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2 Executive Summary

2.1 Project Summary

Monitoring of atmospheric concentrations of gases is important in assessing the impact of
international policies related to the atmospheric environment. The effects of control measures on
chlorofluorocarbons (CFCs), halons and hydrochlorofluorocarbons (HCFCs) introduced under the
'‘Montreal Protocol of Substances that Deplete the Ozone Layer' are now being observed.
Continued monitoring is required to assess the overall success of the Protocol and the implication
for atmospheric levels of replacement compounds such as hydrofluorocarbons (HFCs). Similar
analysis of gases regulated by the Kyoto Protocol on greenhouse gases will likewise assist policy
makers.

Since 1987, high-frequency, real time measurements of the principal halocarbons and other
radiatively active trace gases have been made as part of the Global Atmospheric Gases
Experiment (GAGE) and Advanced Global Atmospheric Gases Experiment (AGAGE) at Mace
Head, County Galway, Ireland. For much of the time, the measurement station, which is situated
on the Atlantic coast, monitors clean westerly air that has travelled across the North Atlantic
Ocean. However, when the winds are easterly, Mace Head receives substantial regional scale
pollution in air that has travelled from the industrial regions of Europe. The site is therefore
uniquely situated to record trace gas concentrations associated with both the mid-latitude
Northern Hemisphere background levels and with the more polluted air arising from Europe.

The observation network in the UK has been expanded to include three additional stations; Angus
near Dundee, Tacolneston near Norwich and Ridge Hill near Hereford. Ridge Hill became
operational in February 2012, Tacolneston began operating in July 2012 and Angus Tower has
been making measurements since late 2005.

The Met Of fi ceds Lagrangi an NAME(NsimpehcalrAtnmospharics per s |
dispersion Modelling Environment), has been run for each 2-hour period of each year from 1989

so as to understand the recent history of the air arriving at Mace Head at the time of each
observation. By identifying the times when the air, arriving at Mace Head, has travelled over un-

populated regions, i.e. when the air has travelled across the north Atlantic and the air
concentration reflects the mid-latitude Northern Hemisphere baseline value, the data collected

have been used to estimate baseline concentrations, trends and seasonal cycles of a wide range

of ozone-depleting and greenhouse gases for the period 1989-2014.

By removing the underlying baseline trends from the observations and by modelling the recent
history of the air on a regional scale, estimates of UK, Irish and North West European (UK,
Ireland, France, Germany, Denmark, the Netherlands, Belgium, Luxembourg) emissions and their
geographical distributions have been made using INTEM (Inversion Technique for Emission
Modelling). The estimates are presented as yearly averages and are compared to the United
Nations Framework Convention on Climate Change (UNFCCC) inventory.

The atmospheric measurements and emission estimates of greenhouse gases provide an
important cross-check for the emissions inventories submitted to the UNFCCC. This verification
work is consistent with good practice guidance issued by the Intergovernmental Panel on Climate
Change (IPCCQC).
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3 Overview of Progress

3.1 Update website

Atmospheric baseline concentrations for each gas reported at Mace Head have been estimated
through to the end of April 2015 and are presented through the website:

www.metoffice.gov.uk/atmospheric-trends

The estimates for methane (CH,4) and nitrous oxide (N,O) are presented in Figure 1 and Figure 2
respectively. Both show that the mole fractions of these gases are growing in the atmosphere
faster than the long-term average.

Monthly and Annual Bascline

1900
o 1850
=1

1800

15

10

ppb/year

TITT T T[T TTT[TTTT

199c] 1991] 199 1993 1994 1999 199¢ 1997 1998 1995 200r] 2001 2009 2003 2004 2004 200 2 2008 200 20 2011 2019 301 {2
Kolmogorov-Zurbenko 2-vear filter 3-vear quadratic fit

Figure 1. Monthly (blue) and annual (red) baseline estimate for the midatitudes in the
Northern Hemisphere for CH, (top plot). Corresponding baseline growth rate estimated for
CHy (lower plot) using 2 methods.
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Figure 2: Monthly (blue) and annual (red) baseline estimate for the midatitudes in the
Northern Hemisphere for N,O (top plot). Corresponding baseline growth rate estimated for
N>O (lower plot) using 2 methods.
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http://www.metoffice.gov.uk/atmospheric-trends

3.2 Investigating uncertainties in INTEM and the impact of using the
different stations

The impact on uncertainty reduction on emission estimates of methane for the different Devolved
Administrations (DAs) within the UK using different combinations of stations within the UK DECC
network and also the two GAUGE tall towers has been investigated. The results are presented in
this report

3.3 Direction specific baselines developed within INTEM

The concept of direction specific baselines has been developed within INTEM. 11 additional
direction and height specific variables are solved for within the inversion. The prior baseline used
is from the standard baseline estimation method for Mace Head. After the inversion each station
has a specific and unique baseline that depends on where the air enters the model domain
arriving at that particular station. The results of this work are presented in this report.

3.4 NF; emissions across East Asia

Nitrogen Trifluoride (NF5) inversions have been performed for the first time across East Asia and
are reported. The emissions estimates of NF; from South Korea are significant relative to the
magnitude of the uncertainties.

3.5 RAC model analysis

The inventory refrigerant model has been provided by DECC for investigation on their behalf. The
sensitivities of the model to the input parameters have been considered for the gas HFC-134a,
the principle gas used as a mobile air conditioner, e.g. in cars. The results of this on-going
analysis are presented.
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4 Update on UK DECC network measurement sites

4.1 Mace Head (MHD)

The GC-MD performed reasonably well over the reporting period. The retention times of channel
1 and channel 2 species have a tendency to drift upward requiring periodic adjustment of the
backflush balancing valve, particularly on channel 2. We have determined this is likely due to
aging of the needle valves in the system and a full set have been ordered for replacement at the
next convenient time.

The Mace Head Medusa-MS performed reasonably well over the reporting period. Since the
installation of a new trap 2 on 14™ May 2014, the rate of increase of the concentration of HFC-125
and HFC-32 in ambient air appears to have increased at a rate faster than indicated at other
AGAGE sites. The problem may be associated with the high level of both these compounds in lab
air and a leak, or leaks, in the system.

After testing, it was determined there were possible leaks on trap 1, Nafion 2 and a cross-port
leak on V6. Blanks show no response for either of these compounds and, since all samples pass
through the same flow path after V1, it's not clear why a leak would only affect air samples.

Repeated leak tests of the sample pump (spraying with P5 and checking for increased CH,on the
MD) indicate no leak on the pump. The next step will be to take some flask samples from 10m
concurrent with Medusa sampling and see if there is a difference in mixing ratios.

4.2 Tacolneston (TAC)

Operations at Tacolneston have continued with no major issues to report for the GC-MD or the
Picarro-CRDS. The Medusa-MS has operated extremely well since the air conditioner was fixed.
However, we do appear to have a source of SFg contamination, which as yet we have been
unable to locate. It is fortunate that SF; is also determined via the GC-MD. Inter-lab comparisons
were run on all three instruments between 23" Mar 2015 and 25" Mar 2015.

4.3 Ridge Hill (RGL)

Operation of the Picarro-CRDS has continued with no issues in the last reporting period.

The GC-MD post-column was changed in February and following instrument optimisation N,O
data returned to 0.2% precision on the 27th of March (before the column change N,O precision
was 0.1-0.2%). SFg precision was unaffected by the column change. During the period when the
instrument was being optimised the air sample module pump failed, as well as the thermostated
lab extractor fan. Both were repaired by the 27th of March. The GC-MD is now operating well.

4.4 Angus (TTA)

Operation of the Picarro-CRDS at Angus continued with no major issues to report. A number of
days data were lost due to the Picarro-CRDS pump failing on 25™ Apr 2015. University of Bristol
installed a replacement on 30™ Apr 2015 and the Angus pump was brought back to UoB to be
serviced. Cucumber inter-comparison cylinders were run on the Picarro-CRDS on 5" May 2015.
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6 Assessing the Impact of the different stations in the UK
DECC network

6.1 Introduction

A method has been developed to assess the impact in terms of uncertainty reduction of
introducing observations from the 4 measurement sites in the UK DECC network. The sites
have been introduced in the following order: Mace Head (MHD), Tacolneston (TAC), Ridge
Hill (RGL) and Angus (TTA). CH, observations have been used as they are available at all of
the sites for 2012-2014.

6.2 Method

The Bayesian framework and cost function have been used to assess the impacts. This
framework has a rigorous mathematical method for estimating the uncertainty reduction due
to the introduction of more knowledge, in this case more observations. It does have some
limitations, namely that the errors are assumed Gaussian and that an initial emission
estimate (prior) must be available. Also it is assumed that the uncertainties in the prior, the
observations and the model transport are well characterised and known.

For this study we used the prior developed by Ganesan et al (2015) that uses the National
Atmospheric Emissions Inventory (NAEI) (2012) UK emissions nested within European
emissions. The European emission distribution is from EDGAR 2010 with the individual
country totals scaled to UNFCCC 2012 values. The prior also contains a contribution from
natural sources from a variety of different sources [Ganesan et al, 2015]. The relative
uncertainty of the prior and the observations were also investigated.
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Figure 3. CH,; monthly baseline mole fraction (ppb) as estimated from Mace Head
observations 2000 2015. Baseline uncertainty (1I) shown.
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The observation and model transport uncertainties follow the procedure described in
previous DECC reports. In summary, the observation uncertainty is derived from a
combination of repeatability uncertainty and aggregation uncertainty. The former is from the
instrument and is the variability observed when the same tank of air is repeatedly measured.
The latter is from the variability, standard deviation, in the observations when they are
aggregated up to the modelling time period (2 hours). The CH, observations are measured at
1 Hz frequency at TAC, RGL, TTA (although there are regular data gaps as different heights
are sampled) and 40 minute intervals at MHD. The model transport uncertainties are very
difficult to quantify but are assumed to be related to the strength of the impact of very local
emissions (high impact implies weak winds and low boundary layers and thus times when
local un-modelled effects are strong) and the ability to estimate a good baseline mole
fraction. The baseline is an estimate of the concentration of the gas in the air as it enters the
inversion domain (See Figure 3). Both of these uncertainties are fully explained in previous
DECC reports. The uncertainties are thus summarised:

T[ Observation (fJ precision & ljzh time period)
0 ClpessonY Uncertainty due to repeatability of o
0 OnimepeioaY Uncertainty when obsehowsati ons aggr e

ﬂ MOdeI (&baseline & l'jlocal)
o] l‘.’ibase.i._q_eY Uncertainty of MHD basel iervadionsnhen appl
0 UpaY Uncert ai nt yglocalinfoene imsreases a

Usually: Model uncertainty >> Observation uncertainty
R _ /0 2 o 2 o 2 O 2
- (U precision) + (Uzh time period) + (u baseline) + (ulocal)

In this work a new set of NAME runs were performed for the entire period for each station
and for each observation height. Only the 90m and 100m CH4 observations were used from
RGL and TAC respectively because of the close correlation between the observations from
the different heights at the same station. Highly correlated observations need special
treatment within the Bayesian framework. The 2-hr average observations were assumed for
simplicity to be uncorrelated. The NAME particles were released in a 20 m vertical line
centred on the height of the observation. Model particles within 40 m of the ground were
assumed to be representative of the impact of the ground on the observation. 3-Dimensional
meteorology from the Met Office at 17 (from July 2014) to 25 km horizontal resolution was
used to drive NAME. The end points, in time and space, of each particle were recorded and
were used to estimate the strength of the baseline from each of the different (11 in total)
compass directions (WSW, WNW, NNW, NNE, ENE, ESE, SSE, SSW, Northern for particles
between 6 and 9 km, Southern for particles between 6 and 9 km, and all particles above 9
km).

INTEM was used to estimate the emission strengths and magnitudes and also solved for the
perturbation to the baseline dependant on the direction and height the model air entered the
model domain. The latter thus develops the idea of a direction-specific baseline. This will be
discussed later. The Bayesian framework has two components; a mis-match to the prior, and
a mis-match to the observations. INTEM searches for the solution that minimises these mis-
matches. The Bayesian cost function is described below:

y=(Me- 0) R }(Me- 0)+(e- &) B l(e- &)

M = Transport matrix (Number of times [t] x Number of grids [n]),
e = Emission estimate [n]

0 = Observations [t]

R = Model-Observation uncertainties [t x t]

e, = Prior emissions [n]
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B = Prior uncertainty [n x n]

Uncertainty Analysis Matrix [n x n]

-1
From analysis of matrix A the uncertainty of each geographic region can be calculated.

INTEM was used to estimate the CH, emissions for each year 2012 i 2014 over a European
domain. Estimates were calculated using the prior for 2012, MHD-only observations (Figure
4), then MHD and TAC observations (Figure 5), then MHD, TAC and RGL observations
(Figure 6) and finally using all four sites (Figure 7). The UK estimates are presented below for
each of the Devolved Administrations (DA) regions.
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Figure 4: CH,4 emission estimateg10 uncertainty) of the prior (2012) and from INTEM using
MHD observations only for each DA for each year 2012 2014 (kt/yr) .

The MHD-only inversions (Figure 4) show very little uncertainty reduction across the DAs. Every

year shows a small decrease in the uncertainty but this reduction is not visible in Figure 4. In the

standard non-Bayesian INTEM setup (with just MHD data) three years of data are used rather

than just a single year as in this experiment. Using three years of MHD data, England6 s e mi s si o
uncertainty reduced from 18% with the prior (1990 + 350 kt/yr) to 14% after the inversion and the

English total was estimated to be 2080 + 290 kt/yr.

When TAC data are included (Figure 5) there is a clear reduction in uncertainty in each of the
years 2012-2014 from 18% to 10-12% for England but little reduction for the other three DAs. The
data suggest that the prior emissions for the England are too high, the mean prior value is 1986
kt/yr, whereas the mean INTEM estimate over the 3 years is 1851 kt/yr, although the uncertainties
overlap. It is interesting to note that the posterior uncertainty for England in 2012 is larger than the
other two years. This is to be expected as TAC data only became available in the second half of
the year (July 2012).
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Figure 5: CH,4 emission estimateg10 uncertainty) of the prior (2012) and from INTEM using
MHD and TAC observations for each DA for each year 2012 2014 (kt/yr) .
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Figure 6: CH,4 emission estimateg10 uncertainty) of the prior (2012) and from INTEM using
MHD, TAC and RGL observations for each DA for each year 2012 2014 (kt/yr) .

The inclusion of RGL (Figure 6) shows an additional reduction in uncertainty for England from
18% to 8-10%. There is now a discernible reduction in uncertainty for the estimates for Wales
from 31% to 25-28%. There is little impact in either Northern Ireland or Scotland. Also the
inversion results show a reduced emission estimate for England and Wales compared to the
prior.

Figure 7 shows the uncertainty reduction achieved by using the data from all of the UK DECC
network stations. Uncertainty reduction is seen in three of the four of the DAs (England 18% to 7-

10
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9%, Wales 31% to 23-29%, and Scotland 21% to 16-18%). The most significant change from the
3 station experiment is the impact in Scotland. Across the DAs the inversion results indicate a
reduced emission compared to the prior (INTEM UK emissions 18-20% lower) although there is
overlap in the 1 CQuncertainty estimates.
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Figure 7: CH,4 emission estimateg10 uncertainty) of the prior (2012) and from INTEM using
MHD, TAC, RGL and TTA observations for each DA for each year 2012 2014 (kt/yr) .

For comparison INTEM was also used to estimate CH, emissions with a weaker prior (increase
prior uncertainty to 250% from 200% per 25 km grid) and more certain observations (model-
observation uncertainty halved). The results of this comparison for England are summed up in
Figure 8. The results denoted with the letter (a) are as shown in Figure 4 to Figure 7, the results
denoted by the letter (b) are the new estimates with the weaker prior and stronger observational
certainty. It is interesting to note that with more observations (through adding more stations) or
stronger observational certainty (and weaker prior certainty) decreases the emission estimates for
England (and the UK) although there is little change between the 3-, and 4-site inversions.

The analysis was further expanded by also including data from the two GAUGE stations,
Heathfield (HFD) (in Sussex) and Bilsdale (BLD) (in North Yorkshire), in a 6-site inversion. The
uncertainty reduction for England in the 6-site network (2014 only) is very similar to the 4 UK
DECC network inversion results. The emission estimate maps for 2014 for the prior, 1 i 4 site,
and 6 site inversions are shown in Figure 9 - Figure 14. The addition of each extra station does
improve the resolution of the emission estimate especially close to the new station.

11
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England
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Figure 8: CH,4 emission estimateg10 uncertainty) for England for 2012, 2013and 2014. The
plot shows theresults from 5 combinations of stations (MHD TAC, RGL, TTA, HFD and
BSD). (a) denotes the first INTEM experiment as shown irFigure 4 - Figure 7, (b) second
INTEM experiment with increased prior uncertainty and reduced modetobservation
uncertainty (kt/yr) .
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Figure 9: Prior emission estimate for CH,, combining NAEI in the UK with EDGAR scaled
to UNFCCC estimates for the rest of Europe, interpolated to the 25 km grid used in INTEM.
Right hand plot is zoomed in to the UK.
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from 01/01/2014 until 31/12/2014
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Figure 10: MHD -only INTEM emission estimate 2014 for CH. Right hand plot is zoomed in
to the UK.
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Figure 11. MHD and TAC InTEM emission estimate 2014 for CH, Right hand plot is
zoomed in to the UK.
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Figure 122 MHD, TAC and RGL InNTEM emission estimate 2014 for CH,. Right hand plot is
zoomed in to the UK.
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from 01/01/2014 until 31/12/2014
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Figure 13: MHD, TAC, RGL and TTA InTEM emission estimate 2014 for CH,. Right hand
plot is zoomed in to the UK.
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Figure 14. MHD, TAC, RGL, TTA, HFD and BSD InTEM emission estimate 2014 for CH,.
Right hand plot is zoomed in to the UK.

6.3 Summary

The UK DECC network has been shown to add value to the DA emission estimates for CH,.
The results are summarised in Figure 15. The additional stations allow the inversions to be
conducted on annual (or smaller) time intervals rather than the previous 3-year periods. Each
station adds detail around its region of influence. TAC significantly improves the resolution
achievable across England (the number of grids representing England increases from 5 to 31
through adding TAC), RGL across Wales and England (the number of grids representing
England and Wales increases from 31 to 46 and 1 to 7, respectively, through adding RGL to
the 2-site network), and TTA across Scotland (the number of grids representing Scotland
increases from 5 to 24 through adding TTA to the 3-site network). The two GAUGE stations,
on an annual time-frame, do not significantly alter the English emission estimates but do give
greater clarity to London and the North East. They would also allow smaller (sub-annual)
time windows to be investigated.
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Figure 15: Uncertainty estimates (experiment a) of CH4 (kt/yr) for the four DAs using the
prior and 1- to 6-site inversions.

15
©Crown Copyright 2013










































