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ABSTRACT

A
nthropogenic fossil fuel CO2 ( f f CO2) emissions are an important topic of research as they
increase atmospheric CO2 which affects the global greenhouse gas budget and radiative forcing
of the Earth’s climate. The challenge with investigation of atmospheric CO2 mole fraction

variation is the difficulty of separating biogenic and anthropogenic sources. Radiocarbon dioxide
(14CO2) observations provide a method for separating fossil fuel emissions from other sources. This
is because fossil fuels, having been buried under ground for millennia, do not contain 14C ; which
has a half life of 5730 years. Therefore, 14C can be used as a tracer of anthropogenic activity. When
combined with models of atmospheric transport, 14CO2 measurements could be used to determine
the magnitude of the UK’s fossil fuel CO2 emissions. Previous 14CO2 measurements in the UK, as
part of the Greenhouse GAs UK and Global Emissions (GAUGE) project, have shown that it is difficult
to use 14CO2 to quantify UK f f CO2 emissions. The reasons for this were: (1) Only a limited number
of samples under low f f CO2 mole fraction conditions were taken; (2) The abundance of nuclear
power stations in the UK that release 14CO2 emissions means a correction must be applied to the
measurements.

Flask samples are most commonly taken over the period of minutes providing only a snap
shot of the atmospheric gas composition, these are then compared to models which are on the
time frame of hours. To make the samples collected more representative and comparable to the
models an integrated sampling system was designed and tested that is capable of collecting samples
representative of hours. The next stage in the sample analysis is the extraction of the CO2 from
the whole air sample. Traditionally, this has been achieved cryogenically using liquid nitrogen. An
extraction line similar to those utilised at other laboratories was constructed and tested. In addition,
an alternative extraction system that utilises a commercially available graphitisation system was
also investigated. The precision obtained from both methods was 2 h which is within the World
Meteorological Organisation (WMO) guidelines.

The final step is the calculation of f f CO2 mole fraction including the calculation of the correc-
tions for other influences on 14C . Data from the GAUGE campaign was used to calculate the required
corrections and f f CO2 mole fractions. Consideration of the spatial and temporal 14C emissions
from nuclear power stations is required. There is high temporal variation in the emissions from the
nuclear power stations that was considered in this thesis by using daily emission data. Sporadic high
emissions from the nuclear power stations occur. However, if samples are taken to avoid these, the
nuclear correction is of similar magnitude to the correction required for biospheric disequilibrium.
The correction required for biospheric disequilibrium was also investigated as part of the work in
this thesis using three different biospheric models.

Overall, this thesis has contributed to the use of ∆14CO2 to quantify f f CO2 emissions in the
UK. It has built on work from a previous project and the improvements made as part of this thesis
will be used in a future project to use ∆14CO2 measurements to improve the verification of f f CO2

emissions using atmospheric measurements and modelling.
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INTRODUCTION TO ATMOSPHERIC 14CO2 MEASUREMENTS

One of the main challenges facing the world today is the vast increase in population (7.6 Billion,
2018) and the demand for energy (Tans and Zellweger, 2018). Energy needs are met by burning fossil
fuels, which has detrimentally affected the environment. Greenhouse gases (GHGs) produced from
burning fossil fuels has led to a sharp change in the climate (Rodhe, 1990; Keeling, 1960). In the last
century, the rise in GHGs has led to a global temperature increase of 0.6 °C (Figure 1.1). The increase
in temperature has widespread implications for the planet; more frequent extreme weather events,
floods, droughts and melting in the Arctic leading to a rise in sea level, are just some of the effects of
climate change already observed (Le Quéré et al., 2018).

Developed nations must report their GHG emissions to the United Nations Framework Con-
vention on Climate Change (UNFCCC). The UNFCCC was set up in 1992, tasked with preventing
dangerous anthropogenic influences on the Earth’s climate system and mitigating climate change
(Rhodes, 2017). In 1997 the Kyoto Protocol, an international treaty led by the UNFCCC, committed
member state parties to reduce GHG emissions. At the UNFCCC Conference of Parties (COP21) in
December 2015, 195 countries signed a declaration of intent, this was noted as a historic event as it
was the first time all the World’s governments, with the exception of Syria and Nicaragua, stated that
they are:

"recognising the need for an effective and progressive response to the urgent threat of climate
change on the basis of the best available scientific knowledge."

These nations then adopted the 2015 Paris Agreement, which set new emission reduction targets,
to “hold the increase in the global average temperature to well below 2 °C above pre-industrial
levels.” (UNFCCC, 2015). The Paris Agreement stressed the importance of reducing current emission
levels and using renewable energy sources to limit warming to 0.5 °C to mitigate climate change
(UNFCCC, 2015). Each signatory nation to the Paris Agreement is required to report inventories of all
the Kyoto basket GHGs to the UNFCCC, in addition to being encouraged to strengthen scientific and
technological knowledge to meet these goals.

Generally, emission estimates are based on inventories created from industry activity data and
emission factors (IPCC, 2014; Olivier et al., 1996). However, the uncertainties associated with the
regional distribution of emission inventories in space and time can lead to uncertainties of up to 50 %
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Figure 1.1: Global population taken from United Nations - World Population Prospects 2017, CO2

mole fraction taken from Scripps (Keeling et al., 2005) and temperature anomalies taken from
Hadcrut (Morice et al., 2012)

of the mean, at a 100 km resolution (Ciais et al., 2010). The United Kingdom (UK) invests great effort
in the creation of these inventories and was one of the first countries to use GHG measurements
to investigate these uncertainties (O’Doherty et al., 2018). To report emissions to the UNFCCC
there is a need for accurate and reliable GHG emission inventories. This makes verification of
emissions inventories more important than ever, and the need to develop techniques to verify
emission inventories paramount.

The most abundant GHG, after water vapour, is carbon dioxide (CO2). One difficulty in the
quantification of CO2 emissions is that the net exchange of CO2 between the land and ocean surface
and the atmosphere is a complex mixture of both anthropogenic and natural sources and sinks.
Measurements of chemical species that are related to anthropogenic activity, known as tracers, in
addition to modelling methods can be used to disentangle anthropogenic and natural sources.

Anthropogenic sources of CO2 include; cement production, deforestation and the burning of fossil
fuels such as coal, oil and gas. Fossil fuel combustion is the largest human source of CO2 emissions,
accounting for 70 % of all human CO2 emissions (Friedlingstein et al., 2019). Indicative values suggest
global f f CO2 emissions would be 36.8 billion tonnes of CO2 for 2019 (Friedlingstein et al., 2019).
Therefore, quantification of anthropogenic fossil fuels CO2 ( f f CO2) emissions is paramount to
understanding global and regional carbon budgets.

National governments that are parties of the UNFCCC and Kyoto Protocol are required to develop
and publish annual inventories of a predefined list of greenhouse gases, to the UNFCCC (UNFCCC,
2014). GHG emissions and removal estimates are grouped in sectors, based on related processes,
sources and sinks, these are:

• Energy;
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• Industrial processes and product use;

• Agriculture, forestry and other land use;

• Waste;

• Other (e.g. indirect emissions from nitrogen deposition from non-agriculture sources) (IPCC,
2006).

Each of these sectors are comprised of individual categories (e.g. transport) and sub-categories (e.g.
cars) (IPCC, 2006). Inventories are calculated by the summation of sub-categories and national totals
are calculated by summing the emissions and removals for each gas (IPCC, 2006). This does not
include emissions from international transport, shipping and aircraft, which is reported separately
(IPCC, 2006). In the UK, the Government Department for Business, Energy and Industrial Strategy
(BEIS) produce inventories of CO2 emissions from different sources. The aim of these statistics is to
provide the most reliable and consistent breakdown of CO2 emissions across the country.

One tracer that is used to provide an insight into the magnitude of fossil fuel emissions is radiocar-
bon (14C ). Fossil fuels, having been buried under ground for millennia, do not contain 14C which has
a half life of 5730 years (Godwin, 1962; Libby et al., 1949). Therefore, 14C can be used as a tracer of
anthropogenic activity (Manning et al., 1990). When combined with models of atmospheric transport
and chemistry, radiocarbon dioxide (14CO2) measurements can be used to determine the magnitude
of the UK’s fossil fuel CO2 emissions. 14C measurements across a large range of disciplines have,
since 2015, been made at the state-of-the-art Bristol Radiocarbon Accelerator Mass Spectrometry
facility (BRAMS). This thesis will describe the use of 14CO2 measurements made at this facility, in the
UK, to estimate f f CO2 mole fractions.

The methods which we can use to improve the use of 14C measurements to quantify f f CO2 mole
fractions in the UK are explored in this thesis. In this introduction, the components of the carbon
cycle and their importance in quantifying f f CO2 mole fractions are first presented. The 14C cycle
and the relevance to the f f CO2 content of the atmosphere is then discussed. The measurement
techniques that were used in this thesis, followed by the measurement infrastructure that has been
utilised is next presented. The future use of 14CO2 measurements in the UK will be discussed by
examining relevant literature. Finally, the research questions that will be addressed in this thesis are
outlined.
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CHAPTER 1. INTRODUCTION TO ATMOSPHERIC 14CO2 MEASUREMENTS

1.1 The carbon cycle

Atmospheric carbon content is dominated by CO2 and methane (C H4). Both have natural and anthro-
pogenic sources. Carbon atoms are transported between the biosphere (living beings), pedosphere
(soil), geosphere (rocks) and hydrosphere (water) through varies biochemical and physical processes,
a natural mechanism known as the carbon cycle, that is key for maintaining life on Earth. The rate of
exchange and size of these carbon "pools" has an important effect on the ability of the carbon cycle
to react to change. The carbon pools and exchange processes in the carbon cycle are summarised in
Figure 1.2. The numbers in blue represent the size of the carbon pool in petagrams carbon (1x1015g)
and those in black show the exchange process rates, where numbers shown as + denote changes that
have occurred due to human activity. Numbers have been taken from the Intergovernmental Panel
on Climate Change (IPCC) report (IPCC, 2014).
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Figure 1.2: Simplified representation of the global carbon cycle. Numbers are taken from the IPCC
report (IPCC, 2014)

The deep oceans store far more carbon than the atmosphere, biosphere and surface ocean
combined, and have the ability to absorb even more. However, the exchange rate of the deep ocean
with the surface ocean is slow, and even though these pools are connected it takes the carbon
considerable time to reach the deep ocean. Due to the large interactions of the biosphere and surface
ocean with the atmosphere, through photosynthesis, respiration and air-sea gas exchange, the
atmosphere pool has the shortest residence time in the carbon cycle. In 1850 atmospheric CO2 mole
fraction was 280 parts per million (ppm, micromoles per mole) (Sundquist, 1993), at this time the net
natural flux to and from the atmosphere was in balance. The vast increase in human activity such
as the combustion of fossil fuels and land use change since the industrial revolution, has disrupted
the natural balance in the carbon cycle, and there is now an additional anthropogenic CO2 flux
(Sundquist, 1993).

The atmospheric CO2 mole fraction has now exceeded 400 ppm, and continues to increase.
However, the increase in the atmosphere only accounts for half the additional anthropogenic CO2,
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1.1. THE CARBON CYCLE

the other half is taken up by the surface ocean and biosphere. The increase of pCO2 in the surface
ocean increases the concentration of hydrogen ions in the water and, therefore, the ocean acidity
rises, which has detrimental effects on marine life (Caldeira, 2003). In the biosphere, increased
atmospheric CO2 may have positive effects as enhanced photosynthesis will lead to faster growth
(Graybill, 1993). However, the exact effects on plant biology are unknown and will require further
investigation. Arguably the most important consequence of rising CO2 are the effects on the climate
system. Radiative forcing is the difference between insolation (sunlight) absorbed by the Earth and
the energy that is radiated back to space when this becomes unbalanced a climare forcing factor will
change the climate system. Increased CO2 mole fraction in the atmosphere currently has the largest
effect, compared to other GHGs due to its large increase, on the climate system (IPCC, 2014). For
this reason, understanding future increases in CO2 is at the forefront of policies to mitigate climate
change. There are still challenges in quantifying natural and anthropogenic sources and sinks, owing
largely to differences on temporal and spatial scales due to the location and time changing emission
sources and sinks. For example, plants act as a CO2 sink only during daylight hours and road transport
CO2 emissions are difficult to accurately report spatially. In this thesis, the focus is on investigating
anthropogenic CO2 emissions, which will be discussed in more detail in the next section.
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1.2 Inferring CO2 fossil fuel emissions

It is not possible to directly measure f f CO2 mole fractions because of the exchanges in the carbon
cycle. The perturbation by human activities, largely combustion of fossil fuel and land use change
(deforestation) represent only a small portion of the total fluxes between the atmosphere and bio-
sphere and ocean (Ciais et al., 2013). This makes it difficult to use CO2 measurements to estimate
f f CO2 mole fractions (Nisbet and Weiss, 2010). There is also large temporal variability on both the
diurnal and seasonal cycles in the natural biospheric fluxes. In the summer and day light hours,
when plants are growing, lower mole fractions are observed, predominantly caused by the biospheric
uptake of CO2 during photosynthesis. As anthropogenic emissions are just one variable component
of the CO2 mole fraction it is difficult to determine which is natural and which is anthropogenic.
Estimates of f f CO2 emissions can be attempted by many methods including, “bottom-up” and
“top-down” modelling and the use of tracers.

The most common method to quantify f f CO2 emissions is known as bottom-up modelling.
Information on usage (activity rate) is combined with an emissions rate (emission factor) to estimate
total emissions from a given sector (Gurney et al., 2017; Zhao et al., 2012). The activity rate is based
on available data related to production, consumption or input statistics. Emission factors vary
depending on sector but often default emission factors are used instead of explicitly calculating
emission factors considering the variability in fuel with time, season and by end use (IPCC, 2014).
Inevitably, assumptions and simplifications are made in the calculation of these inventories. In high
income countries uncertainties are on average, 5 % whereas in low-middle income countries they are
on average, around 10 % (Ballantyne et al., 2015). However, previous studies have shown uncertainties
can be as high as 50 % on a regional scale at 100 km resolution (Ciais et al., 2010). Therefore, it is vital
inventories are verified using independent top down methods such as mole fraction observations of
the atmosphere combined with inverse modelling techniques.

The UK was one of the first countries to use GHG measurements to investigate uncertainties in
bottom up inventories (O’Doherty et al., 2018). New emission reduction targets agreed under the
Paris Agreement in 2015 make the use of GHG measurements to verify the magnitude of emissions
and efficiency of emission reduction programs more important than ever.

The top-down approach involves taking atmospheric concentration measurements and using
inverse modelling, modelling in reverse, to assign the emission sources (Ciais et al., 2010). This ap-
proach has been recognized by the IPCC as a method of independently verifying emission inventories.
Inverse modelling has been used to verify the accuracy of inventories for many GHGs, including C H4

and N2O (Bergamaschi et al., 2018). However, this is not possible for CO2, the main problem is there
is no difference between a CO2 molecule from fossil fuel combustion or one released in respiration.
The contribution of natural CO2 from the atmosphere is significant and therefore a proxy is required
to measure f f CO2 mole fraction only.

Chemical species that are related to anthropogenic activity can be used to trace f f CO2 emissions.
This can be achieved using direct methods or indirect methods. Direct methods include; the 14C
method, the atmospheric potential oxygen method, and stable isotope methods (Pickers, 2016).
Whereas indirect methods include carbon monoxide, air quality pollutants, sulfur hexafluoride and
radon which are indicators of incomplete combustion, co-located emissions or indicators of how
much ground contact a recent air mass had (Turnbull et al., 2006; Hirsch, 2007). These methods will
each be discussed in more detail later in Section 1.6. As the 14C method is the main focus of this
thesis next the detail of why we can use 14C specifically as a tracer for f f CO2 and considerations
that need to be made will be explored.

6
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1.3 Radiocarbon in the atmosphere

Carbon has two stable isotopes, 12C (99.9 %) 13C (1.1 %) and one unstable long lived isotope, 14C
(1×1010 %). In this thesis the focus is solely on the use of 14C as a tracer of f f CO2 emissions and
improving its usability in the UK. The dilution of 14C by fossil carbon provided one of the first
indications that human activities were strongly affecting the carbon cycle (Suess, 1955). The ratio of
14C /C can be used to work out how much CO2 has come from fossil fuel burning. This section will
look in more detail at the components of the 14C cycle and how it is possible to use 14C as a tracer of
f f CO2 emissions.

14C is produced naturally in the upper atmosphere, in the transition zone between the strato-
sphere and troposphere (Libby, 1946; Mook and Plicht, 1999). It is predominantly produced via the
continual (neutron (n) - proton (p)) reaction of N with cosmic rays as shown in Equation 1.1. Once
formed, 14C is rapidly oxidised to 14CO and 14CO2, which then mix with other CO2 molecules and
takes part in all CO2 exchange processes. There is variability in the production of 14C depending on
the number of cosmic rays, which varies with solar activity. Solar activity varies on an eleven year
cycle. However, the magnitude of this is not significant to the variability observed by effects from
human activity, the biosphere and ocean (Lowe and Allan, 2002).

(1.1) 14N+n →14 C+p

In the undisturbed carbon cycle, there is a balance between cosmic ray production and radioactive
decay of 14C . 14C is accumulated in the carbon cycle through plants by photosynthesis and transferred
through the food chain until plants or animals eventually die. The carbon from these organisms is
then transported into the slower exchange reservoirs by burial or transfer into the deep ocean or
re-enters the atmosphere via decay and hetrotrophic respiration. In processes where the turn over
time is shorter that the 14C half-life (5730 years), e.g. autotrophic respiration, the radioactive decay
will only have a very small effect on the relative 14CO2 content. Whereas, in the slower exchange
reservoirs, 14C atoms will decay back to 14N by β− decay, naturally altering the 14C /C ratio. This is
why anthropogenic CO2 emissions are unique when looking at 14CO2 in the carbon cycle (∆14CO2 =
-1000 h).

The natural 14C /C ratio has been disrupted in two instances. It was first disrupted with the start of
the industrialisation. When exchange of carbon with the environment stops, all the 14C decays back
to 14N . Fossil fuels, which have been buried under the surface for millennia, are completely depleted
in 14C . When humanity began to burn fossil fuels the 14C /C ratio became diluted in the more rapidly
exchanged carbon reservoirs, the biosphere, surface ocean and especially the atmosphere. This is
because when burnt fossil fuels only release 12CO2 and 13CO2. This effect was first observed in tree
rings from 1890 to 1950 by Hans Suess and is named the Suess effect (Suess, 1955).

The second major disruption to the natural 14C /C ratio was caused by the extensive testing of
nuclear weapons, during the cold war from 1956 until the Nuclear Test Ban Treaty by the USA and
Soviet Union in 1963, which ended the majority of these tests (Nydal, 1968; Nydal R., 1983). 14C was
produced by reactions of thermal neutrons from the nuclear weapon tests with nitrogen atoms in the
atmosphere to form 14C . This doubled the 14C /C ratio in the troposphere. The rapid decline after the
bomb peak is not consistent with radioactive decay as it resulted from large exchange fluxes of the
atmosphere, biosphere and surface ocean. The uptake of this 14CO2 into fast exchange reservoirs
was greater than the decline caused by the Suess effect for several decades (Nydal R., 1983). This
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CHAPTER 1. INTRODUCTION TO ATMOSPHERIC 14CO2 MEASUREMENTS

means the 14C content of the biosphere, ocean and the atmosphere is still in disequilibrium today.
Furthermore, the nuclear power industry adds an additional consideration for 14CO2 measurements
as during the production of energy nuclear power plants release 14CO2.

The long term trend of the tropospheric ∆14C normalised to a standard for the Northern Hemi-
sphere is presented in Figure 1.3. The data were taken from Institut fur Umweltphysik, University of
Heidelberg (Levin et al., 1985; Levin and Kromer, 1997; Levin, 2004). The data before 1954 were de-
rived from tree rings (Stuiver and Reimer, 1993). From 1959 to 1986 measurements were performed at
the alpine site, Vermunt. From 1986 onwards measurements are from the Swiss High Alpine Research
Station Jungfraujoch (Levin, 2004). The data from Vermunt shows the bomb spike, peaking in 1963
and the decline afterwards caused by the uptake by the ocean and biosphere as well as the dilution of
14CO2 caused by the increase in burning of fossil fuels since the industrial revolution, this was also
observed in the data from Jungfraujoch.
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Figure 1.3: Long term trend of ∆14C in the Northern Hemisphere. Before 1954 data was derived
from tree rings (Stuiver and Reimer, 1993). From 1959 to 1986 measurements were performed at the
alpine site, Vermunt. From 1986 onwards measurements are from the Swiss High Alpine Research
Station Jungfraujoch (Levin, 2004). Data from Institut fur Umweltphysik, University of Heidelberg.

The next section will discuss the notation that is used for radiocarbon measurements and will be
used throughout this thesis, which is important to ensure comparisons between laboratories can be
made. This will be presented before the equations that are used to calculate f f CO2 mole fractions.
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1.4 Radiocarbon notation

In this section the 14C units and calculations for the work carried out in this thesis are presented. The
first 14C dating was performed by Libby (1946), the 14C notation has developed since then based
on measuring radioactive decay. More recently, it’s been possible to directly measure isotope ratios
using Accelerator Mass Spectrometry (AMS) (Currie, 1978; Donahue et al., 1990), although, the units
and normalisation procedure is still based on a specific activity, As . Comprehensive derivations of
these calculations have previously been published, (Stenström et al., 2011).

1.4.1 Specific activity

Specific activity (A) equals the number of decays per time and mass unit, it is expressed as counts
per minute (cpm/g C) or Bq/ kg C (SI unit). The net specific 14C activity of a sample (As) or a
standard (Ast and ar d ) is a function of the measured specific 14C activities of the sample (As) and of
the background (Ab):

(1.2) A=A-Ab

Specific activity is not measured in AMS, the number of carbon isotope (n(12C ), n(13C ) and n(14C ))
are counted instead. The ratio of 14C atoms to the total number of carbon atoms (R) is proportional
to the specific activity, that can be approximated as:

(1.3) A ∝ R=
n(14C )

n(12C )+n(13C )+n(14C )
≈ n(14C )

n(12C )+n(13C )
≈ n(14C )

n(12C )
∼

14C
12C

This means that the isotope ratio (R) reported from AMS is analogous to Equation (1.2) (Wacker
et al., 2010):

(1.4) R=R-Rb

Isotope counts from now on will be displayed as xC instead of n(xC ) where x is the mass for
simplicity.

1.4.2 Fractionation

Fractionation between different isotopologues is inevitable from all chemical processes. This can be
described by an isotope fractionation factor (αB/A) for a transition A <=> B :

(1.5) αB/A=
RB

RA
6= 1

There are three effects responsible for isotopic fractionation (Mook and Plicht, 1999):
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• Kinetic fractionation resulting from irreversible physical chemical processes as chemical reac-
tions occur faster for lighter particles as binding energies are smaller and velocities higher for
smaller particles.

• Inverse kinetic fractionation when reactions behave in the opposite way to kinetic reactions.
When heavier isotopes have lower binding energies, for example when reactions involve
hydrogen, 13CO2 is less soluble in water than 12CO2.

• Equilibrium fractionation is equal to the equilibrium constant between phases containing
different isotopes. It depends approximately on inverse temperature. Effects from equilibrium
fractionation are smaller than those from kinetic fractionation.

If all binding energies are known fractionation effects can be calculated, but this is rarely the case.
Usually isotopic fractionation effects have to be determined experimentally (Mook and Plicht, 1999).

1.4.3 Delta notation

Fractionation of carbon in the laboratory or in processes in the carbon cycle leads to a depletion or
enrichment of 13C in the measured sample. The resulting 13C /12C ratio is expressed relative to the
Vienna Pee Dee Belemnite (VPDB) standard:

(1.6) δ13C =
(( 13C

12C

)
S-

( 13C
12C

)
V PDB( 13C

12C

)
V PDB

)
×1000h,

the δ-notation for 13C /12C of sample, S.

1.4.4 δ13C normalisation

The ∆14C is normalised to a δ13C value to account for fractionation. Fractionation is the discrim-
ination against one isotope in the favour of another in physical and chemical processes. The dis-
crimination takes place as the additional neutron alters the weight and the chemical bonding energy.
Normalisation of 14C based on 13C isotope ratio must be carried out when comparing 14C /C ratios of
samples that went through different chemical production processes in natural reservoirs. This is be-
cause the processes that lead to mass-dependent fractionation in 13C lead to a higher effect in 14C /C
ratios, as the mass difference to 12C is doubled. Additionally, different laboratories measuring similar
samples can apply different grades of fractionation by deviations in the sampling or measurement
technique. If measurements are not corrected for fractionation it wouldn’t be possible to compare
results from different laboratories. Stuiver and Robinson (1974) introduced a 13C fractionation factor
f13 to correct for 13C fractionation:

(1.7) f13=

(
13C
12C

)
[−25](

13C
12C

)
S

A ratio of the 13C /C ratios for a sample with δ13C = - 25 h and a sample. It can be expressed using
the δ-notation in Equation (1.6).
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(1.8) f13=
0.975(

1+
δ13

S
1000

)

expressed as the δ13C value of the sample, S. Stuiver and Robinson (1974) approximated the 14C
fractionation factor f14 to

(1.9) f14 ≈ f b
13 ≈ f 2

13

The exponent b has been set to 2, although has been calculated to 1.9 (Stuiver and Robinson,
1974). Using this formalisation, any specific activity, A, with a known δ13CS can be normalised to
δ13C = - 25 h.

(1.10) AN = A× f14 = A× f 2
13 = A×

(
0.975(

1+δ13CS
1000

))2

1.4.5 Notation and standards

Standards are used to compare measurements over time and between laboratories. This is necessary
for maintaining long term comparisons. 14C is reported relative to a standard with a specific activity
(Mook and Plicht, 1999).

(1.11) Aabs=226B qkg−1

Currently, it is recognised that all these results should be directly related to the absolute modern
standard, the 14C activity of the modern standard as it was in 1950. This modern standard, NBS
oxalic acid and be used directly or indirectly by using a sub-standard, which is directly related to the
National Bureau of Standards (NBS) oxalic acid (OXI or OXII) (Stuiver and Polach, 1977). Although the
activity of oxalic acid will change as it is decaying itself, the Absolute International Standard (AISA)
will not change. The Absolute Modern Standard is defined as the radiocarbon activity measured in
1950 of a sample of wood growing in the Northern Hemisphere in 1890. Since the oxalic acid standard
used is itself decaying, to represent the absolute 14C activity, the decay of the standard must be
accounted for. The modern standard activity is defined for 1950, so measurements made at a later
time must correct the measured oxalic activity for decay since that year. The international accepted
14C dating reference value is 95 % of the activity (Stuiver and Polach, 1977; Miller et al., 2013). The
normalised (to δ13C =−19h) standard activity AON is defined as

(1.12) AON =0.95AOx1

(
1- 19

1000

1+ δ13C
1000h

)2
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for the activity of Oxalic Acid 1 (AOX 1). AON is decaying with time and can be converted to Aabs

using the law of radioactive decay:

(1.13) Aabs = AON expγc (y−1950)

where the decay constant γc = 1/8267 a−1 and y is the year of measurement.

As stocks of Oxalic Acid I have become low, a new standard material, Oxalic Acid II has been used.
For the majority of the work in this thesis Oxalic Acid II is used, it is defined as:

(1.14) AON =0.759AOxI I

( 1- 25
1000

1+ δ13C
1000h

)2

it is normalised to δ13C =-25h.

The 14C measurements in this thesis are presented as F 14C :

(1.15) F 14C =
ASN

AON

Percent Modern Carbon (pMC) is frequently used for environment samples and post-bomb
applications.

(1.16) pMC =
ASN

AON
×100%

This ratio is constant over time. It is used in this thesis to calculate the blank air that was measured.

To report atmospheric 14C measurements, the age corrected∆ notation (Stuiver and Polach, 1977)
is used, this is reported in per mil, h:

(1.17) ∆14C =
( ASN expγc (y-x)

Aabs
−1

)
×1000h=

( ASN expγc (1950-x)

AON
−1

)
×1000h

where x is the year of sampling and ASN is the normalised sample activity, corresponding to
the unit ∆ in (Stuiver and Polach, 1977). The value reported is independent of the time of the
measurement.

The next section presents the radiocarbon cycle and using the notation that has been presented
in this section shows how f f CO2 mole fractions are calculated using 14C .
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1.5 Radiocarbon cycle

Figure 1.4 presents a simplified representation of the 14C cycle. This includes the natural production
of 14C and oxidation to 14CO2, the assimilation by plants through the whole food chain, loss of 14C
following death, complete depletion in fossil fuels, turnover by the oceans, nuclear bomb testing,
nuclear industry enrichment and the differing fluxes from the biosphere, soil and ocean.

14C in the atmosphere oxidised to 
14CO2 

Nulcear industry 
enriched in 14C 

14CO2 assimilated in plants and 
through whole food chain 

Natural production by cosmic rays 
and 14N to 14C in the atmosphere

Isotope ratios in CO2 fluxes from 
biosphere, soil and ocean differ 

atmosphere

Atmosphere nuclear bomb 

tests in 1960s increased 

atmospheric 14C

14C content of organisms replenished while 
they are alive

14C lost following death and 
burial by beta decay Turnover in the deep oceans can be 

thousands of year, when 14C returns to the 
surface it can be partially decayed

Fossils buried for 100,000 years or more, are completely decayed 
in 14C. When burnt, they only release 12CO2 and 13CO2 to the 

atmosphere the ratio in isotopes can be observed as a method to 
quantify CO2 emissions from fossil fuels.

Figure 1.4: Simplified representation of the radiocarbon cycle. The figure is adapted from (IPCC,
2014).

Today, the 14CO2 disequilibrium between the atmosphere and surface reservoirs is small and
therefore its effect on the atmospheric ∆14CO2 is smaller than the f f CO2 emissions (Turnbull et al.,
2007). However, the surface reservoir processes must be considered when calculating f f CO2 mole
fraction. Atmospheric enrichment from the disequilibrium fluxes and the nuclear 14CO2 emissions
counteract the decline in ∆14CO2 caused by fossil fuels.

The f f CO2 mole fraction component can be calculated by combining two balanced equations.
The measured atmospheric mole fraction CO2 can be described as a sum of emissions from individual
sectors and the background contribution described in Equation 1.18 (Levin et al., 2003; Turnbull
et al., 2006; Palstra et al., 2008; Turnbull et al., 2009). The isotopic composition of the measured air is
calculated by weighting each contribution with its ∆14CO2 signature (Equation 1.19). CO2x describes
the mole fraction contribution and ∆14CO2x describes the 14CO2 signature of each emission source
sector.

(1.18) CO2meas=CO2bg+CO2bi o+CO2 f f

CO2meas(∆14CO2meas+1000h)=CO2bg (∆14CO2bg+1000h)+CO2bi o(∆14CO2bi o+1000h)

+CO2 f f (∆14CO2 f f +1000h)
(1.19)
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In this simple form the sectors included are: meas = measured, bg = background, bio = biosphere
and ff = fossil fuel burning. 1 ppm of f f CO2 mole fraction causes a depletion of approximately -2.5
h in ∆14CO2.

Following the approach taken by Turnbull et al. (2009) and Levin et al. (2003), ∆14CO2 f f is
set to - 1000 h, as the f f CO2 mole fraction component contains no 14CO2. In the most general
approximation, the 14CO2 signature of biosphere is assumed to be close to the background:

(1.20) ∆14CO2bi o=∆14CO2bg

The implication of this approximation will be discussed next. With these approximations equa-
tions 1.18 and 1.19 can be simplified:

(1.21) CO2 f f =CO2meas
∆14CO2bg-∆

14CO2meas

∆14CO2bg+1000h

It is necessary to apply corrections to the measurements to account for different disequilibrium
and to calculate f f CO2 mole fraction. These corrections are for: (a) cosmogenic production, (b)
the ocean, (c) the biosphere and (d) nuclear industry emissions. The emissions from the nuclear
industry are particularly important in the UK because of the type of reactors used as well as their
dense location around the coast of the UK. Each of these will now be discussed in detail.

1.5.1 Cosmogenic production

Cosmogenic production occurs at a rate of 2.16 x 1026 atoms yr−1 with one-third to half occurring in
the troposphere (Graven et al., 2012). Total cosmogenic production in the troposphere comprised an
average of 2.5 ± 0.8 hyr−1 (Graven et al., 2012). 14C production is controlled by the sunspot cycle
that occurs on large time scales and is estimated using models (Masarik and Beer, 1999; Lowe and
Allan, 2002; Baxter and Walton, 1971). Solar variability associated with the sunspot cycle enhanced
production in 1993-99 and 2006-08 and reduced production in 1992 and 2000-05 but also resulted in
a variation in the∆14C trend of ± 0.2 hyr−1 (Graven et al., 2012). In the future, cosmogenic influence
on ∆14C in the troposphere and stratosphere is expected to decline as greater CO2 concentrations
will cause stronger dilution of cosmogenic 14C . This correction has not been considered to be within
the scope of this thesis as the measurements at the polluted site will be compared to the background
site (see Chapter 4) and the correction would equally effect both sites as there is no spatial variation
and therefore are accounted for in the background component.

1.5.2 Ocean reservoir

In the 1950s and 60s the testing of nuclear weapons meant that the atmospheric inventory of 14C
doubled (Levin et al., 2010). When the testing ceased the bomb-derived 14C entered the oceanic and
biospheric reservoirs. Current exchanges of the bomb-derived excess 14C between the biosphere,
ocean and atmosphere are redistributing 14C from short term to long term reservoirs.

The ocean has two isotopic signatures, for dissolved inorganic carbon (DIC) and dissolved organic
carbon (DOC). DIC is all inorganic carbon in solution; dissolved CO2, bicarbonate (HCO−

3 ) and
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carbonate (CO2−
3 ). DOC is the carbon from decomposing biomass from land or the ocean, this is a

slow process and therefore results in a depleted in 14C , old carbon pool. For DIC, the surface CO2

concentration is in equilibrium with the atmosphere (Wanninkhof, 1992), meaning the ∆14CO2

should be equal but this is not the case (Nydal and Gislefoss, 1996; Braziunas et al., 1995; Broecker
et al., 1985; Caldeira et al., 1998). The ocean is constantly mixing and older water masses from
the deeper ocean are mixing with surface water. The ocean is therefore depleted compared to the
atmosphere.

After the bomb testing the ocean took up a large amount of 14C leading to an increase in the
∆14CO2 signature of the surface ocean. This 14C has gradually been mixed by ocean currents into the
deep ocean (Levin and Hesshaimer, 2000). This has meant the isotopic signature of the surface ocean
has only slowly increased. The ∆14C of the surface ocean depend on the mixing with the deep ocean
that is governed by ocean currents.

Scientific cruises and 14C measurements are expensive, for this reason ocean 14C measurements
of DIC are lacking. When ∆14C has been measured the objective has been depth profiles. The most
recent ∆14C ocean values are from the Atlantic as part of the GLobal OCean Data Analysis Project
(GLODAP, v2) in 2012. The sparse nature of ocean ∆14C measurements make it difficult to accurately
account for the ocean correction. Some studies have used a time corrected assembly of all 14C
measurements to create a disequilibrium and correct using the net fluxes from Takahashi et al.
(2002), (Naegler et al., 2006; Turnbull et al., 2009). Whereas Graven et al. (2012) used ocean models
to simulate the surface ocean signatures. The ocean correction is likely to be small as the Atlantic
ocean is a net sink for CO2. Previous work (Wenger, 2016; Wenger et al., 2019) showed the ocean is
mainly a net sink of CO2 arriving at the sites that will be used in this thesis meaning that the use of
net ocean flux as a correction for the ocean-atmosphere disequilibrium would be inappropriate. As
the background site used (see section 1.10) is a coastal site any fluxes from the Atlantic should be
accounted for. The polluted site used in this thesis could be influenced by the Irish or North Seas
but this would be difficult to correct for as these water masses are not normally included in global
ocean models and no 14C data is available. Because it is not possible to adequately correct for the
atmosphere-ocean disequilibrium and it is assumed to be small no further work has been done to
calculate a ocean correction for the measurements in this thesis.

1.5.3 Biosphere reservoir

Plants assimilate carbon from atmospheric CO2 by photosynthesis. It is then stored as organic
carbon before it is respired back to the atmosphere. The amount of energy that plants can trap from
the sun is referred to as gross primary productivity (GPP), this is an indirect way of measuring the
carbon that a plant takes up during photosynthesis. Plants also respire at the same time so they will
give out CO2. Photosynthesis denotes the carbon fixed by gross photosynthesis minus the carbon
lost by photorespiration, the carbon that is fixed photosynthetically but then lost by internal plant
metabolism. This is called autotrophic respiration and accounts for approximately half of the carbon
fixed by plants. Net primary production (NPP) is a measure of the overall gain in energy of plants
during one year. The amount of food available to herbivores in a given habitat. The loss process
after NPP, hetrotrophic respiration (HR) refers to the carbon lost by bacteria, fungi and animals to
the ecosystems as well as the carbon released from decomposing standing dead tress and coarse
woody debris. Net ecosystem exchange (NEE) is a measure of the amount of carbon that is put into
an environment compared to the amount removed. It is equal to net ecosystem production (NEP)
which is defined as the difference between the GPP and the total ecosystem respiration. Net biome
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exchange (NBE) or net biome production (NBP) refers to the change in carbon stocks after episodic
carbon losses due to natural or anthropogenic disturbances such as forest fires or harvesting. There
is no explicit definition that distinguishes losses by disturbances and hetrotrophic respiration. These
processes have been represented diagramatically in Figure 1.5.

Photosynthesis

Loss due to disturbance

NBE=NBP

NEE=NEP

Hetrotrophic respiration
NPP

Autotrophic respiration
GPP

Figure 1.5: Diagrammatic representation of the main terms describing system carbon balances
adapted from (Kirschbaum et al., 2001)

How these processes relate to 14C will be discussed next. As the 14C /C ratio of the atmosphere has
changed over time the biosphere will have accumulated carbon with a different 14C /C ratio to the
current atmosphere. The length of time the carbon is in a carbon pool directly effects the 14C /C ratio
it has. Processes with fast exchange are expected to have a 14C /C ratio very similar to the current
atmosphere such as autotrophic respiration. Whereas, processes which have a longer exchange with
the atmosphere such as hetrotrophic respiration will have a 14C /C ratio similar to the atmosphere
when it as assimilated. The age (time since assimilation) of the carbon emitted from the biosphere
to the atmosphere determines the isotope signature of biospheric emissions. The biosphere was
enriched in 14C compared to the background when this study was carried out.

For this work, the biospheric emissions were split in two, autotrophic and heterotrophic. For
autotrophic respiration the time span of assimilation is short (<1 year), so 14CO2 from autotrophic
respiration is assumed to be in equilibrium with the atmosphere, and equal to ∆14CO2obs . Recent
work (Phillips et al., 2015), has indicated that autotrophic respiration may also contain older carbon,
but it has been assumed negligible for this work. Hetrotrophs rely on organic matter in the soil
for energy meaning the turnover times of hetrotrophic respiration are long enough to create the
biospheric disequilibrium with the atmosphere. The isotope signature of the biosphere therefore
depends on the average age of decomposing biomass. Although difficult to calculate, the biospheric
correction can be calculated using box models and biospheric models (Graven et al., 2012; Levin
et al., 2010; Naegler and Levin, 2006; Lassey et al., 1996; Oeschger et al., 1975; Nydal, 1968). This
correction must be applied to all 14CO2 measurements made worldwide.
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In Equation 1.21, ∆14CO2bi o has been set to ∆14CO2bg , however, this is not a fair assumption
as the disequilibrium of the biosphere and atmosphere must be accounted for. Considering the
biospheric disequilibrium Equation 1.21 becomes:

(1.22) CO2 f f =
CO2bg (∆14CO2meas-∆14CO2bg )

(∆14CO2 f f -∆14CO2meas)
-

CO2hr (∆14CO2hr-∆
14CO2meas)

(∆14CO2 f f -∆14CO2meas)

where ∆14CO2hr (hr = hetrotrophic respiration) is estimated using models (Naegler and Levin,
2006). The biospheric signature is broken down into two types of respiration, with about half the
carbon in each, as discussed above. Autotrophic respiration is assumed to be the same as ∆14CO2bg .
Whereas, hetrotrophic respiration has the 14CO2 signature of the time of uptake, this is now taken
into account in the calculation of f f CO2 mole fraction.

1.5.4 Nuclear industry

The final correction is the nuclear correction. This correction originates from nuclear power stations
that release gaseous 14CO2 from the reactors. The amount of 14CO2 released is also dependent on
the reactor type and larger emissions occur when reactors are vented. Previous studies (Bozhinova
et al., 2014; Graven and Gruber, 2011) have shown that the UK is particularly influenced by 14CO2

emissions from nuclear power stations and therefore the correction required is large and this must
be considered when using 14CO2 to derived f f CO2 mole fraction estimations.

Nuclear emissions, have a large effect in the UK because many of the UK’s reactors are known
to produce large amounts of 14CO2. They can be added to the calculation to apply the correction.
Altering equations 1.18 and 1.19 we get:

(1.23) CO2meas=CO2bg+CO2r h+CO2 f f +CO2nuc

CO2meas(∆14CO2meas+1000h)=CO2bg (∆14CO2bg+1000h)+CO2hr (∆14CO2hr+1000h)

+CO2 f f (∆14CO2 f f +1000h)+CO2nuc (∆14CO2nuc+1000h)

(1.24)

Meaning Equation 1.22 is equal to:

CO2 f f =
CO2bg (∆14CO2meas-∆14CO2bg )

(∆14CO2 f f -∆14CO2meas)
-

CO2hr (∆14CO2hr-∆
14CO2meas)

(∆14CO2 f f -∆14CO2meas)

-
CO2nuc (∆14CO2nuc-∆14CO2meas)

(∆14CO2 f f -∆14CO2meas)

(1.25)

The∆14CO2nuc is the∆14CO2 signature of pure emissions (∆14CO2nuc is approximately 7.3x1014h;
(Bozhinova et al., 2014)) from the nuclear sites and CO2nuc is the mole fraction of CO2 from nuclear
emissions at the site (this value is obtained by modelling and is described in Chapter 4). There is
high variability of the magnitude of the release that has a large effect on atmospheric ∆14CO2. It is
therefore essential high frequency release data is used to calculate the correction.
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1.6 Inferring regional f f CO2 using direct and indirect tracer methods

Measurements of atmospheric 14CO2 began in 1954 (Rafter, 1955; Manning et al., 1990). The dilution
of 14CO2 in the atmosphere by f f CO2 emissions was first detected by Suess (1955) in tree rings. Tans
et al. (1979) noted that there could be a regional contamination effect and that it was expected to
increase almost in proportion with the global Suess effect. On the global scale there is good agreement
between tree ring ∆14CO2 measurement data and predictions from a global box-diffusion model
(Stuiver and Quay, 1981). They found that industrial f f CO2 emissions are responsible for a decrease
in ∆14CO2 of 85 % (Stuiver and Quay, 1981). A method to resolve regional f f CO2 mole fraction
offset to continental background was developed by Levin et al. (1989). They showed the f f CO2 mole
fraction at a rural station and an urban station compared well in the yearly mean to the expected
concentrations from emission inventories but more seasonality was observed (Levin et al., 1989).

It is difficult to measure f f CO2 regionally but multiple previous studies have used 14CO2 to
explore regional f f CO2 emissions in the USA, Canada and some European countries, amongst
others (Levin et al., 2003; Turnbull et al., 2011; Graven et al., 2012; Miller et al., 2012; Vogel et al., 2013;
Bozhinova et al., 2016; Graven et al., 2018) with varying levels of success.

Fossil fuel derived CO2 concentrations have been estimated using various techniques: two weekly
integrated samples at background and polluted sites (Levin et al., 2003; Graven et al., 2018); monthly
samples at a background marine site (Graven et al., 2012); and plant samples that were compared to
a model simulation of the ∆14CO2 that would have accumulated over the growing season (Bozhinova
et al., 2016) amongst others which will be discussed in Chapter 2. Samples were also taken from
aircraft campaigns in attempts to look at vertical profiles (Turnbull et al., 2011; Miller et al., 2012).
In order to partition lower troposphere CO2 enhancement and depletions into terrestrial biological
and fossil fuel components (Miller et al., 2012). Others have assessed factors that alter the local
atmospheric 14CO2 such as investigating the influence of 14CO2 from the nuclear industry in the
vicinity of Toronto, Canada, a hot spot for anthropogenic 14CO2 emissions. This was achieved by
comparing measured emissions from local power plants to a global emission inventory (Vogel et al.,
2013).

The main finding of these previous studies was that there was correlation between measurements
and simulated f f CO2 using inventories (Levin et al., 2003; Bozhinova et al., 2016; Graven et al., 2018).
Strong correlations were also observed between f f CO2 mole fractions and numerous trace gases
associated with urban emissions (Turnbull et al., 2011; Miller et al., 2012). However, in some cases
there was larger seasonality than earlier assumed (Levin et al., 2003). Graven et al. (2012) found that
fossil fuel emissions were the strongest influence on global tropospheric ∆14C between 1992 and
2007. Improvements were made using measured emissions from local power plants even though
southern Ontario is a hot spot of nuclear 14CO2 emissions and the level of agreement of the annual
averages was promising (Vogel et al., 2013).

Limitations of previous studies were largely due to uncertainties in the f f CO2 fluxes and biases
caused by the atmospheric approach (Levin et al., 2003; Vogel et al., 2013). Additional limitations were
evident from the models used. Bozhinova et al. (2016)’s study required model-based interpretation of
plant samples adds additional uncertainty to the already relatively large measurement uncertainty
in ∆14CO2 and therefore, future fossil fuel monitoring efforts should prioritise other strategies such
as direct atmospheric sampling of CO2 and 14CO2. Whereas, (Graven et al., 2012) found that the
simple model used was likely to have overestimated the positive trend contributions of the biosphere,
stratosphere and/or production in the troposphere, as well as underestimate the negative trend
contribution of the ocean and/or fossil fuels. Another limitation of previous work was that uncertainty
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in wind speed and boundary layer height lead to f f CO2 mole fraction estimates that were up to a
factor of two uncertain (Turnbull et al., 2011). A further limitation of previous work related to the
correction term used. Miller et al. (2012) reported that the correction term used only accounted
for the biospheric disequilibrium did not account for other 14C budget terms such as 14C from
cosmogenic and nuclear reactor production and this may have resulted in biased estimates of f f CO2

emissions (Miller et al., 2012). Previous studies were also limited but a small number of ∆14CO2 and
other combustion tracer observations and the ∆14C precision (Graven et al., 2018).

The method of these studies were used to develop the methods used in this thesis and the
limitations of these studies we used as possible ways the work for this thesis could improve current
understanding of using 14CO2 as a tracer for f f CO2 emissions on a regional scale.

Multiple previous studies (Lopez et al., 2013; Turnbull et al., 2006; Niu et al., 2018) have outlined
the possibility of combining different tracers with the 14C method to better characterise f f CO2

mole fractions. These tracers can be classified either as direct or indirect. The 14C method is a direct
method, as is the atmospheric potential oxygen (APO) method and the use of stable isotopes. These
can be considered as alternatives to the 14C method, they will be discussed first before discussing
indirect tracer methods.

Atmospheric oxygen (O2) and nitrogen (N2) ratios which can be combined with CO2 mole frac-
tions to determine f f CO2 mole fraction, this is known as the APO method. This is possible because
most fluxes in CO2 result in a flux in O2. Measurements of O2 are reported as changes in the O2/N2

ratio as O2 is not a trace gas and therefore its mole fraction is affected by slight changes in other
gases, such as CO2 (Pickers, 2016). Changes in atmospheric O2 are difficult to detect and as N2 is
not as variable as O2, the change in O2/N2 largely reflects changes in O2 (Pickers, 2016). The APO
f f CO2 mole fraction quantification method is more precise than the CO tracer method because of
the smaller range of APO : CO2 fossil fuel emissions ratios compared to the CO : CO2 range (Pickers,
2016). O2 is used in the APO method where the ratio between the O2 consumed and CO2 produced
in combustion is characterised for petrol, natural gas and coal (Keeling, 1988; Steinbach and Gerbig,
2011). This ratio can then be applied each hour and 1 km grid square to estimate the CO2 emission
for each sector. Previous studies have shown this method can estimate f f CO2 mole fractions with
an uncertainty of 2 ppm where a typical daily signal is 5 - 20 ppm (Pickers, 2016).

Carbon isotopes can be used as tracers. In addition to 14C , 13C can be combined with 18O to
distinguish between fossil fuel sources and respiratory sources (Meijer et al., 1996). However, 13C
signatures of f f CO2 emissions are within a similar range to biospheric respired carbon and this
leads to difficulty if only δ13C is used as the temporal and seasonal behaviour of 13C /12C ratio of
fossil fuel CO2 can only estimated(Zondervan and Meijer, 1996). 13C has been used to determine the
natural gas and liquid fuel contributions to f f CO2 mole fraction (Lopez et al., 2013). This is possible
as the δ13C signature of natural gas and liquid fuel differ, however, this method doesn’t account for
emissions from coal. If quantifying emissions from liquid fuel and natural gas is of interest, in the
future δ13C could also be measured.

Other less direct tracers have been used but are not easily universally applied because they are
very variable or miss out certain types of emissions, that they could however be useful in combination
with a more direct f f CO2 estimate such as the 14C method (Lopez et al., 2013; Turnbull et al., 2006;
Niu et al., 2018). These indirect tracers include: (1) Carbon monoxide, (2) Radon, (3) Air quality index
pollutants and (4) Sulfur hexafluoride. Each of these will now be discussed in turn.

Carbon monoxide (CO) is co-produced with CO2 during the incomplete combustion of fossil
fuels. Therefore, emissions ratios of CO : CO2 for an emission source can be compared to clean air CO
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concentrations to estimate CO2 concentrations. However, additional sources and sinks, such as the
natural production of CO via the oxidation of hydrocarbons and removal via reactions with hydroxyl
radicals, leads to uncertainties using this method. Different fossil fuel sources also have different
CO : CO2 ratios meaning there are further uncertainties in the method (Turnbull et al., 2006). CO and
NOx are emitted from the combustion of fossil fuels. The ratios of mole fractions of CO : f f CO2 and
NOx : f f CO2 can be derived from 14C measurements to create a continuous time series of f f CO2

mole fraction (Lopez et al., 2013).

Radon (222Rn), is produced in the soil by the decay of Radium (226Ra). After transfer to the
atmosphere it is transported in a similar way to CO2, and can therefore be used as a secondary
tracer, by using a ratio. Estimates of 222Rn can, tentatively, be used to calibrate CO2 flux from the
variations in atmospheric concentration and for atmospheric dilution. However, challenges exist
with using Rn as assumptions must be made about temporal and spatial f f CO2 fluxes (Hirsch, 2007).
High frequency 222Rn measurements can be used to improve the understanding of atmospheric
transport because of its relatively well understood source strength and short lifetime. It’s release varies
spatially and temporally as it is effected by soil moisture, uranium content, soil texture and water
table depth (Karstens et al., 2015). 222Rn and 14CO2 measurements can be combined to determine
f f CO2 emissions.

Hourly Air Quality Index (AQI) pollutants (P M2.5, P M10 and CO) have been used in urban sites
to indirectly trace diurnal f f CO2 mole fraction variations (Niu et al., 2018). However, large per-
turbations from the background CO2 at the polluted site are required for this method to work. It
is therefore, useful on the city scale but not on the regional scale (Niu et al., 2018). AQI pollutant
observations such as P M2.5 and P M10 can be used to indirectly trace diurnal f f CO2 mole fraction
variation. Significant (p < 0.05) strong correlations have been observed between each of the sepa-
rate AQI pollutants and semi-monthly 14CO2 samples (Niu et al., 2018). This method shows good
agreement between f f CO2 mole fraction traced by 14CO2 and those traced by AQI pollutants at
two urban sites in China, with lower errors. However, when the f f CO2 mole fraction drops below 5
ppm the errors increase. Therefore, this method may not be applicable in the UK where f f CO2 mole
fraction is decreasing and often is below 5 ppm on a regional scale.

Another tracer, sulfur hexafluoride (SF6) (an inert GHG), is released into the atmosphere through
leaks from electrical faults. Release points are roughly consistent with fossil fuel emissions sites,
therefore it can be used as an indirect tracer of f f CO2 emissions on a global scale but on regional
scales it is unreliable (Turnbull et al., 2006). SF6 is an entirely anthropogenic gas that is extremely inert
and widely used as a spark quencher in electrical facilities. Persistent small leaks to the atmosphere
are typically co-located with fossil fuel CO2 sources on large spatial scales. In theory, this allows SF6

to be used as an indirect tracer of f f CO2 emissions using a ratio, as for the CO method. Using data
from the mid-1990’s a ratio of 0.083 ppt / ppm was calculated (Geller et al., 1997). The uncertainty is
assumed to be 25 % and as f f CO2 mole fraction increases the uncertainty increases (Turnbull et al.,
2006). However, this method appeared to have significant biases and although may be useful on the
global scale its usefulness on the regional scale is limited (Turnbull et al., 2006).

Overall, the usability of 14CO2 measurements as a tracer for f f CO2 mole fraction can be greatly
improved by combining with other tracers. This has already been shown by previous work (Lopez
et al., 2013; Turnbull et al., 2006; Niu et al., 2018) and should be used in future studies. The main focus
of this thesis is the use of the 14CO2 tracer of f f CO2 emissions. In the next section, the multiple 14C
analysis methods that have been used will be explored, before concentrating on the methods used in
this thesis.
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1.7 Radiocarbon analysis methods

There are three main 14C measurement methods; (1) Gas-Proportional Counting (GPC) (2) Liquid
Scintillation Counting (LSC) and (3) Accelerator mass spectrometry (AMS).

In the GPC technique, the activity of the sample is measured by combusting the carbon sample to
CO2 gas and counting every decaying β particle. In the LSC technique, the carbon sample is in liquid
form and is mixed with a liquid scintillator (Zinc Sulphide) and the resultant photon emissions are
counted. The advantage of this is it allows more efficient counting because of the intimate contact of
the material with the scintillator. It can be used for alpha or beta detection. However, to obtain high
precision using LSC very large samples are required.

The start of the field now known as AMS goes back to 1939 when Alvarez and Cornoy used the
newly built 60-in. cyclotron in Berkeley to accidentally discover 3He in nature (Kutschera, 2005).
Their experiments showed the unique power of using accelerators as mass spectrometers, to measure
extremely low-isotopic abundances. In 1977 it was again Alvarez who revisited the use of a cyclotron
as a very sensitive mass spectrometer to search for quarks with unit charge, essentially anomalously
heavy isotopes of hydrogen. Alverez’s collaborator, Richard Muller quickly recognised the power of
AMS to measure rare radioisotopes. As usual in science, there were parallel efforts to use tandem
accelerators for AMS detection of 14C . First to show that 14N does not form stable negative ions,
then that 14C can be detected at the extremely low natural isotope ratio (14C /14C = 10−12. The
stripping process in the tandem terminal of interfering molecules (e.g. 12C H−

2 and 13C H−) and the
non-existence of certain negative ions gives tandem accelerators a distinct advantage over other
accelerators (Kutschera, 2005).

An accelerator is required to measure 14C as it can separate the rare isotope from an abundant
neighbouring mass (13C ,12 C ). AMS is a method of measuring long-lived radioisotopes by counting
atoms rather than decays. One advantage of this is it gains a factor of about one million in detection
sensitivity compared to beta-counting. This gain revolutionised 14C dating, as it is now possible to
make 14C measurements with a thousand times smaller sample material and a hundred times shorter
counting times. Measuring isotope ratios to a level of 10−15 requires a method capable of handling a
large dynamic range of isotope measurements, this is achieved by using Faraday cups to measure ion
currents of the abundant stable isotopes (12C and 13C ). Whereas, the rare isotope, 14C , is measured
by ion-counting in a gas detector (Kutschera, 2005).

More recently, Positive-Ion Mass Spectrometry (PIMS) was developed in 2015 at the Scottish
Universities Environmental Research Centre (SUERC), Scotland (Freeman et al., 2015). This uses
positive, as opposed to the negative ions used in AMS, and provides an alternative measurement
technique for 14C (Freeman et al., 2015). It takes gaseous samples, opposed to solid meaning it does
not need a high energy particle accelerator. This means there is reduced cost and time required per
sample. However, with gaseous samples it is not possible to obtain the precisions that are required
for f f CO2 mole fraction estimations so this instrument cannot be used for the measurements made
in this thesis.

An in field technique has been developed for 14CO2 measurements. It uses a well-known tech-
nique in atmospheric chemistry for measuring mole fractions of gases, Cavity Ring Down Spec-
troscopy (CRDS) to provide an accurate, ultra-sensitive linear absorption approach for detection of
14C at precisions of 1 % (Fleisher et al., 2017). The current precisions obtainable are far from what is
needed for atmospheric measurements and new developments need to be monitored until appropri-
ate precisions are obtainable and therefore, this method could be considered for atmospheric 14C
measurements.
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Prior to analysis using AMS, sample pre-treatment steps are required to create solid graphite
samples which provide higher precision than gaseous samples. These steps are: (1) Collection of
sample, (2) Extraction and (3) Graphitisation, and will now be discussed.

Historically, the sampling technique needed to obtain large 14CO2 samples. This involved collect-
ing samples by bubbling through NaOH solution (Levin et al., 1980). Since the development of AMS,
which requires a thousand times smaller sample material (milligrams instead of grams), the majority
of the original limitations are no longer a problem. Current in field sampling techniques involve
the use of glass flasks (Graven et al., 2012; Meijer et al., 1996), zeolites (Garnett and Hartley, 2010;
Garnett and Murray, 2013; Walker et al., 2015) or plant samples (Hsueh et al., 2007; Bozhinova et al.,
2016). Most samples are now collected into glass flasks as whole air samples and major differences in
sampling technique depends on the length of sampling time. At one extreme, instantaneous flask
samples are collected over the period of minutes (Graven et al., 2012; Wenger et al., 2019), whereas the
NaOH method collects samples over weeks or months (Levin et al., 1980). An intermediate technique
has been developed, integrated flask sampling, that collects whole air samples over the period of
hours (Turnbull et al., 2012). A sampling method similar to this has been used in this thesis and will
be explored in Chapter 2.

On return to the laboratory, the CO2 is extracted from the whole air sample. Traditionally, this has
been achieved cryogenically, using liquid nitrogen (l N2) on systems of various levels of automation
(Zhao et al., 1997; Turnbull et al., 2007, 2010). These methods contain multiple steps and therefore a
great degree of manual intervention is required, making them generally slow and costly. A manual
cryogenic extraction system has been constructed as part of the work of this thesis and is presented
in Chapter 3. Alternatively, zeolites have been used in the laboratory for trapping CO2 directly
(Wacker et al., 2010; Schulze-Koenig et al., 2011). The development of the Automated Graphitisation
Equipment (AGE) (Wacker et al., 2010) enables the possibility of increasing sample throughput and
in the preparation of samples and the continuous-flow system and zeolite trapping provides an
alternative to vacuum systems and cryogenic trapping. The method of directly trapping CO2 from
atmospheric flask samples onto the zeolite trap built into the AGE system has been explored in
Chapter 3.

The next stage of the analysis process is to graphitise the sample. The process to reduce CO2 to
graphite can be described by the Bosch reaction

(1.26) CO2+2H2 
C+2H2O

that can be catalysed by iron or cobalt. Traditionally graphitisation has been carried out manually
(Turnbull et al., 2010, 2007). Prior to the development of a manual graphitisation system, McNichol
et al. (1992) studied graphitisation using an in-line gas chromatograph looking at the effect of
changing the catalyst, hydrogen amount and reaction temperature on the composition of the gas
phases. A new graphitisation system has been developed for convenient, fast and efficient sample
preparations for 14C measurements by AMS. The graphitisation parameters were optimised by
considering theoretically expected chemical reactions (Nemec et al., 2010). The AGE was developed
at Eidgenössische Technische Hochschule (ETH) Zurich (Wacker et al., 2010). CO2 is absorbed on a
single column filled with zeolite. The CO2 can then be easily released by heating the zeolite trap and
transferred to the reactor by gas expansion. The system is simple and fully automated for sample
combustion and graphitisation (Wacker et al., 2010). There are four key steps of the graphitisation
procedure:

22



1.7. RADIOCARBON ANALYSIS METHODS

1. Conditioning which involves preheating of the iron catalyst and reduction of iron in H2 at
500°C, CO2 desorption on the zeolite trap by flushing with helium.

2. Trapping of CO2 on the zeolite trap at 30°C.

3. Release of CO2 to the reactor, this involves heating the trap to 450°C. To obtain uniform sample
size excess CO2 is released from the reactor until the desired pressure is reached. Hydrogen is
added stepwise until the final pre-set H2/CO2 ratio is reached. The trap is cleaned by heating
to 500°C while flushing with helium before the next sample is loaded.

4. Once the reactors are loaded, the Peltier coolers are switched on and the preheated ovens
lifted to start the reaction. During the reaction, the pressure decrease of the reaction gases
is monitored and logged, once the pressure has stabilised the reaction time is prolonged for
twenty minutes to minimise isotope fractionation (Wacker et al., 2010).

The graphitisation step achieves precision of 0.6 ± 0.1 h (Wacker et al., 2010).

Once samples have been graphitised they are pressed using the pneumatic sample press (PSP),
this is carried out for all samples that are graphitised for analysis by AMS. The (a) AGE3 and (b) PSP
are presented in Figure 1.6.

(a) (b)

Figure 1.6: (a) The Automated Graphitisation Equipment (AGE3) used for the graphitisation of
samples (b) Pneumatic Sample Press (PSP) used for pressing samples to prepare targets for analysis

Once pre-treatment is complete the 14CO2 content of the sample can be analysed using the AMS,
in the next section the AMS is discussed in more detail.

1.7.1 Accelerator mass spectrometer

AMS is a form of mass spectrometry that accelerates ions to very high kinetic energies before mass
analysis.This means it can separate a rare isotope from an abundant neighbouring mass. It works
by instead of counting β particles, counting the number of carbon atoms in the sample, along with
the proportions of each of the three carbon isotopes (12C ,13C ,14C ). Therefore the 14C content is
measured relative to all the carbon atoms in a sample.

In AMS, generally the ion source generates negative ions. The pre-accelerated ions are separated
by the spectrometer and enter the tandem accelerator, on transfer the ions are changed from negative
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to positive by passing through a stripper gas and the molecules breaking apart. The positive ions
are now accelerated away from the positive electrostatic analyser, moving at fractions of the speed
of light. In the second stage of the detection routine the fragments are separated from the ions of
interest. Individual ions will be detected by single-ion counting. Particle accelerators that are built
for use in nuclear physics can be used to measure rare isotopes at very low abundance ratios by
combining with magnetic and electrostatic mass analysers. When accelerated to energies of millions
of electron volts, all of the molecular ions are eliminated (Synal et al., 2007). Atomic isobars can be
eliminated with the use of negative ions, others can be separated at high energies by measuring their
rate of energy loss in a detector (Synal et al., 2007). Long-lived radioisotopes such as 14C can now be
measured in small natural samples having isotopic range 1012 to 105 and as few as 105 atoms (Synal
et al., 2007).

In general, AMS systems are very large but in 2004 the Laboratory of Ion Beam Physics, ETH
Zurich developed the Mini Carbon Dating System (MICADAS). With dimensions, 3.4 m x 2.6 m x 2
m MICADAS is the most compact commercially available 14C -AMS system in the world. This new
system fulfils the requirements for 14C dating applications as well as for the less demanding 14C /
12C isotopic ratio measurements needed for atmospheric measurements (Synal et al., 2007; Wacker
et al., 2010). All 14C measurements in this thesis have been performed using a MICADAS system at
Bristol Radiocarbon Accelerator Mass Spectometer (BRAMS) shown in Figure 1.7, next this system
will be discussed in more details.

Figure 1.7: Bristol Radiocarbon Accelerator Mass Spectometer (BRAMS) used for the radiocarbon
analysis of samples

1.7.2 MICADAS

The MICADAS system has been in routine operation since 2008 at ETH, Zurich. Its simple and
compact layout mean setting up a 14C measurement is fast and the system runs very reliably over
days or even weeks. High precision measurements are reproducible within less than 2 h uncertainty
(McNichol et al., 1992). The MICADAS system can measure solid or gaseous samples. For atmospheric
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CO2 measurements, solid samples will be used to achieve the precisions required. Gaseous samples
are less precise because of the low negative ion currents, meaning the measurement time is up to 10
times longer and therefore much larger sample size is required (Ruff et al., 2007). The concepts and
technical detail of the MICADAS have been described in detail by Synal et al. (2007) and Wacker et al.
(2010) gives an overview of the system performance. Here an overview of the system will be given.

This mini 14C dating system is based on a vacuum insulated acceleration unit. It uses commercially
available 200 kV power supply to generate acceleration fields in a tandem configuration. It uses a
particle accelerator with ion sources, large magnets and detectors to separate out interference and
count single atoms in the presence of 105 stable atoms. Figure 1.8 outlines the MICADAS layout and
essential functional components.
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Each part of Figure 1.8 will now be discussed in more detail.

• Targets are manually loaded into a linear magazine that holds up to 39 graphite samples. The
magazine is located outside of the ion source in an evacuated chamber. Single target cathodes
are inserted into the sputtering position in the ion source through a vacuum lock. A magazine
is composed of 39 samples of which three are OXII standards, two C7 and two blanks, leaving 32
atmospheric samples. Generally, the atmospheric samples are a mixture of standards, authentic
samples and atmospheric blanks.

• Target spluttering is performed by 5 keV to 12 keV caesium ions which are focussed onto a
small spot on the sample using a hot spherical ionizer and two lenses. Negative ions (e.g. C−)
produced on the surface of the sample are extracted from the ion source and sent down the
evacuated beam line towards the first magnet. The beam is about 10m A = 1013i ons s−1 (Synal
et al., 2007).

• The low energy mass spectrometer is a dipole magnet and is used for mass separation on the
low energy side. An off-set Faraday cup is placed in the image plan of the magnet to measure
the negative ion current from the source. Short isotope beams of 12C (50 µs), 13C (500 µs) and
14C (40 ms) are injected using electrostatic lenses.

• The tandem accelerator is used for ion acceleration and molecule destruction. A terminal
voltage of 200 kV is used to accelerate the ions. A permanent stripper gas pressure of 10−5

mbar is used to change the negative ions to positive ions. These positive ions are repelled from
the positive terminal and accelerated again to ground potential at the far end. Molecules that
pass through the low energy magnet (e.g. 13C H− are destroyed. MICADAS uses a Helium (He)
striper which offers outstanding measurement stability over long time periods and reduces the
need for retuning.

• The high energy mass spectrometer is a stigmatic magnet that selects the radionuclide mass
of interest, regarding particle charge and impulse. Faraday cups on the focal plane of this
magnet measure currents of the stable carbon isotopes 12C and 13C and the fragments of
13C H− destroyed by collisions with the stripper gas.

• The gas ionization detector counts the ions one at a time in the beam line as they slow down
and come to rest in propane gas. A 14C ion deposits a energy of 428 keV on the detector, this is
used for particle identification.

The AMS is tuned before each magazine is run, tuning takes around 30 minutes (Wacker et al.,
2010). The process is then automatic, all samples are measured five to six times. A single measurement
is divided into ten cycles of 45 seconds to observe 14C counts greater than 55.

1.7.3 Measurement evaluation

After the data is acquired, data analysis is performed using a computer program, BATS, described
in detail by Wacker et al. (2010). It was developed for processing the data from the MICADAS, with
little user input. The data from the MICADAS are not primarily limited by counting statistics. Both
the stability of the instrument and the possibility of contamination are of equal importance during
sample preparation for high-precision low energy AMS of 14C measurement uncertainty (Wacker
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et al., 2010). The calculation of ∆14C has been discussed above, this section will give an overview of
the equations that are used by BATS to calculate ∆14C from the MICADAS data.

The following steps are performed in BATS:

1. molecular background subtraction - based on measured 13C H

2. blank subtraction

3. fractional correction using the measured 13C /12C (δ13C ) of the corresponding 14C /12C ratio

4. standard normalisation using all standards

First the raw isotope ratios are calculated ( R = 14C
12C and

13C
12C ). As has been described, these are

measured quasi-simultaneously with 14C as ion currents Ix in Faraday cups. Stable isotope counts
can be calculated from the measurement time for 14C (T) and the elementary charge.

(1.27) xC =Ix ×T /e

1.7.3.1 Systematic effects

BATS can account for systematic effects by visualising and determining any effects independently.
This is based on measured parameters of selected samples. This method can disentangle different
systematic effects and produce corrections by relatively simple mathematics. The three systematic
effects that are corrected for by BATS are:

• time dependent drifts of the observed isotopic ratio measurements,

• systematic deviations of measured isotope ratios from variations of extracted beam currents,

• the distortions of the 14C /12C ratio that are due to the misidentification events.

For every magazine a linear function is used to correct the raw isotopic ratio of each measurement:

(1.28)
(14C

12C

)
cur r.cor r.

=
(14C

12C

)
(1-cI × (I − I0))

where the high energy 12C current I, current offset I0 (5 µA) and correction factor cI that is

determined by minimising the slope of standard target measurements
(

14C
12C

)
(std)cur r.cor r. depending

on I. cI is applied on all measurements of the same magazine, typically cI = 1 hµA−1.

1.7.3.2 Background correction

A correction is applied to all measurement ratios, as background counts show a linear relationship to
measured molecule counts (13Cmol ):

(1.29) Rmol =
14C-k13

mol Cmol

12C

kmol is a constant experientially determined factor. This correction is typically small. This molecule
current correction is then followed by a blank target correction by subtracting the mean blank target
ratio from other targets: Rmol ,bl =Rmol-(Rmol (bl )).
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1.7.3.3 Fractionation correction

Once measurements are background corrected the δ13C is analysed using the mean ratio of the
standard target

13C
12C (std)). This is the δ13C standard. δ13C is normalised to -25 h, correcting Rmol ,bl

for fractionation processes occurring with the exponent of b = 2 as the fractionation factor. This leads
to the normalised ratio, Rmol ,bl ,nor m

1.7.3.4 Calibration

To calibrate, the weighted mean of all normalised, corrected standard measurements is calculated
(Rmol ,bl ,nor m(std)). All sample ratios are then calibrated to the nominal value of the standard target
(Rnom(std)):

(1.30) Rmol ,bl ,nor m,std =
Rnom(std)

(Rmol ,bl ,nor m(std))
Rmol ,bl ,nor m

The weighted mean of single measurements of each target is calculated (Rmol ,bl ,nor m,std ). This
value is then expressed in the ∆-notation.

1.7.3.5 Determination of uncertainty

For every Rmol ,bl ,nor m,std a measurement uncertainty, σ (Rmol ,bl ,nor m,std ) is calculated. BATS ac-
counts for six different uncertainties:

• Counting statistics: The Poisson uncertainty of the counting statistics (σpoi ss=
p

14C , where
14C is the 14C count) is the dominant part in the resulting uncertainty in most cases.

• Standard mean: The mean value of the standard target. A higher standard target count leads
to more precise determination as the mean error decreases.

• Molecule current correction: Accounts for errors in the molecule current correction factor,
kmol , that propagates with σ(kmol )×13 C

• Blank measurement: Calculated as the scatter of the blank target σ(Rmol (bl )). Variability in
the blank contamination of sample is considered. More than one blank must be measured in
each magazine to account for this error.

• Nominal standard value: This is the uncertainty in the nominal standard value.

• External interference: This covers any additional errors that arise (σex ), for example from ma-
chine instabilities or from different target preparation methods. It is estimated from the scatter
of individual standard target ratios. More standards in a magazine lead to better estimation of
σex .

Gaussian error propagation is assumed in BATS (Wacker et al., 2010). In calculation of the total
error σ (Rmol ,bl ,nor m,std ) items are added quadratically, leading to:

(1.31)

σ(Rmol ,bl ,nor m,std )=(Rmol ,bl ,nor m,std )×
√(σpoi ss,bl ,mol ,ex

Rmol ,bl ,nor m

)2
+
(σ(Rmol ,bl ,nor m(std))

Rmol ,bl ,nor m(std)

)2
+
(σ(Rnom)

Rnom

)
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withσpoi ss,bl ,mol ,ex containing the error for counting statistics, molecule current correction, blank
variability and external interference.

This section has provided information on how ∆14CO2 is calculated, however, ∆14CO2 data is
limited by the ability to cover high temporal resolutions because of the high effort that is required
to make measurements with precision greater than 2 h as is capable with the MICADAS system.
Measurements are needed at this precision to be comparable to other laboratories making these
measurements (Turnbull et al., 2015) and to be able to differentiate between a background and
polluted sites with a continuing decreasing background (Graven, 2015), this will be discussed later in
this chapter. It is necessary therefore to use models to improve the usability of the measurements. In
the next section, the modelling principles used in this thesis are discussed.
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1.8 Modelling principles

It is of great importance that sources and sinks of GHGs are quantified so that human impact
on the climate can be measured (Jonas et al., 2019). Atmospheric observation networks such as
Advanced Global Atmospheric Gases Experiment (AGAGE) (Prinn et al., 2018) and Integrated Carbon
Observation System (ICOS) (Laurent, 2017), provide atmospheric GHG concentration data on high
temporal and spatial scales. Atmospheric observations are used to verify emission inventories, using
inverse modelling techniques (Bergamaschi et al., 2018). This section includes the basics of: (1)
Atmospheric mixing, transport and chemistry; (2) Atmospheric dispersion modelling systems used
in this thesis; and (3) Inventories that have been used in this thesis to create modelled f f CO2 mole
fraction.

1.8.1 Atmospheric transport and chemistry

Our measurements of 14CO2 take place in the Planetary Boundary Layer (PBL) where CO2 concentra-
tions are sensitive to surface fluxes. These fluxes are largely influenced by atmospheric transport.
The average ventilation time for the PBL is about four days, the length scale of the relevant transport
processes and the size of the area that influences the sources can be estimated to 100 km or 1000
km. Therefore, to resolve f f CO2 emission sources in a given area, atmospheric transport has to be
modelled as accurately as possible (Lin et al., 2003).

Mixing and transport processes in the PBL need to be accounted for in near field atmospheric
transport models. The PBL is defined as the lowest 100 m to 3000 m of the troposphere that is directly
influenced by the presence of the earth’s surface, and responds to surface forcing with a time scale
of about an hour (Stull, 2012). These forcings include; pollutant emissions, heat transfer, terrain
induced flow modification, transpiration, evaporation and frictional drag.

Air flow that exist in the PBL can be split into three categories; mean wind, turbulence and waves.
Mean wind is responsible for horizontal transport or advection, the wind speed is highly decreased
close to the surface layer. Waves are effective at transporting momentum and energy but not heat,
humidity or particles. Turbulent processes are the main source of vertical transport, which can be
visualised as irregular swirls of motion, known as eddies. Turbulence builds from many different
scaled eddies that are superimposed on each other, the largest eddies can scale to height of the
PBL. Adequately representing turbulent vertical transport is one of the major challenges of current
atmospheric models (Stull, 2012).

The PBL structure and depth is highly dependent on surface properties. In high pressure regions
over land surfaces, the PBL has a defined structure, which evolves with the diurnal cycle. The mixed
layer builds during the daytime and turbulence is usually convectively driven. Current atmospheric
models can represent the daytime mixed layer well (Trusilova et al., 2010) and this leads to the
preference of daytime over night-time sampling for inverse modelling. When approaching sunset,
thermal convection and turbulence decreases. This leads to a layer of air containing the properties
of the former mixed layer, this is called the residual layer. During the night, a stable boundary layer
forms from the ground upwards. Other than the diurnal mixed layer, the stable boundary layer has no
defined top and transitions into the residual layer (Stull, 2012). When making atmospheric trace gas
measurements it is important to consider that any surface emissions during the day are mixed into a
larger volume than at night. This leads to a higher sensitivity for regional surface fluxes at night.

The problem with estimating surface fluxes from ambient measurements of CO2 concentration
is it involves going back from the effect to the cause, this is known as an inverse problem. It can be
solved by setting up and solving a set of equations while considering uncertainties in some of the
parameters, this is known as inverse modelling (Rodgers, 2000).
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1.8.2 Atmospheric dispersion modelling

Computer programmes can be used to simulate the dispersion of gaseous species in the atmosphere,
known as atmospheric dispersion modelling (Turner, 1979; Stockie, 2011). Mathematical equations
and algorithms are used to represent atmospheric processes. There are a large number of atmospheric
dispersion models that are used, from coarse global scales to high resolution regional models. All
use at least one of two theoretical frameworks (Turner, 1979; Stockie, 2011). In the Lagrangian
framework, moving reference network, the model follows hypothetical particles as they move through
the atmosphere (Sawford, 1996). Mean velocities with random perturbations are used to simulate
turbulence. The concentrations of chemical tracers are simulated using estimates of parameters
that describe the atmosphere at given points in time (Sawford, 1996). The Eulerian framework,
fixed reference network, defines reference points within a grid (Leelossy et al., 2014). The modelling
domain is divided into fixed grid cells which allows for modelling the interactive chemistry within the
atmosphere, regarded as a three-dimensional single fluid, and applying turbulence parametrisation
scheme to represent convective motions (Jones et al., 2007; Stohl, 1998). There are advantages and
disadvantages of using both methods.

In this thesis, atmospheric dispersion modelling will be used in two instances. Firstly, it will be
used to show the air history of air samples that have been collected, showing where the airmass has
been in contact with the surface in the past, and therefore, potential sources that have contributed to
the measurement. Secondly, atmospheric dispersion modelling will be used to simulate the mole
fraction at a observation site so that measurements can be compared to modelled data. In the first
instance the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model will be used
and in the second Numerical Atmospheric dispersion Modelling Environment (NAME) will be used,
either model could have been used it both instances. The reason for using HYSPLIT was at the
time of analysis of the samples the meteorological data for NAME was not available. Each of these
atmospheric dispersion models will now be discussed.

HYSPLIT model

The HYSPLIT model is a complete system for calculating air parcel trajectories, complex transport,
dispersion, chemical transformation and deposition simulations. It is one of the most extensively
used atmospheric transport and dispersion model in the atmospheric science community. Draxler
(2015) describes the model in detail and gives an overview of the equations used. The calculation
method used by the model is a hybrid between the Lagrangian and Eulerian approaches. However,
the trajectories are calculated using the Lagrangian framework.

HYSPLIT can process a variety of different meteorological data as input. The data is linearly
interpolated following the coordinate system, σ:

(1.32) σ=1-z/Ztop

z is the height and Ztop the height of the HYSPLIT coordinate system. The horizontal grid system
is the same as that used for the meteorological input data.

After the meteorological parameters u, v (horizontal wind components), T (temperature), z
(height) and p (pressure) have been scaled and interpolated to the model grid, the particle advection
in a 3D velocity grid V = (u, v, w) can be calculated. Using an initial particle position P(t) and mean
velocity in space and time V(P,t) a first guess position P’(t+∆t ) is calculated.
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(1.33) P ′(t+∆t )=P (t )+V (P, t )∆t

The final particle position after the time step ∆t :

(1.34) P (t+∆t )=P (t )+0.5(V (P, t )+V (P ′, t+∆t ))∆t

∆t is computed following the requirement that the advection distance per ∆t has to be smaller
than 0.75 of the meteorological grid spacing.

NAME simulations

The NAME model is a Lagrangian atmospheric dispersion model developed by the Met Office,
originally developed to trace radioactive particles after the Chernobyl disaster (Jones et al., 2007).

Emission sensitivities for atmospheric measurements are determined using a point in space and
time at which the observation was made. Particles are transported back in time to determine where
the air parcel interacted with the surface and therefore potential emission sources. The hypothetical
particles were released into the model atmosphere at the location of the observation site at a rate
of 10,000 per hour and are transported backwards in time for 30 days. Particles released are only
recorded in the lowest 0 - 40 m of the model atmosphere. Particles are advected through the model
domain by:

(1.35) xt+∆t =xt+(v(xt )+ξ)∆t

x is the particle location and v the mean wind velocity. ξ represents the diffusive component
and t and ∆t represent the time and time step. Vertical and horizontal wind components govern the
transportation of particles. A Monte Carlo (Gilks et al., 1995) scheme, also referred to as random walk
scheme, is used to parametrise the horizontal and vertical turbulent velocity components. NAME
III, the most recent version of NAME, uses meteorological outputs from the operational analysis of
the UK Met Office’s Numerical Weather Prediction (NWP) model, the Unified Model (UM), with a
horizontal resolution of 17 km x 17km.

Inert particles are released from a point corresponding to the sample tube inlet. A "footprint" of
each measurement is calculated by integrating the particle residence times in the surface layer over
the 30-day simulations. This quantifies the sensitivity of the observation to a grid surrounding the
measurement site (Manning et al., 2011). The mole fraction due to each source at each time instance
is simulated by multiplying these footprints by flux fields. In our case the flux fields are generated
from inventory data to simulate the mole fraction at the observation station, the inventories used in
this thesis will now be introduced.
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1.8.3 Inventories

The most common method for reporting GHG emissions is bottom-up, whereby the emission data is
reported in inventories. Activity data and emission factors are combined to create emission maps
(IPCC, 2014). Worldwide this data is collectively recorded by Emissions Database for Global Atmo-
spheric Research (EDGAR).

EDGAR is the European Commission’s in-house emissions database. It estimates anthropogenic
GHG emissions on a country-by-country basis. Therefore, it gives a global picture with a time series
for each country. The inventory contains f f CO2 emissions from 1970 to 2017 in the latest version.

In this thesis, the inventory data has been used with NAME to create a modelled f f CO2 mole
fraction and then simulated each isotope of carbon in CO2 for the sites. This has then been compared
to the measured values and f f CO2 mole fraction calculated using the 14C method. More details on
this will be presented in Chapter 4.
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1.9 Atmospheric measurement infrastructure

The UK Deriving Emissions linked to Climate Change (DECC) network originally consisted of four
measurement sites making observations from tall telecommunication towers at Mace Head (MHD),
Tacolneston (TAC), Ridge Hill (RGL) and Angus (TTA) (Stavert et al., 2018; Stanley et al., 2018). The
Greenhouse GAs UK and Global Emissions (GAUGE) project ran from 2013 to 2016 and set up two
additional tall tower sites, Heathfield (HFD) and Bisdale (BSD), in addition to the four DECC sites,
one of the DECC sites, Angus, has since been closed and Bisdale has become a DECC site (Stavert
et al., 2018; Stanley et al., 2018). The locations of the towers are shown in Figure 1.9. Three of these
sites will be discussed in this thesis, Mace Head, Tacolneston and Heathfield.

TAC
MHD

RGL

BSD

HFD

Figure 1.9: Location of the tall tower sites where atmospheric GHG measurements are currently
made in the UK as part of the DECC / GAUGE networks: Mace Head (MHD), Tacolneston (TAC),
Heathfield (HFD), Bisdale (BSD) and Ridge Hill (RGL).

The site located on the west coast of Ireland, Mace Head (MHD, 53.3 °N, 9.9 °W), is also part of
the AGAGE network. It is the ideal location to measure clean air masses from the Atlantic Ocean
and provide a background reference from continental Europe, as well as representing the northern
hemisphere baseline. The majority of air masses sampled at MHD arrive from the prevailing South
West. The region around MHD is sparsely populated and very few anthropogenic sources exist. The
nearest town, Galway, is approximately 50 km to the East. The MHD inlet line is at 10 m.a.g.l. (Stanley
et al., 2018).

Tacolneston (TAC, 52.5 °N, 1.13 °E) is located in Norfolk, UK approximately 15 km from the city of
Norwich (Stanley et al., 2018). The region surrounding the site is predominantly cultivated agriculture
land. The prevailing wind is from the South West meaning the site is directly down-wind from London.
Therefore the air masses received at TAC are significantly more polluted that at MHD. The TAC inlet
lines are at 54, 100 and 185 m.a.g.l..

Heathfield (HFD, 50.98 °N, 0.23 °E) is located in East Sussex, 20 km from the coast (Stavert
et al., 2018). The closest conurbation, Royal Tunbridge Wells, is 17 km NNE from the tower. The
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surrounding area is woodland and agricultural green space with some residential and light industrial
area. A notable local industry is a large horticultural nursery located only 200 m North of the tower.
The inlets on the tower are at 50 and 100 m.a.g.l..

The sites that are discussed here will be used for past and future measurements that will be
described in this thesis. In the final section of this chapter we will briefly consider factors that effect
the future of 14CO2 measurements.

36



1.10. FUTURE OF 14CO2 MEASUREMENTS

1.10 Future of 14CO2 measurements

The future of ∆14C measurements to quantify f f CO2 emissions is discussed in this section, this
includes the current and predicted background level by using emissions scenarios. This will in-
volve discussion of the current northern hemisphere background levels and the prediction of the
background level from emission scenarios. This is important because for 14C derived f f CO2 mole
fraction estimations, as the difference between the polluted and background sites approaches the
uncertainty in the measurements the confidence we can have in the measurements decreases. We
will first consider the historic atmospheric northern hemisphere 14C background.

As was discussed earlier in this Chapter, atmospheric levels of 14CO2 rose in the 1950s and 1960s
because of the nuclear weapons testing. Since the peak in 1963, levels have been slowly decreasing
because of fossil fuel emissions to the atmosphere and because of uptake by carbon pools. This effect
is referred to as the Suess effect (Suess, 1955) and has been explored in multiple disciplines for tracer
experiments, including atmospheric measurements (Levin et al., 1985). As the background ∆14CO2

decreases the 14CO2 derived f f CO2 mole fraction estimates become more difficult as the difference
between the background value and the depleted value caused by the polluted event becomes smaller
and approaches the uncertainty in measurements.

∆14CO2 measurements were and still are made at background sites around the world (Levin,
2004). For the work in this thesis, only sites in Northern Europe were considered for background
measurements from 1959 to 2017. This will include measurements made at four sites in Europe
(Levin, 2004; Wenger et al., 2019; Wenger, 2016).

Figure 1.10 presents atmospheric measurements from 1959 to 2017 from four different atmo-
spheric background stations. The data is taken from various sites, Vermunt, Jungfraujoch and
Schauinsland that were made by the Heidelberg group (Levin et al., 1985; Levin, 2004; Levin et al.,
2008) and Mace Head (2014-2017) (Wenger, 2016; Wenger et al., 2019) were measured at National
Oceanic and Atmospheric Administration Carbon Cycle Greenhouse Gas (NOAA CCGG), Institute of
Arctic and Alpine Research (INSTAAR). The Jungfraujoch site is a high altitude measurement site in
Switzerland, and provides a background for various GHGs. The Schauinsland station is also a high
altitude site, 1205 m.a.s.l. the samples are collected 5 m.a.g.l. (Levin et al., 1985). The only fossil fuel
source is from local traffic from station personel (Levin et al., 1985). Vermunt is a surface level back-
ground site. Vermunt is located in an established electric power station at the upper water reservoir at
1800 m.a.s.l. (Levin et al., 1985). Samples were collected 10 m.a.g.l. on the top of a building, the area is
not surrounded by any fossil fuel sources (Levin et al., 1985). At Mace Head, a background site on the
West coast of Ireland, samples are collected 10 m.a.s.l. The site is located 90 m from the shoreline. In
Figure 1.10, the data from Vermunt clearly shows the bomb peak and decrease after the peak caused
by the uptake of 14C by different reservoirs and the Suess effect. The measurements at Jungfraujoch,
Schauinsland and Mace Head also show the effect of burning fossil fuels and measurements at the
three sites are in agreement with each other and represent the background ∆14CO2 in the Northern
Hemisphere.

Graven (2015) used future emission scenarios to predict the background value for 14CO2 in the
future. The predicted CO2 mole fractions over the next century differs for the four emission scenarios.
In the lowest scenario, RCP 2.6, CO2 is expected to peak in 2050 then slowly decrease to 420.9 ppm in
2100. In the "business as usual" scenario, RCP 8.5, CO2 mole fractions will continue to increase to
935.9 ppm in 2100 (Graven, 2015). The four scenarios also have associated f f CO2 mole fractions. In
the lowest scenario (RCP 2.6) these start to decrease from 2020 and become negative by 2080. In the
highest scenario the mole fractions continue to increase to 28.7 ppm f f CO2 mole fraction in 2100.
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Figure 1.10: Background measurements at 4 sites over the time period 1959-2017. Comprised of
measurements at Vermunt (green) over the time period 1959-1983, measurements at Jungfraujoch
(red) and Schainsland (blue) from 1987 - 2017 all taken from (Levin et al., 1985; Levin, 2004) and
measurements from Mace Head (black) from 2014-2017 taken from the GAUGE project (Wenger,
2016; Wenger et al., 2019).

These data can be used to calculate the expected ∆14CO2 in the future for each scenario (Graven,
2015).

The sensitivity of ∆14CO2 to local additions of fossil fuel-derived CO2 depends on the atmo-
spheric CO2 mole fraction and the ∆14C disequilibrium between fossil carbon and atmospheric CO2.
Ignoring other effects this can be approximated as ≈ (-1000 h - ∆14CO2)/CO2. This ratio of ∆14CO2

is currently -2.6 hppm−1 but it drops to -1.6 hppm−1 by 2050 and -0.8 hppm−1 in RCP 8.5. This
suggests that measurement precision will have to increase by approximately a factor of two in the
next few decades just to maintain the current measurement capabilities for using∆14CO2 to estimate
f f CO2 mole fraction (Graven, 2015).

Overall, the emission scenarios show the background ∆14C is going to continue to decrease
into the next century which will mean the difference between background and polluted events will
decrease. This will make using the 14C method to derive f f CO2 mole fraction estimations on national
scale more difficult as the difference will approach the measurement uncertainty. However, the 14C
method to derive f f CO2 mole fraction regional estimates will be possible if the depletions observed
from f f CO2 emissions are large enough. Globally, the future use of 14CO2 derived f f CO2 mole
fraction estimates is sceptical, with the continuing decreasing background value and likely decreasing
f f CO2 emissions the difference for the ratio becomes smaller and approaches the measurement
uncertainty. Currently, there is no technology to further increase the measurement precision on
current values (2 h).
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1.11 Aims of thesis

The quantification of f f CO2 emissions is as important as ever at the current time to ensure that
emission reduction targets that were set as part of the Paris Agreement are met. Atmospheric mea-
surements provide a method of validating inventories, 14CO2 measurements provide one method
of achieving this. In this thesis I will evaluate the challenges of using 14CO2 in the UK and employ
methods to improve the usability of 14CO2 measurements in the UK as well as look at the feasibility
of these measurements in the future.

Previous 14CO2 measurements in the UK, as part of the GAUGE project (Wenger, 2016), have
shown that it is difficult to use 14CO2 to quantify UK f f CO2 emissions. The reasons for this were:

1. Limitations with the sampling approach:

• only a limited number of samples were taken due to the cost of analysis (£250 per sample);

• most samples were taken under low f f CO2 mole fraction condition as samples had to be
taken when a technician was on site meaning it was not possible to target certain times of
day when f f CO2 mole fraction was high e.g. rush hours and the site was too far away
from the emissions sources for this method;

• samples were sent to the Institute of Arctic and Alpine Research (INSTAAR), National
Oceanic and Atmospheric Administration (NOAA), USA for analysis meaning the cost of
shipping increased the cost per sample and breakages occurred during shipping meaning
there were fewer samples to analyse.

2. The abundance of nuclear power stations in the UK that release 14CO2 emissions means a
correction must be applied to the measurements. However, only monthly release data was
used which does not account for the variability in 14CO2 nuclear emissions.

3. The biospheric correction that needs to be applied to measurements was only calculated using
one biospheric model and therefore, cannot reliably show the extent of this correction.

The work in this thesis will address these problems and provide solutions going forward for the
follow up project to GAUGE, Deriving Atmospheric Emissions in the UK (DARE UK) which will begin
in 2019. Chapter 2 will look at the sampling method, Chapter 3 will look at the analysis method and
Chapter 4 will look at the corrections which are applied to the same data set that was collected for
the work in the previous thesis (Wenger, 2016).

The aims of this thesis are:

1. To improve the current sampling system to enable better quality 14CO2 measurements to be
made. This will involve automatically triggering when samples are taken meaning that samples
can be taken under high f f CO2 mole fraction conditions in addition to taking integrated
samples opposed to instantaneous samples. This will be better for comparing to models as
the samples will be taken over the period of hours, the same time scale as model, instead of
minutes as is the case for instantaneous samples.

2. To develop an extraction system capable of making the high precision measurements needed
for f f CO2 mole fraction estimations for the BRAMS facility to enable analysis to take place in
Bristol. Therefore, samples will not need to be shipped to the USA and fewer samples should
be lost because of breakages.
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3. To improve the corrections for the biospheric disequilibrium and nuclear emissions applied to
14CO2 measurements in the UK.

In Chapter 2 I will address the first research question:
Question 1: How can the sampling method for 14CO2 measurements be improved for measure-

ments in the UK?
Samples can be collected on different time scales to reflect different air masses. In the UK, there is

a difficulty of capturing large f f CO2 emissions but avoiding 14CO2 nuclear emissions. To achieve
this a hybrid integrated flask measurement system has been designed that will enable the collection
of whole air flask samples over a defined time period of hours. I will discuss the construction and
automation of the system and the tests that have been performed on the system.

In Chapter 3 I will address the second research question:
Question 2: Using the new 14C facility in Bristol, what is the best method for extraction of CO2 for

14C analysis? Can improvements on the extraction process be made?
Sample pre-treatment before measurement by AMS is required for atmospheric14CO2 measure-

ments, this involves extraction of the CO2 before graphitisation. It is vital that high precision is
obtained when using 14CO2 measurements to quantify f f CO2 mole fraction as the current measure-
ment precisions are similar to the difference seen from the enhancement from background caused
by f f CO2 emissions. After thorough research of the literature an manual extraction system, similar
to those described in the literature was constructed and tested. This system involved cryogenically
trapping CO2 prior to transferring to the AGE. The precisions reported from this method were low
compared to other laboratories and to improve on this an alternative approach was taken. Utilising
the AGE a novel extraction method was designed and tested which involved directly trapping the CO2

from the samples on the zeolite trap built into the AGE system. In Chapter 3, both of these methods
and the tests performed on both systems will be discussed and compared.

Next, Chapter 4 will answer two more of the research questions:
Question 3: What effect does using daily nuclear power station 14CO2 emissions for the correc-

tions have on the measurements and how does it compare to annual data?
By law nuclear power stations have to report annual releases of 14C . However, they measure

14CO2 emissions daily. There is a high level of variability in the release on a daily level and this effects
the correction applied to f f CO2 mole fraction estimations. There are large spikes in 14CO2 relating
to when the reactor is opened, usually for maintenance. Working with the nuclear industry, daily
data has been provided for all of the high 14CO2 emitting nuclear power stations in the UK. This
data will be compared to the use of annual data that has been used in the previous study from the
GAUGE project. Once the correction has been applied to the measurements, f f CO2 mole fraction is
calculated to examine if improvements are made from using the daily emission data.

Question 4: Can the biospheric correction be improved by using a different biospheric model,
what effect do different models have on the correction?

The other important correction for 14CO2 measurements is the biospheric correction used to
account for the biospheric disequilibrium. Using a box model the correction for the hetrotrophic
respiration can be calculated. However, different biospheric models have different distributions
of hetrotrophic respiration. We examine the effect of using different models that characterise het-
rotrophic respiration differently and use this to compare the correction that will be applied to
measurements for each biospheric model. This is achieved using the measurements from the GAUGE
project. The f f CO2 mole fraction will be calculated using the corrected 14CO2 measurements to
examine if the biospheric model used affects the final results.

Finally in Chapter 5, we summarise the key findings of this thesis and discuss how the work
will be used in the future, suggesting future research opportunities and outline several unanswered
questions.
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INSTRUMENTATION: INTEGRATED SAMPLING UNIT

This chapter discusses the advancements made in sampling instrumentation for 14CO2 measure-
ments. There are multiple steps involved in 14CO2 derived f f CO2 mole fraction estimates; (1) whole
air samples are collected, (2) they are then returned to the laboratory where the CO2 is extracted, (3)
it is then graphitised and (4) the 14C is measured, (5) calculations are then performed to quantify
the f f CO2 mole fraction. This chapter concentrates on the sampling step, discussing the sampling
process and the advancements that have been made to overcome problems of previous studies in
the UK.

Atmospheric 14CO2 samples are either collected: instantaneously in glass flasks; or integrated
using NaOH bubblers, zeolite traps or plant samples. The work in this chapter looks at combining
these two methods to collect integrated glass flask samples. This is important because it means that
samples can be collected over the period of hours. This means they can be compared to models
better than instantaneous samples which are collected over the period of minutes. Other integrated
methods involve collecting samples over the time period of weeks or months. This would mean that
in the UK a mixture of different signatures such as f f CO2 emissions and nuclear emissions would be
combined and difficult to interpret. This is the reason for choosing hourly integrated flask samples.
This chapter will introduce the different types of 14CO2 sampling and then present the integrated
sampling unit and the tests that have been performed on the system. The results and discussion
section will include the results of the tests and discussion of the future deployment of the system.
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2.1 Introduction

14CO2 samples cannot be measured in situ for two reasons; samples are analysed by AMS, and
samples must be graphitised before analysis. An AMS is a large instrument (3.2 m x 2.6 m x 2 m)
that must be in a dedicated laboratory with experienced technical support. Sample preparation
involves extracting pure CO2 from a whole air sample before graphitising it, a process that must
be performed in the laboratory to avoid contamination of the sample. There is the advantage that
collecting samples in the field and returning them to the laboratory for analysis means they can be
taken at multiple locations and measured on a single instrument, which is calibrated to standards on
the World Meteorological Organisation (WMO) scale, instead of the difficult task of keeping multiple
instruments at different sites calibrated (WMO, 2016; Turnbull et al., 2012).

There are five methods in the literature for collecting 14CO2 samples: (1) tree-rings (Tans, 1981);
(2) plant samples (Bozhinova et al., 2016; Hsueh et al., 2007); (3) integrated sample collection using
sodium hydroxide (NaOH) (Levin et al., 1980, 2003); (4) trapping onto zeolite traps (Garnett and
Hartley, 2010; Garnett and Murray, 2013; Walker et al., 2015); and (5) flask sampling (Conway et al.,
1994). The first four are integrated sampling methods meaning samples are collected over long time
periods, days to years, whereas flask samples are usually collected over shorter time periods, minutes.
These methods will be reviewed below for the applicability to the work in this thesis.

Both Hsueh et al. (2007) and Bozhinova et al. (2016) utilised plant samples by using maize (Zea
mays) plant samples from different locations. Hsueh et al. (2007) collected maize samples across
North America during summer 2004. The plants collected from the mountain regions of western
North America showed the smallest influence of f f CO2 emissions. Whereas, plants from eastern
North America and the Ohio-Maryland region showed the larger fossil fuel influence. A model-data
comparison suggested that annual plant ∆14C can provide a useful test of atmospheric mixing in
transport models that are used to estimate the spatial distribution of carbon sources and sinks.
Bozhinova et al. (2016) analysed 51 maize plant samples from different locations in the Netherlands
in the years 2010 - 2012 and France and western Germany in 2012. The samples were compared to
the Weather Research and Forecast (WRF-Chem) model with comparable uncertainty (Bozhinova
et al., 2014, 2016). The modelled plant results suggest large gradients were associated with emissions
from energy production and road traffic. However, in France enrichment from the nuclear industry
dominated many samples, likely caused by La Hague, a nuclear reprocessing plant in Northern France
that releases 14CO2. The plant model-based interpretation adds additional uncertainty to the already
large measurement uncertainty. Others (Niu et al., 2016; Turnbull et al., 2016; Palstra et al., 2008)
also used plant based samples, leaves, grasses and wine ethanol to calculate f f CO2 mole fraction
from 14C measurements. However, these studies suggested that in the future, f f CO2 mole fraction
monitoring strategies should focus on direct atmospheric sampling of CO2 and ∆14CO2 opposed to
plant samples for estimating f f CO2 mole fraction on smaller temporal and spacial scales.

The integrated method using NaOH was the original process used for 14CO2 sample collection
when large sample size was needed for analysis using proportional gas counting (Levin et al., 1980,
2003; Meijer et al., 1996; Turnbull et al., 2016). In this sampling method, atmospheric air (15 m3)
is bubbled through one or several bottles of alkaline solution. The length of time atmospheric air
is sampled for is only limited by the amount of NaOH: most commonly such setups obtain weekly
or monthly samples. Generally, 0.5 or 1 M NaOH is exposed to air at the sampling location, and on
return to the laboratory CO2 is extracted by acidification, although alterations to this method have
been explored (Turnbull et al., 2017). As all the CO2 from the air is absorbed during the sampling time,
these samples contain an integrated atmospheric 14CO2 measurements for their sampling period
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(Levin et al., 1980). These sampling methods are still used for sampling at background sites such
as Mace Head where the conditions are predominately background. At these sites samples will be
collected over the period of two weeks before the NaOH sample bottle is changed (Levin et al., 2003).

Zeolite molecular sieve cartridges have been used in the field for passively collecting atmospheric
CO2 over 1.5 to 10 months (Garnett and Hartley, 2010; Garnett and Murray, 2013; Walker et al., 2015).
These systems require no power to operate making them easier to deploy and maintain at remote
sites. Results from this passive collection method were within the uncertainty of pump-based systems
(Garnett and Hartley, 2010). The trapping time was proportional to atmospheric CO2 and was not
effected by exposure time unless this exceeded a threshold (Garnett and Hartley, 2010). On return to
the laboratory the zeolite cartridges are heated under vacuum to release the CO2 prior to cryogenic
purification and graphitisation (Garnett and Murray, 2013). An additional stage has been added
to this process which involves purging the system with N2 gas to remove all CO2 from the sample
(Garnett and Murray, 2013). An infra-red gas analyser is used to continuously monitor the CO2 mole
fraction of the purge gas and once all is removed the cartridge is ready to be sent to the field to collect
the next sample (Garnett and Murray, 2013).

These three methods cannot be used in the UK as there are nuclear power stations that act as
strong sources of 14C . The signal recorded in samples would be a mixture of the fossil fuel depletion
and enhancement caused by nuclear power stations, over the longer time periods (Graven and
Gruber, 2011).

For flask samples, the most common method is to fill a pre-evacuated glass flask or tedlar bag
over a period of less than one minute, this is referred to as instantaneous or grab sampling (Conway
et al., 1994; WMO, 2016). Examples of studies where grab sampling was used are presented below.

LaFranchi et al. (2013) collected discrete whole air flask grab samples from the NOAA Boulder
Atmospheric Observatory tall tower in Denver at the boundary between the metropolitan area and
a large industrial and agricultural area. The inlet of the tower was at 300 m. Flask samples were
collected using Programmable Flask Packages (PFPs) connected to a Programmable Compressor
Package (PCP) capable of delivering 15 L/min. Each PFP contains 12 cylindrical borosilicate glass
flasks, 0.7 L each. Flasks are pressurised to around 270 kPa. Two flasks were filled subsequently within
5 minutes of each other to provide 4 L of air for analysis. Samples were collected, in most cases, within
half an hour of midday. This is important to ensure a well structured planetary boundary layer (PBL)
(LaFranchi et al., 2013).

LaFranchi et al. (2016) employed the same grab flask sampling method at a tall tower site in
northern Wisconsin, USA, which is part of the NOAA Global Monitoring Division (NOAA-GMD)
Global Greenhouse Gas Reference Network (GGGRN). ∆14CO2 measurements from two reference
sites, Niwot Ridge, Colorado and Barrow, Alaska, were used. Flask samples were again collected at
midday every 3 - 6 days.

Turnbull et al. (2016) investigated f f CO2 emissions from a point source, Kapuni Gas Treatment
Plant. Grab samples were used here, along with 1 week integrated f f CO2 averages from fast growing
grass samples, as plant samples maintain the 14C content after photosynthesis. Both sample types
were compared to a top-down model. The long-term average grass samples suited the model better
than the instantaneous flask samples, showing the importance of integrated samples over longer
periods (Turnbull et al., 2016).

Although these studies provided useful results, the difficulty with instantaneous sampling is the
possible short-term variability in mole fractions of GHGs, especially in urban and polluted locations.
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The interpretation of samples requires convolution with modelled and meteorological data which is
typically available on time scales of one to three hours (Turnbull et al., 2012). Therefore, it can be
difficult to interpret with grab samples, collected over the period of minutes. Instantaneous sample
collection has been used previously in the UK (Wenger, 2016; Wenger et al., 2019). However, the
comparisons of modelled and measured data proved difficult largely due to the difference in time
scales. Additional difficulty was added because the sampling could not be remotely triggered.

A hybrid of the integrated methods described above and the flask sampling method, an integrated
flask sampling method can provide a sample that can be compared to models and dramatically re-
duce the impact of small timing errors in comparisons. Turnbull et al. (2012) developed an integrated
sampling system which varied the flow rate over one hour to collect a sample with an equal contri-
bution from each minute of the time period. The Turnbull et al. (2012) system has been utilised for
multiple applications. Turnbull et al. (2017) applied time-integrated samples to detecting CO2 leaks
from carbon capture and storage (CCS). However, the 14C analysis showed the leaks could not be
distinguished from other local f f CO2 sources (Turnbull et al., 2017). Andrews et al. (2014) deployed
an integrated flask sampler to one of the eight National Ocean and Atmospheric Administration
Earth System Research Laboratory (NOAA ESRL) tall tower sites for in situ and flask comparisons of
CO2 and CO. In the Indianapolis Flux Experiment (INFLUX), two flasks were filled simultaneously
using an integrated procedure (Turnbull et al., 2014; Miles et al., 2017). INFLUX was used to quantify
f f CO2 in an urban area using twelve sampling sites. Samples were taken at mid-afternoon when
the PBL is likely to be best mixed by convective turbulence and therefore easier to model (Yi et al.,
2001). The study showed that sampling height and downwind locations were key as f f CO2 samples
have large uncertainties relative to the size of the measurement and a third of samples were indistin-
guishable from the background. Terrain was also important for f f CO2 and must be considered for
the placement of sampling units. These points must be considered in the future when deciding on
sampling locations.

2.1.1 Chapter outline

In this chapter, an integrated sample system that has been constructed based on the system by
Turnbull et al. (2012) will be discussed. It is capable of collecting integrated samples over the time
period of hours into 2 L flasks. The system is designed to be remotely triggered to ensure samples are
collected at times that avoid 14CO2 emissions from nuclear power stations and capture fossil fuel CO2

emissions, and therefore the sampling conditions are optimal. The system discussed in this chapter
is an improvement on the Turnbull et al. (2012) system as it uses a continuously changing weighting
function as opposed to a step down weighting function. This means the percentage contribution is
matched for each second of the integration time instead of step down flow rates that loosely fit the
percentage contributions from each minute.
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2.2 Methodology

The methodology will start with an outline of the principles and an overview of the Integrated Sam-
pling Unit (ISU). Each part of the system will then be described in detail. This will include: (1) a
description of, and a test performed on, the mixing volume; (2) the weighting function with compari-
son to previous work; and (3) remote operation of the system which will explain the development
of software that controlled the system. Once each section has been explained the tests that were
performed on the system will be introduced. The results of these tests performed with the ISU will be
presented in the results section.

2.2.1 System design and description

The system (Figure 2.1) is an integrated sampling system that uses a mass flow controller (MFC) to
regulate the flow of air through a 20 L volumetric flask providing a mixture of air collected over this
period. Air enters through the inlet tubing (Dekabon Synflex 1300 tubing, 1/4 inch outside diameter,
7 m, 10 L / min) and is sub-sampled from the line to the CRDS (Picarro Model G2301). A constant flow
rate pump is used in the line to prevent any time delays. A manual valve (Swagelok, UK, SS-1GS-4)
before the system is switched off when the system is not in use to avoid contamination of the system.
Air masses first pass through a large spherical mixing volume (Normag, Schott Duran, 20 L) via a filter
(7 Micron, Swagelok, SS-4F-7). Two pumps (KNF, Laboport, PM24204-86) and a mass flow controller
(Votglin, red-y smart controller, GSC-B9TA-BB26) are used to regulate the flow. Prior to sampling,
the ISU including flasks in the flask package, are flushed for 5 minutes and a flow rate of 400 mL /
min. During the integration time air is flushed out through the flasks at flow rates determined by
the weighting function (see section 2.2.1). Once the integration time is complete air is transferred
from the mixing volume to the flasks. The pressure gauge (Keller, Leo 3) is used to measure the
pressure when the flasks are being pressurised after the integrated time. A flow rate of 500 mL / min
is used to transfer the sample. The flask package holds six 2 L flasks. The flasks are connected via flask
Polytetrafluoroethylene (PTFE) fittings (custom-made to fit flasks, made in the School of Chemistry
workshops, University of Bristol). Solenoid valves (Parker, Series 9, 2 way) are used throughout the
system (in and out valves of the system and two valves on each flask). To pressurise a flask the in and
out valves of ISU and the out valve of the flask are shut. One flask is filled for each sample collected,
though it is possible to fill multiple flasks from one sampling time, the flasks are filled in series to a
pressure of 2 psi. The system is controlled with National Instruments Data Acquisition platform (NI
DAQ, NI-USB-6252) using Laboratory Virtual Instrument Engineering Workbench (LabVIEW).

The next three sections will describe the mixing chamber that is used, the determination of the
weighting function for the integration time and the remote operation of the system.
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Mixing Volume

A large mixing volume is required to collect an integrated sample. The mixing volume, approximately
20 L spherical volume of glass, forms the heart of the ISU. It has a 1/4 inch outside diameter dip tube
inserted into the volume, so air enters from the bottom of the volume and flows to the top to ensure
well-mixed conditions inside the volume.

The mixing volume was tested to ensure complete mixing throughout the fill time which can be
predicted using a simple e-folding model. This model of well-mixed volume predicts a mean lifetime
(residence time, τ) of any given parcel of air in the mixing chamber of

(2.1) τ=
1

k

k is the rate constant for the removal of air from the volume and is determined by the flow rate f
and the volume of the mixing chamber v,

(2.2) k=
f

v

An air parcel enters the volume with initial mass m(t0) at time t0, and the amount of air remaining
at the later time t is determined from the e-folding model as

(2.3) m(t )=m(t0)e(−k(t−t0))

This can be rearranged to:

(2.4) ln
( m(t )

(m(t0)

)
=− f

v
(t − t0)

The size of the mixing volume was determined by using the Picarro to measure the output CO2

mole fraction from the system and substituting this for m(t). The mixing volume has been determined
over a two hour period. Two cylinders, one ambient (411.7 ppm CO2) and one of zero air (0 ppm CO2)
were connected to the inlet with a 3-way valve and set to above atmospheric pressure. Ambient air
was passed into the system at a known flow rate (1.2 L / min) until the CO2 mole fraction stabilised.
The three-way valve was then switched to zero air and an exponential decay was observed, Figure 2.2.

Figure 2.2 shows the measured CO2 mole fraction against time measured on the Picarro as it
decays when "zero" air (0 ppm CO2) is added to the system. "Ambient" air (with a measured CO2

mole fraction of 379.07 ppm) was added to the chamber at the beginning of the time. Once this had
equilibrated with the system and the Picarro was reading a constant CO2 mole fraction, zero air was
added. Prior to beginning the test the zero air was examined by connecting the cylinder directly to
the Picarro to ensure that the CO2 mole fraction was zero. The zero air passed through the mixing
chamber and pumping system and the outlet was connected to the Picarro continuously monitoring
the CO2 output. A decay in CO2 mole fraction following the expected e-folding model was observed.
Figure 2.3 shows how this is used to calculate the volume of the chamber.

Figure 2.3 takes the data from Figure 2.2 and plots it in the form of Equation 2.4. The gradient

is equal to k = 0.046 s−1, which implies a lifetime of 21.7 minutes. k is equal to f
v ; the flow rate is

known (1.2 L / min) therefore the volume is 26.07 ± 0.34 L. This is different to the stated spherical
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Figure 2.2: The exponential decay of CO2 mole fraction inside the glass mixing volume at flow rate
of 1.2 L/ min over the time period of two hours.

glass volume (20 L), but this test was repeated a total of four times twice at two different flow rates
(1.2 and 1.5 L/ min) the volume reported is an average of all four tests and the uncertainty in the
volume is the standard deviation of the four tests. The reason for the difference between the stated
volume and calculated volume is concerning, a possible reason for this is this calculated volume
includes the volume of the tubing from the cylinder and through the system hence the increased
value when the volume is calculated, however this calculation was not performed for the work in this
thesis. The calculated volume can now be used to calculate the flow rates using the e-folding model
to determine the weighting function.
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Figure 2.3: A plot of the natural logarithm of the measured variation of CO2 mole fraction with time
to determine the mixing volume. System tested at constant flow rate of 1.2 L / min. The system was
switched to the zero-air cylinder at t = 0.

Weighting function

Using the calculated volume, the weighting function can be determined. For the purpose of tests
from now on the time period used will be one hour, though as previously stated for the sampling time
this can be adjusted. The ideal scenario for the weighting function is linear, where an equal amount
of air enters the volume from each minute of the hour, equivalent to 1.67 % of the total volume per
minute. Hence, for an assumed volume of 26 L, the volume contribution from each minute of the
sampling period is 0.43 L. The actual weighting function is determined from the flow rate and the
volume.

If the flow rate is kept constant the weighting function can be calculated from equations 2.2 and
2.3. When the flow rate is kept constant the final air mixture is dominated by air from the last part
of the hour. This is because the air is constantly being flushed through the system. Air that entered
at the beginning of the integrated time has been replaced with the air that entered towards the end.
The higher the flow rate, the steeper the weighting function and the final air mixture is strongly
dominated by the last part of the hour ( 6 L/min in Figure 2.4). Lowering the flow rate results in
a more even weighting function, but when the flow rate drops too low, some air from before the
integration time will remain inside the flask (1 L/min in Figure 2.4).

49



CHAPTER 2. INSTRUMENTATION: INTEGRATED SAMPLING UNIT

0
10

20
30

40
50

60
tim

e / m
inutes

0 5 10 15 20
Percentage of air in mixing volume after 1 hour / %

linear
constant 6 L / m

in
constant 1 L / m

in
10 m

inute stepdown

Figu
re

2.4:T
h

e
w

eigh
tin

g
fu

n
ction

s
ofd

ifferen
tfl

ow
rate

scen
arios

for
26.07

L
m

ixin
g

ch
am

b
er

d
u

rin
g

a
60-m

in
u

te
in

tegration
p

eriod
.B

lu
e

is
th

e
lin

ear
co

n
trib

u
tio

n
,red

is
a

co
n

stan
t6

L
/

m
in

fl
ow

rate,green
is

a
co

n
stan

t1
L

/
m

in
fl

ow
rate

an
d

o
ran

ge
is

10
m

in
u

te
step

d
ow

n
fl

ow
rates.

50



2.2. METHODOLOGY

Previously, Turnbull et al. (2012) used a 12 minute step down flow rate. The percentage contribu-
tions for 10 minute step down flow rates are plotted in Figure 2.4 and compared to two linear flow
rates of 6 L / min and 1 L / min as well as the linear contribution. The linear contribution (blue) is
constantly 1.67 %. The 6 L/ min flow rate scenario has the majority of contribution from the last ten
minutes of the integration time. The contribution to the air in the volume at the end of the integration
time from the first 40 minutes of the hour is 0 %. This is because the flow rate is too high and therefore
the air from the first part of the hour has been replaced towards the end of the hour. With a constant
flow rate of 1 L / min the contributions are still mainly from the last 20 minutes and the contributions
from the early part of the integration time are not represented. The 10 minute step down scenario,
has equal contributions over the whole hour period, but towards the end of the first two step downs
the contribution is higher then required. This is because at this stage the flow rate is high and the air
passed through is replaced later in the hour, before the flow rate begins to be reduced.

To achieve closer to linear percentage contributions the flow rate must be infinitely adjustable,
hence improving on the work by Turnbull et al. (2012). This was approximated by calculating the
percentage contributions needed for each second and working out the equation that best fits this.
For the purpose of tests the flow rates were calculated over an hour period, shown in Figure 2.5. The
equation for the flow rate is y=12.717x −0.992 also shown in Figure 2.5, which has been used in
LabVIEW (details in Appendix 6.1) to control the flow rate.

The MFC was limited to 6 L / min, this is because MFCs are programmed to work in a certain
range, in our case 0 - 6 L / min. Increasing the MFC flow rate range would introduce the problem
of loss in accuracy at low flow rates, which would not be ideal as for the majority of time the ISU
utilises lower flow rates. There is also the problem that with fast changes in flow rate over large ranges
there are extreme changes in pressure which may damage the apparatus e.g. pumps. Therefore, it
was decided for these reasons that a maximum flow rate of 6 L/ min provided the best solution. The
MFC has a source of error ± 0.3 % (full scale) and ± 0.5 % (reading) which leads to the error shown in
Figure 2.5 in grey shading. The flow rate and associated errors are plotted in Figure 2.5 these flow
rates have been used to calculate the percentage contributions (as the method above and presented
in Figure 2.4) that are shown in Figure 2.6. The error shown is a sum of the reading and full scale
errors.

Figure 2.5 shows the flow rates that have been calculated from the equation and are used in the
ISU. The flow rates inputted to LabVIEW, in the form of the equation, are shown in black. The grey
region shows the error for each point in time calculated from the full scale error and error on the
reading. Full scale error refers to any measurement made that will fall between the limits given by
that quantity and is constant for all measurements. The reading error refers to the error calculated
for the current reading on the MFC. From the plot it can be noted that the error is smaller at the
beginning of the time period because as the flow rate becomes smaller then full scale error remains
constant and therefore there is a larger error on lower flow rates than on higher flow rates.

Figure 2.6 presents the percentage of air in the mixing volume from each minute. The black line is
the linear required percentage contribution from each minute, 1.67 %, for equal contribution. The
red line is the contributions from the equation, the best weighting function to match the required
percentage contribution (black). It can be observed that the red line fits the black line well except
for the very first part of the hour. The reason for this is that the weighting function has to be slightly
adjusted for the MFC. The upper limit of the MFC is 6 L / min however, the ideal weighting function
would start at 11 L / min. As discussed above it is not in our interest to use a MFC with a larger range
as the error on low flow rate increases, therefore the first minute is adjusted to 6 L / min. This means
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Figure 2.5: A plot showing the flow rates from the equation y = 12.717x-0.992, adjusted for the limit
of 6 L / min flow rate and the associated error in MFC on the flow rate (grey shading).

that the contribution from the first minute of the integration is lower than required. This is beyond
the scope of the work in this thesis but must be considered in the future experiments of the system.

The region shown in grey in Figure 2.6 is the error on the percentage contribution. This is calcu-
lated using the maximum and minimum flow rates from the error of the MFC presented in Figure
2.5. The error is largest at the beginning and end of the integration period (upto ± 20 %), reaching a
minimum at 30 minutes. The reason for this is there is larger error at the beginning of the integration
time from the reading error of the MFC, this error is a magnitude of the flow rate reading, which
at this point is at its highest. This then drops with the integration time because the flow rate drops.
Towards the end of the integration time the MFC full scale error dominates over the MFC reading
error as the flow rate is lower. This is observed in Figure 2.6.
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Figure 2.6: A plot showing the error in percentage contribution for each minute for a one hour
integration period. The black line shows the linear percentage contributions, the red line shows the
predicted contributions from the equation y = 12.717x-0.992, adjusted for the limit of 6 L / min and
the grey area is the MFC error.

2.2.2 Remote operation

As has been previously mentioned the system is controlled by LabVIEW. LabVIEW is a systems
engineering software for applications that require test, measurement and control with rapid access to
hardware and data insights. It is a system-design platform and development environment for visual
programming from National Instruments. It is a graphical language and most commonly used for
data acquisition, instrument control, and industrial automation.

The description of the software used in the set up of the programme can be found in Appendix
6.1. In this section, a detailed description of the programme will be given, this will be structured by
giving an overview of the steps required to collect a sample in relation to the LabVIEW front panel
and block diagram. The front panel is where information is entered and the block diagram is the
code behind the operations.

Explanation of the steps in the programme

This section will begin by presenting the steps in the procedure of collecting a sample in Figure 2.7.
The steps are colour coded, the colours refer to the labels in Figures 6.7 and 6.8, found in Appendix
6.1.
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The system is flushed for 5 minutes at 400 mL / min including the 

2 L flask.  

The equation is set and the flow rate is altered according to the 

weighting function this is displayed as the “result” of the equation. 

The “set point” displays the flow rate given to the MFC and the 

“flow” displays the flow rate that happened. The integration 

function is followed for 60 minutes. 

At the end of the integration time, the exit valve of the flask and the 

in and exit valves of the system are closed.  

After the integration time the flow rate is set to 500 mL / min to 

pressurise the flasks to 16.7 psi (2 psi above ambient). 

Once the flask is pressurised the in valve of the flask is shut and the 

pumps are switched off. 

Figure 2.7: Flow chart depicting the steps involved in collecting an integrated sample, with detailed
description of each step.
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Sample schedule and remote access

It is possible to run the sampler on a set schedule with the LabVIEW system so that, for example,
flasks can be collect at the same time of day each day or once a week depending on the requirements
of an experiment. Remote access has also been set up for the system so that it is possible to change
or overwrite the sampling schedule without the need to visit the site. In the results and discussion
section, I will discuss in more detail about finding a time to take a sample but as an example, the
system could be set up to collect a sample in the early afternoon (between 12:00 and 15:00) as this is
the time of day when air is well mixed and the boundary layer is higher.

2.2.3 Test site location

The sampling location used for this experiment was situated at 10 m.a.g.l. and 30 m.a.g.l. on the side
of the School of Chemistry, University of Bristol (51.456290 °N, -2.600910 °W). The sampling line (1
inch Dekabon/Synflex 1300 tubing) is set at a constant flow rate of 10 L/min.

2.2.4 System tests

Next, experiments were conducted to test the performance of the ISU. Three different experiments
have been performed on the system, these are:

1. The weighting function was tested to confirm it was performing as expected by the theoretical
weighting function.

2. Flask samples were collected and compared to the in situ CO2 mole fraction data measured
continuously on the Picarro while the sample was collected. The purpose of this experiment
was to use CO2 as a proxy for 14CO2 to show that the flask sample collected is representative of
the integration time.

3. Finally, an urban monitoring station was set up and flask samples were collected and analysed
for their 14C content using the methods described in Chapter 3. This purpose of this final
experiment was to show that the sampling unit can be used to collect samples for 14CO2

analysis.
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2.3 Results and Discussion

In this section the results from the experiments explained above will be presented and discussed.
This will include an explanation of why experiments have been carried out, what it is expected to
show, what it shows and the conclusions that can be drawn from each experiment.

2.3.1 Test of weighting function

The integration parameters and weighting function in the laboratory were evaluated using the set up
described in Section 2.2.1. However, the Picarro was connected after the ISU to measure its output.
The purpose of this experiment was to test if the weighting function and integration parameters are
behaving as expected. The expectation of this experiment is that there is agreement between the
prediction from the calculated mole fraction of CO2 which was based on the weighting function and
the actual, measured mole fraction of CO2.

The experiment was carried out with 10 minute step down flow rates in Figure 2.4 opposed to the
flow rates that was used for collecting a sample and proposed in Figure 2.5 as the Picarro requires a
pressure of 2 psi or above to measure the gas entering the cavity. With the very low flow rates of the
weighting function in Figure 2.5 the pressure after the ISU was not large enough for the Picarro to
measure the gas.

The investigation involved using a cylinder of ambient air (CO2 = 490.3 ppm) and one of zero air.
The zero air was tested to confirm that CO2 = 0 ppm by directly attaching the cylinder to the Picarro.
Prior to starting the experiment air from the ambient air cylinder was flushed through the system at
3.5 L / min until the measurement on the Picarro was constant at 490.3 ppm, for around 20 minutes.
The incoming air was switched between the ambient and zero air several times, shown by the grey
bars in Figure 2.8. The flow rate remained the same for the injections of zero air and the length of time
of the injections 1, 3 and 4 was two minutes and for injection 2 was one minute. The reason for doing
this was to compare the system’s response to one minute and two minute injections and how quickly
the system responds to changing conditions and if, when in the field, the instrument will be capable
of capturing fast changes in the CO2 concentration e.g. from local sources. The theoretical weighting
function from the flow rates in Figure 2.4 was used to predict the CO2 mole fraction at the end of the
sampling time and compared to the measured CO2 mole fractions (predicted). The recorded CO2

mole fractions (actual) were then plotted against the predicted mole fractions as shown in Figure 2.8.

When the zero air is injected, the CO2 level was expected to drop. This is observed in all cases,
however, the magnitude of the drop was smaller than expected. The most likely reason for this is the
size of the system and length of tubing within the system (approximately 3 m) and components that
the zero air must pass through to reach the Picarro. The first injection of zero air does not result in
the predicted concentration of below 300 ppm, this supports the claim that the Picarro is too far from
the source of zero air. Potentially, the zero air has already mixed with normal air that is added to the
system after the two minute injection prior to it reaching the Picarro. For the final injection, the flow
rate was at its lowest, 0.4 L / min for 30 minutes. Therefore, there was a slightly longer response time
than the previous injections and it takes longer for the system to equilibrate. This may be because of
the dead volume between the cylinder and the ISU large volume.

Overall, there are slight differences in the prediction and measured mole fractions, implying that
the system may not work as well as predicted or this may be because the system has taken longer to
respond than the model suggests. The mean measured mole fraction was 435.9 ppm whereas the
predicted was 425.8 ppm.
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Figure 2.8: A plot showing the comparison between the measured CO2 (blue) and predicted (green)
at each minute for a one hour integration period. The flow rate is shown in red. The injections of
zero air are shown as grey bars.

Although this was not the result that we expected from this test some key conclusions can be
taken away from this experiment:

• The general trend is that the system followed the model, differences are likely to have happened
because of a delay in the response through the system or not enough zero air was injected.

• Step down flow rates were used instead of the weighting function that will be used when
collecting a sample and it is expected this will give a better integrated sample.

• The disagreement between the insitu average and the flask average CO2 measurements in this
experiment can be considered as not important when the current uncertainty around f f CO2

mole fraction measurements is considered.

2.3.2 In situ and flask measurement CO2 comparison

The next experiment tested the difference between predicted and measured flask CO2 mole fraction.
The purpose of this experiment is to show that the CO2 mole fraction measured in the flask is
representative of the time that the sample is collected over. We hoped that the experiment would
achieve a CO2 mole fraction difference comparable to the system our ISU was based on by Turnbull
et al. (2012). The difference in Turnbull et al. (2012)’s work was 0.04 ± 0.26 ppm.

The experiment was carried out by using the ISU to collect a sample into a glass flask while simul-
taneously measuring the CO2 mole fraction input to the system on the Picarro CRDS. The predicted
CO2 mole fraction was then calculated using the high frequency in situ CO2 CRDS measurements.
This was calculated for both the weighted and simple means.

First, one example will be considered to show how the differences were calculated. Figure 2.9
shows the variation in the in situ measurements plotted against the average from the flask. There is a
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variation of 23.3 ppm in the in situ measurements in the two hours (between 12:46 and 13:46). The
average of the in situ measurements is 432.41 ppm, the flask was measured to be 432.50 ppm, the
difference therefore is 0.09 ppm in this example.
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In the next figures and tables the results for the comparisons are presented. Comparisons between
the flask and in situ data has been performed for 62 samples. The first 12 of these were performed on
a prototype system in 2017. The other 50 where collected on the finished system in 2018. No samples
have been discounted from the 2017 or 2018 studies and all samples collected for comparison are
presented.
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Figure 2.10: All data from flask to in situ comparisons carried out on the ISU system comprised of
the sample number, the simple mean difference from in situ and flask measurements and the error
bars is the standard deviation of the in situ data.
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In Figure 2.10 the difference, in situ - flask, in mole fraction CO2 is plotted for all 62 samples. The
differences are plotted against sample number, which refers to the order in which samples were
measured. 1 - 12 are from the 2017 study and 13 - 62 from the 2018 study. Error bars indicate the
standard deviation of the in situ measurements during the sampling time. The average standard
deviation is 6.36 ppm and the standard deviations are particularly large in Figure 2.10. The four
highest standard deviation samples are sample numbers: 20, 46, 53 and 55. The black line is a line at
zero and shows when there is no difference. The in situ mole fractions were calculated from the in
situ CO2 measurements by taking a simple mean average of the in situ values. Turnbull et al. (2012)
performed this analysis on 50 samples and achieved an average CO2 difference of 0.04 ± 0.38 ppm.
The average difference of the data from the study for this thesis presented in Figure 2.10 is -0.07 ±
0.48 ppm. The precision that the Picarro G2301 used in this experiment is capable of measuring,
calculated from the mean of the standard deviations of the calibration standard, as carried out
by Stavert et al. (2018) is 0.016 ppm. The difference observed in our experiment is larger that this
precision and is larger than the difference reported by Turnbull et al. (2012). All the data plotted in
Figure 2.10 are presented in a table in Appendix 6.2.

As the data has been collected on two systems, a prototype and the finished system, they must
be separated and analysis performed on both before comparing. The major difference between the
prototype and finished system was that for the prototype the flask unit was not constructed and only
two flasks could be attached to the system at a time and their opening and closing was controlled
manually. The prototype system was used to test that the integration part of the system worked prior
to constructing the flask unit. From the prototype to constructed system there was increase in the
average and the standard deviation of the in situ measurements. There was also a difference that
some of the samples collected on the final constructed system were collected at a higher sample inlet
height (30 m.a.g.l.) as opposed to all samples on the prototype system having been collected at 10
m.a.g.l. From Table 2.1 it is observed that there is reduction in the difference between in situ and
flask measurements from the prototype to the constructed system. This shows that the construction
and automation of the flask unit improved the difference between in situ and flask measurements. It
is worth noting however, that the number of samples performed on the fully constructed system was
larger than for the prototype system. If only the first 12 samples analysed in the constructed system
are considered the average difference is -0.4 ± 0.21 ppm.

Sample series Number of samples In situ mean In situ - flask Standard deviation on in situ data

Prototype system (2017) 12 416.26 0.24 ± 0.68 2.75
Constructed system (2018) 50 430.85 -0.15 ± 0.39 7.23

Table 2.1: Summary of the flask to in situ comparisons carried out on the ISU system comprised of the sample
number, the average mole fraction of the in situ CO2, the simple mean difference from in situ and flask
measurements and the standard deviation of the in situ data.

For the samples collected on the fully constructed system a comparison has been performed
between the simple mean and weighted mean for each sample. The weighted mean is calculated
by using the weighting function and the high frequency mole fraction CO2 data to calculated the
predicted in situ mole fraction. This is then used to calculate the difference to the flask measured
value and compared to the simple mean calculated value. This analysis was performed for the 50
samples on the constructed system. The average difference using the simple mean was 0.15 ± 0.39
ppm and for the weighting mean was 0.15 ± 0.42 ppm. The difference between using the simple and
weighted mean is very small and therefore, in the future only the simple means needs to be used for
these type of comparisons.
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As will be discussed in further detail in section 2.3.3, samples on the final constructed system
were collected on two sample inlets at 10 m.a.g.l. and 30 m.a.g.l. These sampling lines have been
investigated to see if the variability in the sample inlets has an effect on the differences observed.
The results are presented in Table 2.2.

Sample series Number of samples In situ mean In situ - flask Standard deviation on in situ data

Constructed system 10 m inlet (2018) 23 434.79 - 0.17 ± 0.39 5.39
Constructed system 30 m inlet (2018) 27 428.12 -0.14 ± 0.39 8.89

Prototype system (2017) 12 416.26 0.24 ± 0.68 2.75

Table 2.2: Summary of the flask to in situ comparisons carried out on the ISU system. Separated into different
sample series, prototype, 10 m inlet and 30 m inlet comprised of the sample number, the average mole fraction
of the in situ CO2, the simple mean difference from in situ and flask measurements and the standard deviation
of the in situ data.

Table 2.2 splits the measurements by height the sample was collected. Slightly more samples are
collected at the higher height where the in situ mean was slightly lower than the lower height. The
reason for this is that the lower inlet represents local sources, whereas the higher line represents
mixed conditions. However, the difference is small because the 30 m.a.g.l. inlet is located close to the
extraction fans of the next building which will influence the inlet and hence the difference is small.
The difference between the in situ and flask measurements was slightly smaller for the higher height
than it was for the lower height and the standard deviation was slightly larger for the higher inlet than
it was for the lower inlet. The measurements from the prototype system are shown for comparison,
the number of samples measured was lower than either of the inlets and the measured in situ mean
was lower. The in situ - flask difference was larger on the prototype line and the standard deviation of
the in situ data was smaller, this is because the number of samples on the prototype line was smaller.

To investigate why the larger differences are seen for the samples presented in this work opposed
to the differences in the work of Turnbull et al. (2012) different variables that may contribute to the
difference will be analysed. First the standard deviations of the in situ data will be examined followed
by the in situ average mole fraction.

The standard deviations of the in situ measurements are much larger in this work (as shown in
Figure 2.10) than in the work in Turnbull et al. (2012). The likely reason for this is that the location
where the samples were collected is in the middle of a city where there are a large number of variable
CO2 sources in close proximity such as buildings and roads. Whereas, the samples in Turnbull et al.
(2012) study were collected at a rural location where there was less variability in CO2 mole fraction.

Figure 2.11 shows that the standard deviation for most in situ samples is below 10 ppm, with only
4 samples above this. There does not seem to be a trend between the size of the standard deviation
and the calculated differences, as small standard deviations are observed with samples with large in
situ - flask differences as well as the samples with high standard deviations having smaller differences.
However, there are only a few samples with larger standard deviations and therefore no conclusion
can be drawn from this plot.
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Figure 2.11: The difference (simple mean in situ - flask CO2) against the standard deviation in situ
mole fraction CO2 for all data shown in blue. The black line is the zero line. The points in red refer
to the pair of flasks with difference over 1 ppm.
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Figure 2.12: The difference (simple mean in situ - flask CO2) against the simple mean average in
situ mole fraction CO2 for all data shown in blue. The black line is the zero line.

Another variable that was significantly different from Turnbull et al. (2012) was the average CO2

mole fraction of the in situ data. For Turnbull et al. (2012) the range was 390 - 420 ppm whereas
for our study it was 410 - 490 ppm. The calculated differences, as shown in Figure 2.10, have been
plotted against the average mole fraction and results are presented in Figure 2.12. The majority of

63



CHAPTER 2. INSTRUMENTATION: INTEGRATED SAMPLING UNIT

samples are between 410 and 440 ppm and it is in this range that there is the most variability. There
are only eight samples that are not in this range. The difference in means is larger at lower average
concentrations. There is no obvious trend between the average mole fraction and the calculated
difference and no obvious positive and negative bias is observed, as a negative bias would suggest
leaks from the laboratory. However, we do observe more variability in the calculated difference at the
lower mole fractions, likely due to there being more samples.

As neither of these variables show definite conclusions into the reason for the larger difference
further investigation into the samples with differences above 1 ppm was carried out. There were four
samples where this was the case. The first two samples above 1 ppm were measured as a pair. For
these samples the flask CO2 was higher than the in situ CO2 as shown in Figure 2.11. This means
that there was likely something wrong with this sample collection. The difference between the two
flasks was not significantly different to the other flasks collected as pairs. As the flask system was in a
manual configuration it is possible that the flasks were not closed properly once they had been filled.
However, as the CO2 in the flask was lower than the in situ CO2 it is unlikely that the difference was
caused by a leak from the laboratory. The other two samples that were above 1 ppm different both
had negative differences meaning the flask CO2 was higher than the predicted mole fraction from
the mean. This originates from a problem with the flask or in situ measurement that has not yet been
resolved. The reason for this could be leaks to the flask system as both these samples were measured
at mole fractions similar to that of the laboratory at the time but further investigation is required to
confirm this.

In summary, the comparisons we have performed are within the precision of the Picarro but are
larger than the difference observed by Turnbull et al. (2012). However, the in situ - flask disagreement
is not significant in terms of uncertainty for f f CO2 mole fraction calculations as the overall f f CO2

mole fraction uncertainty calculated from the 14C method will be much larger. The most likely reason
for the difference being larger than in the study by Turnbull et al. (2012) is an instrumental reason
that we have not been able to define in the work in this thesis and further investigation would be
necessary. Our samples were taken in the middle of a city and when our system is deployed to a site
that is in a more rural location it is expected the results would be similar to Turnbull et al. (2012)
where the tests were performed at a rural site, as the variability in CO2 mole fraction will be smaller.
In the future, when the system is deployed to a site these tests should be repeated to assess if these
conclusions are valid. In addition to this, a consideration should be made for the weighting function
that does not completely represent the first few minutes of the hour and this could have an effect on
the comparisons carried out.

2.3.3 Radiocarbon samples

The Picarro CRDS has been sampling air outside of the Atmospheric Chemistry Research Group
(ACRG) laboratory since November 2015. The inlet is at 10 m.a.g.l. and therefore, is expected to have
large influence from the immediate surroundings of the School of Chemistry. In the interest of setting
up an urban monitoring site, an addition inlet was positioned on the roof of the Chemistry building
at 30 m.a.g.l. in January 2018. Analysis of data at both sampling heights indicates that on average, the
CO2 mole fraction is greater at the higher inlet height.

A select number of 14C samples have been analysed. Due to the high cost of analysis this was
only performed for seven samples during the trial period. Samples were selected when CO2 was high
in an effort to observe a large depletion. The CO2 mole fraction of each sample (blue line) and the
∆14CO2 (red points) are presented in Figure 2.13.
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f f CO2 mole fraction is calculated for each of these samples and is presented in Figure 2.14.
This was calculated using the same method that was presented in Chapter 1 and will be used in
Chapter 4. In Figure 2.14 presents both corrected and uncorrected f f CO2 mole fraction in ppm. The
uncorrected values are calculated using Equation 1.21, whereas the corrected values take into the
effects of the nuclear and biospheric influences and are calculated using Equation 1.25. Unfortunately,
it was not possible to calculate the exact corrections required for the measurements that were made
at the ACRG Bristol laboratory. Using a best estimation approach, an average of the correction that
was applied to measurements at a different site in the UK (presented in Chapter 4) was used. This is
not ideal, as this will not represent the influences to these particular measurements but it gives an
estimation of the scale of the corrections. The zoomed in plot shows the extent of the uncertainty
of each measurement in the form of error bars. To do this the scale on the y-axis must be reduced
therefore sample b is not shown on this plot. It is not the case that it has been discounted.

Corrected Uncorrected

Maximum 71.2 62.7
Minimum -15.0 -15.7

Average 11.3 9.8

Table 2.3: Summary of the maximum, minimum and average of the corrected and uncorrected f f CO2 mole
fraction in ppm.

Table 2.3 presents a summary of the results from Figure 2.13. For both the corrected and uncor-
rected the maximum, minimum and average f f CO2 mole fraction calculated are presented. This
represents the extremes of this dataset.

A HYSPLIT trajectory (as discussed in Chapter 1) was calculated to examine the likely sources
influencing each sample (Figure 2.15). HYSPLIT was used instead of NAME as at the time of sample
collection and analysis, the meteorological data was not available in NAME. 14CO2 signatures and
CO2 and f f CO2 mole fractions of each sample are discussed in relation to their HYSPLIT trajectory
below.
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This is not a NOAA product. It was produced by: unknown                         Figure 2.15: HYSPLIT trajectories of samples analysed for 14C . The stars indicate the sampling

location (School of Chemistry, University of Bristol, Bristol)
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2.3. RESULTS AND DISCUSSION

Each of the measurements presented in Figures 2.13 and 2.14 are described below, the data plotted
is also included in Appendix 6.3. HYSPLIT trajectories have been created for each measurement and
will be discussed below. HYSPLIT is one of the most extensively used atmospheric transport and
dispersion models and has been discussed in more detail in Chapter 1.

In order to assign the sources of the CO2 emissions the background must be estimated. The
CO2 background mole fraction at Mace Head for 2017 was 406 ppm (NOAA-ESRL, 2018). The most
recent background measured at Mace Head, Ireland, in January 2018 was 6.7 h. This will be used for
comparisons in this work.

(a) The first sample collected on 08/01/2018 at 09:19 (10 m.a.g.l.), was significantly below back-
ground level at ∆14CO2 = -20.3 h, therefore, expected to be influenced by f f CO2 mole fraction,
which was calculated as 12.0 ppm (corrected). The CO2 mole fraction was 431.28 ppm, significantly
higher than the northern hemispheric baseline. The HYSPLIT trajectory shows the air mass collected
has originated from the East, therefore has been in contact with f f CO2 emission sources, from
London, the South East of England and Northern Europe.

(b) collected on the 12/01/2018 at 09:04 from the 10 m.a.g.l. inlet line was the most depleted
in ∆14CO2 = -111.7 h as well as being the highest CO2 mole fraction, 533.3 ppm. Examining the
HYSPLIT trajectory, the air mass has been in contact with a highly populated region of the UK
originating from the Midlands. Therefore, it is likely this sample is high in f f CO2 mole fraction
because of the influence from the Midlands. f f CO2 mole fraction was the highest of all the samples
in this study, calculated at 62.7 ppm. This is possible because of where the sample has originated
from.

(c) On the 16/01/2018 at 09:39 on the 10 m.a.g.l. inlet line the sample collected was slightly below
background level, -5.9 h. CO2 was 420.3 ppm. The air mass originated from the west so is likely to be
relatively unpolluted air with possible f f CO2 emission influences from local sources. f f CO2 mole
fraction was calculated at 5.4 ppm.

(d) On 17/01/2018 at 10:14 the sample was collected on the 30 m.a.g.l. inlet line, this was the only
sample collected that was enhanced in ∆14CO2 compared to the background value. The ∆14CO2

value was 44.4 h. The CO2 mole fraction was comparable to other samples collected (417.9 ppm).
It is likely this sample is enhanced because of emissions of 14CO2 from the nuclear industry. The
HYSPLIT trajectory shows the air mass coming from the west, there are no nuclear reactors in South
Wales, however there is a possible source in Cardiff (GE Healthcare), which releases 14CO2. However,
further analysis will be required to confirm this is the source. f f CO2 mole fraction was calculated at
-15.0 ppm, which is incorrect as we were not able to account for the nuclear influence of this sample
and this would require further analysis.

(e) collected on 22/01/2018 at 15:41, had a slight depletion from background, -1.0 h, and the
CO2 mole fraction was 422.1 ppm. The HYSPLIT trajectory shown is from the west and is consistent
with an influence from South Wales and possible local influence as the sample was collected from
the 10 m inlet line. f f CO2 mole fraction was calculated at 3.3 ppm, suggesting a slight influence
from local sources.

(f) collected on 23/01/2018 at 13:08, was similar to sample (e). 14CO2 = -0.3 h and CO2 mole
fraction = 412.2 ppm. The corresponding HYSPLIT trajectory indicates a strong influence from the
South West of England, as well as a likely contribution from local emissions due to the low height of
the sample (10 m.a.g.l.) inlet. The f f CO2 mole fraction is consistent with this at 3.0 ppm.
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CHAPTER 2. INSTRUMENTATION: INTEGRATED SAMPLING UNIT

(g) On 24/01/2018 at 12:23, a sample was collected which was the closest to background ∆14CO2

level but was slightly enhanced, at 9.3 h. The corresponding HYSPLIT trajectory indicates a strong
influence from the south west of England. The sample was collected on the 30 m.a.g.l. inlet line
therefore is likely to be more representative of cleaner, background air or it may be possible that
the sample is slightly influenced by the Hinkley B nuclear power station but 14C emission data was
not available at the time of analysis. f f CO2 mole fraction was calculated at -1.0 ppm, again this is
incorrect as the nuclear influence could not be accounted for.

The 14C measurements made are a very small sample size, however, given this some conclusions
can be made from the results. The measurements made on the 10 m.a.g.l. inlet line were more
depleted than those made on the 30 m.a.g.l. inlet line. Measurements made later in the day were less
depleted than those made earlier in the morning. This corresponds to when emissions are likely to
be higher in the immediate surrounding. Generally, the more depleted ∆14CO2 samples correspond
to a higher CO2 mole fraction, suggesting that the additional CO2 is completely depleted in 14C and
therefore f f CO2 mole fraction.

In the future, forecasts will be used before collecting a sample. This will give the operator higher
confidence that the sample is from the desired (urban) areas. Following sample collection the back
trajectory, similar to the ones used from HYSPLIT in this section will be used before a sample is
analysed for 14CO2 to give higher confidence that the sample has come from a desired urban area
and therefore influenced by f f CO2 mole fraction. The monitoring strategy will be to trigger sample
collection remotely from the University of Bristol, the purpose of this triggered sampling method is
to ensure the sample contains high f f CO2 mole fraction and low nuclear 14CO2. The samples will
then be shipped back to Bristol for 14C analysis.
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2.4 Conclusions

An integrated sampling unit was developed that can collect an integrated 2 L flask sample over the
period of hours. A weighting function was determined that can be continuously varied to obtain equal
contributions from every second of the integration time. The system was tested in the laboratory and
has the capability to be used at a remote site and a method was developed to trigger the collection of
a sample. Samples can be collected as single flasks or in pairs.

The precision of the system was tested by comparing the in situ CO2 mole fraction to that of the
flask. The average difference was 0.07 ± 0.48 ppm. This is larger but not significantly different to
the difference reported by Turnbull et al. (2012), 0.04 ± 0.26 ppm. The range and standard deviation
during sampling time of CO2 mole fraction was larger than those reported by Turnbull et al. (2012).
Our samples were taken in the middle of a city and when our system is deployed to a site that is in
a more rural location it is expected the results would be similar to Turnbull et al. (2012) where the
tests were performed at a rural site. In the future, when the system is deployed to a site these tests
should be repeated to assess if these conclusions are valid. The weighting function is adjusted at
the beginning of the sampling time to account for the range of the MFC, which itself improves the
precision during the majority of the sampling time. This leads to a poor representation of the first
part of the sampling time in the overall flask sample. Upon deployment of the sampler, further studies
into the effect that this inaccuracy in the first few sampling minutes has on how representative a
flask sample is, should be carried out. However, the in situ - flask uncertainty is small compared to
the overall expected uncertainty for f f CO2 mole fraction calculations. The benefit of our system
over Turnbull et al. (2012)’s system is that it collects samples using a continuous varying weighting
function to obtain equal contributions from every second of the integration time opposed to defined
step-down flow rates, it also has the benefit that it can be remotely triggered.

Seven samples were collected for 14C analysis using the ISU. These provided promising results
exhibiting 14C variability that could be linked to the origin of detected air mass. In the future the
ISU will be deployed to a tall tower site. The tests and results already achieved using the ISU can be
carried forward for the further development of the system.
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INSTRUMENTATION: CO2 EXTRACTION SYSTEMS

In this chapter, we present two extraction methods for atmospheric 14CO2 analysis, one based on
the traditional extraction method, similar to those in the past. The other is a direct trapping method
onto a molecular sieve zeolite (13X) trap, incorporated into a commercially available automated
graphitisation system. Previously, samples collected as part of the GAUGE project were sent to
INSTAAR, NOAA, USA for analysis. Since the installation of a MICADAS at BRAMS samples can be
analysed in Bristol, reducing the cost and inconvenience of shipping glass flasks. Results are presented
for an in-house reference standard, inter-laboratory comparison samples, further standards, blanks,
possible contamination sources and cross contamination. The two extraction systems will also be
compared. Background measurements from the Mace Head site that were measured on the direct
extraction system are presented and discussed. The in-house reference was used to calculate the
standard deviation of measurements for the traditional extraction line this was 3.47 h whereas, for
the direct system this was 2.0 h. The newly developed direct extraction method will facilitate faster
sample processing and therefore lower cost per analysis, critical for scaling up such studies.

3.1 Traditional extraction line

Since the installation of the BRAMS facility at the end of 2015, a traditional cryogenic extraction sys-
tem was set up for making atmospheric 14CO2 measurements, hereafter referred to as the traditional
extraction system. The system was designed and constructed based on systems at other institutions
and utilising the equipment available at the BRAMS facility. The tests performed found the system is
comparable to other laboratories and is capable of making measurements to a precision of 3.47h.
However, the extraction procedure was time consuming and involved multiple steps that have the
potential to introduce error. Therefore, we developed an alternative method that is presented in
Section 3.2.

In this section on the traditional extraction system, the extraction lines utilised at other laborato-
ries will be explained followed by the design of our extraction line along with the subsequent steps.
The results from the tests that were performed on the extraction line will be presented including an
evaluation of the obtainable precision, and inter-laboratory comparisons. Finally, the conclusions
that can be drawn from the tests and plans for future work will be discussed.
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3.1.1 Introduction

Traditional atmospheric sampling for 14CO2 involves sample collection into glass flasks followed by
transportation to a central laboratory for analysis. The general steps required for analysis are:

1. CO2 extraction from whole air sample,

2. graphitisation,

3. 14C counting by AMS and

4. ∆14CO2 calculation in relation to a standard.

This section will discuss these steps in relation to the set up of a traditional cryogenic line at the
BRAMS facility.

There are several different CO2 extraction systems, that have been utilised worldwide, capable
of extracting CO2 to high precision. The World Meteorological Organisation (WMO) recommends a
precision of 3h or better, but it is suggested that for atmospheric∆14CO2 measurements to be useful,
a precision of 0.5 h is desired. For ∆14CO2 measurements this precision is known to be beyond
current measurement capacities (WMO, 2016). Currently, several laboratories have documented
better than 2 h long-term repeatability on single sample measurements (Graven et al., 2007; Turnbull
et al., 2007, 2010, 2015). The aim of this work is to develop an extraction system that can achieve at
least 2 h precision. This section will describe and explain the set up and tests of the first atmospheric
14CO2 measurements made at the BRAMS facility using a traditional cryogenic extraction line and
the precision achieved. In this introduction, the extraction systems that are used elsewhere will be
discussed before describing the set up of our extraction line.

Traditional extraction lines

Since the invention of AMS in 1977 (Kutschera, 2005) (Chapter 1), atmospheric samples for 14CO2

analysis have been collected into glass flasks as only 0.5 mgC is required. Glass flask sampling was
described in Chapter 2 and therefore, the extraction method discussed here will be solely for the use
of glass flask measurements. There are multiple laboratories around the world that use flask samples
and perform laboratory based extractions. The extraction method involves using liquid nitrogen
(l N2) to separate the CO2 from the whole air sample before graphitisation. The systems that will be
discussed are at; (1) Institute of Arctic and Alpine Research (INSTAAR), (2) Laboratoire des Sciences
du Climat et l’Environnement and (3) Integrated Carbon Observation System Central Radiocarbon
Laboratory (ICOS CRL). The details of these systems will be explained along with a description of
how they were used to develop our traditional extraction line.

At INSTAAR, a manual cryogenic method for 14CO2 measurements was developed by Turnbull
et al. (2007). Turnbull et al. (2007) describes a manual system where the sample flasks containing
whole air are connected to the extraction line and passed through the flow controller at 200 mL / min
while the rotary pump is continually pumping. Water is frozen in an ethanol bath at -90 °C into the
first trap and CO2 is quantitatively recovered by freezing in l N2 in the second trap. The pressure of
the traps is kept below 6 Torr to ensure no C H4 is collected. The extraction process is continued until
the entire sample has passed through the system. The CO2 is sublimed and transferred to the known
volume cold finger, where it is quantified by measuring the change in pressure. The sample is then
transferred to a Pyrex ampoule which it is flame sealed into. Turnbull et al. (2007) system was based
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3.1. TRADITIONAL EXTRACTION LINE

on an early system developed by Zhao et al. (1997), a high precision manometric system for absolute
calibration of CO2 in air mixture gas, with a scale up to allow for faster extraction for the large sample
size required for 14C measurements. Since this manual system was developed, an improvement was
made where the system is more automatic (Turnbull et al., 2010). The purpose of this was to speed up
the extraction procedure and process more samples. The autonomous extraction system consists of
three parts: a sample input manifold, an extraction manifold, and a storage manifold (Turnbull et al.,
2010). The sample input manifold is capable of utilising two flask types. The extraction manifold
consists of a motorised needle valve, two traps and a calibration volume. Samples are cryogenically
transferred from the calibration volume to one of the twenty storage vessels using the l N2 delivery
system (Turnbull et al., 2010).

At the Laboratoire des Sciences du Climat et l’Environnement, (Vogel et al. (pers. comm.)) de-
veloped a system similar to Turnbull et al. (2007) with an improved procedure that passes the flask
sample through an isotope Picarro CRDS before freezing. This allowed for δ13C isotope of CO2 and
C H4 to be measured and compared to the reading obtained by the AMS.

ICOS CRL have recently set up a fully automated extraction system (Hammer et al., (pers. comm.)).
This system can process a large quantity of samples that are measured as part of the ICOS project. 12
flask samples can be loaded at one time, there are two cryogenic traps that the CO2 can simultane-
ously be trapped on meaning two samples can be processed at once. The CO2 from each flask is then
transferred to a reactor vessel were it is graphitised. The system uses specialist flasks from the ICOS
project and after the flasks are loaded onto the system, the process is fully automated.

Taking the ideas of system design, trap size, flow rate and equipment used in these systems as
well as utilising the equipment that is available to us at the BRAMS facility we have constructed a
cryogenic extraction system. The next section will describe the steps involved in the process and the
equipment used for these steps.

Set up of an extraction line

The purpose of an extraction line is to obtain pure CO2 that can be graphitised from a whole air
sample for analysis by AMS. The AMS community have developed gas ion sources to measure CO2

directly and avoid the graphitisation process (Wacker et al., 2013). However, the precision that can be
obtained by this method is 5 h (Fahrni et al., 2013) and is not acceptable for f f CO2 mole fraction
determination. The precision is lower because the measurement times are much shorter for gaseous
samples than solid samples, therefore, sample graphitisation is necessary. For the graphitisation
process a full-sized sample is 1 mg C. Adequate precision can be obtained using half size samples, 0.5
mg C, which can be obtained from 2 L of air, the size of the flasks used. The steps in the procedure to
obtain the 14CO2 measurement and shown in Figure 3.1 will now be described in detail.

The first step is to collect a whole air sample as was discussed in Chapter 2. The next step in
our system is to cryogenically freeze the CO2 in an extraction line, that was based on the system by
Turnbull et al. (2007). The next three steps utilise the equipment at the BRAMS facility. The first of
these is the transfer step, at the end of the extraction line the CO2 is transferred into a small glass vial
with a rubber septum. These vials can be placed in the Ion Plus Carbonate Handling System (CHS)
which is programmed to transfer the CO2 in the vials to the AGE3 for graphitisation. The AGE3 then
graphitises the samples before they are pressed into targets and loaded into a magazine for analysis
on the AMS. The 14C atoms are then counted, along with 13C and 12C and data analysis is performed
using the BATS software to calculate ∆14CO2. Now in the methodology each of these steps will be
discussed in more detail.
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1. Whole air 
sample collected

4.  Graphitisation

2. Cryogenic 
freeze CO2

3. Transfer step

 5. Press targets  6. Counting 14C 
by AMS

7. Calculation 
of 14CO2

Figure 3.1: The steps that are involved from collection of a whole air sample to the calculation of
14CO2

3.1.2 Methodology

Taking the ideas forward from the previous extraction lines and the available equipment as outlined
above, an extraction system was developed at the BRAMS facility. In this section, the design and
operation of the system will be discussed followed by the further steps in the procedure, including
the transfer step, graphitisation, preparation of standards and AMS measurements. This extraction
line was novel because it provided a method of extracting atmospheric samples using the Ion Plus
equipment, discussed in Chapter 1, including the MICADAS. This also means that atmospheric
14CO2 glass flask samples from the UK could be completely processed in the UK, the first time this
was possible.

3.1.2.1 System design and description

The extraction process is performed on the manual traditional cryogenic extraction system (Figures
3.2 and 3.3) under vacuum. The vacuum was obtained and maintained using an Edwards scroll pump
(nXDS6i). The extraction process was performed from right to left on the extraction system as shown
in Figure 3.3. The flask samples was attached to the extraction system using a ½ inch Ultra Torr
(Swagelok, UK, SS-8-UT-6-400) fitted with a thick O ring (Rocket Seals, Denver, 2-111-FKM-75, Viton-
75). Once the vacuum was established in the system and the traps were cooled the flask is opened.
A needle valve (Swagelok, UK, SS-1RS4-A) was used to manually control the flow from the flask. A
vacuum gauge (MKS Pirani, 925-41024) was used to ensure the whole sample was extracted from
the flask and the pressure remained constant in the system throughout the extraction process. It is
necessary that the internal pressure is controlled below 6 Torr, ideally between 1-4 Torr, because this
ensures that the CO2 was completely frozen without freezing O2, CO or C H4 as these will interfere
with the ∆14C value (Turnbull et al., 2007). No attempt was made to remove nitrous oxide (N2O) as
it does not interfere with ∆14C . First, water was removed by a trap cooled to -90 °C using a sensor
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3.1. TRADITIONAL EXTRACTION LINE

and silicon oil. The water must be removed as this will interfere with the ∆14C value. Next, CO2

and N2O were frozen into a l N2 trap at – 196 °C. The extraction process takes about fifty minutes
to complete. Once the extraction was complete the traps were isolated from the flask. Ball valves
(Swagelok, UK, SS-43GS4) were used to isolate parts of the system. The CO2 trap is warmed to room
temperature by removing the l N2 and the sample was transferred to a known volume (cooled with
l N2) to quantify the CO2 yield (Figure 3.4a)). The sample was then transferred via a needle to an
septum-sealed tube (a glass tube with a rubber septum, (Figure 3.4b))) again using l N2 so that the
samples can be transferred to the AGE3 for graphitisation. Instructions for the traditional extraction
system are included in Appendix 6.4.

The system was made in stainless steel; it was decided to use steel, as opposed to glass, as this
would be safer in the case of breakages and Swagelok parts were readily available. The two traps are
stainless steel with a large surface area to prevent the CO2 gas molecules from freezing as aerosols
in the moving gas stream and not condensing and freezing on the surface of the trap as desired
(Bertolini et al., 2005). As this would mean CO2 from the sample would not be isolated in the system
as required and would pass through the system.

After the extraction process the samples were stored from one day up to two weeks in the septum-
sealed tube before transfer to the graphitisation system.

The Ion Plus equipment was used for the transfer step in the procedure. Figure 3.4a) shows the
Ion Plus tube transfer system used in the quantification of CO2 for the extraction line and the transfer
to the septum-sealed tube (Figure 3.4b) which was used to transfer the samples to the AGE3 for
graphitisation via the carbonate system (Figure 3.4c). Once samples were graphitised, they were
pressed using a target press. This is standard procedure for all 14C samples before analysis on the
AMS. Each of the steps that was carried out after the extraction line will be discussed in more detail
in the following sections.
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3.1. TRADITIONAL EXTRACTION LINE

3.1.2.2 Transfer using the CHS

Once the CO2 was in the septum-sealed tube it must be transferred to the AGE for graphitisation
using the CHS. The CHS was developed for the preparation of carbonates for 14C analysis (Wacker
et al., 2013). For carbonates this works by adding phosphoric acid to carbonate samples under a
helium atmosphere in a sealed tube to liberate CO2 (Wacker et al., 2013). The formed CO2 is later
flushed in a helium flow using a double walled needle into the zeolite trap of the AGE system (Wacker
et al., 2013). The process is completely automated from the release of the CO2 in the septum-sealed
tubes with a commercially available auto-sampler to the graphitisation on the AGE system (Wacker
et al., 2013).

The second part of the process for carbonate samples is executed for our atmospheric samples,
whereby the CO2 in the septum-sealed tube from the atmospheric samples was placed in the auto-
sampler and when required by the AGE system the CO2 is transferred to the zeolite trap of the AGE
by flushing the septum-sealed tube with helium.

3.1.2.3 Graphitisation using the AGE3

The next step in the pre-treatment process exploits the AGE3. The AGE3 produces graphite by
reducing the CO2 with hydrogen and an iron catalyst as was discussed in Section 1.5. The general
setup for the AGE3 system is connected to an Elemental Analyser (EA), and this was utilised in the
preparation of the blanks and standards (see the next section). However, as was shown in the previous
section it is possible to prepare CO2 by other methods, such as the CHS.

The AGE3 is described in detail by Wacker et al. (2010) and Nemec et al. (2010), a brief overview
will be given here. The CO2 is adsorbed in a column filled with zeolite material, it is then thermally
desorbed and transferred to one of seven reactors (4.4 mL heated reaction tubes) by gas expansion.
The entire graphitisation process is computer controlled using a LabVIEW interface. The AGE was
used to prepare all samples for AMS analysis including atmospheric samples and quality control
standards and blanks that are analysed on every magazine analysed on the AMS. In the next section
these quality control standards are described.

3.1.2.4 Preparation of standards and blanks for AMS analysis

Normalisation and AMS quality control standards (Oxalic Acid II, IAEA-C7) and blanks (phthalic
anhydride) were prepared from Oxalic acid II (NIST SRM 4990C) (OXII), IAEA-C7 oxalic acid and ph-
thalic anhydride chemical blank (each at the equivalent of 500 µg C). These quality control standards
and blanks were measured on all magazines that were analysed on the AMS and were used to ensure
quality control through all measurements made. This was achieved by weighing the amount of CO2

that corresponds to 0.5 mg C into aluminium capsules before combusting these in the elemental
analyser. The CO2 that was produced was then graphitised using the AGE3 as explained above.

3.1.2.5 Preparing targets

Once the graphite was prepared, the graphite cathodes were pressed reproducibly, conveniently and
reliably with the PSP (Wacker et al., 2010). The PSP is used to press samples for all MICADAS systems
around the world (Wacker et al., 2010). The cathodes were pressed (duration 1.5 seconds per sample)
from the back meaning surface contamination was significantly reduced and the sample currents is
improved due to a well-defined graphite position. Once samples were pressed they were ready for
analysis by AMS.
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CHAPTER 3. INSTRUMENTATION: CO2 EXTRACTION SYSTEMS

The MICADAS system that is now used to analyse samples was described in Chapter 1 of this
thesis and in more detail by Wacker et al. (2010) and Synal et al. (2007). As well as the calculation
performed in BATS (Wacker et al., 2010) and therefore, are only briefly mentioned here. Next, we will
look at the tests that were performed on the traditional cryogenic extraction system and have passed
through all the steps that have been explained here.

3.1.2.6 System tests

Initial tests were carried out to ensure that the system can make the high precision measurements
required. The tests performed included:

• Multiple analyses of a in-house reference tanks across multiple magazines to examine sample
uncertainty;

• Analysis of secondary in-house reference tanks to show variability of different samples;

• Inter-comparison tests were performed by analysing samples from reference tanks from differ-
ent laboratories and compared as advised by the WMO guidelines (WMO, 2016);

• Different methods of creating standards and blanks that are used in calculation of ∆14C were
tested;

• Finally, contamination was tested by extracting directly from the laboratory to examine the
affect a leak of lab air could have.

In the next section the results from these tests on the system will be presented and discussed.

82



3.1. TRADITIONAL EXTRACTION LINE

3.1.3 Results and Discussion

In this section the experiments performed on the traditional extraction line will be presented and
discussed. This will include a description of why the experiments were carried out, the expected and
actual results of the experiment and the conclusions that can be drawn from each experiment.

3.1.3.1 Sample uncertainty

The purpose of this experiment was to examine the sample uncertainty that was added during pre-
treatment when extracting the CO2 using the traditional extraction line. The aim of this experiment
was to confirm that the obtained sample uncertainty was similar to previous extraction systems,
1.7h reported by Graven et al. (2007) and within the WMO guidelines, 2 - 5 h (WMO, 2016).

To carry out this test a high-pressure aluminium tank (Luxfer Gas Cylinders, UK) was used rather
than steel to ensure long-term stability of CO2. The Luxfer was filled with dried ambient air using a
modified oil-free compressor (SA-6, RIX California, USA) to 200 bar (50L) at the School of Chemistry,
University of Bristol on 29th April 2016 (408.2 ppm CO2). This tank was used for multiple tests on
the extraction systems and henceforth will be referred to as the in-house standard. The in-house
standard was analysed multiple times on the traditional extraction line (n=34). This cylinder had a
similar CO2 mole fraction to in situ ambient atmospheric samples. Its ∆14C value was characterised
as -2.53 ± 0.59 h by this method (Figure 3.5).

During the testing period, small changes were made to the procedure including: changing the
needle that is used for transfer and evacuating the septum-sealed tube before the extraction was
performed. Figure 3.5 shows 34 samples analysed by this method, with error bars representing the
one sigma uncertainty of individual samples. A table containing the complete dataset is available
in Appendix 6.5. In Table 3.1, a summary of the number of samples measured in each magazine
along with the number of Oxalic Acid II standards and phthalic anhydride blank that were measured.
The uncertainty is calculated using a sum of squares of instrument error (σAMS) that includes the
counting statistics, errors and blank and oxalic acid uncertainties. A sample scatter (σSS), which
reflects the long term repeatability of the air standard, was added to each measurement uncertainty.
σSS is given by Equation 3.1 and was estimated using chi-squared tests. This considers additional
error that is incorporated during the sample preparation including graphitisation and extraction.

(3.1) σ2
tot =σ2

AMS+σ
2
SS

Magazine Number of in-house reference samples Number of OXII standards Number of Phthalic Anhydride Blanks

1 6 2 2
2 8 3 2
3 1 2 2
4 9 3 2
5 10 3 2

Table 3.1: Detail regarding the AMS magazines containing the samples measured as part of this study.

100 % of samples are within two sigma and 64 % are within one sigma, close to normal dis-
tribution (95 % within two sigma, 67 % within one sigma). The standard deviation calculated for
the 34 measurements is plotted in dark grey and 2-sigma in light grey. Sigma is calculated as the
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Figure 3.5: Bristol standards extracted from cylinder on traditional extraction line. 34 samples shown
including error bars which are the counting statistic for each sample. Solid black line is the mean of
all samples (-2.34 h) shaded area represent one sigma (dark grey) and two sigma (light grey). Sigma
= 3.25 h. Blue vertical dashed lines represent different magazines that the samples were analysed
on.

standard deviation of the measurements, 3.47 h. The solid black line represents the average of all
measurements. The blue dashed lines show the separate magazines that samples were analysed on.
The x-axis shows the sample number this is used to show the order the samples were analysed, it also
means no bias is given as to the date samples were analysed. The sample number will be used on the
plots throughout this chapter.

Across the 34 samples, Pearson’s chi squared test was performed to test how well the observed
distribution of data fits with the distribution that is expected if the variables are independent. Chi
squared was calculated as 31.17 and a p value of 0.6, this indicates that all measurements were
distributed normally.

The measurements are not as precise as samples of comparable size in similar work, Graven et al.
(2007) produced values of 1.7 h. Therefore, examination into the origin of the errors was carried out
as part of the work of this thesis.

Secondary standards

The next experiment was used to confirm that the in-house reference standard was being measured
reliably. This was achieved by analysing additional secondary standards. Two secondary standards
were used to do this. These included a different cylinder (UOB-13) that had a similar ∆14CO2 to the
Bristol in-house reference standard of - 1.63 ± 0.67 h. The other cylinder (MHD-01) was filled at
Mace Head, a remote background site on the west coast of Ireland. It had a ∆14CO2 of 11.72 ± 0.34 h.
Flask samples, filled from both of these cylinders, have been analysed and are presented in Figure 3.6
and information from all three cylinders are recorded in Table 3.2. Figure 3.6 shows the two cylinders
are significantly different from each other. MHD-01 has a higher ∆14C than UOB-13, this is expected
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3.1. TRADITIONAL EXTRACTION LINE

because of where the cylinders were filled. MHD-01 was filled at a background site and therefore is
less effected by f f CO2 emissions than UOB-13 which was filled in the centre of Bristol. Both of the
cylinders were characterised within 2 sigma uncertainty and in both cases the measurements pass
the chi squared test, demonstrating that the system is capable of measuring samples with different
compositions. The number of samples of each cylinder and the ∆14C of each is presented in Table
3.2 and compared to our in-house reference. Both cylinders are different to the in-house standard,
again MHD-01 was more different than UOB-13 due to the location it was filled.
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Figure 3.6: Samples from two different cylinders, UOB-13 filled from the Chemistry building and
MHD-01 filled at Mace Head, Ireland extracted from a cylinder on the traditional extraction line.
Error bars show the measurement uncertainty for each sample. Line shows mean of each sample.
Shaded area represents one sigma (darker) and two sigma (lighter).

Samples Number of samples measured ∆14C / h

In-house reference 34 -3.5 ± 0.57
UOB-13 3 -1.6 ± 0.67
MHD-01 4 11.7 ± 0.34

Table 3.2: Summary of the secondary standards measured on the traditional extraction line compared to the
in-house reference. Measurements are showed as averages with associated standard error.

The conclusions from this experiment are that the extraction system is capable of measuring
different standards with different ∆14C . To further assess this it will be necessary to measure samples
that have also been measured on different AMS, this will be discussed in the next section.

3.1.3.2 Intercomparisons

As advised by the WMO guidelines (WMO, 2016), it is important that inter-laboratory comparisons are
conducted (Hammer et al., 2017; Miller et al., 2013), to ensure that differences between laboratories
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CHAPTER 3. INSTRUMENTATION: CO2 EXTRACTION SYSTEMS

are documented and minimised. The purpose of the next experiment is to test if our system was
capable of measuring reference samples that were measured at different laboratories to within the
required comparability. The WMO Guidelines state that current comparability between laboratories
is 2 – 4 h, short of the goal of 0.5 h (WMO, 2016). In this experiment samples were analysed from a
reference tank at a radiocarbon laboratory, INSTAAR, USA. The aim of this experiment is to show that
our extraction system is comparable within the WMO guidelines to the INSTAAR laboratory.

Figure 3.7 presents eight samples of known value from INSTAAR, analysed on the traditional
extraction line in Bristol. The average of the eight measurements is shown as a black solid line, 51.44
± 1.31 h. In dark grey one sigma is represented by the standard deviation, 3.70 h. The light grey
area represents two sigma; all measurements are within two sigma of each other. Performing the
chi squared test on this data showed that the p value was 0.35, meaning the data is correlated and
implying the system is capable of measuring samples to a degree of accuracy.
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Figure 3.7: INSTAAR standards, 8 standards analysed across 1 magazine. Error bars show the total
uncertainty for each sample. Solid line shows mean of all samples (51.44 h) shaded area represents
one sigma (dark grey) and two sigma (light grey). Sigma = 3.70 h. Dashed line shows the value
reported at the INSTAAR laboratory (47.6 h).

The dashed line denotes the reported value for the sample, 47.60 h. This means the difference
from the average of all 8 measurements to the reported value is 3.84 h which is within the current
levels of measurement uncertainty suggested by the WMO Guidelines (2 - 4 h) (Tans and Zellweger,
2018; WMO, 2016).

However, five of the measurements (c,e,f,g,h) are close to the value reported by INSTAAR, and
the other three samples (a,b,d) have an enhanced ∆14C value. As this value is enhanced and not
depleted it is unlikely to be a leak from the laboratory air, as a modern signal is more depleted than
this sample. The contamination is likely to come from an enhanced source, this is yet to be defined.
One possibility is that the flasks used for the samples were previously filled with an enhanced sample.
The samples are presented in the order they were analysed, it is therefore possible that there was a
problem with the extraction procedure on some of the days of extraction that was not a problem on
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3.1. TRADITIONAL EXTRACTION LINE

others. Samples (a) and (b) were extracted on the same day and analysed on the same magazine as
each other but different to the other six samples which were all in the same magazine. (a) and (b)
were the first samples extracted on the day and therefore it is possible there was some contamination
in the line prior to them being extracted. This may explain why (a) and (b) were different compared to
the other samples. (c) and (d) were extracted on the same day and (e), (f), (g) and (h) were extracted
on the following day. Prior to (c) being extracted an in-house standard sample was extracted, whereas
prior to (d) being extracted a lab air sample (see below) was extracted which is more different to
the INSTAAR sample than the in-house standard it is therefore possible that (d) was contaminated
by the lab air sample extracted previously that was higher than the sample. (e) - (h) were extracted
after each other therefore there is likely to be no contamination source in the line. Prior to (e) being
extracted the last sample extracted on the previous day was an in-house standard.

These measurements have shown that the traditional extraction line is able to make inter-
comparison measurements with other laboratories to within the WMO guidelines for comparability,
however, from the eight measurements, three have possibly been contaminated and it is likely that
this contamination came from the sample that was extracted previously. Therefore, it the future it will
be important to consider the sample that is extracted before if the samples are significantly different.
Potentially this could be due to memory effects and if this extraction line is to be used in the future,
this should be further investigated.

3.1.3.3 Standards and blanks

An important part of the calculation of ∆14C involves using the standards and blanks. Each magazine
that is measured on the AMS must contain Oxalic Acid standards and 14C blanks. Currently, for analy-
ses at BRAMS, the standards used are all solid samples that undergo combustion on the Elemental
Analyser (EA), therefore, they do not undergo the same sample pre-treatment as the atmospheric
samples. An investigation was carried out into the use of atmospheric standards and blanks, as
suggested as a requirement by other atmospheric 14C labs (Graven et al., 2007; Hammer et al., 2017).

The purpose of this study was to show that oxalic acid standards and blanks could be processed
through the traditional extraction line in the same way as atmospheric samples and produce the
same ∆14C as the EA-AGE method. The aim of this test was that for both the oxalic acids and the
blanks there was agreement between the EA-AGE method and the traditional extraction method.

The experiment was carried out by chemically oxidising oxalic acids and blanks to produce the
correct amount of CO2 to produce 1 flask at 400 ppm and produce 0.5 mg of CO2. The CO2 was
then flushed with zero air into flasks that had been pre-flushed with zero air. The flasks were then
extracted on the traditional extraction line following the procedure that is outlined above.

Table 3.3 shows the ∆14C calculated in BATS using the blanks and oxalic acid standards to nor-
malise the measurements for each method. For the in-house standard, the different method reflect
the oxalic acid standard and blank that was used in BATS for the calculation instead of the method
that was used in the preparation. For Oxalic Acid II the measurements by both methods were within
one sigma and therefore, in agreement. This was also the case for the Bristol standard (in-house
reference) corrected using the oxalic acid and blank from both methods. For the Oxalic Acid I the
∆14C value measured by both methods is slightly greater than one sigma different owing to some
contamination of the sample. For the blank sample the values are significantly different. The blanks
processed on the extraction line are higher than the blanks processed on the EA-AGE system. This
points to contamination from modern air such as a leak from the lab. This will be discussed more in
the proceeding section.
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Sample Extraction line EA-AGE

Oxalic Acid II 330 ± 1.5 330.0 ± 0.9
Blank -982.4 ± 0.2* -997.2 ± 0.3

Oxalic Acid I 24 ± 14 22 ± 14
In-house reference -3.5 ± 0.57 -6.4 ± 0.35*

Table 3.3: Comparison of oxalic acid standards and blanks analysed by the extraction line and the EA-AGE.
All values shown are in ∆14C / h. In-house standard was extracted on the extraction line and the EA-AGE
numbers reflect calculation with the EA-AGE blanks and standards instead of the extraction line blanks and
standards. Averages and standard errors are presented each value where more than one sample was processed.
*When only one sample was processed the value and uncertainty of that measurement is presented.

An additional experiment was carried out to test the capability of the traditional extraction line of
measuring blank air. Radiocarbon ‘dead’ CO2 gas (14CO2-free 400 ppm in zero air, purchased from
BOC) was prepared into flasks in the same method that the in-house reference was flushed into flasks
and extracted by the same method on the extraction line. The purpose of this experiment was to
show that the traditional extraction line is capable of extracting blank samples. The aim is to achieve
blanks that are the same or better than those processed by the EA-AGE method. This experiment
was repeated four times. The results from this experiment are presented in Figure 3.8. The overall
average for the four samples is 2.23 pMC (percent modern carbon), higher than the blanks that were
prepared by the EA-AGE method (0.35 pMC). This means there is likely some contamination in these
samples from modern air. For the first and forth samples the blank is lower, the average of these is 0.5
pMC meaning there is less contamination and these samples are a better representation of the blank.
However, these samples are still slightly higher than the blanks prepared on the EA-AGE method. The
samples labelled 2 and 3 are significantly different to samples 1 and 4. Samples 2 and 3 are higher
and therefore, contaminated from modern air. It is possible that the zero air tank is contaminated
and contains some CO2 or becomes contaminated during the extraction process from lab air. The
possible contamination from lab air will be discussed in the next section.

88
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Figure 3.8: Tests of cylinder of CO2 (generated from fossil fuels). 4 standards analysed across 1
magazine. Error bars which are the total uncertainty for each sample. Solid line shows mean of all
samples (2.30 h), dashed line shows the mean of measurements performed on the EA (0.35 h).
Shaded area represent one sigma (dark grey) and two sigma (light grey). Sigma = 2.34 h

In conclusion, for the experiments in this section contamination was shown to have a large effect
on the measurements made. This was more evident for the blank samples when there was a large
difference between the sample being measured and modern air. For the oxalic acid standards and
in-house reference the traditional extraction system achieved values similar to the EA-AGE method
meaning when samples are similar to modern air the system is capable of measuring the samples but
when different (blanks) this is not possible. There are lots of steps in the traditional extraction line that
could contribute to contamination such as (1) the extraction line itself including the connection to
flask and the needle and rubber septum used in the transfer step. Contamination could also happen
in (2) the filling of flasks and (3) during trapping on the zeolite trap of the AGE system. These two
later steps will be investigated in Section 3.2 but next we will look at possible contamination from the
traditional extraction line.

3.1.3.4 Possible contamination source - leaks

As the precision was not as high as achieved by previous studies and the tests on the oxalic acid
standards and blank showed some samples extracted were contaminated, an investigation was
carried out to account for the potential source of contamination. One of the possible sources is a leak
from the lab. To investigate this, air was extracted directly from the lab. The aim of this experiment
was to show the effect a leak from the lab would have. It was expected that the lab air would be
similar to modern air and the in-house reference and have a high level of variability. The variability
is caused by the variable CO2 in the lab from the number of people in the laboratory in addition to
the amount of pollution from outdoors, how long the door is open and the number of cars, lorries
passing the laboratory, CO2 emissions from heating of the building and surrounding buildings. As
the laboratory is located in the middle of a city, the temporal variability of such emissions is large,
hence the variability in ∆14C being high.
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The experiment was achieved by leaving the inlet open to the lab at a set pressure (6 Torr) and
extracting until 0.5 mg was achieved. This took 15 minutes, due to there being no pressure to evacuate
against. The ∆14C of the lab air is presented in Figure 3.9. These tests were performed over three
days. There was large variation in the measurements, one sigma = 5.89 h. The values are close to
the modern samples as expected but slightly lower than our in-house reference. This means that the
effect of a leak on a sample close to modern (lab) air is not as great as a leak when extracting a sample
that is significantly different to lab air, such as blank air samples. It is therefore paramount that care
is taken to ensure there are no leaks to the system for any sample but especially for samples that are
significantly different to ambient air.
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Figure 3.9: Test of lab air. 4 samples analysed across 1 magazine. Error bars which are the total uncertainty for
each sample. Solid line shows mean of all samples (-12.47 h) shaded area represent one sigma (dark grey) and
two sigma (light grey). Sigma = 5.89 h

To ensure that leaks to the system are minimised or not present during the extraction of ambient
air flasks, prior to extraction, the system is evacuated with the flask attached. This ensures that there
is no leaks occurring during the extraction process. For the transfer steps this is more difficult but the
pressure of the system is continuously monitored to check for leaks. The known volume is evacuated
again before the transfer happens. The needle is placed within the rubber septum and the pressure
of the system monitored to check that the needle connection is not leaking before the sample is
transferred. The septum sealed tubes are of particular concern as these are also used for all samples
that are processed using the Ion Plus equipment. It was not investigated as part of the work of this
thesis but the uncertainty associated with the use of septum sealed tubes for other sample types
must be considered during analysis of such samples.

The results from this test aided us in assigning the reason for the differences in the oxalic acid
standards and blanks by the EA-AGE method and the extraction line method. There are multiple steps
in the traditional extraction line that lead to possible sources of contamination and this experiment
has shown that leaks show a shift towards modern air ∆14CO2 values.
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3.1.4 Conclusions

An extraction line was constructed based on experience gained from similar systems developed at
other laboratories. An in-house reference was used to assess the precision of the extraction line, that
was calculated to be 3.47 h. This is within the range of precision reported by other laboratories, 2
- 5h (Hammer et al., 2017), but less precise than the precision reported by other 14C laboratories
( 1.7 h) (Graven et al., 2007) on similar measurement sets. Inter-comparison samples have shown
that the traditional extraction line is comparable to other laboratories, within the WMO guidelines.
Investigation of the method used to prepare oxalic acid standard and blanks showed there is contam-
ination during the extraction method and analysis of lab air samples were used to examine the effect
of a leak into the system.

From the investigation on the traditional extraction system it can be concluded that the system is
capable of making atmospheric ∆14C measurements to acceptable precision. However, the precision
is not as good as the precisions that have been obtained by Turnbull et al. (2010); Graven et al.
(2007). It is likely that the precision is limited due to the number of transfer steps in the procedure.
Particularly, it is likely the needle in the extraction system used to transfer the sample is a source of a
leak. It was concluded that the transfer step using a needle must be avoided.

The traditional extraction system currently takes sixty minutes for extraction and transfer before
the graphitisation process, which takes four hours per seven samples. Not only is this labour-intense
and costly, the number of steps in the procedure mean there are additional points for uncertainty to
be added to the measurement.

Since the development of the traditional extraction line, a novel trapping procedure has been
developed, whereby the flasks are connected directly to the graphitisation equipment and the CO2

is trapped directly on the zeolite trap. This procedure will reduce the number of transfer steps and
therefore possible points of contamination as well as reducing the time required to process a sample.
This method will be discussed in the next section.
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3.2 Direct zeolite extraction

In this section, we present the first data from an alternative extraction method for atmospheric
14CO2 analysis, based on the direct trapping of whole air samples onto a molecular sieve zeolite
(13X) trap, incorporated into a commercially available automated graphitisation system. Results
are presented for both inter-laboratory comparison samples and in-house reference standards. The
in-house reference standard was used to calculate the standard deviation of measurements (2 h).
Comparisons are also made to the previous traditional extraction system (Section 3.1). This newly
developed method will facilitate faster sample processing and lower cost per analysis, critical for
scaling up such studies. The work included in this section has been published in Radiocarbon as part
of the proceedings from the 23rd International Radiocarbon Conference (Pugsley et al., 2019).

3.2.1 Introduction

The development of automated graphitisation systems such as the AGE3 (Wacker et al., 2010),
described in Section 3.1, enables increased sample throughput in the preparation of samples for14C
analysis with minimal manual interventions. The continuous-flow system and zeolite CO2 trapping in
the AGE3, the commercially available third generation AGE system, provides an alternative to vacuum
systems and cryogenic trapping of CO2. The CO2 is absorbed onto a packed zeolite column and and
released into the reaction volume by heating the trap. Molecular sieve traps have previously been used
for 14C sample preparation: for collecting CO2 generated from organic materials in an elemental
analyser (EA) for graphitisation (Wacker et al., 2010); for analysis of atmospheric carbonaceous
aerosols (Perron et al., 2010) and for analysis of 14CO2 in exhaled air for biomedical applications
(Schulze-Koenig et al., 2011). Methods to collect atmospheric samples in the field onto molecular
sieve traps have also been explored and implemented (Garnett and Murray, 2013; Hardie et al., 2005).
In this approach, traps are returned to the laboratory and the CO2 is thermally desorbed from the
zeolite trap before being captured cryogenically for analysis. While convenient for field handling and
transportation, this approach requires specialist equipment in the field and analysis is limited to
CO2. We aimed to develop a simple, easily automated method for the extraction of air samples taken
in simple glass flasks or tedlar bags.

Typically, current precision for most atmospheric 14C laboratories is ca. 2-5 h (Hammer et al.,
2017; Meijer et al., 2006; Turnbull et al., 2007, 2010, 2015), a range which is now similar to the seasonal
and spatial variability in some regions. Graven et al. (2007) reported precisions of 1.7 h, expanding
the usefulness of 14C analysis in identifying and quantifying sources and fluxes of CO2.

The aim of the work reported in this section was to develop and test an alternative method for
CO2 extraction from air samples using an existing AGE3 system, thus providing a simple and low-cost
solution for users with such equipment.
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3.2.2 Methodology

A prototype system for the extraction of CO2 from whole air samples was designed and built in
the BRAMS laboratory (Figure 3.10) it is described here and instructions are given in Appendix 6.6.
Samples (in glass flasks (2L, 1.2 bar) or gas cylinders (50 L, 200 bar)) were transferred using a KNF
pump (KNF, N86KN.18, KNF Neuberger UK Ltd) via a phosphorus pentoxide water trap and mass
flow controller (MFC, red-y smart series, GSC-B4SS-BB23, 0-600 mL/min, G1/4”, Icentra, UK) to the
inlet of the AGE3 system. The system is under vacuum conditions by flushing until the flow rate
reaches zero (ensuring all air is removed from the flask) before the flask is opened, this purges the
flask stem. The Iron (Fe) catalyst was conditioned and the AGE3 system operated according to Wacker
et al. (2010). The samples were transferred to the AGE3 zeolite trap at a maximum flow rate of 180
mL/min accurately controlled using the MFC. Atmospheric CO2 was trapped on the zeolite trap
of the AGE3 system at ambient temperature before being thermally desorbed and transferred into
reaction tubes, CO2 was quantified by measuring the pressure change in the reactors. A three-way
valve was employed after the KNF pump to enable flushing and cleaning of the zeolite trap with
Helium, to ensure the zeolite trap is under an inert Helium environment before heating and prior to
each sample is trapped. The graphitization reaction was carried out at 580 °C for 120 minutes, the
graphite samples produced were pressed into aluminium cathodes using a pneumatic sample press.

Whole air 
flask

Helium

Water trap

KNF
pump

MFC Zeolite trap
R1-7

Attached to AGE3 (simplified)

Figure 3.10: Schematic of set up for direct zeolite extraction - The flask is attached to the pump, the extraction
is performed via a phosphorus pentoxide water trap via a mass flow controller directly to the zeolite trap (13X)
of the AGE3 system.

A number of samples (n=38) from our in-house standard tank (as described in Section 3.1) were
analysed using this new method. In addition to these 38, seven samples extracted on the system in
the initial testing phase were used. These have not been included in the subsequent analysis, all other
samples (extracted for 15 minutes at 180 mL / min−1) were included in the analysis. Radiocarbon
‘dead’ CO2 gas (14CO2-free 400 ppm in zero air, purchased from BOC) was used as a processing
blank (n=9) and inter-laboratory comparison samples (n=11) were used as further quality control air
standards. Normalisation and AMS quality control standards Oxalic acid II (NIST SRM 4990C) (OXII),
IAEA-C7 oxalic acid and phthalic anhydride chemical blank (each at the equivalent of 500 µg C), were
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3.2. DIRECT ZEOLITE EXTRACTION

prepared by combustion in an elemental analyser interfaced to the AGE3.

Measurements were performed on a MICADAS system (see Chapter 1, (Synal et al., 2007; Wacker
et al., 2010)). Samples were analysed until the OXII standards had achieved greater than 500,000
counts of 14C . Data reduction was performed using BATS software (Wacker et al., 2010). The F14C
values generated were converted to ∆14C as in Section 3.1.
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3.2.3 Results and Discussion

Full characterisation of the sample pre-treatment was carried out. This involved: (1) investigation
of the trapping efficiency under different conditions (2) multiple analyses of air from the in-house
reference standard to assess the precision of the method (3) comparison to other laboratories to ex-
amine the accuracy of the method. Samples analysed on the system from a background atmospheric
station will also be presented.

3.2.3.1 Trapping Time

To determine the optimal length of time required to trap CO2 from a 2 L flask whole air sample in a
glass flask, the trapping time was varied under various conditions. Samples were extracted directly,
both from flasks filled from the reference tank, and directly from the reference tank itself over a
range of flow rates. The zeolite trap temperatures and the measured mass of CO2 trapped were
recorded (Figure 3.11). The AGE3 system is designed to isolate CO2 from combusted samples from
the Elemental Analyser (EA) in a stream of Helium carrier gas, at a flow rate of 180 mL/min. The
samples extracted from flasks with a maximum flow rate set at 180 mL/min (this flow rate drops as
the pressure of the flask is reduced). The samples extracted from the flasks (blue) demonstrated a
plateau at 10 – 20 minutes at 400 µg, indicating the complete isolation of the CO2. The flask trapping
experiment was continued after the plateau was observed to ensure all of the sample had been
trapped. A slight increase was seen from 20 to 25 minutes, there are two possible reasons for this:
either the flasks used in these experiments were filled to slightly higher pressures than those tested
at 10 - 20 minutes therefore the plateau would have been slightly higher, or at this point, the large
pressure difference between the flask (lower than ambient pressure) and the laboratory a leak into
the system via the pump or flask attachment may have occurred.
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Figure 3.11: Time varying trapping recording the masses of CO2 trapped on the zeolite, direct from flask at
180 mL / min (blue), direct from cylinder at 180 mL / min (orange), 250 mL / min (green), 10 ° C (red). The
uncertainty in each measurement is represented as the weighted standard deviation of repeat measurements.

To improve counting statistics and therefore the analytical precision, larger samples could be

96



3.2. DIRECT ZEOLITE EXTRACTION

prepared (i.e. 1 mg C instead of 0.5 mg), by filling and sampling 2 L flasks in pairs, or filling flasks
of larger volumes or at higher pressures. With larger samples however, there is the potential risk of
CO2 breakthrough in the zeolite trap due to its saturation. To determine the trapping capacity of the
zeolite, samples from the in-house reference tank were extracted directly from the cylinder at a flow
rate of 180 mL / min (orange), ensuring that sample size was not a limiting factor. A linear increase
in the quantity of CO2 trapped was observed over the initial 20 minutes of trapping, however, after
this period, at 685 µg a plateau was observed since the zeolite trap had reached its capacity under
these conditions. This experiment was repeated at 45 minutes to ensure the plateau was reached
and compared to the flask extraction. There was a slight decrease in the mass trapped meaning the
plateau was reached at 15 minutes and the zeolite trap was at maximum capacity. The break through
volume of the trap in this test was 2700 mL.

The flow rate was increased to 250 mL/min (green), and again, a linear increase was observed
initially, until the plateau level was reached at 760 µg after a shorter sampling time than previously. A
similar break through volume as above was calculated, 2500 mL as expected as the trap is under the
same conditions. This test was not repeated past 25 minutes as the plateau had already been reached,
in hindsight it would have been fairer to extend this experiment to 45 minutes.

The temperature of the zeolite trap was reduced to 10 °C from an ambient trapping temperature
(20 °C), and the capacity of the zeolite trap was observed to increase to 1200 µg (red). In this case, the
break through volume was increased to 5000 mL.

It has been demonstrated that when extracting one flask, trap breakthrough is not a concern,
however when sample size is increased (for example for higher precision determinations using two
flasks), the trapping conditions are important. With faster flow rates sample throughput is increased
and sample breakthrough is achieved sooner and at the same mass of sample. Decreasing the trap
temperature, increases the capacity of the trap and more CO2 can be trapped. Potentially, problems
with breakthrough for larger samples could be avoided by extracting the flasks in series, whereby
flasks are extracted separately, and the CO2 is combined in the same reaction tube. This has yet to be
tested and would come at the cost of doubling the trapping time.

3.2.3.2 Sample Uncertainty

Multiple flasks filled from the reference tank were extracted for 15 minutes, at 180 mL/min, with the
zeolite trap at 20 ° C. The extraction was performed on 38 samples. The weighted average (giving equal
weighting to each measurement) and the standard error of ∆14C values was determined as - 3.45 ±
0.3 h. For each sample, the uncertainty of the measurement was plotted as the uncertainty (σtot ,
as in Equation 3.1 and explained in Section 3.1.3.1) for individual measurements (Figure 3.12). The
uncertainty includes instrument error (σAMS) that incorporates counting statistics, normalisation
errors and blank uncertainties. Generally, a sample scatter factor (σSS), which reflects long-term
repeatability (Equation 3.1) will be added using a sum-of-squares approach. This sample scatter factor
is determined using chi-squared tests on repeat measurements. This accounts for any additional
uncertainty resulting from sample preparation including graphitisation and extraction (observed as
scatter in the repeat analysis of a standard).

Assessment of Sample Uncertainty Contributions

The 38 samples extracted using the direct zeolite method were measured across six magazines from
October 2017 to August 2018 (Table 3.4). We performed a Pearson’s chi-squared test to assess how
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Figure 3.12: Plot of in-house reference standard extracted by zeolite trapping for 15 minutes at a flow rate of 180
mL / min for 31 samples, 1-sigma (grey - 1.97 h) and 2-sigma (pale grey – 3.94 h). Mean average represented
by solid black line (∆14C = -3.45 h). All measurements within 2-sigma. Vertical dashed line represent the
separate magazines.

well the observed distribution of data fits with the distribution that would be expected if the variables
are independent. The right-tailed p-value (α) calculated for this distribution was 0.87, suggesting
that the instrument uncertainty accounts for all observed scatter. If a sample scatter value were to
be added, the errors would be overestimated. It is likely that the uncertainty is currently limited by
the scatter in oxalic acid II standards that are prepared by combustion in the EA. The blanks from
the EA method were used in the calculation of the sample uncertainty. This is because the standard
deviation of the oxalic acid was 2.5 h, larger than that of the reference samples which is 1.97 h. It is
likely that this EA combustion step introduces a larger degree of sample scatter to these standards
than was observed in air samples. In the future, we will investigate this further by using air standards
containing CO2 from bomb-combusted oxalic acids and blanks to determine the true uncertainty of
the method.
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The instrument uncertainty (σAMS) for each sample was therefore used as the total analytical
uncertainty for this study. The average uncertainty across the 38 replicate analyses was 2.0 h (on the
∆14C scale).

In Figure 3.12 magazine to magazine offset is present as in Graven et al. (2007) where it is referred
to as wheel to wheel offset. This is another estimate of sample internal uncertainty (σi nt ), it is
obtained by examining the consistency of different in-house references (Graven et al., 2007). For
this assessment the total uncertainty, σtot , is assumed to be a quadrature sum of independent
contributions (Ellison et al., 2000). The within-wheel contribution of uncertainty, σIW , and the
additional between-wheel contribution of uncertainty, σBW , in measurements of ∆14C in the in-
house reference according to:

(3.2) σ2
tot =σ2

i nt +σ2
IW +σ2

BW

We measured 37 in-house reference samples where more than one was analysed on a magazine
across five magazines, with 4 to 12 samples in each. The number of targets, mean and standard
deviation of ∆14C value of the in-house reference targets is presented in Table 3.5 for each magazine.
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σIW was estimated by assessing the within-wheel repeatability of ∆14C in the in-house reference.
This ranged from 0.2 - 2.4 h. The pooled standard deviation of all targets was 1.4 h, this represents
the total within-wheel uncertainty for this study. Internal uncertainty for each target is reported as
the larger of the counting uncertainty or the standard error of the normalised ratios for all sputtering
periods. By considering Equation 3.2 for the in-house reference within the same wheel, σtot = 1.4 h.
The internal uncertainty is the counting statistics, calculated from the number of 14C atoms detected,
in this study this is 1.2 h. Because the total within-wheel uncertainty and the internal uncertainty
are similar the within-wheel uncertainty must be small (<0.5 h). This suggests that within-wheel
repeatability is the same as the internal uncertainty and graphitisation or individual target behaviour
do not substantially contribute to any additional uncertainty of the same sample on the same wheel.

Between-wheel uncertainty is calculated using the standard deviation of all measurements of the
standard, 1.7 h, representing the total uncertainty of the study. By substituting σtot =1.7 h, σi nt

= 1.2 hand σIW = 0 h, we calculate σBW = 1.3 h. This indicates that the uncertainty introduced
when targets are analysed on several wheels in substantial and comparable in magnitude to the
internal uncertainty. Part of σBW comes from the variability of 14C /13C ratios in the OXII standard.
The reproducibility of OXII effects the reproductivity of the standard because the 14C /13C ratios of
the OXII are used in the data normalisation. We repeat the uncertainty calculation using the OXII
data, shown in Table 3.5. The standard deviations are calculated, pooling to be 2.8 h, significantly
larger than for the standard, 1.4 h. The internal uncertainty for the OXII is 1.1 h, meaning for OXII
targets the σIW = 2.5 h, showing substantial uncertainty added to the OXII targets.

We expect that this difference is because of the difference in the sample pre-treatment before
analysis. It is not expected that the OXII will affect the within-wheel variability of the standard as a
running mean that includes all OXII targets is used in normalisation. However, significant wheel-to-
wheel variability in the differences between the mean 14C /13C ratio for OXII and the standard will
increase the overall scatter in the standard∆14C . The mean value for the standard varies from -2.5 to -
4.8 h(Table 3.5), demonstrating that the relative 14C /13C ratios do vary. An error in the OXII will result
in a systematic error. A standard error of OXII is 0.5 h, suggesting that errors in the mean OXII ∆14C
account for a large contribution of the wheel-to-wheel uncertainty of the standard. Improvements
to the reproducibility for OXII standards for atmospheric samples has the potential to improve the
overall precision. A different method for the pre-treatment of OXII samples for atmospheric samples
may prove beneficial. Graven et al. (2007) also found significant uncertainty arising from the Oxalic
Acid I targets and that using a reference air cylinder for normalisation improved the precision of their
atmospheric measurements Graven et al. (2007).

This analysis does not rule out other contributions to wheel-to-wheel uncertainty. Uncertainty
may be introduced by variability in the AMS, the graphite-iron mix in targets on different wheels
or detection efficiency of the 13C and 14C . These contributions to uncertainty will be hard to assign
other than observing the long-term reproducibility of measurements of ∆14C on replicate samples.

3.2.3.3 Analysis of blanks

Extraction of air ‘blanks’, consisting of zero-air mixed with radiocarbon dead CO2, using the direct
zeolite trapping method produced a value of 0.76 ± 0.13 pMC (percent modern carbon, see Chapter 1),
calculated based on measurements of blank samples independent from contamination from ambient
samples (n=15). The purpose of these blank analyses was to enable identical sample pre-treatment
of all standards. The data for these were comparable to the Phthalic Anhydride blank prepared using
the EA (0.34 ± 0.07 pMC). This is lower than observed from the isolation of our radiocarbon ‘dead’ air
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standard, suggesting some contamination in these samples; the source of this is yet to be confirmed.
All samples in this study contained ca. 400 µg C, resulting in a higher blank than for full-sized samples
(1 mg C).

3.2.3.4 Cross contamination

‘Modern’ in-house reference samples were extracted and graphitised immediately preceding radiocar-
bon ‘dead’ samples to examine the effect of cross contamination between samples. Four sequences
consisting of three blanks following an in-house reference air sample (∆14C = - 3.45 h) were ex-
tracted, presented in Figure 3.13. The first blank of each sequence was observed to be higher than
the second and third.

Cross contamination can be described by a simple mixing model. A measured pMC value of the
blank sample (X, 0.942) depends linearly on the previous measured blank sample (s0, 100.45) and the
’true’ pMC value of the blank (s1, 0.76), the cross-contamination level (c), is the coefficient for the
previous sample.

(3.3) c = X − s1

s0 − s1

A cross-contamination level of 1.83 ± 1.52 h (or 0.183 ± 0.152 %) was determined using Equation
3.3, which is significantly higher than that reported by Wacker et al. (2010). Therefore, as with the
EA-AGE3 system, when analysing samples with very different levels of 14C (such as blanks or modern
samples), the zeolite should be pre-conditioned with a sample of similar 14C content. The h cross
contamination is in parts per thousand. Therefore, 0.183 % of the C in one sample comes from
the previous sample. For example, if two samples have a difference in ∆14C of 10 h, the second
sample will be shifted by 0.0183 h on the ∆14C scale. To establish the amount of C from the sample
transferred to the second blank processed subsequently, the “effective c” value of this blank was
calculated to be 0.43 h. The “real c”, calculated from the first blank cannot be changed regardless of
the approach taken, whereas the effective c can change depending on the approach used (e.g. 1st +
2nd blank). This agrees with the findings of Wacker et al. (2010) and demonstrates the efficacy of a
sacrificial sample (of similar 14C content to subsequent samples) between samples of very different
14C content when using this system.
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Figure 3.13: Cross contamination tests. Four sets of three consecutive blanks performed in series after a
reference gas. A cross contamination level of 1.6 ± 1.1 h has been calculated using a simple mixing model.
The mean average for the first blank after the reference was - 0.942 ± 0.015 pMC, second blank was 0.803 ±
0.014 pMC and third blank was 0.721 ± 0.014 pMC.

3.2.3.5 Inter-laboratory comparisons

Of great importance to atmospheric 14C laboratories, and 14C laboratories in general is inter labora-
tory comparisons to confirm that laboratories are reporting with the same accuracy and give realistic
values for precision. These exercises, though of great importance for global monitoring, rarely happen
(Hammer et al., 2017; Miller et al., 2013). Further inter-comparison tests were performed continuing
the work that was done on the traditional extraction system.

INSTAAR

The results of our determination on the in-house reference standard were compared to seven flasks
filled with the same reference tank analysed at an independent AMS laboratory, INSTAAR, which has
a long history of making atmospheric 14CO2 measurements. These data are shown in Table 3.6. The
average ∆14C are comparable within one σ. The standard deviation is slightly lower for the INSTAAR
measurements because their uncertainty is lower.

Analysis Number of samples analysed Mean ∆14C / h ∆14C standard deviation / h

This work 38 -3.44 1.97
INSTAAR 7 -3.80 1.80

Table 3.6: Comparison of this work to the same samples analysed at INSTAAR. The number of sample analysed
during each study is shown along with the mean and standard deviation for each.
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ICOS-CAL

Samples (n = 4) that previously were analysed at ICOS-CAL, in Heidelberg, Germany were also
analysed on our new direct trapping extraction system. These samples were part of an inter-laboratory
comparison study (Hammer et al., 2017), therefore have been measured at multiple laboratories.
The results of the analyses from this study were compared to the consensus values from the inter-
comparison study, presented in Table 3.7. Samples were split into two aliquots to enable replicate
measurements. Unfortunately, for samples 30864 and 30874 analysis of only one aliquot was possible.
For samples 30996 and 31061 both aliquots were analysed. The results presented in Table 3.7 are a
weighted mean of these. Although all measurements were within 2 σ (and three of the four samples
were within 1 σ), all of the measurements from this study were found to be slightly lower than the
consensus value. The limited size of the dataset makes interpretation of this difficult, however if
there is a systematic offset it could point to a small amount of contamination with atmospheric CO2

resulting from a leak in the system or possibly because of the lower blank values. Further analysis
will be required to establish this. The uncertainties reported for the consensus values are lower than
any of the measurements by individual labs (including those reported here) as they were calculated
based on multiple measurements at several laboratories. The uncertainties reported in this thesis are
similar in magnitude to the standard deviation of the measurements in the inter-comparison study
at the individual laboratories, meaning this is dependent on the factors outlined above due to the
combustion of the Oxalic Acid standard. In the future it may be possible to reduce this uncertainty by
using a large cylinder of pre-combusted oxalic acid. The right tailed p values for each measurement
show that there is not a significant difference in the measurements in this study and the consensus
values. A significance level of 5 % was used (p = 0.05) and all p values were higher than this, meaning
the null hypothesis was true and there is agreement between the measurements in this study and
the consensus values within errors. This analysis was performed on a small number of samples and
further comparisons with be required to ensure measurements between laboratories are comparable.
The WMO Guidelines state that current compatibility between laboratories is 2 - 4 h, short of the
goal of 0.5 h (WMO, 2016; Tans and Zellweger, 2018). The comparisons made in the work in this
thesis are comfortably within the compatibility reported in the WMO guidelines (2 - 4 h) as are
comparable to a level of 2.7 h which is the largest difference in the inter comparison experiments.
Overall, our new set up has shown comparable compatibility to other AMS laboratories making
atmospheric 14CO2 measurements from other studies (Hammer et al., 2017).

Sample Measurement from this study ∆14C /h Consensus value ∆14C /h right-tailed P value (α value)

30864 24.92 ± 1.83 25.2 ± 0.7 0.886
30874 37.75 ± 1.60 40.4 ± 0.7 0.129
30996 9.97 ± 1.12 10.9 ± 0.7 0.481
31061 21.20 ± 1.13 22.7 ± 0.7 0.259

Table 3.7: Result of the analysis of four samples used in an inter comparison study. Measurements from
this study are reported as ∆14C with the associated one sigma error, calculated in BATS. Where multiple
measurements of the same sample where made averages were used.

3.2.3.6 Comparison of two extraction methods

Now that all the tests that have been performed on the two extraction lines have been explained it is
possible to compare the systems and quantify the improvement that has been made by using the
direct trapping method. The aim of the direct trapping method was to improve the uncertainty of
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measurements compared to the traditional extraction line. While also reducing the number of steps
in the extraction procedure and therefore, reducing the time required to process a sample.

The results were compared to the traditional extraction line, shown in Table 3.8. The zeolite
trapping method improved the accuracy and repeatability of the measurements. The absolute error
for each measurement has also been reduced, most likely due to the reduction in the number of
steps in the preparation of the sample. Seven flasks filled with the same sample were also analysed at
independent AMS laboratory, INSTAAR. The direct trapping method produced a ∆14CO2 value that
was closer to the INSTAAR value than the traditional extraction method. In terms of uncertainty, the
standard deviation of the measurements was reduced from the traditional extraction system to the
direct zeolite method.

Method Number of samples analysed Mean ∆14CO2/h Standard Deviation ∆14CO2/h

Traditional cryogenic 37 -4.40 3.40
Direct zeolite 33 -3.44 2.00

INSTAAR 7 -3.80 1.80

Table 3.8: Comparison of overall results for different methods of comparison

3.2.3.7 Background measurements

In Chapter 1, previous results from background sites were presented. As part of the work of this thesis,
further samples from the Mace Head background site were analysed at the BRAMS facility on the
newly developed direct zeolite extraction equipment. The data from 2017 - 2018 was collected and
measured to extend the background measurements at MHD.

Figure 3.14 only contains data from Mace Head from 2014 to 2018. The data from 2014-2016 is the
data that is presented in Chapter 1 from the GAUGE project. From 2017 - 2018 flasks were collected
monthly during times when "clean" background air was observed at Mace Head, when prevailing
wind was from the west. This was confirmed by running HYSPLIT back trajectories for the times that
the samples were collected. These trajectories have been included in Appendix 6.9. As in Chapter 1
rolling percentile curves are shown for the measurements. This curve shows the same seasonality as
was shown previously in Chapter 1 and at the other background sites with higher values in summer
months and lower in winter. The measurements from 2017 - 2018 have shown that the atmospheric
14C background value is continuing to decrease. However, there is scatter within the measurements,
likely caused by local influence at the measurement site. The average for each year of measurements
at Mace Head has been calculated and is presented in Table 3.9 to show the decrease in atmospheric
background 14C . This is shown by the trend line in the plot. The plot also shows continuing evidence
of the seasonal cycle, however, with some months missing measurements this is difficult to interpret.
Using the data that is available averages for the winter (November - January) and the summer (May -
July) have been calculated. These show that for the measurements from 2017 onwards the trend is
the same as was seen previously for samples at MHD (see Chapter 1). The winter average (4.4 h) is
lower that the summer average (7.9 h). This is because of two reason, all seasonally varying source
and sink processes (such as nature and anthropogenic 14C production, atmospheric 14CO2 exchange
with the ocean and biosphere and f f CO2 emissions) in addition to varying atmospheric mixing,
horizontal and vertical, contributing to the seasonal cycle of ∆14C in atmospheric CO2 (Levin et al.,
2010; Graven et al., 2012). However, atmospheric mixing between compartments only contributes
to the ∆14C seasonality if there are ∆14C differences between the compartments (Levin et al., 2010;
Graven et al., 2012).
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Figure 3.14: Background measurements at Mace Head measured at two different laboratories over
two different time spans and part of two different projects INSTAAR, 2014-2016, GAUGE project
and BRAMS, 2017-2018, using the direct zeolite trapping method as part of the work in this thesis to
extend the background at MHD(red).

Table 3.9 shows the average from the measurements in each year at Mace Head from 2014 - 2018.
The uncertainty for each measurement is calculated using the standard error of the measurements in
each year. The data shows that the background value is decreasing. Notably from our measurements
there is a large decrease in the background in 2018.

Year Average ∆14C / h

2014 19.6 ± 0.7
2015 15.4 ± 0.4
2016 13.4 ± 0.4
2017 11.8 ± 1.3
2018 6.5 ± 0.9

Table 3.9: Average annual ∆14C measurements made as part of this study and the previous study as part of the
GAUGE project. The errors are calculated from multiple measurements in the year.

Overall, the data from background sites in recent years has shown the background value for
atmospheric 14C is decreasing due to the Suess effect. This investigation has shown that the zeolite
trapping method is capable of making accurate and reliable 14C measurements in addition to showing
the background is continuing to decrease and a seasonal cycle is evident.
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3.2.4 Conclusions

We have developed and reported an alternative method for the extraction of atmospheric 14CO2

samples. It is anticipated that this method, with the graphitisation and analysis for 14C using AMS,
will be used for the analysis of multiple samples for quantifying fossil fuels CO2 emissions in the UK.
Our initial results are promising for the future of these measurements, demonstrating agreement
with other 14C laboratories.

We have reported a range of tests that have characterised the direct trapping system. A trapping
capacity of 400 µg in 15 minutes at 180 mL / min from a 2 L flask was obtained. The trapping capacity
at room temperature was 685 µg when extracted directly from a cylinder. The trapping capacity at 10
°C was 1200 µg. In this work, the maximum flow rate investigated for trapping on the zeolite trap was
250 mL / min. This method has been used for 38 replicate samples to achieve standard deviation
on long term measurements of 2.0 h over 6 magazines. Assessment of the uncertainty suggests
using air standards rather than OXII prepared by EA-AGE3 could be advantageous as a normalization
standard.

Tests have been performed on the system to examine how well it compares to other extraction lines
and other 14C laboratories. Blank analysis shows that the cross-contamination level is 1.83 ± 1.52 h,
meaning if analysing samples with very different levels of 14C , the zeolite should be pre-conditioned
with a sample of similar 14C content. Analysis of inter-comparison samples showed this method
is comparable to two other global 14C laboratories to a level of 2.7 h, within the WMO guidelines
(2-4 h). Comparing the two extraction methods it is evident that the direct extraction method has
improved our sample extraction capability. There is an improvement in sample uncertainty for the
direct method. Sample contamination could possibly be further avoided in the future by measuring
the amount of CO2 extracted and making the method less than quantitative, this could be considered
in future development of the extraction line. The zeolite extraction system was also used to measure
background 14CO2 from samples from Mace Head.

In the future, we aim to automate the whole extraction process, integrating this to the AGE3
system, to increase sample throughput and precision, vital for atmospheric 14CO2 measurements.
Through consultation with Swagelok, Bristol, an automated extraction system (AES) that can be
coupled directly to the AGE3 system has been constructed, based on our design. This system is
capable of holding up to 14 flasks that can either be extracted as 7 pairs or two sets of graphitisations.
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4
EXAMINATION OF THE CORRECTION TERMS WHEN CONSIDERING

ATMOSPHERIC RADIOCARBON MEASUREMENTS TO QUANTIFY f f CO2

EMISSIONS IN THE UK

Once samples were collected, extracted and 14CO2 measured, as was outlined in the previous chap-
ters, they can be used to calculate f f CO2 mole fractions. This chapter will outline the methods
that are used to calculate f f CO2 mole fractions. As was described in Chapter 1, it is necessary to
apply corrections to the measurements to account for different disequilibriums and to calculate
f f CO2 mole fractions. These corrections are for: (a) cosmogenic production, (b) the biosphere (c) the
ocean and (d) nuclear industry emissions. The emissions from the nuclear industry are particularly
important in the UK because of the type of reactors used as well as their dense location around the
coast of the UK.

In this chapter, 14CO2 data collected at Tacolneston as part of the GAUGE project (Wenger, 2016)
and published for the GAUGE special edition of Atmospheric Chemistry and Physics (ACP) (Wenger
et al., 2019) was used to provide data points. This will involve focussing on using new information
related to two of the key corrections that must be applied to the data to accurately determine f f CO2

mole fractions (a) biospheric correction and (b) the nuclear correction.
Using the same methods, the corrections that have been examined from Tacolneston will then be

investigated for Heathfield, a site in the UK that has not previously been used for 14CO2 measure-
ments for estimating f f CO2 mole fraction but is planned to be used as part of the NERC funded
DARE UK project.

The previous work (Wenger, 2016; Wenger et al., 2019), suggested that there were many limitations
to the methods that were used. Work presented in this chapter explores potential solutions to the
limitations associated with the calculation of the corrections. This will be achieved by comparing
multiple biospheric models to calculate the biospheric correction that is required. As well as esti-
mating the nuclear correction required using higher frequency nuclear emissions data. After these
corrections have been applied the methods that were used previously (Wenger, 2016) will be used to
calculate 14CO2 derived f f CO2 mole fraction estimates. The reasons for doing this are to examine if
different biospheric models are better at estimating the required biospheric correction and if daily
emission data from nuclear power stations is required to estimate the correction that accounts for
emissions from the nuclear industry.
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4.1 Chapter aims

In a previous study (Wenger, 2016; Wenger et al., 2019), the influence on 14CO2 from nuclear power
stations was calculated using monthly reported data, and the correction for the the biosphere
was calculated from biospheric models to create a time series of f f CO2 mole fractions from the
measurements. This was compared to modelled mole fractions calculated using the EDGAR inventory.
There were limitations with this study that included; samples that were enhanced in 14CO2, but
the nuclear correction, due to it’s low frequency, was unable to account the the enhancement. The
work presented in this chapter attempts to improve these corrections by obtaining daily data from
the nuclear power stations in the UK. The biospheric correction will also be investigated by using
three biospheric models to examine the effect on the biospheric correction which is applied to
measurements. This links to the other work in this thesis by investigating other improvements for
∆14CO2 measurements in the UK. This means that in future when ∆14CO2 measurements are made
better corrections can be calculated and applied when estimating f f CO2 mole fractions. In the
interest or future measurements the impact of the corrections at an additional tall tower site that is
going to be used for 14CO2 measurements in the future will also be examined. Other conditions that
will affect future 14CO2 derived f f CO2 mole fraction estimates will also be discussed.

4.2 Measurements

Weekly 14CO2 measurements were made from July 2014 to November 2015 at two sites, Tacolneston,
Norfolk (TAC, 52.51 °N, 1.13 °E), a site influenced by anthropogenic sources in England and Mace
Head, Galway (MHD, 53.32 °N, -9.90 °E) a background site in Ireland as part of the GAUGE network
(Palmer et al., 2018).

The TAC tall tower site is operated by the University of Bristol. It was set up in 2012 as part of
the UK Deriving Emissions linked to Climate Change (DECC) network (Stanley et al., 2018). The
site is approximately 140 km north east of London, Figure 4.1. At the time of measurements it was
considered the best of available sites to measure f f CO2 mole fraction using 14CO2 because it had
the most influence from fossil fuel sources and the least influence from nuclear power stations. There
are three inlet heights on the TAC tower; 54 m, 100 m and 185 m. The highest height was the most
representative for well-integrated air masses so it was used to collect 2 L glass flask samples for
14CO2 measurements, as is recommended by ICOS (Laurent, 2017). CO2 is measured at all heights
sequentially at a sampling frequency of three seconds on the same Picarro CRDS instrument for 20
minutes at each height, as detailed in Table 4.1.

A background site is required to calculate the relative depletion caused by recent fossil fuel
emissions at the polluted site. Previously, a range of background sites have been used: unpolluted
sites upwind of significant f f CO2 emission sources (Lopez et al., 2013; Miller et al., 2012), high
altitude sites (Bozhinova et al., 2014; Levin and Kromer, 1997), free troposphere observations from
aircraft (Turnbull et al., 2011) and a mildly polluted site (Turnbull et al., 2014). MHD, on the west coast
of Ireland was used as our background site. Weekly flask samples were collected if the air masses
were representative of clean air from the Atlantic.

The flask sampling procedure was based on the method by National Oceanic and Atmospheric
Administration Carbon Cycle Greenhouse Gases (NOAA CCGG) (Lehman et al., 2013). 2 L glass flasks
(NORMAG, Germany, based on the NOAA CCGG design) were used to collect samples. A manual
instantaneous sampling module was constructed for measurements at TAC, consisting of: a KNF
pump to pressurise; a Stirling cooler (Shinyei MA-SCUCO8) at 0 °C to dry the sample; a 7 micron

110



4.2. MEASUREMENTS

Figure 4.1: Map to show the location of the Tacolneston (TAC) site and the Mace Head (MHD) site

particle filter to avoid contamination of the sampling module and check and toggle valves to ensure
existing measurements at the site were not influenced. Before deployment a range of tests were
performed on the system, including side-by-side comparison with NOAA CCGG sampling unit at
MHD. The sampling of an additional flask for 14CO2 analysis was added to the existing weekly NOAA
CCGG flask sample collection at MHD. At the time of study 14CO2 analysis was not possible in Bristol
so flask samples were sent to INSTAAR, UC Irvine, USA for analysis.

Both flask and, for some species, high frequency in situ data have been used for this work. Table
4.1 details the measurement technique, calibration scale and operator of the species or measurement.
This details the species, site(s) and instrument. The scale and the operator of each species is also
given.

Species, Site Instrument Scale Operator

CO2, TAC Picarro CRDS G2301, in-situ WMO x2007 University of Bristol
CO2, MHD Picarro CRDS G2401, in-situ WMO x2007 LSCE

CO2, MHD + TAC NDIR WMO x2007 NOAA
13CO2, MHD + TAC IRMS, flask PDB NOAA, INSTAAR
14CO2, MHD + TAC AMS, flask NBS Oxalic Acid I NOAA, INSTAAR, UC Irvine

Table 4.1: Overview of GHG measurements presented. The acronyms used to describe instruments are Cavity
Ring-Down Spectroscopy (CRDS), Nondispersive Infrared Detector (NDIR), Infrared Mass Spectrometry (IRMS),
Accelerator Mass Spectrometer (AMS)
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4.3 Methodology

This section will describe methods to calculate f f CO2 mole fraction before providing more detail
on the corrections that were applied during the calculation. f f CO2 mole fraction was calculated
following the approach by Turnbull et al. (2009) and Levin et al. (2003). The biospheric correction was
investigated using three different biospheric models, two in addition to the one used in the previous
work. The nuclear correction was investigated by obtaining daily data from six reactors in the UK
and comparing this to the already obtained monthly data. This section will present the methods to
calculate the required corrections and how this is used to calculate f f CO2 mole fraction from 14CO2

measurements.

4.3.1 NAME simulations

The method followed was the same as that used by Wenger et al. (2019); Wenger (2016), it will
be described briefly here. For each measurement site, mole fractions were simulated using the
Lagrangian particle dispersion model NAME (Jones et al., 2007), this accounted for atmospheric
transport. Particles are released at a rate of 10,000 per hour at the measurement site into the model
atmosphere and transported backwards in time for 30 days. It is assumed that when a particle resides
in the lowest 40 m of the atmosphere, ground-based emissions are added to the air parcel (Arnold
et al., 2018; Manning et al., 2011). A "footprint" is calculated for each measurement by integrating all
locations the theoretical particles in the backwards NAME run came in to contact with ground-based
emissions over the previous 30 days. These footprints can be multiplied by flux fields to simulate the
mole fraction due to each source at each time instance (Wenger et al., 2019).

4.3.2 Calculation of background value

A background value can be determined by using models (Balzani Lööv et al., 2008; Lunt et al., 2016)
or applying statistical methods to high-frequency observations (Barlow et al., 2015; Ruckstuhl et al.,
2012). For this work, MHD data was used as the background for all isotope simulations. This is
because high frequency data only exists for CO2 and not the isotopes so there is no model-derived
background available for the isotopes. At MHD 13CO2 and 14CO2 measurements were selectively
sampled during clean air conditions which were characterised as high wind speeds from the Atlantic
Ocean. However, the CO2 high-frequency data contained pollution events. To exclude these pollution
events, a rolling 15 percentile value (± 20 days) was calculated and used as the CO2 background.
Similar background rolling median values (± 30 days) were calculated for 13CO2 and 14CO2.

4.3.3 Isotope modelling

The methods and equations used to model 12CO2, 13CO2 and 14CO2 at TAC are the same as those
used in Wenger et al. (2019) and Wenger (2016). They will be explained briefly here but are explained
in more detail in (Wenger et al., 2019). The two stable CO2 isotopes are needed to simulate 14CO2.
Mass balance was used as the basis of the modelling. The measured atmospheric mole fraction can
be described as a sum of CO2 from individual sectors and a background contribution. This concept
was adapted from the definition of the δ13CO2 and∆14CO2 (Stuiver and Polach, 1977). The simulated
13CO2 was calculated with Equation 4.1 and the 14CO2 with Equation 4.2.
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Where δ13CO2,i is the 13CO2 signature of the emission source sector. 13CO2,bg is the background
from the rolling 30 day median at MHD. 12CO2,i is the equal 12CO2 at TAC, 13Rstd is the ratio of
reference standard and 12CO2 is the total 12CO2 enhancement.
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Where ∆14CO2,i is the 14CO2 signature of the emission source sector. 12CO2,i is the abundance of
CO2 from the sector. 14Rstd is the ratio of reference standard, 12CO2 is the total CO2 mole fraction
and δ13CO2 is the 13CO2 from Equation 4.1.

The∆14C is normalised to δ13C = - 25 h, to account for fractionation. Fractionation discriminates
against one isotope in favour of the other in physical processes and chemical reactions, it was
discussed in more detail in Chapter 1. The discrimination takes place as the additional neutron in
14C alters the weight of carbon and it’s chemical bonding energies. Normalising ∆14C measurements
to a common δ13C removes reservoir-specific differences caused by fractionation.

For the work in this thesis, as was the case previously (Wenger, 2016; Wenger et al., 2019), anthro-
pogenic emissions were simulated from sector-specific emissions reported in EDGAR v4.2 from the
year 2010 (Olivier et al., 2014). It is assumed that all emissions reported in EDGAR correspond to
12CO2 emissions. All fossil fuel sources were considered to have a ∆14CO2 value of -1000 h.

The calculation of f f CO2 mole fraction was presented in Chapter 1 in Section1.3, where details
of the biospheric and nuclear corrections are given. Each of these corrections will be discussed in
more detail in the next two sections.

4.3.4 Biospheric correction

The biosphere contains different amounts of 14CO2 depending on uptake from and release to the
atmosphere through the carbon cycle. Biospheric respiration can be split into two, autotrophic
respiration and heterotrophic respiration, as discussed in Chapter 1. In this work, autotrophic
respiration is in fast exchange with the atmosphere and is assumed to have the same 14C signature
as the atmosphere as in other studies (Levin et al., 2003; Turnbull et al., 2011; Miller et al., 2012;
Bozhinova et al., 2014). Heterotrophic respiration is isolated from the atmosphere, and therefore, has
a signature the same as the time of uptake and not time of release (Graven et al., 2012; Naegler and
Levin, 2006). This creates a disequilibrium and is referred to as the biospheric disequilibrium.

The biospheric disequilibrium is scaled by heterotrophic respiration. It is estimated that the
biospheric disequilibrium is 166 ± 100 h (Turnbull et al., 2006). However, heterotopic respiration
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only represents about half of the biogenic CO2 component. The other half comes from autotrophic
respiration of plants which can be approximated by background 14CO2. With these assumptions
∆14CO2hr changes from 205 h in 1986 to 80 h in 2006. Box models have previously been used to
calculate the biospheric correction required and will be used in this work (Levin et al., 2010; Graven
et al., 2012; Turnbull et al., 2009).

Graven et al. (2012) used a box model where the biospheric and oceanic components were set
up using simulations of constant pre-industrial atmospheric composition lasting 30,000 years to
calculate the biospheric correction. Simulations of the biospheric and oceanic components were
then conducted using records of atmospheric composition,∆14CO2 and δ13CO2 (Stuiver, 1980; Levin
et al., 2003). Graven et al. (2012)’s box model estimated air-sea exchange using a 43-box diffusion
model and the terrestrial ecosystem exchange using a one box model of the biosphere. It is assumed
2/3 of heterotrophic respiration originates from older carbon pools.

Terrestrial ecosystem exchange was determined using several simulations of a one-box model
(Wenger, 2016; Wenger et al., 2019) combined with variables from Graven et al. (2012). The biosphere
was assigned a total pre-industrial amount of overturning biomass of 470 to 1370 Pg C and a CO2

fertilisation factor of 0 to 0.4 Pg C yr−1 (Graven et al., 2012). The global net primary production (NPP)
of 24 to 42 Pg C yr−1 and average ecosystem residence time of 16 to 35 years between 1992 - 2016
was set. This resulted in a ∆14CO2hr of 67 - 91 h for 2014 - 2015. For the calculation of f f CO2 mole
fraction in this thesis a value of 80 h was used for ∆14CO2hr .

The biospheric correction spatial and temporal distribution can be calculated by applying the
values from the box model defined above to biosphere models. The mole fraction enhancement
due to CO2 emitted from CO2hr was derived from the biospheric models and atmospheric back
trajectories (more information on these below). We will consider the use of the models: National
Aeronautics and Space Administration - Carnegie Ames Stanford Approach (NASA CASA), Joint Land
Environment Simulator (JULES) and CARbon Data Model framework (CARDAMOM).

NASA CASA aims to understand the controls on biogenic trace gas fluxes and the ecosystem
processes that regulate these gases (Potter, 1999). It combines multi-year satellite, climate and other
land surface databases to estimate biosphere – atmosphere exchanges of energy, water and trace
gases from plants and soils. This model was used for the initial interpretation of the dataset previously
(Wenger, 2016). It separates hetrotrophic and autotrophic respiration so they can be assigned different
∆14C signatures.

For the work in this thesis, JULES was run for North West Europe only and has been used by
nesting inside NASA CASA. The reason for this is that the domain of the JULES model is smaller
than for NASA CASA and therefore to do comparisons the same modelling domain is required. It
is a community land surface model, it is a major part of the UK’s contribution to the global model
intercomparison projects (CMIP6). It has been developed by a wide range of UK researchers, and
allows different land surface processes to interact with each other (Best et al., 2011; Clark et al., 2011).
This model separates hetrotrophic respiration further, into 4 sections; resistant plant material (RPM),
decomposing plant material (DPM), hummified matter (HUM) and microbial biomass (BIO). DPM
consists of decomposing leaf litter and plant material, along with BIO which is broken down material
by soil microbes, these components are considered young and therefore are assigned a∆14C signature
the same as the atmosphere. RPM consisting of wood from trees and HUM consisting of slowly
decomposing material and considered old and therefore are assigned a signature of hetrotrophic
respiration.

114



4.3. METHODOLOGY

CARDAMOM retrieves terrestrial carbon cycle variables by combining carbon cycle observations
with a mass balance model. It produces global dynamic estimates of plant and soil carbon pools. The
implications of the model also differ from other models: there is no spin-up for biomass and soil
carbon, and no prescribed plant function types or carbon pool steady state. CARDAMOM generates
maps of key model parameters as an output instead of an input and instead of being compared to
the data, outputs represent the best fit to all data within the cell. There are four vegetation pools
and two dead organic matter pools: 20 model parameters associated with phenology, allocation,
residence times, temperature sensitivity and productivity (Bloom and Williams, 2015; Bloom et al.,
2016; Smallman et al., 2017).
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4.3.5 Nuclear correction

There are multiple considerations that must be examined when calculating the nuclear correction,
these are:

• The UK’s coastline is dotted with nuclear power stations, meaning 14CO2-derived f f CO2 mole
fraction estimations are influenced by 14CO2 nuclear emissions.

• The generation of 14CO2 varies depending on reactor type.

• Each reactor must report its yearly emissions by law but there is large variability in the 14CO2

emissions and higher frequency emission estimates are desirable to better calculate the correc-
tion.

Each of these points will be discussed in the following sections.

Reactors in the UK and Northern Europe

Nuclear reactors release 14C emissions with large temporal and spatial variability. There are nine
categories of sites which generate 14C . These are summarised in Figure 4.2, each is numbered, which
refers to the site name detailed in Table 4.2. The different symbols refer to different types of sites,
"d" and a triangle point refers to a site that is decommissioned, whereas "a" and a circle refers to
an active site. The types of reactors are; Magnox, Advanced Gas Reactor (AGR), Pressurised Water
Reactor (PWR), reprocessing site, Boiling Water Reactor (BWR), Heavy Water Gas Cooled Reactor
(HWGCR), research and defence sites and Steam Generated Heavy Water Reactor (SGHWR).

1 Heysham 1 + 2, UK 14 Doel, Belgium 27 Trawsfyndd, UK
2 Torness, UK 15 Tihange, Belgium 28 Wylfa, UK
3 Dungerness B, UK 16 Emsland, Germany 29 Sizewell A
4 Hartlepool, UK 17 Borssele, The Netherlands 30 Dungerness A
5 Hinley Point B, UK 18 Sellafield, UK 31 Hinkley Point A
6 Hunterston B, UK 19 La Hague, France 32 Hunterston A
7 Sizewell B, UK 20 Dessel, Belgium 33 GE Healthcare Ltd, Cardiff, UK
8 Flaminville, France 21 Dodewaard, The Netherlands 34 Devonport, UK
9 Paluel, France 22 Calder Hall, UK 35 SCK.CEN, Belgium

10 Penly, France 23 Berkeley, UK 36 Unterweser, Germany
11 Gravelines, France 24 Oldbury, UK 37 Winirith, UK
12 Chooz, France 25 Bradwell, UK 38 Brennilis, France
13 Cattenom, France 26 Chapelcross, UK

Table 4.2: Locations and names of nuclear sites

In all reactor types, 14C is produced in the reactor from reactions of neutrons with 14N , 13C and
17O as represented in the equations below (Metcalfe and Mills, 2015).

17O+n →14 C+α(4.3)
14N+n →14 C+p(4.4)
13C+n →14 C+γ(4.5)

Each of the types of reactors will now be described in detail:
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Figure 4.2: Map to show the location and type of the nuclear site (active and deactivated)

• Decommissioned reactors still release 14CO2 as the irradiated graphite from the reactor con-
tains a range of radioactive contaminants generated during its time as a reactor core (Doukgeris
et al., 2015). Decommissioning of a nuclear power station can take 10 to 100 years (Bond et al.,
2004) meaning that, although emissions of 14CO2 are low and generally constant, they still
must be considered. There two types of nuclear reactors that have been decommissioned in
Northern Europe; gas cooled reactors (GCR) and light water reactors (LWR). In terms of 14CO2

releases, emissions from GCR are higher than from LWR.

• Magnox reactors have all been decommissioned in the UK since 2016. Magnox reactors are
a type of gas cooled reactor that were designed to run on natural uranium with graphite as
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the moderator and CO2 gas as the heat exchange coolant. They are a "Generation 1 nuclear
reactor" and the name comes from the magnesium-aluminium alloy used to clad the fuel rods
inside the reactors. The name generally refers to a specific design of reactor used in the UK.
However, it is sometimes used more generically to any similar reactor.

• HWGCR, was the French equivalent of Magnox reactors. They were "Generation 1" GCR and
are now obsolete. They were moderated with heavy water and cooled with CO2.

• The SGHWR is a UK design for commercial reactors similar to the Canadian CANDU reactor.
It used a low-pressure reactor vessel containing high-pressure piping for the coolant, which
reduces the size of reactor. Only one of these reactors was ever commissioned in the UK, it ran
from 1967 to 1990, operation has now ceased.

• AGRs are the "Generation 2 nuclear reactors" in the UK. They are moderated with graphite and
cooled with CO2. They were developed from the Magnox reactor. They have an greater effi-
ciency compared to Magnox reactors as they operate at a higher temperature which improves
the efficiency when converting to steam.

• Less common in the UK, but more prevalent in Northern Europe is the world’s most common
nuclear power plant type, PWR. This is one of three types of light water reactor (LWR). In these
reactors the coolant and the neutron moderator is water. This means that the 14CO2 emissions
are lower for this reactor type. The UK has one running PWR, Sizewell B (52.21 ° N, 1.62 ° E) in
the east of England. A PWR contains a reducing reactor environment which leads to 14C being
produced in the form 14C H4.

• BWR, is another type of light water reactor. It is the second most common type of electricity-
generating nuclear reactor after PWR. The main difference between these is in a BWR, the
reactor core heats water, which turns to steam and the stream drives a turbine. Whereas, in
PWR the reactor core heats the water, which does not boil. The hot water exchanges heat with
a lower pressure water system which turns to steam and drives the turbine. There are no BWR
in the UK, there is one decommissioned BWR in The Netherlands.

• Two research facilities and one defence facility that release 14C have also been plotted on the
map. GE Healthcare in Cardiff is a radiopharmaceutical plant. GE Healthcare, Cardiff, ceased
manufacturing of products containing carbon-14 in 2010. Any discharge now comes from the
clear up of the site. SCK.CEN in Belgium is a nuclear physics reseach institute.

• The site of SCK.CEN is also the site of Dessel the reprocessing site in Belgium. Sellafield is the
reprocessing site in the UK and La Hague is the reprocessing site in France.

Types of generation of 14CO2

The type of reactor has considerable effect on the form and rate of emission of 14C to the atmosphere.
Emissions of 14CO2 are highest for reactors that are cooled with CO2 gas, namely Magnox and AGRs,
as this creates an oxidising environment, resulting in the majority of 14C being released as 14CO2.
The majority of the 14CO2 emitted from AGRs originates from N2 impurities in the cooling gas
(Equation 4.12). AGRs are cooled with CO2 and moderated with graphite. Not only does some of the
carbon in the CO2 coolant become activated to 14C , the graphite moderator becomes cumulatively
more radioactive with generation. The chemical exchange of carbon between the coolant and the
graphite moderator is enhanced in a strong radiation field, so that after a few years of generation,
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the moderator becomes the main source of 14C in the coolant. The coolant is discharged to the air,
either by deliberate depressurisation (prior to a maintenance outage) or by daily pressure trimming
and designed leakage. A PWR is both cooled and moderated by water. It generates 14C from nitrogen
dissolved in the coolant, but does not have daily coolant loss unlike AGRs. Discharge of 14C from a
PWR are about an order of magnitude lower than from an AGR. In 2010, the rate of discharge was 17
times greater for AGRs than PWRs (United Nations, 2016; Lee et al., 2017). In Table 4.3 the component,
production rate and dominate reactions for each reactor type are presented, note Magnox reactors
are now decommissioned but are included here for completeness. The table shows that Magnox
reactors have the largest emission followed by AGRs and PWRs have the lowest production rates.

14C Production Rate / (TBq / GWe per year)

Component PWR Magnox AGR Dominant Reactions
Fuel 17O 0.14 0.004 0.12 17O+n →14 C+α
Fuel 14N 0.95 6.1 1.68 14N+n →14 C+p

Coolant 17O 0.22 0.04 0.04 17O+n →14 C+α
Coolant 14N 0.08 0.27 0.26 14N+n →14 C+p

Graphite moderator 13C - 4.1 1.3 13C+n →14 C+γ
Graphite moderator 14N - 6.7 2.2 14N+n →14 C+p

Total 1.39 17.21 5.60

Table 4.3: 14C production rates from different parent nuclei in PWRs, Magnox reactors and AGRs and the
corresponding dominant reactions.

Data sources used for nuclear correction

Every year in the UK, the nuclear industry must report all emissions to the Environment Agency
by law, who compile this information into the publicly available Radioactivity in Food and the
Environment (RIFE) report (Enviroment Agency, Natural Resources Wales, 2017). It is also possible
to use emission factors from the electrical production to calculate the amount of 14C produced.
Parametrised 14C emissions are calculated using the power produced by the reactor and a reactor-
type-specific emission factor (Graven and Gruber, 2011). However, for a region in Canada, where
CANDU reactors are present that have similar emissions to the AGRs in the UK, it was shown that 14C
emissions were better estimated using reported monthly emissions from the nuclear power plants,
which depend on the operational parameters and the presence of fuel of cooling agent impurities
(Vogel et al., 2013). For AGRs, the production of 14C is highly dependent of the number of impurities
in the reactor and only a small part of the 14C produced is emitted. As well as the emissions from
operational procedure, there are emissions from CO2 releases to control the reactor pressure referred
to as "blowdown" events, which will be discussed below.

For the nuclear correction, a 14C emission map was created with the highest frequency atmo-
spheric emission data available. For the Magnox and PWR reactors, monthly data was used. For the
AGRs in the UK an improvement for the six nuclear power plant sites has been made. I have, through
contacting a Radioactive Substance Specialist at Électricité de France (EDF), Barnwood, Gloucester
and Environmental Safety Engineer at each nuclear power plant, obtained daily 14CO2 data for each
site. The data is only held by each site, there is no central database for the data, making it difficult to
obtain. The details of how these emissions are calculated is included below. For other sources, repro-
cessing and decommissioned reactors in the UK, yearly emissions where taken from the annual RIFE

119



CHAPTER 4. EXAMINATION OF THE CORRECTION TERMS WHEN CONSIDERING ATMOSPHERIC

RADIOCARBON MEASUREMENTS TO QUANTIFY F FCO2 EMISSIONS IN THE UK

reports (2014-2016). Emissions from Europe were taken from the Radioactive Discharges Database
(RADD) database yearly report. The largest emitter of 14C in Europe is the fuel reprocessing site in La
Hague, Northern France (49.68 ° N, 1.88 ° W). It’s emissions are presented in Appendix 6.7 for the
given study period.

For the AGRs, emission data for each site in the UK has been obtained. Releases are split into two,
operational leakage and blowdown. Operational leakage is calculated using weekly bottle samples
that are used to determine 14C in circuit reactor gas activity. To measure the operational leakage
discharge from an AGR, a sample stream is passed through NaOH to collect a fixed quantity of CO2.
The samplers are run to saturation so the amount of CO2 in a sample can be quantified. The sample
stream from an AGR is passed through a furnace, to ensure all of the 14C is of the form 14CO2, then
through bottles of distilled water to strip out any 35S, which has almost an identical βmax activity
to 14C . 14C is then measured by liquid scintillation. This gives the specific activity of 14C in the CO2

coolant. The coolant is sampled for 14C only weekly, but the specific activity varies only slowly, so a
weekly sample is adequate for this purpose. The weekly 14CO2 value is multiplied by the daily CO2

discharge data to give a daily 14CO2 discharge figure. This is a standard measurement technique, the
main issues are to ensure good separation from 35S (not a problem for PWRs, which do not generate
35S) and the very poor efficiency of sampling CO2 in NaOH (30 % efficient on a good day), for this
reason the samplers are run to saturation.

To calculate the losses by blowdown events, vessel losses are determined on a weekly basis by
helium injection and assessment. The loss rate, in tonnes, is then multiplied by the concentration
derived to give the loss of 14C from the reactor. This is calculated as daily loss rate using the maximum
figures for losses and concentration on days between spot readings, therefore, this is an overestima-
tion. The reactor blowdowns, above the normal losses, are calculated using the mass of gas discharge,
multiplied by the circuit reactor gas activity. Adding both these numbers together gives an approxi-
mation for the daily release. This type of reported emissions can, therefore, be more informative than
annually reported values when considering daily time scales.

A summary of all of the emissions data sources is provided in Table 4.4. This gives detail of the data
source, frequency of data, the region the data is provided for and the reactor types that this dataset
includes. All of these data types were used in the calculations, the results of which are discussed
below.

Emissions data source Data frequency Region and reactors

RIFE reports and parametrised emission factors Annual UK - all
RADD database Annual Rest of Europe - all

Communication with UK nuclear power plants Monthly UK - AGRs and Magnox
Communication with EDF, Barnwood Daily UK - AGRs

Table 4.4: Summary of the data sources for the nuclear emissions data with the data frequency, region and
reactor type.
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4.4 Results

The results section will discuss the application of both the biospheric and nuclear correction to the
measurements at the TAC site, examining the different models and frequency of data respectively.
The extent of each correction will then be compared. Next, each of the isotopes measurement data
will be compared to the modelled data and the f f CO2 mole fraction calculated will be presented.
Finally, the theoretical corrections are applied to the measurements at HFD.

4.4.1 Biospheric correction

The calculation of the biospheric correction, as discussed in Chapter 1 and Section 4.3.4, can be
broken down into two parts, a one box model to determine the signature of the biosphere followed by
the application of this signature to a biospheric model to determine the spatio-temporal distribution
of the correction. Three different biospheric models have been used for the work in this thesis. The
purpose of using three models is to make comparisons, as each calculates hetrotrophic respiration
differently. The aim of using the three models is so that the best estimation of the biospheric correc-
tion can be achieved. The hetrotrophic respiration CO2 spatial maps of each of these models will be
examined first before a discussion of the one box model used. The application of the one box model
to the biospheric models to calculate the corrections for 14CO2 estimations of f f CO2 mole fraction
will then be presented.

Comparison of models

Three different biospheric models have been used to apply the correction for 14CO2 estimations of
f f CO2 mole fraction. First, these models will be considered for their representation of CO2 from
hetrotrophic respiration only (CO2RH ). In Figure 4.3 the averaged CO2RH was plotted for each model
over its domain and given time period of 2014-2015. To compare the different models, the difference
between each model has also been plotted.

Each of the models has a different method of calculating the CO2 from hetrotrophic respiration.
NASA CASA, Figure 4.3(a), combines analysis of multi-year global data sets derived mainly from
satellite observations with simulation models of terrestrial ecosystem processes on local to regional
or global scales. JULES, Figure 4.3(b), is a processed-based model that simulates the fluxes of carbon,
amongst other things, between the land surface and the atmosphere, on a regional scale. Whereas,
CARDAMOM, Figure 4.3(c), retrieves carbon cycle variables by combining carbon cycle observations
with a mass balance model. It produces global dynamic estimates of plant and soil carbon pools and
their exchange with the atmosphere and carbon cycling variables for driving change. This is different
to the previous two models as its carbon cycle estimates rely on prescribed carbon cycle parameters
that are retrieved from a combination of models and data. The outputs represent the best fit to all
data within each cell opposed to being compared to data.

Similar distributions are seen across the UK for hetrotrophic respiration. NASA CASA, Figure 4.3(a),
has slightly higher hetrotrophic respiration releases averaging around 2.5 kg m−2 yr−1 compared to
the other two models, JULES around 1 kg m−2 yr−1 and CARDAMOM around 0.75 kg m−2 yr−1.

The differences observed between models are small and each of the models estimates CO2 from
hetrotrophic respiration similarly spatially. Spatially, both NASA CASA and JULES observe higher
values in the west and lower in the east of the UK. With Ireland, the north west of England and Wales
having higher values than Scotland and the east of England. CARDAMOM also reports low values in
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(a) (b)

(c) (d)

(e) (f)

Figure 4.3: Hetrotrophic respiration from each biospheric model a) NASA CASA b) JULES c) CAR-
DAMOM d) annual difference between JULES and NASA CASA e) annual difference between CAR-
DAMOM and NASA CASA f) difference between JULES and CARDAMOM

Scotland but it also has low values in the West and Ireland. Over England there is smaller variability
with a few hot spots around Bristol, Essex and Newcastle likely linked to anthropogenic activity.

In plots d-f the difference between each model has been plotted to compare the models. Figure
4.3(d), shows the difference between JULES and NASA CASA. There are larger differences over
Northern France, mid Wales and the south of England where higher values are observed in NASA
CASA than observed in JULES. There are also larger differences in small points around the coast of
the north west of England and West coast of Scotland - these are caused by higher values observed in
JULES than NASA CASA. Figure 4.3(e) shows the difference between CARDAMOM and NASA CASA.
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Differences in this plot are largest in Ireland and Northern France where NASA CASA assigns a higher
value. Although, the difference observed across the UK is only marginally different, largely due to
the values in CARDAMOM being smaller. Figure 4.3(f) shows the difference between JULES and
CARDAMOM, these are the most similar models. There are small differences seen in the West of the
UK and in Ireland as JULES has slightly higher values in these regions than CARDAMOM does.

One box model

A one box model was used to calculate the biospheric correction as described in the methodology. The
method used was based on that used by Graven et al. (2012). Several simulations of a one-box model
were used to estimate the terrestrial ecosystem exchange. The result of the model is a ∆14CO2RH of
67-91 h for 2014-2015, the mid-point was calculated and a value of 80 h is used in all calculations.

In 2005, Naegler and Levin (2006) predicted that the isotope signature of hetrotrophic respiration
would be around 110 h. The hetrotrophic respiration signature is decreasing with time. This is
because as the atmospheric signature decreases, with the bomb curve, the input of depleted 14CO2

from f f CO2 mole fraction and CO2 from hetrotrophic respiration contains the signature from the
exchange. Our approximation is in agreement as the signature will be decreasing with the decreasing
bomb curve. A fixed hetrotrophic signature across the whole globe is, at best, an approximation.

Correction applied to measurements

The amount of CO2 from hetrotrophic respiration was multiplied by the NAME back trajectories (see
Chapter 1) to calculate the amount of CO2HR arriving at the TAC tall tower. The biospheric correction
for each model was plotted in Figure 4.4.
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Figure 4.4: f f CO2 mole fraction equivalent theoretical corrections that need to be applied over one
year for hetrotrophic respiration from the biosphere, red crosses represent times flask measurement
were taken, shown as the average of all models.

When the biospheric correction for each of the models is calculated in terms of f f CO2 mole
fraction equivalents variation is seen between the models. However, the correction is generally of the
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same magnitude and a similar time series is observed (Figure 4.4). Table 4.5 provides a summary of
the results from the biospheric correction.

Model NASA CASA JULES CARDAMOM

Minimum correction 0.08 0.03 0.04
Maximum correction 1.23 0.82 0.58

Average correction 0.34 0.19 0.17
Standard deviation 0.17 0.13 0.10

Table 4.5: Summary of the maximum, minimum, average and standard deviation on the biospheric corrections
required for each of the biospheric models. All values presented are in f f CO2 mole fraction equivalents in
ppm.

In respect of the minimum correction, these are similar but NASA CASA has the highest minimum
correction. NASA CASA also has the highest maximum correction and CARDAMOM has the lowest
maximum correction and therefore, the lowest range. The average correction is highest for NASA
CASA and for JULES and CARDAMOM is similar and lower then NASA CASA. The standard deviation,
as expected from the range of correction from each model is the highest for NASA CASA and the
lowest for CARDAMOM. This summary of the data shows that NASA CASA provides the largest
correction and JULES and CARDAMOM provide similar corrections.

In Figure 4.4 there are defined periods when the correction required is larger than in other periods
and therefore it could be possible in the future to use samples that have not been largely influenced
by the biospheric correction. Interestingly the NASA CASA model was previously applied to these
data (Wenger, 2016; Wenger et al., 2019), however, in that study the biospheric correction was shown
to be of similar magnitude to the nuclear correction. The JULES and CARDOMOM models provided
smaller corrections than the NASA CASA model. For calculations in this thesis a mean average of the
correction result from the three models was used to estimate the overall biospheric correction.
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4.4.2 Nuclear correction

The nuclear correction was calculated using the daily data, obtained from each of the six AGRs. This
has been compared to the yearly reported values and monthly data provided directly from EDF and
used for the previous analysis (Wenger, 2016). In this section, first the estimated emissions at different
frequencies, daily, monthly and yearly will be compared, this will show the effect of blowdown events
on the scale of emissions. Secondly, the correction required for the measurements at TAC is calculated
and evaluated.

Frequency of data

For each of the AGRs in the UK daily data was compared to the annual RIFE report. Figures 4.5 and
4.6 represent; (1) the monthly emission data provided directly from EDF compared to annual RIFE
values and monthly values calculated from operational procedure and blowdown events combined,
and (2) the daily data, operational procedure plus blowdown, compared to the annual RIFE values
for one AGR (Hinkley Point B), respectively.
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Figure 4.5: A comparison of the monthly data to the yearly RIFE and monthly values calculated
from the daily data (operational procedure and blowdown events combined) reported figures for
one nuclear power station (Hinkley B) over a three year period covering the measurement period.
Note that the monthly data is only month specific for one year.

All three methods of quantifying emissions are on a similar scale. The monthly reported values
provided directly from EDF and the daily data are similar to the RIFE report values. It is worth
noting that the month specific data was only provided from one year, 2014, when the majority of
measurements were made. Both the monthly values and the values calculated from the daily data
contain an average of the blowdown events across the month. The monthly data was provided directly
from EDF, the method this was reported is not known. The daily data was provided on a daily time
scale and averaged across each month, how this was reported was explained above. The most likely
reason for the differences between the monthly (reported directly from EDF) and daily emission data
is the effect the blowdown events that are accounted for in the daily data. This is because blowdown
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events normally happen over one or two days and are much larger in scale than the operational
procedure, this causes the monthly approximation from the daily data to be much larger. It is difficult
to understand why the monthly value is higher than the daily approximation in some months (for
example in March - June 2014). This would require further analysis of the monthly dataset which
has not been carried out for the work in this thesis. The most important take away message from
this figure is that the detail in variability of the emissions is not seen in the RIFE report or monthly
reported values. The scale of the blowdown events is an important result. This will be discussed
further when the blowdown events are shown on a daily scale.
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Figure 4.6: A comparison of the operational procedure and blowdown emissions to the yearly RIFE
reported figures for one nuclear power station (Hinkley B) over a three year period covering the
measurement period

When blowdown events occur the emissions are larger than the operational procedure emissions.
Although they are rare, this is key for this study because if a blowdown event occurs, these are not
accounted for in the model and there will be a substantial underestimation of the f f CO2 mole
fraction. For Hinkley B, blowdown events occurred on 4 % of the days in the three years that were
investigated. Of course, the measurement site could be effected by blowdown events from all reactors
and all will be considered when calculating the correction. However, this means, if these events can
be forecast and avoided when samples are taken, the nuclear correction is reduced. It would be
necessary to analyse the back trajectory before analysing the sample as the nuclear emission data is
not available until after the emissions have happened.

Correction applied to measurements

Using either the yearly, monthly or daily data has a large effect on the correction that is applied to
the specific measurements. In this section the correction that is required for the emissions from
the nuclear power stations will be considered. In Figure 4.7 the correction required for the data set
is plotted. First for the monthly data in Figure 4.7(Upper) and secondly for the daily data (Figure
4.7(Lower)).
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Figure 4.7(Upper) uses the monthly data which was extrapolated to give a daily correction, as was
done previously (Wenger, 2016), where the nuclear correction is on similar scale to the NASA CASA
biospheric correction. In Figure 4.7 the nuclear correction in f f CO2 mole fraction equivalent in ppm
is shown every day over the study time (blue line). The points shown in red represent the time that
flask measurements were taken and therefore the correction that was applied to each measurement.
The maximum correction that is applied to measurements is 0.79 h. The average correction applied
to measurements is 0.25 h. For the daily data the scale of the correction is much larger than for the
monthly data, Figure 4.7(Lower). This is because the blowdown events have been included in this
correction. Similar to Figure 4.7(Upper) the corrections have been calculated in f f CO2 mole fraction
equivalent in ppm and the blue line represents all days over the measurement time, the red crosses
are for each glass flask measurement. The majority, 88 %, of the times of measurements were taken,
the corrections are below 5 h. There are only five measurements where the correction is above 5 h
because the sample point is affected by a blowdown event at one of the reactors. 63 % of the time, the
correction that needs to be applied is less than 1.03 h which is the highest correction expected using
the monthly emissions. In Table 4.7, a summary of the maximum and average nuclear correction
applied for both the monthly and daily datasets is presented.
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Figure 4.7: (Upper) f f CO2 mole fraction equivalent theoretical nuclear correction that need to be
applied over the whole study period for nuclear 14CO2 emissions. Quantified using the monthly
data from all AGRs and lower frequency data from other reactors to calculate the correction that is
required for the measurements. (Lower) f f CO2 mole fraction equivalent theoretical nuclear correc-
tion that need to be applied over the whole study period for nuclear 14CO2 emissions. Quantified
using the daily data from all AGRs and lower frequency data from other reactors to calculate the
correction that is required for the measurements. The red crosses represent the times flask samples
were taken and therefore the corrections applied for each measurement.

Table 4.7 shows that the correction is larger for the daily data than for the monthly data. "All days"
refers to the calculation of the correction over the study period time whereas "of measurements"
refers to the actual corrections applied to the samples made. In each case, the correction maximum
and average is smaller for that applied to measurements than for all days. This is because times
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Variable measured Monthly data Daily data

Max of all days 1.03 31.46
Max of measurements 0.79 9.63

Average of all days 0.27 2.16
Average of measurements 0.25 1.61

Table 4.6: Summary of the maximum and average nuclear corrections required for both the monthly and daily
datasets

when there were large influences from the nuclear industry were avoided. The maximum correction
applied to all days is 31 times larger for the daily data compared to the monthly data, this is because
of the blowdown events that have a large effect on the correction. For the daily data, using times
when measurements were taken, the correction is less than 1.60 ppm for 70 % of the measurements
and less than 0.25 ppm for 30% of the measurements. For all times for the daily data, the correction is
less than 1.60 ppm for 65 % of the time and for 19 % of the time less than 0.25 ppm. This shows that,
in respect of the size of the nuclear correction, the samples taken are a good representation of the
correction and avoid large nuclear influences.

In future measurement campaigns, it will be possible to avoid the large corrections that are due
to blowdown events, by avoiding taking measurements when the air mass at the measurement site
has been influenced by a nuclear power station by using the forecasting tool that was presented
in Chapter 2. In addition, after samples have been collected but ideally before analysis, emission
data can be obtained from the nuclear power station and modelled as it has been here to show the
extent of the correction to each measurement. This will ensure blowdown events have not affected
the sample. This is necessary as the nuclear data is not available ahead of time.

4.4.3 Comparison of modelled and observed data

In this section the simulations of CO2, 13CO2 and 14CO2 are compared to the observations (Figure
4.8). The reason for doing this is it shows that the measurements and model simulations compare
well for all isotopes. Daily mean values are displayed for both modelled (blue line) and observed
data (black line, points). The uncertainty estimate (light blue area) includes the baseline uncertainty
and the emission inventory uncertainty. The uncertainties were investigated by calculating a Monte
Carlo ensemble of model runs (4000 runs) with perturbed background concentration and sector-
specific emissions. The background concentration was randomly altered within a factor of two of
the measurement uncertainty. The 10th to the 90th percentiles of the range of background values
was generated to estimate the uncertainty. The sector-specific emission maps were multiplied with a
randomly generated matrix, which allows each grid cell to vary between 50 - 150 %. The reason for
this is to ensure temporal emission variability is accounted for, but it is evident that the main source
of error was in determining the background uncertainty. The variability of background conditions
was set equal to the combined measurement uncertainty of the ∆14CO2. Large additions of f f CO2

mole fraction are required to be able to distinguish the signal from background uncertainty. About 2
ppm f f CO2 mole fraction is required to deplete 14CO2 by -5 h. At TAC this rarely happens and that
is before the nuclear and biospheric corrections are applied.
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The shaded blue areas in Figure 4.8 represent 95 % confident interval uncertainty of these simula-
tions. The TAC observations generally match the simulations well for CO2, with the exception of a
large peak in November 2014 that is significantly underestimated by the model. The seasonal cycle
of CO2 can also be observed with higher values in the winter and lower values in the summer due
to the uptake during photosynthesis in the biosphere. The 13CO2 simulations show comparatively
large uncertainties in the modelled data. All observations are within the uncertainty and there are
small differences between the observed and modelled values, except for the two measurements that
correspond to the large peak in CO2 where the observed value is lower than the modelled value.
The large uncertainty in 13CO2 was shown to be due to the net ecosystem exchange flux. The 14CO2

observations are in good agreement with the modelled values, again with the exception of the two
measurements that correspond to the large CO2 peak in November 2014 that is significantly under-
estimated by the model. The two 14CO2 samples taken during this time were more depleted than
the 14CO2 simulations. One measurement in June 2014 was significantly enhanced compared to the
model. This is due to nuclear emissions and will be discussed in more detail in the next section.

For the 14CO2 simulations, the uncertainty is estimated at approximately 5 h ( 1.8 ppm f f CO2

mole fraction equivalent). f f CO2 mole fraction equivalent describes how much recently emitted
fossil fuel would need to be in a sample to cause the equivalent depletion in 14C in h. The exact
conversion from f f CO2 mole fraction in ppm to 14C in h varies depending on the current atmo-
spheric background level of CO2 and its isotopes. The uncertainty is predominantly influenced
by the uncertainty of the 14CO2 background concentration as this was chosen to be double the
measurement uncertainty (> ± 4 h). This is not surprising as the ∆14CO2 observations have a large
measurement uncertainty, 1.8 h, ( 0.72 ppm f f CO2 mole fraction equivalent) associated with them,
and the measurement uncertainty was chosen as an indication of the background uncertainty. It
emphasises, however, that strong f f CO2 emission signals are needed to obtain∆14CO2 observations
that can be distinguished from the background. The fossil fuel influence is not always large enough
to break this threshold at the TAC site.

4.4.4 Calculation of f f CO2 mole fraction

The measurements made during the GAUGE project were used in this section to calculate f f CO2

mole fraction for each of the samples and compared to simulated mole fractions and δ values from
EDGAR (see Chapter 1). f f CO2 mole fractions at TAC were calculated using Equation 1.25. The
method followed was similar to the method used previously (Wenger, 2016; Wenger et al., 2019), that
was based on the methods used by (Turnbull et al., 2009). The difference between the methods using
in this thesis and (Wenger, 2016) are the nuclear and biospheric corrections used in the calculation.
The nuclear correction uses daily emissions from the nuclear industry and the biospheric correction
was calculated from an average of the three biospheric models. The daily emission data has been
used because it provides the highest frequency emissions. An average of the biospheric models was
used as, from the work in this thesis, this is the best estimate with the information available.

Prior to f f CO2 mole fraction calculation, samples with large ∆14CO2 were assessed. A value over
50 h was observed on 13th June 2014 at TAC. Careful consideration of the back trajectories of this
day showed air masses originating from the north west of England. In the north west of England there
are two active AGRs (Heysham 1 and Heysham 2). As well as the reprocessing site, Sellafield and two
decommissioned Magnox reactors, Calder Hall and Chapelcross. Analysis of the daily data from the
two AGRs revealed that there was large operational procedure leakage on the 11th and 12th of June
2014 at Heysham 1. At Heysham 2 there was a blowdown event from 11th - 14th June 2014, that was
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identified in the simulations using the daily nuclear power plant emission data. Both of these events
are likely to have vastly increased the 14C and therefore led to the high ∆14CO2 observed at TAC. For
this reason, this sample is removed from further analysis.

Two observations coincide with a CO2 enhancement that lasted approximately two weeks, ob-
served in Figure 4.8. Footprints calculated during this period indicate that the high CO2 values are
associated with an accumulation of emissions from a large geographical area over the UK and north
west Europe, due to an extended period of low wind speeds. The model appears to significantly
underestimate the amplitude of this peak. This period was excluded from our analysis, as it is so large
that it distorts the interpretation of all the other observations and it is likely that the model is not
representative of these conditions.

Figure 4.9 shows the observed f f CO2 mole fraction calculated from ∆14CO2 and the simulated
f f CO2 emissions from the EDGAR inventory. The emissions in the simulations are temporally
varying. The observed f f CO2 mole fraction (with no correction) is shown as a cross and f f CO2

mole fraction with correction applied is shown as a circle. The lines of best fit for each data set are
plotted as well as the 1:1 line for the EDGAR simulation. From this work it was calculated that 1 ppm
of f f CO2 mole fraction caused a depletion of approximately 2.5 h in∆14CO2, that agrees with other
work (Miller et al., 2012).

The difference between the corrected (circle) and observed (cross) data points in the graph from
this thesis are larger then the difference that was seen in the work done previously (Wenger, 2016;
Wenger et al., 2019). For reference Wenger et al. (2019) corrected values are also shown for reference,
green triangles in Figure 4.9. The reason for the larger difference is the nuclear correction with the
higher frequency data is larger then when the monthly data was used. This has been discussed
previously in the Section 4.4.2. From analysis of daily nuclear emissions data shows that when
the mismatch between modelled and measured is at its largest this corresponds to times when
a blowdown event was happening at one of the reactors and the emissions are larger during this
day. This may mean that the daily nuclear emission data are an overestimation, this was a caveat
when the data was provided from the nuclear industry, see Section 4.4.2. This should be considered
going forward with this method and a discussion of how this could be scaled to achieve a between
estimation would be needed. The majority of points are between 0 - 4 ppm. With the newly applied
correction there is a more even split above and below the expected 1 : 1 line in this region than
there was previously in (Wenger et al., 2019). Three measurements in this region now have very large
estimations once corrected, this means that either the model is underestimating the mole fractions
at these time or the application of the correction makes these measurements an overestimation of
the f f CO2 mole fractions. Before the corrections are applied most of the points are below the line
meaning an underestimation. For the previous work (Wenger, 2016) it was also the case that most
of the data were below the line, as the corrections were smaller. As mentioned above, the fossil fuel
influence is not always large enough to break the uncertainty threshold at the TAC site, the samples
between 0 - 4 ppm f f CO2 mole fraction represent where this is the case.

Above 4 ppm modelled f f CO2 mole fraction there were only 3 samples collected. Two of these
are between 4 - 6 ppm, the corrections on these data are large. For the first sample this means the
corrected point is closer to the 1 : 1 line whereas the second point corrected gives a higher value then
the model suggests. The final point, above 8 ppm, has a small correction and the corrected value
is closer to the 1:1 line. This shows the importance that, in the future, more targeted sampling is
required in order to have more measurements where the f f CO2 mole fraction is higher as statistically
it is not possible to draw strong conclusions from the small number of data points that were above
the measurement threshold.
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With all points from the last two paragraphs considered, the linear regression of each data set can
be interpreted. For the corrected dataset the line is closer to the 1:1 line than previously (Wenger,
2016), especially at the higher values compared to the lower values. The mean bias for the corrected
data was previously -0.46 and is now -0.63. The uncorrected bias is -0.79. The Mean Bias Error
(MBE) can indicate whether the model overestimates or underestimates the power output. The closer
the MBE is to zero the better the model is at estimating the output. This means that with the new
corrections the agreement with the model is worse. This is based only on the three measurements
at higher f f CO2 mole fraction so statistically this has low confidence, but is likely due to the large
variability that is now seen at the lower section of the plot. The R2 value (0.2 compared to 0.4) for
this line is low because of the large variability at the lower end of the curve and the small number of
samples with high f f CO2 mole fraction. The observed (uncorrected) linear regression has a higher
R2 value but is further from the 1:1 line, the reason for this is there is less variability than the corrected
values. The correction is not the same for all samples and this leads to more variability, hence the R2

for the corrected values being lower.

Overall, the uncertainties associated with ∆14CO2 measurements and modelled f f CO2 mole
fraction are large, whereas the f f CO2 mole fractions in the UK observed at the TAC tower are rela-
tively low. This means only very large deviations from the emissions inventories would be captured
by the 14C method. The combined measurement uncertainty is ± 5 h or 1.8 ppm CO2 equivalents.
The observed f f CO2 emission signal at TAC is frequently ( 50 % of observations) smaller than the
measurement uncertainty of the 14C method. The new corrections do not improve the agreement
between the modelled and measured f f CO2 mole fraction, some of the corrections applied to
measurements are now much larger. However, the higher frequency nuclear emissions were an
improvement as they provide information on when blowdown events happened and have effected
measurements.
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4.4.5 Biospheric and nuclear corrections at the Heathfield site

As at TAC (discussed above) corrections for the influence from the nuclear industry and the biosphere
are required. This section will look in more detail at the expected correction at the Heathfield (HFD)
site using the same methods as used at TAC.

The HFD measurement site is located 64 km south of London (50.98 ° N 0.23 ° E). This site has
been used for a range of GHG measurements and there are plans to extent this to more species
including 14CO2. The site is jointly managed by the University of Bristol and the National Physics
Laboratory (NPL). It is located 20 km from the coast and the largest conurbanation is 17 km NNE
from the tower, Royal Tunbridge Wells (Stavert et al., 2018). The surrounding area is > 90 % woodland
and agricultural green space with some residential (0.7 %) and light industry areas ( 0.3 %) (Stavert
et al., 2018). A large horticultural nursery is located only 200 m north of the tower (Stavert et al., 2018).

4.4.5.1 Nuclear correction

As was the case at TAC, measurements that will be made at HFD will require a nuclear correction to
account for the 14CO2 emissions from nuclear power stations. The high frequency data that was used
for the correction at TAC has been used to calculate the theoretical correction at HFD.

The nuclear correction (Figure 4.10) is similar in scale to the TAC nuclear correction above. The
theoretical correction that would need to be applied to measurements over the time period June
2014 to January 2017 is presented. The correction was calculated using the same method that was
presented above. The daily emissions of 14CO2 from AGRs including operational procedure and
blowdown event data was used. The values are plotted as f f CO2 mole fraction equivalent in ppm.
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Figure 4.10: f f CO2 mole fraction equivalent theoretical correction that needs to be applied over
the time period June 2014 to January 2017 for nuclear 14CO2 emissions at HFD. Calculated using the
daily data from all AGRs and lower frequency data from other reactors to calculate the correction
that is required for the measurements.
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Table 4.7 provides a summary of the nuclear correction data presented. The maximum correction
that would need to be applied is 28.27 ppm which is due to a blowdown event at Dungerness B, the
geographically closest nuclear power station to HFD. The minimum correction that would need to be
applied is 0.00026 ppm. The average correction is 2.23 ppm with a standard deviation of 3.00 ppm.
This shows that there is a large range of correction, but overall similar to TAC.

Variable f f CO2 mole fraction equivalent

Maximum 28.27
Minimum 0.00026

Average 2.23
Standard deviation 3.00

Table 4.7: Summary of the theoretical nuclear correction applied at HFD, including the maximum, minimum
correction, the average correction and the standard deviation.

By using triggered sampling, samples can be collected when nuclear 14CO2 influences are low.
This will be achieved by using back trajectories to aid the selection of sampling times when the
air mass was not influenced by the nuclear power stations. In addition, before the flask sample is
analysed it would be possible to use the nuclear industry data, which is only available after the event,
to ensure no large influences occurred when the sample was taken.

Blowdown events have a large influence on the correction, if samples are taken when they occur.
If samples are taken to avoid blowdown events, 87 % of the time the correction is below 5 ppm and
46 % of the time it is below 1 ppm at HFD. Therefore, if sampling can be triggered when blowdown
events are not occurring or back trajectories are used to confirm that a sample will not be influenced
by blowdown events before analysis, the nuclear correction is small. This is similar to TAC where the
correction was below 5 ppm for 88 % of the time. In terms of the nuclear correction this mean results
from HFD are likely to be similar to those from TAC.

4.4.5.2 Biospheric correction

It is important that a correction is applied for the biosphere as has been discussed for TAC. The
method, that was outlined for TAC above to calculate the biospheric correction has been used in this
section to calculate the theoretical correction for the biosphere at the HFD site.

The biospheric corrections for HFD over the time span August 2014 - August 2015 is presented
in Figure 4.11, it is small in comparison to the nuclear correction and similar magnitude to the
correction for the biosphere that was applied to the measurements at TAC. Table 4.8 provides a
summary of the corrections applied.
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Figure 4.11: f f CO2 mole fraction equivalent theoretical correction that needs to be applied over
the time period August 2014 to August 2015 for biospheric correction for the HFD site. It was calcu-
lated using three different biospheric models, NASA CASA (turquoise), JULES (blue), CARDAMOM
(green).

Model NASA CASA JULES CARDAMOM

Maximum 1.19 0.86 0.61
Minimum 0.06 0.03 0.02

Average 0.35 0.19 0.15
Standard deviation 0.20 0.14 0.10

Table 4.8: Summary of the theoretical biospheric correction applied at HFD, including the maximum, minimum
correction, the average correction and the standard deviation shown in f f CO2 mole fraction equivalents.

The NASA CASA derived correction gives the largest correction. The maximum correction for
the biosphere calculated for HFD is 1.19 ppm ( f f CO2 mole fraction equivalent) and the average
correction is 0.35 ppm. Using the JULES model the correction required is lower with a maximum of
0.86 ppm and an average of 0.19 ppm. The correction calculated using CARDAMOM is similar to
JULES but slightly smaller with a maximum of 0.61 ppm and an average of 0.15 ppm. This result is
similar to the result that was observed at TAC.

The correction required at HFD is no larger in magnitude that the correction required at TAC.
The corrections at the two sites, HFD and TAC, vary similarly over time. This is likely to be due to
the seasonal changes that alter hetrotrophic respiration and atmospheric transport as the sites are
only just over 180 km apart from each other. Although, the examination of the correction for TAC
showed that there was spacial differences in the biospheric models the magnitude of this is masked
by the magnitude of the seasonal changes. Overall, the biospheric correction is an order of magnitude
smaller than the nuclear correction.
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The corrections for the nuclear industry and biosphere are of similar magnitudes at HFD and TAC.
Therefore, in respect of the corrections that are required HFD is theoretically an acceptable site for
14CO2 measurements.

Now that the results have been presented and explained the next section with discuss the future
of 14CO2 measurements for f f CO2 mole fraction quantification in the UK, enhancing the under-
standing we already have from the results presented here. After this the conclusions section will bring
all the points from this chapter together.
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4.5 Discussion

In this discussion section, the results presented above will be discussed further in the context of
the the future of 14CO2 measurements for f f CO2 mole fraction quantification in the UK. This will
include: (1) A discussion of uncertainty; (2) the impacts of the nuclear emissions in the UK; (3) source
sector apportionment and (4) a fossil fuel monitoring strategy.

4.5.1 Uncertainties in 14CO2 Calculation

This section looks at how measurement uncertainty is calculated, it then considers the current
uncertainty that has been recorded on recent measurement campaigns.

The measurement uncertainty in 14CO2 derived f f CO2 mole fraction estimations is calculated
using measurement induced variance σ(CO2 f f )2 assuming Gaussian uncertainty. It is calculated by:

σ(CO2 f f )2=
(
CO2meas

∆14Cbg-∆
14Cmeas

∆14Cbg+1000

)

×
((σ(CO2meas

CO2meas

)2
+

σ2
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+σ2
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2
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)2
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(∆14Chr-∆14Cbg )

2
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∆14Cbg
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)2
)

(4.6)

(Graven et al., 2018)

The current best obtainable precisions from work in this thesis (Chapter 3) and previous work
(Graven et al., 2007; Turnbull et al., 2010) is 2 h. The study of measurements at the TAC site (Chapter
4) showed that a f f CO2 mole fraction of 1 ppm caused a depletion of 2.5 h. This leads to a ratio of
2.5 hppm−1. This means that a measurement uncertainty of 2.0 h relates to f f CO2 mole fraction
uncertainty of 0.7 ppm (Turnbull et al., 2009).

With current and planned mitigation measures, f f CO2 emissions are expected to reduce. There-
fore, the depletion in 14C caused by f f CO2 mole fraction will decrease. It is important that these
reductions are measured to ensure emission reduction targets are reached. Therefore it is important
that the measurement precisions can be improved in order to provide better estimates of f f CO2

mole fractions. Going forward this should be a key part of future studies using 14CO2 to estimate
f f CO2 mole fraction.
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4.5.2 Nuclear 14CO2 emissions

From the results presented above, the scale of the blowdown events is an important result for the
nuclear correction which is an essential consideration for 14CO2 estimations of f f CO2 mole fraction
in the UK. The nuclear correction is significant in comparison to the depletion caused by f f CO2

emissions in the UK. However, it will be possible to minimise the magnitude of the correction by
following two steps during sample collection:

1. Using a trigger to collect samples whereby samples are collected when the effect on the mea-
surement site from nuclear power stations is minimal.

2. Using back trajectories with nuclear 14CO2 emissions data after a sample has been collected to
ensure that the samples have not been effected by nuclear 14CO2 emissions.

In the future, the nuclear correction that will be required in the UK in the next 10 to 20 years is
likely to decrease. Figure 4.11 shows a time line of the 14CO2 emissions from the nuclear industry
from 1995 to 2015. The emission of 14CO2 from the nuclear industry in the UK in 2015 was half the
emission at the peak in the last 23 years in 1998. These are likely to decrease further as reactors
are upgraded and current reactors are decommissioned. The drop seen in Figure 4.11 is from the
decrease in Magnox reactors which and the highest emitters of 14CO2 in the UK which were replaced
with AGRs. Currently most reactors in the UK are AGRs the second highest emitters. However, these
are likely to be retired in the next 10 to 20 years and will be replaced by lower 14CO2 emitting reactors,
PWRs.
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Figure 4.12: Nuclear power stations 14CO2 emissions time line for the UK data taken from RADD for
the years 1995-2015. Emissions are shown in GBq / year.

Decommissioning of AGRs is planned to start in 2023 and be completed by 2030, Table 4.9. This is
already evident at Hinkley B, where the Magnox reactor Hinkley A was retired in 2000 and replaced
by Hinkley B in 1976, an AGR. The expected decommissioned date for Hinkley B is 2023. Hinkley C
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which will be a PWR is currently being constructed and is planned to be on line by 2025. As more
AGRs become decommissioned and replaced with PWRs, nuclear 14CO2 emissions in the UK will
decrease. This will be favourable for the 14C method of estimating f f CO2 mole fraction.

Nuclear power station Expected decommission year

Hinkley Point B 2023
Dungerness 2028

Heysham 1 + 2 2030
Torness 2030

Hartlepool 2024
Hunterston 2030

Table 4.9: Expected decommission dates of AGRs in the UK

One emission type that has not been discussed in detail so far in this thesis is the reprocessing
sites. There are two reprocessing sites that influence 14CO2 in the UK, La Hague in Northern France
and Sellafield in the North West of England. Currently the emissions from these sites are calculated
yearly and the variability in the emissions from these sites has not been considered. In the future it is
important that further research is done to look into the variability in emissions from these sites and
to include this in the nuclear correction.

The extent of the nuclear correction in the future has been considered. In the next 10-20 years it is
predicted the AGRs, which release large amounts of 14CO2, will be decommissioned. This will mean
that the nuclear 14CO2 emissions will be significantly reduced and the correction required will be
less significant when compared to the size of f f CO2 emissions.
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4.5.3 Fossil fuel monitoring strategy

An important consideration for future 14CO2 measurements in the UK, which would use the HFD
site, is how often is f f CO2 mole fraction high enough for the 14C method. The reason this is neces-
sary is that the difference between the polluted site and the background site must be greater than
the uncertainty in the 14C method for the estimation the be statistically confident. This has been
discussed in this thesis as in the previous study at TAC the measurements were rarely high enough to
meet the threshold. As was discussed above, the measurement uncertainty has been calculated to 2
ppm f f CO2 mole fraction equivalents.

In Figure 4.13 f f CO2 mole fraction has been modelled over the time span June 2014 to February
2017 using the EDGAR emission inventory to calculate how often the sampling conditions are high
enough for the 14C method at HFD. From this modelled data f f CO2 mole fractions are higher than 2
ppm 66 % of the time. Meaning that 66 % of the time, depending that other conditions are correct
measurements can be made. With automatic or remote triggered sampling this should mean that
samples can be taken when f f CO2 mole fraction is at its highest and this should vastly improve the
amount of measurements that capture higher f f CO2 mole fraction.
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Figure 4.13: f f CO2 mole fraction estimated at HFD using the EDGAR inventory and NAME model
to calculate the expected f f CO2 mole fraction signal over the time period June 2014 - December
2016.

The f f CO2 mole fraction at HFD is higher than TAC, where for the 2014 -2015 study f f CO2 mole
fraction was only higher than 2 ppm 50 % of the time compared to HFD where is was 66 % of the time
over the same time period. However, careful consideration will be required in the future to assess
if f f CO2 mole fraction is high enough for the 14C method when the background begins to rise as
discussed previously and f f CO2 emissions decrease.
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4.6 Conclusions

This study has provided a valuable insight into the use of 14CO2 measurements in the UK and how
the nuclear and biospheric corrections add uncertainty to the measurements. The three biospheric
models provide a similar correction for hetrotrophic respiration in the biosphere. The corrections are
of similar magnitude, the NASA CASA model applies the largest correction to the measurements and
CARDAMOM applies the smallest but is very similar to the JULES model. The daily nuclear emissions
data showed that average correction increased by an order of magnitude compared to the monthly
data because of the inclusion of blowdown events (releases due to venting of the reactor). The scale
of the blowdown events is an important result. This is because the blowdown events included in
the daily data result in a correction up to 31 times larger that the correction for the monthly data.
However, if measurements are taken to avoid blowdown events, estimated as 63 % of the time, the
average correction required is of similar magnitude to average biospheric correction and average
monthly nuclear correction. Therefore, it is vital that measurements are taken to avoid blowdown
events.

Comparisons of f f CO2 mole fraction modelled and measurements showed that the correction
calculated with the daily data does not improve the agreement between modelled and measured,
some of the corrections, especially at low f f CO2 mole fraction, applied to the measurements are
now much larger. The reason for this is likely because the measurements where there is the largest
mismatch between modelled and measured is when blowdown events happen at one of the reactors
in the UK. In this study the majority of samples were taken when f f CO2 mole fraction was below
4 ppm. However, the higher frequency nuclear emissions are useful for providing information on
when blowdown events happen and have effected measurements. In the future, further analysis with
more targeted measurements will be required to fully assess if the daily emission data can improve
the estimation of f f CO2 mole fraction using radiocarbon.

The largest issue with using 14CO2 observations from TAC for national emission estimates is that
the measurement uncertainty is often higher than the observed and predicted depletion in 14C . This
presents the importance of future measurements being triggered to be taken when f f CO2 mole
fraction is higher and the corrections required are lower.

Our analysis of the HFD tall tower site for 14CO2 measurements shows that if triggered sampling is
used this could lead to better results than at TAC. This is because from the source sector analysis and
fossil fuel monitoring strategy the f f CO2 mole fraction is higher at HFD than TAC. This means that
the difference between background and polluted sites will be larger and higher than the measurement
uncertainty. The extent of the nuclear and biospheric corrections was predicted to be similar at both
sites.

Improvements to 14C measurements in the UK can be achieved by using higher frequency, auto-
mated measurements. Samples could then be stored before analysis to allow for assessment of their
back trajectories and mole fraction information about trace compounds such as CO and assessment
of nuclear blowdown events and emissions of 14CO2 from the nuclear industry as well as assessment
of the biospheric correction before 14CO2 analysis.
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CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK

Atmospheric GHG measurements are a vital tool that can be used to better understand GHG emis-
sions and inform the development of emission-reduction policies, which form part of the 2015
Paris Agreement. The work in this thesis contributed to the ongoing attempts to use atmospheric
measurements to quantify f f CO2 emissions and verify emission inventories. The verification of
current f f CO2 emissions and identification of successful emission-reduction policies is not only
extremely important for the regions they have been investigated in but also for future policies to other
regions around the world. Systematic ∆14CO2 observations are helpful in reducing the uncertainty in
regional f f CO2 emission estimates.

The outset of this thesis was to improve the use of ∆14CO2 measurements to estimate anthro-
pogenic CO2 emissions in the UK. This research is needed because 14C is potentially one of the most
useful tracers to separate natural and anthropogenic CO2 fluxes, but atmospheric 14CO2 observa-
tions are sparse. This is because they are expensive, logistically difficult, require a large dedicated
instrument for analysis and a convoluted extraction procedure is required to prepare the sample.
Additionally, although 14CO2 derived f f CO2 mole fraction estimations have been used elsewhere
(Turnbull et al., 2015; Graven et al., 2007; Levin et al., 2010), modelling studies have shown that in the
UK the presence of nuclear power stations may make the method more difficult and less scientifically
useful (Graven and Gruber, 2011; Bozhinova et al., 2014). Work carried out in this thesis has shown
that although the 14CO2 measurements are difficult, scientifically useful information can be obtained
if methodology improvements are made. The improvement and assessment of the 14C method in the
UK has been achieved by: (1) the creation of an integrated sampling unit that is capable of collecting
whole air samples over the period of hours; (2) the installation at the BRAMS facility of an extraction
line, similar to those used elsewhere with precision within the WMO guidelines; (3) the design and
execution of a novel extraction method with precision similar to the highest precision obtained
elsewhere; (4) improving the correction calculated for nuclear power station emissions by using daily
emissions reported from each station; (5) investigating the biospheric correction using different
biospheric models.

We addressed our first research question, "How can the sampling method for 14CO2 measure-
ments be improved for measurements in the UK?", in Chapter 2. An Integrated Sampling Unit (ISU)
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was developed based on the system developed by Turnbull et al. (2012) but with a continuously
adjusted weighted function flow rate. The system works by flushing a large volume with whole air
using an exponentially decaying flow rate. This means an equal contribution from each second of
the integration time will be in the volume at the end of the integration time. This improves the sam-
pling in the UK by providing a method suited for the conditions. Previously, the sampling methods
available were instantaneous flask sampling which collected a sample that was difficult to compare
to modelled emissions; or integrated NaOH samples which are collected over weeks or monthly, and
therefore, in the UK would contain a mixture of depletion seen from f f CO2 emissions and enhance-
ment nuclear 14CO2 emissions. The improved method developed in this thesis, uses a sampling
time (hours) that is long enough that the measurement can be compared to models but the sample
can be selectively taking using the remote automated trigger to avoid nuclear 14CO2 emissions and
capture high f f CO2 emissions. The ISU’s performance was assessed by measuring CO2 input to
the system using this to calculate the expected CO2 of the flask sample which was then measured at
compared. The average difference was -0.07 ± 0.38 ppm, slightly larger than that on Turnbull et al.
(2012)’s system but this was attributed to the larger CO2 mole fraction variation observed at our
urban measurement site compared to the rural site used in Turnbull et al. (2012). The difference was
not considered significant compared to the uncertainty of the Picarro (0.016 ppm).

For the future of 14CO2 measurements, it is recommended that integrated samples are used
as these will be easier to compare to modelled data. Triggered samples should be used whereby
conditions are assessed before a sample is taken. Prior to the sampling campaign the ISU will be taken
to site and tests performed to confirm that the system performs as well in the field as comparable
sampling systems.

Chapter 3 discussed the second step in the procedure, the extraction process and answers the
second research question, "Using the new radiocarbon facility in Bristol, what is the best method
for extraction of CO2 for 14C analysis?". The first system, a traditional extraction line based on
extraction line designs available in the literature (Turnbull et al., 2007, 2010) was constructed and
tested. The precision obtainable from this method was 3.47 h, this is within the WMO guidelines
(2 - 5 h) however, not as good as the best precision that is currently obtained by Turnbull et al.
(2007); Graven et al. (2007). This leads us to the second part of this research question by changing
the extraction method, "Can improvements on the extraction process be made?". The final section
of Chapter 3 presented an alternative new method of the extraction process where a whole air flask
sample was trapped directly on the zeolite trap of the graphitisation equipment. The precision
obtainable by this method was 2.0 h which is comparable to the precision achieved by other 14C
laboratories and therefore, we showed that this direct extraction method is comparable to other
cryogenic extraction lines in terms of precision, however it has other advantages that particularly
benefit our set up at BRAMS and may benefit others. These benefits include: (1) no need for a separate
extraction line as the system can be coupled to the Automated Graphitisation Equipment (AGE3)
meaning the system takes up less space, (2) there is no need for liquid nitrogen, decreasing the
chemical demands and improving the safety aspect of the process, and (3) in our case the new
method required less time for sample extraction and there are less transfer steps.

An automated direct extraction system that I conceptualised and designed has been constructed
by Swagelok Bristol based on the direct zeolite trapping method. In the future, it will be integrated to
the AGE3 system meaning that the seven flasks or seven pairs of flasks can be attached at the system
set up and it will be capable of automatically loading and subsequently graphitising the samples. With
this more automated system we expect precision to improve as there will be less manual intervention
that is expected to introduce contamination.
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In Chapter 4, we used data from the GAUGE project to investigate if the corrections that are
applied in the calculation of f f CO2 mole fraction can be improved. We first examined the nuclear
correction and addressed the third research question, "What effect does using daily nuclear power
station 14CO2 emissions for the corrections have on the measurements and how does it compare
to monthly data?". The daily nuclear emissions data showed that average correction increased
by an order of magnitude compared to the monthly data because of the inclusion of blowdown
events (releases due to venting of the reactor). The daily nuclear emission data was an important
result. This is because the blowdown events included in the daily data result in a correction upto
31 times larger that the correction for the monthly data. However, if measurements are taken to
avoid blowdown events, estimated as 63 % of the time, the average correction required is of similar
magnitude to average biospheric correction and average monthly correction. Therefore, it is vital
that measurements are taken to avoid blowdown events. Using the GAUGE measurement data to
calculate f f CO2 mole fractions it was observed that the agreement between measured and modelled
was not improved using the daily nuclear emission data. This was because for some measurements
the corrected f f CO2 mole fraction was high than the model estimated. These cases all linked to
when there was a blowdown event at one of the reactors indicating that the nuclear correction may
be too large, as was a caveat when the nuclear emissions data was supplied. This means that in the
future it may be necessary to apply a scaling to these emissions.

In the future it will be important to use daily emission data for calculating the nuclear correction
to ensure that blowdown events are accounted for. It will also be necessary to consider the nuclear
reprocessing plants at Sellafield and La Hague as for the work in this thesis their emissions were
assumed to be constant throughout the month, however, this is likely not the case and these should
be further investigated.

Chapter 4 also examined the biospheric correction, addressing the fourth research question, "Can
the biospheric correction be improved by using a different biospheric model? What effect do dif-
ferent models have on the correction?" The three biospheric models provided a similar correction
for hetrotrophic respiration. The NASA CASA model applies the largest correction and CARDAMOM
the smallest which was similar to the JULES model. The biospheric correction was similar in magni-
tude to the nuclear correction (with blowdown events discounted). A mean average of these models
should therefore be used for calculating the biospheric correction in the future.

In summary, the deliverables and recommendations for future work for 14CO2 derived f f CO2

mole fraction estimates in the UK, that are going to be carried out as part of the DARE UK project,
are:

1. Samples should be collected over the period of hours using the Integrated Sampling Unit (ISU).

2. The extraction procedure should be performed using the newly designed, automated extraction
equipment constructed by Swagelok Bristol and based on the manual system that was designed
and tested as part of the work of this thesis.

3. The correction that is required for the emissions of 14CO2 from the nuclear industry should be
calculated using daily emission values that are obtainable from the nuclear industry through
links that have been formed as part of the work of this thesis, although a scaling to these
emissions may be required.
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APPENDIX A

6.1 Instructions for the Integrated Sampling Unit

When setting up on site check that the ISU is connected to the inlet line after the Picarro and this line
valve is open, this is connected to the large volume attached to the flask unit.

(a) (b)

Figure 6.1: a) ISU unit b) connection to Picarro

Load six flasks connecting both the IN and OUT connectors and ensure all seal – by twisting on.
Open the green valves on the six flasks by turning one complete turn, take care not to over open as
this could lead to a leak.
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(a) (b)

Figure 6.2: a) One flask with both connectors b) Six positions for flasks

Check both the ISU and the laptop are plugged in and switched on.

Login to the laptop. Remote access

Figure 6.3: Remote Desktop

Launch remote desktop connection (available on software centre) Add the following details
Computer: IT067320.users.bris.ac.uk Username: IT067320 IT067320-Admin

• Click connect, add the password (provided) then click ok

• From laptop control or remote access

• The ISU is controlled with LabVIEW. Start-up laptop, login to Admin (password provided) and
launch LabVIEW 2017, open ISU newdate format.vi
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• Set the Operator Name: your name, the Mass Flow Controller to COM 5 Slave 1, the Pressure
gauge to COM 4 and select the flask number to the one being collected.

Figure 6.4: LabVIEW Front Panel

When conditions are ideal for sampling a sample can be collected. A 5-minute flushing time will
proceed the hour sampling time followed by pressurisation of around 1 minute.

Processing error tests

NI-DAQs can be tested using NI MAX:

• Launch NI-MAX while connected to ISU

• Device 1 and 2 will appear under Devices and Interfaces on the RHS

• Click on these then at the top create new task

• Following the options: Click play and test each channel

• Note: Only one device can be tested at once

Pressure testing

• To ensure the flasks are pressurised the LabVIEW code pressure test.vi can be run

• Note: This only pressurises the flasks if running this multiple time, the flask unit must be
disconnected from the large volume to avoid creating a vacuum in the volume.
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Set up of the programme

The programme was written in LabVIEW 2017. The automated parts of the system are solely controlled
with the LabVIEW programme. The hardware controlled is: (1) MFC, (2) pressure gauge, (3) pumps
and (4) valves. All four components are connected to a laptop that runs LabVIEW via Universal Serial
Bus (USB). The laptop can be logged into remotely using remote desktop, details on this are below.

The MFC and pressure gauge have their own prewriten LabVIEW drivers from red-y and Keller
respectively. These drivers were used directly in the programme written to control the ISU. The
pumps and valves were controlled by two NI DAQ devices. NI DAQ’s can be controlled with an inbuilt
part of LabVIEW, DAQ Assistant. DAQ Assistant is part of NI MAX (Measurement and Automation
Explorer) which is part of the LabVIEW software. NI MAX can be used for the set up of a DAQ devices,
it is also the software used for dealing with errors in LabVIEW. The home screen for NI MAX is shown
in Figure 6.5. When the computer is connected to the NI DAQ devices, these are displayed under
"Devices and Interfaces" on the right hand side panel. The first step in the set up of the DAQ device is
to configure achieved by right clicking the device name.
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The next step is to set up a task for the DAQ channel. Conceptually, a task represents a measure-
ment or signal generation that is perform. A task is one or more virtual channels with timing and
triggering properties. A virtual channel maps a name to a physical channel and its setting e.g. input
terminal connections. A physical channel is a terminal which can measure or generate digital or
analogue signals. In our case we will be generating digital signals to switch the pumps or valves on or
off.

A new task is created by the following steps:

• Click create task on the top menu of NI MAX

• Selecting generate signals

• Selecting the I/O type

• Selecting the physical channel and clicking next

• Naming the task and clicking finish

• A task can be tested by clicking run

Tasks are displayed in DAQ Assistant. Tasks were used to set up and control each of the pumps
and valves, the DAQ Assistant of one valve is shown in Figure 6.6.
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Within DAQ Assistant the run button can be used to test the DAQ channel by switching the
"DigitalOut" button. By clicking "Show details" the physical channel the task responds to is presented.
Table 6.1 shows the pumps and valve number and responding physical channels are reported.

valve DAQ channel

1 2 7
2 2 6
3 2 2
4 2 5
5 2 4
6 2 3
7 1 3
8 1 2
9 2 1

10 1 4
11 1 5
12 1 6

pumps 1 1
out valve 2 0
in valve 1 7

Table 6.1: Summary of control channels of DAQ devices: item of control, DAQ device and channel

Once the DAQ control of the pumps and valves and the drivers for the MFC and pressure gauge
was set up, the construction of the LabVIEW programme to control the ISU could begin. There are
multiple processes that have to happen in series and parallel. The easiest and best way to do this in
LabVIEW is to use loops. A brief overview of the types of loops used in the ISU programme will be
discussed next.

While loops perform until certain conditions are met and then end. They allow repetition of the
code inside them until something changes. Case structures are also used, these are used where the
user or programme has to choose an option. These can be boolean controlled, true or false, or integer.
Only one case can be run at a time. Stacked sequence structure execute sections of code sequentially.
They return data only after the last frame is executed.

The example code for the MFC contained a stacked sequence structure and this was used as
the basis for creating the ISU programme. Case structures were used to add detail about different
flasks and while loops were used to control the integration time. In the next section, the steps in the
procedure and how this relates to the LabVIEW code will be discussed.

The details and how these relate the the LabVIEW code are included in Figures 6.7 and 6.8 and
the steps to set up the programme in the LabVIEW front panel (Figure 6.7) and the parts of code on
the block diagram (Figure 6.8 that refer to the steps will now be explained in detail. Each point that
is described below is numbered corresponding to the labels in the figures. The colours used in the
figures respond to the steps of the procedure that was explained in Figure 2.7. For the LabVIEW front
panel (Figure 6.7):
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1. Before the procedure can begin the operator must input the MFC and pressure gauge COM
port and slave address variables along with the flask to be sampled into and the operator name.

2. The programme records: (a) the minutes since the programme was started and (b) the minutes
since the integration time started.

3. Once the integration time has begun the current result (generated by the equation), setpoint
(flow rate given to the MFC, normally the same as the flow rate) and flow (the actual flow rate
that happens) are displayed and each plotted separately.

4. The current pressure is also constantly displayed throughout the sampling time but is most
useful when the flask is pressurised.

5. There is a boolean which switches when the flask has pressurised.

6. An additional part on the front diagram is that the state of the moving coil of the MFC is
displayed.
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Similarly, for the LabVIEW block diagram which contains the code that controls the system and
the steps have again been colour coded. The numbers refer to the points that are outlined here:

1. Open the in valve.

2. Close the exit valve.

3. Switch on the pumps.

4. Open a pair of valves for one flask, there is a case for each flask, it is selected by the operator
from the front panel.

5. The MFC is then initialized using the red-y drivers.

6. The timer then starts, the second clock checks that there is no difference between the two
loops.

7. The minutes from the start is recorded to confirm that the flush time occurs.

8. The time for flushing is set (in minutes).

9. The flow rate is set to 0.4 L/min for the flush time.

10. Once the flush time is complete the integration time starts and is continued if the time is less
than 60 minutes.

11. The equation is set up for the weighting function and is recorded.

12. All flow rates are set to be less than 6 L / min.

13. After the integration time the flask exit valve is closed, there is a case for each flask.

14. The system entrance and exit valves are closed.

15. The weighting function data is all recorded in a .txt file.

16. The pressure gauge is set up using code from the drivers.

17. The pressure is recorded.

18. The boolean switches when the flask pressurises.

19. The pumps are switched off.

20. The exit valve of the flask is closed, there is a case for each flask.

157



CHAPTER 6. APPENDIX A

1.

2.

3.

4.

5.

7.

6.

8.

10.
13.

14.

11.

12.

9.

10.

15.

17.

16.

18.
19.

20.

Figure 6.8: Screen shot from LabVIEW block diagram depicting the sections of the code and what
they control
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6.2. SUMMARY OF ALL FLASK TO IN SITU COMPARISONS CARRIED OUT ON THE ISU SYSTEM

6.2 Summary of all flask to in situ comparisons carried out on the ISU
system

Table 6.2: All data from flask to in situ comparisons carried out on the ISU system comprised of the sample
number, the average mole fraction of the in situ CO2, the simple mean difference from in situ and flask
measurements and the standard deviation of the in situ data.

Sample number mean in situ CO2 in situ - flask CO2 standard deviation in situ CO2

1 421.77 0.15 4.71
2 421.77 0.22 4.71
3 418.70 0.53 1.95
4 418.70 0.50 1.95
5 415.00 -0.41 2.73
6 415.00 -0.34 2.73
7 413.35 0.71 2.76
8 413.35 0.32 2.76
9 412.89 -0.82 1.81
10 412.89 -0.58 1.81
11 415.88 1.38 2.55
12 415.88 1.17 2.55
13 424.19 -0.02 11.58
14 430.90 -0.25 2.46
15 429.90 0.09 1.90
16 432.40 0.02 1.98
17 436.28 -0.29 3.29
18 425.57 0.002 3.00
19 422.50 -0.52 4.23
20 491.10 0.32 18.52
21 469.18 0.03 3.88
22 465.13 0.04 3.97
23 455.39 0.02 3.26
24 454.73 0.04 3.24
25 456.61 0.63 3.58
26 418.71 -0.16 5.23
27 421.85 0.01 4.71
28 422.54 -0.63 4.60
29 420.56 -0.91 8.67
30 420.51 -0.53 6.72
31 419.63 -0.56 6.72
32 417.44 -1.11 4.96
33 418.73 0.0004 2.75
34 417.94 0.09 9.11
35 417.33 0.02 7.25
36 417.71 -1.51 4.89

Continued on next page

159



CHAPTER 6. APPENDIX A

Continuation of Table from previous page
Sample number mean in situ CO2 in situ - flask CO2 standard deviation in situ CO2

37 419.64 0.03 6.78
38 411.85 -0.14 1.87
39 417.92 0.07 7.71
40 427.09 -0.20 4.04
41 422.37 0.002 4.60
42 421.27 0.62 2.92
43 436.80 -0.01 4.95
44 428.50 0.20 0.78
45 432.66 -0.01 3.24
46 482.57 -0.40 26.81
47 434.63 -0.55 7.35
48 416.49 -0.12 1.42
49 416.73 0.06 3.00
50 418.32 -0.88 3.50
51 428.00 0.03 7.94
52 428.33 -0.29 7.02
53 438.07 0.07 18.91
54 430.08 -0.005 7.33
55 444.86 0.06 49.51
56 425.23 -0.75 9.00
57 422.75 -0.06 10.13
58 421.41 0.01 5.17
59 424.65 0.06 9.38
60 424.87 0.03 11.18
61 427.72 0.0004 5.20
62 432.65 -0.27 8.63

6.3 Results from radiocarbon samples collected on the ISU

Date collected Time collected sampling height CO2 mole fraction / ppm ∆14CO2 / h

08/01/2018 09:19 10 m 431.3 -20.3
12/01/2018 09:04 10 m 533.3 -111.7
16/01/2018 09:39 10 m 420.3 -5.9
17/01/2018 10:14 30 m 417.9 44.4
22/01/2018 15:41 10 m 422.1 -20.3
23/01/2018 13:08 10 m 412.2 -0.31
24/01/2018 12:23 30 m 420.0 9.3

Table 6.3: Collection of radiocarbon samples using the ISU and analysed at BRAMS.
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6.4. INSTRUCTIONS FOR MANUAL EXTRACTION LINE

6.4 Instructions for Manual Extraction Line

The steps of the extraction process are as follows:

• Evacuation of lines – all connections are evacuated and tested for leaks, before starting each
extraction, air must be evacuated from the water trap before it is immersed in the cryobath /
cooled. Flask taps closed. All valves are opened, including the needle valve.

• Evacuation of exetainer – valves opened to evacuate exetainer until pressure remains constant
when vacuum shut off. Label added to exetainer.

• Set up traps - The l N2 trap is set up (-196 °C) and the cryobath is cooled to – 90 °C (sensor and
silicon oil). CO2 trap immersed in l N2 to cool. Water trap is immersed in cryobath. Traps left to
equilibrate.

• Flow control - Sample flows through the system at a rate that maintains a maximum 6 Torr in
the system, evacuated to 1 Torr. Sample flows at 200 mL/min this is controlled by the needle
valve. Firstly water condenses in the water trap, next the CO2 freezes in the CO2 trap. The flow
rate has to be slow to ensure that C H4 or O2 are not captured. A vacuum gauge is used to keep
CO2 trap between 3.5 and 4.0 Torr. Takes 50 minutes.

• CO2 quantification – CO2 is isolated by remaining frozen and the rest of the air removed using
the vacuum pump. Valve closed, l N2 removed from the CO2 trap allowing this trap to warm.
l N2 placed around the calibration volume allowing cryogenic transfer to a known volume.
Volume of CO2 quantified (measured by residual pressure). Sample size is commonly 0.4-0.5
mg C. Any non-condensable gases that may have remained are pumped away. The l N2 trap is
removed and the CO2 is able to sublime.

• CO2 transfer – Valves to system closed, valve to needle opened. Glass vial placed on needle off
port. Exetainer cooled with l N2 transferred to needle off port and CO2 transferred cryogenically.
For the standard commonly extract double this and split it into two aliquots under equilibrium
conditions. Samples are then stored in closed Pyrex storage vessels transferred to these using a
needle.
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6.5 All in-house standard samples analysed on the traditional
extraction line

Sample number 14C count ∆14CO2

1220.1.1 834,359 -3.03 ± 3.39
1220.3.1 439,073 -2.18 ± 3.55
1220.4.1 615,235 -2.29 ± 3.45
1220.5.1 460,086 -4.10 ± 3.53
1220.6.1 314,632 0.01 ± 3.68
1220.7.1 325,443 -7.70 ± 3.64

1220.12.1 514,495 -4.43 ± 3.32
1220.13.1 555,907 2.62 ± 3.32
1220.14.1 414,864 -8.23 ± 3.38
1220.15.1 614,367 3.92 ± 3.30
1220.16.1 641,495 3.69 ± 3.29
1220.18.1 534,912 -1.69 ± 3.31
1220.19.1 583,168 2.00 ± 3.30
1220.20.1 587,311 1.88± 3.30
1220.21.1 471,314 -6.44± 3.50
1220.22.1 685,865 -2.99± 3.20
1220.23.1 713,636 -5.81± 3.20
1220.24.1 715,747 -1.40± 3.20
1220.25.1 618,666 -2.72± 3.20
1220.26.1 700,535 -2.55± 3.20
1220.27.1 697,213 -2.83± 3.20
1220.28.1 717,546 -3.71± 3.20
1220.29.1 365,125 -4.22± 3.40
1220.30.1 554,132 -7.09 ± 3.20
1220.31.1 268,331 -2.61 ± 3.66
1220.32.1 260,067 0.64 ± 3.68
1220.33.1 296,982 -6.92 ± 3.59
1220.34.1 285,982 -3.93± 3.62
1220.35.1 268,269 -0.19 ± 3.66
1220.36.1 288,269 -4.38 ± 3.61
1220.37.1 276,926 -1.87 ± 3.64
1220.38.1 308,316 -2.07 ± 3.59
1220.39.1 282,897 3.52 ± 3.65

Table 6.4: All in-house standard samples analysed on the traditional extraction line. Sample number
refers to sample tank aliquot of sample target from aliquot.

6.6 Instructions for direct extraction system

The steps of the direct extraction process are as follows:
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6.7. 14CO2 EMISSIONS FROM LA HAGUE REPROCESSING SITE

• Set the AGE3 system to condition the Iron catalyst - follow the standard procedure for the AGE3
system to condition to iron catalyst. Set the sampling method to manual and input all of the
sample names and weights. Alter the sampling time to 15 minutes. Click Auto if ready to go
straight onto sampling.

• Check that the water trap does not need changing, it needs changing if it is blue all the way
through.

• Connect the flask to the ultra torr fitting.

• Switch on the Helium and check the MFC is at 180 mL / min, make show the 3 way valve is
from Helium to the AGE3 then wait for the AGE3 to finish conditioning.

• Once the AGE3 has conditioned and is asking for a sample, switch the pump on, turn the 3 way
valve to the flask and check that the flow rate drops to zero (to check there is no leak around
the o ring). If this happens, click sample on the AGE3 software and open the valve on the flask.

• Let the 15 minutes sampling time pass, you should observe a drop in flow rate. Once it has
passed a message will be displaced on the AGE3 software. Switch the valve to Helium and the
let the software load the reactor from the zeolite trap. While this happens the flask can be
changed over for the next sample.

• Once the reactor has been loaded and the zeolite cleaned, the software will display the same
message as in point 5 that it is ready for the next sample. Steps 5 - 6 can then be repeated 7
times.

• Once all samples have been loaded into the reactors the software will automatically (provided
auto is clicked) go to the react step.

• The reactions takes 2 hours after this the reactors can be removed from the line and the graphite
pressed.

6.7 14CO2 emissions from La Hague reprocessing site

Month Monthly emissions / Bq Month Monthly emissions / Bq Month Monthly emissions / Bq

01/2014 0.548E+12 09/2014 1.207E+12 05/2015 1.989E+12
02/2014 2.386E+12 10/2014 1.300E+12 06/2015 1.318E+12
03/2014 2.389E+12 11/2014 2.204E+12 07/2015 2.063E+12
04/2014 2.600E+12 12/2014 1.248E+12 08/2015 2.056E+12
05/2014 2.739E+12 01/2015 0.984E+12 09/2015 1.67E+12
06/2014 2.084E+12 02/2015 1.197E+12 10/2015 6.55E+11
07/2014 1.401E+12 03/2015 1.527E+12 11/2015 1.73E+12
08/2014 1.882E+12 04/2015 2.069E+12 12/2015 2.14E+12

Table 6.5: Emissions from La Hague used for the nuclear correction for each month over the sample
collection period. Monthly emissions are shown in Becquerels.
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6.8 Source sectors with sources and associated isotopic δ13C and∆14C
signatures with the source of information

Sector δ13C / h ∆14C / h Comments

Combustion manufacturing -28.4 -1000 (Ciais et al., 1995)
Aviation -28.4 -1000 (Ciais et al., 1995)

Mineral processes 0 -1000 (Sharp, 2007)
Fugitive soils -24.1 -1000 (Ciais et al., 1995)
Residential -44 -1000 (Andres et al., 1994)
Solid Waste -40 150 (Andres et al., 1994)

Chemical processes -28.4 -1000 (Ciais et al., 1995)
Ground Transport -28.4 -1000 (Ciais et al., 1995)

Non-energy transformation -28.4 -1000 (Ciais et al., 1995)
Oil production -28.4 -1000 (Ciais et al., 1995)

Biomass burning -24 -1000 (Sharp, 2007)
Energy industry -28.4 -1000 (Sharp, 2007)

Fossil fire -28.4 -1000 (Ciais et al., 1995)
Shipping -28.4 -1000 (Ciais et al., 1995)

Metal processes -24.1 -1000 (Andres et al., 1994)
Agricultural Soils -24 110 (Sharp, 2007)
Road Transport -28.4 -1000 (Ciais et al., 1995)

Net ecosystem exchange -24 18 (Sharp, 2007)
Net ocean exchange 0 50 (Sharp, 2007)

Hetrotrophic respiration -24 110 NASA CASA simulations

Table 6.6: Source sectors with sources and associated isotopic δ13C and ∆14C signatures with the
source of information.
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6.9. HYSPLIT TRAJECTORIES FOR BACKGROUND FLASK SAMPLES TAKEN AT MACE HEAD

6.9 HYSPLIT trajectories for background flask samples taken at Mace
Head
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GDAS METEOROLOGICAL DATA
Job ID: 26548                           Job Start: Mon Feb 25 11:31:59 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 17 02 27 11 0  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z 22 Feb 2017 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26549                           Job Start: Mon Feb 25 11:42:16 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 17 03 06 15 30  Duration: 24 hrs, 0 min        
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  1 Mar 2017 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26550                           Job Start: Mon Feb 25 11:49:17 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 17 04 04 9 0  Duration: 24 hrs, 0 min          
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  1 Apr 2017 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26551                           Job Start: Mon Feb 25 11:56:28 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 17 05 16 10 0  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z 15 May 2017 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26535                           Job Start: Mon Feb 25 10:21:42 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 17 07 04 9 25  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  1 Jul 2017 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26536                           Job Start: Mon Feb 25 10:26:11 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 17 08 10 11 5  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  8 Aug 2017 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         Figure 6.9: HYSPLIT trajectories for MHD for (a) 27/02/17 (b) 06/03/17 (c) 04/04/17 (d) 16/05/17 (e)

04/07/17 (f)10/08/17
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(a)
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GDAS METEOROLOGICAL DATA
Job ID: 26538                           Job Start: Mon Feb 25 10:35:20 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 17 10 09 13 0  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  8 Oct 2017 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26537                           Job Start: Mon Feb 25 10:30:53 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 17 09 04 9 30  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  1 Sep 2017 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26543                           Job Start: Mon Feb 25 10:59:20 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 18 01 03 12 5  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  1 Jan 2018 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26544                           Job Start: Mon Feb 25 11:07:53 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 18 02 07 12 15  Duration: 24 hrs, 0 min        
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  1 Feb 2018 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26545                           Job Start: Mon Feb 25 11:14:39 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 18 03 07 13 0  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  1 Mar 2018 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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GDAS METEOROLOGICAL DATA
Job ID: 26546                           Job Start: Mon Feb 25 11:20:59 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 18 05 01 13 0  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
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Meteorology: 0000Z  1 May 2018 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         Figure 6.10: HYSPLIT trajectories for MHD for (a) 04/09/17 (b) 09/10/17 (c) 03/01/18 (d) 07/02/18

(e) 07/03/18 (f)01/05/18
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6.9. HYSPLIT TRAJECTORIES FOR BACKGROUND FLASK SAMPLES TAKEN AT MACE HEAD
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Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  8 Jun 2018 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         
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Meteorology: 0000Z 15 Jul 2018 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         

(c)

 -30
 -25

 -20  -15  -10

 50

 55

NOAA HYSPLIT MODEL
Dilution Factor (1/m3) averaged between     0 m and   100 m

Integrated from 1200 07 Aug to 1200 06 Aug 18 (UTC) [backward]
Unit Calculation started at 1200 07 Aug 18 (UTC)

>1.0E-11 1/m3
>1.0E-13 1/m3
>1.0E-15 1/m3
>1.0E-17 1/m3

Maximum: 1.6E-11 1/m3
Minimum: 6.5E-22 1/m3

So
ur

ce
   

  5
3.

32
5 

 N
   

9.
90

3 
 W

   
 0

 m
 to

   
 2

0 
m

GDAS METEOROLOGICAL DATA
Job ID: 26540                           Job Start: Mon Feb 25 10:45:46 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 18 08 07 12 0  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  1 Aug 2018 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         

(d)

 -18  -16  -14  -12  -10

 52

 54

 56

NOAA HYSPLIT MODEL
Dilution Factor (1/m3) averaged between     0 m and   100 m

Integrated from 1400 04 Sep to 1400 03 Sep 18 (UTC) [backward]
Unit Calculation started at 1400 04 Sep 18 (UTC)

>1.0E-11 1/m3
>1.0E-13 1/m3
>1.0E-15 1/m3
>1.0E-17 1/m3

Maximum: 5.5E-11 1/m3
Minimum: 6.4E-22 1/m3

So
ur

ce
   

  5
3.

32
5 

 N
   

9.
90

3 
 W

   
 0

 m
 to

   
 2

0 
m

GDAS METEOROLOGICAL DATA
Job ID: 26541                           Job Start: Mon Feb 25 10:50:20 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
Pollutant: Unit - Unspecified                                                   
Release Quantity: 1 mass  Start: 18 09 04 14 0  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
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Job ID: 26542                           Job Start: Mon Feb 25 10:54:09 UTC 2019 
Release:   lat.: 53.324700   lon.: -9.903300   Hgt: 0 to 20 m                   
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Release Quantity: 1 mass  Start: 18 10 08 10 0  Duration: 24 hrs, 0 min         
Pollutant Averaging/Integration Period: 24 hrs and 0 min                        
Dry Deposition rate: 0 cm/s       Wet Removal:   None   #Part: 70000            
Meteorology: 0000Z  8 Oct 2018 - GDAS1                                          
This is not a NOAA product. It was produced by: unknown                         Figure 6.11: HYSPLIT trajectories for MHD for (a) 13/06/18 (b) 16/07/18 (c) 07/08/18 (d) 04/09/18

(e) 08/10/18
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