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Abstract

Methane (CHy) is the second most abundant anthropogenic greenhouse gas. Amount frac-
tions have been rising in recent years, but we still do not have a complete understanding of
the driving forces behind these changes. It is of great importance to understand what has
been driving CH4 increases in recent years so we can focus efforts on emissions reduction
and therefore mitigate the harmful impacts of climate change. Stable isotope ratios of CHy
(specifically §'>C and 8D) may be the key to providing this understanding, as atmospheric
isotope ratios are sensitive to changes in CH4 sources and sinks. To address the gaps in
our understanding, this thesis aims to assess ground-based in situ monitoring capability, to
understand how CHy, fluxes have varied over a recent 17 year period; develop the protocols
for examining measurements from a new type of in situ instrument to study methane isotopes;
and assess where new in situ instruments could be deployed in the future to aid in budget
quantification. First, variations in large-scale regional CHy fluxes and §'3C emissions sig-
natures are examined, 2004-2020. The GEOS-Chem 3D Chemical Transport Model is used
to simulate CH4 and 8'3C. Ground-based in situ data from the NOAA global greenhouse
gas monitoring database provides a constraint in an inversion to solve for regional fluxes
and §'3C source signatures. Results show that there has been a latitudinal shift from mid-
latitudinal Northern Hemisphere emissions to tropical emissions. Coevally, §'3C emissions
source signatures have become lighter, with the greatest lightening occurring around the
tropics. As such, increasing emissions are attributed to tropical wetland emissions. Second,
data analysis protocol for a new CH4 measuring instrument ‘Boreas’ is outlined. Boreas is
a preconcentration system, attached to a laser spectrometer, which has the capability to
measure CH, isotopologues ('>CH,, '3CH4 and CH3D) continuously to a high precision.
The data analysis consists of a calibration on each isotopologue amount fraction; a drift
correction to account for noise; and an internal calibration adjustment to ensure Boreas
measurements are comparable with measurements of external laboratories. Real-world data
from when Boreas was located at the National Physical Laboratory (Teddington, UK) is shown,
demonstrating the capability of Boreas to differentiate between source types. Third, the thesis
considers where to deploy continuous monitoring instruments around the world, to best cap-
ture variations in CHy isotope ratios. To examine this, §'3C and 8D are simulated using
GEOS-Chem over the period 2016-2020, and compared with typical precision on continuous
monitoring instruments. The analysis covers current network site locations and a potential
new location for instrument deployment. The results show such instruments would effectively
capture isotope ratio variations on both a daily and monthly scale, especially in areas with
active sources present. This potential future deployment would be useful to constrain the
drivers behind global CH, variations, to prepare future emission reduction scenarios.



Lay Summary

This thesis is concerned with the greenhouse gas methane (CHy). It is a powerful and preval-
ent greenhouse gas, 28 x more powerful than carbon dioxide on a gram/gram basis over 100
years. Due to its short atmospheric lifetime (approximately 10 years), CH4 is becoming the fo-
cus of emissions reduction strategies. In recent years (2000-2007), the amount fraction of CHy
has plateaued, increasing again more recently (post-2007). We do not have full understanding
of what caused these variations and therefore what is driving increases in greenhouse gas
amount fractions worldwide.

The thesis consists of three separate studies examining variations in CHy4 and its primary
stable isotope ratios. Isotope ratios are conventionally represented by ‘delta’ values, which
represent the abundance of a rare to more common isotope in a sample, compared to a
reference standard (for CH4, these are 813C for carbon-13 vs carbon-12, and 8D for deuterium
vs hydrogen). These values vary depending upon what emissions contribute to a sample, and
so may provide insights into the changing balance of CH4 sources and sinks. Major sources
of CHy4 include wetlands, oil and gas, agriculture and waste; the major sink is the reaction with
the OH molecule in the troposphere.

The first chapter examines how CH,4 and 813C varied over the period 2004-2020. CH4 and
8'3C are simulated in a 3D Chemical Transport Model, and inversions are performed to solve
for large-scale regional CH, emissions and 8'3C emissions source signatures, using real-
world data as a constraint to understand the changes. The results show that tropical wetland
emissions have been strongly increasing in recent years, at the same time as a decrease of
mid-latitudinal Northern Hemisphere emissions.

Next, the data processing approach is established for a new CH; measurement instrument
(known as ‘Boreas’), which is capable of making continuous, high-precision isotope ratio
measurements. The correct approach for data processing is detailed and assessed. This
processing includes calibration on isotopologue amount fractions, a drift correction, and ad-
justment to align the measured values with those measured by international laboratories. The
sensitivities that Boreas can achieve on measured data are shown, being able to pinpoint
specific sources in an area.

Finally, the thesis assesses where to deploy continuous monitoring instruments around the
world, to best capture isotope ratio variations. The increased sampling frequency from a
continuous monitoring instrument means isotope ratio variations are finely monitored and
understood. Results show find that central tropical oceanic regions would be a good location



to position a Boreas instrument in order to capture monthly-scale isotope ratio variations
without the influence of pollution events; that an east Asia location would capture daily-
scale variations; and locations in eastern Canada could capture both daily and monthly-scale
variations.

Future work in this field could concern the modelling of rarer isotope ratios, such as multiply-
substituted ‘clumped’ isotope ratios. Also there will be opportunity for future field campaigns
using a Boreas instrument, to measure isotope ratios around the world.
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Global monthly mean CH4 amount fraction (ppb) and §'3C signature (%.) as
published by NOAA-ESRL. The blue lines are globally-averaged weekly data, the
black lines are annual means. (Lanetal.,2021) . . . ... ... ... ......
Indicating typical sectoral source signatures for §'3C and 8D (%.), from Douglas
et al. (2017). MH — microbial hydrogenotrophic; MF — microbial fermentation; ME
— microbial evaporitic environment. Hydrogenotrophic and fermentation pathways
depend upon the nature of the environment (hydrogenotrophic is more common in
rain-fuelled bogs, for example), wheras evaporitic seetings indicates CH,4 trapped
in seafloor sediments. Abiotic CH4 is not produced involving organic matter, such
asin geological settings. . . . . . . . . . L

Map showing regions that are optimised in the CH4 and §'3C inversions, in dif-
ferent colours. Black dots and labels show the location of ground-based in situ
measuring sites that measure CH, amount fraction. Red dots and labels indicate
both total CH4 and 8'>C measuring sites. Regions are named as follows: Grey
-North American Boreal; Yellow -North American Temperate; Light Green -South
American Tropical; Dark Green -South American Temperate; Purple -Europe; Blue
-North Africa; Light Blue -Southern Africa; Pink -Boreal Eurasia; Orange -China;
Brown -India; Peach -Temperate Eurasia; Red -Tropical SE Asia; Lilac -Oceania;
White -Oceans. Site identifiers are detailedin Table A1. . . . . . . ... .. ...
Maps of a priori sectoral CH4 emissions (Tg/yr), broken down into major sectors,
with source type indicated by subplot title. The emissions inventories used to
obtain these emissions are listed in Table 2.1. The shown values are averaged
for monthly emissions over the time period 2004-2020. . . . . . . ... .. ...
Demonstrating the spin up of the model, over a sixty year period, at the grid square
in the model which corresponds with the Alert measurement site (details of the site
location are in Table A1). a) 3CH, amount fraction value (ppb) corresponding to
January of each year of spin up. b) Growth year-on-year, calculated by subtracting
amount fraction one year from the previousyear. . . . . . ... .. ... ....
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A posteriori amount fraction yearly increase (ppb), compared with the equivalent

data as published by NOAA (Dlugokencky et al., 2020). Indicating the NOAA
published growth rate values (‘NOAA’, with uncertainty as a blue band) and growth

rate calculated using ground-based in situ amount fraction data from the sites in-
cluded in the inversion (‘Sites-Post’), alongside growth rate values calculated from

a posteriori amount fractions; from the ground-based in situ inversion (‘NOAA-
Post’) and GOSAT inversion (‘GOSAT-Post’), which commences in 2010. To calcu-

late the growth rates from simulations (NOAA-Post and GOSAT-post), the average
global CH4 amount fraction in one year (the mean amount fraction of every grid
square in every month of a year), is compared with the mean of the following year.

The calculation is January-January, in order to remove the effects of the seasonal
cycle. This follows the same approach as the NOAA calculated values (Lan et al.,
2021). . . e 32
A priori (grey) and a posteriori (black) simulated amount fraction estimates (ppb)

at a series of NOAA sites (subplot titles indicate site represented, detailed in
Table A1), covering a range of latitudes. Red dots indicate NOAA monthly-averaged
amount fraction measurement data from the givensite. . . . . . . . ... .. .. 33
A priori (grey) and a posteriori (blue) histograms representing residuals between
modelled values of CH4 and those measured at sites (model -measurement, ppb).
Model values are sampled at the grid square which corresponds with each site
location. A priori and a posteriori root-mean-square error is indicated for each site. 34
3-hourly GOSAT surface a posteriori CH,4 values (ppb, black) at the location of a
number of NOAA sites (sites are detailed in Table A1), over the period 2010-2020.
NOAA monthly mean values from the same sites indicated for comparison (ppb,
reddots). . . . . .. 35
A posterioriemissions estimates (Tg/yr) produced from an inversion using ground-
based data (blue), and GOSAT data-based a posteriori emissions estimates (red,

with record starting in 2010), for the regions indicated by Figure 2.1. A-priori
emissions estimates are indicated by black dots. A posteriori uncertainties are
whiskerbars. . . . . . L 37
Yearly CH4 emissions (Tg/yr) from each of the inversion regions in latitudinal order
(geographic coverage indicated by Figure 2.1), for both ground-based and GOSAT
inversion results. The emissions are a residual value, relative to the a prioriyearly
emission for each region. Uncertainties in yearly emissions are indicated, as
calculated from inversion calculations, with a a priori uncertainty of 50% for the
ground-based in situ results and 60% for the GOSAT results. The ground-based

a posterioriis in blue; the GOSAT a posterioriareinred. . . .. .. .. ... .. 38
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A priori (grey) and a posteriori (black) monthly estimates of atmospheric §'3C
(%0), simulated at multiple NOAA sites across latitudes (site indicated by subplot
titles, with site details in Table A1). Red dots indicate monthly average §'3C data
from CU-INSTAAR for the respective sites. . . . . . . . . . .. .. ... .. ...
A priori (grey) and a posteriori (blue) histograms representing residuals between
modelled values of §'3C and those measured at sites (model -measurement, %.).
Model values are sampled at the grid square which corresponds with each site

location. A priori and a posteriori root-mean-square error is indicated for each site.

Monthly a priori (grey) and a posteriori (blue) regional §'3C source signatures
(%o). Values are produced using ground-based in situ §'C data. Uncertainties in
signatures are indicated as surrounding bars, with a priori uncertainties of 15%e.
Post-2014, regional emissions are repeated yearly, due to this being the final year
included in the emissions inventories. . . . . .. ... ... ... ........
Regional and global a posteriori §'3C emissions signatures (%), in three-yearly
groups (2004-2006, 2007-2009, 2010-2012, 2013-2015, 2016-2018, 2019-2020)
as a residual from the 2004-2006 a posteriori regional emissions signature value.
The equivalent a priori values are black dots. The regions are those solved for in
the CH, and §'3C inversions and are indicated by Figure 2.1. . . . ... .. ..
Left: Variation of mean emissions (Tg/yr) with latitude in 30° bands, averaged into
groups based upon year (2004-2006, 2007-2009, 2010-2012, 2013-2015, 2016-
2018, 2019-2020) in reds, as well as GOSAT emissions averages by latitude
in greys (GOSAT inversion results begin in 2010). Variations in §'3C emissions
signature (%.) for the same latitudinal bands in the same year groups are in blue.
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Comparing yearly emissions (Tg/yr) for each region of the inversion (indicated
by Figure 2.1), for the a posteriori CH4 simulation (using ground-based data;
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uncertainties for the a posteriori emissions are indicated. . . . . . . ... .. ..
Amount fraction CH4 (ppb) at the location of multiple NOAA network sites, with
subplot title indicating site. Demonstrating the effect of OH tests (a 0.5% yearly
reduction 2004-2019 followed by 5% reduction in 2020 in response to the COVID-
19 pandemic), on amount fraction values at each site location. Grey line is the
OH test amount fraction, black line are the amount fractions under a posteriori
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Correlation between regions inverted for in the CHy4 emissions inversion using
ground-based data. The correlations are produced by normalising the diagonals
of the error covariance matrix (Eq. (2.6)). Correlation indicated by colourbar. . . .
Correlation between regions solved for in the §!3C inversions, using ground-
based 8'3C data as a constraint. Values are calculated from the normalisation
of the error covariance matrix (Equation 2.6), as in Figure 2.17. . . . . . . . . ..
Matrix of contribution functions for the CH,4 inversion, indicating the extent to which
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As in Figure 2.19, forthe §'3Cinversion. . . . . . . . . .. ... ... ... ...

Stripchart of various instrument parameters during a measurement run. Left axis:
cryocooler cold-end temperature; trap temperature (thermocouple attached mid-
way on the outside of the trap tubing); trap flow (recorded using the mass flow
controller downstream of the trap); and sampling volume pressure. The sampling
volume pressure’s four peaks between 0 and 750 s are loading of the standards,
independent of the preconcentrator operation. Right axis: upstream pressure. Ver-
tical dashed lines mark the boundaries of each phase (a) trapping, (b) separation,
(c) elution, and (d) reconditioning. . . . . . . ... .. .. Lo
Testing how assigning different D values to the AF PRMs (6D standard, %)
affects the measured value for 6D on BT (8D calibrated, %o). . . . . . . .. ...
Residuals (ppb) from the linear regression of a sample of amount fraction data
reported by the Aerodyne spectrometer software (TDLWintel) part of Boreas, with
the ‘known’ values of the CH4 amount fractions on the sample from RHUL. The
label for each plot gives the species and the Pearson correlation coefficient, to
test whether the assumption of linearity between measured and known values
is valid for calibration calculations. Gravimetric amount fraction is used in this
case, instead of the amount fraction (ppb; nmol/mol) used in the rest of the thesis,
because RHUL measure gravimetric amount fraction on the tanks, which is then
converted to amount fraction for Boreas data processing. . . . . . . .. ... ..
Time series of sample data as recorded by Boreas over the period June 18-30™
2021. a) §'3C data and b) 8D data, having been calibrated and drift corrected
(%0). Red dots are ST data and black dots are airdata. . . ... .. ... .. ..
Time series of sample data as recorded by Boreas over the period June 18-30™"
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offset adjustment approaches; the subtraction and scale factor methods. Both
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encesplotted. . . . . . ...
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Examining the absolute difference in final 6 value between the two offset tech-
niques (subtraction and scale factor approaches), across a range of a) §'°C and
b) 6D values (%.). ‘Range’ indicates the difference between the data point and the
known value on BT. Line colour indicates the offset examined. The black spotted
line is Boreas precision (0.07%o for '3C and 0.91%.for D) . . . ... ... ..
a) Time series (June 2021) of CH4 amount fraction data (ppb), as calculated using
the PCF method for the Boreas data and measured directly by the Picarro G2401
instrument at the Heathfield atmospheric monitoring site. The red dots are the
Boreas amount fraction data and the black are the Picarro amount fraction data.

b) Correlation between CHs amount fractions as measured by Boreas and the
Picarro. Data are directly measured for the Picarro G2401 instrument and has to
be calculated using the PCF technique for the Boreas data. Both are located at the
Heathfield atmospheric monitoring site. Blue line is the line of best fit for the data,
with gradient 1.004. Black line is the 1:1 equivalent line. Correlation coefficient
(CC)isindicated. . . . . . . . . . . . e
Frequency of Boreas Target measurements test, to examine whether the Boreas
Target could be measured less frequently without compromising on data uncer-
tainty. Data are a time series of 18-30" June 2021. ‘Frequency’ represents what
data are included in the test — for example ‘2’ is every other measurement in-
cluded, ‘3’ is every third. There are multiple data points for each frequency, be-
cause there are multiple options for which data points are removed (i.e. for the
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oD, respectively). b) and d) indicate the absolute difference between the mean &
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Time series of a) §'3C and b) 8D measurements (%.) made at NPL from a
roof sampling inlet, over December 2020 - February 2021, along with amount
fraction data. The isotope ratio data has been offset adjusted, in order to be in
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Chapter 1

Introduction

Global greenhouse gas (GHG) amount fractions are continuing to rise in response to in-
creased anthropogenic emissions, creating a climate emergency, with increased global tem-
peratures causing multiple crises, such as rising sea levels, changing weather patterns, spe-
cies loss and food shortages (IPCC, 2021). Methane (CHy) is the second most abundant
anthropogenic greenhouse gas and has more than doubled in the last 150 years. It is both
powerful and prevalent, with a global warming potential (GWP¢o) of 28, meaning that on a
gram/gram basis, it is 28 x more effective than carbon dioxide (CO;) at capturing heat in the
atmosphere, over a 100 year period (IPCC, 2021).

As greenhouse gas amount fractions (an equivalent descriptor to ‘mole fractions’ or ‘volume
mole fractions’ in the ideal gas limit, measured in ppb or nmol/mol) continue to increase
worldwide, the question of source and sink assignation (calculating how greenhouse gas
emissions and sinks are varying) becomes more and more pressing. Understanding changes
in CH4 fluxes on a global scale is crucial to assess the impact of changes in human activity
on the Earth’s atmosphere as a whole, as well as to deduce changes taking place in the
atmosphere (such as sinks changing in magnitude). A better understanding of atmospheric
CHy4 sources would allow us to focus on specific sectors for emissions reduction pathways in
order to achieve emissions reduction targets, such as those set out by the Paris Agreement
(UNFCCC, 2015). Emissions reductions protocols can limit the full impact of global warming,
protect ecosystems and save lives.

The correlation between increasing atmospheric carbon levels (primarily CO;) and rising
global temperature has been considered since the work of Eunice Newton Foote in the 1850s,
who first proposed a connection between greater concentration of carbon gases resulting
in increased temperature (Foote, 1856). She was followed by John Tyndall, whose lectures
brought public awareness to the relationship between greenhouse gases and global temperat-
ure for the first time, establishing the term ‘greenhouse effect’ to represent the trapping of solar
radiation in the lower atmosphere, at a greater rate than it escapes (Tyndall, 1861). Further
evidence of a relationship between carbon gas amount fraction and global temperature was
added at the turn of the century with the work of Svante Arrhenius, who calculated the impact
of rising CO, levels on temperature. His work indicated that human activity may bring about
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global warming (Arrhenius, 1896). Such work was mostly rejected and ignored at the time; with
the scientific community assuming that oceans would absorb any additional human-caused
emissions. Greater understanding has been established since the 1950s; driven by ground-
based in situ CO, observations such as those from Mauna Loa (the oldest continuous CO,
monitoring station). This station has recorded rapidly rising CO, levels since its establishment
in 1958; the results of which are demonstrated by the Keeling Curve. This plot showed how
CO; levels (in parts per million) have changed over time, demonstrating consistent increases
of CO, since the establishment of the Mauna Loa site in 1958 (Keeling, 1960). The Keeling
Curve drew worldwide popular attention to rising levels of carbon gases.

Ground-based measurements of carbon gases have therefore long been key in highlighting
and comprehending anthropogenic climate change. The global greenhouse gas measurement
network has continuously expanded since 1958, to the point where there are now over 100
monitoring sites located around the world, some of which have been operating for decades.
The most widespread and oldest measurement network is the National Oceanic and Atmo-
spheric Administration Earth System Research Laboratory (NOAA-ESRL) Global Greenhouse
Gas Reference Network, with over 100 CH4 flask sampling sites currently operating (Lan
et al., 2021). Other networks include the Advanced Global Atmospheric Gases Experiment
(AGAGE) network which comprises 17 active global network sites (Prinn et al., 2018) and
the Japan-Russia Siberia Tall Tower Inland Observation Network (JR-STATION), with 9 active
sites (Sasakawa et al., 2010). The sites often measure multiple greenhouse gases, including
CH,4, CO,, nitrous oxide (N,O), and other important gases such as carbon monoxide (CO)
and molecular hydrogen (H,). The sites measure greenhouse gases for understanding both
longer term changes in the well-mixed atmosphere and for pollution monitoring for regional
scale emissions estimation studies. Altogether the recorded data give us insight on how global
greenhouse gas levels (and their emissions) are changing.

Stable isotope ratios of atmospheric CH4, specifically, §'>C and 8D (sometimes written as
82H) values are less frequently measured than amuont fractions. However, they have been
proven to be a useful tool in delineating between emissions types, as the & value of a sample
is related source of the CH4. These values are therefore able to differentiate between biogenic,
pyrogenic and thermogenic sources (Bréas et al., 2001), and may therefore provide additional
constraint upon our understanding of how atmospheric CH4 emissions are changing.
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1.1  Aims of the Thesis

The overall aim of this thesis is to examine ground-based in situ monitoring capability of atmo-
spheric CH4 amount fractions and isotopic composition, to understand the global CH4 budget.
In particular, CH4 amount fractions and isotope ratios are studied in three contexts: how they
have varied in the period 2004-2020; in terms of how to process CH, isotope ratio data using a
new measurement system that has potential for improved deployment capabilities; and where
instruments would be best positioned in order to capture CH4 variations effectively.

1.1.1 Overarching Research Questions

The thesis comprises three research chapters, each assessing a major overarching research
question. The principle research questions addressed by this thesis are:

—How have CH4 amount fractions and isotope ratios varied over a recent 17 year period, and
what regions/sources are responsible?

—How should data from a newly developed laser-based measurement system be processed
to produce high-precision data for analysis?

—Where should new ground-based in situ continuous monitoring instruments be located, in
order to measure CH, isotope ratios most effectively?

1.2 Structure of Thesis

1.2.1 Chapter 1 - Introduction

This first chapter outlines the main plan of the thesis, and assesses current knowledge of
CHy, its major sources and sinks, and how isotope ratios are used as a tool in source and
sink assignation. Specifically, this chapter focuses on ground-based monitoring as a tool
in greenhouse gas modelling and metrology. The content of the chapter assesses current
knowledge of CH4 sources and sinks, and in doing so determines knowledge gaps (in terms
of CH4 emissions and specific measurement approaches) that will be targeted throughout the
thesis. The knowledge gaps pursued cover the overarching research questions as outlined in
Section 1.1, to improve understanding of the CHy budget, through the use of ground-based
in situ data.
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1.2.2 Chapter 2 - Large-Scale Regional Inversions for CH; emissions and §'°C
signature, 2004-2020

The GEOS-Chem 3D chemical transport model (Bey et al., 2001) is used to simulate at-
mospheric CH4 amount fractions and §'3C values. The chapter consists of an inversion to
understand the driving forces behind increasing CH4 amount fractions in recent years. The
inversion solves for large-scale regional emissions and source signatures separately, using
a Maximum A Posteriori inversion approach, with ground-based in situ data of CH4 amount
fractions and 8'3C as a constraint. The chapter presents a unique approach for both the
length of time the inversion is solved over (2004-2020) and the approach of solving for both
regional CH, fluxes and regional §'3C emissions source signatures. The results of the CHy
emissions inversion are considered alongside results obtained from an inversion which used
satellite data to solve for regional CH, fluxes, over the same regions as in the ground-based
in situ inversion. The comparison of these approaches is used to both bolster findings and
assess the limitations of each approach.

1.2.3 Chapter 3 - Data Processing for Analysis of §'>C and 5D Methane Using
a Laser Spectrometer Based System

This chapter concerns a continuous laser spectrometer system for creating accurate and
precise measurements of §'>C and 8D. We use an instrument that was recently constructed
at the National Physical Laboratory in Teddington, Greater London (NPL); this work has
involved collaborating with colleagues there (Rennick et al., 2021). This chapter is unique
in that the instrument is newly established — the instrument (‘Boreas’) is capable of making
continuous, independent measurements using laser spectroscopy, achieving a precision sim-
ilar to that of flask sampling using isotope ratio mass spectrometry. The work in this chapter
covers data processing of the raw isotopologue amount fractions, in order to obtain accurate,
high precision results on 6 data. The approach includes calibration on isotopologue amount
fractions, a drift correction, and an offset adjustment. The offset adjustment ensures the data
are on the same scale as other international laboratories, meaning that the data can be
employed in regional isotope ratio modelling studies (Umezawa et al., 2018). The chapter
also presents some isotope ratio data measured by Boreas while it was sampling air from the
roof of NPL in spring 2021. This is to demonstrate the instruments capability to distinguish
between biogenic, thermogenic and pyrogenic sources of CHy.
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1.2.4 Chapter 4 - Potential Improved Monitoring of 5'3C and §D Methane Through
Deployment of Continuous Monitoring Systems

This chapter considers where to deploy a continuous monitoring instrument around the world,
in order to effectively capture variations in CH4 amount fractions and isotope ratios. To achieve
this, a posteriori regional §'3C source signatures from Chapter 2 are employed, as well as
simulated 6D values using the same modelling methodology as in Chapter 2. These data are
compared with typical precision from a continuous monitoring instrument (using Boreas as
a basis) to establish what percentage of daily and monthly scale variations in CH, and its
isotope ratios it would be able to measure. The chapter therefore considers the detectability
of atmospheric isotope ratio signals at the current locations of isotope ratio measurement
sites. Potential new site locations are also examined, as is the sensitivity of different loca-
tions to changing background source signatures and sinks. Potential site locations are also
considered qualitatively, in terms of ease of access for scientists and equipment. The result
is a series of recommended locations for continuous monitoring instrument deployment. This
chapter is unique in that it considers a new measurement site and the establishment of a new
measurement system. It also constitutes performing detectability analysis over a longer time
period and greater geographical area than has previously been assessed (Rigby et al., 2012;
Thonat et al., 2019).

1.2.5 Chapter 5 - Conclusions and Future Work

This final chapter summarises the work completed in this thesis, for each individual chapter.
It considers the success of each of the individual studies in the context of the research aims
as outlined in Chapter 1. It also details possible future projects, relevant to this thesis, which
would continue to expand knowledge in this topic for future studies.

1.3 Methane Problem

A ‘Greenhouse Gas’ refers to an atmospheric gas which captures outgoing longwave radiation
in the atmosphere. These occur naturally in the atmosphere, however, increased anthro-
pogenic activity (including fossil fuel extraction and use, increased agriculture and waste
emissions from a growing population) has caused increasing levels of these gases, resulting
in increased global temperature. CH4 is the second most abundant greenhouse gas with
significant anthropogenic origin, after CO,, and as mentioned has a GWP(y value of 28.
These GWP values represent the amount of energy one ton of a gas would capture over a
given time period, relative to one ton of CO, over the same time period. This makes it easy to
compare between different the relative impacts of various GHGs, considering both their ability
to absorb energy and their atmospheric lifetime. CH4 is therefore 28 x more powerful than
CO; at capturing heat on a gram/gram basis over 100 years.
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The amount fraction burden of CH4 has more than doubled since the industrial revolution,
increasing by 156% from 722 ppb to 1850 ppb between the years 1750 to 2021 (IPCC, 2021).
This trend is due to increased anthropogenic activity since the industrial revolution, leading
to changing population levels and agricultural practices. With these trends continuing, CH4
poses a real and significant threat to climate change. CH, has become a focus of climate
change mitigation policy in recent years (United Nations Environment Programme and Climate
and Clean Air Coalition, 2021). It has an atmospheric lifetime of approximately 10 years, as
opposed to up to several hundreds of years for CO,. This means that CH4 is a useful gas to
focus on for limiting climate change effects, as reduction attempts will be realised on a shorter
timescale.

The growth rate of atmospheric CH4 has not been consistent over the past 30 years. Between
1999 and 2007, the global growth rate of CHy4 flattened off almost entirely (Figure 1.1). This
was followed by an uptick post-2007 (Lan et al., 2021, IPCC, 2021). We still do not fully
understand the driving forces behind these events: understanding the drivers behind growth
rate changes can inform emissions reduction strategies.
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Figure 1.1: Global monthly mean CH, amount fraction (ppb) and 8'3C signature (%.) as
published by NOAA-ESRL. The blue lines are globally-averaged weekly data, the black lines
are annual means. (Lan et al., 2021)
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1.4 Methane Sources

Sources of CHy are both natural and anthropogenic in origin. The magnitudes of various
sources are listed in Table 1.1. Natural sources of CH, include wetlands, wild ruminants,
geological seepage, termites, oceans and wildfires. Wetlands are the greatest natural source
(Saunois et al., 2020); methanogenic micro-organisms that live in the soil and plants within
wetlands produce CH4 under anaerobic conditions. Wetland emissions depend on temperat-
ure, carbon availability and water table height; therefore, different forms of wetland environ-
ment produce different amounts of CH, (Ganesan et al., 2018). In wild animals, fermentation
takes place in the stomachs of ruminants, as food is digested (Crutzen et al., 1986). Likewise
for termites; CHy is produced in their digestive tracts (Fung et al., 1991). Geological seepage
occurs mostly from hydrocarbons degassing, along with a small amount of abiotic production
(such as CO, hydrogenation) (Etiope et al., 2019). Ocean sources are mainly from gas
hydrates in near-shore settings. Wildfires contribute from incomplete combustion occurring in
low-oxygen environments; this source is responsible for 10% of all CH4 emissions (Crutzen &
Andreae, 1990; Crutzen et al., 1979; Seiler & Crutzen, 1980). This source can be considered
both natural and anthropogenic due to biomass burning being used a technique in agriculture,
for fast crop production for clearing field space.

Anthropogenic sources are estimated to comprise 60% of all CH4 emissions (Saunois et al.,
2020). Major anthropogenic sources are fossil fuel emissions from oil, gas and coal. The emis-
sions are produced along the processing and transportation stages of fossil fuel production.
Leaks from oil and gas pipes are important for this source, and have been suggested as a
sensible approach for reducing emissions, as an easy target. Waste management (both from
household waste and manure) is another anthropogenic emission type; microbes breaking
down organic waste emit CH4 (Saunois et al., 2020). Agriculture is another large emission
source of CHy; these are produced from ruminant stomachs and from rice fields. The diet the
animals are fed has an impact upon the amount of CH,4 produced (certain foods can inhibit
methanogens in cattle’s stomachs), and therefore may present a sensible emissions reduction
approach (Archiméde et al., 2011; Crutzen et al., 1986; Moss et al., 2000).

1.5 Methane Sinks

The major sink of CH4 in the troposphere is oxidation with the OH molecule to form formal-
dehyde (CH,0O). This pathway comprises approximately 80% of CH4 sinks (Badr et al., 1992;
Kirschke et al., 2013). The chemical pathway of this reaction is shown in Equations 1.1 to 1.7.

CH, + OH — CH; + H,0, (1.1)

CH3 + O, — CH30:,. (1.2)
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Table 1.1: Magnitudes of different CH,4 source types and stable isotope ratios that correspond
to them (Sherwood et al., 2017, 2021). Magnitudes are from bottom-up inventories (detailed
in Saunois et al., 2020), with uncertainties as max-min values in square brackets.

Source Type Annual Mean Emission Isotope Ratio Isotope Ratio
2008-2017 (Tg/CH,) s13¢c 5D
Gas and Qil 80 [68-92] -44.0 [+10.7] -194 [+47]
Coal 42 [29-61] -49.5 [+11.2] -232 [+52]
Livestock 111 [106-116] -65.4 [+ 6.7] -316 [£29]
Waste 65 [60-69] -56.0 [+ 7.6] -298 [+11]
Biomass Burning 17 [14-26] -26.2 [+ 4.8] 211 [+15]
Termites 9[3-15] -63.4 [+ 6.4] -343 [+ n/a]
Wetlands 149 [102-182] -61.5 [+ 5.4] (Tropical) -322 [+42]
-71.5 [+ 5.4] (Arctic)

Rice 30 [25-38] -62.2 [+ 3.9] -323 [+£16]

The next step then depends on the abundance of nitrogen oxides (NO,) present in the envir-
onment. If sufficient amounts of NO are present, the oxidation follows the following pathway
(Badr et al., 1992):

CH30, + NO — NO;, + CH30, (1.3)
CH30 + 0, — CH;0 + HO», (1.4)
HO,; + 0O, — OH +NO». (1.5)

However, if low amount fractions of NO are present, the pathway will be as follows:

CH;0; + HO, — CH3;0,H + 0, (1.6)

CH;0,H + OH — CH,0 + H,O + OH. (1.7)

A smaller sink (less than 5% of the sink overall, (Badr et al., 1992; Kirschke et al., 2013)) is
the reaction with chlorine in the troposphere, which takes place in the marine boundary layer
(Equation 1.8):

CH4 + CI — HCl + CHs3. (1.8)
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Other important (yet less significant, in terms of magnitude) are the stratospheric reaction with
O('D) and CI (approximately 10% of all sinks), and uptake by bacteria in soil (approximately
5% of total sink) at the surface, especially under somewhat dry conditions (Badr et al., 1992;
Keller et al., 1983).

1.6 Isotope Ratio Measurements

1.6.1 Sources

Isotope ratios may provide an insight into the driving forces behind CH4 emissions variation.
For CH4, the most common isotopologues are '>CH, (98.80%), 3CHy4 (1.11%) and CHsD
(0.062%) (Table 1.2).

Table 1.2: Masses and abundances of all stable CH4 isotopologues, following Stolper et al.
(2014).

Isotopologue | Relative Abundance ‘ Mass (amu) ‘

2CH,4 0.988 16.031
13CH, 1.11 x10°2 17.035
2CHsD 6.16 x10~* 17.038
3CH;D 6.92 x10°° 18.041
2CH,D, 1.44 x1077 18.044
3CH,D, 1.62 x107° 19.047
I2CHD; 1.49 x10~ ! 19.05
13CHD; 1.68 x10° 13 20.053
2¢cp, 5.82 x 1010 20.056
13CDy 6.54 x 10718 21.06

Different isotopes of both carbon and hydrogen behave differently in response to atmospheric
chemical reactions (Bréas et al., 2001). The heavier isotopes react more slowly than the
lighter, as heavier isotopes form stronger chemical bonds, therefore more energy is needed
to break the bonds and create a reaction. This leads to a greater abundance of heavy isotopes
in the product of more energetic reaction sequences, such as the formation of CHy in fossil
fuel reservoirs (Bréas et al., 2001; Douglas et al., 2017; Sherwood et al., 2017). Conversely,
lower-energy formation settings (such as biogenic settings) lead to lower abundance of heavy
isotopes, due to the reaction of the lighter isotope being energetically easier in the reac-
tion pathway. As such, isotope ratio measurements can distinguish between biogenic and
pyrogenic emissions, and even the nature of a particular source, such as different forms
of coal mines (Zazzeri et al., 2016) and different forms of wetland (Ganesan et al., 2018).
The difference in signatures for wetlands arises from different mechanisms for which CH, is
produced. In polar settings, wetlands are from bogs and fens, whereas in tropical settings
wetlands are dominated by marshes. The difference in water table height and vegetation type
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in these settings results in different signatures, as the CHy is slowly fractionated as it moves
towards the water surface (Ganesan et al., 2018). The vegetation type also has an impact
upon the isotopic composition; C4 vegetation produces relatively more 3C than C3 vegetation
(Archiméde et al., 2011). This has a subsequent impact upon the isotope ratio signature of
ruminant and biomass burning signatures, depending on the vegetation type consumed or
burnt.

These isotope abundances are typically described in ratio form, with the abundance of the
least common isotope being compared with the more common isotope in the sample:

5 — (Reample _ (1.9)
Ryef

where R;unpie is the ratio of the rare isotope to the most abundant isotope in the sample, and
R,y is the isotope ratio for a given standard (for carbon, this is the Vienna Pee Dee Belemnite).
The greater abundance of heavy isotopes from thermogenic emissions results in a higher
value of § (typically -40 to -50%. for §'3C or -150 to -250 for §D), whereas biogenic emissions
are generally less enriched in heavy isotopes (due to lower energy formation setting) and so
will display lower & values (typically -60 to -70%. for §'3C or -280 to -360 8D, Sherwood et al.,
2017).

Isotope measurements are presented in ratio space because ratios are calculated more
precisely than the abundance of individual isotopologues, due to extreme low abundances
of rare isotopologues. Furthermore, parameters such as sectoral source signatures and sink
variations are understood more accurately for ratios rather than absolute reaction rates for
different isotopologues, due to the convention of recording values in & space (as originally
established by Urey (1948) and McKinney et al. (1950)). For the stable isotopes of CHy4, 0
values are §'3C (representing the relative abundance of carbon-13 compared with carbon-
12) and 6D (representing the relative abundance of deuterium compared with hydrogen).

Therefore, by measuring isotope ratios, we can determine the source of the CH,4 in a given
sample (Bréas et al., 2001). Expanding this to a global perspective can indicate how sources
of CHy4 are changing over time by measuring changing global CH,4 6 values, indicating how the
balance of various sources has shifted over time. Alongside the increasing amount fractions
of CHy4, there has been recorded an ongoing decrease of mean global §!'3C since 2007
(Figure 1.1; Michel et al., 2021), which will be examined in this work.
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Figure 1.2: Indicating typical sectoral source signatures for §'>C and 8D (%.), from Douglas
et al. (2017). MH — microbial hydrogenotrophic; MF — microbial fermentation; ME — microbial
evaporitic environment. Hydrogenotrophic and fermentation pathways depend upon the
nature of the environment (hydrogenotrophic is more common in rain-fuelled bogs, for
example), wheras evaporitic seetings indicates CH,4 trapped in seafloor sediments. Abiotic
CHy is not produced involving organic matter, such as in geological settings.

1.6.2 Sinks

Atmospheric sinks of CH4 (such as oxidation with OH, the CI reaction and uptake by soils)
are also subject to isotopic fractionation. This is because heavy isotopes react more slowly
than lighter (Laidler, 1987), with reactions requiring more energy to break apart heavier
isotope bonds. Because of this, lighter isotopes are preferentially reacted away, leading to
the atmosphere having a heavier isotope ratio signal (approximately -47%. for §'3C) than it
would based upon source signatures alone (which would lead to a background value of -52%o,
without the influence of the sink’s fractionation).
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Table 1.3: Kinetic Isotope Effects for different isotopologues reacting with the three main sinks
of CH4 (OH, CI, soil) at 298K. KIE indicates relative reaction rate compared with '>CHy;
Reaction Rate is the resulting reaction rate constant, in the modelling in Chapter 2 these
are applied to the OH and Cl sinks, and are dependent upon temperature (T); SF is a scaling
factor applied in Chapter 2 modelling to the soil sink, at each time step (this sink is handled
as a negative emission in GEOS-Chem)

Isotopologue ‘ Sink ‘ KIE ‘ Reaction Rate ‘ SF ‘ Literature Source ‘
2CH, OH 1 245x 10" 2 x e 1" n/a Burkholder et al. (2020)
12CH, cl 1 9.600x 10~12 x e~ 7" n/a Feilberg et al. (2005)
2CHy soil n/a n/a 1 Snover and Quay (2000)
13CH, OH | 1.0039 +0.0015 | 2.44x 10~ 2 x e~ 7" n/a Burkholder et al. (2020)
1B3CH, cl 1.06 £0.01 | 9.057 x 102 x e 7 n/a Feilberg et al. (2005)
B3CH, soil n/a n/a 1.0670 0.001 | Snover and Quay (2000)
CH3D OH 1.3208 +0.02 35% 10 2x e 7" n/a Burkholder et al. (2020)
CHsD cl 1.47 +0.03 6.53x 10712 x e~ 1" n/a Feilberg et al. (2005)
CHsD soil n/a n/a 1.099 £+0.03 Snover and Quay (2000)

The extent of isotopic fractionation due to sinks are designated by a Kinetic Isotope Effect
(KIE):

KIE = k—a, (1.10)

kp

where k, is the reaction rate of the more common isotope, %, is the reaction rate of the
rarer isotope. KIE values for CH, are therefore represented relative to the most common
isotopologue (12CHy). A higher KIE value of an isotopologue, the less reactive the isotoplogue
is to a particular sink process, compared with '>CH,. Table 1.3 indicates typical KIE values
for CH,4 isotopologues. The KIEs for CH3;D are more significant than for 13CH, due to greater
relative mass change for this replacement; mass increases 100% for replacing hydrogen with
deuterium, but increases by 8% replacing carbon-12 with carbon-13 (Table 1.2; Laidler, 1987).

1.7 Modelling Approaches

Computer-based modelling of CH4 is an effective and well-established method of simulating
atmospheric amount fractions and isotope ratios, to represent and understand how green-
house gases are changing. The modelling can take place on a variety of scales and framings
(from box models to 3D Chemical Transport Models). This thesis concerns 3D global mod-
elling of CH4, 8'3C and 8D, using an inversion approach for CH,4 and §'3C. Inversions are
a common approach to improve understanding of CH,4 fluxes. The inversion approach takes
current estimates of fluxes and real-world data combined in an atmospheric model, to produce
improved estimates of emissions and isotope ratios.
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Modelling of CH4 isotope ratios has primarily taken place using box models (Rigby et al.,
2017; Schaefer et al., 2016; Schwietzke et al., 2016; Turner et al., 2017). Box models are
primarily used as most studies are focused on long term trends, and so are easier than three-
dimensional (3D) models to produce an average of, due to the more simple representation
of the atmosphere. Furthermore, they are more computationally efficient than 3D transport
models (again due their relative simplicity), and so save computational power when ran over
a long period of time. Box models perform well as they can include more chemistry processes
due to the simpler implementation (i.e. represent more sophisticated chemistry). However,
the box model representation is less comprehensive than 3D representation for simulating
geographic distribution of emissions sources and transport (Naus et al., 2018). As such, for
representing the same processes over the same time period, 3D models are more accurate.

The use of 3D models in simulating both CH4 amount fractions and isotope ratios is simil-
arly well established. For example, McNorton et al. (2018) and Fujita et al. (2020) perform
inversions by using amount fraction data to calculate estimates of global scale CH4 emis-
sions, with isotope data as an additional constraint. Concurrent studies have used 3D models
to represent CH4 isotope ratios singularly for detailed event-source attribution (Rice et al.,
2016); for exploring small-scale §'3C variations (Feinberg et al., 2018) and for characterising
CH,4 wetlands emissions (Ganesan et al., 2018). However, something which has not been
examined is how §'3C emissions signatures from geographic regions are broadly changing,
the signature representing a combination of all the contributing sources in a region. This
analysis indicates what source types are dominant in different regions (i.e biogenic, thermo-
genic or pyrogenic emissions) and how the balance of sources in a region is changing over
time (whether becoming lighter or heavier; moving towards biogenic or pyrogenic emissions
source). No study has solved for regional isotope emissions signatures over an extended
period. This would indicate the regions and sectors that are increasing recently, indicating
which are best to focus on in order to limit climate change impacts.

The events over the period 2004-2020, specifically the levelling off and later uptick of global
mean CH,4 amount fractions in 2007, have been attributed to multiple pathways (Turner et al.,
2019), without overall consensus. As such, there remains a need for a study to understand
how sources of CH4 have varied during and since the recorded levelling off of global CH4
amount fractions. Chapter 2 concerns an inversion in a 3D chemical transport model (CTM),
in order to understand how regional emissions of CH4 and regional isotope ratios of §'3C have
changed in recent years. The approach in this chapter is unique in two ways: the extended
time series solved over (simulating 17 years of CH4 and isotope ratios) and the fact that the
inversion solves for regional isotope emissions signatures, rather than using isotope data as a
constraint for CH4 emissions inversion. The a posteriori regional emissions and 813C source
signatures from Chapter 2 are then used to simulate CH4 and 8'3C for the detectability studies
in Chapter 4, alongside a simulation for 6D.
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1.8 Ground-Based /In Situ Measurements

The thesis will primarily focus on ground-based in situ measurement systems, both CH4
amount fractions and isotope ratios. Considering the capabilities of in situ data informs the
development and deployment of a new instrumentation (Chapters 3 and 4), and used as a
constraint in modelling for an inversion on CH4 emissions and isotope ratios (Chapter 2).

The NOAA network (Lan et al., 2021; Michel et al., 2021) measures amount fraction CH4
(reported as nmol/mol, abbrieviated as ppb) using flask samples — discrete samples of air
filled at each measurement site. They are then sent to Boulder, Colorado to be analysed
by either ESRL (for amount fractions) or the Institute of Arctic and Alpine Research (CU-
INSTAAR, for isotope ratios). To measure amount fractions, the NOAA network previously
used gas chromatography with flame ionisation (Dlugokencky et al., 2005; Steele et al., 1987).
This approach measures molecules by separating the analyte from other gases in a packed
column; the CH4 is then combusted by a hydrogen flame to ionise it, producing a current
at electrodes which is measured. Since August 2019, cavity ring-down spectroscopy (the
measurement of different molecules by the extent to which they absorb and scatter light at
different wavelengths) has been used by the NOAA network to measure CH4 amount fractions
(Lan et al., 2021).

Due to the monetary expense, time and effort involved in producing isotope data values,
there are less than 20 laboratories worldwide that currently measure isotopes regularly, be
it from labs or in the field (Umezawa et al., 2018). The most common method of measuring
gaseous isotope ratios is isotope ratio mass spectrometry (IRMS) (Bock et al., 2014, 2010;
Brass & Rockmann, 2010; Fisher et al., 2006; Sapart et al., 2011; Schmitt et al., 2014). This
technique is used by the NOAA network (performed at CU-INSTAAR) for measuring isotope
ratios (Michel et al., 2021). An isotope ratio mass spectrometer ionises and accelerates the
sample of interest on a track, separating the sample according to the mass/charge ratio of
each ion. Heavier ions bend on a greater radius than lighter, leading to separation of different
ions by mass. Specifically for CH4 carbon isotope ratio analysis, the sample passes through a
series of traps to remove water and CO,, before the CHy is oxidised into CO; and passed into
the spectrometer (Fisher et al., 2006). The NOAA network, the most widespread isotope ratio
and amount fraction network, relies primarily on flask sampling on an approximately weekly
scale, which may lead to amount fraction and isotope ratio variations on a finer scale being
missed due to the sparseness of sampling.

Fourier transform infrared and/or laser absorption spectrometers, in which a laser is trained
on a sample and the absorption response of the sample is recorded (Bergamaschi et al.,
1994; Santoni et al., 2012), have proven to be able to provide high-frequency measurements
with lower maintenance requirements than IRMS. However, these instruments are not able to
match precision from typical IRMS methods due to poor signal-to-noise ratio caused by the
low abundance of CHy isotopologues in ambient air (Bergamaschi et al., 1994; Miles et al.,
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2018; Rella et al., 2015). For this reason, laser spectrometers are paired with preconcentrator
instruments to concentrate the CHy in air before analysis. This approach involves passing
the sample through a series of traps in order to increase the relative concentration of the
analyte you are interested in (in this case an isotopologue of CH4). The relative concentration
is increased to the point at which the sample can be passed into a laser spectrometer and
measured. However, contamination of samples can be introduced through preconcentration
if not performed rigorously (Eyer et al., 2016). There is therefore need for a preconcentration
system which is able to effectively sample sufficient amounts of ambient air in a manner which
does not introduce contamination.

Chapter 3 introduces the ‘Boreas’ instrument, designed and developed at NPL (Rennick et al.,
2021). This system uses a custom-built preconcentration system that is capable of coupling
to a laser spectrometer. This instrument can obtain precision on isotope ratio values that are
comparable with traditional IRMS (Bock et al., 2014, 2010; Brass & Réckmann, 2010; Fisher
et al., 2006; Sapart et al., 2011; Schmitt et al., 2014), while operating continuously without
intervention, making it possible to measure in remote settings and at regular time intervals.

In setting up a new system, the correct procedure for data calibration and processing has to
be established. Approaches for calibrating isotope ratio values from optical instruments have
been discussed in several studies (Bowling et al., 2003; Braden-Behrens et al., 2017; Esler
et al., 2000; Flores et al., 2017; Griffis et al., 2005; Griffith, 2018; Griffith et al., 2012; Miles
et al., 2018; Pang et al., 2016; Rella et al., 2015; Steur et al., 2021; Tans et al., 2017; Tuzson
et al., 2011; Vardag et al., 2015; Wehr et al., 2013; Wen et al., 2013). Chapter 3 follows
Griffith (2018) and Steur et al. (2021) in examining two methods of calibration: on individual
isotopologue concentrations and on isotope ratio values. These approaches are rigorously
assessed, along with approaches for drift correction and offset adjustment to align values with
the scale of external laboratories. Data from the instrument is also presented, demonstrating
this instrument’s capability to delineate between different source types.

Furthermore, with the establishment of a new measurement system, it is important to consider
where such an instrument should be located in order to obtain most useful data towards
future modelling efforts; this is assessed in Chapter 4. By assessing potential instrument
deployment, the work contributes to solving the problem identified in Chapter 2; that more
numerous and widespread data are important to understand changing CH, emissions and
isotope ratio signatures.
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1.9 Satellite Data

Satellite data are becoming more and more frequently used in GHG measurement, as a
constraint in modelling studies. Satellite data by nature provides greater worldwide coverage
than ground-based in situ stations, providing data where ground-based measurements do not
exist. Furthermore, whole-column measurements are useful for monitoring pollution plumes,
as well as providing the capability of measuring multiple greenhouse gases simultaneously,
by using downward facing instruments with a broad coverage in terms of wavelengths of light
detected.

While it is not the main focus of this thesis, the results of an inversion using satellite data as a
constraint is considered in Chapter 2. This is to quality check ground-based in situ inversion
results. Specifically, the data employed is from the Greenhouse gases Observing SATellite
(GOSAT; Parker et al., 2020). GOSAT has been running since 2009 at a height of 666 km on
a sun-synchronous orbit, with a repeat time (time between two identical orbits) of three days.
Satellite data has been employed in global (Fraser et al., 2014; McNorton et al., 2016) and
regional studies (Lunt et al., 2021), to understand how CH4 amount fractions are changing.
Satellite data can be limited by weather conditions, such as cloud coverage, and may require
‘ground-truthing’ from ground-based in situ observations.

Overall, the thesis will establish how large-scale regional emissions and source signatures
have varied in recent years; introduce a new measurement instrument and examine ap-
propriate data processing approaches; and consider locations for instrument deployment. In
doing so, the work contributes to understanding of the effect of climate change upon global
greenhouse gas levels, by determining (through both modelling and metrology) the driving
forces behind increasing CH4 amount fractions worldwide.



Chapter 2

Large-Scale Regional Inversions for
CH. emissions and §'°C Signature,
2004-2020

A paper based upon the work in this chapter is in review under the title ‘Atmospheric data
support a multi-decadal shift in the global methane budget towards natural tropical emissions’
to Atmospheric Chemistry and Physics Discussions.

2.1 Introduction

The overall aim of the thesis is to examine ground-based in situ CH,4 isotope ratio monitoring
capability, to understand the CH4 budget and how it is changing. Data from the current network
is therefore examined for both its capability and limitations. This chapter focuses upon the first
major research question from Chapter 1: How have CH4 amount fractions and isotope ratios
varied over recent a 17 year period, and what regions/sources are responsible?

As described in Chapter 1, there are gaps in our understanding of how CH,4 emissions have
varied in the past 20 years. This is especially true following the observed levelling-off and sub-
sequent uptick of CH4 global growth rate post-2007 (as detailed in Figure 1.1), which occurred
alongside the global atmospheric §'3C signature becoming progressively more light. There
are multiple overlapping explanations of how both emissions and sinks have varied, without
overall consensus (Turner et al., 2019). This chapter aims to address these knowledge gaps,
by calculating changes in large-scale regional emissions and isotope ratio source signatures
(which bring source apportionment information) over the period 2004-2020.

Changes in atmospheric CH4 over the last decades have unfolded without clear explanation,
exposing inadequacies in our measurement coverage and our ability to definitively attribute
those changes to individual emissions and losses. The climatic importance of atmospheric
CHy lies in its ability to absorb and emit infrared radiation, at wavelengths that are relevant

17
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to outgoing terrestrial radiation. Consequently, atmospheric CH4 contributes to maintaining
Earth’s radiative balance and surface and atmospheric temperatures. Concentrations of at-
mospheric CH,4 are determined by a large range of thermogenic, pyrogenic, and biogenic
emissions and losses from the hydroxyl radical (OH), reaction with chlorine, uptake from soils,
and a small stratospheric loss. These are all accounted for in the modelling.

The global CH,4 growth rate was close to zero from 2000 to 2006 (Lan et al., 2021) but has
since accelerated to unprecedented values in 2020 and 2021. Concurrently, we are witnessing
progressively lighter CH4 (more negative §'°C), indicative of a higher proportion of biogenic
emissions. A growing body of work have proposed a range of hypotheses to explain short
periods of observed global and regional variations in atmospheric CH4 (Turner et al., 2019).
In this study, a step back is taken to look at observed CH,4 variations from 2004 to 2020 and
argue that short-term variations are part of a large-scale shift of predominately anthropogenic
emissions from high northern latitudes to natural emissions from the tropics, driven by North
African and Tropical South American wetlands. As the global atmospheric mass balance of
CH, shifts further from anthropogenic to natural sources, our ability to mitigate emissions
becomes more of a challenge.

The post-2007 increase in atmospheric CH4 has been the focus of many studies and has been
attributed to different plausible hypotheses associated with changes in fossil fuel, biomass
burning, agriculture and wetland emissions, and the OH sink (Turner et al., 2019). These
studies have reached their conclusions using in situ amount fraction observations alone or in
combination with other observations as additional constraints, e.g. in situ §'3C (Basu et al.,
2022; Fujita et al., 2020; Lan et al., 2021; Nisbet et al., 2016; Rice et al., 2016; Schaefer et al.,
2016), satellite observations (Feng et al., 2022; McNorton et al., 2018; Worden et al., 2017;
Yin et al., 2021), or other trace gases, using a variety of analysis methods and computational
models.

The use of ground-based data in assessing CH4 changes is well established. For example,
Kirschke et al. (2013) aggregate both top-down and bottom up approaches to examine re-
gional CH,4 budgets, suggesting that increases in wetland and fossil fuel emissions are re-
sponsible for the uptick following 2007. They acknowledge that the relative importance of
these sources remains uncertain. Saunois et al. (2016) build on this by accumulating top-down
and bottom-up approaches to produce regional and global CH4 budgets from 2000-2012.
The post-2007 emissions increase is the focus of many studies; Rice et al. (2016) employ
isotope ratio data from a measurement site to solve for CH4 fluxes, finding an increase in
energy emissions to be the reason for the CH, increase after 2007. Nisbet et al. (2016) use
ground-based data to examine 2007-2013; they acknowledge that fossil fuel emissions may
have grown, however tropical biogenic emissions were the dominant driving force post-2007
by comparing ground-based §'3C data from multiple measurement campaigns. McNorton
et al. (2018) use ground-based data in a 3D inversion from 2003-2015, with §'3C as an
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additional constraint, and found that a decrease in OH along with increases from both energy
and wetland emissions, explained the CH4 increase post-2007. Similarly, Fujita et al. (2020)
use ground-based CH4 and 813C data in 3D inversions from 1995-20086, to solve for regional
CHy4 fluxes, and use the inverse simulation for forward runs of global isotope ratio values. They
found an increase in biogenic emissions and a decrease in biomass burning in the tropics to
be responsible for the observed uptick of global CH4 amount fraction and lighter trend of
global §'3C signature from 2007. The work in this chapter builds upon these previous studies
by solving over a longer time period (2004-2020) and in the way that §'°C data are used;
rather than being used as a constraint (e.g. McNorton et al., 2018; Warwick et al., 2016; Yin
et al., 2021) or solving for sectoral signatures (e.g. Lan et al., 2021), the inversion here solves
for regional emissions signatures.

Satellite data has been frequently employed in CH4 modelling; at a global scale (e.g. Fraser
et al., 2014); to discern the impact of specific regions upon the global CH, budget (e.g.
Lunt et al., 2021) and to validate inversion results (McNorton et al., 2018). Satellite data
by nature provides greater worldwide coverage than ground-based stations, providing data
where ground-based measurements do not exist. Furthermore, whole-column measurements
are useful for monitoring pollution plumes, as well as providing the capability of measuring
multiple greenhouse gases simultaneously. However, satellite data are limited by being reliant
on weather (for example, cloud coverage leads to data being lost), and may have less frequent
measurements than ground-based data depending on orbital period. Ground-based data can
be employed alongside satellite data; for example Yin et al. (2021) solve for CH4 emissions
2010-2017 using satellite data with ground-based as an extra constraint, finding that increases
are centred upon the tropics and eastern Asia.

Changes in the OH sink have been suggested to play some role in recent changes in atmo-
spheric CH,4 (Rigby et al., 2017; Turner et al., 2017) but they are probably not a dominant
factor in the budget. However, Lan et al. (2021) simulated CH,; and §!3C in a 3D CTM from
1984-2016, and found that a proposed decreasing trend in OH (Turner et al., 2017) does
not align with the increasingly light trend in §!3C observed in the atmospheric record. In this
analysis, the impact of trend in reducing OH upon CH4 emissions is examined in a sensitivity
study. The first COVID-19 lockdown in 2020 corresponded to an unexpected large increase in
atmospheric CH4. Studies have suggested this could be partly explained by a 3—5% reduction
in global OH (Laughner et al., 2021; Miyazaki et al., 2021) resulting from a large-scale reduced
emissions of nitrogen oxides associated with industry. This has yet to be corroborated by
satellite data that provide complementary constraints on the key emitting regions over the
tropics (Feng et al., 2022), or by §'3C data.
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Both ground-based in situ amount fraction CH4 and o 13C data are used as constraints to
perform an inversion for regional CH4 emissions and emissions source signatures. In this
chapter ‘ground-based in situ’ refers to data collected at measurement sites and measured
separately (flask sampling data). Although the thesis as a whole covers both major stable
isotope ratios of CH4 (specifically §'3C and &D), this chapter only considers §!3C as a
constraint in the inversion. This is because of a paucity of data available for 8D, which is
measured much less frequently and less widely than §'3C.

Alongside the work of this chapter in performing inversions using ground-based in situ/flask
data, results are presented from an inversion for CH, emissions performed using satellite data
as a constraint. This inversion was performed by a co-author on the published work, and is
presented within this thesis to demonstrate the full effect that was intended from the paper
in which this research is published. The approach and results of this inversion are detailed
alongside the ground-based in situ inversion results.

In the next section, data and methods are described, including the NOAA and NIES ground-
based data, the GOSAT satellite data, the GEOS-Chem global 3-D atmospheric chemistry
transport model, and the employed inversion methods. Results are reported in section 3 and
the work is concluded in section 4.

2.2 Data and Methods

2.2.1 In Situ and Satellite Remote Measurements of Atmospheric Methane

Ground-based in situ flask data are used as constraints on both total CH4 emissions and
8'3C regional emissions signatures. These data are taken from 31 National Oceanic and At-
mospheric Administration -Earth System Research Laboratories (NOAA-ESRL) sites around
the world (Figure 2.1), version 2020-07 (Dlugokencky et al., 2020). The data are monthly
mean values, averaged from discrete data as collected at each site, analysed at NOAA-
ESRL in Boulder, Colorado, and recorded to the NOAA 2004A standard scale (Dlugokencky
et al., 2005). Up to August 2019, the analysis was performed using gas chromatography
(Steele et al., 1987, Dlugokencky et al., 2005, 1994) and since August 2019, cavity ringdown
spectroscopy has been used (Dlugokencky et al., 2020). Also included is data from a site
in Siberia, Karasevoe (KRS), which is monitored by the National Institute for Environment
Studies (NIES). This site was included to maximise geographical coverage of in situ data. The
CH4 measurements from this site are continuous, measuring from 65 m height, covering the
period 2004-2020 (Sasakawa et al., 2010). A scale factor of 0.997 is applied to the NIES data
in order to align it with the NOAA 2004A scale (Zhou et al., 2009). The site constitutes part of
the Japan-Russia Siberia Tall Tower Inland Observation Network (JR-STATION).
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Figure 2.1: Map showing regions that are optimised in the CH; and 8'3C inversions, in
different colours. Black dots and labels show the location of ground-based in situ measuring
sites that measure CH, amount fraction. Red dots and labels indicate both total CH, and §13C
measuring sites. Regions are named as follows: Grey -North American Boreal; Yellow -North
American Temperate; Light Green -South American Tropical; Dark Green -South American
Temperate; Purple -Europe; Blue -North Africa; Light Blue -Southern Africa; Pink -Boreal
Eurasia; Orange -China; Brown -India; Peach -Temperate Eurasia; Red -Tropical SE Asia;
Lilac -Oceania; White -Oceans. Site identifiers are detailed in Table A1.

8'3C data are likewise monthly average values, calculated from discrete flask samples at
NOAA network sites. Isotopic analysis of §!3C was performed at the University of Colorado
Institute of Arctic and Alpine Research Stable Isotope Laboratory (CU-INSTAAR). They follow
an isotope ratio mass spectrometry approach (Miller, 2002; Vaughn et al., 2004). The geo-
graphical locations of ground-based in situ data used are shown in Figure 2.1 and represent
a subset of those used to collect total CHy4 (10 of 32). The sites included in the inversion,
both for CH4 and 8'3C are those that cover the entire period of the inversion (2004—2020)
without significant period of measurement breaks so as to ensure a consistent interpretation of
trends without consideration of possible biases introduced through the inclusion or exclusion
of specific sites.

Also estimated are CH,4 fluxes for 2010-2020 from the Japanese Greenhouse gases Ob-
serving SATellite (GOSAT) that was launched in 2009. GOSAT is in a sun-synchronous orbit
with an equatorial overpass time of 13:30. Since launch, continuous global observations of
dry-air atmospheric column-averaged CO, (XCO,) and CH4 (XCH4) have been recorded,
retrieved from shortwave infrared wavelengths that are most sensitive to changes in CHy
and CO, in the lower troposphere (Parker et al., 2020). The latest (v9) proxy XCH4:XCO,
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retrievals that use spectral absorption features around the wavelength of 1.6 um (Palmer et
al., 2021; Parker et al., 2020), are used as a constraint. Because of the smaller bias and better
global coverage than those provided by the full physics retrievals, the precision of single proxy
retrieval is about 0.72%, with a global bias of 0.2% (Parker et al., 2015, 2011, 2020).

In the calculations, a higher observation uncertainty of 1.2% is assumed for the satellite
observations, and a globally uniform bias of 0.3% is deducted to obtain better a posteriori
agreement with the independent ground-based XCH,4 data by the Total Carbon Column Ob-
serving Network (TCCON). To anchor the constraints from the proxy XCH4:XCO, ratio (Fraser
et al., 2014), GLOBALVIEW CH,4 and CO, data (Schuldt et al., 2021) is also assimilated. The
GLOBALVIEW data has assumed uncertainties of 0.5 ppm and 8 ppb for in situ measurements
of CO, and CHy, respectively. Locations of the assimilated GLOBALVIEW CH, data (sub-)set
are shown in Feng et al. (2022).

2.2.2 GEOS-Chem Atmospheric Chemistry and Transport Model

To relate CHy emissions to atmospheric CH4 concentrations, vi12.1 of the GEOS-Chem 3-D
global transport model (Bey et al., 2001) is used at a horizontal resolution of 2° (latitude)
by 2.5° (longitude) with 47 vertical levels from the surface to 80 km height, driven by the
MERRA-2 meteorological reanalyses (Gelaro et al., 2017) from the NASA Global Modeling
and Assimilation Office (GMAO). The specific model setup is the GEOS-Chem tagged CHy4
model, meaning that the emissions types are treated separately in the model and can be
extracted individually.

A priori emissions include: 1) monthly EDGAR v4.3.2 anthropogenic emissions
(Janssens-Maenhout et al., 2019) that accounts for emissions from oil and gas, coal, livestock,
landfills, wastewater, rice, and other anthropogenic sources; 2) monthly GFED-4 biomass
burning emissions (version 4.1; Randerson et al., 2017); and 3) monthly v1.0 WetCHARTs
wetland emissions (Bloom et al., 2017). The Harvard-NASA Emissions Component (HEMCO)
software within GEOS-Chem converts the emission inventories at their native horizontal resol-
ution to the GEOS-Chem 2° x 2.5° resolution. The HEMCO configuration file handles sectoral
emissions separately, with the possibility to apply scale factors to different emissions types.
The emissions magnitudes that are produced by these a priori inventories are indicated by
Figure 2.2. The emissions are repeated yearly after their final available year (i.e. EDGAR
repeats yearly post-2012, WetCHARTs and GFED-4 repeat after 2014).
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Figure 2.2: Maps of a priori sectoral CH4 emissions (Tg/yr), broken down into major sectors, with source type indicated by subplot title. The
emissions inventories used to obtain these emissions are listed in Table 2.1. The shown values are averaged for monthly emissions over the time
period 2004-2020.
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Table 2.1: Overview of emissions data sets used in the GEOS-Chem CH4 and &3C
simulations.

Emissions Type ‘ Data Set ‘
Anthropogenic (Oil and Gas, Coal, EDGAR v4.3.2

Livestock, Waste) Janssens-Maenhout et al. (2019)

Termites Fung et al. (1991)
Biomass Burning GFED-4

Randerson et al. (2017)
Wetlands, Rice WetCHARTSs
Bloom et al. (2017)

Table 1.1 shows the §'3C signatures for the source types included in the simulations. These
are extracted as mean global values from Sherwood et al. (2017), which provides a database
of global source signatures, broken down into the same sectors as in the simulations. How-
ever, individual source types show a wide range of source signatures (e.g., coal mines, as
detailed by Zazzeri et al. (2016)), and this uncertainty is reflected in the assigned uncertainty
given to the a priori source signatures in inversion (Section 2.3). The simulations attempt
to differentiate, however, between Arctic and tropical wetlands by applying a 10%. lighter
signature to the Arctic source (Table 1.1), following Ganesan et al. (2018), who produced
a global wetland source signature map based upon published §!3C data from Keeling plots.

Sinks included are the loss of atmospheric CH,4 from reaction with chlorine, soil uptake, and
from oxidation by OH. To simulate sinks, monthly 3-D fields of OH, calculated using the full-
chemistry version of GEOS-Chem, and monthly 3-D field of atomic chlorine (Sherwen et
al., 2016) are part of the model setup. Stratospheric loss frequency fields are determined
using the NASA GMI stratospheric model (Duncan et al., 2007). Estimates of the biogenic
consumption of CHg in soils is determined from Fung et al. (1991). The resulting atmospheric
lifetime in the model of CH4 against OH is 9.73 years, consistent with the modelled methyl
chloroform lifetime of 5.39 years. This compares well with multi-model simulations such as
Voulgarakis et al. (2013) and Morgenstern et al. (2017), who listed the global mean lifetime of
CH4 as 9.6 £ 1.8 years and 7.2-10.1 years, respectively. The atmospheric lifetime of methyl
chloroform has been calculated to be 6 + 1.5 years (Khalil & Rasmussen, 1984); the modelled
lifetimes compares well. In the default model configuration, none of these loss processes
include interannual variations.
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For the isotope simulations, published relative kinetic isotope effect values (KIEs; Table 1.3)
are applied to the reaction rates for the reaction with OH and Cl used in the GEOS-Chem
model output. These reaction rates are used to calculate loss of CH4 at each model time
step, using the 3D sink fields and the current state of the atmosphere. The soil sink is handled
differently from OH and Cl, as a negative emission in the model. In this case, the KIE is directly
applied as a scale factor in the HEMCO configuration file (Gierczak et al., 1997; Snover &
Quay, 2000; Whitehill et al., 2017).

The regions that have emissions and §!3C emissions signature solved for are shown in Fig-
ure 2.1. These regions are based upon those constructed for the Atmospheric Tracer Trans-
port Model Intercomparison Project (TransCom) experiments (Gurney et al., 2002), which
compared CO, inversion results from multiple atmospheric models using the same data, to
examine model performance. The regions were based primarily upon separating different
biomes, and are large-scale, meaning that subtleties within these large scale regions (that
are not already built into the prior) may be missed.

For all of the calculations, GEOS-Chem is sampled at the nearest location and local time that
corresponds to the ground-based in situ and satellite remote sensing data. For the satellite
data, scene-dependent averaging kernels are applied. This approach allows us to directly
compare the model with the data.

2.2.3 Isotopologue Emissions

In simulating §'3C, isotopologues '3CHy4 and '2CHy are simulated separately in GEOS-Chem.
To calculate the specific sectoral isotopologue emissions, Equation 1.9 is rearranged to find
the ratio of rare to most common isotope (}3C/'2C), using typical §!3C values from Sherwood
et al. (2017).

The isotope '*C considered relative to all isotopes in the sample (designated thereafter as
13x), is calculated by:

13C 13c/12c
T~ cyiC 1+ (3¢/12c)

13x (2.1)

This is the proportional molar abundance of the isotopologue '*CHy4. This value has to be
adjusted before being applied in GEOS-Chem, to account for the fact that the calculated ratio
is in moles and the emissions inventories (Table 2.1) are in kg:

M13
Mtot’

SF13 =13xx
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where SF13 is the scale factor applied to each emissions type for the '3CH, simulation, M13
is the molecular weight of '>CH, (17.035 g/mol; Stolper et al., 2014) and Mot is the molecular
weight of CH,4 (16.04 g/mol; Stolper et al., 2014).

For the '>CHy4 counterpart to '>CHy, a similar approach is applied. The ratio of '>C compared
with all isotopes in the sample (designated as 12x) is:

12C

12x = 713(34—12(3'

(2.3)

This has to similarly be adjusted from molar to mass ratio; SF12 is the scale factor for each
emissions type in the >CHy simulations:

M12
SF12 = 12x X , (2.4)
Mtot

where M12 is the molecular weight of '>CH, (16.03 g/mol; Stolper et al., 2014).

As 13CH,4 and 2CHj are the only stable carbon isotopologues of CHy4, 13x and 12x should
sum to 1.

Likewise, once the simulation has been run, values of emissions of 2CH, and '>CH, have to
be processed to produce the §'3C emissions source signatures from each region. The 13x
value is calculated for the emissions is calculated using Equation 2.1, assuming that '>CHy
comprises all '>C isotopologues and '*CH, comprises all '3C isotopologues. This is then
adjusted from kg to mol using Equation 2.2. The values of '3C/'>C are then calculated from
13x (again using equation 2.1) and from this, the §'3C emissions signature is determined.

2.2.4 Model Spin-Up

‘Spinning-up’ the model is an important aspect of setting up the forward model simulations;
this initialises global mixing ratios for the different isotopologues to January 2004 amount
fractions.

The model is spun up by first scaling a CH, restart file downloaded from GEOS-Chem online
servers. An initial 1.11% relative abundance of '3CH, to total CH, is assumed as a starting
point for spin up, with emissions scaled as detailed in Section 2.2.3. The model is then
ran over the year 2004 60 times using the 2004 MERRA2 meteorology and and emissions,
corresponding to approximately six times the chemical lifetime of CH,4. This is sufficient to
allow mixing ratios to equilibrate, as demonstrated by Figure 2.3. A similar process is followed
for 12CHy, using this isotopologue’s expected relative abundance and source signatures.
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A single-year inversion is run for 2004 to optimise the §'>C and total CH, values relative to
NOAA observations, following inverse method detailed below, under the same uncertainties.
The output of this short inversion is improved estimates of §'3C and total CH4, which serve
as a starting point for the a priori simulation. The simulation is then ran forwards up to and
through 2020 using scaled a priori emissions fields (as listed in Table 2.1).
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Figure 2.3: Demonstrating the spin up of the model, over a sixty year period, at the grid
square in the model which corresponds with the Alert measurement site (details of the site
location are in Table A1). a) 3CH4 amount fraction value (ppb) corresponding to January of
each year of spin up. b) Growth year-on-year, calculated by subtracting amount fraction one
year from the previous year.
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2.2.5 Inverse Methods

In performing atmospheric inversions, the aim is to improve the model’s simulation of regional
CH, fluxes and 8'3C emissions signatures by fitting the model to the data, considering un-
certainties in the model and chosen data sets. Two separate inverse methods are used, that
reflect the volume and simplicity of the data being used. For ground-based in situ flask data,
the Maximum A Posteriori (MAP) inverse method is employed, and for the more voluminous
satellite data an ensemble Kalman filter was used.

Maximum A Posteriori

To infer regional a posteriori CHy fluxes and §'3C emissions signatures from the atmospheric
measurements of CH,4, the Maximum A Posteriori solution (MAP) inverse method is employed
(Rodgers, 2000). This method combines a priori knowledge and its uncertainty with the meas-
urements and their uncertainties, and has been used in a number of studies (e.g. Fraser et
al., 2014; McNorton et al., 2018).

The MAP solution and the associated a posteriori uncertainty is described as, using the con-
ventional that lower-case and upper-case variables denote vectors and matrices, respectively:

x* = xX’+HB'H+ R TH'B ! (y - Hx?), (2.5)
A = HBH+R (2.6)

where x denotes the state vector that describes the estimated quantities, which in this chapter
includes monthly CHy fluxes and 8'3C signatures from regions across the world (Figure 2.1).
Subscripts a and b denote a posteriori and a priori fluxes, respectively, and superscripts —1
and T denote matrix inverse and transpose operations, respectively.

The measurement vector y includes either NOAA/NIES amount fraction data or the §'*C data.

The matrices B, A, and R denote the error covariances matrices for the a priori, a posteriori,
and measurements, respectively. B and R are diagonal matrices. For B assumed uncertainties
of 50% of the regional CH, fluxes and 20%. for the 8'3C values are applied, and for R an
assumed 10 ppb uncertainty for the amount fraction data and 0.1%. for the isotope data are
applied. An assumed model transport error of 2 ppb is also taken into account.

The Jacobian matrix H describes the sensitivity of the measurements to changes in the state
vector, i.e. dy/dx. For the total CH4 inversion, the Jacobian matrix describes the sensitivity
of mixing ratios in the model to changes in regional CH4 emissions. The matrix is constructed
using a series of GEOS-Chem model runs. Systematically, each individual emitting region
(described by the state vector) emits for one month while all other regions are emitting as
normal (following spin up of the model). The individual regional source is then switched
off (emissions become zero), and the resulting 3-D atmospheric distribution of CH4 amount
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fractions is recorded over four months. The effect of the emissions changes upon CH4 amount
fractions are recorded at the grid squares which correspond with the measurement sites. This
therefore describes the sensitivity of a particular measurement site to changes in a specific
regional source up to three months after emission. This is repeated for every month within the
inversion timescale, for every region described in the state vector.

For the §'3C inversions, the a priori simulation uses a posteriori regional emissions from the
CH, inversion as a starting point. The Jacobian matrix in this case describes the sensitivity
of modelled 8'3C to changes in the regional source signatures. The Jacobian comprises the
difference between a control model calculation (using the CH4 a posterioriregional emissions)
and perturbed source signature model calculation for the whole study period (2004—-2020).
For the perturbed model calculation, systematically, each region’s source signature (all of
the sectors that are containing geographically within a region) is perturbed to be heavier by
20% for the period 2004-2020. The difference between the control and perturbed run in §'3C
value at the location of each measurement site is then divided by the (%.) value of §'3C
perturbation for the region source signature, to understand the effect of changing a regions
source signature upon the 8'3C value recorded at each measurement site location. Each
individual region’s model calculation is spun up separately from the control model calculation
in order to account for lagging in the model.

The output from the inversion are improved estimates of regional fluxes and §'3C source
signatures. The model simulates the global atmosphere on a 2° x 2.5° grid. The a posteriori
regional fluxes and signatures are applied to the grid squares in the model which correspond
with a given region in an a posteriori simulation.

Ensemble Kalman Filter

The inversion using GOSAT was performed by a colleague, and used to compare with the
ground-based in situ inversion results. The GOSAT results are included because they form an
important part of context for the ground-based in situ results. The approach for the inversion
performed is detailed here, so as to give clarity to the results.

For the satellite data based inversion, an Ensemble Kalman Filter (EnKF) approach is used
(Evensen, 1994, 2003; Feng et al., 2009), because it is more straightforward than evaluating
the matrix operations for an inversion, considering the higher volume of satellite data. A
collection of flux perturbation pulses (from each sub-region) is used to represent uncertainty
in the a priori estimates for regional monthly fluxes. GEOS-Chem is then used to track the
transport and chemistry processes upon the tagged emission pulses, to project their spreads
over the modelled atmosphere. With the ensemble of a priori flux perturbations, and the
simulated observation impacts, Ensemble Transform Kalman Filter (ETKF) algorithm is used
to estimate a posteriori fluxes and the associated uncertainties, by comparing the model
simulation with observations; this same approach is followed by Feng et al. (2017). To reduce
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the computational costs, mainly from tracking the tagged emission pulses, a 4-month moving
lag window for each assimilation step was employed, because any observation has limited
ability to distinguish between the signals emitted and the background from more than 4 months
onwards (Feng et al., 2017). As a result of the high data volume, a larger state vector (than
the MAP approach) is used, consisting of monthly scaling factors for 487 (476 land regions
and 11 oceanic regions) regional CHy (and CO,) emissions pulses (Table S1 in Feng et al.,
2022). These land sub-regions are constructed by dividing each of the TransCom (Gurney et
al., 2002) land regions into 42 nearly equal sub-regions (Temperate Eurasia is divided in 56
regions due its large landmass), with 11 oceanic regions. Because of the small sizes of each
region, a higher uncertainty percentage (60%) for a priori emissions than the MAP approach
described above is applied. Also included is spatial correlation, with a correlation length of
500 km between the sub-regions.

2.3 Results

Figure 2.4 compares growth rates calculated from a range of sources: from the values pub-
lished by NOAA, from ground-based in situ data and from the results of both the ground-
based in situ and GOSAT inversion results. These are global growth rates year-on-year. This
plot shows that a posteriori CH4 emissions inferred from ground-based and GOSAT data are
consistent (typically within 3 ppb) with global atmospheric growth rates inferred directly by the
atmospheric data (Dlugokencky et al., 2005) and the values as reported by NOAA. This result
provides confidence in the ground-based in situ estimates on the global scale.
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Figure 2.4: A posteriori amount fraction yearly increase (ppb), compared with the equivalent
data as published by NOAA (Dlugokencky et al., 2020). Indicating the NOAA published growth
rate values (‘NOAA’, with uncertainty as a blue band) and growth rate calculated using
ground-based in situ amount fraction data from the sites included in the inversion (‘Sites-
Post’), alongside growth rate values calculated from a posteriori amount fractions; from the
ground-based in situ inversion (‘NOAA-Post’) and GOSAT inversion (‘GOSAT-Post’), which
commences in 2010. To calculate the growth rates from simulations (NOAA-Post and GOSAT-
post), the average global CH4 amount fraction in one year (the mean amount fraction of every
grid square in every month of a year), is compared with the mean of the following year. The
calculation is January-January, in order to remove the effects of the seasonal cycle. This
follows the same approach as the NOAA calculated values (Lan et al., 2021).
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Figure 2.6: A priori (grey) and a posteriori (blue) histograms representing residuals between
modelled values of CH4 and those measured at sites (model -measurement, ppb). Model
values are sampled at the grid square which corresponds with each site location. A priori and
a posteriori root-mean-square error is indicated for each site.
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Smaller residuals are found between a posteriori emissions and the measurements (mean
residual 9.01 ppb; root-mean-square error (RMSE) 11.94 ppb) than between the a priori
values and the measurements (mean residual 13.06 ppb; RMSE 17.13 ppb) (Figures 2.5,
2.6 and 2.7). This compares well with McNorton et al. (2018), with a posteriori root-mean-
square error of 12.3 ppb. Likewise, there is good agreement of amount fraction estimates
using GOSAT data (Figure 2.7; mean residual 41.72 ppb, RMSE 51.57 ppb). This indicates
that both inversion approaches are doing a good job in solving for regional CH, fluxes, as the
residuals are improved versus the prior.

Figure 2.8 shows regional a priori emission estimates and a posteriori emission estimates
inferred from the NOAA/NIES ground-based data and GOSAT data. The a priori emissions
are constructed from the sources and meteorology as detailed in Section 2.2 (geographical
distribution of sources is indicated by Figure 2.2). From this plot, one can observe strong
emissions increases over the time series (2004-2020), especially for tropical regions (North
Africa +19.9 Tg/yr, China +21.6 Tg/yr, and Tropical South America +14.2 Tg/yr, 2004-2020).
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Figure 2.8: A posterioriemissions estimates (Tg/yr) produced from an inversion using ground-
based data (blue), and GOSAT data-based a posteriori emissions estimates (red, with record
starting in 2010), for the regions indicated by Figure 2.1. A-priori emissions estimates are
indicated by black dots. A posteriori uncertainties are whisker bars.
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Figure 2.9: Yearly CH4 emissions (Tg/yr) from each of the inversion regions in latitudinal
order (geographic coverage indicated by Figure 2.1), for both ground-based and GOSAT
inversion results. The emissions are a residual value, relative to the a priori yearly emission
for each region. Uncertainties in yearly emissions are indicated, as calculated from inversion
calculations, with a a priori uncertainty of 50% for the ground-based in situ results and 60%
for the GOSAT results. The ground-based a posteriori is in blue; the GOSAT a posteriori are

in red.
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Figure 2.9 shows the regional differences between a priori and a posteriori emission estim-
ates, with absolute plotted in Figure 2.8. Here the yearly average difference between the
a posteriori and the a priori emissions are shown, for both ground-based and GOSAT inversion
results. This both indicates the changes from the a priori emissions and allows comparison
of the two independent approaches. The a priori emissions are constructed as detailed in
Section 2.2. Absolute emissions values (Figure 2.8) demonstrate the increases in CH4 emis-
sions over the time series, especially for tropical regions (North Africa +19.9 Tg/yr, China
+21.6 Tg/yr, and Tropical South America +14.2 Tg/yr, 2004-2020). At a global scale, higher
emissions relative to a prioriemissions of 72 + 35.51 Tg/yr in 2020 for the ground-based in situ
inversion and 61.5 4= 37.3 Tg/yr higher emissions for the GOSAT inversion. The ground-based
in situ inversion results indicate that this difference originates from tropical regions such as
Tropical South America (+13.5 + 1.9 Tg/yr in 2020), North Africa (+15.1 4+ 6.8 Tg/yr, 2020)
and China (+17.3 4+ 4.4 Tg/yr, 2020). There are decreases relative to a priori emissions in
2020 in Temperate North America (-13.3 £+ 3.4 Tg/yr), Southern Africa (-5.6 + 2.1 Tg/yr),
Temperate South America (-4.1 + 4.0 Tg/yr) and Boreal Eurasia (-2.3 + 3.9 Tg/yr). Therefore,
the estimates from bottom up inventories underestimate CH4 emissions, especially in tropical
regions. According to this analysis of ground-based in situ data, there is a shift, with mid-
latitudinal emissions being overestimated and tropical emissions underestimated.

Likewise, the GOSAT-based inversion results indicate a posteriori emissions increases from
the a priori emissions are centred around tropical regions. In 2020, there are emissions
increases from the a priori estimates in Tropical South America (+20.3 4+ 1.9 Tg/yr) and North
Africa (+13.1 £ 6.8 Tg/yr). Temperate regions also decrease, specifically Temperate North
America (-3.9 + 1.8 Tg/yr) and Temperate South America (-6.4 4+ 7.1 Tg/yr)

There are some differences between the two inversion results. Specifically, emissions from
Boreal North America and China are lower than the a priori emissions for the GOSAT-based
inversion (-4.6 + 1.1 and -5.1 4+ 3.8 Tg/yr in 2020 respectively), but increase for the ground-
based in situ inversion (+4.4 £ 3.62 and +17.3 & 4.4 Tg/yr in 2020 respectively). Despite
differences in the absolute annual emissions estimates, both the GOSAT-based inversion and
the ground-based in situ based inversion indicate a gradual emissions increase in China
from 2012. Sheng et al. (2021) find anthropogenic CH4 emissions from China increasing
by 0.36 Tg/yr/yr from 2012 to 2017 onwards using GOSAT data. Comparing the same time
period, an increase of Chinese emissions is observed, by 0.72 Tg/yr/yr for ground-based
in situ; 1.34 Tg/yr/yr for GOSAT.

Emissions increases are observed across the timeseries (by comparing the yearly regional
emissions in 2020 to those in 2004) from tropical regions such as North Africa (+17 Tg/yr),
Tropical Asia (+10Tg/yr) and Tropical South America (+8 Tg/yr). The increase in tropical
emissions has been suggested by previous studies, whether using GOSAT data or ground-
based in situ data as constraints in a 3D CTM inversion (Fujita et al., 2020; McNorton et al.,
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2016, examining (2003-2015) and (1995-2013) respectively). The increase in North Africa is
especially noteworthy in 2020, where emissions have been attributes to increased wetland
emissions by previous studies (Lunt et al., 2019, 2021; Pandey et al., 2021). Conversely,
both approaches indicate decreases over the entire timeseries in temperate regions, such as
Temperate North (-2 Tg/yr) and South America (-0.5 Tg/yr).
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Figure 2.11: A priori (grey) and a posteriori (blue) histograms representing residuals between
modelled values of §!3C and those measured at sites (model -measurement, %.). Model
values are sampled at the grid square which corresponds with each site location. A priori
and a posteriori root-mean-square error is indicated for each site.
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Figure 2.12: Monthly a priori (grey) and a posteriori (blue) regional §'3C source signatures
(%s). Values are produced using ground-based in situ §'3C data. Uncertainties in signatures
are indicated as surrounding bars, with a priori uncertainties of 15%.. Post-2014, regional
emissions are repeated yearly, due to this being the final year included in the emissions
inventories.
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Figure 2.13: Regional and global a posteriori §'3C emissions signatures (%»), in three-yearly
groups (2004-2006, 2007-2009, 2010-2012, 2013-2015, 2016-2018, 2019-2020) as a residual
from the 2004-2006 a posteriori regional emissions signature value. The equivalent a priori
values are black dots. The regions are those solved for in the CH4 and 8'3C inversions and
are indicated by Figure 2.1.
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The corresponding a posteriori regional §'3C emissions signatures produce atmospheric
8'3C values that are in better agreement with measurements than a priori values (Figures
2.10 and 2.11), particularly during 2008-2018 when a priori emissions signatures lead to
atmospheric 8'3C values that are lighter than the measurements. Figure 2.10 shows §'°C
a priori and a posteriori values at site locations. The a posteriori signatures result in smaller
residuals between the a posteriori simulation and measurement (mean residual 0.11%., RMSE
0.15%.), than from the prior (mean residual 0.19%., RMSE 0.23%.). These compare well to
McNorton et al. (2018) (a posteriori RMSE 0.1%.) and Fuijita et al. (2020) (a posteriori RMSE
0.08 -0.25%.).

Figure 2.12 shows the monthly regional source signature values for a priori and a posteriori
simulations. General observations from this figure are that lighter signatures are observed
(-62%0) from Northern Boreal regions (Boreal North America and Eurasia), which indicates
the dominance of biogenic emissions here. Conversely, heavy signatures (-40%., indicative of
a greater proportion of thermogenic emissions) are recorded from regions such as Temperate
Eurasia, Australia and Southern Africa. Some regional 8'3C signatures have a much stronger
seasonal cycle than others (strongest in Boreal North America and Boreal Eurasia but also
in Northern and Southern Africa), with lighter values during summer months, driven by higher
proportion of biogenic emissions. Sites in these regions are therefore influenced by a stronger
seasonal biogenic source, assuming that thermogenic emissions have a smaller seasonal
cycle (peaking in winter). Less significant seasonality is therefore indicative of anthropogenic
emissions making up a significant part of the emissions mix (observed for example in China
and Temperate Eurasia). Tropical Asia shows a yearly cycle with dual peaks, which is due to
a combination of wetland and rice emissions. This assessment assumes that sources are
playing the most significant role in controlling seasonal cycle in §'3C signature, whereas
changing magnitude of sinks could also play a role here.

Figure 2.13 shows a posteriori regional §'>C source signatures, grouped into three-yearly
bands, as a residual from the 2004-2006 value. There is a general trend towards lighter
regional source signatures of §'3C across the time series. This trend has been ongoing
since 2012 and is observed in all regions worldwide, however is strongest as compared
with a priori estimates in Tropical and Southern Hemispheric regions such as Tropical South
America and Southern Africa (1.8%. and 2.1%. lighter than a priori source signatures for 2019-
2020, respectively). There is also evidence of a period around 2012 where signatures shift
heavier (by 1.0%. compared with a priori signatures), especially in the Northern Hemisphere,
before trending lighter again. The heavy trend being dominated by the Northern Hemisphere
indicates a greater proportion of anthropogenic emissions in this region at this time. This
heavy shift around 2008 and light shift in 2012 are noted by Nisbet et al. (2016), who use a
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box model and examine data from sites measured by NOAA and Royal Holloway, University of
London (RHUL). They found that changes in removal rates would not explain these anomalies;
the events are therefore attributed to changing emissions. Emissions growth post-2012 aligns
with atmospheric growth rates plotted in Figures 2.4, 2.8.

In Figure 2.14, all information is combined into a zonal plot, reported every 30° in latitude,
for total CH4 emissions and the corresponding changes in regional source signatures of
8'3C. Consistency is found between the magnitude of the changes in CH, changes inferred
from ground-based NOAA/NIES data and GOSAT data, particularly in the low latitudes. The
plot also shows there has been a progressive increase in emissions from tropical latitudes
(20 Tg/yr) and a significant decrease at northern and southern mid-latitudes (-5 Tg/yr). A move
towards lighter regional source signatures of 8'3C is seen across all latitudinal bands. The
largest shift by the end of the time series (of 3.0%.) occurs in Southern Hemisphere tropical
regions (corresponding with Tropical Asia or Tropical South America, for example). Comparing
Figures 2.13 and 2.14, similar trends are observed across latitudinal bands and the regions
within them, for example trends in European and Chinese signatures align with the 30 -60° N
latitudinal band. The comparison is not exact due to some regions spanning across latitudinal
bands (such as Oceans). Results compare well with Nisbet et al. (2019), who use a box
model to fit emissions scenarios to in situ measurements, examining 2000-2018. They show
strongest emissions increases from the tropics (+20 Tg/yr, Figure 5). They likewise show a
trend of atmospheric §'3C becoming increasingly light across the time series, by 0.03%o/yr.
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Figure 2.14: Left: Variation of mean emissions (Tg/yr) with latitude in 30° bands, averaged into
groups based upon year (2004-2006, 2007-2009, 2010-2012, 2013-2015, 2016-2018, 2019-
2020) in reds, as well as GOSAT emissions averages by latitude in greys (GOSAT inversion
results begin in 2010). Variations in §'C emissions signature (%o) for the same latitudinal
bands in the same year groups are in blue. Key indicates year groups. Right: Same year
groups as left, but indicating the difference in emissions or §'3C emissions signature (%),
between each year group and 2004-2006 value.
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To examine the sensitivity of the results to changes in OH, a single sensitivity run is con-
structed, made up of two parts. First, a 0.5%/yr uniform decrease is imposed upon the 3-D
OH field from 2004 to 2019, following similar trends suggested by Turner et al. (2017) and
second, OH is uniformly decreased by 5% in 2020 to describe estimated changes due to a
global-scale reduction in emissions of nitrogen oxides (NO,) associated with the first COVID-
19 lockdown (Laughner et al., 2021; Miyazaki et al., 2021). It has also been suggested that
OH amount fractions may have actually increased 2000-2016 due to increasing water vapour
and NO, in the tropics (Zhao et al., 2019), however considering the scenario under COVID-
19 lockdowns in 2020, a decreasing trend over the previous years is only considered here.
A similar approach to this was followed and evaluated by Feng et al. (2022). A posteriori
emissions are then re-calculated, inferred from the ground-based in situ data. Figure 2.15
shows that the 0.5% per year negative trend in OH does not make a significant difference
to a posteriori estimates, reflecting the large a posteriori uncertainties. However, the sudden
5% decrease in OH during 2020 results in a marked reduction (9%, 50 Tg/yr) in the increased
emissions necessary to explain the increase in atmospheric CHy4. This reduction in emissions
particularly affects high-emitting regions such as China and Tropical Asia. Despite this, the
results are within the a posteriori uncertainties of the control calculation, that does not include
a year-to-year change in OH. On balance, given the large-scale, unprecedented changes
in atmospheric chemistry during 2020, OH did play a role in global growth rate of CH4 but
changes in emissions overwhelm the impact from reduced OH. The model fits similarly well
to the data with or without considering the OH trend (Figure 2.16).
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Figure 2.15: Comparing yearly emissions (Tg/yr) for each region of the inversion (indicated
by Figure 2.1), for the a posteriori CH4 simulation (using ground-based data; blue) and the
regional emissions of the OH tests (as described in-text; red). OH tests always result in lower
emissions than a posteriori emissions. Regional uncertainties for the a posteriori emissions
are indicated.
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Figure 2.16: Amount fraction CH4 (ppb) at the location of multiple NOAA network sites, with
subplot title indicating site. Demonstrating the effect of OH tests (a 0.5% yearly reduction
2004-2019 followed by 5% reduction in 2020 in response to the COVID-19 pandemic), on
amount fraction values at each site location. Grey line is the OH test amount fraction, black
line are the amount fractions under a posteriori emissions and red dots are monthly-averaged
CH4 amount fractions from each site.
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2.3.1 Region Correlations

Figures 2.17 and 2.18 indicate the correlation between regions solved for in the CH4 and §'3C
inversion, respectively, determined by the a posteriori error covariance matrix, A. Values are
calculated by normalising the diagonals of the error covariance matrix (Eq. (2.6)). Examining
Figure 2.17, there are no significant correlations between the regions for the CH4 flux inver-
sion. The error covariance matrix is normalised following, where Q is the normalised matrix:

Q=——1— (2.7)

Some significant a posteriori correlations are found between neighbouring regions for the
a posteriori §'3C source signatures (Figure 2.18), determined by the a posteriori error cov-
ariance matrix, A, which indicates that the inversion cannot differentiate between the source
signatures of neighbouring regions (such as Southern Africa and Temperate South America).
This is a result of not having enough geographically-spaced data to separate contributions
from different regions, and means there is limited capacity to separate the changing §'°C
signatures of the regions in this inversion. This aligns with Basu et al. (2022), who used both
CH, amount fraction and §'3C measurements to determine that tropical biogenic sources
are driving CH4 growth, however measurement coverage limits possible conclusions based
upon isotope ratio measurements. Nevertheless, the trend of stronger emissions of lighter
CHy is clear, due to an increased role in biogenic or wetland emissions in the global source
makeup. Lan et al. (2021) corroborate this using a 3D chemical transport model to simulate
different possible emissions scenarios, and find that biogenic emissions (wetlands, agriculture
and waste) are responsible for the strong trend in §'3C, examining 1984-2016.

Figures 2.19 and 2.20 show the a posteriori matrix of contribution functions for the CH4 and
8'3C inversions, respectively. This indicates the extent to which sites used in the inversion
influence particular regions. Values are calculated by:

MOCF = AH'B™', (2.8)

where A, H and B are as described in Eq. (2.5).

Based on Figures 2.19 and 2.20, it can be seen that certain regions are not being constrained
by site data. For both CH; and 8'3C, regions such as Tropical South America, Australia
and Southern Africa are poorly constrained by the data, as a result of the poor geographic
coverage of site locations, especially in the Southern Hemisphere (Figure 2.1). Deploying
more instrumentation would increase geographic coverage of data and therefore improve
constraints on CH4 amount fractions and §'3C signatures.
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Figure 2.17: Correlation between regions inverted for in the CH4 emissions inversion using
ground-based data. The correlations are produced by normalising the diagonals of the error
covariance matrix (Eqg. (2.6)). Correlation indicated by colourbar.
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covariance matrix (Equation 2.6), as in Figure 2.17.
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Figure 2.20: As in Figure 2.19, for the §'3C inversion.
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2.4 Conclusions

Regional CH,4 emission estimates and 8'3C signatures have been estimated for the period
2004-2020, inclusively, by fitting the GEOS-Chem 3-D atmospheric chemistry transport model
to ground-based in situ amount fraction data and GOSAT atmospheric column data using
inverse methods. Collectively, these results indicate that the post-2007 increase in CH4 emis-
sions are best explained by a progressive latitudinal shift in emissions from the northern mid-
latitudes to tropics latitudes. This shift is less obvious over shorter periods. A posteriori CHy
emission estimates inferred from both the ground-based and GOSAT data show larger tropical
emissions, particularly over North Africa, Tropical Asia, and Tropical South America, at the
same time as the mid-latitudinal emission proportion decreases. Source signature estimates
inferred from the 8'>C measurements over the same time period shows that the latitudinal
shift in CH4 emissions is due to larger proportion of biogenic sources. The results are broadly
consistent with previous studies that focus on other periods (Fujita et al., 2020; Lan et al.,
2021; McNorton et al., 2018; Nisbet et al., 2019; Yin et al., 2021).

Control calculations are used monthly 3-D distributions of OH without any year-to-year vari-
ation. To explore how changes in OH might affect these results, a sensitivity experiment
was run, for which the monthly 3-D OH fields were decreased 0.5%/yr from 2004 to 2019,
inclusively, based on values proposed by previous studies (Turner et al., 2017). For this
sensitivity experiment, the OH results are within a few percent of the control calculations
and steadily decreasing OH concentrations are not responsible for observed changes in the
distribution of CH4. Also considered is how a proposed larger 5% change in 2020 (Laughner
et al., 2021; Miyazaki et al., 2021), due to widespread COVID-19 related emission reductions
in nitrogen oxides, affected results. This results in smaller CH; emissions increases during
2020, as expected, but they are still within control a posteriori emissions estimates for 2020.

Poor geographic coverage of ground-based data results in larger uncertainties for regional
emission estimates that are poorly covered, i.e., high and low latitudes. For total CHy, this
deficiency can be partly addressed using the satellite data, but isotopes are not currently
retrieved reliably from satellite remote sensing instruments. In this study, there are only three
long-term measurement sites for §'3C employed in the Southern Hemisphere. A consequence
of this data sparseness is strong correlations between source signatures from neighbouring
regions (Figure 2.18). The study was further limited by picking measurements sites for which
data are available over the study period (Figure 2.1). Source sector signatures 8'3C are
taken as mean values from Sherwood et al. (2017), representing current best knowledge of
sectoral signatures. Different sectors produce a range of possible §'3C values, and there are
significant overlaps between recorded source signatures (Douglas et al., 2017). These data
have greater value when they are used in a broader context with other data, as described in
this study. Satellite observations are also used to identify that large-scale emission changes
over regions that coincide with wetlands. The collective evidence demonstrates that increasing
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natural, tropical emissions play a significant role in the observed atmospheric growth of CHy.
Greater confidence in source attribution of changes in atmospheric CH4 may come from col-
lecting and interpreting 6D and multiply-substituted ‘clumped’ isotopes (Douglas et al., 2017),
alongside 8'3C. This needs to be accompanied by laboratory and field measurements of these
isotopes to improve delineation between different sectors. Increased sampled frequency of
field measurements could be performed using continuous isotope ratio monitoring instruments
(as described in Chapters 3 and 4).

This work is also consistent with recent studies that have reported anomalous large CH4
emissions over eastern Africa (east Africa and the Horn of Africa) due to elevated rainfall over
upstream catchment areas (Lunt et al., 2019, 2021; Pandey et al., 2021). These large-scale
precipitation changes have been linked with the positive phase of the Indian Ocean Dipole
(Feng et al., 2022), which describes a sea-surface gradient over the Indian Ocean. Similarly,
increase CH,4 emissions over the Amazon basin (Wilson et al., 2021) are linked with large-
scale changes in climate (Feng et al., 2022).

These substantial increases in natural CH4 emissions will have major implications for achiev-
ing the goals of the Paris Agreement (Nisbet et al., 2019). It is more difficult to reduce natural
emissions than to reduce anthropogenic emissions, and so the increased natural emissions
found here could throw off emissions reductions efforts. There will therefore be additional
pressure to reduce anthropogenic emissions (including individual’s carbon footprints), in order
to offset these increasing emissions from natural sources.

Overall, this chapter has achieved the aim of the first overarching research question for the
thesis -to understand how CH4; amount fractions and isotope ratios have varied over the
period 2004-2020, and to understand what regions and sources are responsible. Inversion
results indicate that biogenic tropical emissions are responsible for the observed variations
in both CH4 and 8'3C from ground-based in situ monitoring stations. This feeds into the
overall thesis aim of considering ground-based in situ capability, as the work has shown that
ground-based in situ isotope ratio measurements are currently insufficient to separate source
signature contributions from individual regions.

2.4.1 Future Work

Future work arising from this chapter should concern more regular measurements of rare
isotopologues of CHy4, which should be the aim of future measurement campaigns. Greater
confidence in source attribution of changes in atmospheric CH4 will come from collecting
and interpreting a wider range of CH, isotope ratios, including 6D and multiply-substituted
‘clumped’ isotopes (Douglas et al., 2017). This needs to be accompanied by laboratory and
field measurements of these isotopes to improve delineation between different sectors. Fur-
thermore, trends in OH and other sinks could be examined in more detail in the future, for
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example how the examined OH trends affect atmospheric §'3C. Zhao et al. (2019) found that
OH may actually have been following an increasing trend from 2000-2016, which could be
assessed. The impact of increasing OH trends upon CH4 and 8'3C could be examined in the
future.



Chapter 3

Data Processing for Analysis of 6'°C
and 0D Methane Using a Laser
Spectrometer Based System

Aspects of this work are covered in the published work ‘Boreas: A Sample Preparation-
Coupled Laser Spectrometer System for Simultaneous High-Precision In Situ Analysis of §1°C
and §%H from Ambient Air Methane’, Rennick et al. (2021).

3.1 Introduction

The overall aim of the thesis is to examine atmospheric ground-based monitoring capability,
to understand changes in atmospheric methane (CH4) budget. This chapter advances the
thesis by addressing the second research question as outlined in Chapter 1: How should
data from a newly developed laser-based measurement system be processed to produce
high precision data for analysis? This chapter addresses the question by first detailing a
new CHy isotopologue measurement instrument, designing a data processing method for
this instrument, and finally by demonstrating the data processing method on selected sample
data. The analysis will examine the instrument’s capability to monitor changing CH,4 sources.

Atmospheric measurements of CH4 amount fractions and isotope ratio, are used to estimate
the magnitude of CH4 emissions sources. Observations of CH, isotope ratios indicate the
process or sector that produces emissions, which would significantly enhance our ability to
improve reported emissions inventories, leading to a better understanding of how greenhouse
gas emissions are changing over time.

A result of Chapter 2 was that there is a lack of atmospheric monitoring stations which have a
reliable, high precision, long-term time series of isotope ratio values. This limits capability to
differentiate between emissions drivers both on global and regional scales. Current methods
to measure CHy isotope ratios are not at the point of routine development as they have

59



3.1. Introduction 60

significant requirements in terms of space and maintenance. Even in a laboratory environ-
ment, the limitations of cost and time in building instruments to make such measurements are
significant, and relatively few laboratories have such measurement capability; fewer than 20
laboratories around the world are performing ongoing measurements (Umezawa et al., 2018).

The previous chapter focused solely on §'3C isotope ratio data, due to a paucity of 8D
measurements, both temporally and geographically. 5D is not as frequently measured as §'3C
because the isotopologue CH3D appears in lower amount fractions than '*CH, (Table 1.2),
and is therefore more challenging to measure. As a result of being less frequently measured,
8D source signatures are less clearly defined than those of §'3C (Figure 1.2), however D
signatures have the potential to delineate between fossil fuel and biogenic sources. Emission
inventories do allow for a sectoral breakdown of CH4 emissions, however methods of verifying
these emissions are limited. Measurements are used to feed into models which compare
measurements to the inventory emissions; this allows us to understand drivers behind emis-
sion sources and increases. Therefore, superior measurement techniques are required in
order to adequately quantify and verify emissions estimates. This would inform policy makers,
ultimately allowing emission reductions targets set out by national and international govern-
ment bodies to be met.

3.1.1 Isotope Ratio Measurements of CH, Using Laser Based Methods

The increased availability of laser spectroscopy-based techniques for CH4 isotope ratio meas-
urement, which operate independently at increased frequency and reduced maintenance cost,
has made in situ analysis more accessible. This allows for more frequent and widespread
measurements, while increasing data quality. However, high signal-to-noise ratio and high-
quality instrument stability are key for making these measurements.

High precision isotope ratio measurements of CH,4 using optical techniques is still in its infancy.
Currently, §'>C and 8§D measurements are typically made using Isotope Ratio Mass Spectro-
metry (IRMS) (Bock et al., 2014, 2010; Brass & Réckmann, 2010; Fisher et al., 2006; Sapart et
al., 2011; Schmitt et al., 2014). IRMS consists of ionising a gaseous sample, then accelerating
it on a track where it is deflected by a magnet, and measured by a series of Faraday cups.
Lighter ions bend on a tighter radius, leading to ions being separated based upon their
mass/charge ratio. The result is isotope ratio values (e.g. '>C/!2C). IRMS instrumentation
is commercially available and provides a high sample analysis turnover of several minutes
per sample. For CH4 carbon isotope ratio analysis, the sample is generally oxidised into CO,
(following removal of CO, and other gases in the air sample, using a preconcentration system)
before being passed into the spectrometer. For hydrogen isotope ratio analysis, the CHy is
pyrolised into H, (Brass & Réckmann, 2010). IRMS is able to produce high levels of precision,
approximately 0.05%. for 13C/'>C, and 1.0%. for D/H. This approach is unable to process
condensable gases, or molecules such as water, meaning samples are required to undergo
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preparation prior to analysis. Furthermore, IRMS is expensive, large, and requires skilled
operators. In most large-scale networks, flasks are taken in the field before being transported
back to a laboratory setting to be analysed. This limits the temporal and spatial resolution of
measurements.

Laser Absorption Spectrometry is a non-destructive optical technique which allows direct and
precise measurements of CHy isotopologues. In this technique, a laser light source is fired on
a sample and is tuned through different wavelengths. The light absorption of the laser is meas-
ured by a detector, as a function of the wavelength being swept over. The amount of absorption
at a given frequency is related to the concentration of individual isotopologues in the sample.
These instruments are generally less bulky and more portable than IRMS instruments and
potentially require less maintenance, hence allowing for more spatially diverse deployments
locations over longer time periods. However, a significant issue with optical measurements
is that they are not able to make sufficiently high precision measurements of §'3C and 8D
due to the low abundance of CH4 present in ambient air, this then results in poor signal-to-
noise ratio. One method to improve the signal-to-noise ratio is to preconcentrate the analyte
in question (here, CH4) out of the air sample and analyse via an optically based instrument.
This technique is known as ‘preconcentration’, and is described in the next section, along with
improvements on current methods.

3.1.2 Preconcentration

Preconcentration is performed by using a cold trap containing an adsorbent trapping material,
to which analytes can bind to and diffuse through, depending on the temperature. The trap is
first cooled so that the adsorbing capacity for the target substance (here CH,) is sufficiently
large, while the majority of the remaining bulk gases (such as N;, O,, Ar) pass through.
During desorption, the trap temperature is gradually increased in a step-wise manner so that
any contaminating analytes (which were co-adsorbed with the CH,4) are eluted separately.

Other measurements of CH, isotopologues using optical instruments without preconcentra-
tion, specifically of 13CH, and '2CH;D, were performed by Bergamaschi et al. (1994). They
reported precision of 0.44%. and 5.1%. on measurements for §'3C and 8D respectively. Rella
et al. (2015) and Miles et al. (2018) performed field-based measurements of 813C using optical
measurement, with precision of 0.1%. and 0.2%. respectively. The recorded precision on these
studies considerably worse than IRMS (0.05%. on 8'3C and 1.0 on 8D), which demonstrates
the need for additional steps (preconcentration) to improve precision.

The approach of using combined preconcentration and laser spectroscopy techniques to
measure CHy isotope ratios, has been examined in previous studies. Eyer et al. (2016)
developed a system for preconcentrating CH, before measurement by a laser spectrometer.
They were successful in making measurements of both §!3C and 8D, however the recorded
precision was worse than traditional IRMS (they achieved precision of 0.19%. for §'*C and



3.1. Introduction 62

1.9%. for 6D). This study also highlighted significant problems for analysis, that included the
potential for breakthrough on traps (due to the large sample volume needed) and the issue of
variable oxygen content of the trapped sample, that creates a matrix effect in analysis by laser
spectroscopy. It is therefore an aim in the isotope ratio metrology field to construct an optical
instrument with improved precision, capable of making regular measurements of CH4 isotope
ratios.

3.1.3 Data Processing

A key difference between IRMS and current optical techniques is IRMS measures isotope
ratio values of samples ('*C/!2C, D/H), whereas optical techniques can measure the amount
fractions of individual isotopologues (>CH4, '*CH, and '>CH3D). These values must be
calibrated and processed in order to produce useful and useable é values that are useful
for future modelling studies to understand variations in CH4 emissions sources. Data pro-
cessing approaches have been geared towards IRMS measurement (i.e. processing based
upon isotope ratio values) but with the emergence of optical techniques, new approaches for
data processing must to be established. This chapter therefore develops a data processing
approach for an optical continuous monitoring instrument.

Data analysis approaches for optical instruments have been examined by several studies (e.g.
Bowling et al., 2003; Braden-Behrens et al., 2017; Esler et al., 2000; Flores et al., 2017; Giriffis
et al., 2005; Giriffith, 2018; Griffith et al., 2012; Miles et al., 2018; Pang et al., 2016; Rella et
al., 2015; Steur et al., 2021; Tans et al., 2017; Tuzson et al., 2011; Vardag et al., 2015; Wehr
et al., 2013; Wen et al., 2013). Griffith (2018) assess and outline approaches for calibrating
on 8'3C from CO,, assimilating data from earlier studies (Flores et al., 2017; Griffith et al.,
2012; Tans et al., 2017). They calibrate the data using two approaches: an ‘isotopologue’ and
a ‘ratio’ approach, which involves calibrating on either directly measured isotopologue amount
fractions or on calculated isotope ratio values (which is a similar approach to that followed for
calibrating on IRMS values). They find that the ratio approach results in corrections having
to be made for amount fraction dependency, wherein ratio values varying depending upon
CH,4 amount fraction as a result of not calibrating the isotopologue values. The isotopologue
approach is therefore recommended. Similarly, Steur et al. (2021) examine data processing
for an optical instrument which measures §'3C, §'30 and §!70 of CO, simultaneously. They
perform both calibration approaches on sample data from the optical instrument and find that
both calibration approaches result in similar precision for §'3C. They recommend the isoto-
pologue method so as to avoid the amount fraction dependency. This chapter expands upon
these works by applying the calibration approaches to measurements of CHy4 isotopologues
from an optical instrument, and considering further steps (such as a drift correction and offset
adjustment to align data with external laboratories) to obtain data with best possible precision.
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The chapter focuses specifically on the ‘Boreas’ instrument, a new CH4 preconcentrator
capable of coupling to a laser spectrometer. Here, the Boreas system is described and an
approach for data analysis examined, and some sample data analysis demonstrated. Rennick
et al. (2021) describe the ‘Boreas’ preconcentration system in terms of the hardware, the
measurement procedures and calibration approach. This chapter expands upon that work
by including a rigorous and transparent assessment of the options for drift in instrument
response and offset correction during calibration, in order to maximise the quality of the new
measurement data set in terms of frequency, precision and accuracy of measurement (for
isotope ratios and the reported CH4 amount fractions).

3.2 In Situ System Setup

‘Boreas’ is new a CHy4 preconcentration instrument coupled to a laser spectrometer, which is
able to make high precision, continuous measurements of CH4 isotopologues. This instrument
was constructed at the UK’s National Physical Laboratory (NPL) in 2019. It is composed of
multiple parts: a preconcentrator system attached to a sampling interface, attached in turn
to an Aerodyne mid-infrared dual-laser spectrometer (Aerodyne Research, Inc, TILDAS-FD-
L2), which measures individual isotopologues '>CH,, '*CH, and CH3D. The spectrometer
is calibrated using high amount fraction primary reference materials (AF PRMs) of CHy4 in
nitrogen, and the preconcentrator is calibrated separately using a compressed whole air
reference standard. The isotope ratio values of the AF PRMs were assigned from measure-
ments made by RHUL (§'3C) and from average values of measurements made at Mace Head
Observatory in western Ireland (6D). The whole air reference is sampled at regular intervals
by the instrument, in an identical way to the ambient air sample. The system is set up to allow
remote operation (it is fully automated) and the only consumables are the N, carrier gas and
the PRM gases. The instrument is described in full by Rennick et al. (2021).

Essential to setting up this new instrument is establishing the correct data processing ap-
proach for processing from isotopologue amount fractions to & values.

3.2.1 Heathfield Atmospheric Monitoring Site

The initial runs of the instrument took place at NPL, sampling from a roof inlet at 17 m
height (51.42° N, 0.34° W). This location is nearby local pollution sources considering its
positioning in Greater London (for example, gas pipes, small fires and waste facilities). Since
May 2021 the instrument has been based at the Heathfield atmospheric monitoring site,
West Sussex (50.98° N 0.23° E), where operation and further improvements have continued.
The monitoring site is located away from strong sources of pollution near a small market
town (the predominant southwesterlies here pass through little land from the Atlantic Ocean).
The aim of measurement in this location is therefore to monitor the isotopic signature of
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regional emissions. Measurements from this site are used to calculate emission maps of trace
gas species in the UK. The Monitoring Site is part of the UK Deriving Emissions linked to
Climate Change (UK DECC) network, as well as a World Meteorological Organisation Global
Atmosphere Watch (WMO-GAW) regional site. The site has been active since 2014, installed
by the University of Bristol, and has been operated by NPL since 2017.

Alongside CH4 measurements, there are instruments in place to measure the amount fraction
of other major GHGs including carbon dioxide (CO,), nitrous oxide (N,O), SF¢ and other trace
gas species such as carbon monoxide (CO), ozone (O3), nitrogen dioxide (NO;) and radon
(Rn). The air is sampled from a 100 m and 50 m height. The large inlet height gives the tower
a large sampling footprint covering south-east England and northern Europe. These meas-
urements are used to validate the UK greenhouse gas emissions for the UK government’s
Department for Business, Energy and Industrial Strategy, reported in the annual submission
to the UNFCCC (Manning et al., 2022).

3.2.2 Preconcentration Unit

The preconcentration unit for Boreas was built at NPL. The trap consists of a 2 mm tube
containing HayeSep-D ®, which is wrapped around a cylindrical standoff attached to the cold
end of a cryocooler (CryoTel GT Sunpower Inc., USA). This cryocooler reaches temperatures
of 40 K, and is kept in a vacuum. The temperature of the trap is monitored using a pair of
thermocouples attached to the inside of the the standoff and trap tubing.

3.2.3 Measurement Protocol

One measurement cycle consists of four steps (outlined in Figure 3.1). First, the air sample
is brought to the head of the trap, and dried using a Nafion drier. The trap is opened for 540
seconds after being purged. After entering the trap, the air sample diffuses along and CHy4
is separated from bulk gases such as O, and N, based on the temperature ramp. The trap
temperature is not controlled by active heating during trapping. After approximately 540s, the
trap has reached 103 K and trapping is complete, with trace gases from 5 L of sampled
air contained on the trap. The trap is then slowly heated to 373 K and flushed with N,
separating CH4 from other trace gases. The next step is elution, wherein the CHy is directed
into the spectrometer sampling cell. The exact temperature and pressure for this step have
to be optimised, in order to transfer maximum CHj, into the spectrometer. Finally the trap is
reconditioned, where the trap is purged and allowed to cool passively, before the cycle can
start again.
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Figure 3.1: Stripchart of various instrument parameters during a measurement run. Left axis:
cryocooler cold-end temperature; trap temperature (thermocouple attached midway on the
outside of the trap tubing); trap flow (recorded using the mass flow controller downstream of
the trap); and sampling volume pressure. The sampling volume pressure’s four peaks between
0 and 750s are loading of the standards, independent of the preconcentrator operation.
Right axis: upstream pressure. Vertical dashed lines mark the boundaries of each phase (a)
trapping, (b) separation, (c) elution, and (d) reconditioning.

3.2.4 Spectrometer

The laser spectrometer instrument is a commercial high-resolution dual-laser direct absorp-
tion instrument (Aerodyne Research, Inc, TILDAS-FD-L2).

Once the ambient air sample has been preconcentrated, it is loaded into the spectrometer
cell to a target pressure and held during the measurement. After a stabilisation period of 30
seconds, a pair of quantum cascade lasers are swept over two frequency ranges (1293.702-
1293.816 cm~! for '2CH4 and '3CH,4 and 1306.883-1307.077 cm~! for '2CH,4 and '2CHsD),
at a rate of 1.7 kHz. The light transmission is captured and the spectrum is fitted once a
second by the spectrometer software (TDLWintel, Aerodyne Research Inc.) and the average
response taken over the final 100 seconds; the measurement precision is the standard error
of this average.

The spectrum is fitted for each absorption line and a polynomial fit to the baseline. The sample
pressure and temperature are measured in the absorption cell, and the position, strength and
line broadening parameters (due to the nitrogen background gas) used in calculating the
spectral fit are taken from the High-resolution TRansmission molecular AbsorptioN (HITRAN)
database (Rothman et al., 2005). The entire recorded absorption spectrum is matched to the
strong '>CH, absorption line, meaning all absorption lines are fitted simultaneously, reducing
interference.
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3.2.5 Reference Materials

Two, bracketing, high-AF PRMs prepared from CH4 in N, were used as calibration standards
for the spectrometer, by directly filling into the spectrometer cell (described as ‘low’ and ‘high’
standards). These PRMs were all originally filled under background air from Mace Head
Observatory, western Ireland. Two further high-AF PRM are used to validate the spectrometer
calibration; a calibration target ‘CT’ using CH4 from the same source, and a spectrometer
target ‘ST’ containing CH4 from a different source, filled under thermogenic air in Greater
London. Whole-air gas standards are also used, which have also been filled at Mace Head
Observatory in Ireland, under background conditions from the north Atlantic. The compressed
whole-air gas standards are treated in the same manner as air samples to test the perform-
ance of Boreas. The whole air standard is named ‘Boreas Target’, denoted here as ‘BT'. The
synthetic AF PRMs enabled the calibration and performance of the spectrometer to be known
separately, and BT is used to assess the performance of the full Boreas system. One BT tank
is expected to be ran for six months, at which point another tank of air from Mace Head is
sampled, and used to replace the former.

A full measurement run consists of measurements of the high and low standards by the
spectrometer, followed by the ‘sample’ measurement, which would either be the air sample or
BT. Both the sample and BT are preconcentrated before being measured for isotopologues
by the spectrometer.

The §'3C values for BT and the AF PRMs were assigned, from values externally measured at
Royal Holloway, University of London (RHUL), using a modified Gas Chromatography IRMS
system (Trace Gas and 362 Isoprime mass spectrometer, Isoprime Ltd.; as described by
Fisher et al. (2006)). Each cylinder was analysed 12 times in October 2020. These externally-
measured values were obtained for quality control on Boreas measurements and to provide
a link to other international laboratories (Umezawa et al., 2018). The RHUL measured §'3C
values for BT and ST are listed in Table 3.1, along with recorded precision.

RHUL did not measure 6D on the AF PRMs or BT due to instrumental issues. Therefore, the
‘known’ 6D values have to be assigned based on another metric. The value chosen for BT is
the mean value of monthly-averaged 6D from the Mace Head Observatory in western Ireland,
which is a part of both the UK Deriving Emissions linked to Climate Change (DECC) network
and the NOAA-INSTAAR network. Mace Head is a background measurement site (i.e. not
strongly influenced by pollution events). It is both the site within the NOAA-INSTAAR network
closest to the Heathfield atmospheric monitoring site, and where BT was filled. The values are
averaged over the period 2004-2009, the time period for which the site was measuring 6D.
The resulting values are -92.63%. for 6D for BT and -192.70%. for the AF PRMs (these were
sampled under thermogenic air). Each BT tank has been estimated to last for six months
under measuring after every air measurement. Each new BT tank is assigned a 6D value
based upon the Mace Head average, regardless of the time of year it was sampled. The new



3.2. In Situ System Setup 67

tank is measured to determine how it differs from the previous tank, and a 6 value therefore
assigned to the new tank. This may lead to inaccurate estimation of the 6D signature of BT
and the PRMs. Because of uncertainty in the assigned value, it is important to test the impact
of this assigned value on the AF PRMs upon BT measurements, and upon the precision of the
measurements as a whole. Figure 3.2 shows that the calibrated value on BT varies depending
upon the assigned value on the AF PRMs. However, the chosen value did not have an impact
upon the precision on Boreas data.
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Figure 3.2: Testing how assigning different 6D values to the AF PRMs (6D standard, %.)
affects the measured value for 6D on BT (8D calibrated, %o).

Table 3.1: Table of RHUL-measured values for BT and ST for §'3C (and assigned uncertain-
ties). Estimated values for 6D for BT are based upon average values from NOAA-INSTAAR
measurement sites, and for ST are typical values for thermogenic air. There are therefore no
values for 8D uncertainty.

’ Tank \ Mean 5"3C (%.) | '°C Uncertainty (%) | Mean 8D (%.) | 8D Uncertainty (%o)

BT -47.41 0.04 -92.63 -
ST -41.27 0.06 -192.7 -
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3.3 Calibration

Two possible approaches for calibrating Boreas isotope ratio values are examined; the ‘isoto-
pologue’ and ‘ratio’ method. Both of these approaches effectively calibrate isotope ratio data
(Griffith, 2018; Steur et al., 2021), and so both are examined to determine which is the best
approach for Boreas data processing.

3.3.1 Isotopologue Method

In order to calibrate isotopologue values as measured by Boreas, the first method examined is
the ‘isotopologue’ method of calibration (following Griffith, 2018, Rennick et al., 2021, Steur et
al., 2021). In this calibration approach, individual isotopologues (!2CHy4, '3CH4 and '2CHsD)
are calibrated by examining the relationship between measured and known isotopologue
amount fractions (as measured by RHUL) on the AF PRMs. The amount fractions for each
isotopologue on the AF PRMs are not measured by RHUL, just the § values and total amount
fraction, so the amount fractions of individual isotopologues need to be calculated. The isotope
ratio values are calculated by rearranging the § equation from Chapter 1:

Br=Lrx (1+8"0), (3.1)

2r =2 ryep x (14 8D), (3.2)

where 137 is 13C/'2C and 2r is D/H. 131, and 21, are the reference standards from isotope
ratio calculations (VPDB and VSMOW respectively). The amount fractions for each isotopo-

logue are:
1
Xo11 = , (3.3)
Rsum
13,
X311 = , (3.4)
Rsum
4x2%r
Xo10 = ) (3.5)
Rsum

where 211 refers to '>CHy, 311 is 13CH,4 and 212 is CH3D, and Ry, is the sum of products of
all isotope ratios, calculated by:

Ram = (1+2 1) (147 r)*. (3.6)
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The relative amount fractions of each isotopologue are then multiplied by the total CH4 amount
fraction for the AF PRMs as measured by RHUL (Ycg,), to give each isotopologue’s amount
fraction:

Yeu
You =Xou X Yeu, = ——+, (8.7)
Rsum
13,
Y311 = X311 x Yen, = Ycn, X R (3.8)
sum
4x2r
Y212 = Xo12 X Yen, = Yen, X R (3.9)
sum

The Boreas measured and externally-measured amount fractions for each isotopologue are
then linearly related:
I=aY +b, (3.10)

where [ is the instrument response (Boreas measured amount fraction) and Y is the externally-
measured amount fraction for each isotopologue on the AF PRMs.

The gradient (a) and y-intercept (b) for a run using the known isotopologue amount fractions
of the high and low AF PRMs are calculated using a regression line. The next step is to apply
a and b to calculate the calibrated values of the isotopologues for the air or BT sample, using
Equation 3.10; where [ is the measured values and Y is the calibrated value of isotopologue
amount fraction. As the standards are measured every run, a and b will vary between each
measurement run.

Precision (for which 4-point rolling standard deviation of BT is recorded) and the mean RHUL
offset following calibration are recorded in Table 3.2.

It is important to verify that the spectrometer used here produces a response directly pro-
portional to known value of isotopologue amount fraction. Ideally, this assumption of linearity
is valid, and this procedure will report an amount fraction directly proportional to the amount
fraction. At high CH4 amount fractions, however, the line shapes produced within the spec-
trometer can be distorted, resulting in a deviation from a proportional response that can be
quantified using an intercept and gradient.

This linearity is tested using a set of four samples produced separately from the AF PRMs.
The same parent CH, is used to prepare the four samples (which is diluted in nitrogen).
Neglecting fractionation during dilution, the isotopologue-specific instrument response will be
proportional to the sample CH4 amount fraction.
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Figure 3.3 plots the residuals from the linear regression of instrument response to amount
fraction for the four samples for each isotopologue, and gives the Pearson correlation coeffi-
cient for each. Residuals are shown because of the different amount fractions tested. All show
high correlation (> 0.9), meaning that the instrument response is linear to the amount fraction
of the AF PRM being recorded. This justifies using a regression fit for instrument calibration
through the isotopologue method.
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Figure 3.3: Residuals (ppb) from the linear regression of a sample of amount fraction data
reported by the Aerodyne spectrometer software (TDLWintel) part of Boreas, with the ‘known’
values of the CH4 amount fractions on the sample from RHUL. The label for each plot gives
the species and the Pearson correlation coefficient, to test whether the assumption of linearity
between measured and known values is valid for calibration calculations. Gravimetric amount
fraction is used in this case, instead of the amount fraction (ppb; nmol/mol) used in the rest
of the thesis, because RHUL measure gravimetric amount fraction on the tanks, which is then
converted to amount fraction for Boreas data processing.

3.3.2 Ratio Method

An alternative approach to the ‘isotopologue’ approach of calibration is to calibrate based
upon isotope ratio values (Griffith, 2018; Steur et al., 2021). In this approach, the reference
standard (VPDB for §'3C and VSMOW for 8D) is calculated from each measurement run
using externally- and Boreas-measured isotope ratio values, on one of the AF PRMs:

Tstd

—_— 3.11
613Ckﬂown +1 ( )

'vPBD,std =
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where ry, is the ratio of the measured values of '>CH, and '3CHj for the AF PRMs. The
known subscript refers externally-measured 6 value. The isotope ratio of the sample is then:

r
613Csample: sample +1. (3.12)
'vPDB,std

In following this approach for optical instruments, there arises an ‘amount fraction depend-
ency’, wherein inaccuracies occur due to the instrument response for isotope ratio values
varying between recorded isotopologue amount fractions, as a result of calculating isotope
ratio values before calibration (Braden-Behrens et al., 2017; Flores et al., 2017; Griffith, 2018;
Griffith et al., 2012; Pang et al., 2016; Rella et al., 2015; Steur et al., 2021; Wen et al., 2013).
This dependency can be accounted for by considering the relationship between AF PRMs
with different amount fractions (one ‘high’ and one ‘low’), following:

613C1i
m= st (3.13)
Thigh — liow

where I is instrument response for high or low amount fraction PRM, and §'3C is the calib-
rated measured §'3C value on the high amount fraction PRM. This is then applied to §'3C of
BT or air:

613Csample,corrected = 813Csample - m(lsample - Ihigh)7 (31 4)

where [ is the instrument response (measured value) for the given isotopologue.

The results of applying each calibration technique are detailed in Table 3.2. The difference
in precision for each technique is within the uncertainty of the instrument data. The ‘isotopo-
logue’ method results in better precision and lower offset compared with externally-measured
values. Furthermore, it avoids having to characterise and account for the amount fraction
dependence. This is therefore the calibration method which is pursued.
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Table 3.2: Table of calibrated precision on §'3C and 8D for the Boreas Target (BT) tank, over
the time series June 18-30" 2021. Both the ratio and isotopologue methods are explored.
‘Mean RSD' is the average four-point rolling standard deviation to represent precision. ‘Offset’
is the difference between the average value and the externally-measured value for the tank
(Table 3.1).

’ Method \ 5 \ Mean value (%.) | Mean RSD (%.) | Offset (%o)
Isotopologue | §73C -47.0956 0.0755 0.3144
Ratio s13¢C -47.0245 0.1024 0.3855
Isotopologue | 6D -92.3256 1.0134 0.3044
Ratio 5D -92.2591 1.3870 0.3709
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Figure 3.4: Time series of sample data as recorded by Boreas over the period June 18-30™"
2021. a) §'3C data and b) 8D data, having been calibrated and drift corrected (%.). Red dots
are ST data and black dots are air data.
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3.4 Drift Correction

To further reduce the signal-to-noise ratio within Boreas, it is possible to account for drift within
the instrument. Drift is a form of low-frequency noise, changing slowly in the instrument, which
results in poor signal-to-noise ratio for the measurement of a reference value. The Boreas
hardware is composed of many components, the accumulated drift of which over time results
in a drifting of the measured isotopologues. Once measurements commence, measured val-
ues of isotopologues on the AF PRMs vary between measurements. The accumulated drift
inevitably leads to uncertainty in our calibration procedure; therefore, drift must accounted for
to ensure our system remains accurate and precise.

The timestamp originally assigned to each isotopologue measurement from Boreas is the
beginning of each run cycle, rather than the exact time of the air sample measurement
(Section 3.2). As such, a linear interpolation on a and b is performed each measurement
cycle, between the timestamp and the exact time at which the air measurement is taken:

ay,dc =int(ay,a,), (3.15)

bl,dC:int(bhbz), (3.16)

where a; and a; are the gradient to be drift corrected and the gradient of the following run
respectively, and dc implies drift corrected. The same approach is applied for b, with »; and
b, being the y-intercept to be drift corrected and of the following run, respectively. Calibrated
isotopologue values are subsequently calculated. Table 3.3 and Figure 3.4 shows data from
18-30™ June 2021, when Boreas was located at Heathfield atmospheric monitoring site, with
drift correction performed. This time period was chosen for tests as it represents a period after
deployment when the instrument was recording consistent precision.

Table 3.3 indicates that performing a drift correction on a and b decreases the four point rolling
standard deviation of the data, compared with Table 3.2, by approximately 0.01%. for §'3C
and 0.1%. for 6D. Therefore, for routine data processing, a drift correction on the calibration
values is performed (gradient and y-intercept), calculated for each measurement run, using
the isotopologue method of calibration.
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Table 3.3: Drift corrected 4-pt rolling standard deviations for §'>C and 8D on the Boreas
Target (BT) and Spectrometer Target (ST) tanks, covering the period June 18-30'" 2021. The
drift correction follows the isotopologue method. Number of measurements were 139 and 278
for BT and ST respectively.

’ Tank ‘ Mean 3'3C (%.) | 8'°C Mean RSD (%.) | Mean 8D (%.) | D Mean RSD (%)

BT -47.1010 0.06780 -92.3843 0.9135
ST -41.4785 0.04500 -190.4288 0.2313

3.5 Internal Offset Adjustment

The term ‘internal offset adjustment’ is used to refer to the procedure for accounting for
differences between measurements made by Boreas and those of a lab which is tied to an
international isotope ratio measurement scale. This enables comparisons of measurements
between laboratories worldwide, and means the measurements can be used together in
modelling studies. Boreas measurements are tied to RHUL measurements, through RHUL
performing the external measurement of NPL reference gases. RHUL measurements in turn
have been assessed relative to other international laboratories (Umezawa et al., 2018). This
facilitates the use of Boreas data in global and regional-scale CH4 modelling studies.

There are two possible approaches to perform this adjustment. In these approaches, the
extent of correction applied to a given air or BT datum is based upon the average correction
of the four BT data points which bracket the given datum in time.

The first approach is to adjust the drift-corrected delta values by an offset value (Griffith, 2018,
Steur et al., 2021) in a convenient subtraction of delta values (Egs. (3.17), (3.18)). Here, 0,
is the drift corrected & value, and Sgpyr, is the RHUL-measured value:

offset(Z) - mean(6d0(07 17 374) - 5RHUL)a (31 7)

6final = 5dc — offset. (3.1 8)

The second approach uses a scale factor to the drift-corrected isotope ratio values (Griffith,
2018, Steur et al., 2021; Egs. (3.19), (3.20)), before calculating delta (Eq. (3.21)).

R4(0,1,3,4)

(3.19)
RruuL

SF(2) = mean(

Rfinal = Ry X SF, (3.20)
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R final
8finat = (7~ 1), (3.21)
VPDB

where R is the isotope ratio (dc is drift corrected; final is the Boreas measured value; VPDB
is Vienna Pee Dee Belemnite, the hypothetical material representing a 8'3C value of zero
(Coplen et al., 2006)) and SF is the scale factor applied. Numbers refer to the number of
the data point within a time series (i.e., the scale factor of the second data point in a series
depends on the ratio values for the first, third, fourth and fifth).

Figure 3.5 indicates the absolute difference between the two approaches at each timestamp
for the air data collected between 18-30"" June 2021. The difference between the two ap-
proaches does not exceed the uncertainty on 8'3C or 8D (0.07%o 0.91%., Table 3.3). Margin-
ally improved offsets from RHUL-measured BT are attained using the scale factor method (an
improvement in offset of 0.00023%. for §'3C and 0.00020%. for §D; Table 3.4); however these
changes are significantly smaller than typical precision on BT (0.07%. for §'3C, 0.91%. for §D
Table 3.3). The difference between the two approaches is therefore too small to be recognised
by Boreas for this sample data. The scale factor approach is continued due to the lower offset
from RHUL.

Table 3.4: Mean rolling standard deviation and mean final offset from RHUL-measured values
on BT, for both §!13C and 8D data, for the period June 18-30"" 2021. Two offset adjustment
techniques are examined: the ‘subtraction’ and ‘scale factor’ approach.

Measure | Technique ‘ Mean 6 (%.) | Mean RSD (BT, %.) | Mean Offset (BT, %)

s13c Subtraction -47.2383 0.0678 0.1717
83C | Scale Factor | -47.2385 0.0678 0.1715
8D Subtraction | -92.4982 0.9135 0.1318
6D Scale factor -92.4984 0.9135 0.1316
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Figure 3.5: Time series of sample data as recorded by Boreas over the period June 18-
30 2021 (%.). Values indicate the absolute difference between performing different offset
adjustment approaches; the subtraction and scale factor methods. Both analysis approaches
were performed for a) §!3C and b) 8D BT values, and differences plotted.

3.5.1 Extent of Offset Correction

The preceding tests were performed using a time series of § data from 18-30™ June, as
measured by Boreas. However, in reality, measured air data may vary by more than what
was measured in this particular time series (for example, under extreme pollution events).
Therefore, it is important to check whether the difference between performing the subtraction
and scale factor approaches would be greater (and exceed Boreas uncertainties) under dif-
ferent air values and BT offsets. Therefore, a test is performed to examine how the difference
between approaches varies with different measured air values and under different BT offsets.

The range (difference between the air data point and BT) of examined 6 values was between
0 to 20%. for §'3C and 0 to 50%. for SD. The greater range for D was chosen because 8D
has a broader range of published values than §'3C (Figures 1.2, 3.12). Different offsets were
applied: of 0.2, 0.5 and 1.0%. for §'*C and 1.0, 2.0, 3.0%. for §D. Both correction approaches
(subtraction and scale factor) were applied to each data point, and the resulting 6 values
compared.
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Figure 3.6 indicates the difference between the two approaches, for various 6 ranges and
offsets. Under the offset Boreas is performing at (0.1%. for §'C and 1.0%. for 8D, Table 3.4),
measured §'3C air values more than 15%. away from BT (-62.2 to -32.2%.), would result in a
significant difference between offset approaches. For 6D, the difference between approaches
does not become significant under typical Boreas offset, up to a range of 50%e.

Were the offset on BT measured values to become greater, then the difference between
approaches becomes significant at smaller range of air values. For §'3C, the range to make
adjustment approach significant decreases to 6%. for an offset of 0.5%. and 3%. for an offset
of 1.0%.. For 6D, the significant range is 42%. for an offset of 2.0%. and 28%. for an offset of
3.0%o.

Under extreme pollution events, measured air values may be more than 15%. (6!3C) distinct
from BT (-62.2 to -32.2%.). Therefore, it is important to perform the offset adjustment approach
which results in lowest offset from externally measured & values (the scale factor approach).
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Figure 3.6: Examining the absolute difference in final 6 value between the two offset
techniques (subtraction and scale factor approaches), across a range of a) §!3C and b) D
values (%.). ‘Range’ indicates the difference between the data point and the known value
on BT. Line colour indicates the offset examined. The black spotted line is Boreas precision
(0.07%. for §'3C and 0.91%. for 5D)

3.6 Amount Fraction Calculation

3.6.1 Comparison with Picarro amount fraction data

At the Heathfield atmospheric monitoring site there is situated a Picarro G2401 instrument
which has been recording CH4 amount fractions at one-minute intervals since 2018 (Pi-
carro Inc., 2021). This instrument measures amount fractions of total CHy using cavity ring-
down spectroscopy, giving precise and simultaneous amount fraction measurements of car-
bon monoxide (CO), CO, and CH4 at parts-per-billion (ppb) sensitivity, and water (H,O) vapor
at parts-per-million (ppm) sensitivity. The instrument is able to provide measurements with
negligible drift and meets WMO and ICOS performance requirements for atmospheric CO,
CO,, and CHy4 measurements (Picarro Inc., 2021). Precision at 5 seconds, 5 minutes, and 60
minutes is 1, 0.5, and 0.3 ppb for CH4 respectively (Picarro Inc., 2021). The instrument reports
both wet and dry mole fractions; an internal theoretical calculations is therefore applied in
order to report the dry mole fraction of each gas analysed. The Picarro measures CH, at the
Heathfield atmospheric monitoring site, at both a 100 m and 50 m inlet height.
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These Picarro data are therefore used as a quality control test on the performance of Boreas
in situ. Furthermore, the Heathfield data will be released for use in atmospheric modelling
work; in these data sets, the Picarro amount fraction data will be published alongside 6 values
from Boreas, so it is important to ensure the data correspond well (also to identify issues with
Boreas). The Picarro samples alternately from a 100 m and 50 m inlet on the Heathfield tower,
whereas Boreas samples solely from 100 m height, and so only Picarro data from this height
are utilised in comparison.

These data are used as an additional assessment of the performance of Boreas in situ,
because they are exactly co-located and measure similar objectives.

3.6.2 Calculation Approach

The individual CH,4 isotopologue data as measured by Boreas needed to be combined and
calibrated into CH4 amount fractions in order to facilitate comparison with the Picarro data. The
recorded measurements of each major isotopologue ('>CHy, '*CH,4, CH3D) from Boreas are
summed to obtain CH4 amount fractions. Two potential approaches for calculating a calibrated
amount fraction value are examined herein.

The first is referred to as the ‘response’ technique. In this approach, the CH4 amount fraction
is determined by referencing to BT. Despite the fact that BT is sampled through Boreas
under identical conditions as the air sample, differences in regulator pressures and/or sample
humidity can cause variations in the trap flow rate and volume of the sample. Therefore,
calculation and normalisation is performed on the instrument response (IR) for BT and air
(the ratio between the measured '>CH, amount fraction and the Boreas trap volume (Virap);
Eq. (3.22)). The BT value is interpolated onto the air measurement time. The ratio between the
air and interpolated BT instrument response (Equation 3.23) is then multiplied by the ‘known’
amount fraction value of the BT (measured by an external laboratory) to give the CH4 amount
fraction in an air sample (Eq. (3.24)):

12
CH
IR = et (3.22)
Vtrap
IR,
IRratio = —— (3.23)
IRpr (interp)

CHy/(air,calc) = IRratio x CHy(known,BT ). (3.24)
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The second technique employs a Pre-Concentration Factor (PCF'), which is calculated as the
relative volume of the Boreas trap (v;p) to the Aerodyne cell volume (v.,), indicating the
extent of the preconcentration of CH, through Boreas (Egs. (3.25), (3.26)). The measured
preconcentrated CH4 amount fraction in air by Boreas is then scaled by the PCF to give the
ambient CH4 amount fraction (Eqg. (3.27)).

The Aerodyne cell volume is not recorded for each run, so must be calculated using the CH4
amount fractions on BT to calculate the PCF (using Eq. 3.25), and therefore the Aerodyne
cell volume (rearranged Eq. (3.26), as v, is recorded each run). The Aerodyne cell volume
of the BT measurement nearest in time to each air measurement is the one that is used in

each case.
PCF(BT) = m (3.25)
PCF (air) = vv’i(;T) (3.26)
CHy(air) = Cm. (3.27)

Therefore, total CH4 amount fraction data for a time series of June 2021 data can be com-
pared with Picarro data. The CH4 amount fraction from the Picarro is recorded every minute,
whereas Boreas samples ambient air for an 8-minute period every hour. To facilitate com-
parison, the Picarro data was averaged for the equivalent 8-minute period that Boreas was
sampling (Figure 3.7).

Table 3.5: Pearson correlation coefficients for the response and PCF techniques for calcu-
lating total CH4 amount fraction data from Boreas. The correlation of each method with the
Picarro G2401 CH4 data are indicated. The data covers the period of June 18-301" 2021
(Figure 3.7).

’ Response ‘ PCF ‘ Picarro ‘

Response - 0.99852 | 0.94950
PCF 0.99852 - 0.95970
Picarro 0.94950 | 0.95970 -

The ‘response’ and ‘PCF’ techniques show good agreement; there is a correlation of 0.9985.
The PCF method has a greater correlation with Picarro data (Table 3.5, Figure 3.7b), and so
this is the technique which is pursued for amount fraction calculation from Boreas.
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The data used in Figure 3.7 are where the timestamps match exactly. The Picarro and Boreas
systems are well correlated, with an Pearson correlation coefficient of 0.9597, under the PCF
technique.



3.6. Amount Fraction Calculation

82

a)
‘ ® Boreas
2150 :. ® Picarro
[ ]
[ ]
2100 .
= [ ] °
o (]
- Ead -
5 2050 s 8 : : .
. : {
& [ ] [
s . L ° L] .
2000 »
@ e < » . j—"’
Yy . ; R, % g Ve Y.
L
e * b o og® °
) e ™ W s
1950 * [ ’ .
2021-06-19  2021-06-21  2021-06-23  2021-06-25  2021-06-27  2021-06-29  2021-07-01
CC=0.9597

Picarro CHy4 (ppb)

2150

2100

2050

2000

1950
1950

2150

2000 2050 2100
Boreas CH4 (ppb)

Figure 3.7: a) Time series (June 2021) of CH, amount fraction data (ppb), as calculated using
the PCF method for the Boreas data and measured directly by the Picarro G2401 instrument
at the Heathfield atmospheric monitoring site. The red dots are the Boreas amount fraction
data and the black are the Picarro amount fraction data.
b) Correlation between CH4 amount fractions as measured by Boreas and the Picarro. Data
are directly measured for the Picarro G2401 instrument and has to be calculated using the
PCF technique for the Boreas data. Both are located at the Heathfield atmospheric monitoring
site. Blue line is the line of best fit for the data, with gradient 1.004. Black line is the 1:1
equivalent line. Correlation coefficient (CC) is indicated.
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3.7 Frequency of measurement

As mentioned, the preconcentrator is calibrated using a compressed whole air standard (BT)
from the Mace Head atmospheric monitoring station in Ireland. This whole air standard is
calibrated for §'3C externally by RHUL using IRMS. While Boreas was undergoing optim-
isation at NPL, BT was measured after every ambient air sample run. This allowed for the
performance of the preconcentrator (based on precision of the two BT runs either side of the
air measurement) to be monitored and also allowed the offset to RHUL IRMS measurements
to be regularly recorded.

To maximise the number of long term air measurements while ensuring that the internal
offset adjustment is calculated with the required frequency, BT should be run as infrequently
as possible without loss of instrument precision. Therefore, once Boreas was in place and
running at the Heathfield atmospheric monitoring site, it is necessary to examine whether
the frequency of BT measurements can be reduced. To do this, a time series of data are
obtained from 17" December 2020 - 3™ January 2021, 15 - 17" January 2021 and 1%t -
15" February 2021 (Figure 3.9). This time series was chosen as BT is measured after every
air measurement, before deployment to Heathfield. To assess measurement frequency of BT,
every other measurement of BT was removed from the data set. What difference this makes
to recorded RHUL offset across the month’s time series is examined:

of fsety; : mean(of fset(1),0f fset(2),0f fset(3),0f fset(4)...), (3.28)

of fset, : mean(of fset(1),0f fset(3),0f fset(5),0f fset(7)...). (3.29)

This is expanded by removing every second and third in a set of three, and continuing up
to every seventh measurement (i.e. removing six continuous measurements in every seven).
Mean offsets from these tests are indicated in Figure 3.8a and c; there are multiple data points
for each test due to different possible combinations in the tests (for example, removing every
first or second data point in a set of two).

Figure 3.8b) and d) shows the same tests; however, these indicate the absolute difference
between the given test and measuring Boreas Target with the original regularity (‘1° in sub-
plot a); i.e. measuring after every air measurement run). This is calculated by the absolute
difference in RSD at concurrent timestamps.
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The uncertainty on BT for Boreas for §'3C is 0.07%o; therefore it would appear that measuring
BT every sixth air measurement is appropriate, as beyond this where the difference in offset
from measuring BT after each air measurement exceeds 0.07%. (Figure 3.8). For 6D, the
frequency could be even lower, as the difference from BT being measured after every air
measurement does not reach the Boreas 6D precision up to the range examined (every
seventh measurement). The tests stopped at seven because of the precision limit for §'3C
being reached.
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Figure 3.8: Frequency of Boreas Target measurements test, to examine whether the Boreas
Target could be measured less frequently without compromising on data uncertainty. Data are
a time series of 18-30" June 2021. ‘Frequency’ represents what data are included in the test
— for example ‘2’ is every other measurement included, ‘3’ is every third. There are multiple
data points for each frequency, because there are multiple options for which data points are
removed (i.e. for the test wherein every other data point is removed, the first or second in each
set of two data points could be removed). Subplots a) and c) indicate mean offset from RHUL-
measured BT values across the time series for each test (for §'3C and 8D, respectively). b)
and d) indicate the absolute difference between the mean  value of each frequency, and the
mean & value measuring BT at the maximum frequency (i.e. ‘1’ in subplot a, for §'3C and 8D
respectively.
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Figure 3.9: Time series of a) §'3C and b) D measurements (%) made at NPL from a roof
sampling inlet, over December 2020 - February 2021, along with amount fraction data. The
isotope ratio data has been offset adjusted, in order to be in line with data as measured
by RHUL and therefore data measured by international laboratories. Red dots are amount
fraction calculated from Boreas using the PCF method; black dots are air § values; grey dots

are BT 6 values.
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3.8 Data Analysis

Here, some example data analysis on typical data produced by Boreas is demonstrated. NPL-
based data are presented as there are a greater mix of sources (especially pollution sources)
in this location, which provides a better opportunity to demonstrate the ability of Boreas to
differentiate between emissions sources.

Polar Plots

The time series of London air from the NPL roof inlet, representing 17" December 2020 - 31"
January 2021, 15 - 17" January 2021 and 1t - 15! February 2021 (Figure 3.9) is examined
to assess Boreas performance.

The calibrated and drift-correct isotopic data from this time series are used to construct polar
plots that are representative of SW London air. These data are useful in determining CHy4
sources and sinks in this location. The meteorological data are obtained from the Met Office
Bushy Park weather station, which is located 300 m ESE from the roof inlet at NPL.

Polar plots of the measurements are a tool to represent the data, produced using the OpenAir
software in R (Carslaw & Ropkins, 2012). They are structured with the location of the NPL
roof inlet as the origin, wind speed as the radius, wind direction as angle, and a colour map
representing the § signature measured. §'3C and 8D data are shown here (Figure 3.10).

The 8§'3C polar plot (Figure 3.10) indicates a prevalence of light CH4 (-47.85%.) to the SE. The
air here is a combination of multiple sources, however potential sources can be determined
by thinking about locations that are relatively lighter or heavier than others. The wind speed,
direction and relative 6 signature combined lead to the possible source of each data point.
For the light signature (-47.85%.) to the SE, considering wind speed (up to seven knots) and
direction, this light CH, is indicative of the location of a water treatment facility in Bedding-
ton (51.38° N, 0.13° W). The similar light signature observed to the SW originates from
another water treatment facility in Walton-upon-Thames (51.40° N, 0.40° W). The heavier
CHyg signature in the north and southwest (-47.5%., wind speed 5 knots) are suggestive of
a pyrogenic origin, which considering NPLs location would point towards gas and household
combustion emissions from what is a heavily populated area. There may also be influence,
considering location and wind speed, from the nearby Heathrow airport (for example from
aeroplane refuelling). This demonstrates that data as measured by Boreas is capable of
separating different emissions sources on a local pollution scale. These values are isotopically
approximately 0.5%. lighter than mean values for London recorded by Saboya et al. (2022) in
Kensington, and more than 2%. lighter than mean signatures for the Greater London area as
measured by Zazzeri et al. (2017). This is indicative of the less urbanised nature of Teddington
compared with Central London.



3.8. Data Analysis 88

The 8D polar plot (Figure 3.10b) shows similar trends to the §'3C polar plot. Heavy signatures
(-95%. at a wind speed of 8 knots) to the SW and N dominate the plot, which suggests the
origin is household emissions (e.g. small fires and gas pipes). There is a significant light
signature to the NW, which was also present in the §!3C plot, however stands out more
significantly here. Considering the low wind speed (less than 4 knots), this may originate from
wetlands in Staines (51.45° N, 0.49°W).
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Figure 3.10: a) §'3C and b) D data as recorded by Boreas, while located at NPL. Radius
from the origin indicates wind speed and the angle represents direction, with compass points
indicated. The origin is the location of the roof inlet at NPL. Data are a combination of
17" December 2020 - 3" January 2021, 15" - 17" January 2021 and 15! - 15" February
2021. ‘NWR' refers to ‘Non-parametric Wind Regression’, which calculates and smoothes the
relationship between 6 value and wind direction (Henry et al., 2002).
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Keeling and Miller-Tans Analyses

In order further examine the provenance of the measured CH,4 from the time series of Decem-
ber 2020 - February 2021, Keeling and Miller-Tans analyses are performed on observed
pollution events in the air record from NPL. A pollution event is determined by a series of at
least 5 data points which deviate from the background in a spike shape (thereby discounting
solitary points so as to reduce anomalies being included).

A Keeling plot (Keeling, 1961) is a common way to constrain a single-source system from
a background, in this case to separate a CH4 pollution event and the background air. This
approach originates from the principle of conservation of mass, following:

5obs X Cops = 55 x Cs + 68 X CBy (330)

Cops = Cs+Cp, (3.31)

where C indicates amount fraction. The suffixes obs, S and B represent observation, source,
and background, respectively. The Keeling plot approach is derived from Equations 3.30 and
3.31 in the form

=mx+c: (3.32)
y

Oobs = Cp(0p — Os) X (5—) + Os. (3.33)

C()bs

In this approach, the 8'3C signature is plotted on the y axis and 1/amount fraction is on the
x axis. A straight line drawn between plotted data points, and the y-intercept is the signature
of the source of the event being examined (Keeling, 1958, 1961). The Keeling approach is
appropriate in setting with a stable background, which may not be appropriate for this data,
in which the air could be mixed from multiple sources, considering the proximity of NPL to a
major city and therefore various emissions sources. An example is shown in Figure 3.11.

The Miller-Tans approach (Miller & Tans, 2003) is an alternative approach to Keeling plot
approach, for analysing the source of pollution events. In this case, the background signature
is directly specified in each calculation. This is useful in an area with a fluctuating background
signature, such as one with fluctuating wind direction bringing in amount fractions from dif-
ferent sources. It is therefore a more flexible approach than the Keeling plot method, which
assumes a constant background value for every data point in the calculation. In this case, the
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background value for a pollution event was based upon the mean isotope ratio value of the six
points which bracket the pollution event in time (i.e. three points either side), provided these
points are not themselves defined as a separate pollution event. Both approaches are included
here because Keeling is the more established approach, and Miller-Tans is an improvement
upon this technique. Performing both tests is to double check the resulting signatures.

This approach is mathematically equivalent to Keeling analysis (Equation 3.33; Miller & Tans,
2003), however in this case the y axis is the difference between observed and background
product of & and amount fraction and the x axis the difference between the observed and
background amount fraction. The gradient is therefore the 6 value. This is calculated from the
Keeling approach, as:

Oobs X Cops = 8 X Cp — Cp + 05 X (Cops — Cp), (3.34)
Bobs X Cnbs = 85 X Cnbs - CB(6B - 35)7 (335)
(Sobs X Cobs) - (68 X CB) = 5S X (Cobs - CB)7 (336)
in the form
y = mx. (3.37)

C is amount fraction and & is recorded o value. Suffixes obs, S and B represent observation,
source, and background, respectively.

Considering the specific pollution event indicated by Figure 3.11, we find that this event
has a 8'3C source signature of -49.5 + 0.7%. from Keeling analysis and -47.9 + 3.9%.
from Miller-Tans analysis. The event has a 6D signature of -226.1 + 34%. from Keeling
analysis and -229.7 £+ 30%. from Miller-Tans analysis. There is good agreement with the
two approaches when considering Miller-Tans uncertainties. Considering the typical source
signatures as measured for different sectors (Figure 3.12), the origin of this pollution event is
thermogenic in origin. Considering wind speeds for this time series (Figure 3.10), this pollution
event arose from housing areas surrounding NPL.
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In total over the examined time series, ten separate pollution peaks were identified (Figure 3.9,
Table 3.6). The results of Keeling and Miller-Tans analyses on the ten identified pollution peaks
are indicated in Figure 3.12 and Appendix A2. The accepted ‘delta’ value is the mean of the
result from Keeling and Miller-Tans analyses (Table 3.7). The average difference between
each approaches is 1.07%. for §'>C and 12.03%. for 8D. Average uncertainty was 1.99%. for
Keeling §'3C, 2.27 for Miller-Tans §'3C, 28.7%. for Keeling 6D and 27.1 for Miller-Tans 3D.

This analysis overall indicates a prevalence of thermogenic CH,4 pollution at this location (50%
of the pollution events fall within the thermogenic section of Figure 3.12), which, considering
the setting in suburban SW London, suggests household emissions origin, such as gas fires
and localised combustion. This supports the polar plots from this location (Figure 3.10), which
showed that heavier §!3C signatures, indicative of pyrogenic origin, CH, originates from NW.
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Figure 3.11: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analyses of a
single pollution event (15! February 2021), for (a,c) 6'3C and (b,d) 6D. ‘8’ is the delta value
as recorded by Boreas, and ‘C’ is the amount fraction. The better the fit (blue line) to the data
points (red points), the pollution event is suggested to be of a single origin. The suggested
source signature (y-intercept for Keeling and gradient for Miller-Tans) is listed, along with the
error on fit (root mean square error, RMSE).



Table 3.6: Keeling (‘K’) and Miller-Tans (‘M-T’) analyses of ten pollution events as identified from the time series 15" December 2020 to

15" February 2021 (Figure 3.9. Uncertainty (RMSD) on the fit of each approach is indicated (‘Unc’).

Date ‘ 5°C K (%) | Uncertainty (%) | 6'°C M-T (%o) | Unc (%.) | 6D K (%.) | Unc (%) | D M-T (%o) | Unc (%o)
22/12/2020 -46.6 0.8 -46.7 0.7 -203.9 30 -201.6 39
27/12/2020 -50.3 0.9 -50.3 0.9 -189.5 15 -181.9 14
28/12/2020 -48.0 1.5 -48.0 1.4 -152 34 -148 14
30/12/2020 -39.9 1.5 -40.1 1.4 -160.5 14 -130.4 19
01/01/2021 -62.2 2.3 -64.2 2.5 -321.4 32 -347.6 23
15/01/2021 -52.2 4.3 -52.0 4.0 -117.3 35 -151.2 40
16/01/2021 -49.6 2.9 -47.9 3.9 -117.7 40 -121.3 46
01/02/2021 -49.5 0.7 -47.9 3.9 -246.1 34 -249.7 30
06/02/2021 -52.5 1.1 -48.9 0.7 -231.6 28 -228.3 29
10/02/2021 -52.8 29 -51.3 3.3 -200.6 25 -206.4 17
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Table 3.7: Mean values of Keeling and Miller-Tans analyses for ten pollution events as
identified from the time series 15" December 2020 to 15" February 2021 (Figure 3.9. ‘Diff’
indicates the absolute difference between the source signature calculated by Keeling and
Miller-Tans analyses on each pollution event.

Date 513C Mean (%.) | Diff (%.) | D Mean (%.) | Diff (%o)
22/12/2020 -46.65 0.1 -202.75 2.3
27/12/2020 -50.30 0.0 -185.70 7.6
28/12/2020 -48.00 0.0 -150.00 4.0
30/12/2020 -40.00 0.2 -145.45 30.1
01/01/2021 -63.20 2.0 -334.50 26.2
15/01/2021 -52.10 0.2 -134.25 33.9
16/01/2021 -48.75 1.7 -119.50 3.6
01/02/2021 -48.70 1.6 -247.90 3.6
06/02/2021 -50.70 3.6 -229.95 3.3
10/02/2021 -52.05 1.5 -203.50 5.8
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Figure 3.12: Result of Keeling and Miller-Tans analyses for §'3C and 8D, for ten pollution
events across the time series of Figure 3.9 (15" December to 15" February). The red stars
are different pollution events and the black star represents background atmosphere. Fields
are based upon Sherwood et al. (2017) and Douglas et al. (2017). ‘R’ refers to biogenic CO,
reduction, ‘F’ refers to biogenic fermentation, ‘E’ refers to biogenic evaporate setting.

3.9 Conclusions

This chapter concerns the approach used in the processing of data from NPLs ‘Boreas’
CH,4 preconcentrator. Each step in the data processing approach is examined, including
calibrations on the measured isotopologues, a drift correction to account for drift within the
instrument, and an offset adjustment to ensure the measurements are valid for adjusting onto
an international scale. A calibration on isotopologue values and offset adjustment using a
scale factor approach are recommended. It was found that regular measurements of whole-
air standards are important for calibration, and should be done at least after every sixth air
measurement in order to increase the frequency of air measurements while maintaining good
precision. Amount fraction data based on the recorded isotopologue values are calculated,
using a ‘Preconcentration Factor’ method, which takes into account the extent of preconcen-
tration occurring during the measurement. The resulting amount fraction data compares well
with independently measured co-located in situ amount fraction data (using a Picarro G2401

instrument).
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The data as recorded by the Boreas instrument is measured with the intention of being of
value to the atmospheric science community. The published data, recorded at approximately
an hourly scale, will include amount fraction data (as calculated using the PCF technique).
8'3C and 8D of sampled air and BT runs are also included, which have been fully calibrated
and drift corrected (using the scale factor approach). The precision on & values (the four-point
rolling standard deviation of the bracketing compressed whole standard) as well as offset to
RHUL values will be recorded.

Also presented are an example of some data recorded at the NPL site, December 2020 -
February 2021. The data covers multiple weeks of continuous §'3C and 8D measurements,
and the data presented is shown to be able to delineate between and identify nearby sources
of CH4. Specifically, during this time period Boreas was able to differentiate between pyrogenic
and biogenic pollution events which can be traced directly to sources in the local area. These
analyses demonstrate that Boreas is able to distinguish between different sources of CH4
emissions, which is useful for categorising and understanding drivers of emissions increases.

Overall, this chapter has contributed to the overall aim of the thesis (understanding ground-
based in situ monitoring capability) by developing data analysis protocol for a new optical
measurement instrument, capable of producing a new, continuous, high precision data set. By
performing sample analysis on some data, the work demonstrates the instruments capability
to differentiate between emissions source types and therefore contribute to understanding
how the CH,4 budget is varying over time.

3.9.1 Future Work

Future work regarding the Boreas instrument will concern the ongoing data processing of
measured data at the Heathfield atmospheric monitoring site. It will be necessary to maintain
the data set and ensure it is of sufficient quality to be useful in inversions and other modelling
studies, to understand how sources and sinks of CH,4 are changing over time. The aim of
future work will include performing analysis on the Heathfield-based measured § signatures,
to analyse any pollution sources that may arise. The sources in this location would be biogenic
in origin, due to significant agricultural presence in the area.

In the future, improvements in optical instruments will enable measurements of rarer isotopo-
logues of CH4. This has already been performed by Ono et al. (2014), made measurements
of pure methane '3CH;3D using a laser instrument, with a precision of 0.7%.. Preconcentration
has also been used to measured clumped (multiply-substituted) isotopes. Prokhorov and
Mohn (2022) present a preconcentration system which (when coupled to a laser spectrometer)
is able to measure §'3C, 8D and A3CH;3D, by preconcentrating large (18 L) volumes of air.
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Boreas is planned to remain in place at Heathfield for the foreseeable future. There are
however plans to construct more Boreas instruments in the future. These are expected to
be deployed at locations which are of interest to CH4 emissions studies, such as in the Arctic,
or African wetlands. The next question which therefore arises, is where optical continuous
instruments should best be located in order to best capture variations in isotope ratio values,
for background CHy isotope ratio monitoring. This is addressed in Chapter 4.



Chapter 4

Potential Improved Monitoring of 6'°C
and 0D Methane Through Deployment
of Continuous Monitoring Systems

4.1 Introduction

The aim of this project is to examine ground-based in situ monitoring capability, to understand
the changing atmospheric methane (CH4) budget. This chapter assesses the third research
question as outlined in Chapter 1: Where should new ground-based in situ monitoring instru-
ments be located in order to measure CH,4 and isotope ratios most effectively? This achieves
the aim of assessing ground-based monitoring capability as it examines the potential benefit
of deploying ground-based in situ instruments to multiple locations.

The deployment of continuous ground-based measurement sites would improve geographic
coverage and sampling frequency of CH, isotope ratio data. This results in better under-
standing of how sources and sinks of CH4 are changing over time. As such, this chapter
considers where it would be most useful to the atmospheric science community to deploy new
continuous monitoring instruments around the world, in order to capture variations in CH4
isotope ratios. Specifically, the instrument ‘Boreas’ (as described in Chapter 3; Rennick et al.,
2021) is used as the basis for analysis, as this represents some of the latest advances in CH4
isotope ratio continuous monitoring instrumentation.

Chapter 2 consisted of inversions for both CHy4 fluxes and §'3C signatures of large-scale
regions, over the period 2004-2020. The inversion for regional CH4 fluxes found that an emis-
sions shift has taken place, with tropical regions producing an increasing proportion of CHy
emissions, in place of northern mid-latitudes. In solving for §'3C, the results showed that the
emissions have increasingly light signatures (indicative of a biogenic origin) centred around
the tropics. A limitation on this result was the lack of geographical coverage of ground-based
sites, especially for §'3C, which lead to strong correlations between regions (Figure 2.18),
meaning that the individual contributions from regions cannot be separated. The paucity of
ground-based data was therefore a limiting factor in effectively performing an inversion upon

98
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large-scale regional source signature variations. There are a limited number of ongoing CH4
isotope ratio measuring sites, for which there are fewer than 20 research groups operational
worldwide, which includes those measuring isotope ratios from ice cores and in-lab, rather
than regular measurements from sites (Umezawa et al., 2018). The most common approach
for measuring isotope ratios is Isotope Ratio Mass Spectroscopy (IRMS), with air collected
through flask sampling. Measurement frequency is therefore low, as samples are sent to a
central lab for analysis, and they require a level of manual work to operate.

The primary reason for the lack of isotope ratio measurement sites is the expense and
complexity involved in constructing a machine capable of measuring CHy4 isotope ratios to a
sufficient precision. Regular measurements of 6D are especially limited. This may be because
the isotopologue CH3D is present in lower amount fraction than '*CH, (Table 1.2), and is
therefore more challenging to measure. Furthermore, typical sectoral 6D source signatures
overlap more than 8'3C signatures (Douglas et al., 2017; Sherwood et al., 2017), and so
have been perceived as not being a priority for measurement deployment. However, this data
could provide an additional constraint (alongside 8'3C data) upon inversion studies. Additional
constraints would reduce uncertainties in inversion results, strengthening conclusions of how
sources and sinks of CH,4 are changing over time.

Currently, the most widespread network of isotope ratio measurements is the National Oceanic
and Atmospheric Administration Earth System Research Laboratories (NOAA-ESRL) net-
work, with established sites around the world that measure §'3C, using discrete flask sampling.
Other networks that measure 8'3C through flask sampling include RHUL, National Institute for
Water and Atmospheric Research (NIWA, New Zealand), Tohuku University and Institute for
Marine and Atmospheric research Utrecht (IMAU; Nisbet et al., 2019). The location of a subset
of current NOAA network sites that will be used in this chapter are indicated by Figure 4.1.
The names and exact locations of sites are indicated by Table A1. The isotope ratio ‘8’ values
for flask samples are measured at the University of Colorado Institute of Arctic and Alpine
Research Stable Isotope Laboratory (CU-INSTAAR), using IRMS (Dlugokencky et al., 2005).
The samples are measured discretely on a weekly scale, and are also combined as monthly
averages.

Chapter 3 presented the data analysis procedure from a new laser-based measurement
instrument ‘Boreas’, capable of continuous in situ monitoring. The chapter details how the
instrument is constructed, the data analysis protocol on the instrument, and presents some ex-
ample data. From the Boreas instrument, independent measurements of CH,4 isotopologues,
using a preconcentration system attached to a Tunable Infrared Laser Direct Absorption
Spectroscopy instrument, can achieve precision comparable with those typically achieved
using IRMS. The instrument is currently in place at the Heathfield atmospheric monitoring
site, however, here the potential for deployment of continuous monitoring instruments (using
Boreas as a basis) is examined.



4.1. Introduction 100

With the introduction of continuous instruments to the network, there is the potential for a
significant increase in the frequency of isotope ratio measurements. These instruments record
data at a near-hourly resolution, as opposed to weekly discrete sampling for flask networks.
With the deployment of continuous monitoring instruments, variations in isotope ratios would
be more finely monitored. The instruments record data more frequently (by factor of 168 X,
as continuous instruments measure every hour as opposed to every week under a flask
sampling system) and will pick up shorter-term events (such as pollution pulses) that are
missed on the weekly scale. Likewise, flask sampling data could be skewed by recording
a short-lived pollution event, which then affects the result for the whole week. Therefore,
continuous instruments bring additional data and improved monitoring for measuring both
monthly-scale trends (such as for a large-scale inversion; Fujita et al., 2020; Lan et al., 2021;
McNorton et al., 2018) and short-lived pollution events (such as those identified and examined
in Chapter 3), by increasing sampling frequency.

In theory, flask sampling could be scaled up with more regular measurement, which would
increase sampling frequency; however, this would be significantly more expensive and labour-
intensive. However, continuous in situ monitoring can operate remotely and independently.

This chapter therefore examines the potential deployment of a new continuous isotope ratio
measurement instrument (with precision that matches that of Boreas). This is considered both
at the location of current network sites, and where to hypothetically position an entirely new
monitoring site, to capture variations in CH4 isotope ratios. To achieve this, an assessment
factor ‘detectability’ is used to indicate how well an instrument at any given location would
capture variations in an isotope ratio ‘6’ signal, on a daily or monthly scale.

The prospect of adding new continuous isotope ratio measurements at the location of current
network sites was examined by Rigby et al. (2012). They assess how adding these continuous
isotope measurements would reduce uncertainty in a global inversion, by simulating continu-
ous pseudo data of §!3C and §D. They examine the impact of continuous isotope data on both
flask samples at the locations of NOAA-ESRL network sites, and daily samples at the locations
of AGAGE network sites, for the year 2000. Their approach considers adding this continuous
isotope data to all of the current measurement system and setup. They perform an inversion
using the pseudo data and examine how a posteriori results and uncertainties are affected.
They find that uncertainties on national-scale fluxes are reduced by up to 10% by the inclusion
of continuous isotope ratio data, indicating that this data would improve resolution of emissions
for a large-scale CH4 inversion. This study looked at the locations of current measurement
sites in a single year, whereas this chapter examines both current network locations and
potential new sites, over multiple years. Furthermore, this chapter utilises forward modelling
for considering instrument deployment rather than inversion approach.
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Thonat et al. (2019) use a detectability metric to assess potential instrument performance.
They calculate a detectability value for potential §'3C instruments at the location of multiple
Arctic sites. They simulate 8'3C using a chemical transport model, produce rolling standard
deviations on this data, and compare multiple instrument uncertainties to these standard
deviations. They then examine what sources dominate at the site locations, using emissions
inventories, to understand necessary uncertainties for certain sectors. They find that in order
to detect anthropogenic sources, one would require an instrument with lower uncertainties
(0.05%0) than the uncertainties necessary to detect wetland signatures (0.2%.), meaning an
instrument of optimum performance is required for natural emissions detection. This differs
from the approach as followed in this chapter, in that they focus on only 8'3C signals, and
only Arctic-based site locations are examined. This chapter therefore expands this approach
by using the detectability metric, but examining the entire world and considering new site
locations, for both §!3C and 8D. This chapter examines a single uncertainty based upon
current available instrumentation rather than multiple theoretical uncertainties.

A few factors must be considered when considering where to position an instrument; the
potential detection of signals and the accessibility of the location. Positioning will also be
dependant on what the overarching aim of the measurement campaign is — whether to focus
on daily or monthly-scale variations in CH,4 isotope ratios, or to capture aspects of both. The
focus of a measurement campaign may also be to examine variation in emissions source
signatures and sinks — all of these possibilities are examined.

This chapter therefore focuses on the detectability of signals of 8'3C and 8D, at multiple
locations around the world. In representing a range of latitudes with the network sites chosen
(Figure 4.1), a range of dominant source types is also represented, such as wetlands at Alert
and Barrow stations (ALT and BRW), thermogenic sources (Tae-Ahn Peninsula, TAP) and
even sites with no strong emissions influence (Figure 2.2). The aim is to give an indication
as to where a new continuous monitoring instrument should be positioned (within the current
measurement network) in order for it to capture the highest amount of monthly-scale and
daily-scale variations in these atmospheric § signals. This is expanded to consider deploy-
ing instruments to new locations, producing a recommendation for the locations that should
be targeted in the future for CH,4 isotope ratio measurement campaigns. The chapter also
considers the sensitivity of each location to changes in emissions and sinks.
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Figure 4.1: Indicating the location of NOAA-ESRL network sites which are used to consider
potential deployment of a new continuous monitoring instrument. The sites were chosen to
represent a range of latitudes. They are a subset of those employed in Chapter 2 as a
constraint in the CH4 and 8'3C inversions. Site details are listed in Table A1.

4.2 Model

In order to examine what amount of variation a continuous monitoring instrument would
capture in multiple locations, analysis is performed upon daily and monthly-scale simulations
of §'3C and 8D, from 2016-2020. The output from the model is at a daily resolution, and to
produce monthly outputs the daily scale values within a given month are averaged.

These are simulated using v12-01 of the GEOS-Chem 3D chemical transport model, ran
at a 4° x 5° resolution with 47 vertical levels up to 80 km above the surface (Bey et al.,
2001). The setup of the model follows the same approach as was established in Chapter 2.
The meteorology used is MERRA-2 meteorology reanalysis data (Gelaro et al., 2017), with
native resolution degraded to match the model. The emissions inventories employed are listed
in Table 2.1, and all are handled by the Harvard-NASA Emissions Component (HEMCO)
software of GEOS-Chem. Sinks represented are OH, CI (using values from from Sherwen et
al. (2016)) and soil (gridded by Fung et al., 1991). These are given as monthly values but with
no intra-annual variability, as discussed in Chapter 2.

In order to simulate isotope ratios, the approach as detailed in Chapter 2 is followed: that is,
simulating isotopologues separately (e.g. for §!3C; '>CH, and '*CH,) and combining simu-
lated isotopologue amount fractions into & values after the simulations are complete. Sectoral
emissions in the HEMCO-emissions file are scaled according to typical source signatures
as recorded by Sherwood et al. (2017), in which is compiled recorded source signatures
from literature (Table 1.1). Calculating isotopologue emissions from sectoral 6 values involves
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calculating the relative abundance of each isotope, back calculated from the source signature
in & space of any given source (as described in detail in Chapter 2, section 2.2.3). For
the 8'3C simulations, Chapter 2 a posteriori regional emissions and §'>C emissions source
signatures are used. Sink behaviours are described by Kinetic Isotope Effect (KIE) values,
which represent the extent to which sinks are fractionated for individual isotopologues. They
are handled in the same manner as they are in Chapter 2. The sinks of OH and CI (Table 1.3)
are calculated at each time step (described in detail in Chapter 2). Soil is treated as a
negative emission in GEOS-Chem, and is therefore treated differently from the other sinks
in the simulations. The KIE in this case is accounted for by applying a scale factor to the
HEMCO-emissions file.

The model is ‘spun up’ over 60 years by repeating a given year’s meteorology, with emissions
and sinks similarly repeated each year. The emissions are scaled according to typical source
signatures and KIE values (described in Chapter 2), until isotope ratio values are balanced.
60 years is six times the atmospheric lifetime of CH4 has been proven to be sufficient to
allow amount fractions to stabilise (this was examined for Chapter 2; Figure 2.3). Simulated
atmospheric §'>C values for 2016-2020 are indicated by Figure 4.2.
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Simulated atmospheric 8'>C values (%) over the period 2016-2020, at a series of site locations in latitudinal order. Site indicated by

subplot titles, with site details in Table A1.

Figure 4.2
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4.2.1 6D Simulation

The simulations and subsequent inversions of Chapter 2 were made possible due to monthly-
scale monthly reported data sets of ground-based in situ §'>C being available. However, in the
case of 6D the amount of data available to provide constraints upon modelling is very limited.
There were a series of 15 measurement sites for 6D comprising part of the NOAA network,
located at sites which also measure 8!3C and CH.. These sites operated from 2004-2009,
however were to be discontinued due to issues with instrumentation (White et al., 2016). As
of now there are not enough 6D measurement sites with data publicly available to justify
a global inversion; for example there is one Northern and one Southern Hemisphere site
managed by Tohoku University that produces 6D data (Umezawa et al., 2009). The majority
of measurements of §D come from ice cores and lab-based samples (Umezawa et al., 2018).
This is why an inversion for regional 6D signatures was not included in Chapter 2. To simulate
oD for the purposes of this chapter, a synthetic simulation was constructed, based upon
typical recorded sectoral 6D source signatures (Sherwood et al., 2017).

The 6D simulation is constructed following the same approach as was followed in Chapter 2
for simulating 8'3C — that is, using the a posteriori regional emissions from the CHy inversion
as a basis. Typical 6D source signatures from Sherwood et al. (2017) were applied to emis-
sions sectors, and kinetic isotope effects applied to the sinks (Table 1.3). The model is spun up
for 60 years to allow amount fractions to reflect the modern atmosphere (Figure 4.3). Instead
of performing an inversion using ground-based 6D data as a constraint, the simulations
of 8D were ran forwards. The forward simulations were compared with typical background
atmosphere values from the aforementioned Tohoku University sites (Umezawa et al., 2009),
to make sure the values are representative of what is expected in the model (i.e. do not deviate
rapidly from expected values across the time series). The simulated 6D values at a series of
site location is indicated by Figure 4.4.
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Figure 4.3: Spin up of CH3D over 60 years of repeating the emissions and meteorology of a
single year. a) amount fraction of CH3;D (ppb) corresponding to January of each year, at the
grid square which represents Alert station, Canada, for each year of spin up over 60 years. b)
Growth rate of spin up (subtracting CH3D amount fraction (ppb) for one year from the previous
year).
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Figure 4.4: Simulated atmospheric 6D values (%.), 2016-2020, at a series of site locations in latitudinal order. Site indicated by subplot titles, with

site details in Table A1.
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4.3 Analysis Approach

Three-point rolling standard deviations are calculated on the & values simulated at each grid
square in the model. The rolling standard deviation is calculated as the standard deviation of
a set of three & values. The set of three values used is then shifted in time by one position
and recalculated. This approach is repeated until the end of the time series being examined
(in this case the values are calculated on monthly and daily 6 values, 2016-2020).

The rolling standard deviation therefore describes how much the signal is varying by on a
three-monthly (or three-daily) scale. These rolling standard deviations are compared with
continuous instrument precision (as reported in Chapter 3 for the Boreas instrument, and
by Rennick et al., 2021). If the rolling standard deviation value is greater than the precision,
the instrument would be able to detect this variation; if less than, the instrument will not detect
it. This is the same approach as Thonat et al. (2019). As such, a time series of whether
variations are detected or not is produced. An example of the approach followed is shown
in Figure 4.5, on monthly §'3C data 2016-2020. The result of this analysis is the number
of detectable events over time series, as a percentage of all possible events. This value is
referred to as ‘detectability’, calculated as:

events = |where :(RSDev > precision)|, (4.1)

events

detectability (%) = x 100, (4.2)

where events is the number of events where RSDev is greater than precision and N is the
number of possible events being within the time period; monthly this would be 58 and for daily
this would be 1823.

The years 2016-2020 were simulated and examined, in order to be able to assess detectability
for both §'3C and 8D over multiple years, both to examine seasonality and to limit the chance
of a particular year (with extreme meteorology) skewing results. Monthly detectability was
chosen as the primary assessment criteria because the focus of this thesis overall is to
examine the contribution of ground-based in situ data to understanding large scale changes in
CH, over an extended time period. Therefore, considering monthly-scale changes is more ap-
propriate than focusing on daily-scale changes, such as those caused by short-lived pollution
events.
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The detectability approach is applied to each 4° x 5° grid box within the model: producing
rolling standard deviation values across the entire 2016-2020 time series for daily and monthly
scale variations (primarily focusing on monthly-scale variations), and thereby assessing de-
tectability for that particular location. These values are represented as a world map, visually
demonstrating how detectability varies with location.

Average detectability = 43.3 %
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Figure 4.5: Example of how detectability is calculated; in this case, for §'3C on a monthly
scale, at the grid square in the model which corresponds with Alert station (82.28° N 62.30°
W), over the period 2016-2020. The three-point rolling standard deviation of monthly scale
8'3C values are plotted, and compared with typical precision on continuous instrumentation,
which for §'3C is 0.07%.. The percentage of rolling standard deviation values which exceed
the known precision is deemed the detectability.

4.3.1 New Site Location

With the deployment of new continuous monitoring instrumentation, entirely new locations
outwith the current measurement network are considered. To assess new site locations, one
must consider the aim of the deployment (whether the aim is to capture daily or monthly-scale
variations), along with the accessibility of the location. Aims of deployment may be to:

— Monitor monthly-scale isotope ratio trends.
—Monitor daily-scale events.
—NMonitor a combination of daily events and monthly-scale trends.

In all of these cases, a continuous monitoring instrument would bring new data in terms of
more frequent sampling than is possible under the current flask sampling network, due to
increased sampling frequency better defining both daily and monthly-scale variations. The
ability to monitor on both scales is therefore a boon of continuous monitoring systems.
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To examine locations for these scenarios, deployment aims have to be considered. For ex-
ample, if the interest is to monitor monthly-scale trends, the location should have high detect-
ability on a monthly scale and lower detectability on a daily scale (that is, daily-scale has less
of an influence than monthly-scale variations). For monitoring daily-scale variations, such as
for categorising pollution sources, the location should have highest daily-scale detectability vs
monthly-scale (i.e. a dominance of daily-scale events in the time series). The possibilities are
therefore:

monthlyscale = detectabilitymonniy > detectabilitygqy, (4.3)

dailyscale = detectability i1, > detectabilityyonihiy- (4.4)

With correct positioning of a continuous isotope ratio site, it may be possible to measure both
daily and monthly scale variations from a single site. To examine the optimum site for this, the
aim is to find a location where daily-scale events are captured, but do not dominate the record
and therefore overshadow monthly-scale variations in a time series. Therefore, for a site that
examines both scales, the ideal site is a location with approximately 50% of daily-scale events
captured and maximum (90%) monthly-scale events captured.

4.3.2 Source Signature and Sink Tests

This chapter also examines the sensitivity of site locations to a shift in the global atmospheric
isotope ratio signature. In two separate tests, the sensitivity of locations to changes in emis-
sions source signatures and the OH sink are examined. The global §!3C signature has an
increasingly light trend in recent years (Chapter 2; Lan et al., 2021), and so a shift in emissions
signatures is a possibility that may be targeted in future instrument deployment. Variations in
CH, sinks have been proposed to play an important role in the changing CH,4 budget (Lan
et al., 2021; Rigby et al., 2017; Turner et al., 2017; Zhao et al., 2019); the aim of instrument
deployment may therefore be to monitor changes in sinks. Placing continuous monitoring
instruments in sites that are sensitive to changes in sinks and source signature would lead
to better quantification of how amount fractions and  values are changing over time. In turn,
this better understanding is fed into modelling efforts for CH4 and its isotope ratios, to improve
both emissions and sink estimation.

To explore what effect emissions source signatures have upon detectability, all sectoral source
signatures were adjusted globally to be 5%. heavier for §'3C tests. For 8D tests, source
signatures were adjusted heavier by 20%.. This difference in test approach is because the
range of measured 6D source signatures (considering signatures from published studies) is
greater than §'3C, by approximately four times (8'3C recorded values range from 0-110%o
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whereas 6D source signatures vary from 0-450%.; (Douglas et al., 2017; Sherwood et al.,
2017)). The new, heavier § values therefore need to be stable, so that the observed changes
are genuinely as a result of the heavier source signatures, rather than the time series rapidly
changing due to scaling of emissions. Global emissions of 1*CH4 or CH3D are scaled heavier
for all sources, so as to produce mean §'C and 8D values that are 5 or 20%. (respectively)
heavier than the mean ‘delta’ values of the original simulation. Resulting values are ensured
to be stable by spinning up the model for twenty years (twice than the lifetime of CHy),
and checking the values are stable at the new mean background, 5 or 20%. heavier than
the original simulation. The new values should have different seasonal cycle to the control
simulation, meaning changes in detectability. Detectabilities from the source signature tests
and the control simulation are then compared, over the period 2016-2020.

Separately to the source signature tests, sensitivity of locations to the OH sink is examined.
For the sink tests, the magnitude of global OH is decreased by 5% worldwide, by scaling
the 3D OH field by 0.95 x in GEOS-Chem. The extent of scaling was applied to both the
isotopologue simulations for both §'3C and 8D, as the difference in fractionation between the
two has already been accounted for by the different KIEs applied to the sinks in the model. The
isotopologue simulations are spun up for twenty years to ensure resulting isotope ratios are
stable. The resulting values are compared with the control simulation detectability, to examine
the impact of changing sink magnitude.
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4.4 Results

4.41 Deployment at §'°C Sites

Detectability was examined on a daily and monthly scale on atmospheric §'°C signatures,
2016-2020. Best precision on continuous isotope ratio monitoring instruments is assumed to
be 0.07%. for §'3C measurement (as described in Chapter 3 for using a new laser spectro-
meter based system).

The results of detectability analysis are indicated by Figure 4.6 on a global scale, and Fig-
ures 4.9a and 4.10a, for the specific locations within the model that correspond with the
location of NOAA network ground-based measurement sites. In Figure 4.6, the colour bar
shows detectability for each 4° x 5° grid square in the model.

Daily-scale analysis of detectability is dependent upon there being daily-scale variations in
the signal. Therefore, detectability on a daily scale is tied to locations of active emissions
sources, producing daily-scale variability. This is demonstrated by Figure 4.6a, where highest
daily-scale detectability for §!3C is recorded at locations with active CH4 emissions (and pos-
sible pollution sources), such as China, Europe and India, where detectability exceeds 80%
(meaning 80% of daily-scale variations would be captured) at specific model grid squares.
Specifically, these locations align with wetland emissions in northern Russia and Canada,
and anthropogenic rice and coal emissions in China (Figure 2.2). Detectability decreases to
0% of variations reliably captured in remote oceanic locations (Figure 4.6a), or uninhabited
land areas with low numbers of methane emission sources, such as Antarctica.

Figure 4.6b shows that monthly-scale variation would be captured if the instrument were
to be positioned in the Northern Hemisphere, especially over land masses. Detectability is
highest over Eurasia, especially Russia, China and India, where detectability exceeds 90%
for certain grid square locations. These are large scale regions, representing a range of
sources, including wetlands (Siberia), rice fields (SE Asia), agriculture (India) and oil and
gas emissions (Russia) (Figure 2.2). There is also high detectability (exceeding 90%) in
central Africa and South America - these regions are dominated by wetland emissions (Lunt
et al., 2021; Wilson et al., 2021), which were shown to be an increasingly important source of
emissions in Chapter 2. Detectability decreases to as low as 0% of monthly-scale emission
variations being detected in the Southern Ocean and Antarctica.

The site location with highest monthly and daily detectability (Figures 4.9a, 4.10a), for an
instrument with the precision of a continuous monitoring instrument, is Tae-Ahn Peninsula
(TAP), located in the Republic of Korea. At this site, monthly-scale detectability over the whole
time series is 65% for daily-scale and 80% for monthly variations. Emissions sources at
this site location is primarily dominated by emissions from rice fields, and from wetlands in
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northern Russia (Dlugokencky et al., 1993), which demonstrates that a continuous monitoring
instrument is capable of detecting monthly-scale changes in §'3C at sites which measure
CH, originating from biogenic, pyrogenic or thermogenic sources. The strong variability in the
5'3C signal at this site is indicated by Figure 4.2.

Lowest detectability (at site locations) for §'3C is located at the South Pole (SPO) site, with
none (0%) of daily and monthly scale variations over 2016-2020 being captured. This is a
‘background’ site (i.e. not strongly influenced by active sources in the vicinity), indicating the
importance of strong active sources in detectability, under the precision at which this instru-
ment would be operating. The lack of strong variability at this site is indicated by Figure 4.2.
Therefore, nothing would be gained by operating a continuous instrument at this site.

There is latitudinal dependency upon detectability at site locations, with the highest around
the tropics (Figures 4.9a and 4.10a, where sites listed are in latitudinal order north to south).
Detectability of signals is greater in the Northern Hemisphere: an average of 15% and 42% in
the Northern Hemisphere, versus 3% and 8% in Southern Hemisphere, for daily and monthly-
scale events respectively. This emphasises the importance of active CH4 sources in producing
detectable variations (which are more significant in the Northern Hemisphere and tropics than
in the Southern Hemisphere).
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Figure 4.6: Detectability on an a) daily and b) monthly scale all around the world (on a 4° x 5°
grid) for §'3C, 2016-2020. Detectability is recorded as a percentage of event variability that
would be captured under the precision of a continuous monitoring instrument, on both time
scales.
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4.4.2 Added Value of 6D

One of the potential advantages of laser spectroscopy is the ability to efficiently measure
multiple isotope systems simultaneously, not requiring separate preparation systems that are
the requirements of measurement by IRMS. Additional new data could therefore be brought to
the global measurement network in the form of 5D measurements alongside §'>C. Currently,
0D measurements are limited, with the majority taking place offline on unique individual
samples (or ice cores), rather than in a prolonged measurement campaign, and are not
currently ongoing at NOAA network site locations. Typical precision on §D measurements
for a continuous monitoring instrument is assumed to be 0.91%. (the precision of Boreas,
Chapter 3), which is used to assess detectability at each model grid square and site location
within the model.

On a global scale (Figure 4.7), higher detectability is obtained for 6D than for 8'3C, because
the attainable precision is higher relative to the atmospheric é signals modelled (driven by
large source signatures distinct from background). The global detectability for §D is greater
than that of §!3C by an average of 12% on a daily scale and 21% on a monthly scale. For
daily scale analysis (Figure 4.7a), highest detectability is recorded in similar regions to §'3C,
such as specific grid cells located in China and Europe, where detectability in specific grid
cells exceeds 90%. Lowest daily detectability (as low as 0% of variations reliably captured)
is recorded in the Southern Hemisphere, around Antarctica. This again demonstrates the
importance of highly variable active sources in producing (and therefore recording) sufficiently
high daily-scale variations in isotope ratios for detection.

Detectability on a monthly scale is indicated by Figure 4.7b. The highest detectability values
on a monthly scale occur primarily over land masses (for example Russia and China, where
detectabilities exceed 90%). Similar detectabilities are observed over central Africa and South
America. This demonstrates that a continuous instrument would be effective at capturing
monthly-scale variability at locations with different dominant source types, including thermo-
genic (China) and biogenic (Africa) emissions sources (Figure 2.2). Lowest detectability on
this scale reduces to 10%, around the Southern Ocean and Antarctica. Here, the variations
on a monthly scale are not large enough to be reliably detected, so nothing would be gained
by deploying a continuous monitoring instrument.

Considering the performance at the location of current NOAA network sites (Figures 4.9a;
4.10a), the site location with highest detectability is again TAP (the Korean Peninsula site).
Here, 80% of daily-scale variations and 95% of monthly-scale variations would be detected.
The lowest detectability is at Alert station (ALT), Summit station (SUM) and South Pole station
(SPO), where detectability is less than 1% for daily-scale and 18% for monthly-scale. Strong
variability at TAP and weaker variability at polar sites is demonstrated by Figure 4.4. Similar to
8'13C, there is a latitudinal dependency of detectability at site locations, with detectability redu-
cing at more extreme latitudes and highest around the tropics. Average Northern Hemisphere
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detectability is 16% on a daily scale and 41% on a monthly scale; Southern Hemisphere
average is 1% and 7% on a daily and monthly scale respectively. At most site locations, there
is higher detectability obtained for the instrument on 8D versus 8'3C. At some site locations
(Mauna Loa, MLO), detectability differs between 3'>C and 8D by as much as 70% on a
monthly scale. MLO is located far away from active sources of pollution, as indicated by the
lack of variability in signals (Figures 4.2 and 4.4) resulting in low daily detectability (Figure 4.9).
Therefore this change not due to different emissions, rather due to higher attainable precision
on oD relative to modelled values.

As such, the deployment of a continuous monitoring instrument for measuring monthly-scale
changes in 6D would be effective, at a variety of locations and under a variety of emissions
scenarios. The deployment of such an instrument would add new information to the global net-
work, by adding in 6D data at a high frequency, demonstrating how 6D emissions signatures
are changing over time at a fine temporal scale. Northern Hemisphere site locations capture
isotope ratio variations effectively. D source signatures overlap more than §'3C (Sherwood
et al., 2017, 2021), however this may be due to it not being as frequently measured. Menoud
et al. (2022) made new mobile measurements of both §'3C and 8D around Europe. They
found that 6D was able to delineate between fossil fuel and biogenic sources. This data would
therefore provide an additional constraint upon emissions fluxes in inversion studies, reducing
uncertainty in results.
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Figure 4.7: Detectability on a a) daily and b) monthly scale for 6D that would be recorded
by a continuous monitoring instrument at each grid square within the model (representing the
entire world on a 4° x 5° grid), 2016-2020.
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4.4.3 Potential New Site Locations
Monitoring Monthly-Scale Variations

The results of tests for a new site location are indicated by Figure 4.8. On this plot, the
colour bar indicates the difference in detectability between daily and monthly assessment,
with greater difference indicating greater influence of monthly-scale events and less influence
of daily-scale events.

Examining 8'13C (Figure 4.8a), the locations which would meet this criteria are Northern Rus-
sia and the central Indian Ocean for §'3C. Here, detectability differs by over 70% for monthly
as opposed to daily detectability, indicating that these regions are not affected by daily-
scale variability, but monthly-scale variations would be captured by a continuous monitoring
instrument. The northern regions are influenced by natural emissions from both wetlands and
thawing permafrost, and due to the remote nature of these regions from human infrastructure,
are not influenced by daily-scale events such as pollution pulses. Indian Ocean regions are
affected by biogenic emissions, for example from wetlands located in Africa. Wetland signa-
tures have a seasonal cycle (Figure 2.2) and therefore have an influence on monthly-scale
detectability more significantly than daily.

For 6D (Figure 4.8b), the greatest difference in detectability comparing monthly with daily
detectability is in the tropics (Atlantic, Indian and Pacific Oceans), where an instrument would
capture 70% more variations on a monthly scale than it would on a daily scale. These trop-
ical locations are influenced by biogenic sources, for example African and Tropical South
American wetlands (Figure 2.2). Chapter 2 demonstrated the increasing influence of tropical
wetland emissions in the CH4 budget, and so this region would be of particular interest for
modelling. The remote nature of central oceanic locations means that the isotope ratio values
are less influenced by short-lived anthropogenic pollution, which controls daily-scale detect-
ability results. These site locations would therefore be useful for deployment of a continuous
monitoring instrument to finely measure monthly-scale changes in CH, isotope ratios.

Monitoring Daily-Scale Variations

Continuous instruments report data on an approximately hourly scale, which allows for meas-
urement of short-term variations in isotope ratios, such as on daily-scale. This would cor-
respond with locations that show high daily detectability on Figures 4.6a and 4.7a. For both
metrics, eastern Asia (>80% for §'3C and >90% &D) meet these conditions. Central Africa
and South America (Uruguay) also exceed 80% detectability for 6D at particular grid squares.
An instrument positioned here would effectively capture daily-scale variability, from a range of
sources (rice in China, wetlands in central Africa and wetlands/livestock in Uruguay). However,
it is difficult to disentangle daily and monthly-scale variations in these locations, as detectab-
ility for both is high.
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For focus solely on daily-scale variations, the locations which have high detectability on daily-
scale versus monthly-scale events (daily detectability exceeds monthly) are examined. In this
case, lowest values in Figure 4.8 meet these conditions.

The regions with greater daily than monthly scale detectability for both §'3C and 8D are
locations such as eastern China (changing by 4% for §'3C and 3% for 8D), and oceanic
locations such as the Southern Hemispheric Oceans (changing by 5%; 8'3C) and Greenland
(2%; 8D). The Southern Hemisphere Oceans and Greenland show low detectability for both
daily and monthly scale detectability (Figures 4.6, 4.7), which results in the little change
between the two metrics. The lack of daily-scale detection here therefore does not make
these locations suitable for deployment. Eastern China is more promising as this shows high
daily-scale detectability, indicative of strong anthropogenic influence in this region (Figures
4.6, 4.7; Dlugokencky et al., 1993). At this location a continuous monitoring instrument would
be effective at measuring and categorising short-lived pollution sources, for example.

Monitoring A Combination of Both Monthly and Daily-Scale Variations

With the added sampling frequency brought by using continuous instruments, both daily-
scale (driven by short-lived pollution pulses) and monthly-scale variations of isotope ratios
are captured from a single site. For this aim, daily-scale variations are captured, but without
dominating the time series.

For 8'3C, specific grid-square locations that meet the aims for both monthly and daily-scale
monitoring are situated within Siberia (60% daily and 90% monthly detection), central Africa
(50% daily detection and 90% monthly detection) and eastern Canada (50% daily and 80%
monthly); demonstrated by Figure 4.6. These locations are dominated by wetland emissions,
which have more of an influence on a seasonal scale. The daily-scale variations may originate
from co-located anthropogenic sources such as agriculture (Africa, Canada) or oil and gas
leaks (Russia, Canada). Central African wetlands have been proven to be an important driver
behind increasing CH4 emissions (Chapter 2) and therefore would be a location of particular
interest for instrument deployment.

For 6D, eastern Europe (50% daily and 90% monthly) and eastern Canada (60% daily and
85% monthly) would meet these conditions (Figure 4.7). These regions cover a variety of
sources, with monthly-scale variations being controlled by wetlands, and daily-scale variations
originating from oil and gas emissions or agriculture. Chapter 2 indicated that these mid-
latitude locations are playing a decreasing role in the CH4 budget; continued monitoring using
a continuous instrument would quantify these changes at high frequency, to understand how
they are changing and therefore the overall CH4 budget is changing.
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Figure 4.8: Examining the difference between daily and monthly detectability for a) §'>C and
b) 6D. The aim is to find somewhere with minimum daily detectability vs maximum monthly
detectability (therefore the greatest difference between the two metrics), in order to locate an
instrument to examine monthly-scale trends without daily-scale influence. For capturing daily-
scale variations, the opposite is true (considering locations where maximum daily-scale vs
monthly-scale variations are captured).
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4.4.4 Source Signature Sensitivity

The impact of the emissions sensitivity tests at sampled site locations in the model are
demonstrated by Figures 4.9b and 4.10b.

On a daily scale for §13C and 8D, the pattern of detectability changes shows a latitudinal
dependency, with greatest sensitivity to the heavier signature in tropical regions. Sites with
greatest changes due to 5%. or 20%. heavier emissions are Mt Waliguan (WLG; 26% for
8'3C and 24% for D) and Niwot Ridge (NWR; 21% for §'C and 17% for 8D). These sites
are susceptible to anthropogenic emissions (from rice fields in China and cities/agriculture
in the USA; Figure 2.2), and therefore have highly variable sources present nearby. This is
further indicated by the variability at this sites across the time series (Figures 4.2, 4.4). These
sites have some of the highest daily detectability of the site locations examined (Figure 4.9),
indicating the tie between these highly variable sources and variations in source signatures.

On a monthly scale for §'>C, American Samoa (SMO) site location shows strong difference
between the control simulation and emissions tests; a change of 5% detectability for both
metrics. For 6D, Mace Head (MHD) and South Pole (SPO) show changes of 4% and 7%
respectively. These sites have higher detectability on a monthly scale than on a daily scale
(Figures 4.10a and 4.9a), and that the atmospheric signal varies smoothly (Figures 4.2 and
4.4), indicating that these locations are susceptible to these monthly scale variations in 0
values. A continuous monitoring instrument positioned at these locations would categorise
monthly-scale variations in & at a high frequency.

4.4.5 Sink Sensitivity

The effect of the sink tests on specific site locations is explored (Figures 4.9¢c and 4.10c). This
is performed separately from the source signature test. On a daily scale, Barrow station (BRW)
has the greatest sensitivity for 5'>C, with the 5% reduction in OH resulting in just 1% change
in detectability. Niwot Ridge (NWR) and Midway Island (MID) have the greatest sensitivity to
changes in OH for 8D, with changes of 3% each from the 5% decrease in OH. In all cases,
the daily-scale change in detectability is less than 5% for the OH tests and is smaller relative
to the monthly-scale changes, demonstrating that OH is does not strongly influence signals
on a daily scale.

On a monthly scale, for §'3C, greatest sensitivity to OH is in the Southern Hemisphere oceans;
the most sensitive site locations are at American Samoa (SMO), with a difference between
detectability between simulations of 4%. For 6D, Alert station (ALT) is the most sensitive to
to a 5% reduction in OH, with a 8% change in detectability at this location. Extreme latitudes
are sensitive to changes in OH for both §'3C and 8D; for example, Zeppelin station (ZEP, with
detectability change of 5% for §'>C and 2% for §D) and South Pole station (5% &'3C), having
the greatest detectability change.
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OH has a seasonal cycle with amount fractions peaking in winter (Canty & Minschwaner,
2002). In reducing the magnitude of the OH field in simulations, the magnitude of seasonal
cycle is reduced, which in turn impacts the seasonal cycle of the isotope ratio values. The
isotopologue CH3D has a larger KIE for the reaction with OH (Table 1.3), and therefore 6D
will be more affected by changes of the seasonal cycle of OH than §'3C, demonstrated by
Figure 4.10c.

At ALT, monthly-scale wetland emissions control variability on a monthly scale (ALT is insens-
itive to daily-scale variations; Figure 4.9a), and so varies smoothly across the time series
(Figures 4.2 and 4.4). This is also the case at ZEP and SUM sites, which are similarly located
in high northern latitudes. The greater impact of OH in the high latitude Northern Hemisphere
is due to air being more mixed. There is stronger poleward flow in the Northern Hemisphere
due to more landmass creating a rougher surface, which causes westerlies to lose momentum
and track northwards. The impact of the 5% reduction in OH is therefore highest at high
northern latitudes for 8D (Figure 4.10c).

At tropical sites (TAP, WLG, MID), the seasonal cycle of OH has less of an influence (the 5%
change in detectability results in less than 2% change in detectability). The sites have high
detectability on a daily and monthly scale (4.9, 4.10), as a result of strong variability across the
time series (Figures 4.2, 4.4). This suggests that detectability in the tropical sites is controlled
by the influence of nearby active emissions sources, which leads to high variability in the
time series on both scales, effectively masking the influence of sink variability. Positioning a
continuous monitoring instrument in northern polar locations would therefore be most useful
for capturing OH variability.
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Figure 4.9: a) daily-scale detectability of both §!3C and 8D at the grid squares in the model
which correspond with the listed NOAA network sites (which are in latitudinal order), over the
period 2016-2020. b) The effect of source signature tests (all source signatures shifted heavier
by 5%. for §'3C and 20%. for D), upon daily detectability at the listed NOAA network site
locations within the model. ¢) Effect of OH tests (depressing worldwide OH by 5%) upon daily
detectability at the location of sites as listed, 2016-2020. b) and c) represent two individual
tests, calculated by the absolute difference at the grid square for the location of each site
(2016-2020), between a control simulation and one with perturbed source signatures or sink
around the world.
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Figure 4.10: a) monthly-scale detectability of both §!3C and 8D at the grid squares in the
model which correspond with the listed NOAA network sites (in latitudinal order), for the
‘control’ simulation over the period 2016-2020. b) The effect of source signature tests (heavier
by 5% for §'3C and 20% for 6D), upon monthly detectability at the listed NOAA network
site locations within the model. c) Effect of OH tests (depressing worldwide OH by 5%) upon
monthly detectability at the location of sites as listed, 2016-2020. b) and c) represent separate
tests, calculated by the absolute difference at the grid square for the location of each site
(2016-2020), between a control simulation and one with perturbed source signatures or sink
around the world.
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4.5 Accessibility

For establishing a new site location, accessibility is an important consideration. An advantage
of continuous monitoring instruments is that they are automated and therefore do not require
people to make flask samples. However, should problems arise with the instrument, this has
to be a consideration in deployment.

For monitoring monthly-scale changes, Arctic or central oceanic site locations present chal-
lenges in terms of accessibility, as they are all ocean or permafrost based. This would make
it difficult to set up and access the instrument, in the case of unexpected breakdown. For
operating in high latitudes, cold temperature may also be an issue, and so the instrument
would need cold-weather protection (such as protective housing). For example, at the NOAA
South Pole monitoring site there is a specially-built facility to maintain temperature (with
six-inch thick insulation and sealed windows), which is manned year-round by at least two
members of staff. The station is in a designated ‘Clean Air Sector’ to negate any pollution
influence, and is heated electronically (US Department of Commerce, 2022).

Tropical site locations present a deployment challenge in terms of humidity and high temper-
ature. The island-based site locations would also require protective housing in order to avoid
damage from wind exposure. In capturing daily-scale variations, eastern Asia showed highest
relative daily-scale detectability for both §'>C and §D. These potential sites are located around
cities and populated areas, so access for equipment and specialists should be possible. Again,
high temperature and humidity may be an issue in this region and so the instrument may need
weather defence.

A location to capture both daily and monthly-scale variations would be eastern Europe and
eastern Canada. These are at similar latitudes to where the Boreas instrument has been
located (the Heathfield atmospheric monitoring station, where it is housed at 21°C) and so
weather or extreme temperatures should not be as much of a consideration. They also should
be readily accessible for scientists to check on the instrument should the need arise.
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4.6 Conclusions

In conclusion, the deployment of a new, continuous monitoring instrument would be effective
at capturing monthly-scale variations in CH, isotope ratios if deployed to the locations of
current NOAA measurement sites.

For §'3C, monthly and daily-scale variations would be captured in the Northern Hemisphere,
especially in eastern Asia and central Africa, where more than 80% of monthly-scale and
90% of daily-scale variations would be captured (Figure 4.6). This performance is due to
the influence of active sources leading to high variability. Detectability all around the world is
higher by 21% on average for 5D measurements as opposed to §'>C, however the locations
of grid squares with highest detectability (in this case, in excess of 90% on both a daily and
monthly scale, Figure 4.7) are consistent (eastern Asia, central Africa, South America). This
is indicative of better relative performance of the instrument for D than for §'3C (Chapter 3).

At specific site locations, highest detection for both daily and monthly scale shows a latitudinal
dependency, with higher detection at Northern Hemisphere sites. Highest detection is at Tae-
Ahn Peninsula site (more than 60% on a daily scale and more than 80% on a daily scale;
Figures 4.9a and 4.10a). This location has strong variability across the time series, shown
by Figures 4.2 and 4.4. Considering specific site locations, this instrument would capture
variations in §D more effectively then 8'3C, by up to 20% on a daily scale and up to 70% on
a monthly scale (Figures 4.9a and 4.10a).

Establishing a new site location depends upon the aim of the instrument deployment. For
monthly-scale monitoring, locations such as Arctic and tropical oceanic regions would be
influenced by monthly-scale variations from wetland emissions without the influence of daily-
scale events (difference of 60% detectability, Figure 4.8). For capturing daily-scale events,
eastern Asia and central Africa represent locations with higher relative detectability of 3-5%
for daily-scale compared with monthly-scale variations. A positive of continuous monitoring
instruments is the potential to measure both daily and monthly-scale variations; in this case,
northern mid-latitudes (such as Canada and eastern Europe) have a good balance of 50%
of daily-scale variations and 90% of monthly-scale variations captured. In all of these cases,
continuous monitoring would improve temporal resolution on these events, in order to better
understand and categorise both monthly-scale variations and daily-scale events.

Variations in emissions source signatures have an impact upon continental site locations
on a daily scale and remote oceanic site locations on a monthly scale. This indicates the
importance of active sources in the daily-scale variability, such as those produced by pollution
events. OH sink variations have greatest impact at remote polar locations, where emissions
sources do not dominate the time series. The sink influence is greater on a monthly scale than
daily, and is especially impactful for 6D due to the higher KIE, in the Northern Hemisphere
due to stronger poleward transport.
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Continuous measurements of CH4 isotope ratios would be useful for inversion studies, as
constraints to understand the driving forces behind increasing amount fractions of CH4 ob-
served worldwide. If new sites were established in addition to current network sites then
additional constraints would result in uncertainties on fluxes would be reduced. With reduced
uncertainties, CH4 fluxes are clearly defined, increasing understanding and confidence of how
emissions are varying. This in turn discerns what sectors to focus upon for working towards
emissions reduction aims, such as those outlined by the Paris Agreement, limiting the impact
of ongoing climate change. For a large-scale global inversion which covers multiple years
(such as that performed in Chapter 2), the aim of deployment would be to capture monthly-
scale variations in CHy isotope ratios. The recommended locations for establishing a new site
in this context would therefore be to tropical oceanic locations, such as the central Atlantic
and Indian Oceans. This also aligns with the findings of Chapter 2, that tropical locations are
driving increases in the CH,4 budget.

Within this analysis, a limiting factor upon location recommendations is that the model is
at a coarse resolution (4° x 5° resolution). These results therefore represent broad-scale
recommendations, with large-scale regions as the recommendations. When considering exact
locations for deployment, the area within each cell would have to be examined in detail. For
example, if the measurement aim were to examine monthly-scale trends, the exact location
for deployment would have to be positioned at a distance from point sources, to avoid the
influence of pollution on a monthly-scale scale.

Overall, this chapter has progressed the thesis by examining the capabilities of a new ground-
based in situ instrument around the world. The work has assessed where an instrument
should be located to effectively capture variations in CHy4 isotope ratios. A continuous monitor-
ing instrument would be effective at capturing §'3C and 8D, with more than 80% of variations
captured, if deployed at tropical site locations. For an entirely new deployment, northern mid-
latitudinal locations (such as eastern Canada) have a good balance of monitoring daily and
monthly-scale variations.

4.6.1 Future Work

This chapter examines the potential future usage of a continuous monitoring instrument, and
additional information that the instrument could bring to the current network. The analysis is
based upon the Boreas instrument, currently located at the Heathfield atmospheric monitoring
site in the UK. In the future this instrument will be reproduced and future Boreas instruments
deployed to new locations. For deployment of a new site, the aim of the deployment is im-
portant to bear in mind, be it monthly-scale monitoring (tropical oceanic regions); daily-scale
variations (eastern Asia); or a combination of both (eastern Europe, eastern Canada).
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This analysis was based upon up-to-date precision for continuous monitoring instrumentation
(represented by the Boreas instrument). In the future, instrument precision may be improved,
which would require the analysis to be performed again and re-assessed for the improved
precision of a future instrument.



Chapter 5

Conclusions and Future Work

5.1 Conclusions

The overall aim of this thesis was to advance the understanding of the changing atmospheric
CH, budget, by examining ground-based in situ monitoring capabilities. This was achieved by
using a combination of both modelling and metrology techniques. The novel features of this
work include:

1) A 3D chemical transport model (CTM) being used to simulate regional CH4 and §'3C,
performing inversions to determine how large-scale regional emissions and §'*C source
signatures have varied over 17 years.

2) Establishment of a data analysis procedure for measurements of CH, isotope ratios made
by a continuous CH,4 preconcentration system. The instrument ‘Boreas’ was developed at the
UK’s National Measurement Institute, the National Physical Laboratory (NPL). Also shown is
analysis of a sample data set produced by the instrument, demonstrating how the instrument
performs for emissions identification.

3) Examination of a hypothetical deployment of a continuous monitoring instrument around
the world. The analysis considers deployment at current NOAA measurement network site
locations and at potential new site locations (where there are currently no measurement
networks in existence). The aforementioned 3D CTM was used to simulate d values, and
instrument specifications considered, to assess the detection limit of signals.

These novel approaches (over three research chapters) assessed the following research
questions, as outlined in Chapter 1:

1) How have CH4 amount fractions and isotope ratios varied over a recent 17 year period, and
what regions/sources are responsible?

2) How should data from a newly developed laser-based measurement system be processed
to produce high precision data for analysis?

129
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3) Where should ground-based in sifu continuous monitoring instruments be located, in order
to measure CHy isotope ratios most effectively?

The impact of answering these questions leads to advancements in both CH; modelling
and metrology. Understanding what regions and sources are driving observed increases in
CH,4 amount fractions through modelling indicates what specific sectors are driving emissions
increases (Fujita et al., 2020; Lan et al., 2021; McNorton et al., 2018), and therefore what
sources should be targeted for emissions reductions scenarios. Developing and deploying an
instrument capable of continuous monitoring of CHy4 isotope ratios means that changes in CHy
emissions are monitored independently at high precision and high frequency, improving both
sampling frequency and geographic coverage of measurements. These measurements can
feed back into future modelling work by providing additional constraints on inversion studies,
which should give more accurate results in terms of driving forces behind amount fraction and
isotope ratio variations. Currently, inversions based upon ground-based in situ data are limited
by station coverage, especially for isotope ratios (Chapter 2), and so more high-frequency
measurements can meet this need. These multiple studies all lead to better understanding of
how the atmosphere is changing in response to climate change.

5.1.1 Large-Scale Regional Inversions for CH; Emissions and §'>C Signature,
2004-2020

Chapter 2 addressed the first research question — how have CH4; amount fractions and
isotope ratios varied over recent a 17 year period, and what regions/sources are responsible?
This chapter examined ground-based monitoring capability by understanding the utility of the
current ground-based in situ network for large-scale inversion studies.

CH4 and 8'3C were simulated for the entire world on a 2° x 2.5° resolution from 2004-
2020 using the GEOS-Chem 3D chemical transport model (Bey et al., 2001). An inversion
over this period was performed using a Maximum A Posteriori (MAP) approach, solving for
regional CHy fluxes and 8'3C source signatures. Monthly CH, and §'3C data were used as
a constraint, from NOAA-ESRL and CU-INSTAAR, respectively. The results were compared
(for part of the time series) with a similar inversion which solved for the CH,4 fluxes of regions
using data from the Greenhouse gas Observing SATellite (GOSAT) as a constraint, over the
period 2010-2020.

This time period (2004-2020) was specifically examined to understand the driving forces
behind the uptick of CH4 amount fractions which occurred post-2007, following the amount
fractions being approximately constant in the period 1999-2007 (Figure 1.1, Lan et al., 2021).
This increase in amount fractions occurred at the same time as the global atmospheric §'°C
signature began to shift lighter (Figure 1.1), and so the forces behind this increasingly light
trend were also examined through a §'3C emissions source signature inversion.
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Considering a posteriori emissions using ground-based in situ CH4 data, the balance of
CH4 sources post-2007 was found to have shifted from the northern mid-latitudes to tropical
regions. The results of the §'3C inversion indicate that tropical emissions have light §'3C
source signatures. Combining this result with finer-scale studies using satellite data (e.g Feng
et al., 2022; Lunt et al., 2021; Wilson et al., 2021), we attribute these increases to tropical
wetland emissions. The increase of natural emissions presents an issue for future emissions
mitigation, as natural emissions are more challenging to reduce than anthropogenic emissions
(Comyn-Platt et al., 2018). Meeting emissions reduction goals (such as those outlined by the
Paris Agreement) will therefore be more challenging, and require more strict reductions from
anthropogenic sources.

The results of the satellite data inversion show good agreement with the ground-based in situ
measurement inversion results, both on a global scale and in terms of the regions responsible
for changes in CHy4 fluxes (namely North Africa, India and Tropical South America). However,
there are certain regions where the approaches disagree, such as over China, where GOSAT
finds a decrease relative to a priori emissions, but the ground-based in situ inversion finds
increases. These discrepancies arise from areas being poorly covered by ground-based in situ
data, and limits on satellite data detection (such as due to cloud cover in tropical regions).

As well as emissions driving amount fraction changes, changes in atmospheric sinks have
been proposed as a driving force behind global CH4 amount fraction growth (Rigby et al.,
2017; Turner et al., 2017). To examine the role of OH in CH4 emissions increases, sensitivity
tests examining a 0.5%/yr decrease in global OH (following Turner et al., 2017), following by a
5% decrease in 2020 in response to COVID-19 lockdown changing NO, patterns (Laughner
et al., 2021; Miyazaki et al., 2021), while still using CH4 amount fraction and §'3C data as a
constraint. These variations in OH result in emissions that are lower by as much as 50 Tg/yr
(in 2020) compared with a posteriori emissions. However, the resulting emissions are within
the uncertainty of the a posteriori CH4 emissions values. Changes in OH therefore may have
played a role in CH4 amount fraction increases, but would not be solely responsible for CHy
emissions changes over the period 2004-2020.

An issue which is highlighted from the performed inversions (especially for §'3C) is the lack
of spatial coverage of ground-based in situ isotope ratio monitoring sites. This leads to a pos-
teriori '3C emissions signatures from some regions being strongly correlated, meaning that
the emissions signatures from these regions cannot be individually determined. The work
performed in Chapters 3 and 4 addresses the lack of ground based in situ isotope ratio
monitoring sites by introducing a new instrument capable of continuously measuring isotope
ratios at high precision, and assessing where would be best to position such an instrument for
optimal and efficient use of the data.
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5.1.2 Data Processing for Analysis of §!°C and 5D Methane Using a Laser
Spectrometer Based System

Chapter 3 addressed the second research question — how should data from a newly de-
veloped laser-based measurement system be processed to produce high frequency data for
analysis? This chapter examined ground-based monitoring capabilities by introducing a newly
developed instrument. ‘Boreas’ was developed at NPL in 2019 and is capable of making con-
tinuous high precision, high frequency measurements of CHy isotopologues ('>?CH,, 3 CHy
and '2CH3D). In establishing a new instrument it is important to outline the necessary steps
to produce calibrated & values.

The data processing procedure consists of calibrating recorded isotopologue amount fractions
using an ‘isotopologue’ method (Griffith, 2018; Rennick et al., 2021; Steur et al., 2021). This
approach uses primary reference materials (PRMs), independently measured by RHUL for
quality control and for linking data to international laboratories. The relationship between
Boreas-measured and independently-measured isotopologue amount fractions on these PRMs
are used to calibrate the isotopologue measurements made by Boreas. A drift correction was
also performed as a part of the calibration, to account for drift within Boreas over the run cycle.

For Boreas-measured values to be of use in modelling studies, they should be on the same
scale as RHUL measurements, so that they can be associated with other international labor-
atories. Therefore, an offset adjustment is performed on Boreas isotope ratio values, using
a scale factor to relate Boreas-measured PRM isotope ratio values to RHUL-measured PRM
isotope ratio values.

Another consideration for Boreas measurements is that, to make the instrument most efficient,
the system should maximise the number of air measurements recorded. In the initial setup, the
Boreas Target tank (BT) is measured in turn after every air measurement. BT is a compressed
clean-air standard filled at Mace Head in Ireland (one of the UK-DECC network sites) and
is used to confirm the repeatability of the preconcentrator. To maximise the number of air
measurements, measuring the gas standard following every sixth air measurement was found
to be appropriate to ensure a balance between maximising air measurements and ensuring
that the internal offset adjustment is calculated with the required frequency.

Although Boreas is primarily designed for measuring '>CHy4, '3CH, and '>CHj3D, calibrated
CH4 amount fraction data can also be calculated from the individual isotopologue measure-
ments. The isotopologue data are calibrated by considering the extent of preconcentration
(the ratio between the volume of the Boreas trap and the spectrometer sample volume), for
each measurement cycle. To quality control isotopologue amount fractions from Boreas, the
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data are compared with amount fraction values measured by a Picarro G2401, co-located with
Boreas at the Heathfield atmospheric monitoring site. The Boreas amount fraction correspon-
ded well with amount fraction values measured by the Picarro instrument, indicating that this
approach is effective.

In addition to data from the Heathfield site, a time series of data from when Boreas was
operating at NPL was presented. This time series demonstrates the capability of Boreas to
isolate specific sources in different environments (i.e. in a city setting where NPL is located).
Using both Keeling and Miller-Tans analysis, the source of individual CH,4 pollution events was
identified, which demonstrated instrument capability to delineate between source types using
isotope ratio data.

As a result of the data presented in this chapter, questions arise regarding what additional
information could be added to the global measurement network if the Boreas instrument was
placed at monitoring stations around the globe. This question is addressed in Chapter 4.

5.1.3 Potential Improved Monitoring of 5'3C and D Through Deployment of
Continuous Monitoring Systems

Chapter 4 addressed the third research question — where should ground-based in situ con-
tinuous monitoring instruments be located in order to measure CH, isotope ratios most ef-
fectively? This chapter examined ground-based monitoring capability by establishing where
would be most beneficial for future modelling work to position continuous optical instruments.

In the deployment of continuous optical instruments, sampling frequency is increased (hourly
rather than approximately weekly for flask sampling, Dlugokencky et al. (2020)), due to im-
proved portability and the low maintenance required. As a result of the increased frequency
of sampling, short-lived pollution events can be finely monitored and understood. For monit-
oring trends over a longer time series, the chance of an anomalous event skewing results is
reduced, improving reporting of isotope ratio trends.

8'3C and 8D were simulated using GEOS-Chem, over the period 2016-2020. §'3C was sim-
ulated using a posteriori fluxes and source signatures for §'>C, from the inversions performed
in Chapter 2. Simulations for 6D were created synthetically, based upon published source
signatures for different sectors, rather than from an inversion, due to the lack of available
data.

Global values of ‘detectability’ were calculated based upon simulated §'3C and 8D values.
Detectability indicates how effectively a continuous monitoring instrument would capture vari-
ations in 8'3C and 8D, on both daily and monthly scales, by comparing rolling standard
deviations to typical continuous monitoring instrument precision, based upon the Boreas
precision from Chapter 3. These results were presented both on a global scale and at the
specific locations in the model which correspond with the locations of NOAA sites.
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The chapter results indicate that a continuous monitoring instrument would be effective at
capturing monthly-scale changes in §'°C and 8D, if positioned at the same location as NOAA
network sites in the Northern Hemisphere, such as east Asia based sites. Detectability for
specific grid cells located in east Asia exceed 90% of daily-scale and 80% of monthly-scale
events for both §'3C and 8D. Generally, detectability for 8D is greater than for §'3C (by
an average of 12% on a daily scale and 21% on a monthly scale), demonstrating that this
instrument performs relatively better for 8D than for §!3C. Detectability reduces to as low as
0% for §13C and less than 10% for 6D at the South Pole, meaning that variations would not
be captured here. Therefore active emissions sources (rather than a background site) create
the variations necessary to be picked up by the continuous monitoring instrument.

At specific site locations, highest daily and monthly detectability is in tropical regions in east
Asia. Specifically, Tae-Ahn Peninsula site has highest detectability; 65% and 77% on a daily
and monthly scale respectively for §'3C, 90% on both daily and monthly scale for 8D. This site
has strong variability resulting from sources from rice and coal mines in China (Dlugokencky
et al., 1993), leading to high detectability. The metric decreases to less than 5% detectability
for §'3C and 8D at polar site locations, with low variability.

In terms of new site locations, the analysis considered three scenarios: to capture monthly-
scale changes, daily-scale changes, or a combination of both. Using continuous monitoring
instruments allow both daily and monthly-scale monitoring. For monthly-scale monitoring,
the tests showed that Siberia and central ocean regions (central Atlantic, Pacific and Indian
Oceans) were the most promising in this regard, showing good monthly detectability (more
than 70% of variations captured) with minimal influence of pollution events. For daily-scale
pollution event monitoring, east Asia is a location where daily-scale events dominate over
monthly-scale, due to strong variability from nearby anthropogenic sources (such as rice
and coal). For a balance of capturing monthly and daily-scale events, locations with daily
detectability captured for part of the year, without overwhelming the signal (approximately 50%
variations captured), would be eastern Europe and eastern Canada, where wetland emissions
dominate the seasonal cycle and daily-scale variations arise from anthropogenic sources such
as agriculture.

A series of sensitivity tests were performed to examine what effect varying source signatures
and sinks has on detectability, for both §'3C and 8D measurements. To achieve this, the
global source signature was scaled heavier by 5%. for §!3C and 20%. for SD. For the sink
tests, the magnitude of OH in the model was decreased globally by 5%. Following spin-up, the
detectability tests were performed on the new values to examine what locations were sensitive
to emissions signature and sinks. Most sensitive to changes in global source signature were
tropical locations such as in east Asia on a daily scale, due to strong variability of signals
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being driven by anthropogenic emissions. The OH sink tests had the greatest effect at sites in
the polar regions on a monthly scale. D northern polar locations were most strongly affected
by the reduced OH amount fractions; this is due to OH having a greater effect upon CH3;D
than '*CHy4 and poleward flow in the Northern Hemisphere.

To be useful for a large-scale inversion (such as that performed in Chapter 2), locations for
continuous deployment would be tropical islands in the Atlantic and Indian Oceans, where
monthly variations are captured without daily-scale event influence. These are large-scale
regions, so would have to be explored in finer detail to avoid interference. For example, if the
aim is to explore monthly-scale variations, avoid the influence of nearby point sources.

5.2 Future Work

5.2.1 Regular 6D measurement

In Chapter 2, the inversions were performed to solve for regional CH,; emissions and §'°C
emission source signatures, omitting the second-most common stable isotope ratio, 6D. 6D
represents the proportion of deuterium (the most common isotopologue of which is CH3D)
relative to hydrogen in atmospheric CH4, and 6D signatures vary depending upon emissions
type (Douglas et al., 2017).

An inversion for 6D was not performed in this case due to the paucity of 6D data available,
resulting from the few ongoing regular monitoring stations around the world. The NOAA
network set up regular measurements of 6D in 2005 at 15 sites, however these sites were
decommissioned in 2009 as a result of instrumentation issues (White et al., 2016). The lack
of regular measurements is a result of the expense and complexity involved in constructing
a measurement system for isotope ratios (this is also the case for measurements of §!3C,
but CH3D is approximately 100 x more rare than '3CHy, so is more difficult to measure;
Table 1.2). As a result of it being less frequently measured, 6D signatures appear to be
less sensitive to different emissions types (Figure 1.2). However, Menoud et al. (2022) took
mobile measurements of both §'3C and 8D around Europe using IRMS, and found that
oD was especially effective at differentiating between fossil fuel and microbial source types.
Therefore, additional measurements of D would be of great use to the atmospheric modelling
community to delineate between sources. Furthermore, if used as constraints in atmospheric
inversion studies, 0D would reduce uncertainties in results.

Warwick et al. (2016) previously simulated 6D in a 3D CTM. They use a composite of NOAA
data from 2005-09 to compare to their simulation to in situ data, simulating the Arctic over one
year. Similarly Rigby et al. (2012) use pseudo-data to simulate global 8D values over one year,
unconstrained by in situ data. Chapter 4 has advanced from these studies in simulating 6D
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globally over multiple years, 2016-2020. These are all forward simulations, meaning that the
emissions are not constrained by in situ data. If measurements of §D were more widespread,
there would be enough data to perform an inversion using ground-based in situ data, for
regional 6D signatures, like in Chapter 2.

Overall, more regular and widespread measurements of 6D data would be useful for atmo-
spheric modelling. These data could provide additional constraints on inversions, reducing
uncertainty upon the drivers of CH; amount fraction changes. As such, restarting regular
measurements of 6D at multiple locations around the world should be focus for the future.

5.2.2 Clumped Isotopes

Multiply-substituted (‘clumped’) isotopes may provide an additional constraint on changing
proportions of sources and sinks. Clumped isotopes refer to molecules with multiple isotopic
replacements in the same molecule, for example, 13CH3D and '2CH,D, are the two most
common clumped isotopologue species for CH4 (Eiler, 2007). Studies surrounding clumped
isotopes (e.g. Douglas et al., 2017; Stolper et al., 2014) have shown that clumped isotope
signatures (A values) can be used as an atmospheric tracer. Clumped isotope signatures
vary depending upon CH,4 formation conditions, with heavier isotopologues requiring more
energy (corresponding with a higher temperature of CH, formation setting) to break apart
chemical bonds.

The quantity of clumped isotopes in a sample is presented in A notation, calculated as:

A= (e ), (5.1)

Rstochastic

where R,,...s is the ratio of rare isotopologue to the most common isotopologue '>CHy. Stochastic
refers to a state in which isotopes are randomly distributed across all of the isotopologues in
a sample (i.e what the ratio would be if 13C and D were randomly distributed across the
isotopologues).

These clumped isotopes exist in very low abundances in the atmosphere (the most common
clumped isotope is 13*CH3D, making up 0.000692% of all CHy; Stolper et al. (2014)). Therefore,
there is a significant challenge associated with their measurement. However, advances in
preconcentration technology (as demonstrated by Boreas, Chapter 3) are making continuous
measurements of these isotopes more realistic.

Previous measurements of clumped isotopes have mostly been lab-based, on individual air
samples rather than continuously. Measurements have been made using both mass spectro-
metry (Stolper et al., 2014) and laser spectroscopy techniques (Ono et al., 2014; Prokhorov
& Mohn, 2022). Considering the improvements in field-based measurements (Eyer et al.,
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2016; Prokhorov & Mohn, 2022; Rennick et al., 2021), remote field measurements of clumped
isotopes of CH4 will become more readily available in the future. Efforts have begun to simu-
late clumped isotopes of CHy4 in modelling; Chung and Arnold (2021) simulate A'>*CH3D and
A'?CH,D, using a 12-box global model, over three decades.

In the future, more regular and widespread measurements of clumped isotopes would provide
additional evidence to CH,4 inversion studies by improving source delineation, both on a
regional or global scale. These potential data would provide additional constraints upon mod-
elling and inversion studies, indicating how the balance of CH4 sources have shifted over time
and therefore what sectors should be targeted for future emissions reductions strategies.

5.2.3 Further Sink Tests

It is important to examine both sources and sinks as possible drivers behind observed CH,4
amount fraction increases and changing 8'°C signatures. For example, a decrease in at-
mospheric OH (the most abundant sink of CH,4) would result in increased atmospheric CH4
amount fractions. The subject of changing sinks being responsible for the observed changes
in CH4 amount fractions has been proposed by multiple studies (Nisbet et al., 2016; Rigby et
al., 2017; Turner et al., 2019, 2017).

Chapter 2 considers only a decreasing OH trend over an extended time series (2004-2019),
based upon suggested trends from Turner et al. (2017), with a more extreme depression of
OH levels in 2020 (of 5%, as proposed by Laughner et al. (2021); Miyazaki et al. (2021)).
2020 is an extreme case, with unprecedented changes in human behaviour due to lockdowns
as a result of the the COVID-19 pandemic. The proposed mechanism is that reduced NO,
emissions from reduced transport emissions had in turn suppressed OH production. However,
measurements of OH are challenging, due to the very low atmospheric lifetime of OH (0.01 -
1's, Stone et al. (2012)). This therefore makes it difficult to understand atmospheric OH trends
and implement these changes into models.

By only considering a decreasing trend in OH, the work in Chapter 2 ignores that OH may be
instead following an increasing trend, as suggested by Zhao et al. (2019). Increased global
OH would mean faster decomposition of CH4, which, without emissions changing, would result
in decreasing amount fractions.Therefore, in order for this scenario (of increased OH trends)
to match with observed emissions of CH4 from ground-based data (i.e increasing trends),
there would have to be increased regional emissions relative to the a posteriori emissions
estimates.

Furthermore, only the impact of OH changes on CH, amount fractions are examined in this
thesis. It would also be prudent to examine the impact of OH on CH, isotope ratios. For
example, Lan et al. (2021) examined the impact of changes in OH on 8'3C data using a 3D
chemical transport model, and found that decreasing OH on the scale that Turner et al. (2017)
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suggested (a decrease of 7% globally, 2003-2016), cannot reconcile with measured §'3C
data. Changes in other sinks of CH,4 (such as Cl and the soil sinks) are also not examined in
Chapter 2 as a driver of amount fraction increase. However, these sinks are on a much smaller
scale than the OH sink (as detailed in Chapter 1), and so would have less of an impact on
isotope ratio values.

Therefore, in light of the results from Chapter 2 and from previous studies, future work should
include examining the impact of different trends in OH and other sinks, along with their impact
on isotope ratio data. This would clarify changes in the CH4 budget over 2004-2020 and
provide additional information to allow scientists to achieve a more rounded understanding of
the global methane budget with the hope this would allow more efficient mitigation strategies
on greenhouse gases.

5.2.4 Boreas Deployment

Boreas is at present in place at the UK-DECC network’s Heathfield atmospheric monitoring
site. The data measured there requires ongoing processing, analysis and preparation. The
data from Boreas will used in regional-scale inversions, for example to understand how the
UK’s mix of sources is varying over time.

Currently, there is only one Boreas instrument in operation. The future plan is to build more
instruments and deploy these to various global atmospheric monitoring sites. Boreas rep-
resents new progress in optical measurements, by achieving similar precision to those from
conventional isotope ratio mass spectrometry methods, while allowing continuous, high pre-
cision, remote measurements. The construction of ‘Boreas II' at NPL is currently underway.
(Chapter 3; Rennick et al. (2021)). The aim is to create a more reproducible construction
protocol, to enable the build of unlimited CH4 preconcentrators in the future.

Analysis in Chapter 3 demonstrated that continuous isotope ratio data from Boreas is capable
of delineating between biogenic, thermogenic and pyrogenic source types. The increased
sampling frequency (without the need of regular maintenance) means that variations in iso-
tope ratios (for both monthly-scale and daily-scale pollution events) are more clearly defined.
This is true both from an already established site and an entirely new site location.

Considering the results from Chapter 4, a measurement campaign for a continuous monitoring
instrument to central oceanic regions (such as the central Pacific, Atlantic and Indian Oceans)
would be best to measure monthly-scale changes in CH, isotope ratios, without the influence
of pollution events. One of the major benefits of continuous measurement is that both monthly-
scale and daily-scale variations in isotope ratios are measured. These site locations present
challenges in terms of accessibility because of weather exposure and distance from infra-
structure. East Asian locations have higher detectability on a daily scale than a monthly scale
due to the influence of highly variable anthropogenic emissions nearby. A deployment location
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to capture both monthly and daily-scale events would be in parts of eastern Canada. Another
consideration (which will require future work) will therefore be to develop infrastructure to
protect the instrument from elemental damage, such as from weathering an exposure at
isolated site locations.

With the deployment of future Boreas instruments, understanding of variations in CHy isotope
ratios would be improved. This would contribute to understanding the driving forces behind
changing CH4 emissions. Understanding emissions variations highlights important sectors to
focus on for future emissions mitigation, in order to achieve emissions reductions goals as set
out in the Paris Agreement (Ganesan et al., 2019).

5.3 Summary

The work in this thesis has examined the capabilities of ground-based in situ CH,4 isotope
ratio data in determining the drivers behind rising contemporary CH,4 emissions, both in terms
of source magnitude and sectoral delineation. It has also demonstrated the utility of ground-
based in situ measurements of CHy isotope ratios §'>C and 8D, in order to to understand
the changing sources and sinks of CHy. It has shown how large-scale regional CH4 fluxes
and §'3C signatures have varied over 2004-2020; determined how data analysis should
be performed on a new, high-frequency high-precision instrument, and established globally
where this instrument should be positioned to best capture variations in the primary stable
isotope ratios §'3C and S8D.

Inversions for regional CH, emissions and §'3C signatures were performed, over an extended
period, using ground-based in situ data (solving for 2004-2020). This established the capability
of the network in its current state. Tropical wetland emissions were found to have increased in
the post-2007 uptick of CH4, indicated by increased CH4 emissions from North Africa, Tropical
Asia, and Tropical South America. §'3C source signatures are trending lighter, especially over
the tropics, indicating that the emissions here are microbial in origin. Therefore, the ground-
based in situ data was capable of determining geographical and sectoral drivers of emission
trends. A limitation in using ground-based in situ data is the lack of data coverage, especially
for isotope ratio data, which leads to difficulty in separating regional contributions to the CH4
budget.

Following this, the setup of a new high-precision continuous CH, isotopologue measure-
ment instrument was examined, which could bring new ground-based in situ data. The data
processing protocol for this instrument was established, in order to produce calibrated o
values of optimum precision. Separate steps of calibrating on isotopologue measurements,
drift correcting calibration factors, and making an adjustment on isotope ratio values, was



5.3. Summary 140

found to be necessary in order to optimise the instrument. Data analysis was performed on a
sample time series, which demonstrated that the instrument is capable of delineating between
specific source types, such as identifying waste water treatment facilities when positioned at
NPL Headquarters in south-west London.

Finally, the thesis examined the potential capability of continuous monitoring instruments at
multiple locations. This chapter explores locations to position a new atmospheric monitoring
site, in order to capture background changes in CH4 and source signatures. Boreas was
found to effectively detect changes in CH4 isotope ratios at the location of current NOAA
measurement sites, especially for 6D. In terms of the position of an entirely new site, central
tropical oceans were found to effectively obtain measurements of both §'*C and 8D on a
monthly scale, without the influence of pollution events. Locations in east Asia would capture
daily-scale variations effectively due to the influence of highly variable anthropogenic emis-
sions, and positioning an instrument at an eastern Canadian site would capture a balance
of both monthly and daily-scale variations. The deployment of new continuous monitoring
instrumentation would therefore lead to expansion of the network, new data, and improved
attribution of source signatures.

This thesis has determined that ground-based in situ data are capable of delineating between
different source types of CH4 emissions. This data can determine how the CH4 emissions
budget is changing over time and therefore what sectors should be targeted for emissions
reductions. Overall, reducing carbon emissions such as CH4 on both a national and individual
scale will be a necessary focus for the future in order to protect the planet’s ecosystems and
limit the impacts of climate change.
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A.1 Site Identifiers

Table A.1: Sites that are included in the in-situ inversion. All sites are part of the NOAA
network, other than KRS, which is part of the JR-STATION network, monitored by NIES Japan.

’ Code ‘ Full Name Latitude (°) ‘ Longitude (°) ‘
ALT Alert Station 82.28 -62.30
ZEP Ny-Alesund, Svalbard 78.90 11.89
SUM Summit, Greenland 72.60 -38.42
BRW Barrow Station 71.32 156.61
ICE Storhofdi,Iceland 63.40 -20.29
KRS Karasevoe, Siberia 58.14 82.25
MHD Mace Head, Ireland 53.33 -9.90
SHM Shemya Island, Alaska 52.71 174.12
UuM Ulaan Uul, Mongolia 44.45 111.09
NWR Niwot Ridge, Colorado 40.05 -105.59
UTA Wendover, Utah 39.90 -113.72
WLG Mt. Waliguan, China 36.29 100.90
BMW Bermuda 32.26 -64.88
WIS Ketura, Israel 29.96 35.06
1ZO Izana, Tenerife 28.31 -16.50
MID Midway Islands 28.22 -177.37
KEY Key Biscane, Florida 25.67 -80.16
ASK Assekrem, Algeria 23.26 5.63
KUM Cape Kumukahi, Hawaii 19.56 -154.89
MLO Mauna Loa, Hawaii 19.54 -155.58
RPB Ragged Point, Barbados 13.17 -59.43
SEY Mahe Island, Seychelles -4.68 55.53
ASC Ascension Island -7.97 -14.40
SMO American Samoa -14.25 -170.56
CGO Cape Grim -40.68 144.69
BHD Baring Head -41.40 174.87
CRz Crozet Island -46.43 51.85
USH Ushuaia, Argentina -54.84 -68.31
PSA | Palmer Station, Antarctica -64.77 -64.05
SYO | Syowa Station, Antarctica -69.01 39.59
SPO South Pole, Antarctica -89.98 -24.8
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A.2 Pollution Analysis
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Figure A.1: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analysis of a single
pollution event (12pm-9pm 22" December 2020), for (a,c) §'>C and (b,d) 8D. ‘&’ is the delta
value as recorded by Boreas, and ‘C’ is the amount fraction concentration. The better the fit
(blue line) to the data points (red points), the more likely it is that the pollution event is of a
single origin. The suggested source signature (y-intercept for Keeling and gradient for Miller-
Tans) is listed, along with the error on fit (root mean square error, RMSE).
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Figure A.2: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analysis of a single
pollution event (2pm-11pm 27" December 2020), for (a,c) §'3C and (b,d) SD.
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Figure A.3: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analysis of a single
pollution event (6am-8pm 28™ December 2020), for (a,c) §'3C and (b,d) SD.
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Figure A.4: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analysis of a single
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Figure A.7: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analysis of a single
pollution event (12pm - 9pm 16 January 2021), for (a,c) §'3C and (b,d) SD.
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Figure A.8: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analysis of a single
pollution event (9am 15t - 5am 2" February 2021), for (a,c) §'3C and (b,d) SD.
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Figure A.9: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analysis of a single
pollution event (2am - 7pm 6™ February 2021), for (a,c) §'3C and (b,d) 8D.
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Figure A.10: Keeling (subplots a and b) and Miller Tans (subplots ¢ and d) analysis of a single
pollution event (12pm - 8pm 10™ February 2021), for (a,c) §!3C and (b,d) SD.
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