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 ABSTRACT  

Atmospheric oxygen (O2) measurements represent an important tool for 

investigating carbon cycle processes that determine the magnitude of the fluxes of carbon 

dioxide (CO2) to and from the atmosphere. By combining atmospheric O2 and CO2 

measurements, one can derive the tracer Atmospheric Potential Oxygen, (APO = O2 

+1.1CO2) which is a conservative tracer with respect to terrestrial O2 and CO2 exchange 

processes and therefore primarily represents ocean exchange processes. 

The primary aim of this research was to assess the spatial and temporal variability 

of atmospheric O2, CO2 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 high precision, 

continuous, in situ, atmospheric O2 and CO2 measurement system at the station, which I 

built, tested and installed as part of this research. The aim of the new measurement system 

was to fill in the observational O2 gap in the South Atlantic sector of the Southern Ocean; 

a key region with respect to the global oceanic sink for anthropogenic CO2 emissions. 

At the Weybourne Atmospheric Observatory, I have extended and re-evaluated 

an existing atmospheric O2 and CO2 measurement record (2008-2015). The inter-annual 

variability of the seasonal cycles and growth rates of atmospheric O2, CO2 and APO were 

examined to assess the temporal variability of the carbon cycle processes that control 

them. The data were also compared to other O2 monitoring stations in the northern 

hemisphere to understand the spatial variability of the processes.  

Throughout this thesis, I have used a range of analysis techniques, including 

model-observation comparisons, to assess what drives the variability of atmospheric O2, 

CO2 and APO observed at these two locations.   
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cannot be reduced further due to the response time of the fuel cells (15 seconds) and 

in the softwareôs ability to control valve switching in multiples of 30 seconds. .... 63 

Figure 2.10. A. Horizontal storage of all cylinders, used in the calibration and quality 

control of the measurement system, inside the thermally insulated ñblue boxò. 

Unlike other measurement system employing the use of a cylinder storage box, the 

confinements of the CASLab 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. 1/16ò nickel tubing runs from the cylinder to the regulator 

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 Workshop. The ñwatchdogò on board 5 detects if the computer software 

has malfunctioned and therefore sends a command via the PC Reset board for the 

computer to automatically reboot. All other components are self-explanatory or 

explained in the text. ............................................................................................... 70 

Figure 2.12. The main ñSchematicò tab within the Baloo software responsible for the 

control, automation and data acquisition of the HBA O2 and CO2 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 sensors all 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 determine 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 of the CO2 mole fraction 

and ŭ(O2/N2)  ratio of calibration cylinders (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 be carried out 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 software was written 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 O2 and CO2 measurements 

system. ..................................................................................................................... 84 

Figure 3.2. Drift and variability of the calibration coefficients for CO2 (top two panels) 

and O2 (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 calibration 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 goal (ppm for CO2 and ppmEquiv for O2; see text for details). 

Dashed vertical lines in all panels represent WT changes. Top panel: the CO2 non-

linearity coefficient or the c-term in the analyser response function (ppm; dark red 

points). The trend in the drift (ppm yr-1; red line) was determined using all data points 

over the measurement period. Top middle panel: the CO2 sensitivity coefficient or 

the b-term in the analyser response function (ppm; dark blue points). The trend in 

the drift (ppm yr-1; blue line) was determined 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 calibration (ęC; pink points). Bottom panel: the O2 sensitivity coefficient 

or the b-term in the analyser response function (ppmEquiv; dark green points). The 

trend in the drift (ppmEquiv yr-1; green line) was determined using all data points 

over the measurement period. ................................................................................. 89 

Figure 3.3. The absolute difference between the current and the previous WT mole 

fraction between calibrations for CO2 (top panel; dark red points) and O2 (bottom 

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 length of the cylinders 

(~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 
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reproducibility (± 0.025 ppm) goals for CO2, 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 reproducibility (± 2.5 per meg) goals for O2 in ppmEquiv. Again, the blue 

dashed line represents the mean WT difference between all successive calibrations.

 ................................................................................................................................. 91 

Figure 3.4. Stability of the CO2 mole fraction (ppm; top panel) and O2 mole 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, except WTs D269485 and D269486, which were utilised during testing and 

therefore not run sequentially. The trend in the O2 depletion, typically ~ -6.6 per 

meg/WT, is shown as a black line for the final four WTs. ..................................... 93 

Figure 3.5. Quality of the calibration curve fit over the measurement period, as depicted 

by the coefficient of determination (R2), for CO2 (top panel; red points) and O2 

(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 the difference between calibrations more apparent. Orange 

vertical dashed lines represent WT changes. .......................................................... 95 

Figure 3.6. The absolute CO2 difference (ppm) between consecutive ZT runs which 

equals the magnitude of the correction applied to the ñaò term in the CO2 calibration 

curve every 4 hours and therefore represents a measure of 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. The solid green 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 applied prior to the 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). ........................................................................... 96 
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Figure 3.7. Stability of the ZT CO2 mole fraction (ppm; top panel; dark red points) and 

ŭ(O2/N2) 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 represents 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 software were too stringent (Section 3.3). This resulted in calibrations not 

being accepted for several days until it was caught. Consequently, the CO2 and 

ŭ(O2/N2) values are offset by ~ 2 ppm and 50 per meg, respectively and so are not 

included. It will be possible 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 designated 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 during these 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 shown. .................................................... 97 

Figure 3.8. Stability of the TT (D743652) CO2 mole fraction (ppm; top panel; dark red 

points) and ŭ(O2/N2) 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 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 

goals for CO2 (Ñ 0.025 ppm) and ŭ(O2/N2) (± 2.5 per meg). The blue vertical line in 

the bottom panel represents the drift in the ŭ(O2/N2) observed over the analysis 

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

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

was run through the system as a ZT in August and September/October (see Figure 
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3.7 for an explanation) and therefore did not adhere to the same protocols as the 

initial TT in Figure 3.8. ......................................................................................... 101 

Figure 4.1. Location of historical and current O2 monitoring stations part of either the 

SIO or PU flask sampling network within the vicinity of the Southern Ocean. The 

location of the new continuous in situ atmospheric O2 and CO2 measurement system 

installed as part of this thesis research at the Halley Research Station (HBA) is 

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 the 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 Baring Head (BHD), maintained by the National 

Institute of Water and Atmospheric Research, New Zealand, represent the only two 

continues in situ atmospheric O2 and CO2 measurement systems in the region. .. 113 

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 clean air sector to the south east of the main station. .............. Error! 

Bookmark not defined. 

Figure 4.3.A Wind rose depicting the wind direction and wind speed observed at HBA 

during the measurement period (February 2016-January 2017). B. cluster analysis 

of 7-day backwards trajectories starting from HBA every 3 hours for the year of 

2016. Trajectories were computed using the Hysplit Model and the cluster analysis 

was performed using the ñopenairò data analysis package implemented in the R 

Programming language (specific details are given in Section 4.2.2). The percentage 

of trajectories that were associated with each 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 of CO2 mole fraction and (b) the concentration of aerosols (condensation 

particulates; CP) vary with wind direction and wind speed in each season of the year. 
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The plot was constructed using the ñpolarPlotò function within the openair package 

in R (Carslaw and Ropkins, 2012). More detail on its construction can be found in 

Carslaw et al. (2006) and Carslaw and Ropkins (2012; Sallee et al., 2012). Briefly, 

however, wind speed and wind direction are partitioned into bins (1ms-1 and 10 

degrees, respectively) and the mean of the third variable (in this case the 1ů standard 

deviation of CO2 and aerosol concentration) for 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. .................................................................... 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 the x-axis. Black points in all 

panels show the data that has been discarded. Top panel = CO2 (red points). Middle 

panel = ŭ(O2/N2) (blue points). Bottom panel = aerosol concentration (or 

condensation particulates (CP) (orange). CO2 and ŭ(O2/N2) axes are not scaled on a 

mole per mole basis as is often shown. Data are from the month of November 2016.

 ............................................................................................................................... 125 

Figure 4.6. The atmospheric CO2 mole 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 research presented 

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 data for the curve fitting routine described in the text. ..................................... 129 

Figure 4.7. A: De-trended NOAA flask observations (NOAA OBS) of CO2 at HBA 

(black points), de-trended curve fit to the NOAA observations (black line) and de-

trended curve fit to modelled CO2 from CTE2016 (red line). The x-axis represents 

the year of the observation 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 represents 1ů of the monthly mean 

of all years and hence represents real year to year variability.  The x-axis 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) to the modelled atmospheric CO2 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 CCGRV curve fit to either the real or modelled data using the fitting parameters 

outlined in the text. ............................................................................................... 137 

Figure 4.8. Individual CO2 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). (C): as for 

(B) but with the ocean, fossil fuel and biomass burning seasonal fluxes combined 

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

Figure 4.9. Linear regression of the model CO2 peak-to-peak seasonal amplitude against: 

(A) the ocean CO2 downwards zero crossing day (DZC) (blue line),(B) the fossil 

fuel plus biomass burning plus ocean (FF+BB+Ocean CO2) DZC (dark blue line) 

and (C) the terrestrial biosphere CO2 peak-to-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 CO2 upwards zero crossing day (UZC) 

against: the (A) terrestrial biosphere CO2 UZC (green line), (B) the ocean CO2 peak 

to peak amplitude (blue line), (C) the fossil fuel plus biomass burning plus ocean 

CO2 peak to peak amplitude (dark blue line), (D) the ocean CO2 downwards zero 

crossing day (DZC) (turquoise line) and (E) the FF+BB+Ocean CO2 DZC (dark 

turquoise line). The zero crossing days are expressed as the Julian day of the year.

 ............................................................................................................................... 141 

Figure 4.11. The first year of atmospheric CO2 (red points, top panel), ŭ(O2/N2) (blue 

points, middle panel) and APO (green points, bottom panel) 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 resulting in uncalibrated data and 

these are therefore not shown. The gaps in September/October were due to power 

outages. ................................................................................................................. 144 

Figure 4.12. The seasonal cycle of atmospheric CO2 (red points and lines, left y-axis), 

ŭ(O2/N2) (blue triangles and lines, right y-axis) and APO (green squares and lines, 

right y-axis) as determined from 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 key. Y-axes are scaled 

such that CO2, ŭ(O2/N2)  and APO are visually comparable on a mole per mole basis. 

The x-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 spline fit to the 

monthly data. Shaded error bands represent the 1ů standard 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 year of data). Error bands shown are as follows: CO2 = ± 0.13 

ppm, ŭ(O2/N2) =  ±  5.4 per meg and APO = ± 5.2 per meg. ................................ 146 

Figure 4.13. Seasonal cycle of CO2 at HBA observed from the measurements presented 

in this thesis (red points and lines labelled UEA) compared to the mean CO2 seasonal 

cycle observed at HBA from NOAA flask observations collected twice weekly 

between 2000 and 2015 (blue points and line). The x-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 spline fit to the monthly data. Shaded error bands 

represent the 1ů standard deviation of the residuals of the curve fit (UEA continuous 

= ± 0.13 ppm; NOAA flask = ± 0.12 ppm) and therefore represent 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 the curve fitting routine (See 

Section 4.2.5.2). The original growth rate (3.27 ppm yr-1) was arrived at by 

subtracting the measured data in 2016 from the flask data observed in 2015. The 

additional growth rates represent Ñ 1ů of that value: 2.81 ppm yr-1 (maroon line) and 

3.73 ppm yr-1 (magenta line). The dark blue line represents the mean CO2 seasonal 

cycle derived from the flask observations from the most recent three years of flask 

data (2015-2017). The turquoise line represents the seasonal cycle derived from the 

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 

(3.21 ppm yr-1). ..................................................................................................... 149 
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Figure 4.14. De-trended NOAA flask observations (squares and circles) collected at 

HBA between 2000 and 2015, as calculated by the two curve fitting routines: 

CCGRV (blue squares and lines) and HPspline (red circles and lines). Lines 

represent the de-trended curve fit to the data. The x-axis represents the year the flask 

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

Figure 4.15.  Seasonal cycle of CO2 at HBA observed from the measurements presented 

in this thesis (red points and lines labelled UEA) compared to the mean CO2 seasonal 

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 (as in Figure 4.13).  The x-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 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. ................................................................. 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 weekly intervals over the 2000-2015 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). The x-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 spline fit to the monthly data. Again, to aid visual interpretation error 

bands are shown in the subsequent Figure 4.18. .................................................. 155 

Figure 4.17. Cluster analysis of 7-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 Model (Section 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 trajectory cluster lines. 156 
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Figure 4.18. The seasonal cycle of APO observed 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 displayed in the respective plot keys. 

The x-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 spline fit to the 

monthly data. Shaded error bands represent the 1ů standard 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 often shown. .................................... 158 

Figure 4.19. (A) Upwelling within the Southern Ocean as depicted by the vertical 

velocity of water (key; 10-6 ms-1). 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 C m-2 day-1). Export 

production was calculated as a function Net Primary Productivity, which was 

subsequently derived from chlorophyll-a concentrations from satellite ocean colour 

data (for details on the data transformations see Nevison et al. (2012; Sallee et al., 

2012), from which this plot was adapted from). Locations of Southern Ocean 

monitoring stations discussed in this analysis and others introduced in Figure 4.1 

are also shown. ...................................................................................................... 160 

Figure 4.20. 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 axis represents the sine of the latitude. ..................................... 161 

Figure 4.21. 28 year average 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). ........................................................................... 163 

Figure 4.22. The seasonal cycle of APO (in per meg) at HBA from the MOM4 (left plot, 

red line) and CESM (right plot, blue line) model runs compared to the observations 

(OBS, black line). The individual contributions of ocean CO2 (maroon dashed line), 
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ocean O2 (purple dashed line), ocean N2 (orange dashed line) and fossil fuel CO2 

(ffCO2, solid brown line) fluxes to the APO seasonal cycle are shown in per meg 

units. The x-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 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 curve. ........................................................................ 166 

Figure 4.23. As in Figure 4.22 but for all stations considered in this analysis: HBA, PSA, 

CGO and SPO. ...................................................................................................... 168 

Figure 4.24. Taylor diagram evaluating model performance at each of the four Southern 

Ocean APO stations considered in this analysis. The radial axis (running between 

the x and y axes) represents the 1ů standard deviation of the modelled seasonal cycle 

and therefore represents a measure of the seasonal cycle amplitude; the 1ů 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 the x-axis represents 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 key. .......... 169 

Figure 4.25. (A): Summer (January-March) 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 observations (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 over 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)). .................................................................................. 191 
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Figure 5.2. Results of the filtering, baseline extraction and curve fitting for CO2, 

ŭ(O2/N2), 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 of Ruckstuhl et al. (2012). CCGRV: the curve fit (Thoning 

et al., 1989) applied to the baseline signal as outlined in the text. Y-Axes are scaled 

so that CO2, ŭ(O2/N2), and APO are visually comparable on a mole per mole basis.

 ............................................................................................................................... 203 

Figure 5.3. The seasonal cycle of atmospheric CO2 (red points and lines, left y-axis), 

ŭ(O2/N2) (blue triangles and lines, right y-axis) and APO (green squares and lines, 

right y-axis) as determined from the CCGRV curve fit (see Section 5.2.3). The peak 

to peak amplitude of the seasonal cycles are shown in the key. Y-axes are scaled 

such that CO2, ŭ(O2/N2) and APO are visually comparable on a mole per mole basis. 

The x-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 spline fit to the 

monthly data. Shaded error bands represent the 1ů standard deviation of the monthly 

mean value from all 7 years (2008-2015) and so represents real than month to month 

variability. The mean 1ů standard deviation from all months are: CO2   = ± 1.1 ppm, 

ŭ(O2/N2) = ± 7.7 per meg and APO = ± 5.5 per meg. ........................................... 204 

Figure 5.4. Seasonal cycles at each of the northern hemisphere stations considered in this 

analysis for (A) CO2, (B) ŭ(O2/N2), 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, Hawaii 

(red triangles and lines). The peak to peak amplitude of the respective seasonal 

cycles are shown in the key. Y-axes 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 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 represent the 1ů standard deviation of the monthly mean 
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value from all 7 years (2008-2015) and so represent real than month to month 

variability. ............................................................................................................. 213 

Figure 5.5. Annual seasonal cycles for CO2, ŭ(O2/N2) and APO over the study period 

(2008-2015). The black points show the mean monthly seasonal cycle for all years 

with error bars denoting Ñ 1ů standard deviation. Colour coding for individual years 

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

mole per mole basis. X-axes represent the first letter of the months of the year. . 216 

Figure 5.6. Inter-annual variability in the growth rate of CO2 (top panel, left y-axis; red 

line), ŭ(O2/N2) (blue line) and APO (green line) (both on the bottom panel; right 

shared y-axis) observed at WAO over the study period (2008-2015). The key in the 

top panel depicts the mean growth rates observed over the study period for each 

species. Y-axes have been scaled so that they are visually comparable on a mole per 

mole basis. The x-axis represents the calendar year. ............................................ 218 

Figure 5.7. Inter-annual variability in the growth of (A) CO2  (B) ŭ(O2/N2) and (C) 

observed at each of the four northern hemisphere stations considered for period 

(2008-2015).Note that y-axes are no longer visually comparable on a mole per mole 

basis. Each of the stations 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 

CO2 (red points and lines) and ŭ(O2/N2) (blue points and lines) at WAO over the 

study period (2008-2015). 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 reported in the text within the respective plots. .......................... 242 

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

for CO2 (red), O2 (blue) and APO (green) at all four northern hemisphere stations 

considered in this analysis. Stars represent levels of significance in the trend, with 

gold stars representing the significance of the Pearsonôs correlation coefficient  and 

red stars indicating the Mann-Kendall test: 1 star = p Ò 0.15, 2 stars = p Ò 0.10, 3 

stars = p Ò 0.05. ALT = Alert, Canada; CBA = Cold Bay, Alaska; WAO = 

Weybounre, UK; MLO = Mauna Loa Observatory, Hawaii. ............................... 245 
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Figure 6.3. Variability in the annual amplitude of the seasonal cycle over the study period 

(2008-2015) for CO2 (red points and lines, left y-axis), ŭ(O2/N2) (blue points and 

lines, first right y-axis), and APO (green points and lines, second y-axis) at WAO. 

Only the decreasing trend in the amplitude of the APO seasonal cycle is shown 

(dashed green line) and its strength and significance is shown by the text in the figure 

in green. ................................................................................................................. 247 

Figure 6.4. Covariation of the ŭ(O2/N2) autumn zero crossing day (AZC) expressed as 

the Julian day of the year (blue lines and points; left y-axis) with North Atlantic 

mean spring temperature (orange lines and points; first right y-axis) and the spring 

Arctic Oscillation index (pink lines and points; second right y-axis). Y-axes values 

on the right hand side (temperature and AO index) have been reversed to highlight 

the negative correlation seen between the variables. ............................................ 249 

Figure 6.5. Covariation of the CO2 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). Y-axes values on the right (ENSO) have been reversed to 

highlight the negative correlation 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; left y-axis) and northern hemisphere 

mean spring precipitation (turquoise points and lines; right y-axis). .................... 253 

Figure 6.7. Covariation of the ŭ(O2/N2) seasonal cycle amplitude (blue points and lines; 

left y-axis) with the northern hemisphere mean spring temperature (green points and 

lines; first right y-axis ) and northern hemisphere mean annual temperature (orange 

points and lines; second right y-axis). Y-axes values on the right hand side 

(temperature) have been reversed to highlight the negative correlation observed 

between the variables. ........................................................................................... 254 

Figure 6.8. The inter-annual variability of atmospheric CO2, ŭ(O2/N2) and APO observed 

at WAO over the study period (2008-2015) (top panel; CO2 (red), left y-axis; 

ŭ(O2/N2) (blue) and APO (Green), right y-axis) in comparison to 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 (CCGRV trend) 

are shown in the respective keys. .......................................................................... 257 

Figure 7.1. The seasonal cycle of atmospheric CO2 (A), ŭ(O2/N2) and APO (B) observed 

at WAO and HBA (see key) .The peak to trough seasonal amplitude for each species 
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CHAPTER 1  INTRODUCTION  TO 

ATMOSPHERIC O2 AND THE GLOBAL CARBON 

CYCLE  
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1.1. The global carbon cycle 

The global carbon cycle (Figure 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 between a few hours (e.g. 

photosynthesis) to many millions of years (e.g. the sedimentation of organic matter on 

the seabed and its subsequent subduction into the Earthôs interior) (Berner, 1998). The 

carbon cycle is intimately linked to global climate due to the properties of the major 

atmospheric carbon species: primarily carbon dioxide (CO2) and to a lesser, but still 

significant extent, methane (CH4), carbon monoxide (CO) and the halocarbons. 

During the 19th century, at a time when scientists were first grappling with the 

theory of the Ice Ages and what may have caused them, Joseph Fourier (1827) calculated 

that the Earth was warmer than it should be based on a simple radiation balance and he 

assumed that this must be owing to some property of the atmosphere. John Tyndall (1864) 

built upon Fourierôs work and was the to first consider the radiative effects of atmospheric 

CO2 (that is, its ability to absorb and subsequently re-emit long-wave, infrared radiation) 

upon the surface temperature of the Earth. This is commonly referred to as the 

ógreenhouse effectô and is also caused and amplified by other atmospheric constituents; 

primarily water vapour, CH4 and nitrous oxide (N2O). 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 closer to -18°C (Hansen et al., 1984). The average 

surface temperature of the Earth throughout geological history, however, has been far 

from constant  (e.g. Zachos et al., 2001). Even seemingly miniscule variations in the 

relative abundance of the major greenhouse gases 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 atmospheric CO2 mole fraction and surface temperature through the 

glacial-interglacial cycles of the Quaternary period (~2.6 ï 0.01 Million years ago (Ma)) 

(Petit et al., 1999; Siegenthaler et al., 2005). Both temperature and the CO2 mole fraction 

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

orbital induced changes to the amount of solar radiation reaching the Earthôs surface 

(Milankovitch, 1941). Although these initial changes in temperature were forced by 

changes in solar radiation reaching the Earthôs surface, the magnitude of the total 

temperature change between these orbital cycles cannot be accounted for unless they are 
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amplified by changes to the relative abundance of greenhouse gases, which are controlled 

by complex carbon-climate feedback mechanisms (for a review, see Sigman and Boyle 

(2000)). The CO2 mole fraction was relatively low during the glacial periods (180 parts 

per million (ppm)) and relatively high during  inter-glacial periods (280 ppm) 

(Siegenthaler et al., 2005). The Southern Ocean in particular is believed to have exerted 

a critical control over these glacial-interglacial atmospheric CO2 variations, through 

changes to both the rate at which the deep ocean is ñventilatedò and in the pervasiveness 

of biological productivity within the region (Watson and Naveira Garabato, 2006). 

Following the end of the last glacial (~11.7 ky ago), atmospheric CO2 remained 

relatively stable, varying between 260-280 ppm throughout the Holocene (Indermuhle et 

al., 1999). At the beginning of the industrial era (~1750 AD) the CO2 mole fraction began 

to rise (Barnola et al., 1995).  

Arrhenius (1896) was the first to recognise the influence that the industrial 

revolution could have on the atmospheric CO2 mole fraction: ñThe enormous combustion 

of coal by our industrial establishments suffices to increase the percentage of carbon 

dioxide in the air to a perceptible degree.", and even made a prediction that a doubling 

Figure 1.1. The global carbon cycle and the relative fluxes of carbon (C) between the reservoirs in Giga 

(109) tonnes of C (equivalent to Peta (1015) grams of C) per year. Reservoir size (numbers inside the boxes) 

are given in Pg C. Black arrows and numbers indicate natural fluxes whilst red arrows and numbers indicate 

anthropogenically induced fluxes  (Reproduced from IPCC (2007a)).  
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of atmospheric CO2 would lead to an average global temperature increase of 3-4ęC (this 

is now known as climate sensitivity), but he postulated that this would not occur for 

another 500 years. 

The pioneering predictions of Arrhenius (1896) were not recognised until the first 

reliable and continuous measurements of atmospheric CO2 (precision of < 1.0 ppm ) were 

made by Charles Keeling at the Mauna Loa atmospheric observatory, Hawaii, in 1958 

(Keeling, 1960). The CO2 mole fraction was observed to be ~315 ppm with a seasonal 

amplitude of ~5 ppm (Keeling, 1960). The atmospheric CO2 mole fraction is now ~407 

ppm (20171), fast approaching the ñdoubledò pre-industrial mole fraction (560 ppm). It is 

now widely recognised and accepted that this increase is almost entirely due to the 

burning of fossil fuels, cement production and land use changes, such as deforestation, 

biomass burning, crop production and conversion of grassland to cropland (IPCC, 2013). 

The most recent estimates from sophisticated Earth system models of the climate 

sensitivity lie in the range of 1.5-4.5ęC (IPCC, 2013), making the prediction of Arrhenius 

(1896) all the more remarkable. The exceptionally high (relative to the last few million 

years) present-day CO2 mole fraction has been unequivocally warming our climate over 

recent decades (0.2ęC decade-1) (Hansen et al., 1997; Hansen et al., 2006; IPCC, 2007b), 

and will continue to do so unless the above anthropogenic activities are curtailed (IPCC, 

2014). 

Despite continuous warnings from the scientific community on the potential short-

term, centennial scale consequences of rising CO2 emissions to the Earthôs climate system 

(IPCC, 2001, 2007a, 2014), we appear to be stubbornly sticking to the ñbusiness as usualò 

scenario (CO2 emissions from fossil fuel combustion and cement production in 2016 = 

9.9 ± 0.5 Pg C yr-1) first set out by the Inter-governmental Panel on Climate Change 

(IPCC) in 1992 (Pepper, 1992).  

The atmospheric increase in CO2 mole fraction however, is much less than that 

predicted from that of fossil fuel combustion alone (approximately 57% of the expected 

trend (Gloor et al., 2010)). This is because CO2 is removed from the atmosphere by the 

Earthôs terrestrial and oceanic carbon sinks (1.27 ± 0.84 Pg C yrī1 and 2.50 ± 0.60 Pg C 

yrī1, respectively for the 10 year period 2000-2010, (Keeling and Manning, 2014b)). The 

exact magnitude of the sinks vary from year to year due to the inter-annual variability of 

                                                 
1 https://www.esrl.noaa.gov/gmd/ccgg/trends/global.html 
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the carbon 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 carbon sinksô 

ability to withdraw anthropogenic CO2 from the atmosphere and further reduce the 

uncertainty in our understanding of how these sinks will respond to future climatic 

changes (Le 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 influence. Figure 1.1 

shows both the natural and anthropogenic stores and fluxes in and between the Earthôs 

major carbon reservoirs. 

1.2.1. The terrestrial carbon cycle 

In the natural, pre-industrial state, the terrestrial biosphere fixes CO2 from the 

atmosphere via photosynthesis. The total amount of carbon fixed by this process is termed 

Gross Primary Production (GPP) and equates to approximately 120 Pg C yr-1 (Houghton, 

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 60 Pg C yr-1). This carbon is then distributed amongst the living 

plant biomass and within the litter and soils. Again, much of this short-term carbon store 

is respired back to the atmosphere (~50 Pg C yr-1) through autotropic and heterotrophic 

respiration. The remaining carbon is termed Net Ecosystem Production (NEP, 

approximately 10 Pg C yr-1). Much of NEP is then lost through disturbance, such as 

natural fires, storm damage or pestilence on longer-term 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 of the above mentioned processes can be observed in the seasonal 

cycle of atmospheric CO2. For example, in the northern hemisphere, where much of the 

global land mass is distributed, the seasonality of atmospheric CO2 is particularly evident 

(e.g. Bolin and Keeling, 1963; Pearman and Hyson, 1980; Randerson et al., 1997). 

Whereas natural climate variability, such as the El Niño Southern Oscillation (ENSO), 

can impact on all of the above mentioned levels of carbon storage within the terrestrial 
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biosphere which can then control the fluxes of carbon to and from the atmosphere on 

inter-annual timescales. This is evident in the inter-annual variability observed in the rate 

of change of atmospheric CO2 (Bacastow, 1976).  

Anthropogenic activities have disturbed this natural state through land use change 

(primarily deforestation) and through the emission of CO2 to the atmosphere from fossil 

fuel burning and cement production (IPCC, 2013). As such, the terrestrial biosphere-

atmosphere system is no longer in balance, with the terrestrial biosphere currently acting 

as a carbon sink for anthropogenic CO2 from the atmosphere (1.27 ± 0.84 Pg C yrī1 for 

the 10 year period 2000-2010) (Keeling and Manning, 2014b). 

The influence of anthropogenic CO2 emissions on the terrestrial carbon cycle can 

be broadly split into two effects: 1. the direct influence of CO2 fertilisation on 

photosynthetic rates (e.g. Schimel et al., 2015; Wenzel et al., 2016) and 2. the influence 

of climatic change (e.g. temperature and water availability) on photosynthesis (GPP), 

respiration (NPP and NEP) and disturbance (NBP) (e.g. Nemani et 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 more specific aspects of the 

terrestrial carbon cycle such as vegetation dynamics (Forkel et al., 2016) and ecosystem-

scale light use efficiency (Thomas et al., 2016).  

Coupled carbon cycle-climate 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 scenarios (Friedlingstein and Prentice, 2010). Model simulations 

show that the CO2 fertilisation 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 it (Friedlingstein and Prentice, 2010). There 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 future (Friedlingstein and Prentice, 2010)  

The now relatively long record of global atmospheric CO2 observations, in 

conjunction with model simulations and laboratory based experiments, have allowed 

investigation of the terrestrial carbon cycle response to these anthropogenic changes (e.g. 

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., 1997). All of these studies demonstrate an increase in the peak to trough 

seasonal amplitude of CO2 in northern latitudes (>45ęN) of up to 50% since the earliest 
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records began in the 1960ôs (Graven et al., 2013; Keeling et al., 1996a). Two of these 

studies also reported an advance of the spring downward zero crossing of approximately 

1 week since the 1950ôs, pointing to an increase in the length of the biosphere growing 

season in response to spring warming (Keeling et al., 1996a; Myneni et al., 1997). Piao 

et al. (2008), however, also demonstrated a trend towards an earlier autumn upward zero 

crossing that was significantly negatively correlated with increasing autumn 

temperatures, resulting in a shorter carbon uptake period, in contrast to the studies 

mentioned above. The Piao et al. (2008) work was corroborated by Barichivich et al. 

(2012), who note that despite the increase in the thermal growing season driven by an 

earlier spring onset and a later autumn zero crossing day, the increased temperatures in 

autumn actually lead to an earlier termination 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 terrestrial biosphere, and itôs 

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 reactions are favoured, whereas 

the amount of respiration will increase in line with increasing temperatures (Schulze, 

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 to 

become a net carbon source to the atmosphere.    

1.2.2. The ocean carbon cycle 

In the atmosphere and ocean carbon system (Figure 1.1), approximately 600 Pg C 

naturally resides in the atmosphere whilst approximately 38,000 Pg C resides in the ocean. 

Thus, 98.5% of the carbon in the atmosphere-ocean system resides in the ocean whilst 

only 1.5% resides in the atmosphere. Henryôs Law states that, at equilibrium, for a weakly 

soluble gas, such as CO2, the dissolved concentration (CO2 (aq)) will be proportional to the 

partial pressure of the gas (CO2 (g)) in the overlying atmosphere. 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 of CO2 within seawater.  

When CO2 dissolves in sea water, it rapidly dissociates into bicarbonate (HCO3
-) 

and carbonate ions (CO3
2-) (Equation 1.1): 
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(1.1) 

The production and consumption of H+ ions indicate that these reactions have a 

pH dependence. A Bjerrum plot (Figure 1.2) shows the distribution of dissolved CO2, 

HCO3
- and CO3

2- ions (together defined as Dissolved Inorganic Carbon (DIC)) in solution 

as a function of pH. At a typical pH of seawater (8.2), 86.6% exists as HCO3
-, 13.0% as 

CO3
2- and 0.4% as dissolved CO2. From Henryôs Law, therefore, the atmospheric portion 

of the carbon in the atmosphere ocean system should be the same as the dissolved portion, 

which suggests that ~3% of the carbon should exists in the atmosphere, and 97% in the 

ocean (Jacob, 1999). The reason for this difference between the theoretical fraction of 

carbon in the ocean due to carbonate chemistry (3%) and the observed fraction (~1.5%), 

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 by the 

shaded blue bar (From Heinze et al., 2015). 
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is due to a combination of ocean circulation and the oceanôs solubility and biological 

pumps. 

Deep water formation occurs in the high latitude oceans (e.g.Marshall and Speer, 

2012). These waters are relatively cold and the solubility of any gas (including CO2) is 

therefore increased. These high DIC 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 

ñsolubility pumpò and maintains a gradient in DIC that therefore allows more CO2 to be 

absorbed from the atmosphere via Henryôs Law.  

This gradient is also maintained by the ñbiological pumpò. There are two 

biological pumps that oppose each other in the surface ocean. Firstly, primary 

productivity in the surface ocean consumes CO2 (aq) converting it into organic carbon (~48 

Pg C yr-1 (Houghton, 2007)). Most of this carbon is respired back into the surface ocean 

(~37 Pg C yr-1 (Houghton, 2007)). However, when the organisms die, some of this carbon 

is transported out of the surface ocean into the deep ocean (~11 Pg C yr-1 (Houghton, 

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 pump, keeps the deep ocean relatively high in 

DIC compared to the surface and the consumption of CO2 (aq) thus allows more CO2 (g) to 

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

Additionally, the calcium carbonate pump acts to increase the concentration of 

DIC in the deep ocean through remineralisation. However, in the surface ocean, the 

calcium carbonate pump acts to increase the concentration of CO2 (aq) (Equation 1.2). 

Many marine organisms produce calcium carbonate (CaCO3) shells. The production of 

these shells and the subsequent increase in CO2 (aq) when HCO3
- is consumed is shown by 

the following equation: 

 

╒╪ ╪▲ ╗╒╞
╪▲
ᴾ ╒╪╒╞ ▼  ╗╞  ╒╞ ╪▲ (1.2) 

 

Overall, the soft tissue pump dominates in the surface ocean and the net effect is 

to reduce the concentration of CO2 (aq) in the surface ocean. The solubility pump is the 

key process that governs how effectively the ocean takes up anthropogenic CO2, that is 

to say, how quickly surface waters 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 
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cover may impact the efficiency of the solubility pump and hence the efficiency of the 

ocean as a carbon sink. (Houghton, 2007). 

The biological pump does not cause an anthropogenic CO2 sink 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 pump may 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 DIC (IPCC, 2013). 

One further key point to consider is the impact of the uptake of anthropogenic 

CO2 has on the ocean carbonate system. As anthropogenic CO2 is absorbed by the ocean, 

the equilibrium in Equation 1.1 shifts to the right, increasing the amount of bicarbonate, 

carbonate and H+ ions. Importantly, the production of H+ ions decreases the pH, which 

then alters the ratio of CO2(aq):HCO3
-:CO3

2-, such that more of the DIC exists as CO2(aq) 

(see also Figure 1.2) This was first recognised by Roger Revelle and is known as the 

Revelle Factor or the carbonate buffering effect (Revelle and Suess, 1957). Thus, 

although the pre-industrial ocean holds 98.5% of the carbon in the combined atmosphere-

ocean system, the reduced buffering capacity of the ocean as it takes up more CO2 means 

that approximately 80% of anthropogenic carbon will reside in the ocean within the 

combined atmosphere-ocean system (the exact percentage is dependent on how much 

fossil fuel is burnt) (Broecker et al., 1979; Houghton, 2007)  

1.2.2.1. The Southern Ocean carbon cycle and climate change 

The Southern Ocean has long been recognised as a major influence on global 

climate (e.g. Imbrie et al., 1992; Knox and McElroy, 1984; Siegenthaler and Wenk, 1984; 

Sigman and Boyle, 2000; Toggweiler, 1999; Watson and Naveira Garabato, 2006). It is 

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 Passage (56-65ęS) allows a circumpolar current 

to exist (known as the Antarctic Circumpolar Current (ACC)) (Toggweiler and Samuels, 

1995). The unimpeded flow of the ACC connects all of the Earthôs major ocean basins 

and closes the global meridional overturning circulation (MOC) that is responsible for the 

storage and transfer of heat, freshwater, nutrients and carbon around the globe (Lumpkin 

and Speer, 2007). 
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The Southern Ocean is thought to currently account for ~40% of the net global 

ocean uptake of anthropogenic CO2 (~0.7 Pg C yrī1) (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 transport within the region (Figure 1.3). 

Strong westerly winds that encircle the Antarctic continent exert a significant stress upon 

the surface of the ocean centred along the axis of the eastward flowing ACC (Rintoul, 

2011). To the south of the ACC, Ekman transport creates a divergence that allows the 

upwelling of deep waters rich in DIC (Rintoul, 2011). Ventilation of these waters at the 

surface therefore constitutes a significant source of ónaturalô CO2 to the atmosphere 

(Mikaloff Fletcher et al., 2007). Furthermore, the upwelling of these deep waters brings 

nutrients, formed by the decomposition of ñoldò organic matter within the water column, 

to the surface, stimulating ñnewò biological production which decreases the CO2 

concentration of the surface waters such that there is a flux of CO2 from the atmosphere 

to the ocean (Takahashi et al., 2012). As these waters are transported north of the ACC, 

Ekman transport is convergent and surface waters are subducted into the ocean interior 

as Sub-Antarctic Mode Water and Antarctic Intermediate Water (Rintoul, 2011), 

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 

causes a divergence at ~ 65ęS that allows the upwelling of Lower Circumpolar 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 rejection in the formation of sea-ice 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). 
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sequestering the carbon (Takahashi et al., 2012).  It is the formation of these water masses 

that are thought to constitute the largest contribution to the uptake and storage of 

anthropogenic CO2 within the Southern Ocean (0.42 ± 0.2 Pg C yr-1) (Sabine et al., 2004; 

Sallee et al., 2012). 

Monitoring the variability of these ocean processes is an inherently difficult task 

and even more so given the scarcity of observations in this isolated region of the Earth 

(Bakker et al., 2016). Consequently, the role of the Southern Ocean in the global carbon 

cycle and thus climate change is the source of much recent scientific debate (e.g. 

Landschützer 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. (2007) using an inverse method combined with observed 

atmospheric CO2 mole fractions, concluded that the overall efficiency if the Southern 

Ocean sink for CO2 had declined by 0.08 Pg C yr-1 decade-1 for the period 1981-2004, 

relative to the trend that would otherwise be expected based on the increased atmospheric 

CO2 burden. The model of Le Quéré et al. (2007) suggested that this was due to an 

increase in the ventilation of natural carbon south of the ACC as a result of strengthening 

winds over the Southern Ocean that are thought to be the result of human activities (Le 

Quéré et al., 2007; Shindell and Schmidt, 2004; Thompson and Solomon, 2002). 

However, both Law et al. (2008) and Zickfeld et al. (2008) contested these findings. The 

former suggested that the results were very much dependent on both the choice of ocean 

model and the network of atmospheric CO2 observations employed (Law et al., 2008). 

This therefore provides a clear incentive to establish more atmospheric CO2 monitoring 

stations in the region, as undertaken by my thesis. The latter argued that the altered 

Southern Ocean winds, coincident with rising atmospheric CO2 mole fraction will likely 

increase (not decrease) the Southern Ocean carbon sink in the 21st century (Zickfeld et 

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

of an ocean circulation model with embedded biogeochemistry, found a similar decrease 

in the efficiency of the Southern Ocean carbon sink as Le Quéré et al. (2007) and also 

concluded strengthening of the westerly winds were a likely cause.  

The increase in the westerly wind strength has been attributed to a trend towards 

a more persistent positive phase in the Southern Annular Mode (SAM) (Thompson and 

Solomon, 2002), which is characterised by a trend toward decreasing atmospheric 

pressure at the pole and a corresponding increase in pressure over the mid-latitudes. 

Moreover, atmospheric inverse models (Butler et al., 2007) and ocean biogeochemistry 
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models (Lenton and Matear, 2007; Lovenduski et al., 2007) suggest anomalous Southern 

Ocean CO2 outgassing of ~0.1 Pg C yr-1 per standard deviation of the SAM index.  

Whilst the above mentioned studies established that the strength of the Southern 

Ocean carbon sink throughout the decade of the 1990ôs may have decreased, more recent 

studies using data from the 2000ôs have suggested that the sink has now strengthened 

again (Landschützer et al., 2015; Munro et al., 2015). Using a novel neural network 

technique to interpolate sparse ocean dissolved CO2 observations in both space and time 

within the Southern Ocean regions, Landschützer et al. (2015) confirmed the weakening 

efficiency of the sink in the 1990s suggested by Le Quéré et al. (2007) but determined 

that since 2002, the sink has strengthened substantially to a net uptake of ~1.2 Pg  C yr-1 

in 2011. The uncertainty in the future evolution of the Southern Ocean carbon sink 

demonstrates an imperative to use continuous, in situ observations to observe and 

quantify biogeochemical processes that influence CO2 exchange between the Southern 

Ocean and the atmosphere. 

1.3. Estimating the terrestrial  and oceanic carbon sinks using 

atmospheric O2 measurements  

Different techniques have been employed to estimate the uptake of anthropogenic 

CO2 by both the terrestrial and oceanic carbon sinks. These include the use of surface 

ocean dissolved CO2 data (Takahashi et al., 2009) 13CO2/
12CO2 data (e.g. Gruber et al., 

1996) and the application of inverse atmospheric transport models (e.g. Peylin et al., 

2013). Although these techniques provide estimates of both regional and global carbon 

sinks, they do have their disadvantages. For example, dissolved CO2 data are sparse, 

particularly in the Southern Ocean, and are sensitive to gas transfer velocities, which have 

been shown to be increasingly uncertain at the high wind speeds that are typical in the 

Southern Ocean (Wanninkhof et al., 2009). Whereas inverse transport models are 

sensitive to the choice of atmospheric stations used in the model runs, and in the choice 

of model itself (Law et al., 2008). Another approach to this problem, involves the 

measurement of atmospheric O2, as first outlined by (Machta, 1980b). Ralph Keeling 

advanced these techniques in his first papers on the subject (Keeling, 1988a, b) and in 

those that followed (Keeling et al., 1993; Keeling et al., 1996b; Keeling and Shertz, 1992).  

Keeling (1988b) demonstrated the insight atmospheric O2 measurements could 

give to global carbon cycle studies by highlighting the fact that the sources and sinks of 
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CO2 and O2, to and from the atmosphere, are stoichiometrically linked through the 

oxidation and reduction of organic matter, whereby a sink for O2 will have a 

corresponding CO2 source and vice versa: firstly through the processes of photosynthesis 

and respiration (Equation (1.3): 

 

 ╒╞ ╗╞ P  ╒╗╞ ╞  (1.3) 

 

Where CH2O is the approximate composition of organic matter, and secondly 

through combustion of fossil organic matter (i.e. coal, oil and gas) (Keeling, 1988b) 

(Equation (1.4): 
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The ratio of the exchange (moles of O2 consumed to moles of CO2 released 

(O2:CO2)) depends on the oxidation state of the organic matter in question (Keeling, 

1988b). For photosynthesis and respiration this ratio has a value of 1.10 ± 0.05 

(Severinghaus, 1995), whereas for fossil fuel combustion the globally weighted average 

is 1.39 (Manning and Keeling, 2006b) but varies depending on the fossil fuel used (for 

example, 1.95 for gaseous fuels and 1.17 for solid fuels).  

Both O2 and CO2 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 air-sea exchange (Bender and Battle, 1999; Keeling, 1988b; Keeling 

et al., 1993). When CO2 dissolves in seawater it rapidly reacts with water to form carbonic 

acid which then dissociates into bicarbonate and carbonate ions according Equation 1.1 

This reaction, specifically the production of H+ ions, is the reason for ocean acidification 

being one consequence of increasing the atmospheric CO2 mole fraction (Doney et al., 

2009). Importantly, this sink for CO2 does not have a corresponding source of O2, and the 

lack of a similar seawater chemistry for O2 results in a much smaller effective solubility 

in seawater than for CO2 (Broecker and Peng, 1982a; Keeling, 1988b) Although CO2 and 

O2 are stoichiometrically linked in marine biological production (Redfield et al., 1963) 

(O2:CO2 = 1.4, (Anderson, 1995)), the resulting changes in seawater CO2 is heavily 
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suppressed due to the carbonate chemistry reaction. The decoupling between these two 

species in air-sea exchange driven by their differences in seawater chemistry results in 

differences in their equilibration timescales. This is approximately 1 year for CO2, 

whereas O2 equilibrates much faster, on timescales of a few weeks (Broecker and Peng, 

1982a). 

Although the increase in the atmospheric CO2 mole fraction due to fossil fuel 

burning drives a flux of CO2 into the ocean, as described above, the corresponding 

decrease in the O2 mole fraction does not drive a flux of O2 out of the oceans. This is 

Figure 1.4. ŭ(O2/N2) (y-axis) versus CO2 (x-axis) (both globally and annually averaged) over the period 

July 1991 through January 2011, computed every six months (solid circles). The expected influence on 

ŭ(O2/N2) and CO2 from fossil fuel combustion alone is shown by the long downward arrow. The difference 

between this and the observed trend is accounted for by both the land and ocean carbon sinks. Firstly, one 

accounts for the small amount of O2 outgassing due to the solubility effect from ocean warming over the 

time period (small vertical arrow). Secondly, since the oxidative ratio for 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 shown by the horizontal arrow since this has no (long term) ŭ(O2/N2) component (from(Keeling and 

Manning, 2014b)). 
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because the oceansô capacity for O2 is too small, since 99% of the total amount of O2 in 

the atmosphere-ocean system resides in the atmosphere (Bender and Battle, 1999; 

Keeling, 1988b). Hence, by removing the fossil fuel component from the long term 

atmospheric O2 signal, one knows that the residual must be due to terrestrial biosphere 

exchange (although a small correction must be made to account for ocean outgassing of 

O2 due to thermal solubility changes (see below) (Keeling et al., 2006)). One can then 

estimate the corresponding terrestrial CO2 sink from the oxidative ratio of 1.1 for the 

terrestrial biosphere (Severinghaus, 1995) and hence, by deduction, estimate the oceanic 

carbon sink (e.g. Bender et al., 1998; Keeling, 1988b; Keeling et al., 1993; Keeling et al., 

1996b; Keeling and Shertz, 1992; Manning and Keeling, 2006b; Tohjima et al., 2008). 

This concept can be expressed quantitatively in the following Equations (1.5 and 1.6 by 

deriving an atmospheric budget for CO2 and O2: 

 

 Ў╒╞ ╕ ╞ ║ (1.5) 

 

 Ў╞  ♪╕╕ ♪║║ ╩  (1.6) 

 

æCO2 and æO2 represent the global atmospheric change in these species over a 

period of time; F represents a source of CO2 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 of biomass burning, land use change and terrestrial 

biosphere uptake); ŬF and ŬB represent the global average O2:CO2 molar exchange ratio 

for fossil fuels and the terrestrial biosphere (1.4 and 1.1, respectively, see above), and Z 

represents O2 outgassing due to changes in both the solubility and biological pumps 

(Manning and Keeling, 2006b), which can typically be modelled (Bopp et al., 2002) or 

estimated from observations of changes in the ocean heat content (Plattner 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, from Equation 1.5. This is demonstrated in the vector 

diagram shown in Figure 1.4. Keeling and Shertz (1992) were the first to attempt this 

analysis and estimated that the oceans and terrestrial biosphere each removed 

approximately 30% of fossil fuel CO2. 
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1.4. Seasonal variability of atmospheric O2 

On seasonal timescales, atmospheric observations of the CO2 mole fraction are 

characterised by a seasonal variation driven primarily by the terrestrial biosphere (e.g. 

Bolin and Keeling, 1963; Pearman and Hyson, 1980; Randerson et al., 1997). There is 

little seasonal influence from the ocean, since, as stated above, the equilibration timescale 

for CO2 between the ocean and atmosphere is of the order of 6 months to a year due to 

the carbonate buffering capacity of sea water (Broecker and Peng, 1982a). Observations 

of the atmospheric O2 mole fraction, on the other hand, have a seasonal variation driven 

by the terrestrial biosphere and oceanic exchange, since atmosphere-ocean O2 

equilibration timescales are on the order of a few weeks (Broecker and Peng, 1982a). This 

is driven by spring/summer marine biological production, by winter ventilation of deep 

O2-deficient, (carbon-rich) subsurface waters as the seasonal thermocline breaks down 

and a subsequent seasonal thermal solubility component (Bender and Battle, 1999). 

Therefore, on seasonal timescales, one can remove the seasonal atmospheric O2 

component driven by the terrestrial biosphere by taking the product of the atmospheric 

CO2 seasonal amplitude and the factor ŬB, and summing it with the atmospheric O2 

seasonal amplitude, assuming the seasonal cycles of CO2 and O2 are in perfect anti-phase. 

The residual O2 component is therefore solely driven by oceanic processes (Bender and 

Battle, 1999; Keeling et al., 1993; Keeling and Shertz, 1992). Using three years of  O2 

flask sample data from Alert, Canada, La Jolla, U.S.A., and Cape Grim, Australia from 

1989 to 1992, Keeling and Shertz (1992) discovered that the residual seasonal O2 signal 

(after removing the terrestrial biosphere influence) was largely driven by marine 

biological production (85%) in the summer with a smaller but still significant thermal 

outgassing signal (15%), and driven by the seasonal break down of the thermocline in 

winter months, leading to ventilation of O2 deficient waters. This work was later 

corroborated (Bender et al., 1996) on O2 flask sample data from Cape Grim, Tasmania 

and Baring Head, New Zealand. 

1.5. Atmospheric Potential Oxygen  

In attempt to more easily distinguish the marine O2 signal from that of the 

terrestrial biosphere, Stephens et al. (1998) derived the atmospheric tracer Atmospheric 

Potential Oxygen (APO) which is the weighted sum of atmospheric O2 and CO2 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 defined as (Equation (1.7): 

 

 Ў═╟╞ Ў╞  ♪║Ў╒╞ (1.7) 

 

æO2 and æCO2 represent the change of the species (in moles) and, as before, the 

factor ŬB is equal to 1.10 ± 0.05 and accounts for the O2:CO2 stoichiometric ratio for 

terrestrial biosphere photosynthesis and respiration (Severinghaus, 1995). Hence APO, 

by definition, is conservative to terrestrial biosphere influences (Stephens et al., 1998). 

Variability in APO is therefore influenced by fossil fuel combustion, which drives a 

decrease in APO values since the oxidative ratio for combustion is >1.1 and oceanic 

processes, which drive the seasonal and intern-annual variability in APO (Hamme and 

Keeling, 2008; Stephens et al., 1998). 

There are two key assumption in the derivation of APO. Firstly, the oxidation of 

CH4 and CO to CO2 in the atmosphere has a negligible impact on the O2 mole fraction 

compared to fossil fuel combustion and the terrestrial biosphere exchange processes 

(Stephens et al., 1998). Whilst this assumption must be considered for the assessment of 

global APO gradients, it does not significantly impact APO on seasonal to inter-annual 

timescales. Secondly, the oxidative ratio for terrestrial biosphere processes (1.10 ± 0.05) 

is constant across all vegetation types. 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 true (Severinghaus, 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 breakdown of the 

thermocline leading to deep mixing in the winter months; both of these processes are 

further amplified by seasonal thermal solubility changes in the surface ocean (Bender et 

al., 1996; Keeling et al., 1993; Keeling and Shertz, 1992). The variability in these 

processes from year to year hence drives the global inter-annual variability of APO 

(Hamme and Keeling, 2008).  

Observations of APO provide a useful independent method to test the reliability 

of atmosphere-ocean model predictions of air-sea O2 and CO2 fluxes. For example, using 

fortnightly samples of atmospheric O2 and CO2 collected on the Scripps Institution of 

Oceanography (SIO) O2 flask sampling network (10 stations, established in the early 

1990ôs) (Manning and Keeling, 2006b), Stephens et al. (1998) calculated the inter-
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hemispheric gradient in APO observations and compared the results to three ocean 

circulation plus biogeochemistry  models (OCBMs) of air-sea fluxes (Sarmiento et al., 

1995; Six and Maier-Reimer, 1996) coupled to an atmospheric transport model (ATM) 

(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 of the sum of O2 and 

CO2. Conversely, Gruber et al. (2001) performed a similar study but used an inverse 

modelling technique that is independent of air-sea fluxes. Through their analysis, Gruber 

et al. (2001) discovered that the inter-hemispheric gradient of O2 can be described by the 

existence of two closed ocean-atmosphere asymmetric circulation cells of O2 transport. 

Whereby O2 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 hemisphere cell is stronger than that in 

the southern hemisphere, resulting in increased O2 uptake 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 inter-hemispheric APO gradient more accurately than the analysis proposed by 

Stephens et al. (1998) (Gruber et al., 2001). 

Furthermore, the modelling studies of Stephens et al. (1998) and Gruber et al. 

(2001) implied a strong equatorial outgassing of O2 that produces an equatorial ñbulgeò 

in APO that could not be confirmed due to a lack of observations in this region. Tohjima 

et al. (2005b) subsequently confirmed this prediction using shipboard flask measurements 

of O2 and CO2 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 atmosphere-ocean 

models can be found in Naegler et al. (2007). The major finding of this work was that the 

ability of the current suite of ATMs to correctly reproduce the amount of vertical mixing 

observed 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 inter-annul timescales, however. Consequently, 

Rödenbeck et al. (2008) performed the first atmospheric inversion of global APO 

observations to assess the influence in the variability of ocean CO2 and O2 fluxes on the 

APO anomaly. The authors found that tropical APO fluxes were significantly correlated 

with the El Niño Southern Oscillation (ENSO) Multivariate ENSO Index (MEI) index 
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whereby ENSO induced changes in upwelling in the central Pacific, and therefore the 

ventilation of O2 poor deep waters, could explain the variability seen. The relationship 

between ENSO and the inter-annual variability in APO was later confirmed by Eddebbar 

et al. (2017). 

Moreover, a modelling analysis by Verdy et al. (2007) on simulated inter-annual 

atmosphere-ocean O2 and CO2 fluxes in the Southern Ocean demonstrated that both the 

SAM and the ESNO significantly impacted both of the CO2 and O2 anomalies. Whereas, 

Hamme and Keeling (2008) found that a significant amount 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 Arctic Oscillation (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 demonstrate the insight long term APO observations can provide 

on how large scale atmosphere-ocean couplings (such as the ENSO and the AO), impact 

the ocean carbon cycle. 

Despite ATM uncertainties (Naegler et al., 2007) the seasonal cycle of APO can 

be used to test our understanding of the seasonality of marine carbon cycle processes. For 

example,  Nevison et al. (2012) presented 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 atmospheric Ar/N2 and N2O 

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 (NPP) (Behrenfeld and 

Falkowski, 1997), combined with a model to estimate export production (EP) (Laws, 

2004) which is approximately equal to NCP (Nevison et al., 2012) and an atmospheric 

transport model (MATCH (Mahowald et al., 1997; Rasch et al., 1997)), they were able to 

independently verify the APO NCP component. This analysis provides an encouraging 

comparison of two independent data-sets that also confirms the reliability of the 

biogeochemical models used in their analysis.  

Building upon this work, Nevison et al. (2015) used global observations of the 

APO seasonal cycle to evaluate six Earth system models that participated in the fifth 

phase of the Coupled Model Inter-comparison Project (CMIP5) (Taylor et al., 2012). The 
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authors attempted to account for the uncertainty in atmospheric transport, described by 

Naegler et al. (2007), by using a matrix method that took account of the uncertainty across 

13 different ATMs to translate the ocean model air sea 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 sites (Nevison 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 to assess 

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 did not (Nevison et al., 2016).  

Clearly, APO observations have the unique capability of reconciling OCBMs with 

observations and vice versa; advancing our understanding of the atmosphere-ocean 

system (Battle et al., 2006). 

1.6. Summary and aims of thesis 

In this chapter, I began with a comprehensive review of the global carbon cycle. 

I discussed in detail aspects of the terrestrial carbon cycle and how current observations 

of the atmospheric CO2 mole fraction are indicative of hemispheric wide responses of the 

Figure 1.5. Current and historic sampling sites for atmospheric O2. The red box shows the South Atlantic 

and Weddell Sea O2 observation gap. The red star represents the location of the Halley Research Station. 

(from Keeling and Manning, 2014b). 
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terrestrial biosphere to current climate change. I then detailed the complexity of the ocean 

carbon cycle and how the Southern Ocean is a key region with respect to atmosphere-

ocean carbon exchange, yet there is still much debate surrounding the current efficiency 

of the Southern Ocean carbon sink.  

I have outlined the applicability of atmospheric O2, CO2 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 carbon cycle processes in the Southern 

Ocean through model-observation comparisons. 

However, modelling studies involving atmospheric APO observations are limited 

by the lack of global monitoring stations, particularly in the Southern Ocean region. 

Moreover, whilst there is a large amount of research into the seasonal and inter-annual 

variability of atmospheric CO2, there is a limited amount of research into the inter-annual 

variability of the seasonal cycles and growth rates of atmospheric O2 and APO. 

Furthermore, the current body of atmospheric O2 and 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 drives O2 and APO variability at the 

regional level, such as variations driven by a combination of local scale carbon cycle 

processes and atmospheric transport. Consequently, the over-arching aim of this thesis 

was to investigate the processes that control the variability of atmospheric CO2, O2 and 

APO on different spatial and temporal scales at two contrasting coastal locations from 

continuous observations. 

The Weybourne Atmospheric Observatory (WAO) is an existing mid-latitude 

atmospheric O2 and CO2 measurement station on the north Norfolk coast of the U.K. 

established in 2008 (Wilson, 2012). To investigate the variability of atmospheric O2, CO2 

and APO on seasonal and inter-annual timescales I have chosen to extend and revise this 

observational dataset. I will compare the derived seasonal cycles and growth rates to the 

original analysis of the Wilson (2012) and to other northern hemisphere monitoring 

stations, in order to understand the regional variability of the species across the northern 

hemisphere. Following this, this I will quantify the inter-annual variability of the seasonal 

cycles and growth rates of atmospheric CO2, O2 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 published literature on the topic 

(in the case of CO2) and, with respect to all species, how do the results at WAO 

compare to other northern hemisphere stations? With this, I will then assess 

what can be learnt about the carbon cycle processes that influence the seasonal 

variability of O2 and APO, in addition to CO2. 

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, precipitation and climate indices?   

Whilst this work will assess whether the WAO atmospheric CO2 mole fraction 

displays similar trends in the seasonal cycle and growth rate to other CO2 observation 

sites, it will represent the first time such an analysis has also been applied to atmospheric 

O2 and APO observations (with respect to the inter-annual variability of the seasonal 

cycle). Moreover, studies of the inter-annual variability of the O2 and APO growth rate 

are very limited (Eddebbar et al., 2017; Hamme and Keeling, 2008; Rödenbeck et al., 

2008) and this analysis will be the first to use a station situated in northern Europe.  

The Halley Research Station (HBA) is a high latitude, Antarctic coastal site that 

measures a suite of atmospheric trace gases. Here, I will build and install a fully 

automated O2 and CO2 measurement system, largely based on the system previously built 

at WAO by Wilson (2012), in order to fill in the O2 observational gap in the South Atlantic 

sector of the Southern Ocean (Figure 1.5). The South Atlantic and Weddell Sea are key 

regions of atmosphere-ocean exchange and represent a significant area of carbon export 

from the surface to the deep ocean (Bakker et al., 2008; Evans et al., 2017). Whilst this 

measurement system will represent the first continuous atmospheric O2 and CO2 

measurement system in the South Atlantic sector of the Southern Ocean, it also represents 

only the third such measurement system in the wider Southern Ocean region (the others 

being at Syowa Station, Antarctica (Ishidoya et al., 2012) and Baring Head, New Zealand 

(Manning, 2001)). The primary aim of this work was to determine the extent with which 

carbon cycle processes in the South Atlantic sector of the Southern Ocean control the 

variability of atmospheric CO2, ŭ(O2/N2) and APO observations at the Halley Research 

Station, Antarctica. This will be achieved through the following objectives:  

1. Determine what carbon cycle processes control the seasonality of atmospheric 

CO2 from flask observations collected at the HBA using an atmospheric 

inversion scheme.  
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2. Investigate synoptic scale variability and determine to what extent the 

variability can be explained by local to regional scale carbon cycle processes. 

3. Compare the seasonal cycle of APO observed at HBA to that 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 OCBMs that 

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, I present the theory and 

design methodology of the atmospheric O2 and CO2 measurement system installed at 

HBA. In Chapter 3, I 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 Chapter 4, I present the first year of observations 

at the HBA, including an assessment of the seasonal cycles of CO2, O2 and APO, a 

comparison of HBA APO against other Southern Ocean APO monitoring stations and 

two OCBMs. In Chapter 5, I present a revision and extension of the WAO atmospheric 

O2, CO2 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, I assess the variability in the seasonal cycle and growth 

rates of O2, CO2 and APO observed at WAO and compare this to variability in climatic 

variables, such as temperature and precipitation, and hemispheric scale climate indices. 

Finally, in Chapter 7, I present the summary and conclusions from the main findings of 

this research, including a discussion of future work.  
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2.1. Introduction  

2.1.1. Outline of this chapter 

This chapter describes in detail the O2 and CO2 measurement system I built at the 

University of East Anglia (UEA) between 2013 and 2015 and subsequently installed at 

the Halley Research Station, Antarctica, at the beginning of 2016. O2 and CO2 

measurement is achieved using a commercially available O2 analyser, utilising lead fuel 

cell based measurement technology, and a CO2 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 

were developed by A. Manning (UEA, Norwich, U.K.) and B. Stephens (National Center 

for Atmospheric Research (NCAR), Colorado, USA) in the early 2000s. The blueprint 

for this type of  measurement system has been used and developed by subsequent systems 

(Patecki and Manning, 2007a; Pickers, 2016; Stephens et al., 2007; Thompson, 2005; van 

der Laan-Luijkx, 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.).  

The specific aim in this chapter was to build an O2 and CO2 measurement system 

that could be installed at the Halley Research Station, Antarctica (HBA), in order to fill 

in the South Atlantic observational O2 ñgapò highlighted in Chapter 1. Halley is ideally 

placed to sample air masses that have had contact with the ocean in the South Atlantic 

and Weddell Sea ï a key region of the Southern Ocean for carbon export and exchange 

with the atmosphere (Bakker et al., 2008; Evans et al., 2017). By making the measurement 

system a continuous one, rather than discrete measurements, allows me to investigate 

areas of air-sea gas exchange within the region through the analysis of synoptic scale 

variability of atmospheric O2 and CO2. 

Furthermore, the system needs to be a largely automated such that it can run for 

extended periods of time with minimal human intervention ï 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, I have chosen to build my system 

following the blueprint of the most recent UEAôs Carbon Related Atmospheric 

Measurement (CRAM) group iteration of a continuous O2 and CO2 field measurement 

system based at the Weybourne Atmospheric Observatory, Norfolk, U.K. (Wilson, 2012). 
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This system has been proven reliable to produce continuous O2 and CO2 observations for 

several years via a largely automated process and has proven itôs skill in capturing 

synoptic scale O2 and CO2 variability that represent regional carbon cycle processes 

(Wilson, 2012). In this chapter, I give a thorough description of the measurement system 

I built and installed at HBA. The build of the system and the amount of troubleshooting 

required to optimise the measurement process to attain the required measurement 

precision and accuracy represented 1.5 years of work during this Ph.D. The major 

differences between the system of Wilson (2012) and that constructed here are:  

1. A new position for the ñfast purgeò line (see later). 

2. The removal of a ñfirst stageò drying component.  

3. Improved precision through analysis and modification of the ñswitching timeò 

for the sample and reference lines entering the two fuel cells. 

I begin this chapter by giving a brief overview of the history of O2 measurements 

to inform the reader of the techniques historically and currently employed. Knowledge of 

the advantages and disadvantages of each technique ultimately determined why the lead 

fuel based O2 measurement system outlined above had to be employed for this project. In 

Section 2.2, I describe the background and theory behind how atmospheric O2 

measurements are reported and maintained using the Scripps S2 O2 scale, to which the 

measurement system described in this chapter is tied to. Readers interested in establishing 

their own O2 measurement system are encouraged to read this section to understand how 

compatibility between independent O2 measurements should be maintained. In Section 

2.3, I describe the measurement system in detail, highlighting individual components and 

explaining the theory and purpose behind the gas handling procedure employed. In 

Section 2.4, I detail how the raw analyser outputs are converted into CO2 mole fraction 

and ŭ(O2/N2) ratios. I then go on to detail the different levels of calibration and quality 

control that are used. Section 2.5 details the data acquisition and the control software, 

produced and developed by UEAôs Electronic and Software engineers. Both of these 

components have been continuously developed since 2008 by the engineers in 

conjunction with present and past members of A. Manningôs CRAM research group 

(Pickers, 2016; Wilson, 2012). The modifications I made to the measurement system were 

subsequently incorporated into this measurement systemôs version of the acquisition and 

control software by the engineers upon my request. I 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 the O2 measurement community. 

Readers not concerned with methodological details of the system are referred to 

Section 2.6 for a summary of this chapter and an approximate construction timeline that 

leads onto the assessment of system performance following installation at Halley 

presented in Chapter 3.  

2.1.2. A brief history of atmospheric O2 measurements 

There are currently 26 stations monitoring atmospheric O2 compared to 113 

monitoring stations for CO2 (A. Manning, 2014; personal communication). The lack of 

O2 stations, in comparison to those for CO2, reflects the difficulty in making atmospheric 

O2 measurements. Although changes in atmospheric O2 are of a similar absolute 

magnitude to those of CO2, (the seasonal processes discussed in Chapter 1 result in a 

seasonal amplitude of ~20 ppm for O2 at mid-latitudes), they must be detected against a 

much higher background mole fraction. For example, to measure a 0.1 ppm change of 

CO2 in a background of 400 ppm requires a precision of 0.025%. For O2 however, a 0.1 

ppm change needs to be measured against a background of 209,392 ppm (Tohjima et al., 

2005a); thus requiring a precision of ~0.00005%. 

The first reliable atmospheric O2 measurements were carried out by Benedict 

(1912), who determined that the atmospheric O2 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 Hughes (1970) who 

sampled clean marine background air collected in flasks during oceanographic cruises 

between 1967 and 1968. They obtained a value of 20.946 ± 0.006 % using a Beckman 

oxygen analyser that utilises the paramagnetic properties of O2 molecules (i.e. O2 is 

attracted to a magnetic field) (Machta and Hughes, 1970). Furthermore, Machta and 

Hughes (1970) noted that one would expect the atmospheric O2 mole fraction to be 

decreasing due to the combustion of fossil fuels. The authors calculated an expected 

depletion of 0.005 percent by volume (50 ppm) of atmospheric O2 between 1910 and 

1967 but were unable to determine this due to uncertainties in their measurements 

(measurement error: ± 60 ppm) (Machta and Hughes, 1970).  In a follow up to this paper 

Machta (1980a) first proposed that precise atmospheric O2 measurements, in conjunction 

with atmospheric CO2 measurements, could give insights into the state of the global 

carbon cycle (described in Chapter 1). Such precise measurements (1:106), however, 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 Å and obtains a precision of 0.00005% (0.1 

ppm) that is only made possible by rigorous gas handling procedures (Keeling, 1988a). 

Keeling (1988b) used this method to demonstrate the anti-correlation of O2 with CO2 due 

to combustion processes within urban air and championed its use as a tool for studying 

the global carbon cycle (see Chapter 1). Subsequent to this to work, the first atmospheric 

O2 flask sampling network was set up and the first estimates of the terrestrial biosphere 

and oceanic carbon sinks were determined (Keeling and Shertz, 1992). 

Several independent techniques for measuring atmospheric O2 to the required 

precision have now been established; these include the use of an isotope ratio mass 

spectrometry (Bender et al., 1994b), a continuous paramagnetic technique (Manning et 

al., 1999), a gas chromatography technique (Tohjima, 2000), a vacuum ultra violet (VUV) 

absorption technique (Stephens et al., 2003), and a differential measurement technique 

based on lead fuel cell technology (Stephens et al., 2007). However, not all of these 

techniques are suitable for wide-scale deployment at field stations, where the cost of the 

instruments, the logistical feasibility of installation and the maintenance required in 

keeping the instruments running all have to be considered. For example, although 

paramagnetic O2 analysers are commercially available, they are very sensitive to external 

environmental factors (e.g. temperature, pressure and motion) and therefore require a lot 

of modifications and fine-tuning to attain the desired precision, making the technique both 

labour intensive and costly (Manning, 2001). The VUV absorption technique is 

completely unique in its design and construction (Stephens et al., 2003) and 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 a one-off construction built by 

Ralph Keeling during his Ph.D research (Keeling, 1988a). Mass spectrometers and gas 

chromatography set-ups are commercially available, but expensive and are typically 

installed in laboratories, owing to their size, again making them unsuitable for field 

stations. O2 analysers based on lead-fuel cell technology are a more recent addition to the 

suite of O2 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 field (Stephens et al., 2007).  
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2.2. Defining the atmospheric O2 scale 

2.2.1. ‬(O2/N2) and ñper megò  

Keeling and Shertz (1992) proposed the convention of reporting atmospheric O2 

concentrations as changes in the ratio of O2 to N2, ŭ(O2/N2), in dry air. This is primarily 

due to the fact that the O2 mole fraction is susceptible to changes in other trace gases, 

such as CO2. For example, consider a parcel of air containing 1000000 molecules. CO2 is 

represented by 400 molecules, O2 by 210000 and N2 by 780000. The mixing ratios are 

therefore 400 ppm, 210000 ppm and 780000, respectively. If one then adds 10 molecules 

of CO2 but keeps both O2 and N2 constant, the mixing ratios then become (to the nearest 

ppm): 400 ppm, 209997 ppm and 779992 ppm. Consequently, the O2 and N2 mixing ratios 

have decreased by 3 and 8 ppm, respectively. Hence, if one reports the ŭ(O2/N2) ratio, 

this problem is circumvented. N2 makes up the majority of the composition of the 

atmosphere (78.084%) and can be considered as inert at the scale of interest (ppm-level). 

Its variability, therefore, is assumed to be negligible, (in comparison to O2 variability). 

With this reasonable assumption, any changes to the O2/N2 ratio reflect changes in 

atmospheric O2 mole fraction. Furthermore, the O2/N2 ratio is insensitive to changes in 

other atmospheric gases, unlike O2, which may change considerably on seasonal and long 

term time scales (CO2 for example).  Changes in the O2/N2 ratio of a sample are expressed 

as relative deviations from a known reference gas (Equation (2.1)) (Keeling and Shertz, 

1992): 

 

 ‬ὕ ὔϳ
ὕ ὔϳ  ὕ ὔϳ

ὕ ὔϳ
 (2.1) 

 

Since variations of ŭ(O2/N2) in natural air are relatively small, the ratio is 

multiplied by 106 and expressed in ñper megò units. In these units, 4.77 per meg of 

ŭ(O2/N2) is equivalent to the same number of molecules as 1 ppm of a trace gas (Keeling 

et al., 1998a).  

Of the techniques mentioned, only the mass spectrometry method can measure the 

O2/N2 ratio directly. All other techniques are sensitive to the O2 mole fraction and hence 

a correction must be made to account for CO2 dilution due to changes in the CO2 mole 

fraction. To do this, one must measure the CO2 mole fraction concurrently with the O2 

mole fraction. In this case, Equation (2.2) is used to derive ŭ(O2/N2) (in per meg units): 
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 ‬ὕ ὔϳ  
‬ὢ ὢ σφσȢςωȢὛ

Ὓ ρ  Ὓ
 (2.2) 

 

Here, SO2 represents the standard O2 mole fraction of air: 0.209392 (Tohjima et 

al., 2005a); ŭXO2 represents the measured O2 mole fraction determined by the analyser 

(multiplied by 106), whilst XCO2 represents the measured CO2 mole fraction (in ppm). 

Hence, a 1µmol mol- 1 change of the O2 mole fraction, without any concurrent change in 

the CO2 mole fraction, results in a ŭ(O2/N2) ratio change of 6.04 per meg. Whereas if 

there is a concurrent change in the CO2 mole fraction, of the same magnitude but in the 

opposite direction (due to terrestrial biosphere exchange for example), the ŭ(O2/N2) ratio 

change will be 4.77 per meg.  

2.2.2. The Scripps ñS2 Scaleò for O2  

Since O2 measurements are not reported as a mole fraction and are instead 

reported as an arbitrarily defined ratio with non SI per meg units, it is important to briefly 

consider: (1). How is ñzeroò per meg defined? And (2). How is this relative scale 

maintained?  

O2 measurements are always made relative to a reference gas, this is a high 

pressure cylinder of ambient air and, as long as it is composed 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 of O2 are made. When Ralph Keeling first started making 

O2 measurements at the Scripps Institution of Oceanography (SIO) in the 1980ôs 

(Keeling, 1988a), he defined the WT O2 concentration once a day when the span 

sensitivity of his interferometric analyser was calibrated against two secondary reference 

cylinders, known as ñHigh Spanò (HS) and ñLow Spanò (LS). These cylinders are initially 

filled to span the range of the ambient O2 concentrations expected and referred to hence 

forth as Working Secondary Standards (WSSes). The initial mole fraction of these 

secondary cylinders (see below as to why they are referred to as ñsecondaryò) were 

defined by the analyser itself since itôs measurement technique is based on the theoretical 

principles of how O2 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 standards of O2, CO2, N2 

and Ar (Keeling et al., 1998a). 

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 to. All three 

reference cylinders are then said to be on the ñS1 Scaleò. When a WSS is about to run 

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 ever 

Figure 2.1. Long term stability of the ŭ(O2/N2) ratio in the 18 SIO PSSes from Keeling et al. (2007). The 

top three panels represent cylinders composed of a different materials. The bottom panel is the drift 

correction function (Ct) applied to the S1 scale to derive the 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 

cylinders 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. (2007). 
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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 of the O2 concentration 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 example - for 

a review of all potential causes of cylinder instability, see Keeling et al. (2007)). Ensuring 

the stability of the reference gases is crucial when using O2 measurements to partition the 

land and ocean carbon sinks (see Chapter 1). A greater than 1 per meg yr-1 drift for 

example, would result in an achievable sink resolution of only 0.4 Pg C yr-1, or put another 

way, a 20% uncertainty on a (typical) 2.0 Pg C yr-1
 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 connections (Figure 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 assumed 

to be stable with respect to the WSSes. Therefore, if the O2 concentration of the PSSes 

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 drifting by the 

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 correction function (Figure 2.1) 

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

The S1 and S2 scales are arbitrarily defined to coincide on October 1990 and 

define zero per meg for a particular PSS (Tank HA7017) measured at that time, but filled 

with ambient air in La Jolla, California in September 1986 (Keeling et al., 1998a). All O2 

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, which is subsequently corrected to the S2 scale. Furthermore, all 
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O2 values are reported as negative owing to the consumption of atmospheric O2 due to 

the combustion of fossil fuels2. 

As can be seen in Figure 2.1, the SIO PSSes have been incredibly stable since the 

early 1990ôs. The large step changes at the beginning of the record are real changes in the 

delivered cylinder ŭ(O2/N2) owing to the discovery of thermal and gravitational effects 

on the O2/N2 ratio. Upon discovering this unwanted affect, all reference cylinders were 

stored horizontally in thermally insulated enclosures (for a more complete discussion, see 

Section 2.3 and Keeling et al. (2007)). On the corrected SIO S2 scale, the long term drift 

of the ŭ(O2/N2) is 0 ± 0.4 per meg yr-1 giving an uncertainty in O2 based carbon sink 

calculations of ± 0.16 Pg C yr-1 (Keeling et al., 2007). 

2.3. The O2 and CO2 measurement system and gas 

handling 

The Halley O2 and CO2 measurement system (Figure 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 authors (Patecki and Manning, 2007a; 

Pickers, 2016; Stephens et al., 2007; Thompson, 2005; van der Laan-Luijkx, 2010; 

Wilson, 2012). In order to make very precise O2 measurements at the level required to 

study the carbon cycle, one must take care to avoid certain sampling artefacts that can 

influence the O2/N2 ratio. 

Firstly, fractionation of O2 molecules relative to N2 by diffusive separation owing 

to gradients in pressure, temperature and water vapour can occur. O2, because it is the 

heavier molecule, preferentially accumulates in regions of higher pressure, lower 

temperature and higher humidity (Keeling et al., 1998a; Severinghaus et al., 1996). The 

influence of these effects on the O2/N2 ratio are not arbitrary, with variations of between 

1000 to 10000 per meg (see Table 1. in Keeling et al. (1998a)). As such, the O2 and CO2 

measurement system is designed in such a way as to minimise the effects of these 

phenomenon by using an extensive gas handling system that achieves: (1) very fine 

pressure and flow control (± 20 mbar; ± 1 ml min-1); (2) a H2O content of < 0.5 ppm and 

                                                 
2 This depletion of atmospheric O2 does not pose a health risk to human beings see Broecker, W.S. 

(1970) Mans Oxygen Reserves. Science 168, 1537-1538.  
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(3) temperature control within the room of ± 2ęC, between calibration cylinders of ± 0.5ęC 

and within the analysers of ± 0.025ęC. Where gradients cannot be avoided, such as in 

vapour traps (see Section 2.3.2) the steady state flow achieved through (1), ensures that 

mass balance can be applied, such that the relative flows of O2 and N2 into a region equal 

that leaving the region, even if a concentration gradient exists (Keeling et al., 1998a). 

Secondly, adsorption and subsequent desorption of molecules on the wetted 

materials of the system can cause fractionation of O2 relative to N2. Different molecules 

have different capacities for adsorption onto the surface of materials and the amount of 

adsorption typically increases with pressure (Keeling et al., 1998a). To avoid this, it is 

important to ensure that all inner surfaces exposed to sample or reference gas flow are 

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 series of ñpurgingò lines are used to achieve this (see 

Sections 2.3.1 and 2.3.2).  

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 velocity by 

which individual molecules flow out of the orifice will therefore be dependent on their 

molecular weight. Hence N2 will flow out from the leak more so than O2, again leading 

to fractionation (Keeling et al., 1998a). 

The layout of the system is shown (Figure 2.2). I refer to the numbering system 

employed in the diagram in the following text. 



 

50 

Figure 2.2. Gas handling diagram of the Halley O2 and CO2 measurement system.  Each of the respective sections mentioned in the text are surrounded by a coloured 

box. Within the green ñinletsò box, the red and blue lines are coloured accordingly 



 

51 

2.3.1. Sampling lines 

Air is sampled at a height of 5m from two independent 6 mm outside diameter 

(OD) sample lines (termed the ñredò and ñblueò line) (Saint-Gobain Performance Plastics, 

Synflex 1300) attached to railings on the east facing side of the Clean Air Sector 

Laboratory roof (Figure 2.3A). Air is drawn into the system at a flow rate of 100 ml min-

1 using a diaphragm pump (KNF Neuberger Inc. Type N05 on each line (C2, C5) (Figure 

2.3B). I specifically avoid the use of elastomeric wetted materials on the pump 

(diaphragm and valve plates) as these have been shown to be more permeable to O2 than 

N2 (Keeling et al., 1998a; Keeling et al., 2007). Instead, these components are composed 

of poly-chloro-tri-fluoro-ethylene (PCTFE) which has a much lower permeability for 

atmospheric gases (Sturm et al., 2004). At the inlet itself, I employ an aspirated radiation 

shield (R.M Young Company, Model 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 O2 molecules relative to N2 (Blaine et al., 2005).  Each line is also 

fitted with a 40 micron filter (Swagelok ®, SS-4TF-40) (F1, F3) to protect the system 

from particulate matter, and a dielectric fitting, (Swagelok ®, .SS-4-DE-6) to protect the 

sensitive analysis equipment from lightning strike. A forward pressure regulator (Porter 

Instrument Co. Inc. Model 8286) (Re1, Re2) (Figure 2.4A) then steps down the pressure 

to ~1650 mbar on each line, which is then maintained throughout the remainder of the 

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. 
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system until the sample line reaches the analysers. A 4-way valve (ASCO Numatics, 3/2 

series, Type 188 Micro Solenoid Valves (x2)) (V3) (Figure 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 100 ml min-1 in order to maintain the conditioning of the tubing 

walls in the sample 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 the ŭ(O2/N2) ratio and CO2 mole fraction - a leak for 

example. If only one line is employed then the change in ŭ(O2/N2) and CO2 due to the 

leak may be misinterpreted as real variability in sample air. Continuously switching 

between two lines will prevent this misinterpretation, assuming 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.   

2.3.2. Drying 

Unlike the system of Wilson (2012), I do not employ a vapour trap held at a 

temperature of ~1-2ęC to condense the majority of water from the air stream and therefore 

Figure 2.4. A. Gas handling set up from the blue and red line regulators (RE1 and RE2) through the line 

selection valve (V3) to either the line purge (P5-V4-FL1) or DC1 (see also picture B). From DC1 the sample 

line runs via P6 to V5 which selectôs either the sample line or calibration line to run to the analysers or to 

the slow purge (P7-V6-FL2). B. Showing the location of the three vapour traps (DC1 = 1.5ò OD; DC2 and 

DC40 = 0.5ò OD) submerged in an ethanol bath held at -90ęC. All labels in the picture correspond to the 

text and to that shown in Figure 2.2.  
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extend the lifetime of a vapour trap further downstream held at -90ęC (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 drying system consists of a vapour trap (DC1) (Figure 2.4B) submerged in 

an ethanol bath maintained at a temperature of -90ęC using a cryogenic cooler, (SP 

Scientific, VT490D). At this dew point temperature, one can expect a water content of 

0.09 ppm (for comparison, -50ęC = 38.8 ppm H2O). This 1.5ò OD trap consists of electro-

polished stainless steel, in order to reduce the capacity for monolayer adsorption of gases. 

A large thermal gradient exists from -90ęC to ambient temperature at the exit of 

the vapour trap. At steady state, mass balance ensures the relative flows of O2 and N2 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 in O2 fractionation and an elevated O2/N2 ratio at the analyser 

until flow returns to steady state (Severinghaus et al., 1996). To reduce the impact of this 

I filled with trap with 4 mm borosilicate beads that both reduce the internal volume of the 

trap, and increase the surface area for water vapour to condense and freeze onto 

(Manning, 2001). By keeping each sample line at the same flow and pressure by way of 

the purging line, the pressure pulse disturbing the equilibrium is also kept to a minimum. 

One further fail-safe I employ is to a have a ñsweep outò period after a line has switched 

in which no measurements are recorded in order to avoid any of the above mentioned 

artefacts. 

Following the vapour trap, a second four-way valve (V5 - as above) (Figure 2.4A) 

selects either the sample or calibration line to run through the fine pressure and flow 

control section of the system and subsequently onto the analysers. The line not selected 

for measurement is vented to the room via the ñslow purgeò (P7 to FL2) (Figure 2.4A) 

at a flow-rate of 100 ml min-1, again to maintain conditioning of the tubing walls. The 

venting can also be stopped via a two-way solenoid valve (ASCO Numatics S-series) 

which can also be used to isolate sections of the gas handling for pressure leak checks. 

Immediately following V5 is a third, much smaller vapour trap 0.5ò OD (Figure 2.4B) 

also held at -90ęC within the cryogenic cooler. The purpose 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 and flow control. 

Both the O2 and CO2 analysers operate in a differential mode (see Sections 2.3.5 

and 2.4.1) and therefore continuously measure the sample against the WT. Although only 

one WT is run at a time, two WTs are always connected up to the system in order to 

minimise down-time between changing cylinders. The system software (see Section 2.5) 

continuously reads the pressure in each cylinder via a digital high pressure transmitter 

(WIKA, Model A-10). Once a WT is depleted (less than 5 bar3), three-way valve (V40 ï 

as above) automatically switches to the full WT. Working tank air is then passed through 

single dedicated WT vapour trap (0.5ò OD; DC40; Figure 2.4A), again packed with 

borosilicate beads and held at a temperature of -90ęC in order to ensure the water vapour 

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

                                                 
3 5 bar is deemed necessary to avoid preferential desorption of O2 relative to N2 from cylinder 

walls at low pressures.  

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) and a solenoid valve (V20). The sample flow rate 

is monitored via FL20. Other pressure sensors (not labelled) monitor upstream and downstream pressures 

on the sample and reference lines.  
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The reference gas flow rate is then set to the desired 100 ml min-1
 using a mass-

flow controller (M20, MKS Instruments Inc. Type 1179A; Figure 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 transducer (P22, 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 (V20, MKS Instruments Inc. Type 248A; Figure 2.5) 

on the sample line. By adjusting the valve, zero differential pressure is maintained 

between the sample and reference lines to within 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 50D; Figure 2.5) is placed upstream of V20 to check the sample line flow-rate. 

2.3.4. Filters 

Throughout the system there are a series of 2 µm filters (Swagelok ®, SS-4FW-

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. Analyser operation 

Following FL20 and M20, the sample and reference lines flow into the sample 

and reference cells of the Siemens CO2 analyser (Figure 2.6A and C). At the outlet, two 

metering needle valves (Brooks Instruments, model 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 the 4-way switching valve (V23 ï as above) placed upstream 

of the Oxzilla O2 analyser (Figure 2.6B and C). This ensures that the matched pressures 

at P22 result in matched flows at the analysers. This is particularly important at the inlet 

of the Oxzilla unit, where V23 switches the sample and reference lines every 30 seconds 
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so that the sample and reference lines are continuously analysed alternatively on the two 

individual fuel cells inside the Oxzilla unit. (See Section 2.3.5.2).  

Figure 2.6. A. Internal set up of the NDIR Siemens Ultramat CO2 Analyser with added insulation to keep 

the sample and reference measurement cells stable. B. Internal set up of the Sable Systems Oxzilla II 

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 on the cells. C. Location of V23 

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

CO2 analyser.  
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2.3.5.1. Principles of the NDIR Siemens Ultramat CO2 Analyser 

To determine the atmospheric CO2 mole fraction of the sample stream I use the 

commercially available non-dispersive infra-red (NDIR) Siemens Ultramat 6E analyser 

(Figure 2.6A and C). The unit consists of an infra-red (IR) source that is tuned to the 

absorption band for CO2 (4.26 µm) using an optical filter. The beam is then split 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 to the CO2 mole fraction 

using the Beer-Lambert law. By operating in differential mode, the sample stream is 

always measured as the difference (æCO2) from the reference (WT) stream. External 

environmental conditions that will impact the amount of IR absorption in the cells, such 

as changes in temperature and pressure, will therefore impact on each cell equally. Hence, 

in calculating æCO2, any variability driven by temperature and pressure variations will 

largely cancel out. The absolute value of the WT CO2 mole fraction is determined by 

calibration every 47 hours (see Section 2.4.3). To further minimise the impact of external 

temperature variations on the response of the analyser (also known as the analyser 

baseline drift), I have extensively insulated the measurement cell (Figure 2.6A) 

2.3.5.2. Principles of the Differential Lead Fuel-Cell O2 Analyser 

In this system, I use the commercially available Sable Systems International 

ñOxzilla IIò model (Firmware version 2.10, 2005) (Figure 2.6B and C). The unit consists 

of two lead fuel-cells (Maxtec Inc. MAX-250) that alternately analyse the sample and 

reference gas streams, performing a differential analysis that derives the O2 mole fraction 

from the difference between the signal of the sample cell and the signal of the 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 semi-permeable Teflon membrane 

attached to the gold cathode. O2 molecules from the air stream 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 proportional to the rate at which O2 diffuses 

across the membrane and is therefore proportional to the partial pressure of O2 in the air 

stream. This voltage (approximately 1/100th of a volt) is then amplified by precision, low-

noise circuitry within the unit.  
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The reactions at the anode, cathode and net reaction taking place within the fuel 

cells are shown in Equations (2.3), (2.4) and (2.5): 

 

 ὅὥὸὬέὨὩȡ ὕ τὌ τὩ ᴼ Ὄὕ (2.3) 

 ὃὲέὨὩȡ ςὖὦO  ςὖὦ τὩ  (2.4) 

 ὔὩὸ ὙὩὥὧὸὭέὲȡ ςὖὦ ὕ τὌ ᴼςὖὦ ςὌὕ (2.5) 

 

Since the output from the fuel cells is proportional to the partial pressure of O2, 

any change in atmospheric pressure will cause the fuel cell output to drift. The Oxzilla II 

unit therefore measures the pressure of the air stream as it leaves the fuel cell and corrects 

this to standard barometric pressure (1013 kPa) using Equation (2.6): 

 

 Ὓ  Ὓ   
ρπρσ

ὖ
 (2.6) 

 

Whereby Sm is the measured fuel-cell signal output, P is the measured pressure in 

the outlet air stream and St 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 

1/8ò O.D. stainless steel tubing (Figure 2.6B) because O2 molecules diffuse 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 at a constant 

32ęC using an internal fan to evenly distribute the heat within the unit. Even with this 

internal temperature control, I have found it necessary to insulate the fuel cells further, 

using glass wool, in order to protect them from tiny temperature and pressure variations 

induced by the internal heater and fan variability (Figure 2.6B).  

2.4. Deriving O2 and CO2 mole fractions and calibration   

2.4.1. From delta values to per meg and ppm 

As mentioned, the Oxzilla unit derives the sample air O2 mole fraction 

differentially, by continuously measuring the difference between the sample and 
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reference cells (æO2). By doing this, any long-term drift induced by variations in external 

temperature and pressure affect both sample and reference lines simultaneously. To 

reduce short-term drift induced by individual cell noise, the sample and reference cell are 

switched every 60 seconds4 using an upstream four-way valve (V23, as above). The 

difference of the difference between the cells in then taken, referred to as the ñdouble 

deltaò (ææO2). This concept is displayed in Figure 2.7.  

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

 

 ὐЎ/ ὛὥάὴὰὩ  ὡὝ   (2.7) 

 ὐЎ/ ὡὝ   ὛὥάὴὰὩ  (2.8) 

 ὐЎ/ ὛὥάὴὰὩ  ὡὝ   (2.9) 

 

ñSampleò and ñWTò are given in O2 % units. The diffusivity of the fuel-cell 

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 determine the cell O2 %  before the next switch (black boxes denoted 

by the letters ñaò, ñbò and ñcò in Figure 2.7). 

The ææO2 value is then derived such that the average of the preceding cell 

difference and the succeeding cell difference, is subtracted from the cell difference at the 

time at which the æ(æ) is to be calculated ï the ñcentreò value (b), as shown in Figure 1.4 

and Equation (2.10) where: 

                                                 
4 The switching period has been optimised to 30s using Allan deviation analysis, see section 2.4.2.  

 ὐЎЎὕ  
ὥ  ὧӶ 

ς
 ὦ (2.10) 
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The second jog (J2) then takes the preceding jogôs ñcò value as itôs ñaò value in 

the calculation of the next ææO2 value with new ñbò and ñcò terms. By calculating ææO2 

in this manner, each data point retains enough of a relationship with the preceding data 

point, whilst still maintaining its independence to capture real, short term variability.   

Figure 2.7. Typical repsonse of the Oxzilla during each jog, defined by the red (J1) and orange (J2) 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 between each cell, æO2, (green points) is taken and 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 measurment 

(black boxes) is used in the calcuation of the difference of the difference (ææO2), as shown by Equation 

(2.10) in the text. The ææO2 (black points) values are then converted to ææO2 in ppm equivalents (ppm 

Equiv) (also black points) using a calibration run Figure 2.8), before being converted into ŭ(O2/N2) value 

(lower blue points) in per meg using the CO2 mixing ratio at the point of measurment. 
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The ææO2 % value is then converted to an O2 value with units that are equivalent 

to parts per million (ppmEquiv) by running a calibration. Three or four cylinders, known 

as ñWorking Secondary Standardsò (WSSes) with declared O2 and CO2 values are run on 

the system and a calibration curve is determined. For O2, a simple linear relationship is 

determined between ææO2 [%] and O2 [ppmEquiv] and the equation of the line used to 

convert all subsequent ææO2 values to ppmEquiv, until the next calibration is run. 

Finally, to derive the ŭ(O2/N2) value with units of per meg, the mole fraction of 

CO2 is needed at the time of measurement. One then uses Equation (2.2).  

For CO2, 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 difference, æCO2 [vpm], is determined. The overall averaging 

period is 3 minutes, as for the O2 jogs, with the ñnextò jog taking the last minute of the 

previous jog into the averaging calculation.  Although the WT CO2 mole fraction is not 

known before it is used as a reference gas on the system, its value is determined during 

Figure 2.8. One calibration run for three WSSes showing the O2 calibration (blue) and CO2 calibration 

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

with the ñgoodness of fitò parameter of that particular calibration (R2). 
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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) ï see section 2.4.4.1).  

2.4.2. Improvements in short-term atmospheric O2 measurement 

precision  

Within fuel cell based O2 measurement systems, short-term drift induced by 

individual cell noise is reduced by switching the sample and reference cell. This 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 switches (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 in the O2 mole 

fraction, individual fuel cell noise 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 trade-off between reducing noise and in reducing 

long term drift in the fuel cell. Hence, by running cylinder air of a fixed O2 mole fraction 

through the fuel cells, without switching, one can determine the optimum averaging time. 

The results of this analysis are shown in Figure 2.9, whilst the improvements in the 

precision, as determined by the 1ů standard deviation of an individual ŭ(O2/N2) 

measurement, is shown in Table 2.1. 
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The optimum averaging time was found to be 8 seconds. This represents a ~ 2 

fold improvement in the precision of ææO2 compared to the current averaging time 

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 switching frequency 

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 

Figure 2.9.  Allan deviation plot showing the optimum averaging time of the fuel cell output (green dot) 

based on the trade-off between reducing noise and in reducing long term drift in the fuel cell. The Allan 

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 switching time used here (30 seconds; resulting in 45 seconds of averaging time). 

Whilst there is an improvement, the switching time cannot be reduced further due to the response time of 

the fuel cells (15 seconds) and in the softwareôs ability to control valve switching in multiples of 30 seconds.   
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remain in sync with the computer clock). Consequently, using the current fuel 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 of the ææO2 

measurement. 

Future improvements in the softwareôs ability to control the switching time could 

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 of 5 seconds, 

which could bring about further improvements in the measurement precision of ææO2.  

Table 2.1. Improvement in the 1ů standard deviation of an individual Target Tank and Zero Tank run from 

60 second switching with 30 seconds of sweep out, to 30 second switching with 15 seconds of sweep out.   

Cylinder 

Switching time : sweep-out time (s) 

  # of runs 

60:30  1ů (per meg) 30:15 1ů (per meg) 

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 levels of ñcalibrationò designed to determine the span sensitivity 

of the analysers, account for analyser drift, characterise the performance of the system 

from a day to day basis and determine the long-term inter-compatibility precision and 

accuracy goals with similar measurement systems around the globe (See Chapter 3, 

Section 3.1.1).  

2.4.3.1. Calibration gas handling  

All of the calibration cylinders are stored horizontally in a thermally insulated 

enclosure, known as the ñblue boxò (Figure 2.10). Storing cylinders in such a way is 

crucial for achieving accurate O2 measurements. Firstly, as already highlighted, thermal 

gradients cause the preferential accumulation of O2 with respect to N2 within the colder 

region due to its larger relative molecular mass, resulting in fractionation. In order to 

prevent this occurring 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 thermal gradient of <1ęC m - 1. Secondly, gravimetric fractionation can occur, 

by up to 17 per meg per meter height, if cylinders are stored upright (Keeling et al., 2007). 

Storing cylinders horizontally and hence drawing gas from the relative midïpoint of the 

cylinders (rather than the top), circumvents this problem.  

To reduce the need to open the blue box, the cylinder regulators (RE40-49) are 

fixed to a manifold outside of the enclosure and are connected to the cylinders via 1/16ò 

nickel tubing. Nickel is preferred over stainless 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 of the 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) (Section 2.4.4.1) are connected to a multi-port valve (Valco Instruments Co Inc., SF 

ï 10 port flow through) (Va40). Through this valve, each cylinder has its own outlet, via 

a two way valve (V50-59; as above), connected in parallel to a common ñfast purgeò line, 

Figure 2.10. A. Horizontal storage of all cylinders, used in the calibration and quality control of the 

measurement system, inside the thermally insulated ñblue boxò. Unlike other measurement system 

employing the use of a cylinder storage box, the confinements of the CASLab 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. 1/16ò nickel tubing runs from the cylinder to the regulator manifold, located above, inside the 

protective blue sheath.  
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consisting of a two-way valve (Parker, Series 9 solenoid valve) (V65), a needle valve 

(V66; as above) and a mass flow meter (Honeywell, AWM3300V) (FL40).  

Before cylinder air is sent to the analysers, the cylinder line is opened to the fast 

purge via one of V50-59 and then opened to the room via V65 and purged at a flow rate 

of 500 ml min- 1 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 

through the ñslowò purge at a flow rate of 100 ml min-1, before 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 system on switching V5. 

The above feature is in contrast to the system of Wilson (2012). Wilson (2012) 

has the fast purge line connected in parallel to the slow purge, by a way of a tee junction 

downstream of 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 ml min-1 and 500 ml min-1). This may 

impact the conditioning of the walls which could therefore lead to adsorption and 

subsequent desorption of O2and N2, 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 Secondary Standards 

Firstly, as mentioned, WSSes are used to characterise the response of the 

analysers. The Oxzilla II fuel cell analyser has a highly linear response and so a minimum 

of two calibration cylinders are needed to determine the calibration curve of the form y = 

a + bx. The Siemens NDIR analyser, on the other hand, is non-linear and hence a 

minimum of three cylinders are needed to determine the calibration curve, following that 

of a quadratic of the form y = a + bx + cx2. In order to improve the ñgoodness of fitò of 

the calibration curves (the R2 value), I add one more WSS, bringing the total to four.  

Two of the four WSSes were taken from a now discontinued O2 and CO2 

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 200 bar at the 

cylinder filling facility (CFF) by Phil Wilson at UEA in August-September 2015. This 

facility allows the mole fraction of each species to be altered using molecular sieves and 

concentrated ñspikesò of pure gas in order to have standards with CO2 mole fractions and 

ŭ(O2/N2) 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 fraction inside the cylinders. This was 

quantified using a dew point meter (Table 2.2). I then analysed the four WSSes (in 

addition to two Target Tanks; see Section 2.4.4.2) on the UEAôs Carbon Related 

Atmospheric Measurement laboratory (CRAM Lab) Vacuum Ultra Violet (VUV) O2 

(Stephens et al., 2003) and NDIR CO2 system against a suite of PSSes in order to 

determine their declared ŭ(O2/N2) ratio and CO2 mole fraction to be used in the calibration 

of the system. The results of this analysis are shown in Table 2.2. Furthermore, the 

CRAM lab CO2 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 of 250-520 ppm and is maintained by 

a suite of 15 high pressure cylinders of ambient air, with the CO2 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 

O2 (Section 2.2.2) (Tans and Zellweger, 2014). The O2 PSSes were filled and analysed at 

SIO and their mole fractions declared on the SIO S2 scale for O2. In this way, my own 

measurement system is linked to an internal CRAM Lab CO2 and O2 scale, which is then 

linked to the primary WMO X2007 and SIO S2 for CO2 and O2, respectively. This allows 

my measurements to be ñcompatibleò (see definition in Chapter 3, Section 3.1.1) with all 

other measurement systems on these scales. However, this ñlinkò still needs be quantified, 

such that CRAM Lab is ñcomparableò (see definition in Chapter 3, Section 3.1.1) to other 

laboratories on the same scale. This is done using inter-comparison cylinders with known 

atmospheric gas mole fractions. The internal compatibility between the CRAM Lab scale 

and my own measurement system scale is subsequently determined using the Target Tank 

analyses (see section 2.4.4.2) and ideally, through reanalysis of the WSSes at the end of 

their lifetime.  

The four WSSes are analysed on the system every 47 hours and the new 

calibration curve for O2 and CO2 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 hours to avoid 

calibrations being determined at precisely the same time of day when external 

environmental conditions may be similar.  
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Table 2.2. CO2 mole fractions and ŭ(O2/N2) ratios of the calibration cylinders (WSSes) and Target Tanks 

(TT) used on the Halley measurement system, defined using the CRAM Lab VUV O2 and Siemens NDIR 

CO2 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 

ID 
Purpose 

Pressure 

(psi) 

ŭ(O2/N2)   

(per 

meg) 

ů 

(per 

meg) 

n 

runs 

CO2  

(ppm) 

ů 

(ppm) 

n 

runs 

Dew 

point 

H2O 

(ppm) 

D273561 WSS1 2690 -762.87 0.55 9 412.697 0.007 7 9.3 

D743657 WSS2 2670 -548.61 0.34 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 0.41 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 -595.11 0.66 6 402.780 0.007 4 8.0 

 

When a new WSS cylinder is needed, termed ñnextWSSò, it is analysed against 

the original WSSes several times and given declared values based on the original WSS 

scale. The replacement of WSSes are staggered such that only one WSS is ever replaced 

at once. Thus, the nextWSSes remains on the original HBA scale and so this independent 

station scale can be propagated into the future.  

2.4.4.1. Zero tank 

As mentioned previously, 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 CO2 analyser, which, due to its operation principle, is very sensitive 

to changes in ambient temperature. The correction is applied to the ñaò term (the intercept) 

in the CO2 calibration curve since it is the most sensitive term in this equation to baseline 

drift. The ZT itself does not contain ñzeroò CO2, rather, it contains an ambient CO2 mole 

fraction within the range of the calibration WSSes. This makes the ZT much more suitable 

to be used in the correction of the calibration curve a-term.  

Immediately following a WSS calibration, the ZT is run and it is assigned a CO2 

mole fraction (ZTa). Here, I 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 new CO2 mole fraction determined (ZTb). The difference between ZTa and 

ZTb is then used as the correctional factor for the a-term in the quadratic equation, 

therefore adjusting the calibration curve used in the determination of subsequent sample 

air CO2 mole fractions and thus accounting for any drift in the baseline response of the 

CO2 analyser. On the next ZT run, the CO2 mole fraction for the cylinder is once again 

determined (ZTc), however, rather than taking the difference to the previous run (ZTc - 
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ZTb), the difference is taken to the first run (ZTc - ZTa). This is because in the previous a-

term correction, the drift between ZTa and ZTb has already been accounted for. In other 

words, if no drift had occurred between ZTb and ZTc, then the difference between ZTc 

and ZTa will be zero, because the initial drift between ZTb and ZTa has already been 

accounted for.  

The ZT is not used for any correction to the O2 calibration curve. The operational 

principle of the Oxzilla II means that it is not susceptible to baseline drift in the way the 

CO2 analyser is. However, the ŭ(O2/N2) is still reported and can therefore be used as a 

diagnostic to assess the state of the system. For example, an anomalous ZT ŭ(O2/N2) may 

indicate a malfunction in the system (e.g. a leak) or a drifting ZT cylinder.  

The ZT is stored inside the blue box, but instead of being connected to Va40, it is 

connected via a three-way valve (V41, as above) to the reference line that joins the system 

at V5. Since the ZT is run so frequently, it does not need to be ñfast purgedò to clear stale 

air as much as the WSSes or Target Tank (see section 2.4.4.2). 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. Target Tank 

The Target Tank (TT) is a cylinder of air, with a known ŭ(O2/N2) ratio and CO2 

mole fraction that I determined on the CRAM Lab measurement system before 

installation on the HBA system (Table 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 the system software (see Section 2.5) 

acceptable deviations from the declared values are set. If the TT results fall outside of this 

range, then the run is flagged. If no explanation 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 as a measure of the internal reproducibility 

and compatibility (definitions given in Chapter 3) of the overall system and helps to 

quantify any offsets the HBA scale may have from the CRAM Lab scale. Although it 

would be more favourable to run the TT through the same 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 automation 

The measurement system is designed in such a way such that sample air 

measurements, analyser calibration and quality control can all be carried out 

autonomously with minimal human intervention. This is one of the key requirements for 

installing on a remote Antarctic base where personnel time in split between many 

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

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

an electronics control box (Figure 2.11). This bespoke control and data acquisition 

system has been developed by the UEAôs Research Computing Services software 

engineer, Alex Etchells, the UEAôs Electrical Engineering team, Nick Griffin and Dave 

Blomfield, in conjunction with current and previous CRAM research group members over 

a 10 year period. The first iteration of this setup was installed on the Weybourne 

Atmospheric Observatory (WAO) O2 and CO2 measurement system (Wilson, 2012). 

Since then, the software and electronics has been continuously upgraded and improved 

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 Workshop. The ñwatchdogò on 

board 5 detects if the computer software has malfunctioned and therefore sends a command via the PC 

Reset board for the computer to automatically reboot. All other components are self-explanatory or 

explained in the text.  
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as the automation technique becomes more refined and encounters more unique field 

station specific issues. The most recent iteration of the software was utilised on the 

Hamburg Sud Ship O2 and CO2 measurement system (Pickers, 2016). 

All pressures sensors (15), flow meters/controllers (5), temperature sensors (6) 

and control valves (19) 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 Intel System, 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, also known as ñBalooò (to distinguish it from similar data acquisition 

systems within the CRAM Lab group), provides an interactive user interface to allow real 

time monitoring of all diagnostic data and allows remote manipulation of individual 

valves (Figure 2.12) via a relay board, installed within the electronics box. 

In order for Baloo to run the O2 and CO2 measurement system without human 

intervention, several Macros are written that are called at user 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 control over the timing between individual 

commands to allow for the correct amount of purging on calibration and TT cylinders and 

to allow the correct amount of sweep-out time within the analysers before measurement 

data is recorded. Furthermore, various quality control thresholds can be set by the user, 

such as acceptable TT deviations and acceptable calibration analyser response function 

coefficients - which allows poor calibrations to be rejected automatically or enables the 

user to enter information into a quality control file that ranks the validity of the data. 

Various diagnostics thresholds are also definable to allow for further quick determination 

of various issues; a drop in the current to the aspirated air inlet fans, for example, 

indicating a faulty fan, or a drop in the pressure of P6 (Figure 2.12) indicating the 

blocking of the vapour trap with ice. For those interested in the operating procedure of 

the measurement system, please refer to the user-friendly ñBaloo Manualò in the 
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Appendix A. I wrote this for the technicians tasked with maintaining my system at the 

Halley Research Station.  

2.6. Summary and conclusions 

In this chapter, I began by outlining the history and theory of making atmospheric 

O2 measurements. This knowledge then fed into the choice of the system design required 

for in situ continuous atmospheric O2 and CO2 measurements at a remote field station 

such as Halley Research Station. I 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 

Figure 2.12. The main ñSchematicò tab within the Baloo software responsible for the control, automation 

and data acquisition of the HBA O2 and CO2 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 sensors all 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 determine 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 of the CO2 mole fraction and ŭ(O2/N2)  ratio of 

calibration cylinders (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 be carried out 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 within the CASLab (BAS data and settings). The software 

was written in C# by Alex Etchells of the UEA Research Computing Services department. 
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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 

weeks). Consequently, although this period was invaluable in overcoming ñteethingò 

problems, particularly with the software and electronics control system, I have not 

included it here in this thesis. Instead, I have presented an assessment of system 

performance 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 

O2 and CO2 measurement system that could be installed at the Halley Research Station in 

order to fill in the observational O2 ñgapò in the South Atlantic sector of the Southern 

Ocean. The next step is to determine whether the system meets comparability, 

compatibility and reproducibility goals, set out by the World Meteorological 

Organisationôs (WMO) Global Atmospheric Watch (GAW) programme, which 

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 modifications I have implemented in this build compared to the system of 

Wilson (2012) do represent improvements in system design that other members of the O2 

measurement community may want to consider.  

Firstly, the separation of the ñfast purgeò line, that is required to remove stale air 

from the cylinder lines, from the ñslow purgeò line. This modification allows the line 

from the Valco valve to V5 to only receive air flowing at 100 ml min-1, therefore 

maintaining the conditioning of the tubing walls that minimises differential adsorption 

and subsequent desorption of O2 and N2, which may lead to fractionation effects. 

However, I 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 repeated measurements of 

the ŭ(O2/N2) ratio at predefined intervals over the period of a week or longer. The system 

could then be modified back to the original set up of  Wilson (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 reproducibility of 

the system.  

Secondly, I removed the first stage drying component from my system compared 

to that of Wilson (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 measurement site. 

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 other hand, 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, I would recommend chemical drying, such as the 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, I have demonstrated the impact that a 

faster sample and reference fuel cell switching time has on improving the precision, by 

up to a factor of 1.4 in 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 MAX-250; 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 (if software 

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 O2 

measurement system builds should therefore consider this if they are to use the fuel cell 

measurement technique.  

In the following chapter, I present an analysis of the measurement system 

diagnostics; a crucial inquiry if the system is to comply with WMO/GAW standards 

which are set so as to ensure the recording of observations that can be used reliably in the 

scientific investigation of greenhouse gas emissions and sinks. 
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3.1. Introduction  

In this chapter, I present an analysis of the O2 and CO2 measurement system 

diagnostics collected over the operating lifetime of the system following itôs installation 

at the Halley Research Station, Antarctica. This is a crucial inquiry if the system is to 

comply with the World Meteorological Organisationôs (WMO) Global Atmospheric 

Watch (GAW) standards which are set so as to ensure the recording of observations that 

can be used reliably in the scientific investigation of natural and anthropogenic 

greenhouse gas sources and sinks (Section 3.1.1).  

Following the initial period of testing at UEA during the summer of 2015, the 

system was dismantled and shipped to Halley, arriving at the Brunt Ice Shelf in December 

2015. I then installed the system, with the assistance of Alex Etchells, in January 2016. 

Sample air measurement data collection began in February. I then handed over the system 

to the responsible technicians at Halley at 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.  

I will begin by outlining the WMO/GAW measurement guidelines and discuss 

why these guidelines 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 thesis. I will then briefly 

discuss the installation of the O2 and CO2 measurement system at the Halley Research 

Station, Antarctica (HBA) (Section 3.2). In Section 3.3, I discuss the major reasons for 

loss of data during measurement period. Section 3.4 consists of an 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 Section 3.5, I briefly 

discuss and summarise the results from Section 3.4. Readers not interested in the technical 

details of the measurement system performance are encouraged to read Section 3.5 in 

order to appreciate the reliability of the system and therefore providing confidence in the 

validity of the data presented in Chapter 4 and its scientific interpretation.    

3.1.1. WMO/GAW guidelines: Comparability, compatibility and 

reproducibility 

The GAW programme of the WMO is the primary global body responsible 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 December 2015 that 

specifically asks for: ñstrengthening scientific knowledge on climate, including research, 

systematic observation of the climate system and early warning systems, in a manner that 

informs climate services and supports decision-makingò. Achieving such a goal requires 

global atmospheric measurements to be both comparable and compatible.  

ñComparableò simply means that the results of measurements made 

independently can be compared. This requires the results to be on the same scale. For 

CO2 measurements, this is currently the WMO CO2 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 

ŭ(O2/N2) measurements, there is no universally accepted scale and, as such, no CCL 

responsible for its maintenance. However, many laboratories within the O2 community 

report their measurements on the SIO S2 scale. Both CO2 and ŭ(O2/N2) are declared on 

their respective scales, defined above, for my calibration standards (as documented in 

Chapter 2, Section 2.4.4)  

ñCompatibilityò means that independent measurements are compatible within a 

specified numeric value, such that : ñthe absolute value of the difference between any pair 

of measured values from two different measurement results is within a chosen value 

which does not have to be the same as the total combined uncertaintyò (Tans and 

Zellweger, 2016). Which, stated more simply, means that different laboratories measuring 

the same quantity (400 ppm of CO2, 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 achieve the scientific goals behind the purpose of 

the measurement (see 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 accuracy may 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, between individual laboratories, can only be determined by the 

use of what are known as inter-comparison cylinders: cylinders of air with mole fractions 

declared by the respective CCL. Secondly, internal compatibility, within a laboratory and 

between the laboratory and its field stations, can be determined by the use of a Target 

Tank (TT). This is often referred to as the ñinternal reproducibilityò goal and, although 
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not strictly defined, should be approximately half of the compatibility goal (Tans and 

Zellweger, 2016). This measure encompasses imprecision due to the analyser, the gas 

handling and the transfer of the calibration scale from the ñhomeò laboratory standards 

(in this case, the University of East Angliaôs (UEA) Carbon Related Atmospheric 

Measurement Laboratory (CRAM Lab) primaries) to the working secondary standards 

(WSSes). The compatibility and reproducibility goals for CO2 and ŭ(O2/N2) are shown in 

Table 3.1.  

The choice of these goals represents the precision required to detect small but 

significant trends and gradients in greenhouse gases across the globe. For example, the 

decline in the efficiency of the Southern Ocean CO2 sink of 0.08 Pg C yr-1 decade-1 

proposed by Le Quéré et al. (2007), represents a decline in the amount of the atmospheric 

CO2 mole fraction taken up by the Southern Ocean of 0.04 ppm yr -1decade-1. Hence a 

compatibility goal of ± 0.05 ppm is appropriate for CO2 measurements 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.  

O2 fluxes are typically much larger than those for CO2 (Chapter 1) and therefore 

a goal of ± 2 per meg (± 0.4 ppm Equiv) is adopted (Tans and Zellweger, 2016). However, 

this goal can only be currently achieved by large laboratory based ŭ(O2/N2) measurement 

systems such as those employing the interferometry (Keeling, 1988a) and vacuum ultra 

violet (VUV) (Stephens et al., 2003) techniques. Field based measurement systems using 

the fuel cell technique, like that employed here, can typically achieve a precision of ± 5 

to ± 10 per meg.(Kozlova 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 definitions). For ŭ(O2/N2) , the goals defined inside the brackets refer to the currently accepted 

compatibility and reproducibility goals within the O2 measurement community. 

Species Compatibility goal 
Extended Compatibility 

goal 

Internal reproducibility 

goal 

CO2 
±0.1 ppm (NH) 

±0.05 ppm (SH) 
± 0.2 ppm 

± 0.05 ppm (NH) 

± 0.025 ppm (SH) 

ŭ(O2/N2) 
±2 per meg (± 5 per 

meg) 
± 10 per meg ±1 per meg (± 2.5 per meg) 

 

The following assessment of the system performance relates to the internal 

reproducibility goals for CO2 and ŭ(O2/N2). For the southern hemisphere, these are ± 
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0.025 ppm and Ñ 1 per meg, respectively. However, with respect to ŭ(O2/N2), since 

current international comparisons show that the compatibility between independent 

laboratories is not better than ± 5 per meg, I 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 in February. 

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 CASLab (Figure 3.1A). The lack of ventilation in the room, coupled with the 

large heat output of the instrumentation, resulted in an initial room temperature of ~ 35ęC. 

This particularly affected two resettable fuses within the electronics control box 

connected to the aspirators inside the inlets (Chapter 2, Section 2.5 and 2.3.1 

respectively). Since the ambient 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 current was applied. To circumvent this, we 

replaced the fuses with non-resettable higher current rating fuses. 

The main issue from the large heat output, however, was the resulting temperature 

gradient within the room, which at times was up to 5ęC/m. This would have undoubtedly 

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 addition to ensuring the door 

connecting to the main room (with active temperature control) was always left open, 

brought the ambient room temperature down to ~23ęC with a temperature gradient of no 

more than 2ęC/m. 

Power outages, mainly temporary (minutes), can be common 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 uninterruptible power supply (UPS), 

which can run the entire system for approximately 30 minutes without mains power.   
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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 faults or major issues. If an error does occur, a warning is flashed onto the 

communal monitors on the station so the responsible persons are notified and can respond. 

The automated checks performed that I implemented on my system with the help of Alex 

Etchells and the local HBA Data Manager included (refer to Chapter 2 for the background 

on the technical aspects of the system mentioned here): 

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 O2 and CO2 measurements system.  
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1. A drop in the current being received at the aspirated air inlets; indicating 

that the aspirators were drawing against a restriction, 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), indicating 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. 

3. Whether the software was running in ñauto-runò mode, indicating that 

the system was recording data, or whether it was in ñresting stateò, 

indicating that data was not being recorded. This is important because, 

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 example, or by human intervention when maintenance is 

being performed on the system. If the user forgot to restart auto-run, then 

this check would catch that fault.   

3.3. Quality control and data loss 

As was discussed in Chapter 2, Section 2.5, the measurement system records a 

wealth of diagnostic data that aid in data quality control. I use this information, coupled 

with user observations, to populate a flag file which subsequently excludes measurement 

data from the time periods recorded. Fortunately, the success of the installation meant 

these excluded periods were kept to a minimum, but I will briefly discuss the most 

prominent reasons for flagging certain periods of measurement data.  

Firstly, within the ñMacros/Calibrationò tab of the software, I can define 

acceptable bounds for the analyser response terms of the respective CO2 and ŭ(O2/N2) 
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calibration curves (see Chapter 2, section 2.3.5). To determine these at HBA, I examined 

the mean, the 1ů standard deviation and the range of each parameter for every calibration 

that ran up until the point I had to leave the base. Unfortunately, the choice 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 writing, software 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 to be useable 

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 hours to stabilise once flow 

has been re-established) 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 impact CO2) or it could be due to a full calibration (greater than 47 hours), in which 

case the ŭ(O2/N2) data will be suspect too. Two major power downs occurred on the 30th 

May and the 8th October 2016. 

With human error, suspect data based on system diagnostics and leaks detected 

(during February, whilst I 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. System Performance at Halley 

3.4.1. Calibration parameters  

The operating principle of the Siemens NDIR CO2 analyser is such that the 

analyser response is non-linear with respect to the variability in the CO2 mole fraction. 

The analyser has an in built internal correction for this non-linearity, however, this is not 

suffice for the typical precision required by the atmospheric CO2 measurement 

community. Hence, to calibrate the CO2 analyser, a non-linear response function of the 

form y= a+bx+cx2 is used, whereby the non-linearity coefficient ñcò characterises the 
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non-linearity that has not already being corrected for. The Oxzilla O2 fuel cell analyser, 

on the other hand, has a highly linear response function of the form y= a+bx. The CO2 

analyser reports the difference in volume parts per million (vpm) of the sample cell CO2 

from the reference cell CO2, whilst the O2 analyser reports the double delta difference 

(ææO2) in % units (Chapter 2, Section 2.4). The calibration parameters for O2 and CO2 

are therefore reported in ppm vpm-2 for the CO2 analyser non-linearity response 

coefficient (c), ppm vpm-1 for the CO2 analyser sensitivity coefficient (b) and 

ppmEquiv %-1 for the O2 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 fraction over time, impacting both the precision and the 

accuracy. By calibrating frequently, the accuracy of the measurement should not be 

impacted by this potential deterioration or improvement of the analysersô sensitivity. 

However, a deterioration in the precision 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 cylinders 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, I 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 convert these 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 

CO2, this was determined by the analyser response on WSS2 (~400 ppm = 1.24 vpm) and 

for O2, the response on WSS4 (~ -650 per meg = -0.00103 %), using an arbitrarily defined 

WT concentration (and hence æCO2 and ææO2).   

Figure 3.2 depicts the variability in the non-linearity (CO2) and sensitivity (CO2 

and O2) coefficients over the full period of operation and compares these metrics against 

the laboratory temperature. Firstly, the drift in the non-linearity of the CO2 response is 

approximately -0.0007 ppm yr-1 and most of this appears 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 shortest lifetime of ~2 years. This would 
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equate to a minimum drift of -0.0014 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 drift of -0.0035 ppm. This is almost an order 

of magnitude smaller than the internal reproducibility goal for CO2 and is therefore 
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insignificant. Secondly, the variability in the of the CO2 non-linearity 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 the CO2 non-linearity response 

Figure 3.2. Drift and variability of the calibration coefficients for CO2 (top two panels) and O2 (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 calibration 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 goal (ppm 

for CO2 and ppmEquiv for O2; see text for details). Dashed vertical lines in all panels represent WT changes. 

Top panel: the CO2 non-linearity coefficient or the c-term in the analyser response function (ppm; dark red 

points). The trend in the drift (ppm yr-1; red line) was determined using all data points over the measurement 

period. Top middle panel: the CO2 sensitivity coefficient or the b-term in the analyser response function 

(ppm; dark blue points). The trend in the drift (ppm yr-1; blue line) was determined 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 calibration (ęC; pink 

points). Bottom panel: the O2 sensitivity coefficient or the b-term in the analyser response function 

(ppmEquiv; dark green points). The trend in the drift (ppmEquiv yr-1; green line) was determined using all 

data points over the measurement period. 
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coefficient is particularly evident. The same is true for the sensitivity coefficient of the 

CO2 analyser and, to a lesser extent, the O2 analyser.  

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 temperature. For CO2, the largest jump 

in sensitivity (~0.04 ppm) is seen towards the end of September when the lab temperature 

changes by approximately 10ęC between calibrations. This was due to the door being 

closed between the room housing my measurement system and the rest of the laboratory, 

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 1ů standard 

deviation of the CO2 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 November to ± 0.005 ppm.  

Finally, the stability of the sensitivity of the O2 analyser does deteriorate when the 

lab temperature is not stable, but not to the same extent as the sensitivity in CO2. This is 

likely because the Oxzilla unit employs an active temperature control, 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 

the 1ů standard deviation of the O2 sensitivity coefficient between the full year (± 0.06 

ppmEquiv (0.3 per meg)) and when the lab temperature stability improves 

(0.03 ppmEquiv (0.2 per meg)).  
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3.4.2. Stability of WT concentrations 

The ñaò term in the analyser response functions represents the WT concentration 

and is similarly redefined for O2 and CO2 every 47 hours during a calibration (for CO2, it 

is further redefined every 4 hours by running the ZT in between calibrations, see below). 

The stability of the WT concentration therefore provides another measure of system 

performance. For O2, 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 response or by 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 this). For CO2, the absolute 

difference between calibrations does not matter, since the WT is redefined every time the 

Figure 3.3. The absolute difference between the current and the previous WT mole fraction between 

calibrations for CO2 (top panel; dark red points) and O2 (bottom 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 length 

of the cylinders (~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 reproducibility (± 0.025 ppm) goals for CO2, 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 reproducibility (± 2.5 

per meg) goals for O2 in ppmEquiv. Again, the blue dashed line represents the mean WT difference between 

all successive calibrations. 
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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 for both CO2 and O2 in Figure 3.3. 

The mean absolute WT difference between calibrations for CO2 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 Manning (2009) (~ ± 0.005 ppm). However, Kozlova and Manning (2009) 

had much better temperature control within their measurement lab (Ñ 1ęC) and calibrated 

twice as frequently (every 26 hours) (A. Manning, personal communication, 2017). This 

confirms the need to run the ZT in order to correct for baseline drift between calibrations. 

For O2, 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 goal accepted by the O2 

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 levels of variability 

between calibrations. In particular, the last two WT changes show a distinct improvement 

in both the mean and 1ů standard deviation, whilst for CO2, the final WT displays a vastly 

improved mean and standard deviation (see Table 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 care is taken 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 I believe to be the more likely 

explanation, again invokes the temperature stability of the lab which, as already 

highlighted, improves dramatically around October/November. This likely coincides with 

a change in the active temperature control within the lab. The lab has two modes for its 

internal temperature control: ñwinterò and ñsummerò mode. The switch to ñsummerò 

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 still undergoing partial testing and ñteethingò problems were still 

being addressed, then one can discern an overall increase in the WT difference in both 

CO2 and O2 that closely follows the increase in the temperature gradient within the blue 

box during the winter months, when the temperature control in the lab becomes poor. The 

poor temperature control will directly impact the sensitivity of the CO2 analyser, as 

already mentioned. However, it is the temperature gradient across the calibration and WT 

cylinders that will impact the O2.  

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 panel of Figure 3.4, the O2 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 et al. (1998a) and has been 

Figure 3.4. Stability of the CO2 mole fraction (ppm; top panel) and O2 mole 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, 

except WTs D269485 and D269486, which were utilised during testing and therefore not run sequentially. 

The trend in the O2 depletion, typically ~ -6.6 per meg/WT, is shown as a black line for the final four WTs. 



 

94 

subsequently observed by Manning (2001), Keeling et al. (2007), Kozlova and Manning 

(2009), (Wilson, 2012) and Pickers (2016). This effect is most likely caused by the 

preferential desorption of N2 relative to O2 from the interior walls of the cylinders as the 

pressure decreases, owing to the difference in their molecular mass (Keeling et al., 1998a; 

Kozlova and Manning, 2009). Excluding the first two WT cylinders (which were not run 

sequentially to depletion), the mean depletion observed in the O2 mole fraction is -1.1 

ppmEquiv (-6.6 per meg) over the lifetime a cylinder. This is five times smaller than that 

found by Kozlova and Manning (2009) and much smaller than that found by Pickers 

(2016), which could be as much as -54 per meg over the lifetime of a cylinder. However, 

it is similar to that found by Manning (2001) and only slightly larger than that found by 

Keeling et al. (1998a) (-5 per meg). The larger O2 depletion observed by Pickers (2016) 

and Kozlova and Manning (2009) can be explained by their respective cylinder depletion 

rates. Kozlova and Manning (2009) used a higher flow rate (150 ml min-1) through their 

system, resulting in a higher cylinder depletion rate. Pickers (2016), on the other hand 

used the same flow rate as used on my system (100 mL min-1), but 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 WT CO2 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 

CO2 stability, and in the response of the CO2 analyser as a whole, is due to temperature, 

I have presented the coefficient of determination (R2) of the calibration curve fit for each 

individual calibration against time for both analysers alongside the lab temperature 

(Figure 3.5). Firstly, the O2 R2 does not show any improvement throughout the 

measurement period. This highlights two things; firstly, if individual WTs had leaks 

compared to others, then there would be a clear change between WTs in the O2 R
2. This 

is not the case. Secondly, the O2 analyser, as already mentioned, has active temperature 

control and so is less affected by temperature variability than the CO2 analyser would be 

(which does not have active temperature control).   
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The CO2 R
2, 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 improved 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.  

3.4.3. Zero Tank correction 

As was discussed in Chapter 2 Section 2.4.4.1, the Zero Tank (ZT) is run between 

respective calibrations in order to correct for baseline drift in the CO2 analyser 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 

Figure 3.5. Quality of the calibration curve fit over the measurement period, as depicted by the coefficient 

of determination (R2), for CO2 (top panel; red points) and O2 (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 the difference between calibrations more apparent. Orange vertical 

dashed lines represent WT changes.   



 

96 

runs should be no more than ± 0.025 ppm. Figure 3.6 shows the absolute difference 

between a ZT run and the ñbaseò run, that is to say, the ZT run immediately following a 

calibration, which represents the maximum difference between ZT runs, since after each 

run, the ñaò term in the quadratic calibration curve is corrected. 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, I 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 lab, which could be up to 5 ęC  between calibrations (47 hours) during the 

winter months (dotted red line in 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 

Figure 3.6. The absolute CO2 difference (ppm) between consecutive ZT runs which equals the magnitude 

of the correction applied to the ñaò term in the CO2 calibration curve every 4 hours and therefore represents 

a measure of 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. The solid green 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 applied prior to the 

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). 
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0.025 ppm was 9.7%. Whereas after the change, the mean correction was reduced to 0.013 

ppm (6.6 % > 0.025ppm). Using a two tailed t-test assuming unequal variances, this 

change was found to be significant at the 95% confidence level (p < 0.05).  

In addition to being used as a CO2 calibration cylinder, the ZT can also serve as 

an additional assessment of system performance, much like the TT, since the measured 

CO2 and ŭ(O2/N2) are declared each time the ZT is run. This aids in the identification of 

potential issues on the system. The CO2 mole fraction and ŭ(O2/N2) ratio for the ZT 

Figure 3.7. Stability of the ZT CO2 mole fraction (ppm; top panel; dark red points) and ŭ(O2/N2) 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 represents 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 software were too stringent (Section 3.3). 

This resulted in calibrations not being accepted for several days until it was caught. Consequently, the CO2 

and ŭ(O2/N2) values are offset by ~ 2 ppm and 50 per meg, respectively and so are not included. It will be 

possible 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 designated 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 during these 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 

shown. 
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cylinder are shown in Figure 3.7. There are several interesting features in this dataset that 

relate system performance and highlight several issues that were undetected at the time 

of data collection. Firstly, the CO2 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 

~ - 0.1 ppm between February and May and there is a considerable amount of noise. After 

the step change, the CO2 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 attempt 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 Tank Results  

As was discussed in Chapter 2 Section 2.4.4.2, the Target 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 through the inlets, diaphragm 

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 quality control check on the calibration 

gas handling, pressure and flow control and analyser response. 
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Before installation, two TTs were filled and analysed for their CO2 mole fraction 

and ŭ(O2/N2) 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 I 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 had to be run as a ZT, allowing further analyses on this cylinder.  

The results of the first TT analyses are shown in Figure 3.8. There are several 

features of interest. Firstly, the variability in the CO2 data is incredibly poor, with a 1ů 

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 ppm, which is only marginally within the southern hemisphere 

Figure 3.8. Stability of the TT (D743652) CO2 mole fraction (ppm; top panel; dark red points) and ŭ(O2/N2) 

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 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 goals for CO2 (Ñ 0.025 ppm) and ŭ(O2/N2) (± 2.5 per meg). 

The blue vertical line in the bottom panel represents the drift in the ŭ(O2/N2) observed over the analysis 

period. See Figure 3.7 For an explanation behind the gaps in the data.   
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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 the following 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 value for 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 the analyser as a result of 

the improvement in the lab temperature control.  

The O2 results are significantly better than the CO2 results. The 1ů standard 

deviation of all runs is 2.2 ± 1.7 per meg which is below the accepted achievable internal 

reproducibility goal (but above the WMO scientific goal). In contrast to CO2, there are 

no step changes in the O2 value, nor are there any improvements in the variability of the 

data either between WTs, or when the temperature control has improved. This further 

reinforces the lab temperature variability explanation invoked to explain the CO2 data. A 

leak would significantly impact the O2 data, more so than the CO2 data, and in Figure 3.8 

this is not seen, whilst the active temperature control inside the Oxzilla unit means it is 

not as susceptible to lab temperature variability as the CO2 analyser. Secondly, and 

perhaps more significantly, there is a drift of -2.2 per meg 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 Section 3.4.1, it was shown that there is no significant drift in the sensitivity 

term of the O2 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 points to an 

internal drift within the cylinder. This could be caused by preferential desorption of N2 

relative to O2. This may be compounded by the fact that this cylinder is relatively wet 

(15.4 ppm H2O; (Chapter 2, Table 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 meg). Unfortunately, at the time that this 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 couldnôt be filled to replace this one.  

The evidence outlined above leads me to conclude that the poor TT results on 

cylinder D743652 for CO2 and ŭ(O2/N2), 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 with the entire system. The CO2 

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 the results of the 

TT2 cylinder (D089506). Although there are fewer runs than on 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 ± 0.014 for CO2 

and 2.5 Ñ 2.2 for ŭ(O2/N2)).  

3.4.5. Internal reproducibility from ambient air measurements 

Finally, the ultimate internal reproducibility of the system can only be determined 

from air measurements that have been run through all parts of the system, unlike the TT 

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

the system as a ZT in August and September/October (see Figure 3.7 for an explanation) and therefore did 

not adhere to the same protocols as the initial TT in Figure 3.8.   
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However, this measure also encompasses real atmospheric variability in O2 and CO2. In 

an attempt to circumvent this I examined a period during sample collection when ambient 

variability was particularly low. I chose ~ 4 days of data towards the end of May:      

CO2 = ~ 400; O2 = ~ -580 per meg; wind speed between ~ 5 and 10 ms-1. Based on this 

analysis the internal reproducibility for ŭ(O2/N2) was ± 6.1 per meg and CO2 was ± 0.007 

ppm (Table 3.4). Ultimately, this is the precision I can assign to ambient air 

measurements for the measurement system, as all components of the system are tested, 

unlike the TT measurements, which do not pass through the pumps 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 following the cylinder ID refer to the 1ů standard deviation 

of the non-linearity (CO2 c-term) and linearity (b-term) coefficients of all calibrations using that particular WT cylinder. The next four columns refer to the mean and 1ů standard 

deviation of the current WT concentration minus the previous concentration defined during the previous calibration and so gives a measure of the stability of the WT over its 

lifetime. The final two columns refer firstly to the O2 depletion rate over the lifetime of the cylinder and secondly to the total number of calibrations recorded on each WT.  

 

 

 

 

 

 

 

 

 

Cylinder  

ů CO2  c 

term 

x10 -5 

[ppm]  

ů CO2  b 

term 

x10 -3 

[ppm]  

ů O2 b term 

[ppmEquiv]  

Mean 

CO2   

cur-prev 

[ppm]  

ů CO2   

diff 

[ppm]  

Mean O2  cur-

prev 

[ppmEquiv] 

([per meg]) 

ů O2  diff 

[ppmEquiv] 

([per meg]) 

O2 depletion/cylinder 

[ppmEquiv] (per meg) 
n 

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 3.5 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) excluding first 

two WTs 
120 
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Table 3.3. Target Tank results for cylinders D743652 (main TT) and D089506 (TT2). The Internal reproducibility and compatibility goals as set by the WMO/GAW guidelines 

are shown, respectively. Each TT run is declared as the mean and 1ů standard deviation of 13 one minute data points from the analysers. Hence the fourth column represents 

the mean of the declared 1ů standard deviation of all runs on the TT. The fifth column, on the other hand, represents the 1ů standard deviation of all of the declared values on 

the TT. Finally, the seventh column represents the mean difference of all individual runs from the declared value determined at the CRAM Lab.  

TT ID  Species 

Reproducibility  Compatibility  

Goal 
Mean 1ů of all 

individual runs  

1ů of all 

runs 
Goal 

Mean difference form 

declared CRAM value. 
n 

D743652 
CO2 (ppm) ± 0.025 0.014 ± 0.017 0.044 ± 0.037 ± 0.050 0.049 ± 0.057 

627 
O2 (per meg) ± 1.0 (± 2.5) 5.6 ± 1.9 2.2 ± 1.7 ± 2.0 (± 5.0) 9.3 ± 2.8 

D089506 
CO2 (ppm) ± 0.025 0.017 ± 0.029 0.017 ± 0.014 ± 0.050 0.020 ± 0.014 

306 
O2 (per meg) ± 1.0 (± 2.5) 5.8 ± 1.7 2.5 ± 2.2 ± 2.0 (± 5.0) 2.5 ± 2.2 

 

Table 3.4. Summary of the compatibility and reproducibility of the HBA O2 and CO2 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 columns in (Table 3.3) and by analysis of the 1ů standard deviation of successive pairs of measurements from 

sample air when ambient conditions were relatively stable (fifth column). This represents 4 days of sample air data (n=6182) towards the end of May 2016: CO2 = 400.001 ± 

0.108; O2 = -579.8 ± 11.1 per meg with wind speed between ~ 5 and 10 ms-1). The air line data reproducibility gives the best measure of the precision attainted on sample data 

points.  

Species 

Reproducibility  Compatibility  

Goal 

Target Tank Air lines 

Goal 
Mean difference form 

declared CRAM value. 

Mean 1ů of all 

individual runs 

(n=627) 

1ů of all runs  

n=(627) 

Mean SD of successive pairs of 

measurements ( n= 6182) 

 

CO2 (ppm) ± 0.025 0.014 ± 0.017 0.044 ± 0.037 
± 0.007 

 
± 0.050 0.049 ± 0.057 

O2 (per meg) ± 1.0 (± 2.5) 5.6 ± 1.9 2.2 ± 1.7 ± 6.1 ± 2.0 (± 5.0) 9.3 ± 2.8 
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3.5. Summary and conclusions 

The O2 and CO2 measurement system installed at HBA performed well for a 

period of ~11 months with minimal downtime. The compatibility and internal 

reproducibility of the system was determined by frequent (every 11 hours) analysis of a 

Target Tank (TT; D743652). For O2, the 1ů standard deviation of all runs (n=632) was Ñ 

2.2 per meg, which represents the repeatability of a measurement and is within the 

accepted internal reproducibility goal as determined by the O2 community, but not within 

the WMO goal. Conversely, the mean (n=632) 1ů standard deviation of an individual run 

(n=13) was ± 5.6 per meg, which represents the reproducibility of the system. Although 

this is outside of the internal reproducibility goal, it is comparable to other fuel cell 

measurement systems (Kozlova and Manning, 2009; Pickers, 2016; Stephens et al., 2007; 

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 O2 

community compatibility goal. However, this particular cylinder is known to be wet (~15 

ppm H2O) 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 above mentioned goals and so likely 

indicates the compatibility issues arising from the TT analysis on cylinder D743652 are 

unique to that particular cylinder, rather than the system. Furthermore, a downward drift 

of 2.2 per meg per year is observed over the lifetime of the cylinder and could also be 

related to the above, in addition to preferential desorption of N2 relative to O2 as 

discussed. 

For CO2, the repeatability of measurements on the TT was ± 0.044 ppm, whereas 

the internal reproducibility over an individual run was ± 0.014 ppm, which is within the 

internal reproducibility goal. Furthermore, the mean difference from 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 disappointing CO2 results were shown to be related to a deterioration in the 

stability of the laboratory temperature over the winter months. In particular, the sensitivity 

of the CO2 analyser improved from the beginning of November when the laboratory 

temperature became much more stable (Figure 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 was poor (Figure 3.3). 

This was further reflected in the ñgoodness of fitò parameter (R2) for the CO2 calibrations 

(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 run from 9.75 to 6.6%, a significant (p < 0.05) 

improvement (Figure 3.6)  

The above analysis of the system clearly shows that the data collected can be 

utilised for scientific analysis, with an ambient uncertainty on the measurements of ± 6.1 

per meg for O2 and ± 0.007 ppm for CO2. However, there are clearly some improvements 

which can be made, particularly with regards to laboratory temperature control. The 

requirement for excellent laboratory temperature control is one of the drawbacks of using 

the Siemens Ultramat NDIR CO2 analyser. More stable CO2 analysers that are not as 

sensitive to external temperature variations do exist, such as those produced by Picarro 

or Los Gatos Research (LGR). However they require much higher sample flow rates than 

that used here (typically 400 ml min -1) and use vacuum pumps to draw air through. With 

the requirement to measure O2 and CO2 simultaneously, to account for CO2 dilution 

effects on the O2 mole fraction, a flow rate of 400 ml min-1 would be too high to determine 

an accurate response from the O2 analyserôs fuel cells, whilst a vacuum system would not 

allow for precise pressure and flow control. Higher flow rate O2 measurement systems 

are currently being trialled for eddy flux measurement campaigns within forest 

ecosystems (P.Pickers personal communication, 2017). However, much larger O2 and 

CO2 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 O2, CO2 AND APO 

MEASUREMENTS AT THE HALLEY RESEARCH 

STATION , ANTARCTICA
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4.1. Introduction  

The over-arching aim of this thesis was investigate the processes that control the 

variability of atmospheric CO2, ŭ(O2/N2) and APO on different spatial and temporal 

scales at two contrasting coastal locations. Here, I ask, to what extent do carbon cycle 

processes in the South Atlantic sector of the Southern Ocean control the variability of 

atmospheric CO2, ŭ(O2/N2) and APO observations at the Halley Research Station, 

Antarctica? In order to achieve this, I have established a new, in situ, continuous 

atmospheric CO2 and O2 measurement system at the station. The design and evaluation 

of this system was addressed in Chapters 2 and 3, respectively. This chapter primarily 

presents the analysis of those observations in order to answer the question defined above.   

The Southern Ocean carbon cycle, 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 a significant source of CO2 to the atmosphere (Mikaloff Fletcher et 

al., 2007; Rintoul, 2011; Takahashi et al., 2012). Secondly, nutrients brought to the 

surface by this upwelling stimulate biological production that results in a low partial 

pressure of dissolved CO2 (pCO2) within the surface ocean (Takahashi et al., 2012).  If 

the partial pressure of CO2 in the overlying atmosphere is greater than the surface ocean 

pCO2, then there will be a flux of CO2 from the atmosphere to the ocean according to 

Henryôs Law. This dissolved CO2 then rapidly dissociates into bicarbonate and carbonate 

ions. Finally, north of the ACC, surface waters are subducted into the ocean interior, 

sequestering carbon (Mikaloff Fletcher et al., 2007; Rintoul, 2011; Takahashi et al., 

2012). It is the formation of these water masses, known as sub-Antarctic Mode Water and 

Antarctic Intermediate Water, that are thought to currently account for the uptake and 

storage of anthropogenic CO2 within the Southern Ocean (0.42 ± 0.2 Pg C yr-1 (Sabine 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 CO2 itself (due to the limitation of other nutrients), the process is indirectly 

involved in the uptake of anthropogenic CO2 by the Southern Ocean by creating low pCO2 

surface waters (Takahashi et al., 2012). Moreover, 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 from the surface (low) to the deep (high)) and future climatic changes on 

ocean biology and circulation may affect this (Houghton, 2007; Riebesell et al., 2009) 

Monitoring of these physical and biogeochemical processes is an inherently 

difficult task given the scarcity of observations in this region (Bakker et al., 2016) and 

thus is the source of much scientific debate (e.g. Landschützer et al., 2015; Law et al., 

2008; Le Quéré et al., 2007; Le Quere et al., 2008; Metzl et al., 2006; Munro et al., 2015; 

Roy et al., 2003; Zickfeld et al., 2008). This uncertainty in the evolution of the Southern 

Ocean carbon sink demonstrates an imperative to use continuous, in situ observations to 

observe and quantify biogeochemical processes that influence CO2 exchange between the 

Southern Ocean and the atmosphere. 

The Clean Air Sector Laboratory (CASLab) (Jones et al., 2008) at the Halley 

Research Station, Antarctica (HBA: 75Á35ǋS, 26Á34ǋW) provides the ideal location to 

monitor these Southern Ocean carbon cycle processes. Atmospheric circulatory patterns 

within the region (see later) dictate 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 oceanic features and processes (Bakker 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 atmospheric CO2 measurements are made at the CASLab (both low 

temporal resolution in collaboration with the National Oceanic and Atmospheric 

Administration (NOAA) Earth System Research Laboratory (ESRL) Global Monitoring 

Division (GMD) flask sampling network, and high resolution by the British Antarctic 

Survey (BAS)), a number of biogeochemical factors combine to dampen and delay the 

atmospheric signal of air-sea CO2 exchange (Broecker and Peng, 1982b). Over a full 

seasonal cycle, the thermal and biological drivers of air-sea CO2 exchange act in opposite 

directions, resulting in a small net air-sea flux of CO2 that is difficult to detect. Secondly, 

CO2 exchange is dampened by the buffering effects of carbonate chemistry in sea-water. 

This results in equilibration timescale between ocean and atmosphere of approximately 6 

months (Broecker and Peng, 1982b). Moreover, the seasonal cycle of atmospheric CO2 

in the southern hemisphere represents the combined influence 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 southern hemisphere terrestrial fluxes (Heimann et al., 



 

112 

1989; Nevison et al., 2008b; Stephens et al., 2013). It is therefore difficult to draw 

conclusions about ocean carbon processes from atmospheric measurements of CO2 alone. 

Atmospheric inversion schemes are one method of untangling these processes. 

Atmospheric inversion modelling, with respect to CO2, attempts to optimise a priori 

fluxes of CO2 (from measurements and/or inventories of carbon from the ocean, land and 

fossil fuel emissions) to actual measurements in time and space of atmospheric CO2, via 

a numerical atmospheric transport model (Ciais et al., 2010). In doing this, the a 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 atmospheric CO2 observations, 

such that a new, potentially more reliable set of fluxes is arrived at. The relative influence 

of each flux on atmospheric CO2 at a particular location can then be assessed. 

One such inversion scheme is the CarbonTracker ensemble data assimilation 

system developed by NOAA/ESRL (Peters et al., 2005). It was first used to estimate 

fluxes between the terrestrial biosphere and the atmosphere in North America (Peters et 

al., 2007) and then subsequently developed to estimate European terrestrial fluxes (Peters 

et al., 2010). More recently it has been used to untangle biosphere and ocean carbon flux 

impacts on the atmospheric CO2 seasonal cycle (Stephens et al., 2013). The most recent 

development of the modelling system, CarbonTracker Europe 2016 (CTE2016), is 

presented in van der Laan-Luijkx et al. (2017). To date and to my knowledge, only one 

such application of CTE2016 has been used: within the Global Carbon Projectôs annual 

carbon budget to estimate global fluxes of CO2 in conjunction with a suite of other 

atmospheric inversion schemes (Le Quéré et al., 2016).   

Consequently, before examining the new atmospheric data from the recently 

installed atmospheric O2 and CO2 measurement system, I have decided to investigate the 

current HBA CO2 record from flask observations using CTE2016. The first objective of 

this chapter was to determine which carbon cycle processes control the variability in the 

seasonality of atmospheric CO2 from flask observations collected at HBA using the 

CTE2016 model.   

Air -sea O2 fluxes are driven by the same carbon cycle processes that drive CO2 

exchange, but some of the fluxes act in the opposite direction, such that the drivers of air-

sea O2 exchange reinforce one another over the seasonal cycle (Keeling, 1988b; Keeling 

et al., 1993; Keeling and Shertz, 1992). Moreover, the equilibration time of air-sea 

exchange for O2 is an order of magnitude faster than for CO2 since there is no O2 

equivalent of the carbonate chemistry of sea water (Broecker and Peng, 1974). These 
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effects result in atmospheric O2 variations that can be 20 times larger than CO2, making 

it much easier to identify ocean carbon cycle processes (Keeling and Shertz, 1992). 

Measurements of the atmospheric ŭ(O2/N2) ratio began in the vicinity of the 

Southern Ocean in 1991 as part of  both the Scripps Institution of Oceanography (SIO) 

and Princeton University (PU) O2 flask sampling networks (Bender et al., 1996; Bender 

et al., 1998; Keeling and Shertz, 1992; Manning, 2001). Historically, there have been a 

total of eight O2 monitoring stations within the region (Figure 4.1). Unfortunately, many 

of the Princeton stations are now discontinued and only those that are part of the SIO 

Figure 4.1. Location of historical and current O2 monitoring stations part of either the SIO or PU flask 

sampling network within the vicinity of the Southern Ocean. The location of the new continuous in situ 

atmospheric O2 and CO2 measurement system installed as part of this thesis research at the Halley Research 

Station (HBA) is 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 the 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 Baring Head (BHD), maintained by the National Institute of Water and Atmospheric 

Research, New Zealand, represent the only two continues in situ atmospheric O2 and CO2 measurement 

systems in the region.  
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network have data that are both quality controlled and publicly available. Furthermore, 

the current network of O2 monitoring stations result in an O2 observational gap in the 

South Atlantic sector of the Southern Ocean, whilst only two of the stations in Figure 4.1 

represent continuous in situ measurements (SYO and BHD). Consequently, one of the 

main objectives of this thesis was address this gap by establishing a continuous in situ 

atmospheric O2 measurement system. Continuous observations have an advantage over 

discrete flask observations in that they allow investigation of atmospheric CO2, O2 and 

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 O2, CO2, and APO can be attributed to local to regional scale carbon cycle 

processes. 

Long term atmospheric O2 observations allow one to investigate the seasonality 

and inter-annual variability of carbon cycle processes. The seasonal carbon cycle 

dynamics in the upper portions of the Southern Ocean largely account for the atmospheric 

ŭ(O2/N2) seasonal cycle observed at the monitoring  stations displayed in Figure 4.1 

(Bender et al., 1996; Keeling et al., 1993; Keeling and Shertz, 1992). Briefly, 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 O2 supersaturation in the surface layer that drives a net flux of O2 to 

the atmosphere. A fraction of this ñnewò production sinks below the mixed layer where 

it becomes respired at depth, resulting in O2 under-saturation. In the autumn and winter, 

as the surface layer cools and the thermocline breaks down, the under-saturated waters 

are mixed to the surface where they drive an O2 demand from the atmosphere.  

Recognition of these processes in atmospheric ŭ(O2/N2) observations lead to the 

formal definition of atmospheric ñoceanic oxygenò (Keeling et al., 1998b) or 

Atmospheric Potential Oxygen (APO ~ O2 + 1.1CO2 (Stephens et al., 1998)), an 

atmospheric tracer that is conservative with respect to terrestrial biosphere O2 and CO2 

exchange processes. This subsequently stimulated the interrogation of global ocean 

circulation and biogeochemistry models (OCBMs) by mixing modelled ocean CO2, O2 

and N2 fluxes within an atmospheric transport model (ATM) to generate an APO field 

that could be compared with APO measurements (Battle et al., 2006; García and Keeling, 

2001; Gruber et al., 2001; Manizza et al., 2012; Naegler et al., 2007; Nevison et al., 2012; 

Nevison et al., 2005; Nevison et al., 2015; Nevison et al., 2016; Rödenbeck et al., 2008; 

Stephens et al., 1998). The 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, very few of these studies had a specific focus on APO 

observations and modelling efforts within the Southern Ocean region (Nevison 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 APO seasonal 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 different 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 observed seasonal cycle at three other APO monitoring stations whose data were 

publically available: SPO, PSA and CGO. I will ascertain whether these comparisons 

indicate anything about the spatial and temporal variability of carbon cycle processes that 

have, until now, been overlooked.  

Furthermore, the most recent Southern Ocean APO model-observation 

comparison study (Nevison et al., 2016) tested eight OCBMs that participated in Phase 5 

of the Coupled Model Inter comparison Project (CMIP5) (Taylor et al., 2012) against the 

SIO O2 network of Palmer Station, Antarctica (PSA), South Pole Observatory (SPO) and 

Cape Grim Observatory (CGO) (see Section 4.2.6) (Figure 4.1). However, owing to 

vertical mixing uncertainties within the ATM (Naegler et al., 2007), Nevison et al. (2016) 

chose to focus their evaluation of the models against SPO observations only, which, 

owing to its location on the central Antarctic Plateau, means it is least sensitive to the 

vertical transport uncertainties discussed by Naegler et al. (2007). Of the eight models, 

only two performed well with respect to recreating both the phasing and seasonal cycle 

of APO observed at SPO. These were the NOAA Geophysical Fluid Dynamics 

Laboratoryôs (GFDL) Modular Ocean Model (Griffies et al., 2000) coupled to the TOPAZ 

biogeochemistry model (Dunne et al., 2013), often referred to as ñESM2Gò; and, the 

current version of the NCAR Community Earth System Model (Long et al., 2013), which 

consists of version 2 of the POP physical oceanography model (Smith et al., 2010) 

coupled to the Biogeochemical Elemental cycling module of Doney et al. (1996), often 

simply referred to as ñCESMò. Both of these models have also performed well at other 

northern and southern hemisphere stations (Nevison et al., 2015). Consequently, the final 

objective of this chapter was, building upon the work of Nevison et al., (2016), 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 APO monitoring stations 

(HBA, PSA, SPO and CGO). In doing this, I 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 objectives of this 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 CO2, ŭ(O2/N2) and APO observations at the Halley Research Station, 

Antarctica. 

This will be achieved through the following objectives:  

1. Determine what carbon cycle processes control the seasonality of atmospheric 

CO2 from flask observations collected at the Halley Research Station using 

the CTE2016 atmospheric 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 

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 OCBMs that 

are otherwise overlooked with fewer 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 CO2. It also represents the first time that the CarbonTracker modelling 

environment has been used to examine carbon cycle processes at a coastal Antarctic 

Station.   

Moreover, the HBA O2 and CO2 measurement system is the first of its kind in the 

South Atlantic sector of the Southern Ocean. It is the second coastal continuous 

measurement system in the region (a similar system exists at Syowa station (Ishidoya 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 data has yet to be published). As such, 
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the measurement system represents a considerable contribution to the atmospheric 

ŭ(O2/N2), CO2 and APO observation record in the Southern Ocean and Antarctica. 

4.1.2. Outline of this chapter  

In this chapter I will present the first year of continuous, in situ, atmospheric 

ŭ(O2/N2), CO2 and APO measurements from the successful installation of the O2 and CO2 

measurement system within the CASLab at the Halley Research Station. Readers 

interested in the details of the system itself are referred back to Chapters 2 and 3. I 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. I 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 CO2 using output from CTE2016. I then present the first year of 

atmospheric ŭ(O2/N2), CO2 and APO observations from the measurement system 

presented in this thesis. I consider synoptic variability first before examining the seasonal 

cycles of the species. Finally, I compare the APO seasonal cycle at HBA to other 

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

4.2. Background and methodology 

4.2.1. Site location and history. 

The Halley Research Station (HBA: 75Á35ǋS, 26Á34ǋW) is a coastal Antarctic 

scientific research station established by the British Antarctic Survey in 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 Sea (Error! Reference source not found.). It is manned year-round by a team 

of support staff and scientists responsible for maintaining a suite of scientific equipment 

thatôs primary goal is to contribute to global atmospheric and space weather observations. 

The station is inaccessible by ship between 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 24-hour darkness (May-July).    

The main station (Error! Reference source not found.C) is aligned 

approximately North-South 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 station in a designated ñclean air sectorò where vehicles are not authorised 

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 the east or the west (Figure 4.2). As such, and with the above measures in place, 

pollution from the station is kept to a minimum (Jones et al., 2008). 

The lab is constructed from three 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 was re-established 

at the new Halley VI research station 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 ventilated 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 tropospheric chemistry. This includes 

understanding ozone depletion events (Jones et al., 2013), aerosol production in the sea 

ice zone (Roscoe et al., 2015) and wider scale snow-atmosphere interactions (Jones et al., 

2008). Furthermore, the station is part of the World Meteorological Organisation (WMO) 

Global Atmospheric Watch (GAW) programme and submits continuous, in-situ, carbon 

monoxide (CO) and ozone (O3) data as part of its commitment to this. Finally, in addition 

to the continuous data the station records, HBA has also been part of NOAA/ESRL/GMD 

Carbon Cycle Greenhouse Gas (CCGG) cooperative air sampling network since 1983, 

providing weekly samples on a suite of climatically relevant trace gases, including CO2. 

4.2.2. Air mass origin at Halley. 

Wind direction and wind speed were recorded at the main station approximately 

8m above the snow surface from the meteorological observation tower (Error! 

Reference source not found.C).  The wind rose in Figure 4.2A demonstrates the most 

prominent wind origin observed at HBA during 2016 was from the ENE and that this is 

also associated with the highest wind speeds (>12 ms-1). Figure 4.2 also demonstrates 

that a significant proportion of the winds derived from the WSW, where air is likely to 

have recently being in contact with a year-round open water in the polynya named 

Precious Bay (Jones et al., 2008). The mean wind speed during this period was 6.5 ms-1.  

To determine typical air mass origins of air sampled at HBA I have performed a 

cluster analysis of seven day length back trajectories. These were generated by releasing 

a particle every 3 hours within a modelled meteorological field and following its path for 

seven days., using the HYSPLIT_4 (HYbrid Single-Particle Lagrangian Integrated 

Trajectory) model (Version 4) (Draxler and Hess, 1998). The Hysplit model uses 

previously gridded meteorological data from the Global NOAA-NCEP/NCAR 

reanalysis5 to determine simple particle trajectories, run either forward or backward, from 

a particular starting location and time.  

A total of four trajectory clusters were determined using an angle distance matrix 

that determines whether individual trajectories are similar or not based on their angle from 

the starting location rather than their Euclidean distance (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 

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 

distance approach (Carslaw and Ropkins, 2012) and I 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 clustering was performed using the trajClust function that is part of the 

openAir package implemented in the R programming language (Carslaw and Ropkins, 

2012) and further mathematical details of the computation can be found in the openAir 

reference manual (Carslaw and Ropkins, 2012).This analysis shows that for 61% of the 

time HBA receives air that has been in contact with the South Atlantic sector of the 

Figure 4.2.A Wind rose depicting the wind direction and wind speed observed at HBA during the 

measurement period (February 2016-January 2017). B. cluster analysis of 7-day backwards trajectories 

starting from HBA every 3 hours for the year of 2016. Trajectories were computed using the Hysplit Model 

and the cluster analysis was performed using the ñopenairò data analysis package implemented in the R 

Programming language (specific details are given in Section 4.2.2). The percentage of trajectories that were 

associated with each cluster (depicted by the coloured lines) are shown next to each of the respective 

trajectory cluster lines. 
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Southern Ocean and the Weddell Sea. Air deriving from the east 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 (Section 4.2.6).  

4.2.3. Installation  

Installation of the atmospheric O2 and CO2 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 junctions in the sample line (See Chapter 2 Section 2.3), two separate 

dedicated aspirated air inlets were installed on the east 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 installation can be found in 

Chapter 3, section 3.2. 

During the testing period it was noted that room air could accidently be sampled 

from the inlets. This occurred when wind speeds were low (< 2 ms-1), originating from 

the west 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 process (Section 4.2.4). Additionally, when wind speeds were very high 

(>15 ms-1) the suspended laboratory could be felt to be shaking or oscillating. This 

appeared to correlate with an increase in the noise in the measurements, particularly in 

the response of the Siemens analyser in CO2 (Figure 1.2, Appendix B). 

Sample air data collection began in February 2016. CO2 and ŭ(O2/N2) 

measurements were collected at 1 minute intervals. However, this was subsequently 

averaged up to 10 minute means, primarily to facilitate merging with both meteorological 

and diagnostic data.  

4.2.4. Data filtering. 

As was first discussed in Chapter 3 Section 3.3, suspect data based on system 

diagnostics and leaks detected (during February, whilst I 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).  
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4.2.4.1. Contamination from the station 

Despite the measures taken to minimise pollution at the laboratory sample inlets 

outlined above, sometimes the prevailing wind direction and wind speed make it 

unavoidable. For example, with a north-westerly wind, the lab is directly downstream of 

the main station (Error! Reference source not found.C). It was noted at the time of 

installation that even if the wind direction was such that the lab was not downstream of 

the station (i.e. clean air, deriving from the south, east or west.), yet the wind speed was 

low, that pollution from both the station and vehicle movements could still be transported 

to the lab. Furthermore, during the time of installation and in the following summer 

season (December 2016 - February 2017), the main station was being relocated to the east 

(the prevailing wind direction) due to a crack in the ice shelf6. Consequently, more 

pollution was observed than would otherwise be likely in a typical summer season and 

                                                 
6 https://www.bas.ac.uk/media-post/relocation-of-halley-research-station/ 

Figure 4.3. Bivariate polar plots depicting how (a) the standard deviation of a 10 minute mean of CO2 mole 

fraction and (b) the concentration of aerosols (condensation particulates; CP) vary with wind direction and 

wind speed in each season of the year. The plot was constructed using the ñpolarPlotò function within the 

openair package in R (Carslaw and Ropkins, 2012). More detail on its construction can be found in Carslaw 

et al. (2006) and Carslaw and Ropkins (2012; Sallee et al., 2012). Briefly, however, wind speed and wind 

direction are partitioned into bins (1ms-1 and 10 degrees, respectively) and the mean of the third variable 

(in this case the 1ů standard deviation of CO2 and aerosol concentration) for 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. 
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was derived from wind directions that are typically considered clean. This made it 

difficult to apply a simple meteorological filter to the data.  

To circumvent this, I performed an analysis of the standard deviation of 10 minute 

means (10 data points) of the CO2 mole fraction and of the mean aerosol concentration 

determined from the condensation particle counter (CPC) installed within the CASLab. 

Since clean background mole fractions are very stable at HBA, the standard deviation 

represents a good measure of short term variability. If the standard deviation is high, then 

CO2 mole fractions will be changing rapidly during the 10 minute recording interval and 

will  therefore likely represent a short-term pollution event form the station. Aerosol 

particles on the other hand, vary naturally in coastal Antarctica and typically derive from 

the sea-ice zone from various sources of marine origin (Roscoe et al., 2015; Weller et al., 

2015). However, they are also produced as a product of combustion and concentrations 

are typically high in polluted areas (Kulmala et al., 2005). Due to the seasonal cycle in 

the natural precursors to aerosols in coastal Antarctica (Roscoe et al., 2015), the threshold 

for polluted values varies throughout the year. For example, at the Neumayer Antarctic 

research station, polluted air is defined when aerosol concentrations are >2500 cm-3 

during summer, >800 cm-3
 
during spring/autumn and >400 cm-3

 
during winter (Weller et 

al., 2007). 

The results of this analysis are shown in Figure 4.3 which represent bivariate 

polar plots that depict how a particular variable varies with wind speed and wind direction 

(Carslaw et al., 2006) (details of the plots construction are given in the figure caption). 

Figure 4.3a shows that the highest CO2 standard deviations, and therefore the highest 

CO2 mole fraction variability, originate from the NWN in the direction of the station 

during spring, summer and winter. This is corroborated by the mean aerosol concentration 

depicted in Figure 4.3b. Figure 4.3b also demonstrates that high aerosol concentrations 

are observed from almost all directions and wind speeds during the summer (note the 

spread of green in the ñsummerò panel in Figure 4.3b). This is likely to be a combination 

of natural sources (Roscoe et al., 2015) and station pollution. The same panel in Figure 

4.3a, shows that the CO2 standard deviation can be high, depicting pollution when the 

laboratory is not downstream of the station but when wind speeds are low (<5 ms-1) as 

was described earlier from manual observations during the installation period. Figure 

4.3a also demonstrates how CO2 variability increases with increasing wind speed. It was 

observed at the time that this is likely due to the lab oscillating in the wind, and therefore 
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impacting the stability of the laser in the measurement cell as mentioned previously 

(Appendix B Figure 1.2).  

Following this analysis, I have decided to exclude data using the following 

criteria: when winds were derived from 290-360ę and/or when wind speeds were < 5 ms-

1 and/or when aerosol concentration were >2500 cm-3 during summer, >800 cm-3 during 

spring/autumn and >400 cm-3 during winter, adopting the method of filtering applied at 

Neumayer research station (Weller et al., 2007). A demonstration of the skill of the 

filtering technique to remove pollution events, yet still retain a large amount of data is 

shown in Figure 4.4.  

4.2.5. Curve fitting routines: ñCCGCRVò and ñHPsplineò 

There are three curve fitting routines that are typically used by the greenhouse gas 

community in order to decompose a time-series into its respective seasonal, trend and 

residual components. These are: ñCCGCRVò, ñHPsplineò and ñSTLò. For a fuller 

Figure 4.4. 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 the x-axis. Black points in all panels show the data that has been 

discarded. Top panel = CO2 (red points). Middle panel = ŭ(O2/N2) (blue points). Bottom panel = aerosol 

concentration (or condensation particulates (CP) (orange). CO2 and ŭ(O2/N2) axes are not scaled on a mole 

per mole basis as is often shown. Data are from the month of November 2016.  
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discussion as to the mechanisms behind each routine see Pickers and Manning (2015). 

However, I will briefly outline the concept behind each method here. However ñSTLò 

will not be discussed further due to its inability to deal with gaps in the data (see Pickers 

and Manning (2015)).  

CCGCRV is a curve fitting routine developed by Thoning et al. (1989) and is used 

extensively by the CCG/ESRL research group at NOAA. The routine fits a polynomial 

equation plus a harmonic function to the time series (Equation (4.1)): 
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(4.1) 

 

Where t is time in years, n is the number of polynomial terms, a0, a1é a(n-1) are 

coefficients of the fit, h represents the number of harmonics in the function, and mk and 

űk define the magnitude and phase of each sinusoidal component, respectively (Pickers 

and Manning, 2015). The residuals of the C (t) are then transferred from the time domain 

into the frequency domain using a Fast Fourier Transform (FFT), upon which a digital 

low pass filter is applied (Equation (4.2)) In doing this, regular variations within the time 

series, such as the seasonal cycle, can be identified since they vary with a defined 

frequency : 
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Where fc is the cut-off frequency of a low pass filter expressed in cycles yr-1(Pickers and 

Manning, 2015). The low pass filter has a 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 days (Thoning 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 days (Thoning et al., 1989). Once the filter 

has been applied and the respective components extracted, the residuals are transformed 

back into the time domain. The long term trend component 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 the long 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 the Fortran program ñStationfitò developed by 

Bacastow et al. (1985). It also fits the sum of a polynomial equation plus a harmonic 

function to the data, but instead of using a FFT to extract the respective components, a 

stiff cubic spline R(t) (Reinsch, 1967) is used to fit the data. The long term trend E (t) is 

determined by the polynomial fit and is firstly removed from the data (Equation (4.3)): 

 

 Ὁὸ  ὥ  ὥὸ ὥὸ Ễ ὥ ὸ  (4.3) 

 

Values are as above in Equation (4.1) (Pickers and Manning, 2015). The harmonic 

function S (t) is then fit to the data (Equation (4.4)): 
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Where S (t) the seasonal variation represented by a harmonic function; h, is the number 

of harmonics; t is the time in years, 2́k is the angular frequency, and xk and yk define the 

magnitude of the sinusoidal and cosine components of the curve (Pickers and Manning, 

2015). The function (1 + ɔt) S(t) is fit to the seasonal component, where ɔt is a time 

dependent gain factor, whilst the residuals of S (t) 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 data, P (t), is represented by Equation (4.5) (Keeling et al., 

1989): 

 

 ὖὸ  Ὁὸ ρ ‎ὸὛὸ Ὑὸ (4.5) 

 

4.2.5.1. Choice of routines 

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, 2015). With regards to the HBA ŭ(O2/N2), CO2 and APO data, the 
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purpose of the extraction is to estimate the seasonal cycle in each species from only one 

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

inflexibility in the curve fit, thus making it more insensitive to outliers that might be 

expected in such a short data set.  However, for this curve fitting routine to be successful, 

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

forwards (2017) and backwards (2015) with estimated growth and depletion rates (see 

Section 4.2.5.2) for CO2 and ŭ(O2/N2)  respectively (Appendix B Figure 1.3). I use a 3rd 

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 atmospheric CO2 seasonal 

cycle observed at HBA from NOAA flask sample measurements I opted to use CCGCRV. 

A fuller discussion behind this choice is discussed in the Results section. However, 

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

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

relatively stiff (Pickers and Manning, 2015).  

4.2.5.2. Extraction of seasonal cycles 

To estimate the growth rate in CO2, I compared my continuous data to the NOAA 

flask data for the previous year at Halley (Figure 4.5). The continuous data was first 

averaged to daily means ï to 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 assumptions: (1). the flask data and my continuous data are on the on the 

same CO2 scale, which they are (NOAA 2007x); (2). NOAA flask data and my continuous 

data agree to within ± 0.05 ppm to be within the WMO compatibility goals for the 

southern hemisphere. Unfortunately, this assumption cannot be validated until the NOAA 

flask data for 2016 has been analysed (which, at the timing of writing, had not). However, 

± 0.05 ppm represents < 2% of the current CO2 growth rate (2-3 ppm yr-1) and so will not 

impact the results significantly. Finally, (3). The mean growth rate over 2015 and 2016 is 
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maintained between 2016 and 2017. In reality, inter-annual variability in the CO2 growth 

rate is significant (Le Quéré et al., 2016).  

Using the method outlined above resulted in a mean growth rate of 3.27 ppm yr-1 

± 0.46 ppm. This is a high growth rate compared to the typical global mean (2.24 ± 0.48 

ppm yr-1; 2006-20167) However, it has been noted that due to the recent strong El Niño, 

the growth rate observed between 2015 and 2016 is the largest on record (Betts et al., 

2016). Whilst NOAA note high 2015 and 2016 growth rates and comment that this may 

continue in 20178. 

The small amplitude of the CO2 seasonal cycle in the southern hemisphere 

(Stephens et al., 2013) makes it sensitive to the to the assumed growth rate, since the 

magnitude of the growth rate is greater than the amplitude. Consequently, in order to test 

the sensitivity of the CO2 seasonal cycle to the assumed growth rate, I have applied two 

extra growth rates at using the 1ů standard deviation of the mean: 3.73 and 2.81 ppm yr- 1. 

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

8 http://www.noaa.gov/news/carbon-dioxide-levels-rose-at-record-pace-for-2nd-straight-year  

Figure 4.5. The atmospheric CO2 mole 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 research presented 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 data for the curve fitting 

routine described in the text.  

https://www.esrl.noaa.gov/gmd/ccgg/trends/gr
http://www.noaa.gov/news/carbon-dioxide-levels-rose-at-record-pace-for-2nd-straight-year
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The lower limit in particular is more comparable to the mean NOAA growth rate for the 

past decade and might therefore be more applicable.  

The ŭ(O2/N2) amplitude, on the other hand, is much less sensitive to the growth 

(or depletion) rate estimate than that for CO2. Typical Southern Ocean based monitoring 

stations observe seasonal ŭ(O2/N2) amplitudes of 70 to 90 per meg (Battle et al., 2006) 

and is therefore much larger than typical global growth rate for ŭ(O2/N2) (-19 per 

meg  yr- 1; SIO website9). 

ŭ(O2/N2) flask samples have been collected at HBA since 2014 by Harro Mejerôs 

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 

growth rate of ŭ(O2/N2) 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 rate, I took the mean difference between the 2016 HBA continuous 

data and the 2015 flask data for PSA. Again, this requires a few assumptions: firstly, that 

theyôre both on the same ŭ(O2/N2) scale, which they are: SIO S2 O2 scale. The largest 

assumption is that the ŭ(O2/N2) growth rate at PSA is representative of the Southern 

Ocean and therefore of the data at HBA. Given the well mixed nature Southern Ocean air 

this assumption is reasonable. On the other hand, one of the goals of establishing new 

observations in the region is to test this assumption. The final assumption, as it was for 

CO2, is that the ŭ(O2/N2) growth rate is constant between 2015, 2016 and 2017. Using 

this method, the assumed growth rate for ŭ(O2/N2) used at HBA is -21.4 per meg. This 

estimate appears to be reasonable, given the typical global growth rate is -19 per meg yr-

1 (see above). 

The replicated data and the results of the curve fit are shown in Figure 1.3, 

Appendix B, the standard deviation of the residuals: CO2 = ± 0.13 ppm, ŭ(O2/N2) = ± 5.4 

per meg and APO = ± 5.2 per meg.   

4.2.6. SIO O2 and NOAA CO2 flask data.  

The SIO O2 flask data were obtained from SIO O2 website5 and cover the period 

2000 to 2015 for the following stations: Palmer Station, Antarctica (PSA, 64Á46ǋS, 

64°05ǋW), South Pole Observatory (SPO, 89Á58ǋS, 24Á48ǋW) and Cape Grim Observatory 

(CGO, 40°42ǋS, 144°41ǋE).The samples are collected at approximately monthly intervals.   

                                                 
9 http://scrippso2.ucsd.edu  

http://scrippso2.ucsd.edu/
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The NOAA flask data were obtained from the ObsPack GLOBALVIEWplus v2.1 

package (ObsPack, 2016). The flask samples were collected approximately twice per 

week by BAS staff at HBA. 

Seasonal cycles were extracted from the data using the curve fitting routines 

described in Section 4.2.5, the particular choice of which is discussed in the results 

discussion (Section 4.3).  

4.2.7. Modelling tools 

4.2.7.1. CarbonTracker Europe 2016 

CarbonTracker is an ensemble data assimilation system that estimates surface CO2 

fluxes by assimilating global atmospheric observations of CO2 mole fractions. Originally 

developed by the National Oceanic and Atmospheric Administrationôs (NOAA) Earth 

System Research Laboratory (ESRL) (Peters et al., 2007; Peters et al., 2005), the model 

has been adapted for European carbon cycle research purposes (Peters et al., 2010) and 

has subsequently developed independently of the original NOAA/ESRL version (van der 

Laan-Luijkx et al., 2017). In this study, I use the most recent release of the European 

version of the model, CarbonTracker Europe 2016 (CTE2016, (Peters et al., 2010; van 

der Laan-Luijkx et al., 2017)) which provide optimised surface fluxes for the 2001-2015 

period. The optimized fluxes are subsequently run in forward mode to obtain simulated 

CO2 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 CO2 fluxes which are transported 

by the TM5 transport model (Krol et al., 2005) forced with ERA-interim meteorology 

from the European Centre for Medium-Range Weather Forecasting (ECMWF). The 

surface fluxes for the net biosphere and ocean exchange are optimized using an Ensemble 

Kalman smoother using atmospheric CO2 mole fraction observations. The result is a 

modelled CO2 flux (F) at a given location in time (x,y,t) given by Equation (4.6): 

 

 

Ὂὼȟώȟὸ  ‗Ȣ Ὂ ὼȟώȟὸ   ‗Ȣ Ὂ ὼȟώȟὸ  Ὂ ὼȟώȟὸ

 Ὂ ὼȟώȟὸ 

 

(4.6) 

 

The prior terrestrial biosphere (Fbio) and ocean (Foce) fluxes are derived from the 

respective ocean and biosphere models, and are scaled by an optimised scaling factor (‗r), 

whilst the emissions from fossil fuel (Ffossil) combustion and the biomass burning (Ffire) 
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are kept constant. The prior fluxes for each module are obtained from the following: ocean 

fluxes are derived from the ocean inversion of Jacobson et al. (2007); The biosphere and 

biomass burning fluxes are derived from the SiBCASA-GFED4 model (van der Velde et 

al., 2014) and the fossil fuel emissions are derived from the EDGAR4.2 Database (2011) 

with sector specific and time-profiles derived by the Institute for Energy Economics and 

the Rational Use of Energy (IER) from the University of Stuttgart and constructed for the 

CARBONES project10. The fossil fuel emissions are additionally scaled with different 

regional annual trends for each continent to global totals as used in the annual global 

carbon budget produced by the Global Carbon Project (GCP) (Le Quéré et al., 2016; van 

der Laan-Luijkx et al., 2017). The observations used in CTE2016 are from the ObsPack 

GLOBALVIEWplus v2.1 package (ObsPack, 2016). The model was run by Ingrid van 

der Laan-Luijkx 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. Ocean biogeochemistry models 

I have chosen two OCBMs that participated in phase 5 of the Coupled Model 

Inter-comparison Project (CMIP5) (Taylor et al., 2012) and that are known to perform 

well in the Southern Ocean (Nevison et al., 2016). I refer to these as MOM4 and CESM. 

MOM4 is version 4 (the most recent) of the NOAA Geophysical Fluid Dynamics 

Laboratoryôs Modular Ocean Model (Griffies et al., 2000) coupled to the TOPAZ 

biogeochemistry model (Dunne et al., 2013). In the Introduction to this chapter, I have 

reoffered to this model as ESM2G, however, in keeping with the naming convention of 

the model output provided to me (see below) I refer to it as MOM4. Whilst CESM is the 

current version of the NCAR Community Earth System Model (Long et al., 2013), which 

consists of version 2 of the POP physical oceanography model (Smith et al., 2010) 

coupled to the Biogeochemical Elemental cycling module of Doney et al. (1996).  

Air -sea fluxes of N2, O2 and CO2 from each of these models were then fed into 

the TM3 atmospheric transport model (Heimann, 2003). Heat fluxes were used to 

calculate the air-sea N2 fluxes (mol m-2 s-1) based on Equation (4.7): 
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10 http://www.carbones.eu/ 
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Whereby Q is the heat flux (J m-2 s-1), dS/dT is the temperature derivative of the 

N2 solubility coefficient (mol m-3 K-1) and Cp is the heat capacity of water (J m-3 K-1). 

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 winds (Kalnay et al., 1996). NCEP data 

have 6 hourly time resolution that are interpolated onto the 40-minute TM3 resolution. 

In addition to the ocean fluxes, gridded monthly estimates with 1° by 1° resolution 

of fossil fuel emissions are fed into TM3 from the Carbon Dioxide Information Analysis 

Center (CDIAC) (Boden, 2009). 

This analysis is similar to that of Nevison et al. (2016), except a different ATM is 

used, I focus on only two of the OCGM models that perform well in the Southern Ocean 

and finally, and perhaps most importantly, I have added HBA into the analysis, whose air 

mass footprint represents a sector of the Southern Ocean not covered by the other SIO 

stations Figure 4.2B (also see Figure 4.16 later) 

The model was run from 1991-2005 by Sara Mikaloff Fletcher in 2013. From her, 

I obtained the following output at HBA and the other Southern Ocean stations considered 

at a 40-minute values time resolution, in units of mol mol-1: Ocean O2, N2 and CO2 and 

fossil fuel CO2. I have converted these into APO values in per meg using the equations 

below (see Appendix of A Rödenbeck et al. (2008) for derivation) and assuming 

background mole fractions observed at SPO at the beginning of the model run Equation 

(4.8): 

 

 

 ὃὖὕ ὴὩὶ άὩὫ

Ȣ Ȣ
ρπ 

(4.8) 

 

 

Here, ocean O2, CO2 and N2 represent the ocean fluxes of these species, SO2 and SN2 are 

the observed dry air atmospheric mole fractions of O2 and N2, respectively, and ffCO2 

represents fossil fuel emission fluxes. 

Finally, I fit a curve consisting of a 3rd order polynomial plus the sum of the 4 

harmonics to each of the component fluxes and the resulting CO2, O2 and APO mole 
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fractions using the HPspline curve fitting routine (Section 4.2.5) in order to extract a mean 

climatological seasonal cycle to compare to observations.  

4.3. Results and discussion 

4.3.1. Seasonal CO2 variability at Halley (2001-2015): a modelling 

analysis 

In the following section, I will use a global CO2 data assimilation model 

(CarbonTracker Europe 2016 (CTE2016) (Peters et al., 2010; van der Laan-Luijkx et al., 

2017) (Section 4.2.7.1)) to investigate the following question: Which carbon cycle 

processes control the seasonal variability in CO2 observed at HBA and to what extent?  

4.3.1.1. Model-observation comparison 

I applied the CCGCRV curve fitting routine to the NOAA flask observations and 

to the CTE2016 output, using long and short term cut off values of 1500 and 150, 

respectively. The de-trended CTE2016 curve fit, along with the de-trended flask 

observations are shown in Figure 4.6. To evaluate the model performance I have 

examined two metrics, following Nevison et al. (2008a). Firstly, the correlation 

coefficient, R, between the model and 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 a two-tailed t-test assuming unequal 

variances. Secondly, the ratio of the 1ů standard deviation of the model and observations: 

ůmodel/ůobs is a 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 underestimate. Whether the model amplitude is significantly different (p < 

0.05) from the observed amplitude is determined by performing an F-test on the 

hypothesis that the ů2
model = ů

2
obs (see Nevison et al. (2008b) and references therein).  

Overall, the CTE2016 model performs very well at recreating the observed 

variability in the seasonal cycle at HBA between 2001 and 2015 (R = 0.95, p < 0.001, 

n = 5464; Figure 4.6A), with a mean model-observation residual of 0.14 ± 0.17 ppm. 

This is to be expected, since the model is optimised to the observations (van der Laan-

Luijkx et al., 2017). The mean model seasonal cycle for 2001-2015 (Figure 4.6B) is 

earlier in phase by almost one month and the amplitude is overestimated (ůmodel/ůobs = 

1.22). However, the model-observation differences are within the year to year variability 
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observed both in the model and observations (as depicted by the 1ů standard deviation of 

the monthly means used to compute the seasonal cycle). Moreover, the F-test stipulates 

that the ů2
model/ů

2
obs ratios must be < 0.53 or > 3.78 for the model and observation 

amplitude to be significantly different from each other. In this instance, ů2
model/ů

2
obs = 

1.42 and so is not significantly different (p < 0.05). The skill of the CTE2016 model at 

recreating the observed variability in the seasonal cycle therefore allows further 

investigation of the individual model components.  

The CTE2016 model estimated contributions to the seasonal cycle are shown in 

Figure 4.6C and again in Figure 4.7. The terrestrial biosphere component shows the 

strongest agreement with the total modelled cycle (R = 0.95, p < 0.001; ůbio/ůmodel = 1.08) 

with a concomitant peak in late austral winter (August), but with a trough in late austral 

summer/autumn (March-April) that lags the total modelled cycle by approximately one 

month. The one month phase lag is maintained at the upward and downward zero 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 (March-June; maximum in June) and a broad trough in spring/early summer 

(October-December; 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 (September-October) and a well-defined 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 (July-August) 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 that has an amplitude 

approximately 60% of that for the ocean (Figure 4.7B). Consequently, the sum of the 

fossil fuel and biomass burning contributions modifies the ocean contribution such that 

the combined trough (dark blue line, Figure 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 time as the ocean 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 modelled CO2 seasonal cycle at HBA appears to be largely 
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controlled by the terrestrial biosphere, particularly the amplitude. However, the timing of 

the UZC and DZC of the modelled CO2 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 magnitude of the late summer-early autumn ocean 

outgassing (terminating at the DZC) and the combined influence of ocean CO2 uptake 
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and the decrease in biomass burning and fossil emissions in the late spring-early summer 

(UZC).

Figure 4.6. A: De-trended NOAA flask observations (NOAA OBS) of CO2 at HBA (black points), de-

trended curve fit to the NOAA observations (black line) and de-trended curve fit to modelled CO2 from 

CTE2016 (red line). The x-axis represents the year of the observation 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 represents 1ů of the monthly mean of all years and 

hence represents real year to year variability.  The x-axis 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) to the modelled atmospheric CO2 seasonal cycle at HBA: Ocean (blue 

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 CCGRV curve fit to either the real or modelled 

data using the fitting parameters outlined in the text. 






















































































































































































































































































































































































