emissions using AVIRIS imagery has been reported by other researchers
using spectral residual (Roberts et al. 2010), band ratio (Bradley et al. 2011), and cluster-
tuned matched filter (Thorpe et al. 2014) techniques.

2.3.2 Extent of Methane Emissions Study Area

This study was focused on shale gas exploitation over the Marcellus shale basin in
Pennsylvania, USA. It consists of desk work, and no field work was done, so there was a
need to have a reference point where flux of methane emission is already known. Based on
other studies (Bradley et al., 2011; Thorpe, Frankenberg and Roberts, 2014) over the COP in
California, USA, using AVIRIS imagery, the COP which is one of the largest global natural
methane seep (Leifer, Kamerling, Luyendyk and Wilson, 2010, p. 331) was chosen as the
reference point. Finally, based on the at-sensor radiation model over the COP (the reference
point) in CA, USA, flux of fugitive methane emission from shale gas exploitation in the
Marcellus shale basing in PA, USA, was estimated.

2.3.2.1 AVIRIS Flight, CA, USA (AVIRIS_CA)
On 19-June 2008, there was an AVIRIS flight over the COP, CA, USA. Throughout this
thesis this flight is called “AVIRIS_California” (AVIRIS_CA) (Fig. 13). The same region of
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interest (ROI) as Bradley et al. (2011), and Thorpe, Frankenberg and Roberts (2014) studied
using AVIRIS imagery was considered. The ROI is pointed out in Fig. 13, and called
“Region of Interest _California” (ROI_CA) throughout this thesis, and it is completely sea
water.

120'00°W
UUION
SANTA MARIA BASIN
b3 300N
California
347 200N
Region of Interest, CA itk
(ROI_CA)
VENTURA BASIN
100N
100N
00N !
California California
LOS ANGELES BASINF 390N
Legend 120 5'o'w
California AVIRIS Flight, June 2008 0- ‘- ‘_w 2‘—’:!000'“!«;
US ShaleBasins (EIA May2011) Il Red:  Band 29 (638.18 Nanometers) N
I Green: Band 20 (550.20 Nanometers) A
Il Blue: Band 12 (47247 Nanometers)

Figure 13- AVIRIS flight (JPL/NASA, 2015) in true colour over coal and oil basin (U.S. EIA, 2015c), CA,
USA (ArcGIS, 2012a)

The flight information is written in Table 4, and was retrieved from metadata of the flight
provided by JPL/NASA.

Table 4- AVIRIS_CA flight information

Date Time (Local) Latitude Longitude Altitude
(km)

19 Start End Start End Start End 10

June | 12:50:00 | 20:00:00 | 34.383333 | 34.383333 | -120.083 | -119.7333

2008

2.3.2.1.1 Reference Point, CA, USA (ROI_CA)
In this study the reference point, which is called ROI_CA, is shown in Fig. 14. As it is shown
in Fig. 14, the ROI_CA is fully sea water.
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Figure 14- ROI_CA in true colour during AVIRIS_CA flight (JPL/NASA, 2015) over coal and oil point
(U.S. EIA, 2015c), CA, USA (ArcGIS, 2012a)

The information of the centre point of ROI_CA is given in Table 5. The information in Table
5 was used to find relative humidity (Fig. 33a in Appendix B) pressure (Fig. 34a in Appendix
B), temperature (Fig. 35a in Appendix B), and irradiance spectrum (Fig. 39a; in Appendix B)
profile during the flight over the ROI_CA.

Table 5- ROI_CA information of the centre point

Coordinates at centre point Time (Local) Spatial Resolution
(m?)
34°24'1.16"N \ 119°52'41.07"W ~12:50:00 7.4m*7.4m

2.3.2.2 AVIRIS Flight, PA, USA (AVIRIS_PA)

On 6-July 2009, there was an AVIRIS flight over Marcellus shale basin, PA, USA, as it is
shown in Fig.15. Throughout this document this flight is called “AVIRIS_Pennsylvania”
(AVIRIS_PA). Locations of the shale gas wells in the Marcellus shale basin in PA by Feb.
2015 were retrieved from U.S. EIA (2015c¢). The completed shale gas wells by July 2009
(date of the AVIRIS flight over Marcellus shale basin) were extracted out of all completed
wells by Feb. 2015.

As it is shown in Fig. 15, two ROIs were chosen across AVIRIS PA, “Region of
Interest Pennsylvania_ A” (ROI_PA_A) and “Region of Interest Pennsylvania B”
(ROI_PA_B).
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Figure 15- AVIRIS flight (JPL/NASA, 2015) in true colour and well locations (U.S. EIA, 2015c) over
Marcellus shale basin(U.S. EIA, 2015¢) PA, USA (ArcGIS, 2012a)

The flight information is written in Table 5, and was retrieved from metadata of the flight
provided by JPL/NASA. The flight information was used to find irradiance spectrum,

atmospheric gas mixture, pressure, and temperature profile during the flight over the
ROI_PA A and ROI_PA_B.

Table 6- AVIRIS_PA flight information

] _ : Altitud
Date Time (Local) Latitude Longitude e (km)

6 Start End Start End Start End

2
July | 14:27:06 | 14:43:00 | 43.422319 | 40.58808 | -75.094884 | -78.149853 0
2009

2.3.2.2.1 First Region of Interest, PA, USA (ROI_PA_A)

Across AVIRIS_PA, two ROIs were selected. In Fig. 16, ROI_PA_A along with drilled shale
gas wells are shown.
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Figure 16- Shale gas wells (U.S. EIA, 2015c) and ROI_PA_A in true colour during AVIRIS_PA flight
(JPL/NASA, 2015) over Marcellus shale basin (U.S. EIA, 2015c) PA, USA (ArcGIS, 2012a)

The information of the centre point of ROlI_PA_A is given in Table 7. The information in
Table 7 was used to find relative humidity (Fig. 33b in Appendix B) pressure (Fig. 34b in
Appendix B), temperature (Fig. 35b in Appendix B), and irradiance spectrum (Fig. 39b; in
Appendix B) profile during the flight over the ROI_PA_A.

Table 7- ROI_PA_A information of the centre point

Coordinates at centre point Time (Local) Spatial (E{ne%olutlon
41°48'5.72"N | 76°58'43.51"W ~14:40:00 16.1m*16.1m

2.3.2.2.2 Second Region of Interest, PA, USA (ROI_PA_B)
Across AVIRIS_PA, two ROIs were selected. In Fig.17, the ROI_PA_B along with drilled
shale gas wells are shown.

23




TT00W TTWNW T 290W T7 00w T WOW T ITowW 7370w 720w

a5oN
41 150N
L4170
41 18N
41°40'N
41 140N
4171330
&1133W0N
7RTwW o mmow TIaWW TaTw Loar e 'a beariaa’l 7MW
Legend
®  Wols by July 2009 ROI_PA_B, AVIRIS Flight, July 2009 0 025048 09 1985 18
~
*  Wolls by Fed. 2015 Bl Rod  Band 29 (538.15 Nanometers) R — — . i0mators
Marcotus Extent B Green: Band 20 (550.30 Nanometers) N
B 8o Band 12 (472.47 Nanometers) A

Figure 17- ROI_PA_B in true colour during AVIRIS_PA flight (JPL/NASA, 2015) over Marcellus shale
basin(U.S. EIA, 2015c¢) PA, USA (ArcGIS, 2012a)

The information of the centre point of ROI_PA_B is given in Table 8. The information in
Table 8 was used to find relative humidity (Fig. 33b in Appendix B) pressure (Fig. 34b in
Appendix B), temperature (Fig. 35b in Appendix B), and irradiance spectrum (Fig. 39b, in
Appendix B) profile during the flight over the ROI_PA_B.

Table 8- ROI_PA_B information of the centre point

Coordinates at centre point Time (Local) Spatial (E{ne%olutlon
41°15'9.40"N | 77°28'47.81"W ~14:35:00 16.1m*16.1m
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2.3.2.3 ROIs Classification

Neural network classification (NNC) of ENVI is a powerful tool for classifying ROIs for
hyperspectral imagery (Subramanian et al., 1997). Over the ROI_CA, which is sea water all
across the ROI, it was necessary to consider effects from tides. Based on Diagram 5, pixels
across ROI_CA were classified based on tides effects (Fig. 41a, in Appendix B). Samples for
considering effects from tides are shown in Fig. 40c, (Appendix B).

Estimating pixels of Applying “Neural
ROI_CA tide and flat sea Network’
(Reference point) surface over the classification method
ROl CA of ENVI
Exported classes as TIFF Exported classes as
file for visualization in ASCII file for processing
ArcMap in MATLAB

Diagram 5- Steps of classifying tide and flat sea surface at the reference point (ROI_CA)

In this study, samples over ROI_PA_A and ROI_PA_B for land cover classification were
picked using Google Earth (Google, 2013) (Table 9). Then spectral separability of samples
was statistically tested. Finally, the two ROIs were classified based on samples (Fig. 40a, and
Fig. 40by) for each ROI in Pennsylvania as it is shown in Diagram 6.

Testing spectral
separability of
samples

Exploring ROIs by
Google Earth in
Pennsylvania

Estimating different
possible classes

N No

Exported classes as
ASCII file for

processing in MATLAB Applying ‘Neural
Network’ Yes Are
classification method classes
visualization in effective bands separable?
ArcMap

Diagram 6- Steps of land cover classification at ROl_PA_A and ROI_PA B, PA, USA

The spectral separability test of classes was based on the mean, minimum and maximum DN
values of selected samples for each class to analyse if the classes are spectrally separable.
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Neural network is designed to classify land cover based on recognition of human
(Ndehedehe, Ekpa, Simeon and Nse, 2013). In Table 9, possible available land cover classes
across ROI_PA_A and ROI_PA B based on the author’s recognition using Google Earth
over the ROIs are shown.

Table 9- Observed land cover classes using Google Earth based on the author’s recognition

ROI Observed Classes from Google Earth
ROI_PA_A | Deciduous Conifer Grass | Light Bare | Dark Bare | Urban | Paving
Soil Soil
ROl PA B Bare Soil | Vegetation | Water - - - -

In Table 10, selected bands for discriminating land cover classes, as they are mentioned in
Table 9, across ROI_PA A and ROI_PA_B, are shown. The bands were selected based on
spectrums across the three ROIs (Fig. 40 in Appendix B).

Table 10- Selected spectral AVIRIS band to apply neural network classification using ENVI

ROI Spectral AVIRIS Bands for Classification
ROI PA A 35 46 71 135 197
ROI PA B 47 69 93 139 -
ROI CA 19 55 94 - -

2.3.3 High resolution transmission (HITRAN) database
High resolution transmission (HITRAN) molecular absorption compilation and database
were established by in 1960s by noticeable and high effort from the Air Force Geophysics
Laboratory (AFGL) (Rothman et al., 1986). A wide variety of computer codes uses HITRAN
for simulating transmission and light emission in atmosphere. Currently HITRAN (Harvard-
Smithsonian Center for Astrophysics (CFA), Cambridge, MA and V.E. Zuev Insitute of
Atmosperic Optics (IAO), Tomsk, 2015) is available on web (http://hitran.iao.ru/). In this
study, HITRAN was used to model atmospheric transmission above the study area up to the
flight height. Diagram 7 demonstrates general steps of methane emission mapping and

evaluation.

AVIRIS imagery retrieve and
preparation using ENVI

Output of atmospheric
transmittance modeling

Irradiance and
reflectance spectrum

methods using
MATLAB

\

evaluated methane

emission points

bv HITRAN retrieve
N\
| |
A2
Export as TIFF files to
generate figures in Exporting as ASCII files
ArcMap for
visualization v N
Mapping and evaluation Mapped and

Diagram 7- General steps of methane emission mapping and evaluation
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2.3.3.1 Atmospheric Transmittance Modelling

In order to calculate flux of natural methane emissions from natural seeps and probable
methane emissions at the shale gas well pads, atmospheric transmittance spectrums from
ground level (H=0) up to flights’ height were modelled using HITRAN on web
(http://hitran.iao.ru/).

2.3.3.1.1 Atmospheric Transmittance Modelling Diagram

In order to use HITRAN on web, for the two flights, gas mixture, temperature and pressure
profile from H=0 up to flight height were prepared. In Diagram 8, the detailed steps of data
preparation before running HITRAN and how the outputs were used are demonstrated.

\

Atmospheric Nitrogen, Oxygen, Ozone, Atmospheric relative
Carbon Dioxide, Carbon Monoxide, Nitrous humidity profile at )
Oxide gas mixture profiles at ROIs ROIs % 2
s
2 3
\\ Atmospheric % E
Atmospheric Atmospheric temperature profile 5 2
pressure profile layers height above ROIls < 3
above ROIs 2 &
S8
25
s E
Atmospheric mixture Atmospheric mean Atmospheric mean s 5
component abundance of pressure of layers temperature of layers A &
layers from surface up to above ROIs above ROIs -
sensor height
I I I
Actual radiation Irradiance and Calibration value
recorded by reflectance and surface HITRAN on the Web
AVIRIS sensor spectrum steradian coefficient
|
\/
Methane emission mapping and At-AVIRIS sensor Atmospheric transmittance
evaluation process using < | radiation modelling spectrum from surface up to
MATLAB using MATLAB sensor height
\

Diagram 8- Steps of HITRAN atmospheric modelling data preparation and its relationship with methane emission

mapping and evaluation

2.3.3.1.2 Atmospheric Gas Mixture Profile

Generally, the mixing ratio in the atmosphere is as shown in Fig.18. In this study, US summer
gas mixture standard atmospheric model at high latitudes for AVIRIS_PA, and US summer
gas mixture standard model at mean latitudes for AVIRIS_CA, were considered at ground
level (H=0) based on the location and flights’ date. From the US standard atmospheric model,
atmospheric gas mixture of Nitrogen (N;), Oxygen (O,), Carbon Monoxide (CO), Ozone
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(O3), COz, N2O and CH,4 were used at H=0, and then using Fig. 18 the mixing ratio of the
gases were estimated up to each flight’s height. Vertical profiles of atmospheric relative
humidity (RH) (Fig. 33 in Appendix B), pressure (P) (Fig. 34 in Appendix B), and
temperature (T) (Fig. 35 in Appendix B) during the flights’ times and locations were
requested from Atmospheric Correction Parameter Calculator (ACPC) website of NASA.

120 B I | \%I-"‘-I-.__J I ]
N 0;.
100 — 2 —
80 — -
Z 60 _—//’H _
g 3 , -
40— _.O0- i . —
20 — Y —
PN EE I I I I s IR
10™ 10™ 10° 10* 10" 10°* 10° 10* 10° 10° 10" 1
Mixing Ratio
Figure 18- Atmospheric Gas Mixture Profile, adopted from Brasseur et al. (1999; p. 9) in Schlatter (2009,
p.21)

2.3.3.1.3 Pressure, Temperature and Relative Humidity Profile

In order to model atmospheric transmittance from ground level (H=0) up to flights’ height
over the ROIs in PA and CA, first it was necessary to find data of atmospheric gas mixture in
the time of flights. The P, T and RH for the AVIRIS_PA were available from 367 meter
height while for AVIRIS_CA they started from 6 meter height. So, from H=0 up to H=367
meter extrapolations were done for P, T and RH for AVIRIS_PA but not for AVIRIS_CA.
Based on RH, P and T, H,O profiles, H,O mixing ratio was calculated using New York City
Meteorological Network (NYCMetNet) website (The Optical Remote Sensing Laboratory of
The City College of New York, 2012).

2.3.3.1.4 Atmospheric Layers

In order to complete data preparation to use HITRAN on the web, the atmosphere above
ROIs was separated into layers. The atmosphere above AVIRIS PA, AVIRIS _CA was
separated into 21 and 12 layers respectively, based on the available data. And finally, by
getting mean value for gases, P and T along the height of each atmospheric layer, data
preparation to model atmospheric transmittance was completed (Table 22 and Table 23 in
Appendix B).

2.3.3.1.5 Atmospheric Layers above AVIRIS_CA

The flight altitude over Pennsylvania on 19-June 2008 was at altitude of 10 km. The
atmosphere between AVIRIS_CA and ground lever was separated into 12 layers (Table 22 in
Appendix B). The first layer was considered from H=0 up to H=100 m, second layer from
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H=100 m up to H=500 m, third layer from H=500 m up to H=1 km and from H=1 km up to
H=10 km one layer for every 1 km was defined.

2.3.3.1.6 Atmospheric Layers above AVIRIS PA

The flight altitude over Pennsylvania on 6-July 2009 was at an altitude of 20 km. The
atmosphere between AVIRIS_PA and ground lever was separated into 21 layers (Table 23 in
Appendix B). The first layer was considered from H=0 up to H=367 m, second layer from
H=367 m up to H=1 km, and from H=1 km up to H=20 km one layer every for 1 km was
defined.

2.3.3.1.7 Reflectance Spectrum

Reflectance spectrum for each class was retrieved from ASTER Spectral Library of
JPL/NASA (ASTER/NASA, 2015). In Fig. 42 (Appendix B), reflectance spectrums of
different classes are shown.

2.3.3.1.8 Irradiance Spectrum

At-surface irradiance spectrum at the estimated time when AVIRIS aircraft was flying over
ROIs was retrieved using solar spectrum calculator of photovoltaic (PV) light house website
(PV Lighthouse, 2015). The at-surface spectrums are shown in Fig. 39 (Appendix B). In
order to validate the spectrum from PV light house website, integration of at-surface
spectrums were compared with real data of total amount of energy received from sun at
surface. The total amount of energy received from sun was retrieved from Earth System
Research Laboratory (ESRL) of National Oceanic and Atmospheric Administration (NOAA)
(ESRL/NOAA, 2015) and shown in Fig. 39 (Appendix B).

2.3.4 Calibration Values and Steradian Coefficient Calculation

The unit of at-surface irradiance is (W/(hm.m?)), and unit of recorded radiation by AVIRIS;
after conversion from (LW/(nm.cm?.st)), is (W/(nm.m?.st)). In order to find calibration value
and steradian coefficient of each pixel, the band with maximum transmittance was considered
(Diagram 9). As it is shown in Fig. 36 (Appendix B), at band 73 there is the highest value of
atmospheric transmittance which is 0.99996, so at this band there is almost no effect from
atmospheric gases. The calibration values and steradian coefficients are shown in Fig. 41
(Appendix B).

Retrieved irradiance Is it Retrieved each class’s
spectrum from PV light reliable? reflectance spectrum
\ house wehsite from ASTER library
N\ I
Actual radiation of \
ROIls at Band 73 Processing with
o MATLAB
\ Calibration value and

surface steradian
coefficient for each
pixel across ROIs

Diagram 9- Steps of calibration values and surface steradian coefficients calculation
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Based on the fact that there is almost no atmospheric effect at band 73, in order to find the
calibration value and steradian coefficient for each pixel, irradiance and reflectance
spectrums and actual radiation recorded by AVIRIS was considered. The ratio of irradiance
times reflectance for each pixel over the actual radiation at band 73 gives calibration value
and steradian coefficient of each pixel.

2.3.5 Actual Radiation of AVIRIS imagery

In order to map and evaluate amount of possible methane emissions over the ROIs, several
steps were taken. In Diagram 10, steps of AVIRIS imagery preparation for mapping and
evaluating methane emission are shown. In order to convert DN values to actual radiation,
gain values in Table 24 (Appendix B) were used. Note that “Dark object Subtraction” (DOS)
is almost the most common method to remove atmospheric path radiation (Cheng et al.,
2012).

Data preparation of AVIRIS imagery
Retrieved AVIRIS Converting DN values Removing atmospheric
imagery from of imagery to radiation || path radiation using
JPL/NASA using ‘Band Math’ tool ‘DOS’ tool of ENVI
Vv
Classification of ROIs Resize AVIRIS imagery
using ‘Neural Network’ |&] to ROIs using ‘Resize
tool of ENVI Data’ tool of ENVI
v N v
Exported Exporting Rafjiation of
classification using ROIs usime Save as
csave as ASCII, tOOl ASCII tOOl OfENVI
) Atmospheric o
Irradiance and transmittance Actual radiation
reflectance data spectrum from recorded by
surface up to sensor \ AVIRIS sensor
|
Calibration values AL-AVIRIS sensor Methane emission
and surface steradian radiation modelling mapping and
coefficients using MATLAB evaluation process
using MATLAB

Diagram 10- Steps of actual radiation of AVIRIS imagery preparation and its relationship with methane emission
mapping and evaluation
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2.3.6 Core Equations

The main equations used in this study are Planck’s law and Beer-Lambert’s law. Planck’s law
was used to introduce a new methane emission mapping technique. Beer-Lambert’s law is
one of the main laws for HITRAN to model atmospheric transmittance spectrum.

2.3.6.1 Planck’s Law (Energy Element)
In quantum physics, according to Planck’s law, the energy of each element is only
proportional to its frequency.

E=h=xv Equation 5

where, h is planck’s constant and v is the frequency of energy element. It is assumed that for
each AVIRIS band there is an energy element. So, based on Eqg. 5 radiation times the nominal
wavelength of the energy element should be the same at different bands. The band interval
for AVIRIS is about 10nm (Table 24 in Appendix B). So, for the bands where there is
absorption from atmospheric gases subtracting two effective bands gives negative values.
Effective bands are those bands by which a gas plume can be detected. A new methane
emission mapping technique is introduced in this study using Eq. 5.

2.3.6.2 Planck’s Law (Black Body Radiation)

According to planck’s law every object with temperature greater than 0 K, has “Black Body”
(BB) radiation. Emissivity (¢) which has value from 0 to 1 shows how objects behave like
ideal BB; for the ideal BB emissivity is equal to 1.

2
B,(A,T) = ZhE % Equation 6

5
£ eamT-1

where, C is light speed, A is wavelength, h is Planck constant, k is Boltzman constant and T is
temperature. In Table 5, the contants value along with the Sl units are given.

Table 11- Constants and units of Planck's law

B Speed of A h (Planck constant) k (Boltzman T
light (wavelength) constant)
w-sr --m° | 299792458 meter 6.62606957(29)x10** | 1.3806488(13)x10 * | kelvin
m.s™ J.s JK?
Eirr

Lat—Sensor = Latmospheric—Path + B?\ * Tatmosphere + * P * Tatmosphere * Tplume

steradiance factor

Equation 7

where Latsensor 1S radiation (watt/(nm.mz.st)) recorded by AVIRIS, Lamospheric-path 1S
atmospheric path radiance (watt/(nm.m?.st)), Eir is at surface irradiance (watt/(hm.m?)), By is
BB radiation of gas plume, p is surface reflectance and t is transmittance for the area where
there is no plume, Tpume=1. In order to remove atmospheric path radiation, DOS tool of ENVI
was used. Eq. 7 was reduced to Eq. 8.
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Eirr %
steradiance coef ficient

Lat—Sensor = BA * Tatmosphere + P * Tatmosphere * Tplume Equation 8

2.3.6.3 Beer-Lambert’s law
Beer-Lambert’s law expresses that if light travels through a medium with optical depth of |
and absorption coefficient of B, transmission can be calculated according to Eq. 10.

(1, B) = eF*D Equation 9

where p known as absorption coefficient, is in the unit of cm? .mol™* and | has unit of cm.
B(w) =N(P,T) X7, n® « Z;’Sl) 19 (T) &(w, 0D — w, D + w; P,T) Equation 10

where 107 is the integral intensity of the ™ line for the i isotopic species, ®(ij) is the line
shape of the j™ line, N is the volume concentration of all gas molecules at the pressure P and
temperature T.

2.3.7 Methane Emission Mapping Techniques

In order to evaluate the amount of methane emissions, it was necessary to first map possible
areas of methane emission. In this study, two mapping techniques were applied; band ratio
and residual energy techniques. Residual energy is a new technique which is introduced in
this thesis.

2.3.7.1 Band Ratio Technique

Band ratio for mapping methane emission pixels by AVIRIS was used by others(Leifer et al.
2006; Roberts et al. 2010; Bradley et al. 2011) . Among all AVIRIS introduced bands (Leifer
et al., 2006; Bradley et al., 2011; Roberts et al., 2010) for this technique, the author of this
study noticed band 202 as nominator and band 177 as denominator produce better results in
ROI_CA. Based on the output of HITRAN, band 202 (Fig. 36 in Appendix B) represents the
wavelength range of atmospheric CH4 absorption, and band 177 represents atmospheric
absorption by H,O and CO, (Fig. 37 in Appendix B). The constraints mentioned in Diagram
11 were based on band 202 and band 177 scatter plot described in Bradley et al. (2011, p. 2).

Actual radiation of band 202 Actual radiation of band
recorded by AVIRIS for each 177 recorded by AVIRIS
pixel (a;) for each pixel (bj)
| ]
. \i
Mapped pixels Applying constraints ai/bi=Band Ratio for

Each Pixel

Diagram 11- Steps of band ratio method for methane emission mapping
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2.3.7.2 Residual Energy Technique

In 2013, it was claimed that the band ratio technique is not capable for terrestrial areas
(Thorpe et al., 2013), so cluster-tuned matched filter over ROI_CA and also terrestrial area in
Inglewood, Los Angeles, USA was introduced where are both known for CH4 emissions. The
residual energy technique with application to AVIRIS for mapping methane emissions is
introduced in this thesis. The residual energy technique works well using band 202 and 177
for methane emission mapping on the same areas that Thorpe et al. (2013) studied. The
results of the new technique by this study matched the previous works (Fig. 42, and Fig. 43 in
Appendix C), so the residual energy technique for mapping methane emissions in ROI_PA_A
and ROI_PA_B was used. The residual energy technique is based on Planck’s law (Eq. 5)
and radiation residual technique introduced by Roberts et al. (2011).

2.3.8 Radiation Modelling at Sensor Height

In order to estimate atmospheric methane concentration at mapped pixels, by using Eg. 8, Eq.
9 and Eq. 10, it is necessary to model at-sensor radiation using the atmospheric transmittance
spectrum (HITRAN output), irradiance spectrum along with calibration values and steradian
coefficients and reflectance spectrum of each class at ROIs. In Diagram 12, general steps of
at-sensor radiation modelling are explained. The MATLAB code of the radiation modelling is
provided in Appendix D.

Atmospheric Surface Surface classes’ Irradiance
transmittance classification at reflectance spectrum at ROIls
spectrum from ROIs spectrum at ROIls at flight time
surface up to sensor
height

Calibration values and
surface steradian
coefficients

re w3
Y

Radiation modelling of each pixel at regions of interest by MATLAB

Diagram 12- General steps of at-sensor radiation modelling
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2.3.9 Fugitive Methane Evaluation

After mapping and finding change in atmospheric concentration of methane (ppb), based on
the known flux of methane emission at the reference point (ROI_CA), possible fluxes of
fugitive emission in ROI_PA_A and ROI_PA B were estimated. In Diagram 13, steps of
how the flux estimation at the reference point (ROI_CA) was done are demonstrated.

Mapped pixels of Estimating atmospheric Estimating atmospheric
methane emission Ea transmittance > change in methane
distribution over concentration over
mapped pixels mapped pixels
N
Flux of methane emission

based on the reference
point (ROI_CA)

Diagram 14- General steps of methane emission evaluation

2.3.9.1 Atmospheric change in Methane concentration
By reconstructing Eq. 8 to Eq. 11, plume transmittance over mapped pixels was estimated.

i __ (actual radiationéoz—Bl*tatmosphere)
plume —

T Equation 11

at—sensor radiation mooielizo2

Finally, actual transmittance over mapped areas was estimated by multiplying plume
transmittance to atmospheric transmittance at band 202.

After calculating transmittance over mapped pixels, atmospheric methane concentrations over
mapped pixels were estimated using Eq. 9.
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2.3.9.2 Fugitive Methane Emission Flux

The most important part of this study in methane emission evaluation was calculating fugitive
methane emission over natural gas production per each shale gas well in ROI_PA_ A and
ROI_PA_B. After calculating methane concentration at mapped pixels, the methane
concentration per unit of area was calculated at ROI_CA, ROI_PA_A and ROI_PA B. The
methane emission flux is known for ROI_CA till 1998 (Quigtey et al., 1999), so the flux
evaluation in ROI_PA_A and ROI_PA_B in 2008, were calculated based on the range of
methane emission in ROI_CA mentioned by Quigtey et al. (1999). In Diagram 14, general
steps of methane emission flux calculation are written.

Methane concentration Methane emission
per unit area (ay) at flux (f;) at reference
reference point point (ROl CA)

| |
w -
a. | f. Methane Methane concentration per

unit area (as) at ROI_PA_A
and ROI_PA_B

concentration per unit
area per flux (by)

| |
N

as / by Methane emission
flux at ROI_PA_A (f)
and ROI_PA_B (fy)

Diagram 154- Steps of fugitive methane emission flux estimation at ROl_PA_A and
ROI_PA_B

In oil and gas sector fugitive methane emission is calculated in percentage by Eq. 12
(Howarth, Santoro and Ingraffea, 2011).

fugitive emission flux

Fugitive Methane Emission (%) = *100 Equation 12

Production flux

So, in order to evaluate the flux of fugitive methane emission in percentage, it is just required
to know the natural gas production plus the flux of fugitive methane emission.
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3 Results and Discussions
In this chapter, results of climate simulations and methane emissions mapping and evaluation
are presented and discussed.

3.1 Climate Simulations

The main and core outputs of climate simulations by the EdGCM are shown in Fig. 19 and
Fig. 20. In Fig. 19, the three global maps are presenting anomalies of “Age of Natural Gas”
(ANG) scenario no. 5 based on ANG control run in 2021-2030 (Fig. 19a), 2031-3040 (Fig.
19b) and 2041-2050 (Fig. 19c). In this study it was assumed that ANG control run is
representative of global real temperature. As it was expected, the global mean temperature is
less in ANG scenario no.5 compared to ANG control run, but which is more important is the
ANG scenarios anomalies based on ANG control run which are presented in Table 15.

Figure 19- Global decadal temperature anomaly in ANG scenario no.5, visualized by EVA, the (a) map is
from 2021 until 2030, the (b) map is from 2031 until 2040, and the (c) map is from 2041 until 2050

The outputs of EAGCM for all ANG scenarios show that the cooling effects of reducing
atmospheric CO; in northern hemisphere is larger than southern hemisphere which is also
reported by IPCC (2007).

After, exporting the maps by EJGCM as ASCI| files, the information was used in MATLAB
to plot Fig. 20. Although the trends show increase in global mean temperature in Fig. 20 and
satisfy the output maps of the EAGCM (Fig. 19), it seems ASCII exporting tool of EAGCM is
not working well, as there is no difference between ANG scenarios and ANG control run
until 2035. However the positive slope of the trends (Fig. 20) are as expected and further
evaluations were based on information taken from output maps of the EdGCM (Fig. 20).
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Global Mean Temperature Trends
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Figure 20- Global temperature trends in ANG scenarios, real data is from GISS/NASA (2015), and linear
extrapolation of real data

As it is shown in Fig. 20, it is obvious that the EAGCM there is a gap between the EdQGCM
outputs and real data. The control run is representative of global mean temperature and ANG
scenarios anomalies are based on the ANG control run.

In Table 12, the linear fitting model (Eg. 1) over real data and ANG scenarios (Table 1) are
presented. In a report of the IPCC (2014a), the use of linear fitting model over temperature
data was reported. As it can be understood from R-Square of linear fitting model over real
data, the global mean temperature increases linearly and the ANG scenarios follow linear
increase as well, but the slope of increase in ANG scenarios is almost two times higher than
the slope of increase in reality. In Table 12, a is the slope value and b is the intercept value of
the linear fitting models over outputs of ANG simulations by the EAGCM. In Table 12, the
fourth column show the ratio between slope of each scenario’s fitting model (a;j) over the
slope of real data’s fitting model (areal data)-

Table 12- Fitting properties over real data and the ANG scenarios

a b (Teniggga)ture n ailareal data R-Square

Real Data 0.01248 14.3152 1 0.8272
ANG Control Run 0.02893 13.4007 2.3181 0.9564
ANG Scenario no. 1 0.02527 13.4673 2.0248 0.9804
ANG Scenario no. 2 0.02579 13.4621 2.0665 0.9752
ANG Scenario no. 3 0.02609 13.4591 2.0905 0.9696
ANG Scenario no. 4 0.02483 13.4717 1.9896 0.9847
ANG Scenario no. 5 0.02544 13.4756 2.0385 0.9781

In Table 13, the outputs of global mean temperature simulation under different ANG
scenarios are presented in three different decadal periods (2021-2030, 2031-2040, and 2041-
2050).
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Table 13- Global mean temperature in the ANG scenarios in three different decadal periods (2021-2030,
2031-2040, and 2041-2050)

2021-2030 2031-2040 2041-2050
ANG Control Run 14.45 14.72 15.16
ANG Scenario no. 1 14.31 14.63 15.03
ANG Scenario no. 2 14.35 14.65 15.04
ANG Scenario no. 3 14.37 14.69 15.04
ANG Scenario no. 4 14.37 14.61 14,90
ANG Scenario no. 5 14.37 14.59 14.87

By assuming that the ANG control run scenario (first column in Table 13) is the
representative of global real temperature, potential temperature anomalies in the ANG
scenarios (column 3 to column 7 of Table 13) based on the global mean temperature of ANG
control run are presented in Table 14.

Table 14- Potential decadal anomalies of the ANG scenarios based on the ANG control run

2021-2030 2031-2040 2041-2050
ANG Scenario no. lanomalies -0.14 -0.09 -0.13
ANG Scenario no. 2 anomalies -0.1 -0.07 -0.12
ANG Scenario no. 3 anomalies -0.08 -0.03 -0.12
ANG Scenario no.4 anomalies -0.08 -0.11 -0.26
ANG Scenario no.5 anomalies -0.08 -0.13 -0.29

Although, it was assumed that ANG control run is presenting real data but the slop of
increase in real global mean temperature were not considered in Table 14. Based on the slope
ratio between scenarios and slope of increase in real data presented in Table 12, anomalies in
Table 15 were used as actual temperature saved under each ANG scenario.

Table 15- Actual decadal anomalies of the ANG scenarios based on the ANG control run

2021-2030 2031-2040 2041-2050
Scenario no. lanomalies -0.10482 -0.07861 -0.11355
Scenario no. 2 anomalies -0.08915 -0.0624 -0.10698
Scenario no. 3 anomalies -0.07215 -0.02705 -0.10822
Scenario no.4 anomalies -0.06866 -0.09441 -0.22316
Scenario no.5 anomalies -0.07035 -0.11432 -0.25502

Fig. 21 was plotted based on global mean temperature in pre-industrial era (13.7°C), and
values in Table 15.
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Global Mean Temperature Rise based on Pre-Industrial Era (13.7 C)
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Figure 21- Global temperature anomaly of ANG proposed scenarios based on pre-industrial global mean
temperature (13.7°C)

Based on the ANG scenarios (Fig. 21) the author proposes a scenario by which global mean
temperature will not pass beyond 2°C policy until 2100 (Table 16 and Fig. 21).

Table 16- Proposed fossil fuel combustion scenario by this thesis study until 2100

Resources Natural Gas Oil Coal

Contribution (%) 58.784 19.24 8.496

Based on World Bank (2010, p. 19) report, adaptation cost for keeping about 2°C policy until
2050 using net sum method is 81.1 billion dollar (2005 USD) per year. Based on Fig. 21, by
current anthropogenic anthropogenic GHGs emission we will exceed 2°C policy around
2078, but by implementing the proposed scenario in Table 16, we will exceed at the end of
21% century. So if the energy policy makers follow the proposed scenario in Table 16, by
using the Eq. 13, there will be USD 19.82 billion (2005 USD) saved per year. The calculation
is based on the assumption that the adaptation costs remain 81.1 billion dollar (2005 USD)
per year until end of 2078.

(2100—2010)+81.1—(2078—2010)+81.1

Annual saved = Equation 13
2100-2010

3.2 Methane Emission Mapping and Evaluation
In this part, results of mapping and evaluation over the mapped pixels are provided. In Fig.
30 and in Fig. 31 in Appendix B, the introduced methane emission mapping technique,
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residual energy, was compared with other studies. As the residual energy technique shows
similar patterns in mapping methane emission pixels both in heterogeneous and homogenous
areas, this technique was used for evaluation of methane emissions in ROI_CA, ROI_PA_A,
and ROI_PA_B. As, this study was desk work, the band ratio technique was considered as a
flag, so further evaluations were based on mapped pixels by residual energy method. In Fig.
22d, the absorption anomaly distribution by methane plume is presented where hot points
with high value of absorption (14%) are shown in red. Fig. 22e was produced after estimating
values in Fig.22d. Comparing Fig. 22e with Fig. 22d show that pixels with higher
concentration of atmospheric methane, absorb more energy. By using Fig. 22e and spatial
resolution of AVIRIS in ROI_CA methane concentration per square meter over mapped
pixels was calculated (Table 17)

Band Ratio Method (Band 202 / Band 177), 12hr 50min, 19 June 2008, 34°23N,119°52W

100 120 1
Pixels Along Longlitude
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Figure 22- Mapping and evaluation of ROI_CA, the (a) map shows classes in ROI_CA, the (b) shows
mapped methane emission pixels by band ratio technique, the (c) shows mapped methane emission pixels
by residual energy technique, the (d) shows methane absorption anomaly, and (e) shows atmospheric
methane concentration

After verifying the functionality of the new mapping technique, residual energy, the mapping
and methane emission evaluation were done over the shale gas exploitation areas;
ROI_PA_A (Fig. 23) and ROI_PA_B (Fig. 24). In addition, band ratio technique was also
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applied in all ROIs. As it is shown in Fig. 23, there is probable fugitive methane emission
from shale gas well-pads in ROI_PA_A. The probable emission increased the absorption by
about 2.5% at the hot points (Fig. 23d). After estimating methane absorption (Fig. 23d),
methane concentration was calculated (Fig. 23e). Finally, the methane concentration per

square meter was calculated in ROI_PA_A over mapped pixels for flux calculation (Table
17).
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Figure 23- Mapping and evaluation of ROI_PA_A, the (a) map shows land cover classes in ROI_PA_A,

the (b) shows mapped methane emission pixels by band ratio technique, the (c) shows mapped methane

emission pixels by residual energy technique, the (d) shows methane absorption anomaly, and (e) shows
atmospheric methane concentration

In Fig. 24, the results of mapping and evaluation over ROI_PA_B are presented. As it is
shown in Fig. 24c, the results of mapping are pointing to the same pixels as band ratio
technique indicates (Fig. 24b). As it is shown in Fig. 24c, the mapped pixels of possible
methane emission are not from the shale gas well pad areas but from surroundings. After
mapping possible pixels of methane emission in ROI_PA_B, absorption by methane plume
was calculated (Fig. 24d). Later atmospheric methane concentrations were estimated (Fig.
24d). Finally, same as other ROIs, the methane concentration per square meter was calculated
over mapped pixels and reported in Table 17.
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Band Ratio Method (Band 202 / Band 177)

Residual Energy Method, 14hr 35min, 6 July 2009,41°14N,77°20W

* Pixels with Normal Methane Concentration
110) - Pixels igher than Normal Methane Concentration

3 8 8

Pixels Along Latitude
g 3

8 8

)

100 120 140

80 40
Pixels Along Longfitude

120 140

80 100
Pixels Along Longtitude

77°29'30'W  77°29'0"W  77°28'30'W  77°28'0"W  77°27'30"W Methane Absorption Anomaly (%), 14hr 35min, 6 July 2009,41°14N,77°29W
n L L 1 n

41°150°N
41°150°N

41°14'0"N 41°14'30"N-

40 120 140

80 100
Pixels Along Longfitude

H°1330N 41P140N 41°14'30°

41°13'30"N

Methane Concentration (ppb), 14hr 35min, 6 July 2009,41°14N,77°29W

1840

77°2030W  77°290°W  77°2830°W  77°280°W  77°27'30°W
1820
Legend N
@ Wells by July 2009 A

1800
0 025 05 1 15

Classification

: i
[ saresoil M Vegetation [ | water £

1780

80 100
Pixels Along Longtitude

Figure 24- Mapping and evaluation of ROI_PA_B, the (a) map shows land cover classes in ROl_PA_B,

the (b) shows mapped methane emission pixels by band ratio technique, the (c) shows mapped methane

emission pixels by residual energy technique, the (d) shows methane absorption anomaly, and (e) shows
atmospheric methane concentration

In order to calculate the fugitive methane emission in ROI_PA_A and ROI_PA_B, first
methane density at mapped pixels were calculate using Fig. 22, Fig. 23 and Fig. 24 along
with spatial resolution of imagery provided in Table 5, Table 7, and Table 8. The results of
methane density calculation are provided in Table 17.

Table 17- Atmospheric methane concentration per unit of area

Reference Point
ROI (ROI_CA) ROl PA A ROl PA B
Methane d%nsny 32 395 0.594 0.202
(ppb/m°)

3.2.1 Methane Flux Evaluation
In this study ROI_CA was considered as reference point where the methane emission from
natural seep was reported unti1l998 (Fig. 25). The AVIRIS flight over the reference point was
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in June 2008, but there was not any other study on methane flux over the ROI in 2008, so
minimum and maximum values in Fig. 25 was used as possible flux values in ROI_CA in
order to estimate flux in ROl_PA_A and ROI_PA_B (Diagram 14).

Methane Emission Flux at ROI-CA

[~ Methane Flux at ROI-CA
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Figure 25-Methane flux at ROI_CA redrawn from Quigtey et al. (1999, p. 1050)

The mean value of natural gas production in Marcellus shale basin, PA, USA in July 2009
when there was AVIRIS flight over ROIs in Pennsylvania was retrieved from U.S. EIA
(Table 18). However, the natural production flux per each well was not available, so the
production flux in July 2009 was used as minimum and production flux in May 2015 as
maximum in order to calculate the fugitive flux emission using Eq. 12.

Table 18- Natural gas production per well per day in Marcellus (U.S. EI1A, 2015a)

Date Natural Gas (Mcf/d) Production per Rig in Marcellus Shale Basin
Jul-09 971
May-15 8,176

The centrepiece results of methane mapping and evaluation part of this study are shown in
Fig. 26 and Fig. 27. The fugitive methane emission was calculated using Eqg. 12, Table 17,
Fig. 25 and Table 18.
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Flux Evaluation of Fugitive Methane Emission, 14hr 40min, 6 July 2009,41°14N,77°29W
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Figure 26- Fugitive methane emission flux evaluation in ROI_PA_A

In Fig. 27, the possible fugitive methane emission from natural gas production in ROl_PA B
is shown. However, it is not clear that whether the mapped pixels (Fig. 24) are showing
possible methane emissions from shale gas exploitation or it is natural methane emission.

Flux Evaluation of Fugitive Methane Emission, 14hr 35min, 6 July 2009, 41°14N,77°29W
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Figure 27- Methane emission flux evaluation in ROlI_PA B

In this study the reference point was ROI_CA, in which there is known methane seep, but the
methane emission flux at reference point in June 2008 is not clear, so the only data was used
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as it is shown in Fig. 25. The minimum and maximum fugitive methane emission from
wellhead during shale gas production is considered by the maximum and minimum methane
flux at reference point (ROI_CA), with assumption that the shale gas production in
ROI_PA_A was 971 Mcf/d per rig as mentioned in Table 18. In this study, in ROI_PA_A
during the AVIRIS flight there were two wells, which are not enough. In Table 19, the flux
evaluation of fugitive methane emission at ROI_PA_A by this study is compared with other
studies.

Table 19- Fugitive methane emission evaluation

Fugitive emission from natural gas production at wellhead
Other studies. This study
Research | (Howarth, Santoro and (Hausfather and (Karion et al., ROl PA A
Ingraffea, 2011) Muller, 2014) 2013) -
Fugitive Min Max Min Max Mean Min Max
emission
(%) 0.3 1.9 1.7 2.8 2.5 0.67 3

The results of this thesis might be considered in acceptable range, but still more wells should
be taken into consideration. Although, maximum value reported by the thesis is higher than
other studies, based on decline in methane emission at ROI_CA (Quigtey et al., 1999), it is
more plausible that real value of fugitive methane emission is close to the minimum value
reported by the thesis in Table 19.

Although, when the thesis author started the work there was no study over Marcellus shale
basin using remote sensing, Peischl et al. (2015, p.2119) reported fugitive methane emission
of 1.0-2.1% from the Haynesville region during production operations, 1.0-2.8% from the
Fayetteville region, and 0.18-0.41% from the Marcellus region in northeastern Pennsylvania,
USA. Peischl et al. (2015, p. 2138) state that “climate impact of using natural gas as a fuel in
power plants would be less than that of coal’”’.

46



4  Conclusions and Future Works
In this chapter the conclusions based on the thesis study and future works are presented.

4.1 Conclusions

This thesis work was separated into two parts, climate simulations and fugitive methane
emissions mapping and evaluation. Based on the climate simulations part, it is possible to
slow down global warming by switching to the “golden age of natural gas” as it is also
reported by IEA (2012), so policy makers can trust on this age. Based on the climate
simulations, if the policy makers move on supplying global energy demand mainly by natural
gas combustion in the next decades, we can keep the 2°C policy until the end of 21% century,
and there would then be less cost for adaptation to climate change. In the fugitive methane
emission mapping and evaluation part of this study, fugitive methane emissions from
wellheads over the shale gas drilling areas using remote sensing imagery were mapped and
the flux of the emissions for each pixels was estimated. The fugitive emissions from shale gas
production wellheads may be considered in normal range of fugitive methane emissions
compared to the conventional natural gas production wellheads. In this study, for mapping
methane plumes a new easy and straight-forward mapping technique (residual energy
technique) was introduced which is capable to detect methane plumes both in homogenous
and heterogeneous areas.

4.2 Future Works

Studying the climate change at global scale is complicated. Thus many input driving forces
should be taken into consideration. It is recommended to improve this study by considering
more greenhouse gases as driving forces for climate simulations. The global CO; sink played
an important role in this study, so it is necessary to know what the capacity of the planet
Earth is to uptake anthropogenic CO,.

It was mentioned by Quigtey et al., (1999, p. 1050) that oil and gas production may lead to
reduce the natural methane emission at global scale. Maybe increasing oil and gas extraction
in the past decades resulted in a decrease in CH4 emission increase (Fig. 28 in Appendix A).
So, it is important to know how combusting hydrocarbons and converting CH,4 to CO; helps
to not only secure energy demand but also take climate issues at global scale into account.

Kvenvolden and Cooper (2003, p. 140) expresses that “recent global estimates of crude-oil
seepage rates suggest that about 47% of crude oil currently entering the marine environment
is from natural seeps.” Leifer, Kamerling, Luyendyk and Wilson (2010, p. 331) states that
“In general, the relationship between terrestrial gas seepage, migration pathways, and
hydrocarbon reservoirs is difficult to assess.”” The new technique of methane emissions
mapping presented in this work may be used not only for evaluating methane emission from
natural and human activities, but can also play a role along with geological studies for
exploring new hydrocarbon resources.

In one of regions of interest in Pennsylvania, there was a possible methane emission from
surrounding areas. As it is shown in Fig. 24, the pixels of possible emissions are pointing
somewhere outside of shale gas well pads. It is not certain what the source of the emission
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was. It might be a result disposing or storing returned formation water on surface without
proper filtering. It might be a result of natural CH4 emission, or might be result of fracking.
So site sampling and isotope analysis are required. However, the number of gas wells in this
study certainly is not enough to extend the results to the whole shale gas activities, even to
the shale gas activities throughout the Marcellus shale basin in Pennsylvania. So, more
research should be done to study flux of fugitive methane emissions

In order to detect trace gases for monitoring human or natural activities, the presented

residual energy technique may be helpful, but more studies are recommended to effective
wavelength bands for trace gas detection.

“A good decision is based on knowledge and not on numbers.’’

Plato (423-347 BC)
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6 Appendices

In this section, required data for climate simulation (Appendix A) and methane emission
mapping and evaluation (Appendix B) is provided. At the end of this section, link addresses
to access to the dataset (Appendix C) where the data was retrieved (Table 25, Table 26 and
Table 27), also the programming code by MATLAB (Appendix D) are provided.

6.1 Appendix A (Climate Simulation)
The only driving force in temperature rise in climate simulation in this study was atmospheric
change of GHGs.

6.1.1 EdJGCM input
The input of EAGCM was based on historical real data of GHGs and extrapolations.

6.1.1.1 Real Data of Atmospheric GHGs Concentrations
In Fig. 28 the available variation trends in atmospheric GHGs from two sources (IPCC, and
EEA) are shown.
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Figure 28-Atmospheric GHGs concentration, green stars are adopted from IPCC (2014b), blue rectangles
in (a) are retrieved from EEA (2013a), in (b) are retrieved from EEA (2013b), and in (c) are retrieved
from EEA (2013c)

6.1.1.2 Extrapolated Atmospheric Concentrations of GHGs

Data preparation for N,O and CH,4 was based on fitting over mean historical data values from
IPCC and EEA database since 1750, and extrapolating the fitting models to estimate future
atmospheric concentration of CH4 and N,O for ANG scenarios.

Based on the IPCC and EEA data since 1750 until 1990, there is exponential increase in
atmospheric CH, concentration, but since 1990 until 2012 the increase in atmospheric CH,4
concentration had slowed down considerably, so in order to get better data preparation for
atmospheric CH,4 concentration for simulations, two fitting models over the data with highest
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accuracy among all possible models were done; Gaussian and exponential fitting. Finally,
mean values of the two models were considered as future atmospheric CH,4 concentration for
ANG scenarios. In Fig. 29, the extrapolated data for ANG scenarios until 2050 is presented.
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Figure 29- Atmospheric GHGs input for simulations by EAGCM, the (a) graph shows CO, variation
trend, the (b) graph shows CH, variation trend, and the (c) graph shows N,O variation trend

In Table 20 the fitting properties over atmospheric CH,4 concentrations are represented.

Table 20- Fitting models properties over mean value of atmospheric CH, concentration data from 1750
until 2012 from two datasets (EEA, 2013b)

Fitting Equation a b c d S ITJ-ar
model g qe
Exponential | a*exp(b*year)+c*exp(d*x) 4.897e5 -0.003824 4.887e-6 97e-4 | 0.9872
Gaussian al*exp(-((year-bl)/c1)"2)+ al a2 bl b2 cl c2
a2*exp(-((year-b2)/c2)*2) | 731.6 | 5.3e16 | 2005 | 3.8e4 | 47.73 | 6440 - 0.9982
As it can be understood from R-square values in Table 4, both models were fitted over the
data by both models well.
In Table 21 the fitting properties over atmospheric N,O concentrations are represented.
Table 21- Fitting model properties over atmospheric N,O concentration data from 1750 until 2012 from
two datasets
Fitting Equation a b c R-
model square
Gaussian al*exp(-((year-bl)/c1)"2)+ al a2 bl b2 cl c2 0.999
a2*exp(-((year-b2)/c2)"2) 84.65 | 3.83e14 | 2086 | 2.4e5 | 83.43 | 4.5e4 '
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As it can be understood from R-square values of Gaussian models in Table 21 were fitted
over the data by Gaussian model well.

6.2 Appendix B (Methane Emission Mapping and Evaluation)
In order to evaluate methane emission at ROIs it was necessary to model atmospheric
transmittance spectrum which was done by HITRAN on web.

6.2.1 Methane Emission Mapping Techniques
In this part, the new technique of mapping CH4 plume (residual energy) compared with other
techniques in homogeneous area (Fig. 30), and heterogeneous area (Fig. 31).

6.2.1.1 Homogeneous Area (ROI_CA, CA, USA)

In Fig. 30, the results of mapping CH,4 emission at ROI_CA which is homogeneous ROI
using different methods are shown. As it can be understood from Fig. 30, the methane
emission mapping techniques give similar pattern.

Band Ratio Method (Band 202 / Band 177), 12hr 50min, 19 June 2008, 34°23N,119°52W Residual Energy Method, 12hr 50min, 19 June 2008, 34°23N,119°52W
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Figure 30- Comparison of residual energy technique with other techniques over ROI_CA, CA, USA, the
(a) map shows ROI_CA (homogeneous ROI) produced by ArcMap, the (b) map shows result of band
ratio technique, the (c) graph shows residual energy technique, the (d) graph shows result of radiation
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residual technique and redrawn from Bradley et al. (2011, p. 2), and the (¢) map shows result of cluster-
tuned matched filter technique and redrawn from Thorpe, Frankenberg, and Roberts (2014, p. 502)

6.2.1.2 Heterogonous Area (Inglewood, LA, USA)

In Fig. 31, the results of mapping CH, emission at a ROI in Inglewood, LA, USA which is
heterogeneous ROI using different methods are shown. As it can be understood from Fig. 31,
the two techniques point to almost the same methane emission pixels.
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Figure 31- Comparison of residual energy technique with the technique introduced by Thorp et al. (2014)
in Inglewood, LA, USA, the (a) map shows the heterogeneous ROI in Inglewood in true colouring, the (b)
shows result of residual energy method, and the (c) is output of cluster- tuned matched filter technique
redrawn from Thorp et al. (2014, p. 499)
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6.2.2 Methane Emission Evaluation
After mapping the pixels of methane emission, it is time to evaluate the emission which deals
with quantifying the flux of fugitive methane emission from the mapped pixels.

6.2.2.1 HITRAN on web Modelling Input
In this part the data preparation for modelling atmospheric transmittance spectrum at ROIs,
are provided in figures (from Fig. 32 to Fig. 35).

6.2.2.1.1 Atmospheric Gas Profile
The general mixing ratio of profile of O, O3, N,O, CO, and CH, are presented in Fig. 32.
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Figure 32- Mixing ratio of some of atmospheric gases, redrawn from Brasseur et al. (1999, p. 9) in
Schlatter (2009, p. 21)
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6.2.2.1.2 Atmospheric Relative Humidity

The relative humidity profile for each flight was requested from Atmospheric Correction
Parameter Calculator of NASA (Fig. 33).
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Figure 33- Atmospheric relative humidity profile; the (a) graph is for ROI_CA and the (b) graph is for
ROI_PA_A and ROI_PA_B (GSFC/NASA, 2014)

6.2.2.1.3 Atmospheric Pressure Profile

The relative pressure profile for each flight was requested from Atmospheric Correction
Parameter Calculator of NASA (Fig. 34).
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Figure 34- Atmospheric pressure profile; the (a) graph is for ROI_CA and the (b) graph is for
ROI_PA_A and ROI_PA_B (GSFC/NASA, 2014)
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6.2.2.1.4 Atmospheric Temperature Profile
The relative temperature profile for each flight was requested from Atmospheric Correction
Parameter Calculator of NASA (Fig. 35).
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Figure 35- Atmospheric temperature profile; the (a) graph is for ROI_CA and the (b) graph is for
ROI_PA_A and ROI_PA B (GSFC/NASA, 2014)

6.2.2.1.5 Atmospheric Layers

After retrieving atmospheric mixing ratio profile of gases along with pressure and
temperature profiles, the data was prepared for modelling atmospheric transmittance
spectrum for each flight (Table 22 and Table 23).

6.2.2.1.5.1 Reference Point (ROI_CA)
In Table 22, the data used for atmospheric transmittance modelling by HITRAN on web for
ROI_CA is presented.

Table 22- Atmospheric properties of ROI_CA for modelling by HITRAN on web
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930.1687764 | 854.8418972 | 761.7540687 | 676.4274062 | 597.9739508 | 527.3825503 | 463.2754342 | 405.0857143
31.28508861 | 26.71071344 | 18.15882278 | 9.065724307 | 0.460539797 | -6.226162416 | -13.52192804 | -22.60675657
77.393229 77.393229 77.393229 77.393229 77.393229 77.393229 77.393229 77.393229
21.8616288 | 21.61091409 | 21.90678196 | 22.26349596 | 22.62020997 | 22.74166748 | 22.43036182 | 22.11905616
0.000165113 | 0.000163226 | 0.000162455 | 0.000162416 | 0.000162377 | 0.000162338 | 0.000161808 | 0.000160576
0.000015 0.000015 0.000015 0.000015 0.000015 0.000015 0.000015 0.000015
2.8676E-05 | 2.88125E-05 | 2.90662E-05 | 2.93199E-05 | 2.94889E-05 | 2.94818E-05 | 2.94746E-05 | 2.94675E-05
1.86637E-06 | 1.94739E-06 | 2.05331E-06 | 2.19997E-06 | 2.35099E-06 | 2.63828E-06 | 3.20836E-06 | 3.78826E-06
0.031360596 | 0.031353079 | 0.03134554 | 0.031337997 | 0.031330453 | 0.031582931 | 0.031860071 0.03213721
0.21391 0.241594 0.19363 0.166901 0.105777 0.061903 0.056432 0.049728
o (] o o o o o o
o (=] o o o o (=] (=]

ITe) o o o o o o o

i i i i i i i
N (9] < Lo O M~ (0] (o]
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352.6998962 | 306.1922366
-29.6817217 | -36.35157486
77.393229 77.393229
21.8077505 | 21.56855522
0.000159343 | 0.00015811
0.000015 0.000015
2.94604E-05 | 2.94533E-05
4.37206E-06 | 5.86788E-06
0.032218369 | 0.032210619
0.053396 0.03641
(] o
(=] o
= =
=) —
i i

PA_B)

In Table 23, the data used for atmospheric transmittance modelling by HITRAN on web for

ROI_PA_Aand ROI_PA B is

PA_A and RO

6.2.2.1.5.2 Shale Gas Exploitation Areas (ROI

presented.

PA_B for modelling by HITRAN on web

PA_A and ROI

Table 23- Atmospheric properties of ROI

Pressure (mbar) 1025.5 945.6545 | 857.3691 | 760.2638
Temperature (C) 33.2861 | 24.09936 | 14.12554 | 5.403088
N2 (%) 77.393229 | 77.393229 | 77.393229 | 77.393229
02 (%) 21.91234 | 22.11234 | 21.86163 | 21.61091
&
& CH4 (%) 0.000170 | 0.000167 | 0.000165 | 0.000163
(&)
2
=% CO (%) 0.000015 | 0.000015 | 0.000015 | 0.000015
E
,.Am N20 (%) 2.87E-05 | 2.87E-05 | 2.87E-05 | 2.88E-05
o
.mul.a.
o 03 (%) 1.81E-06 | 1.81E-06 | 1.87E-06 | 1.95E-06
X
=
CO2 (%) 0.031368 | 0.031368 | 0.031361 | 0.031353
H20 (%) 1.05885 0.84282 0.70513 0.53526
R N~ ™ o o
Height (m) © ® m m
Atmospheric Layers = . ~N ™
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672.0942 | 592.7607 521.6206 457.4968 | 399.6837 | 347.7404 | 301.2391 | 259.962 223.1869 191.291
0.577329 -3.50209 -9.89484 -16.9663 | -24.8592 | -32.3308 | -39.3558 -46.41 -52.9758 -56.2506
77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229
21.90678 22.2635 22.62021 22.74167 | 22.43036 | 22.11906 | 21.80775 | 21.56856 | 21.71393 | 21.85931
0.000162 | 0.000162 0.000162 0.000162 | 0.000162 | 0.000161 | 0.000159 | 0.000158 | 0.000156 | 0.000152
0.000015 | 0.000015 0.000015 0.000015 | 0.000015 | 0.000015 | 0.000015 | 0.000015 | 0.000015 | 0.000015
2.91E-05 | 2.93E-05 2.95E-05 2.95E-05 | 2.95E-05 | 2.95E-05 | 2.95E-05 | 2.95E-05 | 2.94E-05 2.92E-05
2.05E-06 | 2.20E-06 2.35E-06 2.64E-06 | 3.21E-06 | 3.79E-06 | 4.37E-06 | 5.87E-06 | 7.11E-06 8.25E-06
0.031346 | 0.031338 0.108026 0.031583 | 0.03186 | 0.032137 | 0.032218 | 0.032211 | 0.032203 | 0.032195
0.176806 | 0.071818 0.1514 0.072285 | 0.054466 | 0.031945 | 0.0135582 | 0.0089548 | 0.00616 | 0.0043681
o o o o o o o o o o
S S S S S S S S S S
S S S S S S S S S S
= = = = = = = = = =
< T © N~ co o S N N 9
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163.624 | 140.2799 | 120.8398 | 102.2692 | 87.61566 | 74.50885 | 63.62699
-55.2572 | -55.3657 -56.999 -58.3232 -58.2546 | -57.6797 | -56.7215
77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229 | 77.393229
22.00469 | 22.15007 | 22.15007 | 22.14474 | 22.13942 | 22.1341 | 22.12878
0.000149 | 0.000145 | 0.000144 | 0.000144 | 0.000144 | 0.00014 | 0.000135
0.000015 | 0.000015 | 0.000015 | 0.000015 | 0.000015 | 0.000015 | 0.000015
2.89E-05 | 2.87E-05 | 2.80E-05 | 2.71E-05 | 2.61E-05 | 2.50E-05 | 2.39E-05
1.19E-05 | 1.93E-05 | 2.40E-05 | 3.58E-05 | 4.34E-05 | 5.86E-05 | 8.89E-05
0.032187 | 0.03218 | 0.032172 | 0.031888 | 0.031414 | 0.03094 | 0.030466
0.0025699 | 0.0006939 | 0.0003428 | 0.0000687 | 0.0000214 | 0.000029 | 0.000046
o o o o o o o
(=] o (] o o o o
= = = = = = =
< Lo © N~ o] (o} o
i i i i i - N

69



6.2.2.2 At Sensor Radiation Modelling Input

In order to model radiation at sensor for each ROI, atmospheric transmittance spectrum (Fig.
36), at-surface irradiance (Fig. 39), land cover classification (Fig. 40), reflectance spectrum
for each class (Fig. 42) and calibration values and steradian coefficients (Fig. 43) are
required. The steps of at sensor radiation modelling are explained in Diagram.13.

6.2.2.2.1 HITRAN Output (Atmospheric Transmittance and Intensity Stick Spectrum)
In Fig. 36, outputs of atmospheric transmittance spectrums using HITRAN on web are

presented.
Transmittance Spectrum, 12hr 50min, 19 June 2008, CA Transmittance Spectrum, 14hr 30min, 6 July 2009, PA
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Figure 36- Atmospheric transmittance spectrum by HITRAN on web; the (a) graph was used for
ROI_CA and the (b) graph was used for ROlI_PA_A and ROI_PA B

In Fig. 37, intensity stick spectrum of band 202 of AVIRIS is presented. As it is clear from
Fig. 37, there is strong absorption by CHj, in this wavelength range. This was also reported by
Thorpe, Frankenberg and Roberts (2014, p.493).
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Figure 37- Intensity Stick Spectrum at Band 202 of AVIRIS
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In Fig. 38, intensity stick spectrum of band 177 of AVIRIS is presented. As it is clear from
Fig. 38, absorption in this wavelength range is by H,O and CO,, which is verified with the
results by Thorpe et al., (2012, p.3)

Intensity Stick Spectrum at T=297.72k, Band 177 of AVIRIS
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Figure 38- Intensity Stick Spectrum at Band 177 of AVIRIS
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6.2.2.2.2 At Surface Irradiance

In Fig. 39, at surface irradiance spectrum for each ROI was retrieved from PV light house
website. The link address to access to the website is provided in Table 26. In Fig. 39, areas
under Fig. 39a;, Fig. 39b; and Fig. 39b, are representatives of at surface energy coming from
sun. The Fig. 39a, and Fig. 39b3z were used to validate the irradiance spectrums (Diagram.9).
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Figure 39- At surface irradiance; (al), (b1) and (b2) are from PV light house website (PV Lighthouse,
2015), (a2), and (b3) are retrieved from NOAA (ESRL/NOAA, 2015)
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6.2.2.2.3 Classification
In this section the sampling over the ROIs, band selection for neural network classification
(NNC), and results of land cover classification are provided.

6.2.2.2.3.1 Sampling and Band Selection
In Fig. 40, the sampled areas across the ROIs are presented.

rSjectrurﬂ of Samples in ROLLPA_A
14 Y ‘
F 1;\ Deciduous
iy Conifer
[ .[\} aS LU oA
|

Grass

Paving
Dark Soil

Radiation (uW/(cm2  sr * nm))
@

I NEE NREE FEWE FEEE T SE|

e
2000

Bright Soil Grass - Deciduous
I oark soil B uoen
- Paving - Conifer

—
'Sfectrum of les in ROLPA B
T

1of Bare Soil

b3 Water
|

Vegetation
A

=TT

-
e
Z

Radiation (uW/(cm2  sr * nm))

pov el poo oo g ey gl g 0ol gy

:
1
Wavelength tam)

Bl aresoil [0 vegetation [ Water

|

|

L
500 1000

2000

Tid

lat Water Surface -

Radiation (uW/(em2 * sr * nm))

h il
1 1
200 20D Wavelengkr?oam)

I | Tide [ Fat Sea Surface

Figure 40-Sampling for band selection to do classification across ROls, the (a;), (by), and (c;) maps show

ROI_PA_A, ROI_PA_B, and ROI_CA in true colour (band 29 as red, band 20 as green, and band 12 as

blue), the (a,), (b,), and (c,) maps show sampled pixels, and the (as), (bs), and (cs) graphs show radiation
spectrums of samples
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In Fig. 41, the outputs of NNC tool of ENVI for each ROI are provided. The Fig. 41a,, Fig.
41b,, and Fig. 41c; are input of MATLAB for methane emission evaluation, which was done
for checking whether the classes were imported to MATLAB correctly.
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Figure 41-Classification by neural network tool of ENVI; (a,), (b1), and (c;) maps show ROI_CA,
ROI_PA_A, and ROI_PA B respectively generated by ArcMap, (a,), (b), and (c,) maps show ROI_CA,
ROI_PA_A, and ROI_PA B respectively generated by MATLAB
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6.2.2.2.4 Reflectance Spectrum

In Fig. 42, the reflectance spectrums for each class as shown in Fig. 37 over ROIs are plotted.
The data is retrieved from ASTER reflectance library, and the link address for accessing to
the ASTER library is available in Table 27.
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Figure 42- Reflectance spectrums for different classes; the (a) graph shows reflectance spectrum of sea
water for ROI_CA, the (b) graph shows reflectance spectrums of land cover classes for ROl_PA_A and
the (c) graph shows reflectance spectrums of land cover classes for ROlI_PA B (ASTER/NASA, 2015)
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6.2.2.2.5 Calibration Values and Steradian Coefficients
In Fig. 43, the calibration values and steradian coefficients for each pixel across the ROIs are
shown.
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Figure 43-Calibration values and steradian coefficients; the (a,), (b,), and (c;) maps show ROI_CA, the
ROI_PA_A, and ROI_PA B respectively, the (a,), (b,), and (c,) maps show calibration values and
steradian coefficients for ROI_CA, the ROI_PA_A, and ROI_PA_B respectively
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6.2.3 AVIRIS Information
In Table 24, the information on AVIRIS band wavelength and gain value is given. AVIRIS
has 224 bands which the band wavelength range is about 10 nm.

Table 24- AVIRIS Information

Ban | Wavelengt | Gain | Ban | Wavelengt | Gain | Ban | Wavelength | Gain
d h (nm) Value | d h (nm) Value | d (nm) Value
1 365.9298 300 81 1120.656 300 161 1866.864 1200
2 375.594 300 82 1130.213 300 162 1876.925 1200
3 385.2625 300 83 1139.765 300 163 1886.985 1200
4 394.9355 300 84 1149.311 300 164 1897.042 1200
5 404.6129 300 85 1158.853 300 165 1907.096 1200
6 414.2946 300 86 1168.389 300 166 1917.148 1200
7 423.9808 300 87 1177.92 300 167 1927.198 1200
8 433.6713 300 88 1187.446 300 168 1937.246 1200
9 443.3662 300 89 1196.966 300 169 1947.292 1200
10 453.0655 300 90 1206.482 300 170 1957.335 1200
11 462.7692 300 91 1215.992 300 171 1967.375 1200
12 472.4773 300 92 1225.497 300 172 1977.414 1200
13 482.1898 300 93 1234.996 300 173 1987.45 1200
14 491.9066 300 94 1244.491 300 174 1997.484 1200
15 501.6279 300 95 1253.98 300 175 2007.515 1200
16 511.3535 300 96 1263.464 300 176 2017.545 1200
17 521.0836 300 97 1253.373 300 177 2027.572 1200
18 530.818 300 98 1263.346 300 178 2037.596 1200
19 540.5568 300 99 1273.318 300 179 2047.619 1200
20 550.3 300 100 1283.291 300 180 2057.639 1200
21 560.0477 300 101 1293.262 300 181 2067.656 1200
22 569.7996 300 102 1303.234 300 182 2077.672 1200
23 579.556 300 103 1313.206 300 183 2087.685 1200
24 589.3168 300 104 1323.177 300 184 2097.696 1200
25 599.0819 300 105 1333.148 300 185 2107.704 1200
26 608.8515 300 106 1343.119 300 186 2117.71 1200
27 618.6254 300 107 1353.089 300 187 2127.714 1200
28 628.4037 300 108 1363.06 300 188 2137.716 1200
29 638.1865 300 109 1373.03 300 189 2147.715 1200
30 647.9736 300 110 1383 300 190 2157.712 1200
31 657.7651 300 111 1392.969 600 191 2167.707 1200
32 667.561 300 112 1402.939 600 192 2177.699 1200
33 655.7923 300 113 1412.908 600 193 2187.689 1200
34 665.5994 300 114 1422.877 600 194 2197.677 1200
35 675.4012 300 115 1432.845 600 195 2207.662 1200
36 685.1979 300 116 1442.814 600 196 2217.645 1200
37 694.9894 300 117 1452.782 600 197 2227.626 1200
38 704.7756 300 118 1462.75 600 198 2237.604 1200
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39 714.5566 300 119 1472.718 600 199 2247.581 1200
40 724.3325 300 120 1482.685 600 200 2257.554 1200
41 734.1031 300 121 1492.652 600 201 2267.526 1200
42 743.8685 300 122 1502.619 600 202 2277.495 1200
43 753.6287 300 123 1512.586 600 203 2287.462 1200
44 763.3837 300 124 1522.552 600 204 2297.427 1200
45 773.1335 300 125 1532.518 600 205 2307.389 1200
46 782.8781 300 126 1542.484 600 206 2317.349 1200
47 792.6174 300 127 1552.45 600 207 2327.307 1200
48 802.3516 300 128 1562.416 600 208 2337.262 1200
49 812.0805 300 129 1572.381 600 209 2347.216 1200
50 821.8043 300 130 1582.346 600 210 2357.167 1200
o1 831.5228 300 131 1592.311 600 211 2367.115 1200
52 841.2361 300 132 1602.275 600 212 2377.061 1200
53 850.9442 300 133 1612.24 600 213 2387.005 1200
54 860.6471 300 134 1622.204 600 214 2396.947 1200
55 870.3448 300 135 1632.167 600 215 2406.886 1200
56 880.0372 300 136 1642.131 600 216 2416.823 1200
57 889.7245 300 137 1652.094 600 217 2426.758 1200
58 899.4066 300 138 1662.057 600 218 2436.69 1200
59 909.0834 300 139 1672.02 600 219 2446.62 1200
60 918.7551 300 140 1681.983 600 220 2456.548 1200
61 928.4214 300 141 1691.945 600 221 2466.473 1200
62 938.0827 300 142 1701.907 600 222 2476.396 1200
63 947.7387 300 143 1711.869 600 223 2486.317 1200
64 957.3895 300 144 1721.831 600 224 2496.236 1200
65 967.0351 300 145 1731.792 600
66 976.6755 300 146 1741.753 600
67 986.3106 300 147 1751.714 600
68 995.9406 300 148 1761.675 600
69 1005.565 300 149 1771.635 600
70 1015.185 300 150 1781.596 600
71 1024.799 300 151 1791.556 600
72 1034.408 300 152 1801.515 600
73 1044.012 300 153 1811.475 600
74 1053.611 300 154 1821.434 600
75 1063.204 300 155 1831.393 600
76 1072.793 300 156 1841.352 600
77 1082.376 300 157 1851.31 600
78 1091.954 300 158 1861.269 600
79 1101.526 300 159 1871.227 600
80 1111.094 300 160 1872.384 600
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6.3 Appendix C (Access Links to Datasets)
In this section the links addresses to access to the databases used in this study are provided
(Table 25, Table 26, and Table 27).

6.3.1 Natural Gas Production
In Table 25, the links for getting general information about overall natural gas production
along with shale gas production is provided.

Table 25- Link addresses for accessing to information on natural gas production in USA

Database Purpose Link
http://www.eia.qov/cfapps/ipdbproject/iedindex3.cfm
us.Ela | YSA grrgzsugg?rza' 935 | %iid=3&pid=3&aid=1&cid=US &syid=1990&eyid=2
P 012&unit=BCF
U.S.EIA | USA shale gas production http://www.ela.qov/dnav(]r:rc:]/nq prod shalegas sl a.

6.3.2 Climate Simulations
In Table 26, the access links for getting required data for climate simulation are presented.

Table 26- Link addresses for accessing to data retrieve for climate simulation by EQGCM

Database Purpose Link
US. EIA Global energy http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cf
T consumption m?tid=44&pid=44&aid=2
CO, emission from http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm
US. EIA primary resources ?tid=90&pid=44&aid=8&cid=ww,&syid=1980&eyid
combustion =2012&unit=MMTCD
IPCC Data Atmospheric gas
Distributio P g http://www.ipcc-data.org/observ/index.html
concentration
n Centre
http://www.eea.europa.eu/data-and-
CcO, maps/figures/atmospheric-concentration-of-
co2-ppm-1
) http://www.eea.europa.eu/data-and-
EEA Atmospherlg gas CH,4 maps/figures/atmospheric-concentration-of-
Dataset concentration
ch4-ppb-1
http://www.eea.europa.eu/data-and-
N,O | maps/figures/atmospheric-concentration-of-
n20-ppb-1
NASA
Goddard ) . .
. Actual global mean http://data.giss.nasa.gov/gistemp/tabledata_v3/GLB.T
Institute for
temperature s+dSST.txt
Space
Studies

6.3.3 Methane Emission Mapping and Evaluation
In Table 27, access links for getting information for fugitive methane emission mapping and
evaluation are provided.
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http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=3&pid=3&aid=1&cid=US,&syid=1990&eyid=2012&unit=BCF
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=3&pid=3&aid=1&cid=US,&syid=1990&eyid=2012&unit=BCF
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=3&pid=3&aid=1&cid=US,&syid=1990&eyid=2012&unit=BCF
http://www.eia.gov/dnav/ng/ng_prod_shalegas_s1_a.htm
http://www.eia.gov/dnav/ng/ng_prod_shalegas_s1_a.htm
http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm?tid=44&pid=44&aid=2
http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm?tid=44&pid=44&aid=2
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=90&pid=44&aid=8&cid=ww,&syid=1980&eyid=2012&unit=MMTCD
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=90&pid=44&aid=8&cid=ww,&syid=1980&eyid=2012&unit=MMTCD
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=90&pid=44&aid=8&cid=ww,&syid=1980&eyid=2012&unit=MMTCD
http://www.ipcc-data.org/observ/index.html
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-co2-ppm-1
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-co2-ppm-1
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-co2-ppm-1
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-ch4-ppb-1
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-ch4-ppb-1
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-ch4-ppb-1
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-n2o-ppb-1
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-n2o-ppb-1
http://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-n2o-ppb-1
http://data.giss.nasa.gov/gistemp/tabledata_v3/GLB.Ts+dSST.txt
http://data.giss.nasa.gov/gistemp/tabledata_v3/GLB.Ts+dSST.txt

Table 27- Link addresses for accessing to data retrieve for methane mapping and evaluation

Database Purpose Link
JPL/NASA AVIRIS imagery http://aviris.jpl.nasa.gov/
HITRAN Atmospheric http://hitran.iao.ru/
transmittance modelling
ASTER
Library of Reflectance spectrum http://speclib.jpl.nasa.gov/
JPL/NASA
PV Light At surface irradiance http://www.pvlighthouse.com.au/
House spectrum
The Optical
Remote
Lgsgrs(':\?c?ry Railrztc:\s/Sthﬁ?\?\/lgeio http://skv.ccnv.cuny.edu/mr?/pub/dewpointcalculator2
of The City vapour mixing ratio e
College of
New York
Earth
System
Research At surface energy http://www.esrl.noaa.gov/gmd/grad/surfrad/
Library of
NOAA
Atmospheric
Correction Atmospheric pressure,
Parameter | temperature and relative http://atmcorr.gsfc.nasa.gov/
Calculator humidity profile
of NASA
i http://www.arcgis.com/home/item.htm|?id=04e3f70b
ArcGIS PA counties 4b7f401faafd431dag355ab4
ArcGIS Gas well locations in PA https://github.com/FracTrackerAlliance/PA
http://www.arcgis.com/home/item.htm|?id=f7f805eb
ArcGIS | State boundary of USA 65ebdab787a0a3e1116ca7e5
US. EIA Shale basin boundaries http://www.eia.qgv/pub/oil gas/natural_gas/analysis
publications/maps/maps.htm
U.S. EIA Production of Natural http://www.eia.gov/petroleum/drilling/

Gas per Rig per Day
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http://aviris.jpl.nasa.gov/
http://hitran.iao.ru/
http://speclib.jpl.nasa.gov/
http://www.pvlighthouse.com.au/
http://sky.ccny.cuny.edu/mn/pub/dewpointcalculator2.php
http://sky.ccny.cuny.edu/mn/pub/dewpointcalculator2.php
http://www.esrl.noaa.gov/gmd/grad/surfrad/
http://atmcorr.gsfc.nasa.gov/
http://www.arcgis.com/home/item.html?id=04e3f70b4b7f401faafd431da9355ab4
http://www.arcgis.com/home/item.html?id=04e3f70b4b7f401faafd431da9355ab4
https://github.com/FracTrackerAlliance/PA
http://www.arcgis.com/home/item.html?id=f7f805eb65eb4ab787a0a3e1116ca7e5
http://www.arcgis.com/home/item.html?id=f7f805eb65eb4ab787a0a3e1116ca7e5
http://www.eia.gov/pub/oil_gas/natural_gas/analysis_publications/maps/maps.htm
http://www.eia.gov/pub/oil_gas/natural_gas/analysis_publications/maps/maps.htm
http://www.eia.gov/petroleum/drilling/

6.4 Appendix D (MATLAB Codes)

In this study, MATLAB was used for majority of calculations, and estimations, mainly for
fugitive methane emission mapping and evaluation part. In this section the main code for
methane mapping and evaluation used for the reference point (ROI_CA) is provided. The
same code structure with some slight modifications was used for the other two ROIs
(ROI_PA_A and ROI_PA_B).

6.4.1 Reference Point (ROI_CA)
In this study, the MATLAB code had a main body as presented, with support of two
functions; Transmittance_ HITRAN, RadiationModelling.

6.4.1.1 Body of Code
The main part of the methane emission mapping and evaluation code was as follows:

clc;

close all;

clear all;

format long;

%% Inputs

% 152 samples x 276 lines x 1 band
Class=dImread('Classification_coal_Oil_Methane.txt");
[Row,Column]=size(Class);

% Radiation values at different Wavelength
Rad_Spectrum=dimread('Radiation_DOS_Coal_Oil_Methane_Emission.txt");

Class_Tide_ Water=dImread(‘Classification_Tide_Surface.txt’);

% Mapping tide and flat pixels over the study area

figure

Z=Class_Tide Water";

X = [1:Row];

y = [1:Column];

[X,Y] = meshgrid(x,y);

pcolor(X,Y,2);

set(gca, 'FontName', ‘Arial’)

set(gca, 'FontSize', 24)

title('Map of Tide Effect on Sea Surface, 12hr 50min, 19 June 2008, 34°23N,119°52W")

xhandle = get(gca,'xlabel’);
set(xhandle,'string’,'Pixels Along Longtitude','fontsize',22)

yhandle = get(gca,'ylabel’);
set(yhandle,'string’,'Pixels Along Latitude','fontsize’,22)
set(colorbar,'fontsize’,14)

% (Watt/SquaredMeter/Steradian/nm)
Rad_Spectrum=abs(Rad_Spectrum)./100;
AVIRIS_Bands=dImread('Bands_Wavelength.txt');
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%Ilrradiance Spectrum

delimiterin="";

headerlinesin = 1;
Irrad_Load=dlmread('lIrradiance_Spectrum.txt',delimiterin,headerlinesin);
[M,N]=size(Irrad_Load);

for i=1:M/2
Irrad(i,1)=Irrad_Load(i,1);
Irrad(i,2)=Irrad_Load(373+i,1);
end

% Plotting irradiance spectrum

figure

plot(lrrad(:,1),Irrad(:,2));

xlabel("Wavelength (nm)")

ylabel(‘lrradiance (W/m2/nm)")

title('Irradiance Spectrum, 12hr 50min, 19 June 2008, CA, Lat:34, Lon:-119"

% Retrieving reflectance
Water=dlmread('jhu.becknic.water.sea.none.liquid.seawater.spectrum.txt’);

Water(:,2)=Water(:,2)./100;
Water(:,1)=Water(:,1).*1000;

% Plotting reflectance spectrum

figure

plot(Water(:,1),Water(:,2)*100);

title('Reflectance Spectrum (ASTER Spectral Library)')
xlabel("Wavelength (nm)’)

ylabel('Reflectance (%))

legend('Sea Water")

%% Calculating the Transmittance Spectrum

% Calling Transmittance_ HITRAN function
Trans_Spectrum=Transmittance_HITRAN;

% Plotting atmospheric transmittance spectrum generated by HITRAN
figure

plot(Trans_Spectrum(:,2), Trans_Spectrum(:,3).*100);
title("Transmittance Spectrum, 12hr 50min, 19 June 2008, CA')
xlabel("Wavelength (nm)")

ylabel(‘Transmittance (%)")

legend('Atmospheric Transmittance Spectrum’)

%% Calculating calibration values and steradian coefficients at the band with max
transmittance (Band 73)

[M,N]=max(Trans_Spectrum(:,3));

wavelength=Trans_Spectrum(N,2);
temp=abs(AVIRIS_Bands(1,:)-wavelength);
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[idx,idy]=min(temp);

Band=idy;

Row_Min=Row*(Band-1)+1,

Row_Max=Row*(Band-1)+Row;
Rad_Max_Tran(1:Row,1:Column)=Rad_Spectrum(Row_Min:Row_Max,:);
temp=abs(Trans_Spectrum(:,2)-wavelength);

[idx,idy]=min(temp);

Trans_Value=Trans_Spectrum(idy,3);

temp=abs(Water(:,1)-wavelength);
[idx,idy]=min(temp);
RefWat=Water(idy,2);
Ref=RefWat;

temp=abs(Irrad(:,1)-wavelength);
[idx,idy]=min(temp);
closests_Irrad_Wave=Irrad(idy,1);
Irrad_Value=Irrad(idy,2);

for i=1:Row

for j=1:Column
Steradian_Coeff(i,j)=Irrad_Value.*Ref.*Trans_Value./Rad_Max_Tran(i,j);

end

end

% Mapping calibration values and steradian coefficients

figure

Z=(Steradian_Coeff)’;

x = [1:Row];

y = [1:Column];

[X,Y] = meshgrid(x,y);

pcolor(X,Y,2);

set(gca, 'FontName', 'Arial’)

set(gca, 'FontSize', 24)

title('Calibration Values and Steradian Coefficients 12hr 50min, 19 June 2008,

34°23N,119°52W")

xhandle = get(gca,'xlabel’);

set(xhandle,'string’,'Pixels Along Longtitude','fontsize',22)

yhandle = get(gca,'ylabel’);

set(yhandle,'string’,'Pixels Along Latitude','fontsize’,22)

Tide_Count=0;

Flat_Count=0;

Sum_Tide=0;

Sum_Flat=0;

for i=1:Row

for j=1:Column
if Class_Tide_Water(i,j)==1

Tide_Count=Tide_Count+1;
Stera_Tide(1,Tide_Count)=Steradian_Coeff(i,j);
Sum_Tide=Sum_Tide+Steradian_Coeff(i,j);
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end
if Class_Tide_Water(i,j)==0
Flat_Count=Flat_Count+1;
Stera_Flat(1,Flat_Count)=Steradian_Coeff(i,j);
Sum_Flat=Sum_Flat+Steradian_Coeff(i,j);
end
end
end
%% Calculation of Radiation at AVIRIS Sensor Flight Using HITRAN
%%%%% Rad at the height of AVIRIS from Irradiance, Reflectance and
%%%%% Transmittance
for Band=69:224
Row_Min=Row*(Band-1)+1,;
Row_Max=Row*(Band-1)+Row;

% Retrieving wavelength
wavelength=AVIRIS_Bands(1,Band);

% Retrieving atmospheric transmittance at the wavelength
temp=abs(Trans_Spectrum(:,2)-wavelength);
[idx,idy]=min(temp);
Trans_Value=Trans_Spectrum(idy,3);

% Retriving water reflectance
temp=abs(Water(:,1)-wavelength);
[idx,idy]=min(temp);
Ref=Water(idy,2);

% Calling radiationModelling function

Calc_Rad=RadiationModelling(Row,Column,wavelength,Class_Tide Water,Ref,Irrad,Sterad
ian_Coeff, Trans_Value);

Calculated_Rad(Row_Min:Row_Max,1:Column)=Calc_Rad;
end

%%

count=0;

for Band=69:224
count=count+1,;
wavelength=AVIRIS_Bands(1,Band);
Rad_Spectrum_1(1,count)=(Calculated Rad(Row*(Band-1)+100,20));
Rad_Spectrum_2(1,count)=Rad_Spectrum(Row*(Band-1)+100,20);
temp=abs(Irrad(:,1)-wavelength);
[idx,idy]=min(temp);
Irrad_Value=Irrad(idy,2);
Irrad_Spectrum_3(1,count)=Irrad_Value;

end

% Plotting actual and modelled radiation at a arbitary pixel
figure
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plot(AVIRIS Bands(1,69:224),Rad_Spectrum_1,'b");

hold on

plot(AVIRIS_Bands(1,69:224),Rad_Spectrum_2,'r");

title(‘Irradiation, Radiation and Calculated Radiation Spectrum at a Pixel’)
xlabel("Wavelength(nm)’)

ylabel("W/(m”2.nm.st)")

legend('Calculated Radiation At AVIRIS Height','Actual Radiation At AVIRIS Height')
hold off

%%
%%%%%%%%%%% %% %% Mapping methane emission %%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% 1- Band Ratio Technique %%%%%%%%%%%%%%%%%
%%%%%%%%%% %% %% 2- Residual Energy Technique%%%%%%%%%%%%%%%%
%%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% %%
%%%%%%%%%%%%%%% 1- Band Ratio Technique %%%%%%%%%%%%%%%%%
%%0%%%%% %% %% %% %% %% %% %% %% % %% %% % % %% %% %% %% %% % %% %%
for Band=202

Row_Min=Row*(Band-1)+1,;

Row_Max=Row*(Band-1)+Row;

Radiation_at_Band_202(1:Row,1:Column)=Rad_Spectrum(Row_Min:Row_Max,1:Column);

Radiation_at Band_202_Calc(1:Row,1:Column)=Calculated_Rad(Row_Min:Row_Max,1:C
olumn);

wavelength_202=AVIRIS_Bands(1,Band);

temp=abs(Trans_Spectrum(:,2)-wavelength_202);
[idx,idy]=min(temp);
closests_Trans_Wave=Trans_Spectrum(idy,2);
Trans_Value_202=Trans_Spectrum(idy,3);

temp=abs(Irrad(;,1)-wavelength_202);
[idx,idy]=min(temp);
closests_Ref Wave=Irrad(idy,1);
Irrad_Value_202=Irrad(idy,2);

end

for Band=177
Row_Min=Row*(Band-1)+1,;
Row_Max=Row*(Band-1)+Row;

Radiation_at_Band_177(1:Row,1:Column)=Rad_Spectrum(Row_Min:Row_Max,1:Column);

Radiation_at Band_177_Calc(1:Row,1:Column)=Calculated_Rad(Row_Min:Row_Max,1:C
olumn);
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wavelength_177=AVIRIS_Bands(1,Band);

temp=abs(Trans_Spectrum(:,2)-wavelength_177);
[idx,idy]=min(temp);
Trans_Value_177=Trans_Spectrum(idy,3);

temp=abs(Irrad(:,1)-wavelength_177);
[idx,idy]=min(temp);
Irrad_Value_177=Irrad(idy,2);

end

Band_Ratio_202_177=zeros(Row,Column);
for i=1:Row
for j=1:Column
Band_Ratio_202_177(i,j)=Radiation_at_Band_202(i,j)./Radiation_at_Band_177(i,j);
end
end

Sum_Band_Ratio=0;
Count=0;
Band_Ratio_202_177_Edited=zeros(Row,Column);
for i=1:Row
for j=1:Column
if Band_Ratio_202_177(i,j)~=Inf || Band_Ratio_202_177(i,j)==0
Sum_Band_Ratio=Band_Ratio_202_177(i,j)+Sum_Band_Ratio;
Count=Count+1,
Band_Ratio_202_ 177 Edited(i,j)=Band_Ratio_202_177(i,j);
end
end
end

for i=1:Row
for j=1:Column
if Band_Ratio_202_177 ==Inf
Band_Ratio_202_ 177 Edited(i,j)=max(Band_Ratio_202_177_Edited(:));
end
if Band_Ratio_202_177_Edited(i,j)==0
Band_Ratio_202_177_Edited(i,j)=mean(Band_Ratio_202_177_Edited(:));
end
end
end

% Applying constraint
Reference_Transmittance=mean(Band_Ratio_202_177_Edited(:));

Methan_Map_BR=zeros(Row,Column);
for i=1:Row
for j=1:Column
if Band_Ratio_202_177_Edited(i,j)>Reference_Transmittance ||
Band_Ratio_202_177_Edited(i,j)<Reference_Transmittance*0.90
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Methan_Map_BR(i,j)=0;
else
Methan_Map_BR(i,j)=1;
end
end
end

% Mapping methane emission using band ration technique
figure
N=2;
Z=Methan_Map_BR;
temp_Z=zeros(Column,Row);
Row_count=Column;
for i=1:Column

for j=1:Row

temp_Z(Row_count,j)=Z(i,j);

end

Row_count=Row_count-1,;
end
imagesc(temp_Z);
cmap = jet(N);
colormap(cmap)
hold on
markerColor = mat2cell(cmap,ones(1,N),3);
L = plot(ones(N), 'LineStyle','none’,'marker','s','visible','off');
set(L,{'MarkerFaceColor'},markerColor,{'"MarkerEdgeColor},markerColor);
legend('Pixels with Normal Methane Concentration’,'Pixels with Higher than Normal
Methane Concentration’)
set(gca, 'FontName', ‘Arial’)
set(gca, 'FontSize', 24)
set(gca, 'FontName', ‘Arial’)
set(gca, 'FontSize', 24)
title('Band Ratio Method (Band 202 / Band 177), 12hr 50min, 19 June 2008,
34°23N,119°52W")
xhandle = get(gca,'xlabel’);
set(xhandle,'string’,'Pixels Along Longtitude', fontsize',22)
yhandle = get(gca,'ylabel’);
set(yhandle,'string’,'Pixels Along Latitude','fontsize’,22)

%%

%9%%%%%%%%%%%%%%% %% %% %% % %% %% %% %% %% %% %% %% %% %% % %
%%%%%%%%%%%%%%% 2- Residual Energy Method %%%%%%%%%%%%%%%%
%9%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % %

% Caluclating black body radiation
€=2.997*10.8;% m/s speed of light in vaccum
h=6.625*10."-34;% J.s Planck constant
k=1.3806488*10."-23; %Boltzman Constant JK"-1
step= 1e-009;

lambda=[10"-11:step:7000*10"-9];
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T=297.720923076923,;

lambda_202=[2277.495*10"-9:step:2287.462*10"-9];
L_202=(2.*h.*(c.~2)./lambda_202.75).*(1./(exp((h.*c)./(lambda_202.*k.*T))-1));
sum_L_202=sum(L_202.*step);

Radiation_Residual_202_177=zeros(Row,Column);
for i=1:Row
for j=1:Column
Radiation_Residual_202_177(i,j)=(Radiation_at_Band_202(i,j).*wavelength_202-
Radiation_at_Band_177(i,j).*wavelength_177);
end
end

% Applying constraint
Methan_Map_RE=zeros(Row,Column);
for i=1:Row
for j=1:Column
if Radiation_Residual_202_177(i,j)<0
Methan_Map_RE(i,j)=1;
else
Methan_Map_RE(i,j)=0;
end
end
end

% Mapping residual energy method
figure
N=2:
Z=Methan_Map_RE";
temp_Z=zeros(Column,Row);
Row_count=Column;
for i=1:Column

for j=1:Row

temp_Z(Row_count,j)=Z(i,);

end

Row_count=Row_count-1;
end
imagesc(temp_Z);
cmap = jet(N);
colormap(cmap)
hold on
markerColor = mat2cell(cmap,ones(1,N),3);
L = plot(ones(N), 'LineStyle','none’,'marker','s','visible','off');
set(L,{'MarkerFaceColor'},markerColor,{'"MarkerEdgeColor},markerColor);
legend('Pixels with Normal Methane Concentration','Pixels with Higher than Normal
Methane Concentration’)
set(gca, 'FontName', 'Arial’)
set(gca, 'FontSize', 24)
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set(gca, 'FontName', 'Arial’)

set(gca, 'FontSize', 24)

title('Residual Energy Method, 12hr 50min, 19 June 2008, 34°23N,119°52W")
xhandle = get(gca,'xlabel’);

set(xhandle,'string’,'Pixels Along Longtitude','fontsize',22)

yhandle = get(gca,'ylabel’);

set(yhandle,'string’,'Pixels Along Latitude','fontsize’,22)

%%

%%%%%%%%%%%%%%%%%%%% Evaluation of methane emission
%%%%%%%%%%% %% %% %% %%

%% Calculating Actuall Transmittance

Actual_Transmittance_at_202=zeros(Row,Column);
Band_202_Ratio=Radiation_at_Band_202(:,:)./Radiation_at_Band_202_Calc(:,:);
for i=1:Row
for j=1:Column
if Methan_Map_RE(i,j)==1

Actual_Transmittance_at 202(i,j)=Trans_Value_202.*abs(Radiation_at_Band_202(i,j)./9.96
7-sum_L_202./9.967-Radiation_at_Band_202_Calc(i,j))./Radiation_at_Band_202_Calc(i,));

else
Actual_Transmittance_at_202(i,j)=Trans_Value_202;
end
end
end
NaN_Check=isnan(Actual_Transmittance_at 202);
for i=1:Row

for j=1:Column
if NaN_Check(i,j)==1;
Actual_Transmittance_at_202(i,j)=Trans_Value _202;
end
end
end

% Mapping actual transmittance distribution

figure

Z=(Actual_Transmittance_at_202*100);

X = [1:Row];

y = [1:Column];

[X,Y] = meshgrid(x,y);

pcolor(X,Y,2);

set(gca, 'FontName', 'Arial’)

set(gca, 'FontSize', 24)

title("Transmittance Distribution (%), 12hr 50min, 19 June 2008, 34°23N,119°52W")
xhandle = get(gca,'xlabel’);

set(xhandle,'string’,'Pixels Along Longtitude',' fontsize',22)
yhandle = get(gca,'ylabel’);

set(yhandle,'string’,'Pixels Along Latitude','fontsize’,22)
set(colorbar,'fontsize’,14)
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% Apply resampling over transmittance distribution
Actual_Transmittance_Filter=zeros(Row-2,Column-2);
for i=1:Row-2
for j=1:Column-2
sum=0;
for k=0:2
for 1=0:2
sum=sum+Actual_Transmittance_at_202(i+k,j+I);
end
end
Actual_Transmittance_Filter(i,j)=sum./9;
end
end

% Mapping actual transmittance after resampling
figure
Z=(Actual_Transmittance_Filter*100)";
x = [1:Row-2];
y = [1:Column-2];
[X,Y] = meshgrid(x,y);
pcolor(X,Y,2);
set(gca, 'FontName', 'Arial’)
set(gca, 'FontSize', 24)
title("Transmittance Distribution (%), 12hr 50min, 19 June 2008, 34°23N,119°52W")
xhandle = get(gca,'xlabel’);
set(xhandle,'string','Pixels Along Longtitude','fontsize’,22)
yhandle = get(gca,'ylabel’);
set(yhandle,'string','Pixels Along Latitude','fontsize’,22)
set(colorbar,'fontsize’,14)
%% Calculating Absorption
for i=1:Row-2
for j=1:Column-2
Methane_Absorption(i,j)=max(Actual_Transmittance_at 202(:))-
Actual_Transmittance_Filter(i,j);
end
end

% Mapping absorption distribution

figure

Z=(Methane_Absorption*100)';

X = [1:Row-2];

y = [1:Column-2];

[X,Y] = meshgrid(x,y);

pcolor(X,Y,Z);

set(gca, 'FontName', 'Arial’)

set(gca, 'FontSize', 24)

title('Methane Absorption Anomaly (%), 12hr 50min, 19 June 2008, 34°23N,119°52W")
xhandle = get(gca,'xlabel’);

set(xhandle,'string’,'Pixels Along Longtitude', fontsize',22)
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yhandle = get(gca,'ylabel’);
set(yhandle,'string’,'Pixels Along Latitude','fontsize’,22)
set(colorbar,'fontsize',14)
%% Mixing concentration Calculation
for i=1:Row-2
for j=1:Column-2

Methan_Concentration(i,j)=reallog(Actual_Transmittance_Filter(i,j))./reallog(Trans_Value 2
02).*1670.000023508499;

end
end

% Mapping atmospheric methane concentration

figure

Z=(Methan_Concentration)",

X = [1:Row-2];

y = [1:Column-2];

[X,Y] = meshgrid(x,y);

pcolor(X,Y,Z2);

set(gca, 'FontName', 'Arial’)

set(gca, 'FontSize', 24)

title('Methane Concentration (ppb), 12hr 50min, 19 June 2008, 34°23N,119°52W")
xhandle = get(gca,'xlabel’);

set(xhandle,'string’,'Pixels Along Longtitude','fontsize',22)
yhandle = get(gca,'ylabel’);

set(yhandle,'string’,'Pixels Along Latitude','fontsize’,22)
set(colorbar,'fontsize',14)

%% Estimating methane emission flux
Pixel_Count=0;
Methane_Concentration=0;
for i=1:Row-2
for j=1:Column-2
if Methan_Map_RE(i,j)==1
Dif=0;
Dif=Methan_Concentration(i,j)-1670.000023508499;
Methane_Concentration=Methane_Concentration+Dif;
Pixel_Count=Pixel_Count+1,
end
end
end

% Calculating methane density
Methane_Density=(Methane_Concentration./Pixel_Count)./(7.5*7.5)

6.4.1.2 Functions
In the study two functions were supporting the main body of code in methane emission
mapping and evaluation part.
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6.4.1.2.1 Atmospheric Transmittance
The Transmittance_ HITRAN function was responsible for reading output of HITRAN on
web as ASCII file and generate atmospheric transmittance spectrum t each ROI (Fig.34).

function Trans=Transmittance_HITRAN

delimiterin ="",

headerlinesin = 5;
Transmittance_0O=dImread("Transmittance_Spectrum_0_Cal.txt',delimiterin,headerlinesin);
Transmittance_1=dlmread("Transmittance_Spectrum_1 Cal.txt',delimiterin,headerlinesin);
Transmittance_2=dIlmread("Transmittance_Spectrum_2_Cal.txt',delimiterin,headerlinesin);
Transmittance_3=dlmread("Transmittance_Spectrum_3_Cal.txt',delimiterin,headerlinesin);
Transmittance_4=dlmread("Transmittance_Spectrum_4_Cal.txt',delimiterin,headerlinesin);
Transmittance_5=dlmread("Transmittance_Spectrum_5_Cal.txt',delimiterin,headerlinesin);
Transmittance_6=dIlmread("Transmittance_Spectrum_6_Cal.txt',delimiterin,headerlinesin);
Transmittance_7=dIlmread("Transmittance_Spectrum_7_Cal.txt',delimiterin,headerlinesin);
Transmittance_8=dIlmread("Transmittance_Spectrum_8 Cal.txt',delimiterin,headerlinesin);
Transmittance_9=dlmread("Transmittance_Spectrum_9_Cal.txt',delimiterin,headerlinesin);
Transmittance_10=dImread('Transmittance_Spectrum_10_Cal.txt',delimiterin,headerlinesin);
Transmittance_11=dImread('Transmittance_Spectrum_11 Cal.txt',delimiterin,headerlinesin);

[M,N]=size(Transmittance_0);

Transmittance=zeros(M,3);

for i=1:M
Transmittance(i,1)=Transmittance_0(i,2);

T_0_11=Transmittance_0(i,4).*Transmittance_1(i,4).*Transmittance_2(i,4).*Transmittance_
3(i,4).*Transmittance_4(i,4).*Transmittance_5(i,4).*Transmittance_6(i,4).*Transmittance_7(
i,4).*Transmittance_8(i,4).*Transmittance_9(i,4).* Transmittance_0(i,4).* Transmittance_10(i
,4).*Transmittance_11(i,4);

Transmittance(i,3)=T_0_11;

Transmittance(i,2)=1e7/Transmittance(i,1);
end
Trans=Transmittance;
end

6.4.1.2.2 At Sensor Radiation Modelling
The RadiationModelling function was responsible to model the at sensor radiation for each
ROI (Diagram.13).

function
Calculated_Rad=RadiationModelling(Row,Column,wavelength,Class_Tide_Water,Ref,lIrrad,
Steradian_Coeff, Trans_Value)

temp=abs(Irrad(:,1)-wavelength);
[idx,idy]=min(temp);
Irrad_Value=Irrad(idy,2);

for i=1:Row
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for j=1:Column
tem_Ref=Ref.*(1-Class_Tide_Water(i,j)).*Steradian_Coeff(i,j)./0.129;
RefWater=Ref+tem_Ref;
Calculated_Rad(i,j)=(RefWater.*Irrad_Value.*Trans_Value)./(Steradian_Coeff(i,j));
end
end
end
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