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ABSTRACT

Atmospheric oxygen (&) measurements represent an important tool for
investigating carbon cycle processes that determine the magnitude of the fluxes of carbon
dioxide (CQ) to and from the atmosphere. By combining atmosphesiar@ CQ
measurements, one can derive the tracero&pheric Potential Oxygen, (APO = O
+1.1CQ) which is a conservative tracer with respect to terrestdand CQ exchange
processes and therefore primarily represents ocean exchange processes.

The primary aim of this research was to assess the sgadigémporal variability
of atmospheric @ CO and APO at two contrasting locations: The Halley Research
Station, Antarctica and the Weybourne Atmospheric Observatory, U.K. The
measurements collected at Halley were made possible by establishing a bigtompre
continuousjn situ, atmospheric @and CQ measurement system at the station, which |
built, tested and installed as part of this research. The aim of the new measurement system
was to fill in the observational@ap in the South Atlantic sectdrtbe Southern Ocean;

a key region with respect to the global oceanic sink for anthropogenier@idsions.

At the Weybourne Atmospheric Observatory, | have extended aedateated
an existing atmospheric;@nd CQ measurement record (20@815). The iter-annual
variability of the seasonal cycles and growth rates of atmosphgr@@®and APO were
examined to assess the temporal variability of the carbon cycle processes that control
them. The data were also compared to othgmmOnitoring stations inhte northern
hemisphere to understand the spatial variability of the processes.

Throughout this thesis, | have used a range of analysis techniques, including
modetobservation comparisons, to assess what drives the variability of atmospheric O

CO; and APO observed at these two locations.
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Li st of Figures

Figure 1.1 The global carbon cycle and the relative fluxes of carbon (C) between the
reservoirs in Giga (f) tonnes of C (equivalent to Peta ¥)Qyrams of C) per year.
Reservoir size (numbers inside the boxes) are given in Pg C. Black arrows and
numbers indicate atural fluxes whilst red arrows and numbers indicate

anthropogenically induced fluxes (Reproduced from IPCC (2007a))........... 3

Figure 1.2 A Bjerrum plot showing the relationship between the concentrations of the
ions that make up the carbonate chemistry system in the ocean and pH. The current

range of oceanic pH is shown the shaded blue bar (From Heinze et al., 2015).

Figure 1.3 Diagram depicting general oceanic transport within the Southern Ocean.
Antarctica is shown on the left of the diagram. The eastward flowing ACC is shown
by the yellow arrow. Ekman transport c
upwelling of Lower Gicumpolar Deep Water (LCDW), North Atlantic Deep Water
(NADW) and Upper Circumpolar Deep Water (UCDW). As surface waters flow
north of the Polar Front (PF) they are subducted as Antarctic Intermediate Water
(AAIW). Close to the Antarctic coast, brine rgjea in the formation of se&e
forms Antarctic Bottom Water (AABW). Wiggly vertical arrows at the surface
indicate buoyancy loss or gain. Curly arrows along water mass boundaries

(isopycnals) indicate eddy mixing (Olbers et al., 2004)...........cccceeeeieiiiemnnnes 11

Figure 1.4.0 (2M2) (y-axis) versus C&(x-axis) (both globally and annually@raged)
over the period July 1991 through January 2011, computed every six months (solid
circles). The expgNeand€d framrfdsdil fud comeustionn T (
alone is shown by the long downward arrow. The difference between this and the
obsenred trend is accounted for by both the land and ocean carbon sinks. Firstly, one
accounts for the small amount op Gutgassing due to the solubility effect from
ocean warming over the time period (small vertical arrow). Secondly, since the
oxidative ratidfor the terrestrial biosphere is known (molar ratio of 1.1/1.0), one can
compute the land carbon sink (where the gradient of the upward diagonal arrow
shown is equal to 1.1) The remainder must therefore be equivalent to the ocean
carbon sink, which is shawby the horizontal arrow since this has no (long term)
U (2/2) component (from(Keeling and Manning, 20I4Db)..........cc.ccoccvvvee.e. 15
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Figure 1.5.Current and historic sampling sites for atmospheticTDe red box shows
the South Atlantic and Weddell Sead@Dservation gap. The red star represents the
location of the Halley Research Statigfrom Keeling and Manning, 2014b)..21

Figure 2.1.Long term stability of the&l (2M2) ratio in the 18 SIO PSSes frakeeling
et al. (2007) The top three panels represent cylinders composed of a different
materials. The bottom panel is the drift correction functiof) &Bplied to the S1
scale to derivethe S2 scale (see text). Individual symbols represent different
cylinders (IDs within the figure). Measurements are presented as the difference from
mean value since 1992. Step changes at the beginning of the record represent the
transition from storing dynders vertically to storing them horizontally inside a
thermally insulated enclosure. For more details on the differences between

individual PSSes and on the stability of the S2 scale, see Keeling et al. (2867).

Figure 2.2 Gas handling diagram of the Halley &hd CQ measurement system. Each
of the respectiveextions mentioned in the text are surrounded by a coloured box.

Within the green Ainletso box, t.lb@ red and

Figure 2.3 A. Location of the red (left) and blue (right) aspirated air inlets on the eastern
side of the CASLab roof, approximately 5m above the ice level. Sample lines run
into the building via an insulated access hole in the left of the picture. B. Sample
lines run from the access hole in the roof of the measurement room to the KNF

pumps (C2 and C5) via a series of filters a pressure sensors..................... 51

Figure 2.4 A. Gas handling set up from the blue and red line regulators (RE1 and RE2)
throudh the line selection valve (V3) to either the line purgeYBS-L1) or DC1
(see also picture B). From DC1 the sampl e |
either the sample line or calibration line to run to the analysers or to the slow purge
(P7-V6-FL2).B . Showing the | ocation of the three

DC2 and DC40 = 0.50 OD) sub9€rAjlaslsi n an et h
in the picture correspond to the text and to that shoviagure 2.2

Figure 2.5.Gas handling set up for the pressure and flow control. The sample line (top
of the picture) pressure and therefore flow is matched to the reference line (bottom
of the picture) using a mass flow controller (M20), a differential pressure transducer

(P22) ad a solenoid valve (V20). The sample flow rate is monitored via FL20. Other
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pressure sensors (not labelled) monitor upstream and downstream pressures on the

sample and reference liNES...........ooo oo 54

Figure 2.6.A. Internal set up of the NDIR Siemens UltramatDalyser with added

insulation to keep the sample and referencesomemnent cells stable. B. Internal set

up of the Sable Systems Oxazilla 1l analyser. The measurement fuel cells were
relocated from the electronics board and housed inside a heavily insulated box to
minimise small temperature and pressure variations otettse C. Location of V23

(switching valve) in relation to the Oxzilla inlets. The Oxzilla is located on top of

Figure 2.7. Typical repsonse of the Oxzilla during each jog, defined by the fednd

orange (9 vertical lines, where sample (S) and reference (WT) gas are switched
between cell 1 (red points) and cell 2 (upper dark blue points). The difference
bet ween e a ¢greeneairts) is takeeCand each jog is made up of three
switches of V23, comprised of a,b and c, where the average of the last 30 seconds of
measurmein(black boxes) is used in the calcuation of the difference of the difference
(eea®0 as shown by Equat igblackpdnts)iv@lyesaren t h
t hen ¢ onv einppe dquivaentssgge® Equiv) (also black points) using a

calibrationrunFigure2.8) , bef or e bei nx\)caue(lower iued i n

points) in per meg using the G@ixing ratio at the point of measurment......60

Figure 2.8 One calibration run for three WSSes showing thedibration (blue) and

CQO calibration (red). The equation used to convert all raw sample values until the
next calibration is also shown, al ong

particular Calibration (B..........ccoiveirieee e ceeee e 61

Figure 2.9 Allan deviation plot showing the optimum averaging time of the fuel cell

output (green dot) based on the tradfiebetween reducing noise and in reducing
long term drift in the fuel cell. The RIn deviation for a typical switching time (1
minute) used by colleagues is shown by the black dot. A 1 minute switching time
results in three 30 second jogs which are then averaged (90 seconds). The blue dot
represents the Allan deviation of the switchiimge used here (30 seconds; resulting

in 45 seconds of averaging time). Whilst there is an improvement, the switching time
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cannot be reduced further due to the response time of the fuel cells (15 seconds) and

i n the softwar eds tehimgihmuttiples of 80 secondst68 ol v al ve

Figure 2.1Q A. Horizontal storage of all cylinders, used in the calibration and quality

control of t he measur ement system, i nsi

Unlike other measurement system employing the use of a cylinder storage box, the
confinements of th€ASLab room meant it had to be designed such that cylinders
could be loaded from the side panel, rather than the front. The regulator manifold

can be seen in the upper left of the picture. B. Cylinder head valve access door at the

front of the blue box./L1 6 0 ni ck el tubing runs from t

manifold, located above, inside the protective blue sheath......................... 65

Figure 2.11 Overview of the main components within the electronics control box,
designed and built by Nick Griffin of the UEA Environmental Sciences Electrical
Engineering Wor ks hlmard5 ddtdcts if tliewanputehsofwgré o
has malfunctioned and therefore sends a command via the PC Reset board for the
computer to automatically reboot. All other components areeselfainatory or

explained in the teXL...........ooiiiiiiiceeeeeers e e e eeeeeeean ld O

Figure 2.12 The main ASchematico tab within
control, automation and data acquisition of the HBA and CO, measurement
system. All valves are clickable such that a user can override the macro control in
order to identify potential issues within the system. Pressure sensors, flow meters
and temperature sensoall display live read outs. Other tabs within the software
allow the user to (1) see a live plot of the previous hours analyser, flow and
temperature data (Graphs), (2) display diagnostics of the most recent calibration and
quality control checks and atine the order and run time of individual macros
(Macros/Calibration), (3) input sensor calibration information and determine back
up directories (Settings/Backup), (4) upload information ofGe mole fraction
andl (2/M>) ratio of calibration cylindrs (Cylinders), (5) enter information into a
logbook to record system maintenance and potential issues relating to the quality of
the data (User Log), (6) Display information relating to general maintenance tasks
and the dates at which they should beiedrout by (Maintenance), and finally (10),
which is unique to the HBA measurement system, a live read out of all

meteorological data and other trace gases recorded by a suite of analysers housed
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within the CASLab (BAS data and settings). The softwarewvdien in C# by Alex
Etchells of the UEA Research Computing Services department................. 72

Figure 3.1 A. The Clean Air Sector Laboratory (CASLab) at the Halley Research Station
Antarctica. The photo looks towards the south east. Sample inlets are located on the

roof of the building. B. The small room housing the &dd CQ measurements

Figure 3.2 Drift and variability of the calibration coefficients for @Qop two panels)
and Q (bottom panel) over the measurement period shown alongside the lab
temperature at the time of calibration (bottom middle panel). Each measure is
redefined at every célration and connecting lines are drawn between calibrations
to highlight the direction and magnitude of the change. Each of the coefficients have
been converted into meaningful units in order to be directly comparable to the
internal reproducibility goalppm for CQ and ppmEquiv for @ see text for details).
Dashed vertical lines in all panels represent WT changes. Top panel: thecO
linearity coefficient or the-term in the analyser response function (ppm; dark red
points). The trend in the drift gon yr'; red line) was determined using all data points
over the measurement period. Top middle panel: the e@sitivity coefficient or
the bterm in the analyser response function (ppm; dark blue points). The trend in
the drift (ppm yt; blue line) wasletermined using data points from the beginning
of April onwards. Prior to this date, the data are unfairly biased by a clear upwards
drift that is not sustained after this date. Bottom middle panel: the lab temperature at
the time of d&pdinis)bBottomn paoeh thé@esitivitypcoefficient
or the bterm in the analyser response function (ppmEquiv; dark green points). The
trend in the drift (ppmEquiv ¥ green line) was determined using all data points

over the measurement PEHO........cooeiiiee i ieeeecce e e 89

Figure 3.3 The absolute difference between the current and ris@ous WT mole
fraction between calibrations for GQop panel; dark red points) and ottom
panel; dark blue points) compared against the difference in the internal temperature
between the front and the back the blue box, i.e. across the lengthaflitiders
(~2m) at the time of calibration (middle panel (pink points). Orange vertical dashed
lines represent WT changes. In the top panel, the red and green dashed lines

represent the southern hemisphere compatibility (£ 0.05 ppm) and internal

Xiii
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reprodudbility (£ 0.025 ppm) goals for C& whilst the blue dashed line represents

the mean WT difference between all successive calibrations. In the bottom panel the
red and green dashed lines represent the accepted compatibility (+ 5.0 per meg) and
internal repoducibility (£ 2.5 per meg) goals for.n ppmEquiv. Again, the blue
dashed line represents the mean WT difference between all successive calibrations.

Figure 3.4 Stability of the CQ mole fraction (ppm; top panel) anc @ole fraction
(ppmEquiv; bottom panel) within each WT used over the measurement period. For
each WT, the data, determined after every calibration, are shown as the difference
from the mean mole fraction determined over the lifetime of the WT. All WTs are
run continuously from a starting pressure of ~180 bar to a finishing pressure of 5
bar, excepWTs D269485 and D269486, which were utilised during testing and
therefore not run sequentially. The trend in thed@pletion, typically ~6.6 per
meg/WT, is shown as a black line for the final four WTs...........coovvvvvinnneeee. 93

Figure 3.5.Quality of the calibration curve fit over the measurement period, as depicted
by the coefficient ofdetermination (R, for CQ; (top panel; red points) and,O
(bottom panel; blue points) in comparison with the lab temperature (middle panel;
pink points) at the time of calibration. In each panel, the data points are connected
by straight lines to make d¢idifference between calibrations more apparent. Orange

vertical dashed lines represent WT changes...........cccoooeeviiieeeeiiii e, a5

Figure 3.6 The absolute Cfdifference (ppm) between consecutive ZT runs which
equal s the magnitude of the coxalbragiant i on appl
curve every 4 hours and therefore represents aureea$ the baseline drift in the
analyser response. The vertical red dashed line represents when the run frequency of
the ZT was increased from every 4 to every 3 hours in attempt to minimise the impact
of baseline drift on sample air measurements. Thid gpéen line represents the
mean absolute baseline correction applied between ZT runs over the full
measurement period (0.014 ppm; percentage of data points > 0.025 ppm = 7.6%).
The solid orange line represents the mean absolute correction appligd gr@ZT
run frequency change (0.016 ppm; 9.7 % > 0.025 ppm), whilst the solid blue line
represents the mean absolute correction applied after to the ZT run frequency change
(0.013 ppm; 6.6 % > 0.025 PPM)ccrrriniiiiiiiiiiiieeeeeeimmmr et e e e eeeis e e e e eaenneeeane 96
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Figure 3.7. Stability of the ZT C@mole fraction (ppm; top panel; dark red points) and
U (2/2) ratio (per meg; bottom panel; dark blue points) over the full measurement
period. Orange vertical dashed lines represent WT changes. The first red vertical
dashed line represents a > 1 day power failure at the lab. The second red vertical
dashed line repsents when the run frequency of the ZT was increased from every
4 hours to every 3 hours. There are several gaps in the data. The first, at the end of
March, is due to the fact that the bounds on the acceptable calibration parameters set
in the softwarewere too stringent (Section 3.3). This resulted in calibrations not
being accepted for several days until it was caught. Consequently, thandO
U (2/2) values are offset by ~ 2 ppm and 50 per meg, respectively and so are not
included. It will be possile to recover these values by post processing the data, but
this had not been done at the time of writing. The gaps in late August and late
September were when cylinders were being moved to different positions within the
blue box so that a cylinder desiged to be the next ZT could be used as a WT
instead, prolonging the lifetime of available reference gas due to ship resupply
restrictions. The ZT and TT therefore had to be disconnected and reconnected and
leak checked and were therefore not in use dutiege periods. In order to still
make a ZT correction during these periods, the next TT (TT2) was used as a ZT
instead and since the absolute concentrations in this cylinder are different to the

initial ZT, therefore these results are Not ShQWN.........coovviiii e 97

Figure 3.8 Stability of the TT (D743652) COnole fraction (ppm; topanel; dark red
poi nt s)J/Noaratid (per M€y; bottom panel; dark blue points) over the full
measurement period. Orange vertical dashed lines represent WT changes. The first
red vertical dashed line represents a > 1 day power failure at the lalecbimel sed
vertical dashed line represents when the run frequency of the ZT was increased from
every 4 hours to every 3 hours. Green horizontal line represent the CRAM lab
declared value, whilst red dashed lines represent the * the internal reproducibility
goalsfor CQ( N 0. 025 p/Nntd 2.5er cheg)i Th®blue vertical line in
the bottom panel r e p2ANgH ebsenvedsovet theeanatysisi f t

period. See Figure 3.7 For an explanation behind the gaps in the.data......99

Figure 3.9 As in Figure 3.8but for the second TT cylinder (D089506). This cylinder

was run through the system as a ZT in August and September/October (see Figure

XV
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3.7 for an explanation) and therefore did not adhere to the same protocols as the
INItIal TT N FIQUIE 3.8.... i 101

Figure 4.1.Location of historical and curre@, monitoring stations pawof either the
SIO or PU flask sampling network within the vicinity of the Southern Ocean. The
location of the new continuouirs situatmospheri®©, andCO, measurement system
installed as part of this thesis research at the Halley Research Station iGHBA)
shown by the green dot. Other stations considered in this chapter that are a part of
the SIO network are shown by blue dots: PSA = Palmer Station, Antarctica, SPO =
South Pole Observatory; CGO = Cape Grim Observatory. The remaining stations,
shown by tle red dots, are either part of the discontinued PU flask sampling network
(CPT = Cape Point, South Africa, AMS = Amsterdam Island, MAC = Macquarie
Island). The remaining two stations, Syowa (SYO) maintained by the Japanese
Meteorological Agency, and Baringead (BHD), maintained by the National
Institute of Water and Atmospheric Research, New Zealand, represent the only two

continuesn situatmospheri®©, andCO, measurement systems in the regidrl3

Figure 4.2. The location of the Halley Research Station on the Brunt Ice Shelf (bottom
left) on the South Eastern edge of the Weddell Sea (top right). The right hand side
map shows the layout of the Halley Research Station. Note the location of the
CASLab in the cleanir sector to the south east of the main station.......Error!

Bookmark not defined.

Figure 4.3A Wind rose depicting the wind direction and wind speed observed at HBA
during the measurement period (February 20d8uary 2017). B. cluster analysis
of 7-day backwards trajectories starting from HBA every 3 hours for the year of
2016. Trajectories wereomputed using the Hysplit Model and the cluster analysis
was performed using the HAopenairo data ana
Programming language (specific details are given in Section 4.2.2). The percentage
of trajectories that were associateithveach cluster (depicted by the coloured lines)

are shown next to each of the respective trajectory cluster.lines............... 121

Figure 4.4 Bivariate polar plots depicting how (a) the standard deviation of a 10 minute
mean ofCO, mole fraction and (b) the concentration of aerosols (condensation
particulates; CP) vary with windirection and wind speed in each season of the year.
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The plot was constructed using the Apol
in R (Carslaw and Ropkins, 2012). More detail on its construction can be found in
Carslaw et al. (2006) and Carslaw d@apkins (2012; Sallee et al., 2012). Briefly,
however, wind speed and wind direction are partitioned into bins(mg 10
degrees, respectively) and the mean of
deviation of CQand aerosol concentratidioy each bin is calculated. A Generalised
Additive Model (GAM) (Wood, 2006) is then used to describe how a variable varies

with wind speed and wind direCtion.................uvvueiiiiiccceee e 123

Figure 4.5 Example of the skill of the filtering process described in the text for the month
of November, 2016. Day of the month is shown on #ais. Black points in all
panels show the data that has been discarded. Top p@@el(red points). Middle
panel =0 (2/2) (blue points). Bottom panel = aerosol concentration (or
condensation particulates (CP) (oran@)» andu (2/N2) axes are not scaled on a
mole per mole basis as is often shown. Data are from the month of November 2016.

Figure 4.6. The atmospheric COmole fraction from NOAA flask samples collected at
HBA in 2014 and 2015 (dark red points) compared to the continuous data observed
in 2016 from the measurement system installed as a part of the reseeehiqgul
here (red points). The continuous data were averaged to daily means and the
difference between the corresponding day in the 2015 flask data was taken and the
mean of all differences used to estimate the growth rate applied in the construction
of daa for the curve fitting routine described in the text............ccccceeeiiieeee. 129

Figure 4.7. A: Detrended NOAA flask observations (NOAA OBS) 600, at HBA
(black points), dgrended curve fit to the NOAA observations (black line) and de
trended curve fit to modelle@O, from CTE2016 (red line). The-axis represents
the year of the adervation B: climatological mean seasonal cycle determined from
the curve fit to NOAA flask observations (black points and line) and the curve fit to
the CTE2016 model (red points and line), shading represéofdiie monthly mean
of all years and henaepresents real year to year variability. Thaxis represents
the first letter of individual months and the first 6 months are repeated to aid visual
interpretation of the cycles. C: as in B. but with the individual flux contributions (in

ppm units) tothe modelled atmosphereO; seasonal cycle at HBA: Ocean (blue
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line), terrestrial biosphere (green line), fossil fuel emissions (brown line) and
biomass burning (orange line). In A, Band C all seasonal cycles were extracted from
a CCGRYV curve fit to eitlrethe real or modelled data using the fitting parameters

o101 [ T=Te M1 a TR 1 g (=) TR 137

Figure 4.8 Individual CQ flux breakdown from the CTE2016 model. (A): same as
Figure 4.7C. (B): as for (A) but with the fossil fuel and biomass burning seasonal
fluxes combined additively to form one seasonal curve (light brown line)ag@pr
(B) but with the ocean, fossil fuel and biomass burning seasonal fluxes combined

additivity to form one seasonal curve (dark blue line)...........cccvvvviviiceen. 138

Figure 4.9 Linear regression of the model €@eakto-peak seasonal amplitude against:
(A) the ocean C®@downwards zero crossing day (DZC) (blue line),(B) the fossil
fuel plus biomass burning plus ocean (FF+BB+Ocean)@ZC (dark blue line)
and (C) the terrestrial biosphere gaeakto-peak seasonal amplitude (green line).

The zero crossing days are expressed as the Julian day of the. year........140

Figure 4.10. Linear regression of the model €@Qpwards zero crossing day (UZC)
against: th€A) terrestrial biosphere CGQJZC (green line), (B) the ocean G@eak
to peak amplitude (blue line), (C) the fossil fuel plus biomass burning plus ocean
CO» peak to peak amplitude (dark blue line), (D) the ocean @Wnwards zero
crossing day (DZC) (turgpise line) and (E) the FF+BB+Ocean £0ZC (dark
turquoise line). The zero crossing days are expressed as the Julian day of the year.
................................................................................................................... 141

Figure 4.11 The first year of atmospher@O, ( r ed poi nt s o/Nojt(dup panel ),
points, middle panel) and APO (green points, botfmanel) observations from the
Halley Research Station, Antarctica. Data collection began in February 2016 and
stopped in January 2017 due to the unprecedented closure of the station. Gaps in the
data in March are due to a calibration malfunction resuitinmcalibrated data and
these are therefore not shown. The gaps in September/October were due to power

(011 =0 S PSP 144

Figure 4.12.The seasonal cycle of atmosphe@i®. (red points and lines, left-gxis),
U (2/2) (blue triangles and lines, rightakis) and APO (green squares and lines,
right y-axis) as determined fno the HPspline curve fit (see Section 4.2.5). The peak
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to trough seasonal amplitude for each species are shown in the &egsére scaled
suchthaCO,;, &N2)QGand APO are visually comparable on a mole per mole basis.
The xaxis represents the firldtter of individual months and the first 6 months are
repeated to aid visual interpretation of the cycles. Individual points represent the
monthly mean values of the curve fit. Lines represent a subsequent spline fit to the
monthly data. Shaded error banepresent thellstandard deviation of the residuals

of the curve fit and so represents closeness of the fit to the measured data, rather than
month to month variability as is often shown (it would be inappropriate to show such
error bands for one yeaf data). Error bands shown are as follo@€» = + 0.13

pp m, 2/Nd)E @ 5.4 permeg and APO =+ 5.2 per meg..........ceeeuvveeee. 146

Figure 4.13 Seasonal cycle @O, at HBA observed from the measurements presented
in this thesis (red points and lines labelled UEA) compared to the @@sseasonal
cycle observed at HBA from NOAA flas&bservations collected twice weekly
between 2000 and 2015 (blue points and line). Fhgig represents the first letter
of individual months and the first 6 months are repeated to aid visual interpretation
of the cycles. Individual points represent themtily mean values of the curve fit.
Lines represent a subsequent spline fit to the monthly data. Shaded error bands
represent thellstandard deviation of the residuals of the curve fit (UEA continuous
=+ 0.13 ppm; NOAA flask = + 0.12 ppm) and therefagpresent the closeness of
the fit to the measured data, rather than month to month variability as is often shown.
Also shown are the seasonal cycles derived from the measurements when different
growth rates are applied when recreating the data for tive étting routine (See
Section 4.2.5.2). The original growth rate (3.27 pprit) was arrived at by
subtracting the measured data in 2016 from the flask data observed in 2015. The
additional growth rates r epmaosnine)tandN 1 §
3.73 ppm yr* (magenta line). The dark blue line represents the r@&arseasonal
cycle derived from the flask observations from the most recent three years of flask
data (20152017). The turquoise line represents the seasonal cycle derivethizom
curve fit to the data when the 2015 flask observations are repeated forward with the
same assumed growth rate as was made for the original continuous observations
(B.21 PPM Y. ottt ettt ettt teeaeenenes 149
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Figure 4.14 Detrended NOAA flask observations (squares and circles) collected at
HBA between 2000 and 2015, as calculated by the d¢wve fitting routines:
CCGRV (blue squares and lines) and HPspline (red circles and lines). Lines
represent the degended curve fit to the data. Thexis represents the year the flask

sample was collected (typically twice per week)..........cccceeevveiiiicecninnnnnnnnn. 151

Figure 4.15 Seasonal cycle &0, at HBA observed from the measurements presk
in this thesis (red points and lines labelled UEA) compared to the @@eseasonal
cycle observed at HBA from NOAA flask observations collected twice weekly
between 2000 and 2015 (blue points and line) but derived from the CCGRV curve
fitting routine, rather than HPspline (askigure 4.13. The xaxis represents the
first letter of individual months and the first 6 months are repeated to aid visual
interpretation of the cycles. Individual points represent the monthly mean values of
the curve fit.Lines represent a subsequent spline fit to the monthly data. Individual
years that were most similar to the UEA 2016 continuous year are displayed by

dashed lines and are Shown in the KeY..........ccccceeviiiiiiceceiiiiciiie e 152

Figure 4.16. The seasonal cycle of APO observed at HBA during 2016 from the
measurement system presented in this thesis (black points and lines) compared to
the mean climatological seasonal cycle of APO determined from flask observations,
collected at approximately \&kly intervals over the 2088015 period, from three
other Southern Ocean APO monitoring stations that are a part of the SIO flask
sampling network: CGO (green points and lines), PSA (red points and lines) and
SPO (blue points and lines). Theaxis repreents the first letter of individual
months and the first 6 months are repeated to aid visual interpretation of the cycles.
Individual points represent the monthly mean values of the curve fit. Lines represent
a subsequent spline fit to the monthly dataaidgto aid visual interpretation error

bands are shown in the subsequggtire 4.18 ... 155

Figure 4.17. Cluster analysis of-day backwards trajectories starting every 3 hours for
the year of 2016 for each of the stations discussed in this analysis (HBA, PSA, SPO
and CGO). Trajectories were computed using Hysplit Mo8et{ion 4.2.2). The
cluster analysis was performed using the openair function trajClust (Section 4.2.2).
The percentage of trajectories that were associated with each cluster (depicted by the

coloured lines) are shown next to each to the respective tigjetuister lines156
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Figure 4.18. The seasonal cycle of APO obsed at HBA (black points and lines)
compared to other Southern Ocean APO monitoring stations: (A) PSA (red points
and lines), (B) SPO (blue lines and lines) and CGO (green points and lines. The peak
to peak amplitude of the seasonal cycles are display#teirespective plot keys.

The xaxis represents the first letter of individual months and the first 6 months are
repeated to aid visual interpretation of the cycles. Individual points represent the
monthly mean values of the curve fit. Lines represesutsequent spline fit to the
monthly data. Shaded error bands representitiséahdard deviation of the residuals

of the curve fit and therefore represent the closeness of the fit to the measured data,
rather than month to month variability as is ofteawh...................cccvvvvvieeeee 158

Figure 4.19 (A) Upwelling within the Southern Ocean aspitted by the vertical
velocity of water (key; 1@ ms?). The plot is a product of a model simulation of-pre
industrial upwelling (Griffies et al., 2015)and has been adapted from (Morrison,
2015). (B) Carbon export flux within the Southern Ocean (mg%lay?). Export
production was calculated as a function Net Primary Productivity, which was
subsequently derived from chlorophwgliconcentrations from satellite ocean colour
data (for details on the data transformations see Nevison et al. (2012; Ballee e
2012), from which this plot was adapted from). Locations of Southern Ocean
monitoring stations discussed in this analysis and others introdudégdure 4.1

AN AUSO SNOWIL. .o e eaaens 160

Figure 4.2Q Seasonal cycle metrics of APO observed at Southern Ocean stations. Top
panel: peak to peak amplitude (per meg) of the cycle. Middle panel: Timing of the
upwards zero crossing (UZC). Bottom panel: Timing of the downward zero crossing

(as above). The x axrepresents the sine of the latitude............................. 161

Figure 4.21 28 year agrage minimum (February; left plot) and maximum (September;
right plot) sea ice extent (expressed as a percentage) in the Southern Ocean. The
location of HBA and PSA are also shown by the black points. Adapted from
(Cavalieri and Parkinson, 2008)..........ccccouviiiiiiiiiieeere e eeene e 163

Figure 4.22 The seasonal cycle of APO (in per meg) at HBA from ti@W4 (left plot,
red line) and CESM (right plot, blue line) model runs compared to the observations
(OBS, black line). The individual contributions of ocean.@®aroon dashed line),
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ocean Q (purple dashed line), ocearn Kbrange dashed line) and fossieflCOp

(ffCO2, solid brown line) fluxes to the APO seasonal cycle are shown in per meg
units. The xaxis represents the first letter of individual months and the first 6 months
are repeated to aid visual interpretation of the cycles. Individual poinesegpithe
monthly mean values of the HPspline curve fit to the modelled data. Lines represent
a subsequent spline fit to the monthly data. The mean seasonal cycle of all stations

is shown by the solid black CUNVE.............oovviiiiiiir e e 166

Figure 4.23 As inFigure 4.22but for all stations considered in this analysis: HBA, PSA,
CGO @Nd SPO... ..ottt ceee et et e e e e eeenr e e e e e e e aaaaa e e e e e e e s e s amnne s 168

Figure 4.24.Taylor diagram evaluating model performanceaatheof the four Southern
Ocean APO stations considered in this analysis. The radial axis (running between
the x and y axes) represents tliesiandard deviation of the modelled seasonal cycle
and therefore represents a measure of the seasonal cycle depphisufi standard
deviation of the observed seasonal cycle is normalised to 1 in this case such that if
the modelled amplitude agrees completely with the observed then the point should
lie on the 1.0 radial curve. The angle theta from taiz represes the arccosine
of the correlation coefficient R between the model and observed cycle which
therefore represents the agreement in the phasing and shape of the cycle (Taylor,
2001). CESM is represented by the blue symbols and MOM4 by the red symbols.

Individual symbols represent the respective stations as shown in the.key169

Figure 4.25.(A): Summer (Januariarch) mixed layer depth (MLD) (m) observed in
the CESM and MOM4 models in the Southern Ocean (adapted from (Huang et al.,
2014)). (B). Winter mixed layer depth observed in the CESM and MOM4 models
compared to obseations (OBS) from Argo float profiles (adapted from (Sallée et
al., 2013). Note the different scale bar ranges in (A) and.(B).................... 171

Figure 5.1 a: Location of the Weybourne Atmospheric Observatory (WAO) on the North
Norfolk coast of the U.K (adapted from Fleming et al. (2012)). b: Northwards view
from the observatory @r the North Sea. c: Westward view from the observatory
along the Norfolk coastline. d: Depiction of typical air masses arriving at the
observatory. as determined by the NAME atmospheric dispersion model (adapted
from Fleming et al. (2012))......ccooiiiiiiiiiieeee e 191
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Figure 5.2 Results of the filtering, baseline extraction and curve fitfimg COp,
U (2/2), and APO at WAO. Colours highlighting each stage are indicated in the
figure. Raw 2 min: The original data recorded by the measurement system. Filtered
Hourly: The Novelli et al. (1998; 2003) method applied to hourly means of the 2
minute data as outlined in the text. RFbaseline: The baseline signal extracted using
the RFbaseline function &uckstuhl et al(2012). CCGRV: the curve fit (Thoning
et al., 1989) applied to the baseline signal as outlined in thevtextes are scaled

so tha COp, U (2M2), and APO are visually comparable on a mole per mole basis.

Figure 5.3 The seasonal cycle of atmospheti®, (red points and lines, left-gxis),
U (2/2) (blue triangles and lines, rightakis) and APO (green squares and lines,
right y-axis) as determined from the CCGRYV curve fit (see Section 5Th8)peak
to peak amplitude of the seasonal cycles are shown in the kaye<'are scaled
suchthaCO,;, ©N2)@nd APO are visually comparable on a mole per mole basis.
The xaxis represents the first letter of individual months and the first 6 marghs
repeated to aid visual interpretation of the cycles. Individual points represent the
monthly mean values of the curve fit. Lines represent a subsequent spline fit to the
monthly data. Shaded error bands representttistahdard deviation of the mohth
mean value from all 7 years (20@815) and so represents real than month to month
variability. The mean 10 st arrdaitpmdevi :
U (22) =+ 7.7 per meg and APO =+ 5.5 pEr meg.....ccccceeveevvvereeeeeceeenns 204

Figure 5.4 Seasonal cycles at each of the northern hemisphere stations considered in this
analysis for (A) CQ, (B) U (2/M>), and (C) APO. ALT = Alert (blue diamonds and
lines), Canada; CBA = Cold Bay, Alaska (green squares and lines); WAO =
Weybourne, UK (black points and lines); MLO = Mauna Loa Observatory, Hawalii
(red triangles and lines).h€ peak to peak amplitude of the respective seasonal
cycles are shown in the key-akes are not scaled on a mole to mole basis. The x
axis represents the first letter of individual months and the first 6 months are repeated
to aid visual interpretation dhe cycles. Individual points represent the monthly
mean values of the curve fit. Lines represent a subsequent spline fit to the monthly

data. Shaded error bands represent thetdndard deviation of the monthly mean
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value from all 7 years (2008015) aml so represent real than month to month
VANTADIIEY. ... e 213

Figure 55. Annual seasonal cycles for Qi (2M2) and APO over the study period

(20082015). The black points show the mean monthly seasonal cycle for all years

with error bars denoting N 1048 standard

are shown in théegend. Y axes are scaled so that they are visually comparable on a

mole per mole basis.-Axes represent the first letter of the months of the y&%&6.

Figure 5.6.Inter-annual variability in the growth rate of GQop panel, left yaxis; red

line), U (2/2) (blue line) and APO (green line) (both on the bottom panight

shared yaxis) observed at WAO over the study period (20085). The key in the

top panel depicts the mean growth rates observed over the study period for each
species. Yaxes have been scaled so that they are visually comparable on a mole per

molebasis. The saxis represents the calendar year................ccccuvveeeennnnne 218

Figure 5.7. Interannual variability in the growth of (A) GO (B) U (2>2) and (C)

observed at each of the four northern hemisphere stations considered for period
(20082015).Note thatyaxes are no longer visually comparable on a mole per mole

basis. Each of the stahs and their line colours are shown in the keys....... 219

Figure 6.1 The spring zero crossing, (top panel) autumn zero crossing day (middle panel)

and uptake/release period (defined as the difference between the SZC and AZC) for
CQO (red points and lines) and (2/2) (blue points and lines) at WAO over the
study period (2082015). The zero crossing days are reported as the Julian day of
the year (DOY) and the uptake/release period in days. Dashed lines indicate the
direction of the trend in the variable over the study period and its value, strength and

significance are gorted in the text within the respective plots.................... 242

Figure 6.2The trend in the spring and autumn crossing and in the uptake/release period

for COp (red), @ (blue) and APO (green) at all four northern hemisphere stations
considered in this analysis. Stars represent levels of significance in the trend, with
goldstargs epr esenting the significance of
red stars indicating the Masttendall test: 1 star p 00.15, 2 stars p 00.10, 3

stars =p O 0 .ADT5= Alert, Canada; CBA = Cold Bay, Alaska; WAO =
Weybounre, UK; MLO = Maua Loa Observatory, Hawali.......................... 245
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Figure 6.3 Variability in the annal amplitude of the seasonal cycle over the study period
(20082015) for CQ (red points and lines, left-gxis), U (22) (blue points and
lines, first right yaxis), and APO (green points and lines, secoadiy) at WAO.
Only the decreasing trend in tlaenplitude of the APO seasonal cycle is shown
(dashed green line) and its strength and significance is shown by the text in the figure
10 =TT o PP PP PP UUSTPPPPPPPR 247

Figure 6.4 Covariation of thei (2/2) autumn zero crossing day (AZC) expressed as
the Julian day of the year (blue lines and points; ledkig) with North Atlantic
meanspring temperature (orange lines and points; first rigdutig) and the spring
Arctic Oscillation index (pink lines and points; second riglatxis). Y-axes values
on the right hand side (temperature and AO index) have been reversed to highlight

the negave correlation seen between the variahles..............cccoooviiieeeninnnn. 249

Figure 6.5 Covaration of the CQ spring zero crossing (SZC) day, expressed as the
Julian day of the year (doy) (red points and lines) with the annual ENSO index
(purple points and lines).-#xes values on the right (ENSO) have been reversed to

highlight the negative cagfation observed between the variables.............. 251

Figure 6.6.Covariation of the APO autumn zero crossing (AZC) day, expressed as the
Julian day of the year, (green points and lines; lefkig) and northern hemisphere

mean spring precipitation (turquoise points and lines; rigltiy)................... 253

Figure 6.7. Covariation of thail (2/82) seasonal cyclamplitude (blue points and lines;
left y-axis) with the northern hemisphere mean spring temperature (green points and
lines; first right yaxis ) and northern hemisphere mean annual temperature (orange
points and lines; second rightaxis). Y-axes values on the right hand side
(temperatue) have been reversed to highlight the negative correlation observed

DEtWEEN the VAIIADIES.. ... ..o 254

Figure 6.8.The interannual variability of atmospher2O,, U (2/2) and APO observed
at WAO over the study period (20@®15) (top panelCO; (red), left yaxis;
U (2/02) (blue) and APO (Green), right-akis) in comparisorto three climate
indices: ENSO (second panel), NAO (third panel), AO (fourth panel) and the inter
annual variability in the growth rate of fossil fuel emissions (bottom panel). For
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ENSO, NAO and AO, the monthly data and the ~2 year smoothing (CCGRYV trend)
are shown in the respective KeYS........ccccuuuiiiiiiiiieeeiiiieieee e 257

Figure 7.1 The seasonal cle of atmospheri€Ox ( A) ,2/NAgndAPO (B) observed

at WAO and HBA (see key) .The peak to trough seasonal amplitude for each species
are shown in the key. -#xes are scaled such tHa0;, pN2)Oand APO are
visually comparable on a mole per moksis. The »axis represents the first letter

of individual months and the first 6 months are repeated to aid visual interpretation
of the cycles. Individual points represent the monthly mean values of the curve fit.
Lines represent a subsequent splingdithe monthly data. Shaded error bands
represent thellstandard deviation of the residuals of the curve fit and so represents
closeness of the fit to the measured data, rather than month to month variability as

IS OFtEIN SNOWN.. ... e e 280

Figure 7.2. Example of the increase in variability of €@hen wind speeds was high
(i.e.above 15ms$. Toppanel:CQ red poi nt s /Npeluepans;, panel : U

Third panel: wind speed, orange points; Bottom panel: wind direction, turquoise
points. The increase in G@ariability when the wind speed is high is believed to be

a resultof the oscillating of the suspended laboratory the measurement system is
housed in, thereby impacting the stability of the laser inside the Siemens CO
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Figure 7.3.The HPspline curve fit to the replicated data observed at HBA. Real data is

shown in 2016. Data in 2015 and 2017 are the 2016 data but with the assumed growth
rates applied (either subtracted or added from the corresponding 2016 date. Top

panel: CQ( red points) Hppline curve JdfN)Jt (dark r

(blue points)HPspline curve fit (turquoise line). Bottom panel: APO (green points)

HPspline curve fit (dark green lin@).............oovviiiiiiiccceeecee e 318

Figure 7.4 Example of a shoiterm, synoptic scale event observed at HBA during

February 2016. A: APO (green points), black points represent 12 hourly means of
the data and the dark black lines are a spletevéen the 12 hour points, shown to
highlight the event. The dark green line represents the curve fit to the data, with the
dashed green lines representing N 1 0
B. CO (red points), the dark red line and deghines are as in in A, but for the €0
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curve fit. C. Daily back trajectories generated by the Hysplit model; a total of 8
trajectories per day are visible (released every 3 hours) and trajectories run
backwards for 7 days (or 168 hoursaxis)). The yaxes represents the height of the
trajectory at a particular time. Trajectories are coloured by the latitude as shown by
the colour bar in the figure. The mean trajectory for each day is shown by the think
black line ineach panel..............ccouiiiiiee e 319

Figure 7.5. Progression of the event depictedrigure 7.4 as shown by the trajectory
evolution (coloured by the time of the day) over a map of Net Primary Productivity
from the Vertically Generalised Productive model of Behrenfeld and Falkowski
(1997), based on satellite seaWifs chlorophyll concentration. Also shown is the sea
ice concenttion from satellite data (Spreen et al., 2008). Colour bar scale for each

are shown in the figure. Note the origin of trajectories on tHeahd 1%' February.

Figure 7.6.Bivariate analysis of concentration data with respect to wind direction and
time of day at WAO. The top row represents the annual mean fospecies, whilst
the second row splits the data by season. O2 and APO data have been inverted (made

positive), therefore depleted values are represented by red on the colour3&3ale.

Figure 7.7. The HPspline curve fit (dark green points) against the raw 2 minute APO data
at WAO (green points). Note how the curve does represent baseline APO

concentrations at different periods in the record..............cccovrieeen 324
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PREFACE

I have been incredibly fortunate to have spent soilhmey time in the last four years
working in two atmospheric observatories in very contrasting, yet equally beautiful,

locations:
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southtowards the Hinge Zone, where laine leaves the continent and forms the

floating Brunt ice shelf, upon which the station sits.

The Weybourne Atmospheric Observatory on the North Norfolk coast of the United

Kingdom, looking west along the coast that borders the North Sea.
| will cherish the memories of my time spent in these places; working with the people

who make the atmospheric measurements possible, and enjoyable, for the rest of my

life.
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CHAPTER 1 INTRODUCTION TO
ATMOSPHERIC O2 AND THE GLOBAL CARBON

CYCLE



1.1. The global carbon cycle

The global carbon cycléFigure 1.1) consists of four major reservoirs: the
atmosphere, the oceans, the terrestrial biosphere and the geosphere. Carbon exchanges
between these reservoirs on timescales that range from betwksm laours (e.g.
photosynthesis) to many millions of years (e.g. the sedimentation of organic matter on
the seabed and its subseque(Bernes LB The t i 0o n
carbon cycle is intimately linked to global climate due to the properties of the major
atmospheric carbon species: primarily carbon diox{d&,) and to a lesser, but still
significant extent, metha(CH), carbon monoxide (CO) and the halocarbons.

During the 19th century, at a time when scientists were first grappling with the
theory of the Ice Ageand what may have causidm Joseph Fourigl827)calculated
thatthe Earth was warmer than it should be based on a simple radiation balamee and
assumedthatthis must b@wingto some property of the atmosphere. John Tyi{iiat4)
built uponF o u r woekrarid svas the to first consider the radiative effects of atmospheric
CQO (that is, its abilityto absorb and subsequentlyenit longwave, infrared radiation
upon the surface temperature of the Earth. This is commonly referred to as the
6gr eenh odasl & alsofcdusged and amplified by other atmospheric constituents;
primarily water vapourCHs and nitrous oxide (PD). The greenhouse effect is critical to
the habitability of Earth and results in an average surface temperature of ~15°C; without
it the surface temperature would be closerli®’C (Hansen et al., 1984Yhe average
surface temperature of the Earth throughout geologicadrizishowever, has been far
from constant (e.g. Zachos et al., 2001venseeminglyminiscule variations in the
relative abundance of the major greenhogases have the ability to significantly alter
the temperature of the planet.

Analysis of ice core records from the Vostok ice core, Antarctica, have shown the
co-variation of atmospheri€0O, mole fractionand surfacetemperature through the
glaciatinterglacial cycles of the Quaternary period (~2.6.01 Million years ago (Ma))

(Petit et al., 1999; Siegenthaler et al., 20@®th temperature and tk&O, mole fraction

fluctuated with periotitiesbetween 20 and 100 thousand years (ky) as a result of natural,

orbital induced changes to the amount of solar radiatiorhreac g t he Eart hds

(Milankovitch, 1941) Although thee initial changs in temperature ere forced by
changes in solar radi ation reaching the

temperature change between thed®tal cycles cannot be accounted for unless they are
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amplified by changes to the relative abundance of greenhousewh®stsarecontrolled
by complex carbowlimate feedback mechanisms (for a review, Sggnan and Boyle
(2000). TheCO. mole fraction waselativelylow during the glaciaperiods (18(arts
per million (pm) and relatively high during intemlacial periods (280 ppm)
(Siegenthaler et al., 2005)he Southern Ocean in particular is believed to have exerted
a critical cantrol over these glaciahterglacial atmospheri€0O, variations, through
changes to both the rate at which the de
of biological productivity within the regiof\WWatson and Naveira Garabato, 2Q06)
Following the end of the last glacial (~11.7 ky ago), atmospl@@cremained
relatively stable, varying between 2880 ppm throughout the Holocefladermuhle et
al., 1999) At the beginning of the industrial era (~1750 AD) @@ mole fraction began
to rise(Barnola et al., 1995)
Arrhenius (1896)was the first to recognise the influence that theustdal
revolutioncould have on the atmosphe€i©, mo | e f rTheehormous comlbustion
of coal by our industrial establishments suffices to increase the percentage of carbon

dioxide in the air to a perceptible degréeand even made a prediction that a doubling
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Figure 1.1. The global carbon cycle and the relative fluxes of carbon (C) between the reservoirs
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of atmospheri€€O, would lead to an average global temperature increaselag X (t hi s
is now known as climate sensitivity), blé postulated that this would not occur for
another 500 years.

The pioneering puictions ofArrhenius (1896yvere not recognised until the first
reliable and continuous measurements of atmosp@€¥i¢precision of < 1.0 ppm ) were
made by Charles Keeling at the Mauna Loa atmospheric obssrvBlawaii, in 1958
(Keeling, 1960) TheCO. mole fraction was observed to be ~315 ppm with a seasonal
amplitude of ~5 ppniKeeling, 1960) The atmospheri€O, mole fraction is now ~40
ppm @017Y) , f ast appr oa c-mdustripimoléfactidgn860 ppm). leisl 0 pr e
now widely reognised and accepted that this increasalnsost entirelydue to the
burning of fossil fuels, cement production and land use clsasgeh as deforestation,
biomass burning, crop production and conversion of grassland to cr¢#&d, 2013)
The most recent estimates from sophisticated Earth system models of thee clima
sensitivity lie in the range of 14 . 5(I@@C, 2013) makingthe prediction oArrhenius
(1896)all the more remarkable. The exceptionally high (relative to the last few million
years)preseriday CO, mole fraction habeen unequivocally warming our climate over
recentdea d e s ( 0.9 @lahsed e al.al®997; Hansen et al., 2006; IPCC, 2007b)
and will continue to do so unless the above anthropogenic activities areed(IRGC,
2014)

Despite continuous warnings from the scientific community on the potential short
term, centennial scale consequences of riSiBge mi s si ons dinatesystem Ear t hds
(IPCC,2001, 2007a, 2014)ve appear to be stubbornly stickingth e A busi ness as us
scenario CO. emissions from fossil fuel combustion and cement production i6 201
9.9 + 0.5Pg C yrY) first set out by the Integovernmental Panel on Climate Change
(IPCC) in 1992 Pepper, 1992)

The atmospheric increase @0, mole fraction however, imuchless than that
predicted from that of fossil fuel combustion alone (approximately 57% of the expected
trend(Gloor et al., 201)). This is becaus€0; is removed from the atmosphere by the
Earthoés terrestrial 7a08PgcCole and250+06PgBon si nks
yr' 1, respectively for the 10 year periad00-2010, (Keeling and Manning, 2014p)The
exact magnitude of the sigkary from year to year due to the irt@nnual variability of

! https://www.esrl.noaa.gov/gmd/ccgg/trends/global.html



the cabon cycle which itself will likely be influenced by climate change. If we are to
reliably predict future climatic changes, mitigate and adapt to them, it is essential that we
characterise and monitor the efficiency of both the terrestrial and ocean sarbonk s 6
ability to withdraw anthropogeni€0O, from the atmosphere and further reduce the
uncertainty in our understanding of how these sinks will respond to future climatic
changegLe Quéré et al., 2009; Le Quéré et al., 2007)

1.2. The carbon cycle and climate change

In order to understand how the efficiency of both the terrestrial and oceanic carbon
sinks will be impacted by future climatic changes, it is firstly important to consider what
the natural state of these systems are prior to any anthropogenic inflignuee. 1.1
shows both the natur al and anthropogeni c

major carbon reservoirs.

1.2.1.The terrestrial carbon cycle

In the natural, p-industrial state, the terrestrial biosphere fixes, @@m the
atmosphere via photosynthesis. The total amount of carbon fixed by this process is termed
Gross Primary Production (GPP) and equates to approximately 120 PdHbyghton,

2007) However, roughly half of this carbon is returned to the atmosphere via respiration
(on daily to annual timescales). The remaining carbon is termed Net Primary Production
(NPP, approximately 6@g C yr'). This carbon is then distributed amongst the living
plant biomass and within the litter and soils. Again, much of this-$éwort carbon ste

is respired back to the atmosphere (FPspC yrt) through autotropic and heterotrophic
respiration. The remaining carbon is termed Net Ecosystem Production (NEP,
approximately 10 Pg C ¥). Much of NEP is then lost through disturbance, such as
naturalfires, storm damage or pestilence on lorgem timescales. If the terrestrial
biosphere is in equilibrium with the atmosphere, then all of the return processes to the
atmosphere at the different ecosystem levels will exactly balance GPP.

The influence bthe above mentioned processes can be observed in the seasonal
cycle of atmospheri€0Os,. For example,n the northern hemisphere, where much of the
global land mass is distributed, the seasonality of atmospbésics particularly evident
(e.g. Bolin and Keeling, 1963; Pearman and Hysor801l%®Randerson et al., 1997)
Whereas natural climate variability, suab the El Niio Southern Oscillation (ENSO),

can impact on all of the above mentioned levels of carbon storage within the terrestrial



biosphere which can then control the fluxes of carbon to and from the atmosphere on
interr-annual timescales. This is evidemthe interannual variability observed in the rate
of change of atmospheric G(Bacastow, 1976)

Anthropogenic activities have disturbed this natural state through land use change
(primarily deforestation) and through the emission ot @Cthe atmosphere from fossil
fuel buning and cement productighPCC, 2013) As such, the terrestriddiosphere
atmosphere system is no longer in balance, with the terrestrial biosphere currently acting
as a carbon sink for anthropogenic Z@m the atmospher@.27 + 0.84 Pg C yt? for
the 10 year period0002010) (Keeling and Manning, 2014b)

The influence of anthropogenic E@missions on the terrestrial carbon cycle can
be broadlysplit into two effects: 1. the direct influence of g@ertilisation on
photosynthetic rate@.g. Schimel et al., 2015; Wenzel et al., 20416 2. the influence
of climatic change (e.g. temperature and water availability) on photosynthesis (GPP),
respiration (NPP and NEP) and disturbance (N@R). Nemanet al., 2003; Zhou et al.,
2001a) Understanding the impact of these processes on the terrestrial carbon cycle and
any subsequent changes to the terrestrial carbon sink is complex. For example, these two
influences can have synergistic effects on broader or repeeific aspects of the
terrestrial carbon cycle such as vegetation dyna(fiaskelet al., 2016jnd ecosystem
scale light use efficiencffhomas et al., 2016)

Coupled carbon cyclelimate models allow investigation of these processes and
what effect they may have on the future of the terrestrial carbon cycle under different
emissions and warming scenar(&siedlingstein and Prentice, 2010)odel simuléions
show that the CgXertilisation effect will increase the amount of carbon stored within the
terrestrial carbon sink in the future, whereas the impact of climate change on the biosphere
will tend to decrease (tFriedlingstein and Prentice, 2010)here is, however, a large
amount of disagreement between the models as to how the efficiency of the net terrestrial
carbon sink will evolve in the futui@riedlingstein and Prentice, 2010)

The now relatively long record of global atmosphe@i©, observationsin
conjunction with model simulations andotratory based experimentsave allowed
investigation of the terrestrial carbon cycle responslegse anthropogenic chandes.
Bacastow et al., 1985; Barichivich et al., 2012; Forkel et al., 2016; Graven et al., 2013;
Keeling et al., 1996a; Myneni et al., 1997; Pearman and Hyson, 1981; Piao et al., 2008;
Randerson et al., 99). All of these studies demonstrate an increase in the peak to trough

seasonal amplitude @Oz in northernl at i t udes (>45eN) of wup
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records bega(@ravemet d.,2@13; Ké&elh@ & al., 199680 of these
studies also repted an advance of the spring downwaedocrossing of approximately
1 week since the 195006s, pointing to an
season in response to spring warmikgeling et al., 1996a; Myneni et al., 199Pga0
et al.(2008) howeveralso demonstrated a trend towards an earlier autumn upeand
crossing that was significantly negatively correlated with increasing autumn
temperatures, resulting in a shorter carbon uptake period, in contrast to the studies
mentioned above. EPiao et al.(2008) work was corroboratedybBarichivich et al.
(2012) who note that despite the increase in the thermal growing season driven by an
earlier spring onset and a later autupemo crossing dayhe increased temperatures in
autumn actually lead to an earliermination in the carbon uptake period. Conversely,
more recent work has suggested a weakening temperature control, or at least a decoupling
between increasing productivity and temperature

The contrasting findings on the current state of the terrestri@ b p her e, an
response to current climatic change, indicate a large amount of uncertainty within this
subject area and therefore merits further work. Nevertheless, at a fundamental level
photosynthesis has an optimum temperature at which the reaatofasoured, whereas
the amount of respiration will increase in line with increasing temperatS8cailze,
2006) If global surface temperatures continue to rise unabated, and ignoring the effects
of changes to the hydrological cycle, then one can expect the terrestrial biosphere

become a net carbon source to the atmosphere.

1.2.2.The aeancarbon cycle

In the atmosphere and ocean carbon syskégaike 1.1), approximately 60@gC
naturally resides in the atmosphere whilst approximately 38,000 Pg C resides in the ocean.
Thus, 98.5% of the carbon in the atmospkmrean system resides in the acavhilst
only 1.5% resides in the atmosphere. Henr
soluble gas, such as @@he dissolved concentration (&) will be proportional to the
partial pressure of the gas (€@) in the overlying atmosmre. One would therefore
expect carbon to be equally distributed between the atmosphere and the ocean. The reason
why the distribution is not equal and why the majority of the carbon instead resides in the
ocean is due to the chemical properties ob @dhin seawater.

When CQ dissolves in sea water, it rapidly dissociates into bicarbonate {§{HCO

and carbonate ions (G® (Equation 1.1):



FEp P FE 4. 7 FP A FF4uP 9 afrF 1. (1.1)
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The production and consumption of éns indicate that these reactions have a
pH dependence. A Bjerrum pldEigure 1.2) shows the distribution of dissolved €O
HCOs and CQ?% ions (together defined as Dissolved Inorganic Carbon (DIC)) in solution
as a function of pH. At a typical pH of seawater (8.2), 86e6%ts as HC®, 13.0% as
COs> and 0.4% as dissovedGO Fr om Henryods Law, therefore,
of the carbon in the atmosphere ocean system should be the same as the dissolved portion,
which suggests that ~3% of the carbon should existise atmosphere, and 97% in the
ocean(Jacob, 1999)The reasondr this difference between the theoretical fraction of

carbon in the ocean due to carbonate chemistry (3%) and the observed fraction (~1.5%),
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Figure 1.2. A Bjerrum plot showing the relationship between the concentrations of the ions that r
the carbonate chemistry system in the ocean and pH. The current range of oceanic pH is sho
shaded blue bgFrom Heinze etlg 2015)
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I's due to a combination of ocean <circul e
pumps.

Deep water formationccurs in the high latitude oceaf@sg.Marshall and Speer,

2012) These waters are relatively cold and the solubility of any gas (includinpi€O
therefore increased. These hIQIC waters are then transported to the deep ocean which
creates a gradient of DIC from the surface ocean to the deep ocean. This is known as the
Asolubility pumpo and maintains aztgheadi e
absorbed fromtheatmdspe r e vi a Henryds Law.

This gradient is also maintained by
biological pumps that oppose each other in the surface ocean. Firstly, primary
productivity in the surface ocean consumes Gg&ronverting it into organic chon (~48
Pg C yr! (Houghton, 2007) Most of this carbon is respired back ithe surface ocean
(~37 Pg C yt* (Houghton, 2007) However, when the organism, some of this carbon
is transported out of the surface ocean into the deep ocean (~11 Pgdoyghton,

2007), either as particulate organic carbon (POC), which following microbial respiration

is converted to dissolved organic carbon (DOC) and DIC. This process is known as the
soft tissue pump and, with the solubility pumpggs the deep ocean relatively high in

DIC compared to the surface and the consumption ofi£gfthus allows more CQyg) to

be drawn in from the atmosphere than there otherwise would be if the oceans were sterile.

Additionally, the calcium carbonate ppnacts to increase the concentration of
DIC in the deep ocean through remineralisation. However, in the surface ocean, the
calcium carbonate pumgcts to increase the concentration of2Gg (Equation 1.2)

Many marine organisms produce calcium carbof@sCQ) shells. The production of
these shells and the subsequent increase #g®hen HCQ is consumed is shown by

the following equation:

FF +a T FF4.” FFFRF 7 F FFE+a (1.2)

Overall, the soft tissue pungomminates in the surface ocean and the net effect is
to reduce the concentration of €@} in the surface ocean. The solubility pump is the
key process that governs how effectively the ocean takes up anthropogentb&@ @
to say, how quickly surfacsaters are transported and mixed into the deep ocean. When
considering the evolution of the anthropogenic ocean carbon sink, one must therefore

consider how changes in ocean circulation, temperature and salinity, stratification and ice



cover may impact # efficiency of the solubility pump and hence the efficiency of the
ocean as a carbon sir{kioughton, 2007)

The biological pump does not cause an anthropogenics@® in itself(IPCC,
2013)because productivity in the oceans is limited by the availability of nutrients, such
as nitrate, phosphate (macronutrients) and trace amounts of iron (micronutrients).
However, changes in the biological pumpmy be brought about by climate change
impacts on the ocean, and may therefore affect the ability of the pump to regulate the
surface to deep ocean gradient in IRCC, 2013)

One further key point to consider is the impact of the uptake of anthropogenic
COz has on the ocean carbonate system. As anthropogeniis @sorbed by the ocean,
the equilibrium inEquation 1.1shifts to the right, increasing the amount of bicarbonate,
carbonate and Hons. Importantly, the production of'Hons decreases the pH, which
then alters the ratio of GRqHCOs:CQOs%, suchthat more of the DIC exists as @)

(see alsdrigure 1.2) This was first recognised by Roger Revelle and is known as the
Revelle Factor or the carbate buffering effectRevelle and Suess, 1957)hus,
although the préndustrial ocean holds 98.5% of the carbon in the comlatradsphere
ocean system, tlreduced buffering capacity of the ocean as it takes up mosen€éhs

that approximately80% of anthropogenic carbon will reside in the ocean within the
combined atmosphei@ean systenithe exact percentage is dependent on how much
fossil fuel is burntBroecker et al., 1979; Houghton, 2007)

1.2.2.1. The Southern Ocean carbon cyaledclimate change

The Southern Ocean has long been recognised as a major influence on global
climate(e.g. Imbrie et al., 1992; Knox dmMcElroy, 1984; Siegenthaler and Wenk, 1984,
Sigman and Boyle, 2000; Toggweiler, 1999; Watson and Naveira Garabato, [2G96)
unique in terms of its geography, compared to other ocean basins, in that the absence of
a land barrier in the vicinity of the Drake Passage3® e S) al |l ows a <ci rcumpol
to exist (krown as the Antarctic Circumpolar Current (ACC)bggweiler and Samuels,
1995) The unimpeded flow of the ACC connects all ofthar t h6s maj or ocean |
and closes the global meridional overturning circulation (MOC) that is responsible for the
storage and transfer of heat, freshwater, nutrients and carbon around thg ghoplein
and Speer, 2007)
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The Southar Ocean is thought to currently account for ~40% ofriieglobal
ocean uptake of anthropoger@©; (~0.7 Pg C yr') (Mikaloff Fletcher et al., 2007;
Sabine et al., 2004)When attempting to understand the Southern Ocean carbon cycle
however, one first needs to consider oceanic transptiitnnthe region Eigure 1.3).
Strong westerly winds that encircle the Antarctic continent exert a significant stress upon
the surface of the ocean ceatt along the axis of the eastward flowing AQRintoul,
2011) To the south of the ACC, Ekman transport creates a divergence that allows the
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Figure 1.3. Diagram depicting general oceanic transport within the Southern Ocean. Antarctica i
on the left of the diagram. The eastward flowing ACC is shown by the yellow arrow. Ekman tr
causes a divergence at ~ 6 5ig@npolanReep Water (LICW), Nol
Atlantic Deep Water (NADW) and Upper Circumpolar Deep Water (UCDW). As surface waters flo!
of the Polar Front (PF) they are subducted as Antarctic Intermediate Water (AAIW). Close to the ,
coast, brine reion in the formation of seme forms Antarctic Bottom Water (AABW). Wiggly vertic
arrows at the surface indicate buoyancy loss or gain. Curly arrows along water mass hc
(isopycnals) indicate eddy mixir{@Ilbers et al., 2004

upwelling of deep waters rich DIC (Rintoul, 2011) Ventilation of these waters at the
surface therefore constitutes a significant seurco f 0 n atb the atihadphe@O
(Mikaloff Fletcher et al., 2007)urthermore, the upwelling of these deep waters brings
nutrients, formed by the decomposition of
to the sur ac e, stimulating fAnewo biol oC§ cal
concentratiorof the surface waters such that there is a flux of {@n the atmosphere

to the ocearfTakahashi et al., 2012\s these waters are transported north of the ACC,
Ekman transport is convergent and surface waters are subducted into the ocean interior

as SubAntarctic Mode Wate and Antarctic Intermediate WatgRintoul, 2011)
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sequestering the carb@hakahashi et al., 2012}t is the fornation of these water masses

that are thought to constitute the largest contribution to the uptake and storage of
anthropogenic C®within the Southern Ocean (0.42 + 0.2 Pg ¢)yBabine et al., 2004;
Sallee et al., 2012)

Monitoring the variallity of theseoceanprocesses is an inherently difficult task
and even more sgiven the scarcity of observations in this isolated region of the Earth
(Bakker et al., 2016)Consequentlythe role of the Southern Ocean in the global carbon
cycle and thus climate change the source of much recent scientific debgay.
Landschitzer et al., 2015; Law et al., 2008; Le Quéré et al., 2007; Le Quere et al., 2008;
Metzl et al., 2006; Roy et al., 2003; Zickfeld et al., 2008)

Le Quéré et al. (2007using an inverse ntleod combined with observed
atmospheric C@mole fractions, concluded that the overdiciency if the Southern
Ocean sink folCO, had declined by 0.08 Pg Cydecad# for the period 1982004,
relative to the trend that would otherwise be expeotsgd onhe increased atmospheric
CQO. burden. The model dfe Quéré et al. (200/uggestedhat this was due to an
increase in the ventilation of natural carbon south of the ACC as a result of strength
winds over the Southern Ocean that are thought to be the result of human agtigities
Quéré et al.,, 2007; Shindell and Schmidt, 2004; Thompson and Solomon, 2002)
However, botH_aw et al. 2008)andZickfeld et al. (2008ontested these findings. The
former suggested that the results were very much dependent on both the choice of ocean
model and the network @tmospheric C®observations employed.aw et al., 2008)

This thereforgorovidesa clear incentive to establish ma@nospheric C@monitoring
stationsin the region, as undertaken by my tsedihe latter argued that the altered
Southern Ocean winds, coincident with rising atmosplt@@gmole fractionwill likely
increasgnot decreasehe Southern Oceararbonsink in the 21 century(Zickfeld et

al., 2008) Conversely,Lovenduski et al. (2008)sing output from hindcast simulations

of an ocean circulation model with embedded biogeochemistry, found a similar decrease
in the efficiency of the Southern Ocean carbon sinkeaQuéré et al. (2009nd also
concluded strengthening of the westerly winds were a likely cause.

The increase in the westerly wind strength Ibesn attributed to a trend towards
a more persistent positive phase in the Southern Annular Mode (EAdinpson and
Solomon, 2002) which is characterised by a trend towatelcreasingatmospheric
pressure at the pole and a correspondnugeasein pressure over thenid-latitudes.

Moreover, atmospheric inverse modésitler et al., 2007and ocean biogeochemistry
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models(Lenton and Matear, 2007; Lovenduski et al., 26Qi¢)jgest anomalous Southern
OceanCQ; outgassing of ~0.1 Pg C¥yper standard deviation of the SAM index.

Whilst the above mentioned studies established that the strength of the Southern
Ocean carbon sink throughout the decade ¢
studies wusing dat a fted thatthé dink ha? @ Str@rgthehed v e
again (Landschitzer et al., 2015; Munro et al., 20133ing a novel neural network
techngue to interpolate sparse ocetssolvedCO, observations in both space and time
within the Souther©cean regions, Landschitzer et(aD15)confirmed the weakening
efficiency of thesink in the 1990s suggested by Quéré et al. (2001ut determined
that since 2002, the sink has strengthened subztamnd anetuptake of ~1.2 Pg C yr
in 2011. Theuncertainty in the future evolution of the Southern Ocean carbon sink
demonstrates an imperative to use continudmissitu observations to observe and
quantify biogeochemical processes that influen€e €xchange between the Southern
Ocean and the atmosphere.

1.3. Estimating the terrestrial and oceanic carbon sinksising
atmosphericO2 measurements

Different techniques have been employed to estimate the uptake of anthropogenic
CO. by both the terrestrial and oceanic carbon sinks. These include the use of surface
oceandissolvedCO, data(Takahashi etla 2009)**C0O,/*2CO; data(e.g. Gruber et al.,
1996) and the application of inverse atmospheric transport mddais Peylin et al.,
2013) Although these techniques provide estimates of both regional and global carbon
sinks, they do have élir disadvantages. For example, dissol@@h dataare sparse,
particulaty in the Southern Ocean, and aemsitive to gas transfer velocities, which have
been shown to be increasingly uncertain at the high wind speeds that are typical in the
Southern OcearfWanninkhof et al., 2009)Whereas inverse transport models are
sensitive to the choice of atmospheric stations used in the modehnahin the choice
of model itself(Law et al., 2008) Another approach to this problem, involves the
measurement of atmosphef®, as first outlined byMachta, 1980b)Ralph Keeling
advanced these techniques in his first papers on the s(@psling, 1988a, band in
those that followe{Keeling et al., 1993; Keeling et al., 1996b; Keeling and Shertz, 1992)

Keeling (1988b)demonstrated the insight atmosphede measurements could

give to global carbon cycle studibg highlighting the fact that the sources and sinks of
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CO; and Oy, to and from the atmosphere, are stoichiometrically linked through the
oxidation and reduction of organic matter, whereby a sink Qerwill have a
correspondingO; source and vice verststly through the processes of photosynthesis

and respiratiorfEquation (1.3):

FE A FP FaF F (1.3)

Where CHO is the approximate composition of organic matter, and secondly
through combustion of fossil organic matter (i.e. coal, oil and @&sgling, 1988b)
(Equation (1.4):

A. ek Ok ek &

The ratio of the exchange (moles ©¢ consumed to moles d€O; released
(02:C0Oy)) depends on the oxidation state of the organic matter in questemiing,
1988b) For photosyntesis and respiration this ratio has a value of 1.10 £ 0.05
(Severinghaus, 1995\vhereas for foskfuel combustion the globally weighted average
is 1.39(Manning and Keeling, 2006lut varies depending on the fossil fuel usked (
example1.95 for gaseous fuetsrd1.17 for solid fuels).

Both O, andCO;, exchange between the atmosphere and ocean too, however the
stoichiometric coupling breaks down due to differences in their seawater chemistry and
in the timescale of aisea exchang@Bender and Battle, 1999; Keeling, 1988b; Keeling
et al., 1993)WhenCO; dissolves in seawater it rapidly reacts with water to form carbonic
acid which then dissociates into bicarbonate and carbonate ions acdegdegpn 1.1
This reaction, specifically the production of tdns, is the reason for ocean acidification
being one consequence of increasing the atmosp@€&xianole fraction(Doney et al.,
2009) Importantly, this sink fo€O, does not have a corresponding sowio®;, and the
lack of a similar seawater chemistry f0s results in a much smaller effective solubility
in seawater than for G@Broecker and Peng, 1982a; Keeling, 1988khoughCO, and
O are stoichiometrically linked in marine biological product{&edfield et al., 1963)
(02:COz = 1.4, (Anderson, 1995) the resulting changes in seawa@®D, is heavily
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Figure 1.4. G(O2/N,) (y-axis) versus CQ(x-axis) (both globally and annually averaged) over the pi
July 1991 through January 2011, computed every six months (solid circles). The expéuotedeon
U (2M2) andCO, from fossil fuel combustion alone is shown by the long downward arrow. The diff
between this and the obsenieendis accounted for by both the land and ocean carbos. gtistly, ont
accounts for the small amount of Gutgasing due tahe solubility effect fromocean warming over tt
time period (small vertical arrowkecondly, since the oxidative ratio for the terrestrial biosphere is |
(molar ratio of1.1/1.0), one can compute the land carbon gimkere the gradierdf the upward diagon
arrowshown is equal to 1.1) The remainder must thereforegbévalent tahe ocean carbon sink, wh

is shown by theénorizontalarrow since this has no (long termi(O2/N2) component (frorgfKeeling an
Manning, 2014b)

suppressed due to the carbonate chemistry readti@ndecoupling between these two
species in aisea exchangdriven by their differences in seawater chemiseggults in
differences in their equilibretn timescales. This is approximately 1 year €0,
whereaO; equilibrates much faster, on timescales of a few wéBksecker and Peng,
1982a)

Although the increase in the atmospheZi®, mole fraction due to fossil fuel
burning drives a flux ofCO; into the ocean, as described above, the corresponding

decrease in th®> mole fraction does not drive a flux &k out of the oceansrThis is
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because t he o0 ®©Oegiatoosall,siacp 29% ioftthg tothl amounafin

the atmospherecean system resides in the atmosph®&ender and Battle, 1999;
Keeling, 1988h) Hence, by removing the fossil fuel component from the long term
atmospheric: signal, one knows that the residual must be due to terrestrial biosphere
exchange (althodga small correction must be made to account for ocean outgassing of
O- due to thermal solubility changes (see bel@geling et al., 2006§) One can then
estimate the corresponding terrest@, sink from the oidative ratio of 1.1 for the
terrestrial biospheréSeveringhaus, 199%)nd hence, by deductiorstenate the oceanic
carbon sinKe.g. Bender et al., 1998; Keeling, 1988b; Keeling et al., 1993; Keeling et al.,
1996k Keeling and Shertz, 1992; Manning and Keeling, 2006b; Tohjima et al.,.2008)
This concept can be expressed quantitatively in the follomgations (1.5 and1.6 by
deriving an atmospheric budget 160, andO::

Yek 3 F | (15)
YE 03 oyl £ (L6)

Oy a n dO: rapresent the global atmospheric change in these species over a
period of time; F represents a sourceCak to the atmosphere from the anthropogenic
activities of fossil fuel combustion and cement production, typically estimated from fossil
fuel inventories; O represents the ocean carbon sink; B represents the net terrestrial
biosphere carbon sink, (the sum wbmass burning, land use change and terrestrial
bi osphere uptake); UF an@C®Bolarexghangesatimt t he gl
for fossil fuels and the terrestrial biosphere (1.4 and 1.1, respectively, see above), and Z
representsD, outgassing du¢o changes in both the solubility and biological pumps
(Manning and Keeling, 2006f)vhich can typically be modelle@opp et al., 2002pr
estimated from observations of changes in the ocean heat c(i?itgtrier et al., 2002)

All terms are defined in the units of moles per year, apart from the molar exchange ratios,
which have dimensionless units.

By solving Equation (1.6 for the terrestrial biosphere sink, B, one can then
determine the ocean sink, O, fraBguation 1.5. This is demonstrated in the vector
diagram shown irFigure 1.4. Keeling and Shertz (1992)ere the first to attempt this
analysis and estimated that the oceans and terrestrial biosphere each removed

approximately 30% of fossil fu€O..
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1.4. Seasonal variability ofatmosphericO>

On seasonal timescales, atmospheric observations @@ enole fraction are
characterised by a seasowatiation driven primarily by the terrestrial biosphéeeg.
Bolin and Keeling, 1963; Pearman and Hyson, 1980; Randerson et al., TBe® is
little seasonal influence from the ocean, since, as stated above, the equilibration timescale
for CO. between the ocean and atmosphere is of the order of 6 months to a year due to
the carbonate buffering capacity efaswate Broecker and Peng, 1982&)bservations
of the atmospheri©. mole fraction, on the other hand, have a seasonal variation driven
by the terrestrial biosphere and oceanic exchange, since atmeepbareO;
equilibration imescales are on the order of a few we@secker and Peng, 1982ahis
is driven by spring/summer marine biological production, by winter ventilation of deep
O.-deficient, (carbofrich) subsurface waters as the seasonal thdimeobreaks down
and a subsequent seasonal thermal solubility compdBemder and Battle, 1999)
Therefore, on seasonal timescales, one can remove the seasonal atmd3pheric
component driven by the terrestrial biosphere by taking the product of the atmospheric
COseasonal amplitude and the facto® UB,
seasonal amplitude, assuming the seasonal cycdl&S,&dndO; are in perfect anjpha®.
The residuaD, component is therefore solely driven by oceanic procé&sssler and
Battle, 1999; Keeling et al., 1993; Keeling and Shertz, 1992)ng three years oD>
flask sample data from Alert, Canada, La Jolla, U.S.A., and Cape Grim, Australia from
1989 to 1992Keeling and Shertz (1992)scovered that the residual seasddasignal
(after removing the terrestrial biosphere influence) was largely driven by marine
biological production (85%) in the summer with a smaller but still sigmfithermal
outgassing signal (15%), and driven by the seasonal break down of the thermocline in
winter months, leading to ventilation @&. deficient waters. This work was later
corroboratedBender et al., 1996)n O flask sample data from Cape Griflasmania

and Baring Head, New Zealand.

1.5. Atmospheric Potential Oxygen

In attempt to more easily distinguish the mar@g signal from that of the
terrestrial biospher&stephens et al. (1998grived the atmospheric tracer Atmospheric
Potential Oxygn (APO) which is the weighted sum of atmosph&icand CO, mole
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fraction, with an adjustment made to account for terrestrial biosphere exchange processes.
Hence, a change in APO (in moles) is define(Eagiation (1.7):

=k ovrt @)

a8, a n dCOvaepresent the change of the species (in moles) and, as before, the
factor UB i #0.08andiacdounts tor thBz:ClOPstoichiometric ratio for
terrestrial biosphere photosynthesis and respirdt@veringhaus, 1995Hence APO,
by definition, is conservative to terrestrial biosphere influeriSésphens et al., 1998)
Variability in APO is therefore influenced by fossil fuel combustion, which drives a
decrease in APO values since the oxidative reir combustion is >1.1 and oceanic
processes, which drive the seasonal and irdaerual variability in APQHamme and
Keeling, 2008; Stephens et al., 1998)

There are two key assumption irettlerivation of APO. Firstly, the oxidation of
CHs and CO to CQin the atmosphere has a negligible impact on thenGle fraction
compared to fossil fuel combustion and the terrestrial biosphere exchange processes
(Stephens et al., 1998)vhilst this assumption ust be considered for the assessment of
global APO gradients, it does not significantly impact APO on seasonal teanriaal
timescales. Secondly, the oxidative ratio for terrestrial biosphere processes (1.10 £ 0.05)
is constant across all vegetation égp Whilst this may not be strictly true, it is only
relevant for studies interested in very local scale APO studies. At the regional to global
level this ratio holds trugseveringhaus, 1995)

The seasonal variability in APO is driven by the ocean carbon cycle process of
biological production in the spring/summer months and the subsequent breakdbe/n o
thermocline leading to deep mixing in the winter months; both of these processes are
further amplified by seasonal thermal solulilchanges in the surface ocd@gnder et
al., 1996; Keeling teal., 1993; Keeling and Shertz, 1992he variability in these
processes from year to year hence drives the globalanteral variability of APO
(Hamme and Keeling, 2008)

Observations of RO provide a useful independent method to test the reliability
of atmospher@cean model predictions of &eaO. andCO:; fluxes. For example, using
fortnightly samples of atmospher{@, and CO; collected on the Scripps Institution of
Oceanography (SIO)- flask sampling network (10 stations, established in the early
1 9 9 O(Maning and Keeling, 2006bBtephens et al. (199&alculated the inter
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hemispheric gradient in APO observations and compared the results to three ocean
circulation plus biogeochemistry models (OCBMs) ofsaa fluxeqSarmiento et al.,

1995; Six and MaieReime, 1996)coupled 6 an atmospheric transport modAIT M)
(Heimann, 1995)The authors discovered the models significantly underestimated the
inter-hemispheric gradient of APO (decreasing towards the north) and proposed that the
models must be underestimating the net southward oceanic transport o thig3swand

CQOp. ConverselyGruber et al. (2001performed a similar study but used an inverse
modelling technique that is independent ofsaa fluxes. Through their analys@&uber

et al. (2001 yiscovered that the intdremispheric gradient @. can be described by the
existence of two closed oceatmosphere asymmetric circulation ceidfsO. transport.
WherebyO> uptake occurs in the mid to high latitude oceans, is transported towards the
tropics, where it is outgassed from the ocean at the equator and then transported back to
the poles through the atmosphere. The northern hemisphkir® steonger than that in

the southern hemisphere, resulting in incre@3gdptake in northern temperate regions
(Gruber et al., 2001)This asymmetry in the two circulation cells, combined with the
asymmetry in fossil fuel emissions (greater in the northern hemisphere) can account for
the interhemispheric APOgradient more accurately than the analysis proposed by
Stephens et al. (1998pruber et al., 2001)

Furthermore, the modelling studies $tephens et al. (1998nd Gruber et al.
(2001)implied a strong equatorial outgassing®ft hat produces an eq
in APO that could not be confirmed due to a lack of observations in this r@giojma
et al. (2005bjubsequently confirmed this prediction using shipbdaskimeasurements
of O2 andCO» collected across the western Pacific Ocean between Japan and the United
States and Japan and Australia.

A comprehensive review of how APO can be used to evaluate atmoseare
models can be found Maegler et al. (2007)'he major finding of this work was that the
ability of the current suite of ATMs to correctly reproduce the amount of vertical mixing
observd in the atmosphere (also known as the rectifier effect) hinders efforts to use APO
in the evaluation of ocean biogeochemical models, particularly on seasonal timescales.

This is less of an issue on iri@nnul timescales, however. Consequently,
Rodenbeck et al. (2008)erformed the first atmospheric inversion of global APO
observations to assess the influence in the variability @@€0, andO; fluxes on the
APO anomaly. The authors found that tropical APO fluxes were significantly correlated
with the El Nifilo Southern Oscillation (ENSO) Multivariate ENSO Index (MEI) index
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whereby ENSO induced changes in upwelling in the centrafi€aand therefore the
ventilation ofO2 poor deep waters, could explain the variability seen. The relationship
between ENSO and the intennual variability in APO was later confirmed Bgdebbar

et al. (2017)

Moreover, a modelling atysis byVerdy et al. (2007pn simulated inteannual
atmospher®ceanO, andCO; fluxes in the Southern Ocean demonstrated that both the
SAM and the ESNO significantly impacted both of @@, andO, anomalies. Whereas,
Hamme and Keeling (2008pund that a significant aount of the APO variability,
particularly in the northern hemisphere, could be explained by ventilation of deep water
masses within the North Atlantic and Western North Pacific ocean basins. The authors
also examined the variability in APO with the Arct@scillation (AO) index and,
although the variability was only weakly correlated, a large negative excursion in the AO
index in 2001 corresponded with a negative excursion in the APO anomaly, indicative of
ocean ventilation driven changes.

These analyses nmnstrate the insight long term APO observations can provide
on how large scale atmosphareean couplings (such as the ENSO and the AO), impact
the ocean carbon cycle.

Despite ATM uncertaintieNaegler et al., 200tjhe seasonal cycle of APO can
be used to test our understanding of the seasonality of marine carbon cycle processes. For
example,Nevison et al. (2012presented a unique analysis on the seasonal cycle of APO
in the Southern Ocean. In their analysis, the authors were able to separate the thermal and
ventilation components of the APO seasonal cycle using atmospherig ZmNNO
data respectively. The remaining component is equal to the biological signal,
representing Net Community Production (NCP) within the Southern Ocean. Using a
satellite ocean colour observations of net primary productivity (NBefirenfeld and
Falkowski, 1997) combined with a model to estimate export production (EBRvs,
2004)which is approximately equal to NGRevison et al., 2012and an atmospheric
transport model (MATCHMahowald et al., 1997; Rasch et al., 199i)ey were able to
independently verify the APO NCP component. This analysis provides an encouraging
comparison of two independent datets that also confirms the reliability of the
biogeodtiemical models used in their analysis.

Building upon this workNevison et al. (2015)sed global observations of the
APO seasonal cycle to evaluate six tBaystem models that participated in the fifth
phase of the Coupled Model Iteomparison Project (CMIP%Yaylor et al., 2012)The
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authors attempted to account for the uncertainty in atmospheric transport, described by
Naegler et al. (2007py using a matrix method that took account of the uncertainty across
13 different ATMs to translate the ocean modelsem fluxes into an APO field. Of the
six models tested, only three were able to reproduce the observed seasonal APO cycles at
most of the observation sit@devison et al.2015) Following this,Nevison et al. (2016)
performed a similar test of global OCBMs against APO, but with a specific focus on
Southern Ocean APO monitoring stations. This unique study used the models$o asse
Southern Ocean carbon uptake in 2100 under the RCP 8.5 scenario. The models with a
better performance at reproducing the present day APO seasonal cycle predicted a smaller
net carbon uptake in the Southern Ocean than those that didevidon et al., 2016)

Clearly, APO observations have the unique capability of reconciling OCBMs with
observations and vice versa; advancing our understanding of the atmesgdene
system(Battle et al., 2006)

1.6. Summary and aims of thesis

In this chapter, | began with a comprehensive review of the global carbon cycle.
| discussed in detail aspects of the terialstarbon cycle and how current observations

of the atmospheric COnole fraction are indicative of hemispheric wide responses of the
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Figure 1.5. Current and historic sampling sites for atnieesgic O,. The red box shows tigouth Atlantis
and Weddell Se®, observation gap. The red star represents the location of the Halley Researct
(from Keeling and Manning, 2014b)
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terrestrial biosphere to current climate change. | then detailed the complexity of the ocean
carbon cycle and how the Southern Ocean is a key region with respect to atmosphere
ocean carboexchange, yet there is still much debate surrounding the current efficiency
of the Southern Ocean carbon sink.

| have outlined the applicability of atmospherig GO, and APO measurements
as a tool for understanding the global carbon cycle. These measurements can be used to
understand both how the terrestrial biosphere is responding to current climate variability
and also test our knowledge and understanding of cayma processes in the Southern
Ocean through modelbservation comparisons.

However, modelling studies involving atmospheric APO observations are limited
by the lack of global monitoring stations, particularly in the Southern Ocean region.
Moreover, whil$ there is a large amount of research into the seasonal andrnmigal
variability of atmospheric C&there is a limited amount of research into the iaterual
variability of the seasonal cycles and growth rates of atmospherian® APO.
Furthermorethe current body of atmospheric @nd APO research stems from flask
observations. Whilst this is suffice for studies of the carbon cycle at the global scale, flask
observations may miss the finer details of what drivesu@ APO variability at the
regional level, such as variations driven by a combination of local scale carbon cycle
processes and atmospheric transport. Consequently, tharohérg aim of this thesis
was to investigate the processes that control the variability of atmosphefi©gZad
APO on different spatial and temporal scales at two contrasting coastal locations from
continuous observations.

The Weybourne Atmospheric Observatory (WAO) is an existinglatitide
atmospheric @and CQ measurement station on the north Norfolk cadsthe U.K.
established in 200@Vilson, 2012) To investigate the variability of atmospherig, GO,
and APO oneaasonal and inteannual timescales | have chosen to extend and revise this
observational dataset. | will compare the derived seasonal cycles and growth rates to the
original analysis of thaVilson (2012)and to other northern hemisphere monitoring
stations, in order to understand the regional variability of the species across the northern
hemisphere. Hmwing this, this | will quantify the inteannual variability of the seasonal
cycles and growth rates of atmospheric.G® and APO at WAO. This analysis will

therefore address following questions:
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1. How do the results of the analysis compare to publiftexdture on the topic
(in the case of C¢) and, with respect to all species, how do the results at WAO
compare to other northern hemisphere stations? With this, | will then assess
what can be learnt about the carbon cycle processes that influencasihrease
variability of & and APO, in addition to CO

2. Is there a statistical relationship between the quantified variability in the
seasonal cycles and growth rates of the species and the variability of the

climate, characterised by temperature, precipiteand climate indices?

Whilst this work will assess whether the WAO atmospherie @0le fraction
displays similar trends in the seasonal cycle and growth rate to otheolS€rvation
sites, it will represent the first time such an analysis has akso &pplied to atmospheric
O2 and APO observations (with respect to the Hat@nual variability of the seasonal
cycle). Moreover, studies of the it@nnual variability of the @and APO growth rate
are very limited(Eddebbar et al., 2017; Hamme and Keeling, 2008; Rddenbeck et al.,
2008)and this analysis will be the first to use a station situated in northern Europe.

TheHalley Research Station (HBA) is a high latitude, Antarctic coastal site that
measures a suite of atmospheric trace gases. Here, | will build and install a fully
automated @and CQ measurement system, largely based on the system previously built
at WAO by Wilson (2012), in order to fill in the &dbservational gap in the South Atlantic
sector of the Southern Ocedfigure 1.5). The South Atlantic and Weddell Sea key
regions of atmosphemgcean exchange and represent a significant area of carbon export
from the surface to the deep océBakker et al., 2008; Evaret al., 2017) Whilst this
measurement system will represent the first continuous atmosphegrend CQ
measurement system in the South Atlantic sector of the Southern Ocean, prEserrts
only the third such measurement system in the wider Southern Ocean region (the others
being at Syowa Station, Antarctifiahidoya et al., 2012)nd Baring Head, New Zealand
(Manning, 2001) The primary aim of thisvork was to determine the extent with which
carbon cycle processes in the South Atlantic sector of the Southern Ocean control the
variability of atmospheric CQ, e'N2)@nd APO observations at the Halley Research

Station, AntarcticaThis will be achieved through the following objectives:

1. Determine what carbon cycle processes control the seasonality of atmospheric
CO, from flask observations colleed at theHBA using anatmospheric

inversion scheme.
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2. Investigate synoptic scale variability and determine to what extent the
variability can be explained by local to regiosablecarbon cycle processes.

3. Compare the seasonal cycle of APO observed at tdBAat observed at other
Southern Ocean stations and assess what can be learned about the spatial and
temporal variability of carbon cycle processes within the Southern Ocean
region.

4. Do HBA APO observations highlight deficiencies or strengths in OCBislis

are otherwise overlooked with fewer stations to compare against?

1.7. Outline of thesis

The outline of this thesis is as follows: In Chapter 2, | present the theory and
design methodology of the atmosphefiec and CO, measurement system installed at
HBA. In Chapter 3, | provide an assessment of the reliability of the measurement system,
within the context of global atmospheric measurement goals, based on diagnostic data
collected over one year of operation. In Chagtdrpresent the first year of observations
at the HBA, including an assessment of the seasonal cycle©HfO, and APO, a
comparison of HBA APO against other Southern Ocean APO monitoring stations and
two OCBMs. In Chapter 5, | present a revision anem@sion of the WAO atmospheric
02, CO; and APO measurement record, including a detailed discussion of baseline
extraction and curve fitting techniques, and a comparison to the original data presented
by Wilson(2012) In Chapter 6, | assess the variability in the seasonal cycle and growth
rates of @, CO; and APO observed at WAO and compare this to varialiligfimatic
variables, such as temperature and precipitation, and hemispheric scale climate indices.
Finally, in Chapter 7, | present the summary and conclusions from the main findlings

this research, including a discussiorfudfire work.
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CHAPTER 2 M ETHODOLOGY OF
ATMOSPHERIC O> AND CO2 MEASUREMENTS

PART | THEORY AND DESIGN



2.1. Introduction

2.1.1.0utline of this chapter

This chapter describes in detail tBieandCO, measurement system | built at the
University of East AngligUEA) between 2013 and 2015 and subsequently installed at
the Halley Research Station, Antarctica, at the beginning of 20t6and CQ
measurement is achieved using a commercially avai@bénalyser, utilising lead fuel
cell based measurement technology, a@D;, analyser employing the Non Dispersive
Infrared (NDIR)absorption based technique. The use of these analysers and the gas
handling procedure required to attain the precision necessary for carbon cycle research
weredeveloped by A. Manning (UEA, Norah, UK.) and B. Stephens @tionalCenter
for AtmosphericResearch (NCAR)Colorado, USA) in the early 2000Bhe blueprint
for this type of measurement system has been used and developed by silsystpras
(Patecki and Manning, 2007a; Pickers, 2016; Stephens et al., 2007; Thompson, 2005; van
der LaanLuijkx, 2010; Wilson, 2012)with modifications made to suit the environment
that the system was to be installed in (e.g. ship based, remote field site, local field site
etc.).

Thespecific aim in this chapter was to build apadd CQ measurement system
that could be installed at the Halley Research Station, Anta(eti84), in order to fill
in the South Atlantic observationab@ gap 06 hi ghl i ghted in Chapter
placed to sample air masses that have had contact with the ocean in the South Atlantic
and Weddell Sea a key region of the Southern Ocean for carbon export and exchange
with the atmospher@akker et al., 2008; Evans et al., 201BYy making the measurement
system a continuous one, rather than discrete measurements, allows me igaievest
areas of ah#sea gas exchange within the region throtlgh analysis oBynoptic scale
variability of atmospheric @and CQ.

Furthermore, the system needs to be a largely automated such that it can run for
extended periods of time with minimal humanterventioni a key requirement for
installing at such a remote field station where personnel time is stretched between many
different experiments.

With the above aims and constraints in mind, | have chosen to build my system
following the blueprint oft he mo st r €arbom Relatdd BtAdspheric
Measurement (CRAMgroup iteration of a continuous,@nd CQ field measurement

system based at the Weybourne Atmospheric Observatory, Norfélk(Wilson, 2012)
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This system has been proven reliable to produce continuoarisddCQ observations for
sever al years via a | argely aluntoaptuariged p
synoptic scale ®and CQ variability that represent regional carbon cycle processes
(Wilson, 2012) In this chapter, | give a thorough description of the measurement system

| built and installed aHBA. The build of the system and the amount of troubleshooting
required to optimise the measurement prodessttain the required measurement
precision ad accuracyrepresented 1.years of work during this Ph.Dlhe major

differences between the systemilson (2012)and that constructed here are:

1. A new position for the Afast purgeo
2. The removal of a Afirst stageo dryin
3.l mproved precision through analysis

for the sample and referemlines entering the two fuel cells.

| begin this chapter by giving a brief overview of the historppmeasurements
to inform the reader of the techniques historically and currently employed. Knowledge of
theadvantages and disadvantagégach techmjue ultimately determined why the lead
fuel based @measurement system outlined above had to be employed for this groject.
Section 2.2, | descrbe the background and theory behind how atmosph@sic
measurements are reported and maintained using the Scrifgpss8ale, to which the
measurement system described in this chapter is tied to. Readers interested in establishing
their own Q measuremergystem are encouraged to read this section to understand how
compatibility between independent @easurements should be maintained. In Section
2.3, | describe the measurement system in detail, highlighting individual components and
explaining the theory and purpose behind the gas handling procedure employed. In
Section2.4, | detail how the raw analyser outputs are convertedG@pmole fraction
andu (2M>) ratios. | then go on to detail the different levels of calibration and quality
control that are used. Secti@mb details the data acquisition and the control software,
produced and developed by UEAOGs EIl ectron
compon@ats have been continuously developed since 2008 by the engineers in
conjunction with present and past members oMa nni ngdés CRAM rese
(Pickers, 2016; Wilson, 2012Fhe modifications | made to the measurement system were
subsequently incorporated into this meas:

control software by the engineers upon request. | conclude with a brief discussion of
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the impact the modifications and whether they would be suitable for systems employed
by other members of thHe, measurement community.

Readers not concerned with methodological details of the system arededte
Section2.6for a summary bthis chapter and an approximate construction timeline that
leads onto the assessment of system performantaviiod installation at Halley

presented in Chapter 3.

2.1.2.A brief history of atmospheri®©, measurements

There are currently 26 stations monitoring atmosphesic@npared to 113
monitoring stations for CO(A. Manning, 2014; personal communication). The latk
O stations, in comparison to those for £ flects the difficulty in making atmospheric
O2 measurements. Although changes in atmosphegicat® of a similar absolute
magnitude to those of GO(the seasonal processes discussed in Chapter 1 reault in
seasonal amplitude of ~20 ppm for & midlatitudes), they must be detected against a
much higher background mole fraction. For example, to measure a 0.1 ppm change of
CQOz in a background of 400 ppm requires a precision of 0.025%. FboWwever, a @
ppm change needs to be measured against a background of 209,3@2pjma et al.,
2005a) thus requiring a precision of ~0.00005%.

The first reliable atmospheric.Oneasurements were carried out by Benedict
(1912) who determined that tremospheric @mole fraction is constant (209,380 + 60
ppm) using a chemical extraction technique followed by volumetric analysis (reviewed
in Manning(2001). This work was later corroborated by Machta and Hugt@#g0)who
sampled clean marine background air collected in flasks during oceanographic cruises
between 1967 anti968. They obtained a value of 20.946 + 0.006 % using a Beckman
oxygen analyser that utilises the paramagnetic properti€®» ofiolecules (i.eO> is
attractedto a magnetic field{Machta and Hughes, 197urthermore, Machta and
Hughes(1970) noted that one would expect the atmosphericr®le fraction to be
decreasing due to the combustion of fossil fuels. The authors calculated an expected
depletion of 0.005 peent by volume (50 ppm) of atmospherig ltween 1910 and
1967 but were unable to determine this due to uncertainties in their measurements
(measurement error: £ 60 ppachta and Hughes, 1970 a follow up to this paper
Machta(1980alfirst proposed that precise atmospherim@asurements, in conjunction
with atmospheric C®measurements, could give insights into the state of the global

carbon cycle (described in Chapter 1). Such precise measurem&efis tiowever, were
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not possible until the development of an interferometric oxygen analyser by Ralph
Keeling (Keeling, 1988a) This technique involves measuring changes in the relative
refractivity of dry air between 4358 and 2537 A and obtains a precision o0320@.1

ppm) that is only made possible by rigorous gas handling proce({eekng, 1988a)
Keeling(1988b)used this method to demonstrate the-aatrelation of @Qwith CO; due

to combustion processes within urban air and championed its use as a tool fimgstudy
the global carbon cycle (see Chapter 1). Subsequent to this to work, the first atmospheric
O: flask sampling network was set up and the first estimates of the terrestrial biosphere
and oceanic carbon sinks were determifiézeling and Shertz, 1992)

Several independent techniques for measuring atmospheric the required
precision have now been established; these include the useisdt@pe ratio mass
spectrometryBender et al., 1994bja continuous paramagnetic technigi&anning et
al., 1999) a gas chromatography technidliehjima, 2000)a vacuum ultra violet (VUV)
absorption techniquéStephens et al., 2003nd a differential measurement technique
based on lead fuel cell technolo@ytephens et al.,, 20Q7However, not all of these
techniques are suitable for wideale deployment at field stations, where the cost of the
instruments, the logistical feasibility of installation and the maintenaageired in
keeping the instruments running all have to be considered. For example, although
paramagnetic @analysers are commercially available, theyany sensitive t@xternal
environmental factors (e.g. temperature, pressure and motion) andribeegfiaire a lot
of modifications and find¢uning to attain the desired precision, making the technique both
labour intensive and costlyManning, 2001) The VUV absorption technique is
completely unique in its design and construct{8tephens et al., 2008nd therefore
does not make it a suitable technique to be applied at multiple field stations. The same
goes for the interferometric oxygen analyser, this being eofinreonstruction hilt by
Ralph Keeling during his Ph.D researteeling, 1988a)Mass spectrometers and gas
chromatography seips are commercially available, but expensive and are typically
installed in laboratories, owing to their size, again making them unsuitable for field
statons. @ analysers based on leagl cell technology are a more recent addition to the
suite of Q analysis techniques. They have the advantage of being compact, commercially
available, relatively cheap, and require few modifications, making them an attractive

candidate for use in the fie{&tephens et al., 20Q7)
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2.2. Defining the atmosphericO2scale

2.2.1.1 (Oo/Np) andiperme g O

Keeling and Shertz1992)proposedtie convention of reporting atmospherig O
concentrationgschanges in the ratio of2@0 Nz, U(O2/N2), in dry air. This is primarily
due to the fact thahe O> mole fractionis susceptible to changes in other trace gases,
such aLO,. For example, consid a parcel of air containing 100@0 moleculesCO, is
represented by 400 molecul€3, by 210000 and N by 78@®00. The mixing raos are
therefore 400 ppm, 210000 ppm and 080, respectively. If one then adds 10 molecules
of CO; but keeps botld2 and N constant, the mixing ratios then becometki® nearest
ppm): 400 ppm, 20887 ppm and@ 7992 ppm. Consequently, tke and N> mixing ratios
have decreased by 3 and 8 ppm, respectively. Hence, if one repali{©iid) ratio,
this problem is circumventedN>, makes up the majority of the composition of the
atmosphere (78.084%Mhd can be considered as inert at the scale of interesti¢upih
Its variability, thereforejs assumed to beegligible, (in comparison t®, variability).
With this reasonable assumption, any changes to i€, @atio reflect changes in
atmospheridd2 mole fraction Furthermore, the £No ratio is insensitive to changes in
othe atmospheric gases, unlike, which may change considerably @asonal and long
term time scale<JO, for example). Changes in the/®zratio of a sample are expressed
as relative deviations from an&wn reference gag&quation(2.1)) (Keeling and Shertz,
1992)

0jo0 0jo0

100 5T 2.1

Since var (O#d\)iinonatsral airf are trelatively small, the ratio is

multipied by 16and expressed in fdper mego units.

U(O2/N2) is equivalent to the same number of molecules as 1 ppm of a tra@éegéing
et al., 1998a)

Of the techniques mentioned, only the mass spectrometry method can measure the
O2/Nzratio directly. All other techniques are sensitive to themOle fraction and hence
a correction must be made to account@a dilution due to changes in the g@ole
fraction. To do this, one must measure the @@le fraction concurrently with theO
mole fraction. In this cas&quation(2.2) is used to derivéi(O2/N>) (in per meg units):
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TR (A o & uBY

L (2.2)

Here, S:represents the standaO; mole fraction of air: 0.20939¢Tohjima et
al., 2005a) UX o2 represents the measured @ole fraction determined by the analyser
(multiplied by 16), whilst Xcoz represents the measured Q@ole fraction (in ppm).
Hence, a fimol mol ! change of the ©®mole fraction, without any concurrent change in
the CQ mole fraction, results in 8(O2/N) ratio change of 6.04 per meg. Whereas if
thereis a concurrent change in ti&0, mole fraction, of the same magnitude but in the
opposite direction (due to tertgal biosphere exchange for example), @®./N>) ratio
change will be 4.77 per meg.

222.The Scrscpmmsf H 620

Since O2 measurements are not reported as a mole fraction and are instead
reported as an arbitrarily defined ratio with non S| per métg,uhis important to briefly
consider : (1) . How is fAzeroo per meg de
maintained?

O. measurements are always made relative to a reference gas, this is a high
pressure cylinder of ambient air and, as long as domposed of real air, the relative
composition of its constituents does not matter. This is referred to as a Working Tank
(WT), as this cylinder is constantly run through respective measurement systems and is
against which all measurements®fare madeWhen Ralph Keeling first started making
Oomeasurements at the Scripps I nstitutioc
(Keeling, 19883) he defined the WTO. concentration once a day when the span
sensitivity of his interferometric analyser was calibrated agairtssecondary reference
cylinders, known as fiHigh Spand (HS) and
filled to span the range of the ambiéhtconcentrations expected and referred to hence
forth as Working Secondary Standards (WSSes). The initial mole fraction of these
secondary cylinders (see below as to wh"
defined by t he an alrgmenetechniquessdaséd orsthertheoseticalt 0 <
principles of howO. molecules affect the refractive index of air (see Appendix A in
Keeling et al.(1998a)and also(1988a). As a check, the reliability of the initial span
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calibration of the analyser was confirmed against gravimetric standa€s 60, N2
and Ar(Keeling et al. 1998a)
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Figure 2.1. Long term stability of the&i (M) ratio in the 18 SIO PSSes frdfeeling et al(2007) The
top three panels represent cylinders composed of a different materials. The bottom panel is
correction function (¢ applied to the S1 scale to derive the S2 scale (see text). Individual s
represent differentylinders (IDs within the figure). Measurements are presented as the differen:
mean value since 1992. Step changes at the beginning of the record represent the transition fr
cylinders vertically to storing them horizontally inside a thelyriakulated enclosure. For more detail:
the differences between individual PSSes and on the stability of the S2 sc&leckeg et al. (2007)

The assigned concentrations of the WSSes, which are fixed, are then used to
perform the daily calibration of the analyser and assign the daily WT concentration (and
all subsequent WT cylinders) that sample air is measured in reference tbresll
reference cylinders are then said to be on
out, a new replacement cylinder (nextWSS) is analysed several times alongside the

current WSSes and assigned a value based on the S1 scale. No two cylinders are eve
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replaced at the same time and hence the S1 scale can be propagated indefinitely into the
future.

However, with this system, it is impossible to determine whether one or more of
the WSS cylinders are unstable, resulting in a drift ofdheoncentration over time and
therefore reducing the reliability of the S1 scale propagation (cylinder instability may be
caused by a small leak or reactions on the inner surface of the cylinder for ex&onple
a review of all potential causes of cylindestability, see Keeling et g2007). Ensuring
the stability of the reference gases is crucial when uU3ingeasuremes to partition the
land and ocean carbon sinks (see Chapter 1). A greater than 1 per hurftyior
example, would result in an achievable sink resolution of only 0.4 Pg,©nyput another
way, a 20% uncertainty on a (typical) 2.0 Pg ¢sink.

Thus, to counter this issue, SIO have 18 reference cylinders, known as Primary
Secondary Standards (PSSes), composed of different materials, with different valve and
regulator connectiond=igure 2.1). The cylinders were filled at SIO between 1985 and
1994 and the WSSes are analysed against them every six months. The PSSes are assumec
to be stable with respect to the WSSes. Therefore, Dttmoncentration of the s
changes with time, it is assumed to reflect a drift within the WSSes and hence the S1
scale. By having a large number of PSSes, composed of different materials and with
different fittings, one can reasonably assume that each PSS will not be driftthg by
same amount, nor be drifting due to the same reason; if one PSS is, it will be immediately
apparent.

The S1 scale can therefore be drift corrected to the S2 scale based on the PSS
analyses, where S2 = S1 + C(t) and C(t) is a single drift correctmmtidn Eigure 2.1)

(Keeling et al., 1998a; Keeling et al., 2007)

The S1 and S2 scales are arbitrarily defined to coincide on Octoberah890
define zero per meg for@articular PSTank HA7017 measured dhat time, but filled
with ambient air inLa Jolla,California in September 19§B8eeling et al., 1998apAll O>
measurement programs around the world are thus linked to the SIO S2 scale by requesting
that their own PSSes be filled by SIO and assigned concentration values using the SIO

WSSes on the S1 scale, whistsubsequently corrected to the S2 scale. Furthermore, all
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Oz values are reported as negative owing to the consumption of atmogpheirie to
the combustion of fossil fuéls

As can be seen fRigure 2.1, the SIO PSSes have been incredibly stable since the
early 19906s. The | arge step changes at
delivered cylinderi(O2/N2) owing to the discovery of thermal and gravitational effects
on the Q/N2 ratio. Upon discovering this unwanted affect, all reference cylinders were
stored horizontally in thermally insulated enclosuresdfmore completeliscussionsee
Section2.3and Keeling et ak2007). On thecorrected SIO S2 scale, the long term drift
of theli (2/M2) is 0 + 0.4 per meg yrgiving an uncertainty in ©based carbon sink
calculations of + 0.16 Pg C ¥(Keeling et al., 2007)

2.3. The O, and CO2 measurement system and gas

handling

The HalleyO, andCO, measurement systerkigure 2.2) is based on a similar
set ups first developed by A. Manning (UEA, Norfolk, UK) and B. Stephens (NCAR,
Colorado, USA) and later refined by subsequent auttiRatecki and Manning, 2007a;
Pickers, 2016; Stephens et al., 2007; Thompson, 2005; van defrLuglkx 2010;
Wilson, 2012) In order to make very precis® measurements at the level required to
study the carbon cycle, one must take care to avoid certain sampling artefacts that can
influence theD./N2 ratio.

Firstly, fractionation ofO2 molecules relative tbl; by diffusive separation owing
to gradients in pressure, temperature and water vapour can Ggcbecause it is the
heavier molecule, preferentially accumulates in regions of higher pressure, lower
temperaturend higher humidityKeeling et al., 1998a; Severinghaus et al., 1996
influence of these effects dhe O2/N> ratio are not arbitrary, with variations of between
1000 to 10000 per meg (see Table 1. in Keeling €1888a). As such, th&®, andCO;
measurement system is designed in such a way as to minimise the effdutse
phenomenon by using an extensive gas handling system that achieves: (1) very fine

pressure and flow control ( 20 mbar; + 1 ml Hin(2) a HO content of < 0.5 ppm and

2 This depletion of atmospheric;@oes not pose a health risk to human being8saecker, W.S.

(1970) Mans Oxygen Reserves. Science 168, 153B.
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(3) temperature control within the room of e£2between calibration cylindgof + 0.5C

and within the analysers of £ 0.G25 Where gradients cannot be avoided, such as in
vapour traps (see Secti@mB.2 the steady state flow achievdddugh (1), ensures that
mass balance can be applied, such that the relative floxsaofdN: into a region equal
that leaving the region, even if a concentration gradient gkistding et al., 1998a)

Secondly, adsorption and subsequent desorption of molecules on the wetted
materials of the system can causeticnation ofO; relative toN». Different molecules
have different capacities for adsorption onto the surface of materials and the amount of
adsorption typically increases with press(ieeling et al., 1998ajTo avoid this, it is
important to ensure that all inner surfaces exposed to sample or reference ga flow
well conditioned. Hence, where possible, flow and pressure are maintained throughout
the system even if a particular section, the sample line for example, is not being run
through the analysers. Hence a sesr(dees of
Section2.3.1and2.3.2.

One final issue that essential to avoid is that of leaks. If the diameter of the orifice
the leak is originating from is smaller than the mean free path between molecular
collisions, then molecular flow will be governed by Knudsen diffusion. The velogity b
which individual molecules flow out of the orifice will therefore be dependent on their
molecular weight. HencH> will flow out from the leak more so thad,, again leading
to fractionation(Keeling et al., 1998a)

Thelayout of the system is showRigure 2.2). | refer to the numbering system

employed in the diagram in the following text.
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2.3.1.Samplinglines

Air is sampled at a height ohbfrom two independent 6 mm outside diameter
(OD) sample | ioaeandt b me-@abairPerfonhreRiaStias, n t
Synflex 1300) attached to railings on the east facing side of the Clean Air Sector
Laboratoryroof (Figure 2.3A). Air is drawn into thesystem at a flow rate of 100 ml min
! using a diaphragm pump (KNF Neuberger Inc. Type NO5 on each line (CEHiGHe
2.3B). | specifically avoid the use of elastomeric wetted materaal the pump

(diaphragm and valve plates) as these have been shown to be more permeatblarto O

Figure 2.3. A. Location of the red (left) and blue (right) aspirated air inlets on the eastern side
CASLab roof, approximately 5m above the ice level. Sample lines run into the building via an i
access hole in the left of the picture. Bonfpde lines run from the access hole in the roof of the measur
room to the KNF pumps (C2 and C5) via a series of filters a pressure sensors.

N2 (Keeling et al., 1998a; Keeling et al., 200Mstead, these components are comgose

of poly-chlorotri-fluoro-ethylene (PCTFE) which has a much lower permeability for
atmospheric gas€Sturm et al., 2004)At the inlet itself| employ an aspirated radiation
shield (R.M Young Company, Medtl 43502)(Figure 2.3A), the purpose of which is to
minimise radiation induced thermal gradient at the inlet which has been shown to result
in the fractionation of @molecules relative to NBlaine et al., 2005) Each line is also

fitted with a O micron filter (Swagelok ®, S8TF40) (F1, F3) to protect the system

from particulate matter, and a dielectric fitting, (Swagelok ®;493:-6) to protect the
sensitive analysis equipment from lightnisigike. A forward pressure regulator (Porter
Instument Co. Inc. Model 8286) (Rel, Ré€E)gure 2.4A) then steps down the pressure

to ~1650 mbaon each lingwhich is then maintained throughout the remainder of the
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system until the sample line reaches the analy8etsway valve (ASCO Numatics, 3/2
series, Type 188 Micro Solenoid Valves (x2)) (VBigure 2.4A), selects either the red

or blue sample line to enter the drying stage. The remaining line is then purged to the
room at a flow rate of 108 mint in order to maintain the conditioning of the tubing
walls in thesample line and to prevent a disturbance in flow, and hence any physical
gradients, downstream of V3.

The purpose of having two sampling lines is to aid in the diagnosis of issues that
may arise that may influence th€O2/N) ratio andCO, mole fraction- a leak for
example. If only one line is employed then the chang&®/N.) and CO;, due to the
leak may be misinterpreted as real variability in sample air. Continuously switching
between two lines will prevent this misinterpretation,uasisg each line will not
simultaneously have the same issue in exactly the same place. During construction, this

feature was invaluable for fault finding and detecting leaks.

Figure 2.4. A. Gas handling set up from the blue and red line regulators (RE1 and REZ2) throughk
selection valve (V3) to either the line purge{#&FL1) or DC1 (see also picture B). From DC1 the sa
l'ine runs via P6 to V5 which selectds eithe
the slow purge (R¥6-FL2). B.Shomhn g t he | ocation of the thre
DC40 = 0.50 OD) submer g-604C. All labeks m the pictue nooréspohdac
text and to that shown Figure 2.2.

2.3.2.Drying

Unlike the system of Wilsoi2012) | do not employ a vapour trap held at a

temperature of ~2eC to condense the majority of water from the air stream and therefore
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extend theifetime of a vapour trap further downstream held98eC (see below). This
additional drying phase was deemed unnecessary due to the low vapour content of air
sampled at Halley (typically an order of magnitude dryer than that found in the UK).
The dryingsystem consists of a vapour trap (DCHig(re 2.4B) submerged in
an ethanol bath maintained at a temperature9®§C using a cryogenic cooler, (SP
Scientific, VT490D). At this dew point temperature, one can expect a water content of
0.09 ppm(for comparisorns50eC = 38.8 ppnH20).Thi s 1. 50 OD tr-ap co
polished stainless steel, in order to reduce the capacity for monolayer adsorption of gases.
A largethermal gradient exists fror90eC to ambient temperature at the exit of
the vapour trap. At steady state, mass balance ensures the relative fvesdN into
and out of the trap are equal. However, when V3 switches to select a different sample line
upstream of the vapour trap, a small pressure pulse is sent through the trap, disturbing the
thermal gradient, resulting i@ fractionation and an elevat€®/N- ratio at the analyser
until flow returns to steady staBeveringhaus et al., 1996)o reduce the impact of this
| filled with trap with 4 mm borosilicate beads that both reduce the internal volume of the
trap, and increase the sack area for water vapour to condense and freeze onto
(Manning, 2001) By keeping each sample line at the same flow aadspre by way of
the purging line, the pressure pulse disturbing the equilibrium is also kept to a minimum.
One furtherfals af e | empl oy is to a have a fAswee
in which no measurements are recorded in order to amjdof the above mentioned
artefacts.
Following thevapour trapa second fouway valve(V5 - as abovejFigure 2.4A)
sdects either the sampler calibration lineto run through the finerpssure and flow
control sectiorof the system and subsequently onto the analy$éesline not selected
for measurement is vented to tHRg@re2dom Vi
at a flowrate of 100 ml mirt, again to maintain conditioning of the tubing wallsie
venting can also be stopped via a iway solenoidvalve (ASCO Numatics -Series)
which can also be used to isolatetgats of the gas handling for pressure leak checks.
Immediately following V5 isathird, smc h smal | er v aPpigue@4BY r ap
also held at90eC within the ayogenic cooler. Theurpose of this trap is to ensure that
both the suite of calibration cylinders and sample air pass through the analyser with the

exact same water vapour content, therefore minimising any potential measurement bias.
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2.3.3.Pressure anfiow control.

Both theO. andCO; analysers operate in a differential mode (sexi@es2.3.5
and2.4.1) and therefore continuously measure the sam@msaigthe WT. Although only
one WT is run at a time, two WTs are always connected up to the system in order to
minimise downrtime between changing cylinders. The system software (see S2&jon
continuously reads the pressure in each cylinder via a digital high pressure transmitter
(WIKA, Model A-10). Once a WT is depleted (less than Spanreeway valve (VAG

Figure 2.5. Gas handling set up for the pressure and flow control. The sample line (top of the
pressure and therefore flow is matched to the reference line (bottom of the picture) using a n
controller (M20), a differential pressure transducer (P28)aasolenoid valve (V20). The sample flow
is monitored via FL20. Other pressure sensors (not labelled) monitor upstream and downstream
on the sample and reference lines.

as above) automatically switches to the full WToMing tank air is then passed through
single dedicat ed OWTDCAD;&kiguoel2HA), tagaia packedwitth o
borosilicate beads and held at a temperatur@@€ in order to ensure the water vapour

content of the reference gas matches that of sample and calibration gases.

35 bar is deemed necessary to avoid preferential desorptiOn r@lative toN, from cylinder

walls at low pressures.
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The reference gas flow raiethen set to the desired 100 ml rhirsing a mass
flow controller (M20, MKS Instruments Inc. Type 1179Rgure 2.5). The same flow
rate on the sample line is then achieved through an active pressure and flow control unit
consisting of: a differential pressure transdu@22, MKS Instruments Inc. Type 223;
Figure 2.5) connected to both lines, an electronic flow controller (MKS Instruments Inc.
Type 250E) and a solenoid valve (V20KB Instruments Inc. Typ248A; Figure 2.5)
on the sample line. By adjusting the valve, zero differential pressure is maintained
between the sample and reference litwewithin 0.001 mbar and hence the flow rate of
each line is matched. As a further diagnostic, a mass flow meter (FL20, McMillan Co.
Model 0D; Figure 2.5) is placedupstream of V20 to check the sample line fiate.

2.3.4.Filters

Throughout the system there are a seriesghZilters (Swagelok ®, SSIFW-
2) placed at locations where particulate matter could be introduced to the system and
could either damage sensitive components or affect the measurements. For example,
filters are placed before and after the diaphragm pumps, which have moving parts against
PCTFE wetted materials. The borosilicate beads within each vapour trap can also fracture
easily when they are packed into the traps, causing minute particles of glass to enter the

system, hence filters are placed after each trap as well.

2.3.5.Analyseroperation

Following FL20 and M20, the sample and reference lines flow into the sample
and reference cells of the Siem&1S, analyser(Figure 2.6A and C) At the outlet, two
metering needle valves (Brooks Instrumem®del 8504 are used to match the level of
restriction experienced by both the sample and reference lines (since they are of different
lengths)before they reach theway switching valve (V23 as above) placedpstream
of the OxzillaO. analyser(Figure 2.6B and C) This ensures that the magchpressures
at P22 result imatched flows at the analysers. This is particulanyortant at the inlet

of the Oxzilla unit, where V23 switches the sample and reference lines3®segonds
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so that the sample and reference lines are continuously analysed alternatively on the two

individual fuel cells inside the Oxzilla un{{SeeSection2.3.5.3.

Figure 2.6. A. Internal set up of thBIDIR Siemens Ultramat COAnalyserwith added insulation to ke
the sample and reference measurement cells stable. B. Internal set up of the Sable Systems
analyser. The measurement fuel cells were relocated from the electronics board and housed insid
insulated box taminimise small temperature and pressure variations on the cells. C. Location
(switching valve) in relation to the Oxzilla inlets. The Oxzilla is located on top of the insulated
CO; analyser.

56



2.3.5.1. Principles of theNDIR Siemend&Jitramat CO, Analyser

To determine the atmosphefO, mole fraction of the sample stream | use the
commercidly available nordispersive infraaed (NDIR) Siemens Ultramat 6E analyser
(Figure 2.6A andC). The unit consists of an infr@d (IR) source that isuned to the
aborption band foICO; (4.26 um) using an optical filteThe beams thensplit equally
by a beam divider into a sample and reference cell. Sample air is passed through the
sample cell and WT air is passed through the reference cell. The attenuation of the IR
source is then measured for each cell by a detector and related@:timole fraction
using the Beet.ambert law. By operating in differential mode, the sample stream is
always measured as the differene€£Q,) from the reference (WT) strearxternal
environmental conditions that will impact the amount of IR absorptidhe cels, such
as changes in temperature and pressurethgiieforampact on each cell equally. Hence,
in calculatingegCO,, any variability driven by temperature aprtessure variations will
largely cancel outThe absolute value of the WO, mole fraction is determined by
calibration every 47 hours (see Sect.3. To further minimise the impact of external
temperature variations on the response of ahalyser (also known as the analyser

baseline drift), | have extensively insulated the measurementagliré 2.6A)

2.3.5.2. Principles of theDifferential LeadFuel-Cell O; Analyser

In this system, | use the commercially available Sable Systems International
AOx zi | | aFiimvare varsioth 2.10, 200%Figure 2.6B andC). The unit onsists
of two lead fuelcells (Maxtec Inc. MAX250) that alternately analyse the sample and
reference gas streams, performing a differential analysis that derivesrti@edraction
from the difference between the signal of the sample cell and thé sfgha reference
cell. The fuel cells consist of a lead anode, a gold cathode and a weakly acidic electrolyte
solution, which is isolated from the air stream by a sgenmeable &flon membrane
attached to the gold cathode, @olecules from the air tam diffuse across the
membrane and react electrochemically at the cathode, simultaneous oxidation occurs at
the lead anode, liberating electrons and completing the circuit. The resulting change in
the potential across the cell is measured and is propattiothe rate at whichLiffuses
across the membrane and is therefore proportional to the partial pressuria tieair
stream. This voltage (approximately 1/1Gf a volt) is then amplified by precision, lew

noise circuitry within the unit.
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Thereactions at the anode, cathode and net reaction taking place within the fuel
cells are shown in Equatiof2.3), (2.4) and(2.5):

5% Qi TO TQ ° Of (2.3)
0t e RBDD® ¢ch 1Q (2.4)
0 Q¥ QO OREE TO O OO0 (2.9)

Since the output from the fuel cells is proportional to the pagméssure of @
any change in atmospheric pressure will cause the fuel cell output to drift. The Oxzilla Il
unit therefore measures the pressure of the air stream as it leaves the fuel cell and corrects
this to standard barometric pressure (1013 kPagusguation2.6):

w n PTPO (2.6)

Whereby &is the measured fuekll signal output, P is the measured pressure in
the outlet air stream and iS the corrected fuel cell signal.

In order to make the unit suitable for high precision measurements a few
modifications have to be made. Firstly, all internal plastic tubing has to be replaced with
1/ 806 O.D. s t a (Figuree2$B) besause @moletuleddiffusg too easily
through plastic(Keeling et al., 1998a)Secondly, in order to minimise the pressure
difference between the two cells, the two outlet lines are combined into one with the
Oxzilla internal pressure sensor repositioned to measure the pressure in this line, rather
than ambient pressure. Finally, since the fuel cell response is temperature dependent, the
internal temperature of the unit is monitored by the Oxzilla and maintained astarton
32eC using an internal fan to evenly distribt
internal temperature control, | have found it necessary to insulate the fuel cells further,
using glass wool, in order to protect them from tiny temperaturgeassure variations

induced by the internal heater and fan variab(liigure 2.6B).

2.4. Deriving O2 and CO2 mole fractions and calibration

2.4.1.From deltavaluesto per mg and ppm

As mentioned, the Oxzilla unit derives the sample air Mble fraction

differentially, by continuously measuring the difference between the sample and
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reference cellssO.). By doing this, any longerm drift induced by variations in external
temperature and pressure affect both sample and reference lines simultaneously. To
reduce shorterm drift induced by individual cell noise, the sample and reference cell are
switched every 60 secorfdasing an upstream fowvay valve (V23, as above). The
di fference of the difference bet vieublm t he
deltad 2 @®>). This concept is displayed Figure 2.7.

Here, a jog (J) is defined as three switches of V23. Such that:

oYy YOARAQ 0 (2.7)
oY/ @Y YOanaQ (2.8)
0Yy/ YOARAQ oY (2.9)

ASampl ed and i WI% unitssr The diffusivity of the fueted
membrane results in a characteristic response time for the sensors, hence, the first 30
seconds of measurement are discarded and the average of the data points in the remaining
30 seconds is used to determinedék O; % before the next switch (black boxes denoted
by the | ett eilngiguied)., fAbo and fAco

The &2@, value is then deriveduch that the average of the preceding cell
difference and the succeeding cell difference, is subtracted from the cell difference at the
ti me at whi ch t heitaa(eae)i ciesn ttrgesbhoneyidoacedcdulba)t e
andEquation(2.10) where:

0 Y¥0 — O (2.10)

4The switching period has been optimised to 30s using Allan deviation analysis, seeZé@ion
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Figure 2.7. Typical repsonse of the Oxzilla during each jogfined by the red (Jand orangél,) vertica
lines, where sample (S) and reference (WT) gas are switched between cell 1 (red points) and ce
darkblue points). The difference between each edll;, (green points) is taken and each jog is enay
of three switches of V23, comprised of a,b and ¢, where the average of the last 30 seconds of m
(bl ack boxes) is wused in the cal g,waashiwo bfEquafior
(210i n the texbl athkepewre®dts) val uexdnparequivdlents (pp
Equiv) (also black points) using a calibration feigure 2.8),b ef or e bei ng £N\3)wvalue
(lower blue points) in per meg using the £@ixing ratio at the point of measurment

The secondjogf) t hen takes the preceding jogods i
the calculation of the neg¢@®>v al ue with new Abo aed Aco ter ms
in this manner, each data point retains enough of a relationship with the preceding data

point, whilst sill maintaining its independence to capture real, short term variability.
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Theae 8- % value is then converted to @avalue with unitshat areequivalent
to parts per million (ppmEquiv) by running a calibration. Three or four cylinders, known
as AWorking Secondary St @adl@wvilaes ard rividis e s )
the system and a calibration curve is determined(zpa simple linear relationship is
determined betweege @> [%] and O [ppmEquiv] and the equation of the line used to

convert all subsequeet 8- values to ppmEquiv, until the next calibration is run.

ACO, [vpm]
-80 -60 40 -20 0 20
-40 : : | : 460
—— y=5070.6e"x - 152.11; R* = 0.99938
-60 { | —— y=28.6760ex? + 1.0694x + 443.59 ; R =1
- 440
-80
0
2 - 420 =
g S
E -100 A 2
o ~
2 o]
~ L o
" 400
-120 A
- 380
-140
-160 : : : : : E | : : 360

20 40 60 80 100 120 140 160 180 200 220

AAO, [% x10°]

Figure 2.8. One calibration run for three WSSes showing @aecalibration (blue) andCO, calibratior
(red). The equation used to convert all raw sample values until the next calibration is also shov
with the figoodness of fito pParameter of tha

Finally, t@/Nvalueiwitheunits ¢f pemap,the mole fraction of
COris needed at the time of measurement. One then uses Eqaajon

For CO, the derivation of real mole fraction values is simpler. Rather than
switching sample and reference lines every minute, the sample line is constantly measured
against the WT and its differencaC0O, [vpm], is determined. The overall averaging
period is 3minutes, as forth®2) ogs, with the finexto jog
previous jog into the averaging calculation. Although the @ mole fraction is not

known before it is used as a reference gas on the system, its value is determined during
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each calibration run and recalculated every four hours between calibrations using a
subsequent calibration cylinder in order to account for analyser drift (known as the Zero
Tank (ZT)i see sectio2.4.4.).

2.4.2.Improvements in shoterm atmospheri®©, measurement
precision

Within fuel cell basedO. measurement systemshortterm drift induced by
individual cell noise is reduced by switching the sample and referehc€&hus switching
time has been typically set to between 60 and 120 seconds by the measurement
community(Patecki and Manning, 2007b; Popa, 2008; Stephens et al., 2007; Thompson,
2005; Wilson, 2012)Since an individual measurement is determined from the average
difference determined over three &hies (after accounting for a 30s fuel cell sweep out
time), the total averaging time is 90 seconds for 60 second switching. This 90 second
average will therefore encompasses three things: ambient variability i©.th®ole
fraction, individual fuel cell aise and fuel cell drift due to variability in ambient
temperature and pressure. An analysis of the Allan deviation can reliably inform on the
optimum averaging time based on the traffebetween reducing noise and in reducing
long term drift in the fuetell. Hence, by running cylinder air of a fix€d mole fraction
through the fuel cells, without switching, one can determine the optimum averaging time.
The results of this analysis are shownFigure 2.9, whilst the improvements in the
precision, as determined by thel ktandard deviation of an individudl (/)

measurement, is shownTrable 2.1.
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Figure 2.9. Allan deviation plot showing the optimum averaging time of the fuel cell output (gree
based on the tradwsff between rducing noise and in reducing long term drift in the fuel cell. The .
deviation for a typical switching time (1 minute) used by colleagues is shown by the black dot. A :
switching time results in three 30 second jogs which are then averaged¢®ds). The blue dot represe
the Allan deviation of the switching time used here (30 seconds; resulting in 45 seconds of averag
Whilst there is an improvement, the switching time cannot be reduced further due to the respon:
thefuelc el | s (15 seconds) and in the softwareds

The optimum averaging time was found to be 8 seconds. This represents a ~ 2
fold improvement in the precision @@, compared to the current averagitime
determined from 1 minute switching (90s). However, the optimum averaging time would
require sample and reference cells to be switched every 2.7 seconds, which is well below
the response time for the Maxtex © 250 fuel cell of 15 seconds. The sgifodguency
would therefore have to be at least ~ 18 seconds. Moreover, the current version of the

software would only allow a switching frequency in multiples of 30 seconds (in order to
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remain in sync with the computer clock). Consequently, using therdutrel cells and
software, the optimum averaging can only be 45 seconds based on three 30s switches.
Nevertheless, this still represents a 1.4 fold improvement in the precision afahe
measurement.

Future i mprovements in the softwareods
significantly improve the precision with the current fuel cell design. There is, however, a
more expensive fuel cell, the Maxtec 240 ESF, which has a response time ofdssecon

which could bring about further improvements in the measurement precise#®of

Table 2.1. Improvement in the &Lstandard deviation of an individual Target Tank and Zero Tank run from
60 second switchig with 30 seconds of sweep out, to 30 second switching with 15 seconds of sweep out.

Switching time : sweepout time (Ss)

Cylinder # of runs
60: 30 1930:15 140

Co

Target Tank + 3.8 (n=7) + 3.0 (n=13) 26

Zero Tank | + 3.6 (n=6) +2.9(n=11) 44

2.4.3.Calibration

There are several | evels of dAcalibrat:.i
of the analysers, account for analyser drift, characterise the performance of the system
from a day to day basis and determine the {@mm intercompatibility precisiorand
accuracy goals with similar measurement systems around the globe (See Chapter 3,
Section3.1.]).

2.4.3.1. Calibrationgashandling

All of the calibration cylinders arstored horizontally in a thermally insulated
enclosur e, k n o wrFiguaes2.10). Bteringiichlihders in fuchxaavay(is
crucial for achieving accurat@ measurements. Firstly, as already highlighted, thermal
gradients cause the preferential accumulatio®:ofvith respect td\> within the colder
region due to its larger relative molecular mass, resulting in fractionation. In order to
prevent this occurrg within calibration cylinders, the blue box is well insulated and its

temperature monitored in all corners of the enclosure. With this set up, it is possible to
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achieve a thermajradient of <&C m 1. Secondly, gravimetric fractionation can occur,
by upto 17 per meg per meter height, if cylinders are stored ugkglating et al., 2007)
Storing cylinders horizontally anttence drawing gas from the relative irpdint of the
cylinders (rather than the top), circumvents this problem.
To reduce the need to open the blue box, the cylinder regulators -¢Rx4e
fixed to a manifold outside of the encl o

Figure 2.10. A. Horizontal storage of all cylinders, used in the calibration and quadityral of the
measur ement system, inside the thermally i
employing the use of a cylinder storage box, the confinements of the CASLab room meant it t
designed such that cylinders could be loadednfthe side panel, rather than the front. The regt
manifold can be seen in the upper left of the picture. B. Cylinder head valve access door at the fr
bl ue box. 1/ 160 nickel tubing runs f rogemnsidetl
protective blue sheath.

nickel tubing. Nickel is preferred over stant steel as tubing material in this instance,
due to these lines being at cylinder pressure (~ 200 bar). At these pressures, adsorption of
gas molecules into the inner walls becomes an issue and hence the sweep out time
required to flush stale air out tife tubing becomes longer. At the molecular level, nickel
is much smoother than stainless steel, hence the capacity for adsorption, and sweep out
time, is greatly reduced. This helps to conserve the reference gases and therefore increase
their lifetime.

From the regulator, all calibration cylinders apart from the WT and Zero Tank
(ZT) (Section2.4.4.) are connected to a mufiort valve (Valco Instruments Co In&F
i 10 port flow through) (Va40). Through this valve, each cylinder has its own outlet, via

atwowayvalve (V56 9; as above), connected in par:
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consisting of a twavay valve (Parker, Series 9 solenoid valve) (V65)eadte valve
(V66; as aboveand a mass flow meter (Honeywell, AWM3300¥L40).

Before cylinder air is sent to the analysers, the cylinder line is opened to the fast
purge via one of V569 and thermpened to the room via V65 and purged at a flow rate
of 500ml min for ~10 minutes in order to sweep out the high pressure lines. Va40 then
selects the required cylinder to send into the system via V5. At first, the cylinder is sent
t hr ough tuhge at & ffolv @te of 100 ml minbefore V5 is switched and the
cylinder sent to the analysers. Again, the purpose of the slow purge is to maintain the
conditioning of the inner walls of the reference line and prevent a pressure spike through
the systenon switching V5.

The above feature is in contrast to the systewWitdon (2012) Wilson (2012)
has the fast purge line connected in parallel to the slow purge, by a way of a tee junction
downstreanof V5. The drawback of this set up is that the tubing walls between the Valco
valve and V5 are subject to varying flow rates (100 mrhaind 500 ml mirf). This may
impact the conditioning of the walls which could therefore lead to adsorption and
subseqant desorption of €nd N, resulting in fractionation. By separating the fast purge

line entirely from the rest of the system, this risk is entirely mitigated.

2.4.4.Working Secondarystandards

Firstly, as mentioned, WSSes are used to characterise the sespbrthe
analysers. The Oxzilla Il fuel cell analyser has a highly linear response and so a minimum
of two calibration cylinders are needed to determine the calibration curve of thg form
a + bx The Siemens NDIR analyser, on the other hand, islinear and hence a
minimum of three cylinders are needed to determine the calibration curve, following that
of a quadratic of the form=a+bx+cx>. I n order to i mprove the g
the calibration curves (the’Ralue), | add one more WSSjriging the total to four.

Two of the four WSSes were taken from a now discontinDedand CO;
measurement system that was based in Mace Head, Ireland and were therefore only 50%
consumed. The remaining two WSSes were filled using ambient dry air to 280tha
cylinder filling facility (CFF) by Phil Wilson at UEA in Augusteptember 2015. This
facility allows the mole fraction of each species to be altered using molecular sieves and
concentrated fAspikeso of pcCOeolgfmdionsamd or der t o
U (/) ratios that span the range expected in ambient air. Unfortunately, at the time of
filling, there were issues with drying of the outside air stream within the CFF set up. This
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resulted in variable amounts of the water mole foacinside the cylinders. This was
quantified using a dew point metefaple 2.2). | then analysed the four WSSes (in
addition to two Target Tankssee Sectio2.4.4.3 ont he UEA®&s Car bon
Atmospheric Measurement laboratory (CRAM Lab) Vacuum Ultra Violet (V@Y)
(Stephens et al., 200&3nd NDIR CO, system against a suite of PSSes in order to
determine their declarad ( 2/>) ratioand CO, mole fractiorto be used in the calibration

of the system. The results of this analysis are showhalsle 2.2. Furthermore, the

CRAM labCO; PSSes were filled and analysed at The National Oceanic and Atmospheric
Administration (NOAA) central calibration laboratory and mole fractions determined on

the WMO X2007 scale. This scale spans the range 6628(bpm and is maintained by

a suite of 15igh pressure cylinders of ambient air, with @@, mole fraction changed

for each cylinder. A further 20 cylinders are used to analyse the original 15 against in
order to determine if an individual cylinder is drifting (in much the same way SIO do for

O (Section2.2.2 (Tans and Zellweger, 2014JheO, PSSes were filled and analysed at

SIO and their mole fractions declared on the SIO S2 scal@.fdn this way, my own
measurement system is linked to an internah@R_ab CO, andO; scale, which is then

linked to the primary WMO X2007 and SIO & CO; andOz, respectively. This allows

my measur ement s t defiitionimChapter8aSectidl.lewith afl s e e
ot her measurement systems on these scal es
such that CRAM Lab is Acompar aB.lRtoothérsee c
laboratories on the same scdlhis is done usinmter-comparisorcylinderswith known
atmospheric gas mole fractiod$heinternal compatibility between the CRAM Lab scale

and myown measurement system scale is subsequently determined using the Target Tank
analysegseesection2.4.4.29 andideally, through reanalysis of the WSSes at tha @&h

their lifetime.

The four WSSes are analysed on the system every 47 hours and the new
calibration curve forO. and CO, used for all subsequent data points until the next
calibration run. The WSS run is timed such that it is not a multiple of 24 hmasid
calibrations being determined at precisely the same time of day when external

environmental conditions may be similar.
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Table 2.2. CO, mole fractions andi (/) ratios of the calibration cylinders (WSSes) and Target Tanks
(TT) used on the Halley measurement system, defined using the CRAM LalOydid Siemens NDIR

CO, measurement system. Dew points were determined using a Vaisala dew point meter. The number of
runs refers to the amount of times each cylinder was analysed on the CRAM lab system and therefore the
number of measurements used to calculate a mean defined value.

Cylinder Pressure U (282) y n CO, v n Dgi\;lvt
y Purpose ,__. (per (per P
ID (psi) runs (ppm) (ppm) runs H2O
meg) meg) (ppm)
D273561| WSS1 2690 -762.87 055 9 412.697 0.007 7 9.3
D743657| WSS2 2670 54861 034 1 399.763 0.004 8 6.5
D743659| WSS3 1250 -857.25 0.63 9 409.306 0.006 6 -
D801293| WSS4 1500 -647.49 041 8 388.292 0.004 7 0.4
D743652| TT1 2600 -596.47 0.78 6 394.690 0.007 4 15.4
D089506| TT2 2550 -505.11 0.66 6 402.780 0.007 4 8.0
When a new WSS cylinder is needed, ter med

the original WSSes several times and given declared values based on the \&/&fthal
scale. The replacement of WSSes are staggered such that only one WSS is ever replaced
at once. Thus, the nextW&Sremains on theriginal HBA scaleand so this independent

station scalean be propagatedto the future.

2.4.4.1. Zerotank

As mentioned prewusly, a fifth calibration cylinder, termed the Zero Tank (ZT),
is run every four hours between calibrations. The purpose of the ZT is to correct for any
baseline drift in the&€O, analyser, which, due to its operation principle, is very sensitive
tochange i n ambi ent temperature. The correction i
in theCQy calibration curve since it is the most sensitive term in this equation to baseline
drift. The ZT it s elOf ratieniecontam®an anthiedOinmlien Az er o0
fraction within the range of the calibration WSSes. This makes the ZT much more suitable
to be used in the correction of the calibration curteran.
Immediately following a WSS calibration, the ZT is run and it is assigré.a
mole fraction (ZTy). Here, | make the reasonable assumption that no analyser drift has
occurred between the end of the WSS run and the ZT run. Four hours later, the ZT is run
again and a neWO, mole fraction determined (4). The difference between Zand
ZTyp is then used as the correctional factor for théeam in the quadratic equation,
therefore adjusting the calibration curve used in the determination of subsequent sample
air CO; mole fractions and thus accounting for any drift in the baseline response of the
CQO; analyser. On the next ZT run, tk€®, mole fraction for the cylinder is once again

determined (Z3), however, rather than taking the difference to the previous rug- (ZT
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ZTy), the difference is taken to the first run ZETy). This is because in thpevious a
term correction, the drift between Zadnd ZT, has already been accounted for. In other
words, if no drift had occurred betweenpZdnd ZT;, then the difference between ZT
and ZT, will be zero, because the initial drift betweenpyZhd ZTa has already been
accounted for.

The ZT is not used for any correction to tecalibration curve. The operational
principle of the Oxzilla Il means that it is not susceptible to baseline drift in the way the
Chanal yser i s .OJ/Nd)asnstlveported artd lcam thérdfore be used as a
di agnostic to assess the state O0JdNy)mdye sy ¢
indicate a malfunction in the system (e.g. a leak) or a drifting ZT cylinder.

The ZTis stored inside the blue box, but e&tl of being connected to Va40, it is
connected via a thregay valve (V41, as above) to the reference line that joins the system
at V5. Since the ZT is run so frequently,
air as much as the WSSes or Trgjank (see sectidh4.4.9. Instead, it is sent through

the slow purge for ~4 minutes before V5 and the ZT is run through the analysers.

2.4.4.2. TargetTank

The Target &nk (TT) is a cylinder of air, with a knowi{O2/N>) ratio andCO,
mole fraction that | determined on the CRAMal measurement systerbefore
installation on the HBA systenTéble 2.2). It is run every 10 hours and is used as a
quality control check on the performance of the system. It is important to note that it is
not used in the calibration of the system. Within th&tesy software (see Secti@rb)
acceptable deviations from the declared values are set. If the TT results fall outside of this
range, then the run is flagged. If egplanation can be found for the anomalous results,
such as a spike in the analyser response, then a question is placed over the validity of the
previous calibration and sample air data may need to be discarded.

The results of the TT runs also serve aseasure of the internal reproducibility
and compatibility (definitions given in Chapter 3) of the overall system and helps to
guantify any offsets the HBA scale may have from the CRAM Lab scale. Although it
would be more favourable to run the TT through #ame gas handling procedure as
outside air (through the pump and drying sections), this is not possible with the current
gas handling set up. Instead, the TT is run through the same route as the WSS gas
handling.
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2.5. Data acquisition, control software and aitomation

The measurement system designed in such a waguch that sample air
measurements, analyser calibration and quality control can all be carried out
autonomously with minimal human intervention. Tisisne of the key requirements for
installing on a remote Antarctic base where pengl time in split between many

different scientific experiments. To achieve this, | have inherited sophisticated control

software that integrates with each of the system components, described above, through

an electronics control bofFigure 2.11). This bespoke control and data acquisition
systemhas beendevel oped by the UEAOGS Research

engi neer, Alex Etchells, the UHHA&dDakd ect r i

Blomfield, in conjunction with current and previous CRA&4earclgroup members over

Labjack 1 (below), 2, 3, and 4 (below)
=DAQ (DIO & AIO) (Communication Board 3 & 5 = Valve relays
between sensor and PC)

15 V supply

24V
Above

12v
Below Board 1 & 2
=Temperature

Supply Sensors

Board 5 (Below) = Watchdog
Board 6 = PC Reset

Figure 2.11. Overview of the main components within the electronics control box, designed and
Nick Griffin of the UEA Environment al S coi geol
board 5 detects if the computer software has malfunctioned and therefore sends a command '
Reset board for the computer to automatically reboot. All other components aexpatfatory ¢
explained in the text.

a 10 year period. The first iteration of this setup was installed on the Weybourne
AtmosphericObservatory (WAO)O2 and CQ measurement systefWilson, 2012)

Since then, the softwaend electronicdias been continuously upgraded and improved
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as the automation technigilbecomes more refined and encountecse unique field
station specific issues. The most receetation of the software was utilised on the
Hamburg Sud Ship £and CQ measurement systefRickers, 2016)

All pressures sensofd5), flow meter#controllers (5) temperature senso(6)
and control valve§l9) are powered via an electronics control box (custom built by Nick
Griffin; Figure 2.11). Diagnostic data from each of these components are collected via
four USB DAQ (Universal Serial Bus Data Acquisition) U12 series Labjacks which are
then passed to the control computer (Shuttle XH61V Ingsten, Ambros Direct UK
Ltd) via a USB connection. All of the diagnostic data is recorded via the bespoke control
software, written by Alex Etchells in C#, and written to diagnostic files every 30 seconds.
The software, a | @odistikgnish \w fromaimilar fd&aa dcauigition
systems within the CRANlab group), provides an interactive user interface to allow real
time monitoring of alldiagnostic dataand allows remote manipulation of individual
valves(Figure 2.12) via a relay board, instad within the electronics box.

In order for Baloo to run the £and CQ measurement system without human
intervention, several Macros are written that are calledsat defined intervals (for
example, running a Zero Tank, every 4 hours). The commands within the macros open,
close and switch valves when required to send cylinder air or sample air to measurement.
Through the macros, the user has complete controltbeetiming between individual
commands to allow for the correct amount of purging on calibration and TT cylinders and
to allow the correct amount of sweept time within the analysers before measurement
data is recorded. Furthermore, various quality @nbresholds can be set by the user,
such as acceptable TT deviations amteptable calibration analyser response function
coefficients- which allows poor calibrations to be rejectaatomaticallyor enables the
user to enter information into a qualiggntrol file that ranks the validity of the data.
Various diagnostics thresholds are also definable to allow for further detekmination
of various issuesa drop in the current to the aspirated ialet fans for example
indicating a faulty fan, oa drop in the pressure of Kbigure 2.12) indicating the
blocking of the vapour trap with ic&or those interested in the operating procedure of

the measurement sgsh, please refer to the uder i endl y fiBal oo Ma
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Appendix A.l wrote this for the technicians tasked with maintaining my system at the

Halley Research Station.

% Baloo: AMS Atmospheric 02 and CO2 Continuous Measurement System =l @ ===
Program
{ Schemaiic || Graphs | Macros/Caibration | Settings/Backup | Cyinders | User Log | Maintenance | BAS data and settings | Version History
Calculated Values MFC Oxzilla - 02 Siemens Time Macro Control Softuare designed and seveloped by
coz 400655 Desired Flow co2 09Feb16 14:54:31 =
fppmy) el em em = s s * envsSo ‘
02(permeg)  617.00 20| set | 100 21.0462 || 209682 || 0.0779 -0.256 -
e ot Select Macro Test Macro (E\ ensSoft@ueaacuk
Research Computing Services
P1 P2 P& P20 N _ umently Selected
L5 o [N 5720 i | v EEE [ AU© e Swilching Active | ks ZeoTari Acami RO AR
F Vs RC2 Temperatures
a “NOTE I've hardcoded the Zero Purge (il
) cep " o T |-11000°C | 72 | -8242°C
asp ps v Room Siemens
hadic] [fe50.1 e | T3 2259°C | T20 | 4004°C
COuzila Biue Box Front
p3 P4 FL1 T21 | 3198°C T40 | 1999°C
B | Em 10 Bue Box Back
T4 1994°C 2733V
cs
— Program Control
e = Curently: Zero Calbrafion &
®® inlet Last WSS Callo:  09Feb 16 12:37
Last Zero Calib: ~ 09Feb1611:29
Last Target Calib:  09Feb16 12:00
B [Tt Lss caib: 014an01 0000
1[40
L T Macro Info
F Mac nth
[2ge EWE SR CYS) Macro staried =t 05l E‘fzs
- Zero Tank calibration macro
with Baloo valve numbering
a2 L 5[ Tel Records data in ZERO file in CALIB directory
Fin
Run Time approx 33 min
a H-}E-i-
V50 V51 V52 V53 V54 V55 V56 V57 V5B V59
[ Settings: OK || mackd OK || mJackl OK || mlack2 OK || mJack3 OK |[Valco OK || UPS: Line | || Real Data || fres RAM: 5081Mb || CPU: 6.64% || Baloo Uptime: 05d 0Lh 00m 555 || Win Uptime: 13d 23h 37m 47s |
| Backup: Inactive || Working Tank WT2 || Last Accept CO2 Cal: 09Feb16 12:37 || Last Accept 02 Cak 09Feb16 12:37 || Last Accept Zero Cal: 09Feb16 11:29 || Last TT pass: 08Febl6 22:28 || Last TT fail: 09Feb16 12:37 |
Figure2.12The main fASchematico tab within the B

and data acquisition of the HB®, andCO, measurement system. All valves are clickable such that
can override the macro control in order to identify potérngisues within the system. Pressure ser
flow meters and temperature sensors all display live read outs. Other tabs within the software
user to (1) see a live plot of the previous hours analyser, flow and temperature data (Graphs)ay
diagnostics of the most recent calibration and quality control checks and determine the order ant
of individual macros (Macros/Calibration), (3) input sensor calibration information and determine
directories (Settings/Backup), (4) uptbinformation of theCO, mole fraction andi (/) ratio of
calibration cylinders (Cylinders), (5) enter information into a logbook to record system maintena
potential issues relating to the quality of the data (User Log), (6) Display infornmatading to gener.
maintenance tasks and the dates at which they should be carried out by (Maintenance), and fii
which is unique to the HBA measurement system, a live read out of all meteorological data and o
gases recorded by a sugkanalysers housed within the CASLab (BAS data and settings). The s
was written in C# by Alex Etchells of the UEA Research Computing Services department.

2.6. Summary and conclusions

In this chapterl began by outlining the history and theory of making atmospheric
O> measurements. This knowledge then fed into the choice of the system design required
for in situ continuous atmospheri®. and CO; measurements at a remote fietdt®n
such as HalleResearch @tion. | explained in detail the gas handling procedure, sample
gas drying, analyser operation, and calibration procedures and data acquisition. The initial
build and testing of the system occurred between January 2014 and August 2015 at UEA.
The system was tested using air sampled from the roof of the School of Environmental
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Sciences at UEA between March and August 2015. However, since calibration standards
were not available at the time, calibrations were run infrequently (once every 2 to 3
week s ) . Consequentl vy, although this perio
problems, particularly with the software and electronics control system, | have not
included it here in this thesis. Instead, | have presented an assessment of system
performarce in the following Chapter 3.

The period of testing did prove that the system fulfilled the objectives laid out in
the introduction of this chapter, that is, to have a fully automated, continuous atmospheric
O2and CQ measurement system that could bé¢ahed at the Halley Research Station in
order to fill in the observationaldigap o6 i n the South Atl ant
Ocean. The next step is to determine whether the system meets comparability,
compatibility and reproducibility goals, set ouity the World Meteorological
Organi sationods ( WMO) Gl obal At mospheric
determine whether the measurements can be deemed useful for regional to global carbon
cycle analyses. This will be the focus of the next chapter.

The modificaions | have implemented in this build compared to the system of
Wilson (2012)do represent improvemts in system design that other members of the O
measurement community may want to consider.

Firstly, the separation of the #fAfast
from the cylinder | ines, from owstelies | ow
from the Valco valve to V5 to only receive air flowing at 100 ml fitherefore
maintaining the conditioning of the tubing walls that minimises differential adsorption
and subsequent desorption of @1d N, which may lead to fractionationffects.
However, | was not able to quantify the potential improvement this modification may
have had on the reproducibility of a target gas owing to time constraints. To do this, one
would have to run a target gas through the system and make repeatecemeasiof
t h e o/Np)(rao at predefined intervals over the period of a week or longer. The system
could then be modified back to the original set upVgilson (2012)for the fast purge
and the analysis run again. The difference between the results, if there are any, would
then quantify the effect this improvement may have had on the internal refmbguof
the system.

Secondly, | removed the first stage drying component from my system compared
to that ofWilson (2012) This was achievable due to the low water vapour content of air

sampled at the Halley Research Station. Implementation of this modification by others
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therefore depends on the ambient water vapour content at their chosen meassiteme
This should be considered however, as there is the potential to reduce the cost and reduce
the complexity of the system, removing components which otherwise could contribute to
leaks due to the additional number of fittings required. On the b#ret, the lifetime of
the vapour trap submersed in the cryogenic cooler (typically 1 month, before it needs to
be replaced at Halley) could be extended by having a first stage drying component. For
the Halley system, | would recommend chemical drying, siscthe use of magnesium
perchlorate, over the more traditional water vapour condensation technique employed by
Wilson (2012) This is simply because the air sampled at Halley is already below the dew
point that can be achieved from such a condensation based drying set up.

Finally, and perhaps most importantly, | have demonstrated the impact that a
faster sample and reference fuel cell switching timas on improving therecision,by
up toa factor of 1.4in this case. The ideal averaging time was found to be 8 seconds,
which would require switching sample and reference lines every 2.6 seconds. Owing to
the current fuel cells response time (Maxtec M23D; 15 seconds) and the constraints
imparted by the software control, this was simply not possible. A switching time of 30
seconds was instead implemented allowing a reduction of the averaging time from 90
seconds to 45 seconds which lead to the 1.4 fold improvement in precision. However, the
more expensive Maxtec 240 ESF fuel cell has a response time of 5 seconds. Using this,
one could then switch the sample and reference lines every 7.6 seconds (ifesoftwa
control constraints were also overcome), allowing the ideal averaging time of 8 seconds
to be reached which would results in 2.2 fold improvement in precision. Future O
measurement system builds should therefore consider this if they are to usé tleé fue
measurement technique.

In the following chapter, | present an analysis of the measurement system
diagnostics; a crucial inquiry if the system is to comply WWMO/GAW standards
which are set so as to ensure the recording of observations that esedoreliably in the

scientific investigation of greenhouse gas emissions and sinks.
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CHAPTER 3 METHODOLOGY OF

ATMOSPHERIC O> AND CO2 MEASUREMENTS

PART Il: INSTALLATION AND SYST EM
PERFORMANCE



3.1. Introduction

In this chapter, | present an analysis of the @&dd CQ measurement system
di agnostics collected over the operating |ife
at the Halley Research Station, Antarctica. This is a crucial inquiry if the system is to
complywi t h the World Meteorol ogical Organi satio
Watch (GAW) standards which are set so as to ensure the recording of observations that
can be used reliably in the scientific investiga of natural and anthropogenic
greenhouse ga®srces and sinksSection3.1.7).

Following the initial period of testing at UEA during the summer of 2015, the
system was dismantled and shipped to Hakesving at the Brunt Ice I&If in December
2015. | then installed the system, with the assistance of Alex Etchells, in January 2016.
Sample air measurement data collection began in February. | then handed over the system
to the responsible technicians at Hyplé the beginning of March. Unfortunately, due to
an unprecedented closure of the Halley research station in 2017, the system had to be shut
down in January 2017.

| will begin by outlining the WMO/GAW measurement guidelines and discuss
why these guidelies have been set in order for the measurements to be used as a tool for
answering the research questions outlined in Chapter 1 of this thedishkn briefly
discussthe installation of th€, and CO, measurement system at the Halley Research
Station,Antarctica (HBA) (Sectior8.2). In Section3.3, | discuss the major reasons for
loss of data during measurement period. Secidnconsists of a assessment of the
system performance based on diagnostic data collected during the measurement period
and frames this in the context of the WMO/GAW guidelines for comparability,
compatibility and reproducibility of measurements. Finally, in Sec8dsn | briefly
discuss and summarise the results from Se8tibrReaders ranterested in the technical
details of the measurement system performance are encouraged to read 3gation
order to appreciate the reliability of the systama therefore providing confidence in the

validity of the data presented in Chapter 4 and its scientific interpretation.
3.1.1. WMO/GAW guidelinesComparability compatibility and
reproducibility

TheGAW programme of the WM the primary global body respabke for the

development and implementation of integrated greenhouse gas observations. These
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observations are specifically required in order to answer the call set out in Article 7 of the
Conference of Parties (COP21) Paris Agreement signed in Decembgr tRatl
specifically asks for: fAstrengthening sci
systematic observation of the climate system and early warning systems, in a manner that
informs climate services and supports decisiopa k i n g 0.  Alcagoaerequinesy s u-
global atmospheric measurements to be both comparable and compatible.
AComparabl eo simply means t hat t he
independently can be compared. This requires the results to be on the same scale. For
CO, measurementghis is currently the WMQOCO, X2007 scale maintained by the
central calibration laboratory (CCL) at the United States (U.S.) National Oceanic and
Atmospheric Administration Earth System Research Laboratory (NOAA/ESRL). For
U ©2/N2) measurements, there m® universally accepted scale and, as such, no CCL
responsible for its maintenance. However, many laboratories withi@®xtlcemmunity
report their measurements on the SIO S2 scale. BGtha n dO2/N) are declared on
their respective scales, defined above, for my calibration standards (as documented in
Chapter 2, SectioB.4.9
ACompati bilityd means that independen
specified numeric value, such that = fthe
of measured values from two different measurement results is within a chosen value
whichdoes not have to be the samélanmandt he
Zellweger, 2016)Which, stated more simply, meahat different laboratories measuring
the same quantity (400 ppm G0, for example) must agree within a specified value.
This can also be defined as the accuracy of a measurement. This value is chosen based on
the precision and accuracy required to eehithe scientific goals behind the purpose of
the measuremerisee below)Furthermore, the WMO/GAW guidelines also define an
extended compatibility goal for each species which is less stringent. This is defined
because the highest precision and accunag&y not be required to achieve the scientific
goals of a particular study, in studies where there are large local fluxes for example.
Moreover, compatibility can be considered on two different, but connected levels. Firstly,
external compatibility, betweendividual laboratories, can only be determined by the
use of what are known as irtesmparison cylinders: cylinders of air with mole fractions
declared by the respective CCL. Secondly, internal compatibility, within a laboratory and
between the laboraty and its field stations, can be determined by the use of a Target

Tank (TT). This is often referred to as
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not strictly defined, should be approximately half of the compatibility ¢bahs and
Zellweger, 2016) This measure encompasses imprecision due to the analyser, the gas
handling and the transfer of the calibration scalefm t he Ahomed | aborat or )
(in this <case, the University of East Angl i .
Measurement Laboratory (CRAM Lab) primaries) to the working secondary standards
(WSSes). The compatibility and reproducibility goals@a» a n dO2/N>) are shown in
Table 3.1.

The choice of these goals represents the precision required to detect small but
significant trends and gradients in greenhogsges across the globe. For example, the
decline in the efficiency of the Southern Ocean,GMk of 0.08 Pg C yt decad#
proposed by.e Quéré et al. (2007)epresents a decline in the amount ofatmeospheric
CO; mole fraction taken up by the Southern Ocean of 0.04 pprdecadé. Hence a
compatibility goal of £ 0.05 ppm is appropriate for O@easurements in the southern
hemisphere. The example just given indicates we should still be striving to improve this
compatibility goal; although many measurement stations do meet this requirement, many
still do not.

O fluxes are typically much largéinan those for C&(Chapter 1) and therefore
a goal of £ 2 per meg (x 0.4 ppm Equiv) is adogiexhs and Zellweger, 2016jowever,
this goal can only be currentN)measwemeneved by |
systems such as those employing the interferoni&gling, 1988apnd vacuum ultra
violet (VUV) (Stephens et al., 200&8chniques. Field based measurement systems using
the fuel cell technique, like that employed here, can typiealhjeve a precision of + 5
to £ 10 per me@gKozlova and Manning, 2009; Pickers, 2016; Stephens et al., 2007;
Wilson, 2012)

Table 3.1. Compatibility and internal reproducibility goals as set by the WMO/GAW programme (see text
for def i niC/N),nte)goals Befined insifde the brackets refer to the currently accepted
compatibility and reproducibility goals withihé O, measurement community.

Extended Compatibility Internal reproducibility
goal goal

+ 0.05 ppm (NH)

+ 0.025 ppm (SH)

*+ 10 per meg +1 per meg (x 2.per meq)

Species Compatibility goal

+0.1 ppm (NH)

+0.05 ppm (SH)

+2 per meg (£ 5 pe
meg)

Co + 0.2 ppm

U (/)

The following assessment of the system performance relates to the internal

reproducibility goals folCO, a n dO2/N). For the southern hemisphere, these are *
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0.025 ppm and N 1 per meg, r e@MNscihcevely
current international comparisons show that the compatibility between independent
laboratories is not better than + 5 per meg, | have adopted the internal reproducibility goal

of + 2.5 per meg for my measurement system.

3.2. Installation and integration with the Halley science

infrastructure

The measurement system, along with myself and Alex Etchells, arrived at Halley,
via ship, at the end of December 2015. It took approximately one month to complete the
installation, with sample air data collection beginning@iruary.

One of the major issues at the beginning of the installation, was the regulation of
the temperature within the small room that housed my equipment at the Clean Air Sector
Laboratory CASLabKigure 3.1A). The lack of ventilation in the room, coupled with the
| arge heat output of the instrumentation,
This particularly affected two resettable fuses within thectebnics control box
connected to the aspirators inside the inlets (Chapter 2, Se2ttorand 2.3.1
respectively). Since thambient temperature was close to their triggering temperature
(normally achieved through an overload of current) they repeatedly cut out when what
would otherwise be an acceptable amount of cumestpplied. To circumvent this, we
replaced the fuses with noasettable higher current rating fuses.

The main issue from the large heat output, however, was the resulting temperature
gradient within the room, whi cdundoubtedly me s
affected the temperature gradient inside the blue box and by extension the calibration
cylinders, despite the insulation. A series of small fans were therefore placed at strategic
points around the room to circulate the air. This, in additmrensuring the door
connecting to the main room (with active temperature control) was always left open,
brought the ambient room temperature dowl
more than 2eC/ m.

Power outages, mainly temporary (minutes), cagdmmon at HBA. To try and
mitigate this, the analysers, control computer, vapour trap, electronics box, diaphragm
pumps, Valco valve and MKS controller (Chapter 2) were connected to a PowerGem Pro
(British Power Conversion Company) 1000 W uninterruptipbever supply (UPS),

which can run the entire system for approximately 30 minutes without mains power.
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Figure 3.1. A. The Clean Air Sector Laboratory (CASLab) at the Halley Research Station Antarcti
photo looks towards the south east. Sample inlets are located on the roof of the building. B. The s
housing theéD, andCO, measurements system.

All scientific experiments at the HBA are monitored by an in house Nagios
Warning System (Nagios Enterprises Ltd). At the request of the Principal Investigator,
various automated checks can be performed on the experiments control computer to
determine any faultsranajor issues. If an error does occur, a warning is flashed onto the
communal monitors on tteationso the responsible persons are notified and can respond.
The automated checks performed that | implemented on my system with the help of Alex
Etchells ad the local HBA Data Manager included (refer to Chapter 2 for the background

on the technical aspects of the system mentioned here):
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1. Adropin the current being received at the aspirated air inlets; indicating
that the aspirators were drawing against drict®n, which usually
indicated the inlets were becoming blocked with rime; a type of ice that
forms under freezing fog conditions.

2. A sustained drop in pressure on P6, indicating that the cold trap was
blocking.

3. A change in the Working Tank (WT), indioag that a new cylinder

could be installed inside the blue box.

Moreover, further checks were performed on crucial aspects of the system set up,
which include:

1. The Valco valve, which, if at fault could lead to the depletion of valuable
calibration gases.

2. The Labjack status, which perform the data acquisition.
Whet her the softwarenwamodenhnindi a
the system was recording dat a, or
indicating that data was not being recorded. This is impbb@cause,
depending on a particular error, the system could put itself into resting
state to maintain calibration and reference gases if there was a reasonable
reason not to record data. Resting state could be reached automatically,
by a fault for exampleor by human intervention when maintenance is
being performed on the system. If the user forgot to restarrantdhen

this check would catch that fault.

3.3.  Quality control and data loss

As was discussed @hapter 2, Sectio.5 the measurement system records a
wealth of diagnostic data that aid in data quality control. | use this information, coupled
with user observations, to populate a flag file which sgibsetly excludes measurement
data from the time periods recorded. Fortunately, the success of the installation meant
these excluded periods were kept to a minimum, but | will briefly discuss the most
prominent reasons for flagging certain periods of megseant data.

Firstly, wi t hin t he AMacros/ Cali brat.

acceptable bounds for the analyser response terms of the res@@tiaen dO2/N>)
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calibrationcurves (see Chapter 2, sectth8.5. To determine these at HBA, | examined
the mean, the 10 standard deviation and the r
that ran up until the point | had to leave the base. Unfortundtedychoice of bounds
were too tight and resulted in four calibrations not being accepted between 26th March
and 01st April 2016 resulting in uncalibrated data. This data is recoverable and requires
reprocessing the calibration data. At the time of writswftware is being developed to
facilitate this reprocessing. However, it is currently not at an advanced enough stage to
reprocess my own data for inclusion in this thesis.

The only other major reason for flagging data was after a prolonged power down
(i.e. longer than the ~30 minutes that the UPS battery can maintain power to the system).
The system is designed to restart automatically once power resumes and begin recording
immediately. However, a number of factors mean that the data is unlikely tedidais
in the case. These include, but are not limited to, the following: partial blocking of the
cryogenic vapour trap due to melting and refreezing of water within the trap; lack of flow
through the Oxzilla fuel cells (which can take upwards of 24 howtabilise once flow
has been restablished) and finally, it may have been too long since a calibration. This
could be due to the ZT (a partial calibration) (i.e. not run in the last 3 hours, which would
only impactCQ,) or it could be due to a full caliation (greater than 47 hours), in which
c as e Ow/Np)aatamll be suspect too. Two major power downsuoed on the 30
May and the8" October 2016.

With human error, suspect data based on system diagnostics and leaks detected
(during February, Wilst | was still working on the system), the total number of days
flagged = 39.9 days which represents a 11.3% data loss (with respect to the total number

of days the system was running, rather than the number of data points lost).

3.4. SystemPerformanceat Halley

3.4.1. Calibrationparameters

The operating principle of the Siemens NDGO, analyser is such that the
analyser response is ndinear with respect to the variability in tl&0, mole fraction.
The analyser has an in built internal correction for thislmearity, however, this is not
suffice for the typical precision required by the atmosph&{@, measurement
community. Hence, to calibrate ti, analyser, a natinear response function of the
form y= a+bx+cx is used, whereby the némearity coeff ¢ i e nt Aco character.i
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nontlinearity that has not already being corrected for. The Ox@dl&uel cell analyser,
on the other hand, has a highly linear response function of the form y= a+b&Cbhe
analyser reports the difference in volume partsnpidlion (vpm) of the sample ceCO;
from the reference ce€CO,, whilst theO, analyser reports the double delta difference
( & in % units (Chapter 2, Sectidh4). Thecalibration parameters f@. andCO;

are therefore reported in ppm vpnfor the CO; analyser nosinearity response
coefficient (c), ppm vpm for the CO, analyser sensitivity coefficient (b) and
ppmMEquiv%? for the O, analyser sensitivity coefficient, respectively.

If any of the calibration coefficient terms drift over time, it could firstly be an
indication of drift in the sensitivity of the analyser, which may become more or less
sensitive at a particular mole framti over time, impacting both the precision and the
accuracy. By calibrating frequently, the accuracy of the measurement should not be
I mpacted by this potenti al deterioration
However, a deterioration in the prsion cannot be corrected for. Secondly, the
coefficients may drift as a result of a calibration scale drift caused by internal drift within
one or more of the calibration cylinders. This can only be fully determined after reanalysis
of the calibration cynders towards the end of their lifetime, which, at the time of writing,
is not possible to determine. Consequently, it is not possible to separate analyser
sensitivity drift from calibration drift in the analysis of the calibration coefficients.
However,| am able to determine what the maximum drift could be in terms of the
combined measure of the analyser response and the calibration scale drift.

In order to be directly comparable to the WMO/GAW internal reproducibility
goals, it is necessary to convrese units into ppm and ppmEquiv. To do this, one needs
to multiply each term by a constant analyser response at an ambient mole fraction. For
COy, this was determined by the analyser response on WSS2 (~400 ppm = 1.24 vpm) and
for Oz, the response on V&4 (~-650 per meg =0.00103 %), using an arbitrarily defined
WT concentratCOand@mad hence @&

Figure 3.2 depicts the variability in the neimearity (CO2) and sensitivity CO,
andOy) coefficients over the full period of operation and compares these metrics against
the laboratory temperature. Firstly, the drift in the dioearity of theCO» response is
approximately-0.0007 ppmyrt and most of this ggears to have occurred from the WT
change in May through to the WT change in November. By calculating cylinder depletion
dates for each WSS, one can determine the maximum amount of drift expected over the
lifetime of the WSS. D743659 (WSS3) has the shotiietime of ~2 years. This would
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equate to a minimum drift 60.0014 ppm. However, if all of the standards were prepared
from 50L cylinders and filled to 180 bar, such as D743657, then the maximum lifetime
would be ~5 years, resulting in a maximum dsfft0.0035 ppm. This is almost an order

of magnitude smaller than the internal reproducibility goalG&». and is therefore
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insignificant. Secondly, the variability in the of t6€, nontlinearity response coefficient
increases between the months of April and September/October in line with the variability
in the lab temperature. The impact of the improvement of the stability of the lab

temperature between November and January on Qfe nonlinearity response
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Figure 3.2. Drift and variability of the calibration coefficients f@O, (top two panels) an®. (botton
panel) over the measurement period shown alongside the lab temperature at the time of calibratic
middle panel). Each measure is redefined at every calibration and connecting lines are drawr
calibrations tohighlight the direction and magnitude of the change. Each of the coefficients ha
converted into meaningful units in order to be directly comparable to the internal reproducibility gc
for CO, and ppmEquiv fo©;; see text for details). Dasheertical lines in all panels represent WT char
Top panel: th&€O, nortlinearity coefficient or the-term in the analyser response function (ppm; dar
points). The trend in the drift (ppymn®; red line) was determined using all data points owembasureme
period. Top middle panel: theO, sensitivity coefficient or the-berm in the analyser response func
(ppm; dark blue points). The trend in the drift (ppm; blue line) was determined using data points
the beginning of April onwals. Prior to this date, the data are unfairly biased by a clear upwards d
is not sustained after this date. Bottom mi
points). Bottom panel: th®©, sensitivity coefficient or théd>-term in the analyser response func
(ppmEquiv; dark green points). The trend in the drift (opmEguiy green line) was determined using
data points over the measurement period.
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coefficient is particularly evident. The same is true for the sensitivity coefficient of the
CO analyser and, to a lesser extent,@aenalyser.

Neither of the analysers show a sensitivity trend that is significant with respect to
the internal reproducibility goal, meaning the analysers are not becoming more or less
sensitive over the measurement period. However, the variability in the sensitivity does
appear to be impacted by the stability of the lab temperatureC®grthe largesjump
in sensitivity (~0.04 ppm) is seen towards the end of September when the lab temperature
changes by approximately 10eC between calibr e
closed between the room housing my measurement system and the rest of éterigbor
isolating the system from any active temperature control within lab. Although the jump
in sensitivity is larger than the internal reproducibility goal, the data will have been
flagged during this time and therefore not used in analysis. Overall, the st andar d
deviation of theCO; sensitivity is equal to = 0.011 ppm, which is below the internal
reproducibility goal. However, it is worth noting the improvement in this value when the
lab temperature stability improved from the beginning of Novemb£10t605 ppm.

Finally, the stability of the sensitivity of ti& analyser does deteriorate when the
lab temperature is not stable, but not to the same extent as the sensi@@ky iFhis is
likely because the Oxzilla unit employs an active temperatorgrol, whereas the
Siemens unit does not. Nevertheless, active temperature control within the unit will be
improved when the lab temperature is stable. Again, this is shown in the improvement in
t he 10 st and a Ogdsenditeity icaefficiembatweerf the tfull year (+ 0.06
ppmEquiv (0.3 per meg)) and when the lab temperature stability improves
(0.03ppmEQquiv (0.2 per meq)).
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3.4.2. Stability of WT concentrations

The fad term i n t hesrepresehtsyte &VT concerdgrationn s e
and is similarly redefined fdD, andCO; every 47 hours during a calibration (o0, it
is further redefined every 4 hours by running the ZT in between calibrations, see below).

The stability of the WT concentration teéore provides another measure of system
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Figure 3.3. The absolute difference between the current and the previous WT mole fraction
calibrations forICO; (top panel; dark red points) afa (bottom panel; dark blue points) compared ag
the difference in the internal temperature between the &mmththe back the blue box, i.e. across the I
of the cylinders (~2m) at the time of calibration (middle panel (pink points). Orange vertical dast
represent WT changes. In the top panel, the red and green dashed lines represent the soughben
compatibility (£ 0.05 ppm) and internal reproducibility (+ 0.025 ppm) goal€ @y, whilst the blue dash:
line represents the mean WT difference between all successive calibrations. In the bottom panel t
green dashed lines representdleepted compatibility (+ 5.0 per meg) and internal reproducibility (
per meg) goals fab, in ppmEquiv. Again, the blue dashed line represents the mean WT difference |
all successive calibrations.

performance. FoO., the absolute difference between successive calibrations indicates
whether the calibration cycle is being run frequently enough to not be affected by either
the drift in the analyser responselyr variations in external environmental conditions
(which may impact individual cylinders, in addition to the analyser response itself, despite
measures used in the construction of the blue box to minimise thig(zpthe absolute

difference betweenatibrations does not matter, since the WT is redefined every time the
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ZT is run (every 4 hours). However, the results will indicate how necessary it is to
redefine the baseline between calibrations.
The difference between the current and previous WT concentration for all
calibrations during the measurement period are shown foxdatandO. in Figure 3.3.
The mean absolute WT difference between calibrations@@ is 0.056 + 0.056 ppm.
This is above the internal reproducibility goal of + 0.025 ppm for systems measuring
southern hemisphere air and an order of magnitude worse than the stability displayed by
Kozlova and Manning2009)(~ + 0.005 ppm). However, Kozlova and Mann{2g09)
had much better temperature control within th
twice as frequently (every 26 hours) (A. Manning, personal communic204dr7). This
confirms the need to run the ZT in order to correct for baseline drift between calibrations.
For Oz, the mean WT difference between calibrations is 0.4 £ 0.4 ppmEquiv (2.4 £ 2.4
per meg), which is just below the internal reproducibility gaetepted by thé-
community of £ 2.5 per meg, but above the ultimate internal reproducibility required by
the scientific needs defined by the WMO/GAW guidelines of + 1 per meg. As was
highlighted before, individual WTs appear to display different levélyaviability
between calibrations. In particular, the last two WT changes show a distinct improvement
in both the mean and 1Q0;,the fiaah\WTadisplayscheastiyat i on, wl
improved mean and standard deviation (¥able 3.2). There could be two possible
explanations for this. Firstly, some of the WT connections may not have been as leak tight
as others. Although absolute cardgaken to ensure the individual WTs are leak tight
before they are run on the system by undertaking a pressure leak test, imperceptible leaks
at the cylinder head cannot be ruled out. The second, what | believe to be the more likely
explanation, again inkes the temperature stability of the lab which, as already
highlighted, improves dramatically around October/Novemiss likely coincides with
a change in the active temperature control within the lab. The lab has two modes for its
internal temperature ont r ol : Awintero and fAsummer 0 mode.
mode likely happened around October/November (although the responsible technicians

are unable to confirm this).
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Furthermore, if one ignores the variability of the first few data points in February
when the system was stil!/l undergoing par
being addressed, then one can discern an overall increase in the WT difference in both
CO, andOz that closely follows the increase in the temperature gradient within the blue
box during the winter months, when the temperature control in the lab becooneshm
poor temperature control will directly impact the sensitivity of @@, analyser, as
already mentioned. However, it is the temperature gradient across the calibration and WT

cylinders that will impact th®.
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Figure 3.4. Stability of theCO, mole fraction (ppm; top panel) a@ mole fraction (ppmEquiv; botto
panel) within each WT used over the measurement period. For each WT, the data, determined :
calibration, are shown as the difference from the mean mole fraction determingtieoiréatime of th
WT. All WTs are run continuously from a starting pressure of ~180 bar to a finishing pressure «
except WTs D269485 and D269486, which were utilised during testing and therefore not run seq
The trend in th®, depletio, typically ~-6.6 per meg/WT, is shown as a black line for the final four

Figure 3.4 depicts the difference of the WT mole fraction, defined during a
calibration, from the mean mole fraction determined from all calibrations on that
particular WT. As shown in the bottom paneFajure 3.4, theO2 mole fraction becomes
progressively depleted as the cylinder air is consumed. This composition change as the

pressure in a cylinder decreases was first noted by Keeling(@®8Ba)and has been
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subsequently observed by Mannif2§01) Keeling et al(2007) Kozlova and Manmig
(2009) (Wilson, 2012)and Pickerg2016) This effect is most likely caused by the
preferential desorption &> relative toO from the interior valls of the cylinders as the
pressure decreases, owing to the difference in their molecula(iKests g et al., 1998a;
Kozlova and Manning, 2009Excluding the first two WT cylinders (which were not run
sequentially to depletion), the mean depletion observed i@ihaole fraction is-1.1
ppmEquiv (6.6 per meg) over the lifetime a cylinder. This is five times smaller than that
found by Kozlwa and Mannind2009) and much smaller than that found by Pickers
(2016) which could be as much & per meg over the lifetime of a cylinder. However,
it is similar to that found by Mannin@001)andonly slightly larger than that found by
Keeling et al(1998a)(-5 per meg). The largéd. depletion observed by Pickegf2016)
and Kozlova and Mannin@009)can be explained by their respective cylinder depletion
rates. Kozlova and Mannin{@009)used a higher flow rate (150 ml mir) through their
system, resulting in a higher cylinder depletion rate. Pic{g9%6) on the othehand
used the same flow rate as used on my system (100 mil)miput used smaller WT
cylinders (10L) at a higher pressure (300 bar). The relative depletion rate (per unit volume
of air) was therefore much higher than observed on my own system.

The WTCO:> data show very poor precision and stability over the lifetime of the
WT (Figure 3.4) reinforcing the need to run a ZT frequently between calibrations. It is
interesting to note that the mean difference increases above + 0.05 ppm for cylinders
D269491 and D269489 between May and September, before improving for the final two
WT (Table 3.2). Again, this pertains to the argument outlined above between as to
whether WTs were leak tight or whether the stability of the lab temperature is having an
impact. To further reinforce the argument that the primary driver of this decrease in WT
CO: stability, and in the response of 16€», analyser as a whole, is due to temperature,
| have presented the coefficient of determinatiof) (Rthe calibration curve fit for each
individual calibration against time for both analysers alongside theelaiperature
(Figure 3.5). Firstly, the O, R? does not show any improvement throughout the
measurement period. This highlights two things; firstly, if individual WTG leaks
compared to others, then there would be a clear change between WT®irRh& his
is not the case. Secondly, tBe analyser, as already mentioned, has active temperature
control and so is less affected by temperature variability tha@@hanalyser would be

(which does not have active temperature control).
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The CO; R?, on the other hand, does show deterioration throughout the winter
months when the lab temperature stability decreases. Although the second to last WT
does show impneed stability compared to the others, this stability does not improve
exactly when the WT changes, instead, it becomes progressively better throughout

September and October as the temperature stability of the lab improves.
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Figure 3.5. Quality of the calibration curve fit over the measurement period, as depicted by the co
of determination (B, for CO, (top panel; red points) ar@;: (bottom panel; blue points) in comparison \
the lab temperature (middle panel; pink points) at the time of calibration. In each panel, the data |
connected by straight lines to make the difference betwaklforations more apparent. Orange ver
dashed lines represent WT changes.

3.4.3.ZeroTankcorrection

As was disassedn Chapter 2 Sectiop.4.4.] theZero Tank (ZT) is run between
respective calibrations in order to correct for baseline drift irCBgeanalyser response,
which, as highlighted above, is mainly caused by laboratory temperature variations. In

order to achieve the internal reproducibility goal, the difference between individual ZT
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Figure 3.6. The absolut€0; difference (ppm) between consecutive ZT runs which equals the ma¢
of the correcti on aQOpchlibratidn ctane everl £houtssand thereforenepre
a measure of the baseline drift in the analyser response. The vedicksiged line represents when
run frequency of the ZT was increased from every 4 to every 3 hours in attempt to minimise the i
baseline drift on sample air measurements. The solid green line represents the mean absolu
correction appéd between ZT runs over the full measurement period (0.014 ppm; percentage of de
> 0.025 ppm = 7.6%). The solid orange line represents the mean absolute correction applied p
ZT run frequency change (0.016 ppm; 9.7 % > 0.025 ppm)sthié solid blue line represents the n
absolute correction applied after to the ZT run frequency change (0.013 ppm; 6.6 % > 0.025 ppnr

runs should be no more than £ 0.025 ppiigure 3.6 shows the absolute difference

bet ween a ZT run and the Abaseo run, that
calibration, which represents the maximum difference between ZT runs, since after each
run, t h e A gquadraticecalibnatian rcurve is eorrected. These results clearly
justify the need for running the ZT in between calibrations in order to correct for baseline
drift, as the difference between ZT runs can be greater than 0.025 ppm (7.6% of the data).
However over the full measurement period, the mean correction applied to the baseline

is 0.014 ppm, which achieves the internal reproducibility goal. In June, | decided to
increase the ZT run frequency from 4 hours to 3 hours in attempt to reduce the correction
applied to the baseline, largely in response to an assessment of temperature variability
within the | ab, which could be up to 5 eC
winter months (dotted red line Figure 3.6). The mean absolute difference between ZT

runs prior to the frequency change was 0.016 ppm and the proportion of the data above
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0.025 ppm was 9.7%. Whereas after the change, the mean correction wed ted@u@13
ppm (6.6 % > 0.025ppm). Using a two tailete$t assuming unequal variances, this
change was found to be significant at the 95% confidence lewed 05).

In addition to being used asGO; calibration cylinder, the ZT can also serve as

an additional assessment of system performance, much like the TT, since the measured
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Figure 3.7. Stability of the ZTCO,mo | e fracti on (ppm; t oQNypratio @d
meg; bottom panel; dark blue points) over the full measurement period. Orange vertical das
represent WT changes. The first red vertical dashed line represents a > 1 daygilave at the lab. Tl
second red vertical dashed line represents when the run frequency of the ZT was increased fra
hours to every 3 hours. There are several gaps in the data. The first, at the end of March, is due
that the boundsn the acceptable calibration parameters set in the software were too stringent 858«
This resulted in calibrations not being accepted for several days until it was caught. Consequéiih
a n dOJ/Ny) values are offset by ~ 2 ppm and 50 per meg, respectively and so are not included.
possible to recover these values bgtfprocessing the data, but this had not been done at the time of
The gaps in late August and late September were when cylinders were being moved to different
within the blue box so that a cylinder designated to be the next ZT coutetbdas a WT instead, prolong
the lifetime of available reference gas due to ship resupply restrictions. The ZT and TT therefore
disconnected and reconnected and leak checked and were therefore not in use during these peric
to still make a ZT correction during these periods, the next TT (TT2) was used as a ZT instead .
the absolute concentrations in this cylinder are different to the initial ZT, therefore these result
shown.

COz a n dO2/N2) are declared each time the ZT is run. This aids in the identification of

potential issues on the system. TB® mo | e f r a cOu/Noratio farrthet ZTa (
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cylinder are shown ikigure 3.7. There are several interesting features in this dataset that
relate system performancedahighlight several issues that were undetected at the time

of data collection. Firstly, the O, data show a clear step change following a power failure

at the end of May. Prior to this this point, there appears to be a downward drift of
~-0.1ppm betwer February and May and there is a considerable amount of noise. After
the step change, tl@&0, mole fraction stabilises and the noise reduces. However, 20 days
after the step change, the ZT run frequency was increased from 4 to 3 hours (see above)
in an atempt to reduce the magnitude of the baseline correction in between ZT runs.
Unfortunately, due to the proximity of these two changes, it is difficult to attribute which
caused the reduction in the noise. On the other hand, the step change can clearly be
attributed to the change at the power down. A reasonable explanation for the step change

due to the power down has yet to be found.

3.4.4.Target TankResults

As was discussed i@hapter 2 Sectiof.4.4.2 theTarget Tank (TT) serves the
purpose of a quality control check on the measurement system. However, with the current
gas handling procedure, it is not possible to run the TT throughits,idiaphragm
pumps and the first stage of the drying system (DC1) and therefore does not perform a
full quality control on the entire system. Future improvements to the design of the system
may include this feature. Instead, it does provide a qualitiral check on the calibration

gas handling, pressure and flow control and analyser response.
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Figure 3.8. Stability of the TT (D74365230:mo | e fracti on (ppm; t dOpgNy)
ratio (per meg; bottom panel; dark blue points) over the full measurement period. Orange vertici
lines represent WT changes. The first red vertical dashed line represents a > 1 day power failure
The second red vertical dashed lineresgnts when the run frequency of the ZT was increased fron
4 hours to every 3 hours. Green horizontal line represent the CRAM lab declared value, whilst re
lines represent the * the internal reproducibility goal<ios ( N 0. 0 2 5 Qu/lgntd 2.59er theg
The blue vertical i ne in t heOJNpoobsereethoversha anhly
period. Sed-igure3.7 For anexplanation behind the gaps in the data.

Before installation, two TTs were filled and analysed for tG€» mole fraction
a n d O/N) ratio in the CRAM lab before being shipped to HBA. During the
measurement period, only one of these was used as the designated TT (D743652) and run
every 9 hours. However, towards the end of the installation period in February | ran the
second TT (TT2) D089506) through the measurement system several times as an
additional, independent check on the first TT results. Furthermore, during August and late
September/early October, cylinders positions were reshuffled within the blue box which
meant the TT2 hatb be run as a ZT, allowing further analyses on this cylinder.

The results of the first TT analyses are showfigure 3.8. There are several
features of interestirstly, the variability intheCO,dat a i s i ncredibly
standard deviation for all measurements of + 0.044 ppm, above the internal
reproducibility goal. Furthermore, the mean difference form the declared CRAM lab
value is 0.049 = 0.057 pprwhich is only marginally within the southern hemisphere
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compatibility goal. Moreover, there again appears to be a deterioration in the variability
of the results during the winter months, when lab temperature control was poor followed
by an improvement théollowing summer, when temperature control improved. In
contrast to the ZT results, there is no step change after the power down in early June, yet
there is a clear step change after the final WT change. Finally, the change is towards the
declared valuedr the cylinder. On first appearances, this suggests the final WT was more
leak tight than the previous, and by extension, all others. Although this cannot be entirely
ruled out, closer inspection of the data reveals that the data immediately following the
change are not significantly different to those before. Instead, during the first quarter of
the WT lifetime, there is a steady drift down towards the declared value, that is more in
line with the improvement in the variability in the sensitivity of thalgser as a result of

the improvement in the lab temperature control.

The O results are significantly better than tR, r esul t s . The 10 st a
deviation of all runs is 2.2 + 1.7 per meg which is below the accepted achievable internal
reproducibilitygoal (but above the WMO scientific goal). In contrasCto,, there are
no step changes in tl@ value, nor are there any improvements in the variability of the
data either between WTSs, or when the temperature control has improved. This further
reinforces the lab temperature variability explanation invoked to explai@@edata. A
leak would significantly impact th®. data, more so than ti@&0, data, and ifrigure3.8
this is not seen, whilst the active temperature control inside the Oxzilla unit means it is
not as susceptible to lab temperature variability asGfe analyser. Secondly, and
perhaps more significantly, there is a drift-8f2 per neg per year. There are three
possible explanations for this: (1) a drift in the one or more of the calibration cylinders,
(2) a drift in the analyser response and (3), a drift within the TT cylinder itself. In the
analysis in SectioB3.4.1, it was shown that there is no significant drift in the sensitivity
term of theO. analyser, which likely indicates that neither the calibration scale, nor the
analyser response is drifting (unless they were both equally drifting in opposite directions,
which, although possible, would be highly unlikely). Instead the evidence poiats to
internal drift within the cylinder. This could be caused by preferential desorptidg of
relative toO,. This may be compounded by the fact that this cylinder is relatively wet
(15.4 ppm HO; (Chapter 2Table 2.2) which may encourage surface reactions. The high
water content of the cylinder could also be invoked to explain the large offset from the

declared value (9.3 £ 2.8 per meghfortunately, at the time thttis cylinder was filled
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in the CFF, there were known issues with the drying set up for incoming air- Time
constraints meant that another cylinder
The evidence outlined above leads me to conclude that the poasililtsron
cylinder D743652 foCOz a n dO2/Ny), for different reasons, are largely unique to this
particular cylinder, and perhaps the individual gas handling line between the cylinder and
the common outlet on the Valco valve, rather than issues witmtire system. Th€O;
results do however indicate issues with the lab temperature control. One final line of
evidence that indicates the issues are unique to cylinder D743652 are theofethi@ts
TT2 cylinder (D089506) Although there are fewer runs thaon D743652, the
measurement results are well within the compatibility goal (mean difference from
declared = 0.020 = 0.014) and in the internal reproducibility goal (0.017 + 0.0C®Ofor
and 2.5 OYND. 2 for b
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Figure 3.9. As in Figure 3.8, but for the second TT cylinder (D089506). This cylinder was run thi
the system as a ZT in Augustd September/October (deigure3.7 for an explanation) and therefore
not adhere to the same protocols as the initial THigare 3.8.

3.4.5.Internal reproducibility fromrambientair measurements

Finally, the ultimate internal reproducibility of the system can onlygberchined

from air measurements that have been run through all parts of the system, unlike the TT
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However, this measure also encompasses real atmospheric variabilitgmad GQ. In

an attempt to circumvent this | examined a period during sample cofiegtien ambient

variability was particularly low. |1 chose ~ 4 dag$ data towards the end of May:

CO2=~400; @ = ~ -580 per meg; wind speed between ~ 5 and 18 Based on this

anal ysis the i nt erJ/Nxpwas 66l parmegnd €Qveas £ 0.007y f or U ( O
ppm (Table 3.4). Ultimately, this is the precision | can assign to ambient air

measurements for the measurement system, as gtloc@nts of the system are tested,

unlike the TT measurements, which do not pass thrtwgbumps or the drying system.
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Table 3.2. Individual WT statistics on all calibration parameters discusses thus far in the text. The first three columns folleavingthen der | D r ef er

of the nonlinearity (CQ c-term) and linearity (herm) coefficients ofallcalilrt i ons using t hat

to

particular WT cylinder.

deviation of the current WT concentration minus the previous concentration defined during the previous calibration aachsnaggure of the stabilitytbe WT over its

lifetime. The final two columns refer firstly to the @epletion rate over the lifetime of the cylinder and secondly to the total number of calibrations recorded on each WT.

0 G@ 0 GO Mean B G Mean O cur- { L0 diff
Cylinder term term 0 .0term CO: diff prev [PPMEqUiV] O. depletion/cylinder n
x10-° x10°3 [PPMEQquiv] cur-prev [ppm] [PPMEQuiv] ([per meg) [PpMEQquiv] (per meg)
[ppm]  [ppm] [ppm] PP ([per meg) P
D269485 3.7 8.1 56 0.058 0.044 0.49 (3.0) 0.47 (2.8) 0.20 (1.2) 15
D269486 8.6 11 68 0.058 0.049 0.43 (2.6) 0.38 (2.3) -0.60 ¢3.6) 28
D269491 | 8.1 8.3 61 0.065  0.064  0.47(2.8) 0.40 (2.4) 1.2 (7.2) 30
D269489 7.1 8.8 66 0.082 0.062 0.52 (3.1) 0.43 (2.6) -0.89 ¢5.4) 31
D269490 5.0 9.0 40 0.059 0.059 0.26 (1.6) 0.18 (1.1) -1.31(7.9) 29
D269488 | 2.9 35 29 0.017  0.021  0.29 (1.8) 0.22(1.3) -0.89 (5.4) 30
All WTs 5.9 8.1 53 0.057  0.050  0.41(2.5) 0.35 (2.1) -1.1 (6.6) excludingfirst| ,

two WTs
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Table 3.3. Target Tank results for cylinders D743652 (main TT) and D089506 (TT2). The Internal reproducibility and compatibilidy gealsy the WMO/GAW guidelines

are shown, respectivel y. Each TT run i s mieueldaarpeirds fransthetahalysenn élanoe the fodrth dolimnsretpr@sentsa r d
the mean of the declared 10 standard deviati on of stdndarddaviation oball of thendeclafed values bne f i f
theTT. Finally, the seventh column represents the mean difference of all individual runs from the declareetsahieatht the CRAM Lab.
Reproducibility Compatibility
TTID Species Goal Mean 10 o 103G of Goal Mean difference form N
individual runs runs declared CRAM value.
D743652 CO; (ppm) + 0.025 0.014 + 0.017 0.044 +0.037 +0.050 0.049 = 0.057 627
Oz (permeg) | £1.0(x2.5) 56+1.9 22+17 +2.0(x5.0) 9.3+28
D089506 CQO; (ppm) + 0.025 0.017 + 0.029 0.017+£0.014 +0.050 0.020 + 0.014 306
O (permeg) | £1.0(x2.5) 58+1.7 25122 +2.0(x£5.0) 2522

Table 3.4. Summary of the compatibility and reproducibility of the HB% and CO, measurement system as depicted by analyses of the TT (D743652) (third, fourth and
seventh columns, which are the same as the fourth, fifth and sixth colufia®ie3.3) and by analysis of the 10 standard devi at
sample air when ambient conditions were relatively stable (fifth column). This represents 4 days of sample air datat¢m=6d82he end of May 20160, = 400001 +
0.108;0,=-579.8 + 11.1 per meg with wind speed between ~ 5 and 1)) ffise air line data reproducibility gives the best measure of the precision attainted on sample data
points.

Reproducibility Compatibilit
Target Tank Air lines
Species Me an 140 o Mean SD of successive pairs ¢ Mean difference form
Goal individual runs 1_” of a measurements ( n= 6182) Goal declared CRAM value.
_ n=(627)
(n=627)
+ 0.007
COz (ppm) + 0.025 0.014 £ 0.017 0.044 £ 0.037 +0.050 0.049 + 0.057
O (permeg) |+£1.0(x2.5)56+1.9 22+1.7 +6.1 +2.0(£5.0)9.3+238
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3.5. Summary and conclusions

The O, and CO; measurement system installed at HBA performed well for a
period of ~11 months with minimal downtime. The comipéty and internal
reproducibility of the system was determined by frequent (every 11 hours) analysis of a
Target Tank (TT; D743652).F@,, t he 10 standard deviati o
2.2 per meg, which represents the repeatability of a measnteand is within the
accepted internal reproducibility goal as determined bt mmunity, but not within
t he WMO goal. Conversely, the mean (n=63"¢
(n=13) was = 5.6 per meg, which represents the reprodticibiithe system. Although
this is outside of the internal reproducibility goal, it is comparable to other fuel cell
measurement systerfi§ozlova and Manning, 2009; Pickers, 2016; Stephenls, 087,
Wilson, 2012) Unfortunately, however, this TT shows a 9.3 £ 2.8 per meg offset from
the CRAM Lab declared value. This is not within the WMO or the accePted
community compatibility goal. However, this particular ngeér is known to be wet (~15
ppm HO) which could explain this offset through surface reactions on the cylinder walls.
Moreover, when a second TT cylinder was run (TT2; D089506) on the system, the mean
offset was 2.5 + 2.2 per meg, well within the abenentioned goals and so likely
indicates the compatibility issues arising from the TT analysis on cylinder D743652 are
unique to that particular cylindenather than the system. Furthermore, a downward drift
of 2.2 per meg per year is observed over tledifife of the cylinder and could also be
related to the above, in addition to preferential desorptiomN-ofelative to O> as
discussed.

For COy, the repeatability of measurements on the TT was * 0.044 ppm, whereas
the internal reproducibility over an indéwal run was + 0.014 ppm, which is within the
internal reproducibility goal. Furthermore, the mean differeraa the declared CRAM
Lab value is 0.049 + 0.057 ppm, which is only marginally within the southern hemisphere
compatibility goal Figure 3.8 shows that for the majority of the measurement period this
measurement was positively offset.

The disappointingCO, results were shown to be related to a deterioratighe
stability of the laboratory temperature over the winter months. In particular, the sensitivity
of the CO, analyser improved from the beginning of November when the laboratory
temperature became much more stabigure 3.2). This was reflected in the stability of

WT mole fractions, which are redefined every calibration: the largest variability is
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observed from May to September when the temperature control wagHopae 3.3).
This was further refl ect e d)fortmCo® bakbrafiogsoodness o
(Figure 3.5). An attempt was made to account for the poor temperature control by
increasing the ZT run frequency and this decreased the percentage of ZT runs that were
> 0.025 ppm from the previous rumom 9.75 to 6.6%, a significantp (< 0.05)
improvement igure 3.6)
The above analysis of the system clearly shows that the data colbectduk
utilised for scientific analysisyith an ambient uncertainty on the measurementséot
per medor Oz and+ 0.007 ppnfor CO,. However there are clearly some improvements
which can be made, particularly with regards to laboratory temperatatelcdl he
requirement for excellent laboratory temperature control is one of the drawbacks of using
the Siemens Ultramat NDIR CG@nalyser. More stable G@nalysers that are not as
sensitive to external temperature variations do exist, such as thosequday Picarro
or Los Gatos Research (LGR). However they require much higher sample flow rates than
that used here (typically 400 ml miy and use vacuum pumps to draw air through. With
the requirement to measure @d CQ simultaneously, to accountrf@O, dilution
effects on the @mole fraction, a flow rate of 400 ml mhwould be too high to determine
an accurate response fromtheegOn al yser 6 s fuel <cells, whilst a
allow for precise pressure and flow control. Higher flove r@ measurement systems
are currently being trialled for eddy flux measurement campaigns within forest
ecosystems (P.Pickepersonal communicatior017). However, much larger-@nd
CO: fluxes are expected in such a region and so measurement precision does not have to
be as stringent as is necessary for Southern Ocean carbon cycle research. As such, the

technique would not be appropriate here
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CHAPTER 4 ATMOSPHERIC Oy, CO2AND APO
MEASUREMENTS AT THE HALLEY RESEARCH

STATION , ANTARCTICA
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4.1. Introduction

The overarching aim of thighesis was investigate the processes that control the
variability of atmospheric C&  @N2)Gand APO on different spatial and temporal
scales at two contrasting coastal locations. Here, | ask, to what extent do carbon cycle
processes in the South Atlantector of the Southern Ocean control the variability of
atmospheric CQ e/N2)Cand APO observations at the Halley Research Station,
Antarctica? In order to achieve this, | have established a mewitu, continuous
atmospheric C&and Q measuremergystem at the station. The design and evaluation
of this system was addressed in Chapters 2 amdspectively. This chapter primarily
presents the analysis of those observations in order to answer the question defined above.

The Southern Ocean carboytle, in its natural state, is characterised by a balance
between physical and biogeochemical processes: Firstly, the upwelling of deep water rich
in dissolved inorganic carbon (DIC), to the south of the Antarctic Circumpolar Current
(ACC), constitutes aignificant source of C@to the atmospher@Mikaloff Fletcher et
al., 2007; Rintoul, 2011; Takahashi et al., 2012¢cadly, nutrients brought to the
surface by this upwelling stimulate biological production that results in a low partial
pressure of dissolved G@CO,) within the surface oceafTakahashi et al., 2012)If
the partial pressure of G@ the overlying atmosphere is greater than the surface ocean
pCO,, then there will be a flux of C{from the atmospher® the ocean according to
Henrydos Law. TFthen smapidlyidissscatesvnéodica@nate and carbonate
ions. Finally, north of the ACC, surface waters are subducted into the ocean interior,
sequestering carbofMikaloff Fletcher et al., 2007; Rintoul, 2011; Takahashi et al.,
2012) Itis the formation of these water masses, known a#\stdrctic Mode Water and
Antarctic Intermediate Water, that are thought to currently account for the uptake and
storage of anthropogenic G®ithin the Southern Ocean (0.42 + 0.2 Pg € (Babine et
al., 2004) Physical changes within the ocean due to climate change, such as changes in
surface currents and the mixed layer depth, may well effect this subduction processes
(Sallee et al., 2012)Although biological productivity does not constitute a sink for
anthropogenic Cgitself (due to the limitation of other nutrients), the process is indirectly
involved in the uptake of anthropogenic £1§y the Southern Ocean by creating lo80O,
surface water§Takahashi et al., 2012oreover, the export of carbon from the surface

layer via the biological pump is key to the carbon balance of the ocean (maintaining a
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gradient in DIC fronthe surface (low) to the deep (high)) and future climatic changes on
ocean biology and circulation may affect t{tughton, 2007; Riebesell et al., 2009)

Monitoring of these physical and biogeochemical processes is an inherently
difficult task given the scarcity of observations in this rediBakker et al., 2016and
thus is the source of much scientific deb@s. Landschutzer et al., 2015; Law et al.,
2008; Le Quéré et al., 2007; Le Quere et al., 2008; Metzl et al., 2006; Munro et%]., 201
Roy et al., 2003; Zickfeld et al., 2008)his uncertainty in the evolution of the Southern
Ocean carbon sink demonstrates an imperative to use continugiig,observations to
observe and quantify biogeochemical processes that influencexcange between the
Southern Ocean and the atipbere.

The Clean Air Sector Laboratory (CASLa@)ones et al., 2008t the Halley
Research Station, Antarctid@aHBA: 75A35NjS, 26A34NjW) prov
monitor these Southern Ocean carbon cycle processes. Atmospheric circulatory patterns
within the region (see later)date that the station is situated in the outflow of the South
Atlantic sector of the Southern Ocean, including the Weddell Sea. Locally, these regions
exhibit complicated carbon dynamics driven by the interplay of local atmospheric,
cryospheric and oceanfeatures and procesd@akker et al., 2008; Brown et al., 2015)
Consequently, the region is key to understanding the carbon cycle of the Southern Ocean
(Evans et al., 2017; Sallee et al., 2012)

Although amospheric C@measurements are made at the CASLab (both low
temporal resolution in collaboration with theational Oceanic and Atmospheric
Administration (NOAA) Earth System Research Laboratory (ESRL) Global Monitoring
Division (GMD) flask sampling networkand high resolution by the British Antarctic
Survey (BAS)), a number of biogeochemical factors combine to dampen and delay the
atmospheric signal of agea CQ exchanggBroecker and Peng, 1982kpver a full
seasonal cycle, the thermal and biological drivers edear CQexchange act in opposite
directions, resulting in a small net-gea flux ofCOzthat is difficult to detect. Secondly,

COz exchange is dampened by the buffering effects of carbonate chemistrywatsea

This results in equilibration timescale between ocean and atmosphere of approximately 6
months(Broecker and Peng, 1982\Moreover, the seasonal cycle of atmospherie CO

in the southern hemisphere represents the combinecnu of southern hemisphere
terrestrial and oceanic fluxes, in addition to northern hemisphere terrestrial fluxes that are
delayed by approximately 6 months due interhemispheric transport, such that they are in

phase with, and so reinforce, the southegmisphere terrestrial fluxgsieimann et al.,
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1989; Nevison et al.,, 2008b; Stephens et 2013) It is therefore difficult to draw
conclusions about ocean carbon processes from atmospheric measuremept@i€O

Atmospheric inversion schemes are one method of untangling these processes.
Atmospheric inversion modelling, with respect to L£@ttempts to optimisa priori
fluxes of CQ (from measurements and/or inventories of carbon from the ocean, land and
fossil fuelemissions) to actual measurements in time and space of atmosphgngaCO
a numerical atmospheric transport moge&iais et al., 2010)In doing this, thea priori
fluxes,which will likely have been arrived at via interpolation of measurements that are
sparse in both space and time, are optimised to match the atmospheoicsE@ations,
such that a new, potentially more reliable set of fluxes is arrived at. The rafdlinace
of each flux on atmospheric G@t a particular location can then be assessed.

One such inversion scheme is the CarbonTracker ensemble data assimilation
system developed by NOAA/ESRPeters et al., 2005)t was first used to estimate
fluxes between the terrestrial biosphere and the atmosphere in North A(fFretess et
al., 2007)and then subsequently developed to estimate Eurapeastrial fluxegPeters
et al.,2010) More recently it has been used to untangle biosphere aaa carbon flux
impacts on the atmospheric €8easonal cycléStephen®t al., 2013) The most recent
development of the modelling system, CarbonTracker Europe 2016 (CTE2016), is
presented itvan der LaaflLuijkx et al. (2017) To date and to my knowledge, only one
such application of CTE2016 has been usetl: Wi n t he GI| obal Carbon Prc
carbon budget to estimate global fluxes of G conjunction with a suite of other
atmospheric inversion schemge Quéré et al., 2016)

Consequently, beforexamining the new atmospheric data from the recently
installed atmospheric£and CQ measurement system, | have decided to investigate the
current HBA CQ record from flask observations using CTE2016. The first objective of
this chapter was to determindndh carbon cycle processes control the variability in the
seasonality of atmospheric @@om flask observations collected at HBA using the
CTE2016 model.

Air-sea Q fluxes are driven by the same carbon cycle processes that drive CO
exchange, but sonw the fluxes act in the opposite direction, such that the drivers-of air
sea Q exchange reinforce one another over the seasonal (&§e#ding, 1988b; Keeling
et al., 1993; Keeling and Shertz, 199R)oreover, the equilibration time of asea
exchange forO. is an order of magnitude faster than for £ZXhce there is n®:

equivalent of the carbonate chemistry of sea wdenecker and Peng, 1974)hese
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effects result in atmospheric®ariations that can be 20 times larger than,Gfaking
it much easier to identify ocean carbon cycle procg$&ssding and Shertz, 1992)
Measur ements of (OAINb eatiocbeganoirs theh \ecinity of the

CPT

AMS
) Y
MAC
¢ CGO
PRy

Figure 4.1. Location of historical and curre@, monitoring stations part of either the SIO or PU f
sampling network within the vicinity of the Southern Ocean. The location of the new continusitw
atmospheri©, andCO, measurement system installed as part of this thesis research at theRdattayc
Station (HBA) is shown by the green dot. Other stations considered in this chapter that are a part
network are shown by blue dots: PSA = Palmer Station, Antarctica, SPO = South Pole Observat
= Cape Grim Observatory. The remaigistations, shown by the red dots, are either part of the discor
PU flask sampling network (CPT = Cape Point, South Africa, AMS = Amsterdam Island, N
Macquarie Island). The remaining two stations, Syowa (SYO) maintained by the Japanese Mytal
Agency, and Baring Head (BHD), maintained by the National Institute of Water and Atmo
Research, New Zealand, represent the only two continugitu atmospherid), and CO; measureme
systems in the region.

Southern Ocean in 1991 as part of both the Scripps Institution of Oceanography (SIO)
and Princeton University (PU)(Glask sampling network@ender et al., 1996; Bender

et al., 1998; Keeling and Shertz, 1992; Magi2001) Historically, there have been a
total of eightO> monitoring stations within the regioRigure 4.1). Unfortunately, many

of the Princeton stationgeanow discontinued and only those that are part of the SIO
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network have data that are both quality controlled and publicly available. Furthermore,
the current network of £©monitoring stations result in an,@bservational gap in the
South Atlantic sectoof the Southern Ocean, whilst only two of the statiorfSguire 4.1
represent continuous situ measurements (SYO and BHD). Consequently, one of the
main objectives of this thesis was address this gap by establishing a contmsadus
atmospheric @measurement system. Continuous observations have an advantage over
discrete flask observations in that they allow investigation of atmosphegic@@nd

APO variability on synoptic timescales. The second objective of this chapter, therefore,
was to investigate synoptic scale variability and determine to what extent the variability
observed in @ CO,, and APO can be attributed to local to regionalescarbon cycle
processes.

Long term atmospheric {bbservations allow one to investigate the seasonality
and interannual variability of carbon cycle processes. The seasonal carbon cycle
dynamics in the upper portions of the Southern Ocean largely adooth atmospheric
U (2M2) seasonal cycle observed at the monitoring stations displayedure 4.1
(Bender et al., 1996; Keeling et al., 1993; Keeling and Shertz, 1Bggjly, increased
insolation and stratification of the upper ocean in the southern hemisphere spring and
summer stimulates biological productivity. The predominance of photosynthesis over
respiration results in £supersaturation irhe surface layer that drives a net flux oft@
the atmosphere. A fraction of this fAnewd prod
it becomes respired at depth, resulting pu@dersaturation. In the autumn and winter,
as the surface layer cools atid thermocline breaks down, the undeturated waters
are mixed to the surface where they drive aml@nand from the atmosphere.

Recognition of these processes in atmosphel(e/2) observations lead tine
f or mal definition 0 X y gae(Keiting) peh alr, 1998b)Jdroceani c 0
Atmospheric Potential Oxygen (APO ©; + 1.1CO, (Stephens et al., 1998)an
atmospheric tracer that is conservative with respect to terrestrial biosphanel CO,
exchange processes. Thisbsaquently stimulated the interrogation of global ocean
circulation and biogeochemistry models (OCBMs) by mixing modelled oC€anO;
and N fluxes within an atmospheric transport model (ATM) to generate an APO field
that could be compared with APO measuentgBattle et al., 2006; Garcia and Keeling,
2001; Gruber et al., 20; Manizza et al., 2012; Naegler et al., 2007; Nevison et al., 2012;
Nevison et al., 2005; Nevison et al., 2015; Nevison et al., 2016; R6denbeck et al., 2008;

Stephens et al., 1998)he majority of this work focused on the models ability to recreate
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the observed annual mean interhemispheric APO gradient and the mean climatological
seasonal cycle. However, yefew of these studies had a specific focus on APO
observations and modelling efforts within the Southern Ocean réljievison et al.,

2012; Nevison et al., 2005; Nevison et al., 2016)

Surprisingly, none of the above mentioned research considered the site to site
differences in the APOessonal cycle in depth, focusing instead on model performance.
Differences in the observed APO seasonal cycle between Southern Ocean monitoring
stations can potentially elucidate the spatial and temporal variability of carbon cycle
processes between diféstt regions of the ocean following integration with atmospheric
transport. Consequently, the third objective of this chapter was to investigate the seasonal
cycle in APO observed at HBA from the installed measurement system and compare it to
the observedeasonal cycle at three other APO monitoring stations whose data were
publically available: SPO, PSA and CGO. | will ascertain whether these comparisons
indicate anything about the spatial and temporal variability of carbon cycle processes that
have, untiinow, been overlooked.

Furthermore, the most recent Southern Ocean APO ruidelrvation
comparison studgNevison et al., 2016gsted eight OCBMs that participated in Phase 5
of the Coupled Model Inter comparison Project (€B) (Taylor et al., 2012xgainst the
SI10 Oz network of Palmer Station, Antarctica (PSA), South Pole Observatory (SPO) and
Cape Grim Observatory (CGO) (see Sectibp.§ (Figure 4.1). However, owing to
vertical mixing uncertainties within the ATkNaegler et al., 2007Nevison et al(2016)
chose to focus their evaluation of the models against SPO observations only, which,
owing to its bcation on the central Antarctic Plateau, means it is least sensitive to the
vertical transport uncertainties discussed by Naegler €@07) Of the eidpt models,
only two performed well with respect to recreating both the phasing and seasonal cycle
of APO observed at SPO. These were the NO@GAophysical Fluid Dynamics
Laboratoryo6s ( GF DL JGriflies et al.] 2600youPledztcethre TOPAA e |
biogeochemistry moddgDunne etal., 2013) often referred to as:c
current version of the NCAR Community Earth System Mddehg et al., 2013)which
consists of version 2 of the POP physical oceanography niSdath et al., 2010)
coupled to the Biogeochemical Elemental cycling module of Doney Et986) often
simplyref erred to as ACESMO. Both of these n
northern and southern hemisphere stat{dlevison et al., 2015 Consequently, the final

objective of this chapter waduilding upon the work of Nevison et gR016) to select
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the two best performing Southern Ocean models with respect to APO, ESM2G and
CESM, and test them against all available Southern Ocean A@ionng stations

(HBA, PSA, SPO and CGO). In doing this, | hope to answer the following question: do
HBA APO measurements highlight deficiencies or strengths in the models that are

otherwise overlooked with fewer stations to compare against?

4.1.1.Aims and obgctives otthis chapter

The primary aim of this chapter was to determine the extent with which carbon cycle
processes in the South Atlantic sector of the Southern Ocean control the variability of
atmospheric CQ e/N2)Cand APO observations at the Hall®esearch Station,
Antarctica.

This will be achieved through the following objectives:

1. Determine what carbon cycle processes control the seasonality of atmospheric
CO. from flask observations collected at the Halley Research Station using
the CTE2016 atnspheric inversion scheme.

2. Investigate synoptic scale variability and determine to what extent the
variability can be explained by local to regional carbon cycle processes.

3. Compare the seasonal cycle of APO observed at HBA to that observed at other
Southen Ocean stations and assess what can be learned about the spatial and
temporal variability of carbon cycle processes within the Southern Ocean
region.

4. Do HBA APO observations highlight deficiencies or strengths in OCBMs that

are otherwise overlooked witbwer stations to compare against?

This analysis will represent the first time that the CTE2016 model has been used
to investigate the processes that control the variability of the seasonal cycle of
atmospheric C®@ It also represents the first time thithe CarbonTracker modelling
environment has been used to examine carbon cycle processes at a coastal Antarctic
Station.

Moreover, the HBA @and CQ measurement system is the first of its kind in the
South Atlantic sector of the Southern Ocean. It i8 #econd coastal continuous
measurement system in the region (a similar system exists at Syowa @&hidoya et
al., 2012) and the third in total (a continuous system runs on the research ship the
Laurence M. Gould which supplies PSA, but the das yet to be published). As such,
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the measurement system represents a considerable contribution to the atmospheric
U (2MM2), CO, and APQobservation record in the Southern Ocean and Antarctica.

4.1.2.0utline of this chapter

In this chapter | will present the first year of continuomssitu, atmospheric
U (2/2), CO; and APO measurements from the successful installation obtheddCQ
measurement system within the CASLab at the Halley Research Station. Readers
interestedn the details of the system itself are referred back to Chapters 2 and 3. | will
begin by giving a brief overview of the measurement location before describing a
thorough filtering analysis of the data to remove local pollution from the station. | then
describe the model set up for the analyses outlined in Objectives 1 and 4.

The results section first considers the drivers of variability in the NOAA flask
observations of C®using output from CTE2016. | then present the first year of
atmospherict (22), CO, and APO observations from the measurement system
presented in this thesis. | consider synoptic variability first before examining the seasonal
cycles of the species. Finally, | compare the APO seasonal cycle at HBA to other

Antarctic APO stations befe using the data to examine two OCBMs coupled to an ATM.

4.2. Background and methodology

4.2.1. Sitelocationand history.

The Halley Research St aftsiacoastal AhBustic 75 /
scientific research station established by the British Antarctiee$un 1956 and has
been used to facilitate scientific research in the polar region ever since. Sitting 30 m above
sea level on the floating Brunt Ice Shelf, the station is located approximately 15km from
Weddell SeaHrror! Reference source not found). It is manned yearound by a team
of support staff and scientists responsible for maintaining a suite of scientific equipment
thatds primary goal i's to contribute to ¢
The station is inaccessible by stiptween March and December due to the prevalence
of sea ice in the region and by plane between April and October due to poor winter
weather and 2#our darkness (Mayuly).

The main station Hrror! Reference source not foundC) is aligned
approximately NortfSouth and is surrounded by an approximately 5km oval shaped
perimeter. The Clean Air Sector laboratory (CASLab) is approximately 1km south east
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of the main statonind esi gnat ed #d@Acl ean air sectoro
and access to the lab is by ski or by foot. Power is provided by cable from the main station
so that no generators are required at the lab itself. The predominant wind directions are
from theeast or the wesF{gure 4.2). As such, and with the above measures in place,

pollution from the station is kept @ominimum(Jones et al., 2008)
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The lab is constructed from #® shipping containers suspended from four vertical
steel girders approximately 3m above the snow level and was first established at the
Halley V research station in 2003. It subsequently closed in 2008 and-estainéished
at the new Halley VI researdtation in 2012, approximately 20km to the south east of
Halley V.

Multiple atmospheric species are measured via a suite of analysers housed in the
main room of the lab. Each analyser samples air from the main trace gas inlet stack (100
mm internal diameter) from a velatied air flow of ~ 5000 L/min. Aerosols are sampled

from a separate chimney stack (200 mm ID) from a ventilated air flow of ~240 L/min.
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The majority of research campaigns conducted at the CASLab have been
concerned with understanding reactive polar tspberic chemistry. This includes
understanding ozone depletion eve@isnes et al., 2013aerosol production in the sea
ice zongRosme et al., 20153nd wider scale snoatmosphere interactiofdones et al.,

2008) Furthermore, the station is part of the World Meteorological Organisation (WMO)
Global Atmospheric Watch (GAW) programme and submits continuosstu, carbon
monoxide (CO) and ozone §ata apart of its commitment to this. Finally, in addition

to the continuous dathe station records, HBRas also been part MOAA/ESRL/GMD
Carbon Cycle Greenhouse Gas (CCGG) cooperative air sampling network since 1983,

providing weekly samples on a suiteatifnatically relevant trace gases, includingLO

4.2.2. Air massorigin at Halley.

Wind direction andvind speed were recorded at the mstiationapproximately
8m above the snowsurface from the megtorological observatiortower Error!
Reference source not foundC). The wind rose ifrigure 4.2A demonstrates the most
prominent wind origin observeat HBA during 2016 was from the ENE and that this is
also associated with the highest wind speeds (>19.rRgyure 4.2 also demonstrates
that a significant proportion of the mds derived from the WSW, where air is likely to
have recently being imontact with a yearound open water in the polynya named
Precious BayJones et al., 2008yhe mean wind speed during this period was 6.5.ms

To determine typical air mass origins of air sampled at HBAveperformed a
cluster anaisis of seven day length back trajectories. These were genbyatgdasing
a particle every 3 hours within a modelled meteorological field and following its path for
seven days.using the HYSPLIT_4 HYbrid SingleParticle Lagragian Integrated
Trajectory) model (Version 4fDraxler and Hess, 1998)The Hysplit model uses
previousy gridded meteorological data from th&lobal NOAA-NCEP/NCAR
reanalysisto determine simple particle trajectories, run either forward or backward, from
a paticular starting location and time

A total of four trajectory clustensere determined using an angistance matrix
that determines whether individual trajectories are similar or not based on their angle from
the starting location rather than theirdidean distanc¢Carslaw and Ropkins, 2012)

The angle based approach to determining trajectory clusters is thought to be better at

5 http://www.cpc.ncep.noaa.gov/products/wesley/reanalysis.html
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capturing atmospheric circulatory features (Polar lows, for example) than the Euclidean
distane approachCarslaw and Ropkins, 2012nd | therefore deemed this a more
appropriate methodology for determining typical air mass origins over wide areas of the

Southern Ocean and Antarctica.
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The clusteringwas performed using the trajClust function that is part of the
openAir package implemented in the R programming lang(@geslaw and Ropkins,
2012)and further mathematical details of the computation can be found in the openAir
reference manudCarslaw and Ropkins, 201Zjis analysis shows that for 61% of the

time HBA receives air that has been in contact with the South Atlantic sector of the
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Figure 4.2.A Wind rose depicting the wind direction and wind speed observed at HBA duri
measurement period (February 2@lhuary 2017). B. cluster analysis efldy backwards trajectori
starting from HBA every 3 hours for tlyear of 2016. Trajectories were computed usivegHysplit Mode
and the cluster analysis was performed usi.
Programming language (specific details are given in Sedtihf). The percentage of trajectories that v
associated with each cluster (depicted by the coloured lines) are shown next tf gachespectiv

trajectory cluster lines.
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Southern Ocean and the Weddell Sea. Air deriving frome#ts¢ can also originally be
from the west, close to the Antarctic Peninsula, after spending time on the continual
plateau.

A clustering trajectory analysis was also performed on the three other Southern

Ocean APO monitoring stations discussed in this Chapter (SdcHdh

4.2.3. Installaton

Installation of the atmosphericc@nd CQ measurement system began at the
beginning of January 2016. The system was installed in a small room, adjacent to the
main ventilated room of the lab. Due to the requirements of the low flow rate and the need
to avoid tee juations in the sampléine (SeeChapter 2 Sectio.3), two separate
dedicated aspiratedranlets were installed on thest facing rail (the most prominent
wind direction Figure 4.2)) of the CASlab roof, approximately 2 meters from the main
sample stack. More detail regarding the specifics of the latted can be found in
Chapter 3, sectioB.2

During the testing period it was noted that room air could accidently be sampled
from the inlets. This occurred when wind speeds were low (<"9,nsginating from
thewest and when the external laboratory door or one of the internal windows were open.
A log of when people were working in the lab was therefore taken and consulted during
the data filtering procesSéctiond.2.4. Additionally, when wind speeds were very high
(>15 ms!) the suspended laboratory could be felt to be shaking or oscilldtiig.
appeared to correlate with an increase in the noise in the measurements, particularly in
the response of the Siemens analys&@a (Figure 1.2, Appendix B).

Sanple air data collection began in February 20180, and U (2>)
measurementsvere collected at 1 minute intervals. However, this was subsequently
averaged up td0 minute meangrimarily to facilitate merging with both meteorological

and diagnostic data.

4.2.4. Datafiltering.

As was first discusseih Chapter 3 SectioB8.3, suspectlata based on system
diagnostics and leaks detected (during February, whilst | was still working on the system),
the total number of days flagged = 39.9 days which represents a tlatd%oss (with
respect to the total number of days the system was running, rather than the number of data

points los}.
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4.2.4.1 .Contaminatiorfrom the station

Despite the measures taken to minimise pollution at the lalbprsdample inlets
outlined above,sometimes the prevailing wind direction and wind speed make it
unavoidable. For exampleijth a northwesterly windthe lab is directly downstream of
the mainstation Error! Reference source not foundC). It was nted at the time of
installationthat even if the wind direction was such that the lab was not downstream of
thestation(i.e. clean air, derivig from the south, east or west.gtthe windspeed was
low, that pollution from both thstationand vehiclenovements could still be transported

to the lab Furthermore, during the time of installation and in the following summer
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Figure 4.3. Bivariate polar plots depicting how (a) the standard deviation ofaid@te mean o£0O, mole
fraction and (b) the concentration of aerosols (condensation particulates; CP) vary with wind dire:
wind speed in each season ofthey&éah.e pl ot was constructed us
openair packagaiR (Carslaw and Ropkins, 201)lore detail on its construction can be foun€Cerslav
et al.(2006)and Carslaw and Ropis (2012; Sallee et al., 201Briefly, however wind speed and wir
direction are pditioned intobins (1ms" and 10 degreesespectively) and the mean of the third vari
(in this casethe 10 standard deviation ofO, and aerosol concentratirfor each bin is calculated.
Generalised\dditive Model (GAM) (Wood, 2006)s then used to describe hawariablevaries with win(
speed andvind direction

season (Deember 206- Felruary 2A.7), the mairstationwas beingelocated to theast
(the prevailing wind direction) due to a crack metice sheff Consequently, more
pollution was observed thamould otherwisebe likely in a typical summer season and

8 https://www.bas.ac.uk/medijaost/relocatiorof-halley-researckstation/
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was derivedfrom wind directions that are typically ceidered clean. This made it
difficult to apply a simple meteorological filter to the data.

To circumvent thisl performed an analysis of tistéandard deviatioaf 10 minute
mears (10 data points) of the GOnole fraction and of the mean aerosohcentréon
determined from the condensation particle counter (CPC) installed within the CASLab.
Since clean background mole fractions are very stable at, iti@Astandard deviation
represents a good measure of short term variability. Btdedardleviation ishigh, then
CO molefractionswill be changingrapidly during the 10 minute recording interval and
will therefore likely represent a shaéetm pollution evenform the station. Aerosol
particleson the other handiary naturally in coastal Antarcti@nd typically derive from
the sedce zone from various sources of marine or{giescoe et al., 2015; Weller et al.,
2015) However they are also produced as a product of combustion and concentrations
are typically high in polluted aregkulmala et al., 2005)Dueto the seasonal cycle in
the natural precursors to aerosols in coastal Antar@icscoe et al., 2015he threshold
for polluted values varies throughout the year. For example, at thedyeu Antarctic
research station, polluted air is defined wrasrosolconcentrationsare >2500 cn?’
during summer, >800 criduring spring/autumn and >400 @muring winter(Weller et
al., 2007)

The results of this analysis are shownFigure 4.3 which represenbivariate
polar plots that depict how a particular variable varies with wind speed and wind direction
(Carslaw et al., 200GQetails of the plots construction are given in the figure caption).
Figure 4.3a shows that the highes€O, standard deviations, andetfefore the highest
CO: mole fraction variability, originate from the NWN in the direction of Htation
during spring, summer and winter. This is corroborated by the aeasokoncentration
depicted inFigure 4.3b. Figure 4.3b also demonstratdlat high aerosol concentrations
are observedrom almost all directions and wind espds during the summer (note the
spread of gr een iHgure/3b). Thisialikely® beta cogmbinadon i n
of naturalsourceqRoscoe et al., 201@ndstationpollution. The same panel Figure
4.3a, shows thathe CO; standard deviatioman be high, depicting pollution when the
laboratoryis not downstream of thetationbut when wind speeds are low (<5 Hss
was described earlidrom manual observations during the installation perkidure
4.3aalso demonstrates haBO, variability increases with increasing wind spekavas

observed at theme that this is likely due to the lab oscillating in the wind, and therefore
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Figure 4.4. Example of the skill of the filtering process described in the text for the month of Nov
2016. Day of the month is shown on thexs. Black points in all panels show the data that has
discarded. Top panel €O; (red points). Middle panel & (/) (blue points). Bottom panel = aera
concentration (or condensation particulates (©@Rr(ge) CO, andl (M) axes are not scaled onan
per mole basis as is often shown. Data are from the month of November 2016.

impacting the stability of the laser in the measurement cell as mentioned previously
(Appendix BFigure 1.2).

Following this analysis, | have decided to exclude data using the following
criteria: when winds were derived from2906 0 e and/ or whensm&i nd ¢
L and/or when aerosol concentration wep&00 cn¥ during summer, >800m during
spring/autumn and >400 chduring wintey adopting the method of filtering applied at
Neumayer research statigieller et al., 2007) A demonstration of the skill of the
filtering technique to remove pollution events, yet still retain a largeunt of data is

shown inFigure 4.4.

4.2.5. Curve fittingroutnes A CCGCRVO and #AHPsplin

There are three curve fitting routines that are typically used by the gresngas
community in order to decompose a tigeries into its respective seasonal, trend and

resi dual component s. These are: ACCGCRV.
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discussion as to the mechanisms behind each routine see Pickers and N2Oitbyg
However, | will briefly outlinethe concept behind each method héteweveriSTLO
will not bediscussed furthedue to its inabity to deal with @ps in the data (see Pickers
and Manning2015).

CCGCRV is a curve fitting routine developed by Thorengl.(1989)and is used
extensively by the CCG/ESRL research group at NOAA. The rofitsna polynomial

equation plus a harmonic function to the time series (Equétit)):

60 & wo o E & o

o (4.1)
a OEJd" Qo-

Wheret is time in yearsn is the number of polynomial termsy, aé (@) are
coefficients of the fith represents the number of harmonics in the function parahd

Uk define the magnitude and phasfeeach sinusoidal component, respecti&lickers

and Manning, 2015)The residuals of th€ (t) arethen transferred from the time domain

into the frequency domain using a Fast Fourier Transform (FFT), upon which a digital
low pass filter is applied (Equati@A.2)) In doing this, regular variations within the time
series, such as the seasonal cycle, can be identified since they vary with a defined
frequency :

00 0 8— (4.2

Wheref. is the cutoff frequency of a low pass filter expressed in cycle¥Rickers and
Manning, 2015) The low pass filter has short term and a long term cut off value. The
short term value corresponds to short term variations in the data, such as the seasonal
cycle, and is typically set at 80 dayhoning et al., 1989)The long term cut off value
corresponds to longer term variations in the overall trend seen in the data, such as inter
annual variability and is typically set at 667 dé&ykoning et al., 1989)0nce the filter

has been applied and the respective components extracted, the residuals are transformed
back into the time domain. The long term ttetomponent of the time series is then
derived by summing the polynomial plus the long term data from the filter and the

seasonal component is extracted by summing the polynomial component and the short
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term data from the filter, and finally subtracting flong term trend from it. The version
used in this analysis was written by Paul Krummel (CSIRO) and is implemented using
the IDL programming language.

HPspline is a routine derived from t he
Bacastowet al. (1985) It also fits the sum of a polynomial equatiplus a harmonic
function to the data, but instead of using a FFT to extract the respective components, a
stiff cubic splineR(t) (Reinsch, 1967is used to fit the data. The long term trénd) is
determined by the polynomial fit and is firstly removed from the data (Equ@ti®n:

06 ¢ “o ®o E & o (4.3)

Values are as above in Equati¢hl) (Pickers and Manning, 2015Yhe harmonic
functionS (t)is then fit to the data (Equati¢a.4)):

"Yo OwOEJ Qo w Al © Qo (4.9

WhereS (t)the seasonal variation represented by a harmonic funttiasithe number

of harmonicst is the time in years, X is the angular frequency, argandyk define the
magnitude of the sinusoidal and cosine components of the (Rickeers and Manning,

2015) The function (1 +at) S(t) is fit to the seasonal component, wherés a time
dependent gain factor, whilst the residualsSdt) are fit to the cubic spline. The cubic
spline fit is then subtracted from the data and the residuals fit to the harmonic function.
The final two steps are repeated in an iterative process until convergence is achieved and
the overall curve fit to the dat® (t), is represented by Equati¢a.5) (Keeling et al.,

1989):

6o 06 p I 8Y0 ‘Yo (4.5)

4.2.5.1.Choice ofroutines

The choice of curve fitting routine used to extract seasonal and long term trends
from an atmospheric dataset depends both on the data and the questions being asked of it
(Pickers and Manning, 2018)ith regards to thelBA U (2/82), CO, and APO datgthe
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purpose of the extraction is to estimate the seasonal cycle in each species from only one

year of data. Consequently, | chose to use the HPspline curve fitting routine due to its

inflexibility in the curve fit, thus making it mormsensitive to ouirs that might be

expected in such a short data d@bwever, for this curve fitting routine to be successful,

more than one year of data is required. To address this, | repeated the data for 2016 both

forwards (2017) and backwards (2015) with estimapexivth and depletion ratésee

Section4.2.5.9 for CO; andl (2/2) respectivelyAppendix BFigure 1.3). | use a &

order polynomial plus the sum of the four harmonics to fit each of the data series
Conversely, in the analysis of the variability in the atmosph@@e seasonal

cycle obsergd atHBA from NOAA flask sample measurements | opted to@S&CRV.

A fuller discussion behindhts choice is discussed in theefltssection.However,

briefly, CCGCRV is known to capture real variations on the seasonal cycle of

atmospheric species better thansdihe, since the curve fit derived via HPspline is

relatively stiff (Pickers and Manning, 2015)

4.2.5.2 Extraction of seasonal cles

To estimate the growth rate @0, | compared my continuous data to the NOAA
flask data for the previous year at Halldyigure 4.5). The continuous data wasdir
averaged to daily mearisto be comparable with the flask data, and then the mean
difference between each corresponding point in the year was taken. This approach makes
the following assumptiong1). the flask data and my continuous data are on then
same CQ@scalewhich they are (NOAA 2007x); j2NOAA flask data and my continuous
data agree to within + 0.05 ppm to be within théA® compatibility goals for the
southern Bmisphere. Unfortunately, this assumption cannot be validated until the NOAA
flask data for 2016 has been analysed (whatkhe timing of writing, had not). However,

+ 0.05 ppm represents2o ofthe currenCO, growthrate (23 ppm yr') andso will not
impact the results significantly. Finally, \3The mean growth ratever 2015 and 2016 is
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Figure 4.5. The atmospheri€O, mole fraction from NOAA flask samples collected at HBA in 2014
2015 (dark red points) compared to the continuous data observed in 2016 from the measureme
installed as a part of the research presented here (red points). The continuouselateraged to dai
means and the difference between the corresponding day in the 2015 flask data was taken and t
all differences used to estimate the growth rate applied in the construction of data for the cur
routine described in thext.

maintained between 2016 aRdl7. In reality, inteannual variabity in the CO, growth
rate is significanf{Le Quéré et al., 2016)

Using the method outlined above resulted in a mean growth rat@ppm y¢
+ 0.46 ppm. This is a high growth rate compared to the typical global ra€ah 0.48
ppm yrl; 20062016 However, ithas been noted thdtieto the recent strongl Nifio,
the growth rate observed between 2015 and 2016 is the largest on(Eetsdet al.,
2016) Whilst NOAA notehigh 2015 and 201@rowth ratesandcommenthat thismay
continuein 2017.

The small amplitude othe CO, seasonal cyel in the southern hemisphere
(Stephens et al., 2018)akes it sensitive to the to the assumed growth rate, since the
magnitude of the growth rate is greater than the amplitude. Consequently, in eeger to
the sensitivity of th&€O, seasonal cycle to the assumed growth rate, | have applied two

extra growth rates at using the 10yrs.t ande

7 https://www.esrl.noaa.gov/gmd/ccgg/trends/gr

8 http://www.noaa.gov/news/carbalioxide-levelsroseat-recordpacefor-2nd-straightyear
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The lower limit in particular is more comparable to the mean NOAAvtiroate for the
past decade and might therefore be more applicable.

Thel (2M2) amplitude on the other hands much less sensitive to tigeowth
(or depletionyate estimate thattat forCOo. Typical Southern Ocean based monitoring
stations observeeasonali (2/M2) amplitudes of 70 to 90 per méBattle et al., 2006)
and is therefore much larger than tyiglobal growth rate foti (22) (-19 per
meg yr ; SIO websité).

U(M2)f ]l ask samples have been coll ected at
group at the University of Groningen. However, at the time of writing, these samples had
not been analysed. Once these data are available it will provide a good estimation of the
growthrate ofl (/) at Halley over recent years and also provide a good comparison
exercise between the continuous and flask sampling system. For the meantime, to
estimate the growth ratetook the mean difference between the 261BA continuous
data and tl 2015 flask data fd?SA Again, his requires a few assumptiofisstly, that
t heyor e b o tih(/0b)rscale, vleich they rare: SIO €2 scale The largest
assumption is that the (2/M2) growth rate at PSA is representative of the Southern
Ocean and therefore of the dataHBA. Given the well mixed natui®outhern Ocean air
this assumption is reasonable. On the other hand, one of the goals of establishing new
observations in the region is to télsis assumption. The final assumption, as it Veas
COy, is that thell (2/2) growth rateis constant between 2015, 2016 &td7. Using
this methodthe assumedrowthrate forl (2/32) used atHBA is -21.4 per megThis
estimate appears to be reasonable, given the typical giabalh rate is19 per meg yr
! (see above).

The replicated data and the results of the curve fit are showdgure 1.3,
Appendix B, thestandard deviation of the residual®®,; =+ 0.13 ppm U (2M2) =+ 54
per megandAPO == 5.2 per meg.

4.2.6. SIO0O, and NOAACO, flask data

The SIOO: flask data were obtained from S{0 websité and cover the period
2000 to 2015 for the following stations: Palmer Station, Antarctica (FBSA,A 4 6 NjS ,
64°09Nj)V South Pole Observatory (SP®9 A 5 8 NjSj)\an@ Gapeds8m Observatory
(CGO, 404219, 14441M).The samples are collected at approximately monthly intervals.

9 http://scrippso2.ucsd.edu
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The NOAAflask data were obtained from the ObsPack GLOBALVIEWplus v2.1
package(ObsPack, 2016)The flask samples were collected approximately twice per
week by BAS stafat HBA.

Seasonal cycles were extracted from the data using the curve fitting routines
described in Sectiod.2.5 the particular choice of which is discussed in téesults
discussion (SectioA.3).

4.2.7. Modellingtools

4.2.7.1.CarbonTrackefEurope 2016

CarboTracker is an ensemble data assimilation system that estimates surface CO
fluxes by assimilating global atmospheric observations of @@e fractionsOriginally
devel oped by the National Oceanic and At
System Research Laboratory (ESRBEgters et al., 2007; Peters et al., 200% model
has been adapted for European carbon cycle research puipetss et al., 201@nd
has subsequently developed independentlge@btiginal NOAA/ESRL versiofvan der
LaanLuijkx et al., 2017) In this stug, | use the most recent release of the European
version of the model, CarbonTracker Europe 2016 (CTE2Mers et al., 2010; van
der LaanLuijkx et al., 2017) which provide optimised surface fluxes for the 2@WIL5
period. The optimized fluxes are subsequenily in forward modeo obtain simulated
CO. mole fractions, including the individual contributions of the biosphere and ocean
fluxes as well as the emissions from fossil fuel combustion and biomass burning.

CarbonTracker uses prior estimates of surfaCe fluxes which are transported
by the TM5 tansport mode(Krol et al., 2005)forced with ERAinterim meteorology
from the European Centre for MeditiRange Weather Forecasting (ECMWHhe
surfacefluxesfor the net biosphere and oceanlemge are optimized using an Ensemble
Kalman smoother usingtmosphericCO, mole fractionobservations. The result is a
modelled CQflux (F) at a given location in time{y,) given byEquation(4.6):

Odvid  _ 80 dfd  _80 drfd O ofudd
RO RN 174 1)

(4.6)

The prior terrestrial biospherd=6io) and oceanHoce) fluxesare derived from the
respective ocean and biosphere modgild,are scaleoly an optimised scaling factQr),

whilst theemissions fronfossil fuel (Fossi) combustionand the biomass burningsié)
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arekept constantThe prior fluxes for eaamodule are obtained from the following: ocean
fluxes are derived from the ocean inversion of Jacobson(€0&i7) The biosphere and
biomass burning fluxes are derived from the SIBCASPED4 mode(van der Velde et
al., 2014)and the fossil fuel emissions are derived from the EDGAR4&tabas€2011)
with sector spcific and timeprofilesderived by the Institute for Energy Economics and
the Rational Use of Energy (IERPm the University of Stuttgart and constructed for the
CARBONES projecf. The fossil fuel emissions aeslditionallyscaled with different
regional annual trends for each continent to global totals as used amribalglobal
carbon budgegbroduced byhe Global Carbon Project (GCR)e Quéreé et al., 2016; van
der LaanLuijkx et al., 2017) The observations used infTE2016 are from the ObsPack
GLOBALVIEWpIus v2.1 packagéObsPack, 2016)The model wasun by Ingrid van
der LaanLuijkx in 2016. The total model plus individual component fluxes were
subsequently sampled at HBA on the same weekly time frequency as the NOAA flask
observations by Ingrid and provided to me.

4.2.7.2.0ceanbiogeochemistrynodels
| have chosen two OCBMs that participated in phase 5 of the Coupled Model

Inter-comparison Project (CMIPR)raylor et al., 2012and that are known to perform
well in the Southern Ocedhevison et al., @16). | refer to these as MOM4 and CESM.
MOM4 is version 4 (the most recent) of the NOAZeophysical Fluid Dynamics
Laboratorydés Mo d(@Griffiasr et dD,c200®)oupldd td ¢hk TOPAZ
biogeochemistry mod€Dunne et al., 2013)n the Introduction to this chapter, | have
reoffered to this model asSM2G, however, in keeping with the naming convention of
the model output provided to me (see below) | refer to it as MOW¥RIst CESM is the
current version of the NCAR Community Earth System Md@dehg et al., 2013)which
consists of version 2 of the POP physical oceanography n{8dath et al., 2010)
cowled to the Biogeochemical Elemental cycling module of Doney £1296)

Air-sea fluxes of Bl O, and CQ from each of these models were then fed into
the TM3 atmospheric transport modgieimann, 2003) Heat fluxes were used to
calculate the aisea Nfluxes (mol m? st) based on Equatio@.7):

QY

LT b ’ T - 174 4.7
0 anm)8,Q.,Y 6 (4.7)

10 http://www.carbones.eu/
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WherebyQ is the heat flux (J rhs?), dS/dTis the temperature derivative of the
N2 solubility coefficient (mol ¥ K1) andCp is the heat capacity of water (3*rd™?).

TM3 has 3.8° latitude by 5° longitude resolution with 19 resolved vertical levels.
TM3 is a three dimensional Eulerian model driven by offline National Centres for
Environmental Prediction (NCEP) reanalysis wirf{sinay et al., 1996)NCEP data
have 6 hourly time resolution that are interpolated onto thmidQte TM3 resolution.

In addition to the ocean fluxes, gridded monthly estimates with 1° lgsolution
of fossil fuel emissions are fed into TM3 from the Carbon Dioxide Information Analysis
Center (CDIAC)(Boden, 2009)

This analysis is similar to that dfevison et al. (206), except a different ATM is
used, | focus on only two of the OCGM models that perform well in the Southern Ocean
and finally, and perhaps most importantly, | have added HBA into the analysis, whose air
mass footprint represents a sector of the SontEean not covered by the other SIO
stationsFigure 4.2B (also sed-igure 4.16 later)

The model was run from 192005 by Sara Mikaloff Fletcher in 2013. From her,
| obtained the following output at HBA and the other Southern Ocean stetiosidered
at a 40minute valies time resolution, in units of mol molOceanO,, N> and CQ and
fossil fuel CQ. | have converted these into AR@Iues in per megsingthe equations
below (see Appendix of AR6denbeck et al. (2008pr derivation) and assuming
background mole fractions observed at SPO at the beginning of the mod|uation
(4.9):

60 0nQk QQ 4.8)

(O]}

Here,ocean Q, CO; andN2 represent the ocean fluxes of these speS@sandSN\ are
the observed dry air atmospheric mole fractions pad N, respectively, anCO;
represents fossil fuel emission fluxes.

Finally, | fit a curve consisting of &9 order polynomial plus the sum of the 4

harmonics to each of the componéoikes and the resulting GOO, and APO mole
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fractions using the HPspline curve fitting routige¢tiond.2.5 in order to extract a mean
climatological seasonal cycle to compare to observations.

4.3. Resultsand discussion

4.3.1. SeasonaCQO;, variability at Halley (20012015): a modelling
analysis

In the following section, | will use a globaO; data assimilation model
(CarbonTracker Europe 2016 (CTE20{B#ers et al., 2010; van der La&nijkx et al.,
2017) (Section 4.2.7.)) to investigate the following question: Which carbon cycle
processes control the seasonal variabilit€ @ observed at HBA and to what extent?

4.3.1.1.Modelobservationcomparison

| applied theCCGCRYV curve fittingroutine to the NOAA flask observations and
to the CTE2016 outputusing long and short term cut off values of 1500 and 150,
respectively. The déended CTE2016 curve fit, along with the-tended flask
observations are shown iRigure 4.6. To evaluate the model performance | have
examined two metrics, following Nevison et gR008a) Firstly, the correlation
coefficient, R, between the meldand the observations represents the agreement in
phasing and shape of the two datasets. A perfect agreement would result in R = 1, whilst
the significance of the agreement is determined by atded ttest assuming unequal
variances. Secondly, thetimof the 1 standard deviation of the model and observations:
UmodefUlobs is @ measure of the agreement in the amplitude between the two datasets,
whereby a value > 1 represents a model overestimate of the amplitude and value < 1
represents an underestta. Whether the model amplitude is significantly differgnt (
0.05) from the observedmplitude is determined by performing arteSt on the
hypot hes iZsde=t Bigdee Nevisen efial2008b)and references therein).

Overall, the CTE2016 model performs very well at recreating the observed
variability in the seasonal cycle at HBA betweZ01 and 2015 (R = 0.9p,< 0.001
n = 5464;Figure 4.6A), with a mean modebbservation residual of 0.14&17 ppm.
This is to be expected, since the model isroed to the observatiorfgan der Laan
Luijkx et al., 2017) The mean model seasonal cycle for 20015 figure 4.6B) is
earlier in phase by almost one month and the amplitude is overestifGatesiCions=
1.22). However, the modelbservation differences are within the year to year variability
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observedoth in the model and observations (as depicted byttlséahdard deviation of
the monthly means used to compute the seasonal cytdeg¢over, the Rest stipulates
that the (model(%bs ratios must be < 0.53 or > 3.78 for the model and observation
ampitude to be significantly different from each other. In this instat&gqde/0%bs =

1.42 and so is not significantly differemt € 0.05).The skill of the CTE2016 model at
recreating the observed variability in the seasonal cycle therefore allow®rfurth
investigation of the individuahodel components.

The CTE2016 model estimated contributions to the seasonal cycle are shown in
Figure 4.6C and again irFigure 4.7. The terrestrial biosphere componeshiows the
strongest agreement withe total modelled cycléR = 0.95 p < 0.001;lpio/Gimode= 1.08)
with a concomitat peak in late austral winter (August), but with a trouglaieaustral
summer/autumiMarch-April) that lags the total modelled cycle by approximataig
month. The onenonth phaséagis maintained at thepwardanddownwardzero crossing
days (UZC,DZC, respectively)The ocean contribution, on the other hand, leads the
terrestrial biosphere contribution by approximately 5 months, depicting a broad peak in
autumn (MarchJune maximum in Juneand a broad trough in spring/early summer
(OctoberDecembe minimum in October). The amplitude of the ocean contribution is
approximately a third of that for the terrestrial biosphere. The fossil fuel contribution
shows a broad peak from autumn, throughout the winter and with a maximum in early
spring (Septembebctober) and a wellefined minima in late summer (February). In
contrast, the biomass burning contribution depicts a more symmetrical cycle, with a well
defined trough in activity in winter (Julxugust) and a peak in late spring/summer
(November).

Interestingly, the combined contribution of the fossil fuel and biomass burning
component is such that they largely cancel each other out between autumn and winter,
with a resultant peak in late spring and trough in summer thatahasmplitude
approximately 60% of that for the ocedfigure 4.7B). Consequently, the sum of the
fossil fuel and biomass burning contributions modifies the oceamilmatndn such that
the combined trough (dark blue linfeéigure 4.7C) lags the ocean only contribution by
approximately three months and modifies the trough to be much broader. However, due
to the cancelling out of both the biomass burning and fossil contribution in autumn
winter, the combined peak is at the same timéaotean only peak and the combined
contribution is only a slight modification of the late summer, early autumn peak in ocean

contribution. As a result, the modell&®, seasonal cycle at HBA appears to be largely
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controlled by the terrestrial biosphereyiicularly the amplitude. However, the timing of

the UZC and DZC of the modellgdO, seasonal cycle, although primarily determined

by the phase (timing of UZC and DZC) of the terrestrial biosphere fluxes, appears to be
modulated somewhat by the magnitudé the late summeearly autumn ocean

outgassing (terminating at the DZC) and the combined influence of @@anptake
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and the decrease in biomass burning and fossil emissions in the lateesplyngummer
(uze).

Figure 4.6. A: De-trended NOAA flask observations (NOAA OBS) 60, at HBA (black points), ck
trended curve fit to the NOAA observations (black line) andreleded curve fit to modelle@O; from
CTE2016 (red line). The-axis represents the year thie observation B: climatological mean seas
cycle determined from the curve fit to NOAA flask observations (black points and line) and the «
to the CTE2016 model (red points and line), shading represémtkthe monthly mean of all years ¢
hence represents real year to year variability. Fhgris represents the first letter of individual months
the first 6 months are repeated to aid visual interpretation of the cycles. C: as in B. but with the ii
flux contributions (in ppm ung) to the modelled atmosphe@O, seasonal cycle at HBA: Ocean (k
line), terrestrial biosphere (green line), fossil fuel emissions (brown line) and biomass burning
line). In A, Band C all seasonal cycles were extracted from a CCGRYV curveifitéo the real or modell
data using the fitting parameters outlined in the text.
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