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Abstract. We present a ten-year (Jan 2007- Dec 2016) timessef continuous in situ measurements of
methane (Ck), carbon monoxide (CO) and nitrous oxide@) made by an in situ Fourier transform infra-red
trace gas and isotope analyser (FTIR) operatecdadér, New Zealand (45.04S, 169.68E, 370m AMSLn@®e
the longest continuous deployed operational FTI&eswy of this type, we are in an ideal position ¢éofgrm a
practical evaluation of multi-year performance bé tanalyser. The operational methodology, measureme
precision, reproducibility, accuracy and instrumestiability are reported.

We find the FTIR has a measurement repeatabilittheforder of 0.37 ppb (1-sigma standard deviatfon)
CHa, 0.31 ppb for CO and 0.12 ppb fop Regular target cylinder measurements providepaoducibility
estimate of 1.19 ppb for GHO.74 ppb for CO and 0.27 ppb fos® FTIR measurements are compared to co-
located ambient air flask samples acquired at Lagohee May 2009, which allows a long-term assessrog
the FTIR data set across annual and seasonal cdmposhanges. Comparing FTIR and co-located flask
measurements show that the bias (FTIR minus fliaskEH, of -1.02 ppb + 2.61 and CO of -0.43 ppb + 1.60 are
within the Global Atmospheric Watch (GAW) recommedccompatibility goals of 2 ppb. The® FTIR flask
bias of -0.01 ppb + 0.77 is within the GAW recommied compatibility goals of 0.1 ppb should be viewasda
serendipitous result due to the large standardatlewmi along with known systematic differences i th
measurement sets. Uncertainty budgets for eachagaslso constructed based upon instrument pregisio
reproducibility and accuracy. In the case ofsCsi/stematic uncertainty dominates whilst for C@ &kO it is

comparable to the random uncertainty component.

The long-term instrument stability, precision esttes and flask comparison results indicate the FIJHz and
CO time series meet the GAW compatibility recomnaimhs across multiple years of operation, (and
instrument changes), and is sufficient to captureual trends and seasonal cycles observed at Laulider
differences between FTIR and flaskONmeasurements need to be reconciled. Trend amalfshe ten-year
time series captures seasonal cycles, the secpieard trend of Chiand NO. The CH and CO time series
have the required precision and accuracy at adnglugh temporal resolution to be used in inversioadels in

a data sparse region of the world.
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1 Introduction

With the ubiquitous upward trend in anthropogenieeghouse gas emissions (Stocker et al., 2013g tier
increasing environmental and political impetus ¢éspond. Under Annex 1 of the United Nations Framiwo
Convention on Climate Change participating govemmsiare required to report annual greenhouse gasiem
inventories. There is an increasing need to vehfg bottom-up emission inventory approach with-tapvn
approaches (Weiss and Prinn, 2016; Leip et al.8R0A top-down approach is achieved by combining
atmospheric greenhouse gas concentration (molédnianeasurements and numerical atmospheric toansp
modeling so that surface flux estimates can berrede Such top-down approaches have already been
undertaken to quantify national surface flux ineeigs of the main greenhouse gases G, and NO) via
national surface in situ networks as in Peterd.€2807), Ganesan et al. (2015) and Henne eR@llg), or pan-
national inventories using international greenhagyese monitoring network databases (e.g. Cressalt,e2016;
Bergamaschi et al., 2015; Bergamaschi et al. 28h8; Pison et al., 2018). There is also a neednfmeased
coverage in the southern hemisphere (Thompson,20a4; Wells et al., 2015), which is relativelytalaparse
compared to the northern hemisphere.

The National Institute of Water and Atmosphere (M)A.auder atmospheric research station was estedalis
1961 for photometric observations of aurora airglemission. The site was selected due to its reltiv
cloudless skies unaffected by light pollution aadkl of air pollution. Such conditions also makaritideal site
for clean air trace gas observations. Atmosphesicet gas timeseries measurements started in thes198e
current research focuses are on greenhouse gamase aepletion and UV/visible radiation. Lauderais
founding station in the Network for the Detectidndmospheric Composition Change (NDACC), Total kax
Column Observing Network (TCCON) and GCOS (Glob&im@te Observing System) Reference Upper Air
Network (GRUAN) networks. It is also part of the d¢fine Surface Radiation Network (BSRN) and is the
primary New Zealand GAW station (GAW site ID: LAU).

The original reason for the establishment of greesh gas in situ measurements at Lauder were lvdfatst,
with the establishment of a TCCON site at Laude?004 (Wunch et al., 2011; Pollard et al., 2017yds an
initial requirement that sites have co-located hpgécision continuous surface in situ measureman@0O; and
CHa. This was to provide a priori surface concentratamnstraints for the TCCON total column dry mole
fraction retrievals and provide an independentneste of boundary layer GQand CH. Second, it was to
provide a complementary in situ measurement sitbabat Baring Head, New Zealand (41.41 S, 17E,895m
AMSL) (Brailsford et al., 2012) as a first stepanNew Zealand carbon monitoring network. Measurgme
from these two sites have been used in a regidnabspheric inversion method determining C$nks and

sources across New Zealand (Steinkamp et al., 2017)

A continuous in situ sampling system based uposetlocell Fourier transform mid infra-red spectrgsco
(Griffiths and de Haseth, 2007) was chosen. Théesyselected was designed and built at the Uniyeddi
Wollongong (UoW) (Griffith et al., 2012; called GIbm now on). The FTIR can measure Chcluding
isotopologues??C-CQ, *C-CQ, and '®0-CQ, independently), CH N.O and CO dry mole fractions

simultaneously with precision approaching and/oceexiing the GAW recommended compatibility goals
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(GAW,2016). Measurements 0b®, CO and*C-CQ;, in addition to CQand CH, have several benefits &€-
CQO; and CO provide additional information concernirgbon cycle source and sink attribution (van deldg'e
et al., 2018; Oney et al., 2018).MI measurements in conjunction with £@easurements allow estimation of
surface NO flux emissions (Kelliher et al. 2002; Laubachakf 2016) which is pertinent given New Zealand’s
greenhouse gas emissions profile (MfE, 2017).

The Lauder FTIR was one of the first generatiorswth UoW FTIR systems using the Bruker IRcube FTIR
spectrometer (Bruker Optics, Germany). The LaudEiRFis of the same vintage as those deployed at the
Darwin TCCON site (Deutscher et al2010a), Cape Gi@niffith et al., 2011), University of Wollongong
(Buchholz et al., 2016) and similar to the systeperated at the University of Heidelberg Institur fu
Umweltphysik (IUP, Hammer et al., 2013a; called Hi@m now on). In 2013 the UoW FTIR system was
commercialized, in a joint venture between UoW dfmbtech (Australia) and marketed under the name

Spectronus.

Previous work has characterized performance aralglality of the UoW FTIR systems on time scalegyitag
from short lived field campaigns and up to 4 ye&t$3 provided an extensive performance evaluatfoth®
IUP FTIR in laboratory and campaign-based studiesr @ period of 8 months. Comparison of the FTIR
performance to other in situ instrumentation ha® deen conducted in Griffith et al. (2011), Hamreeal.
(2013b), Vardag et al. (2014), and Lebegue eR8l1§). CO performance has only been evaluated Bfjtset

al. (2011), with inconclusive results due to vagaltO amounts in the calibration tank resultingpioor
accuracy. In all these studies £hhean differences were within the GAW compatibililgcommendations,
whereas for C@ and NO differences were overall marginally higher thdwe recommendations. Only in
Lebegue et al. (2016) was the FTIR operated fogdorthan a year. The Lauder FTIR was part of a GAW
quality assurance strategy performance audit usinglling standards (Zellweger et al., 2016) inichhit was

the only FTIR. The audit results show the FTIR C&hd CH measurements to be comparable to other
measurement types {8 and CO were not assessed). Other studies havenshe durability and reliability of
the FTIR during field campaigns (Deutscher et2010b; Laubach et al. 2016; Sonderfeld et al., 2017

Despite this promising work, questions remain comog FTIR performance and stability over longendi
periods, such as multiple years to decades. Prmtebility over such periods is required if thelRTis to be
deployed as part of long term monitoring netwotksidies by Buchholz et al. (2016) and Té et alLl@®oth
use data from the two FTIRs operated at UoW wittombined duration of 3.3 years. The longest contisu
FTIR temporal dataset published to date is 4 yiedength (Vardag et al.,2016).

In this study we investigate the Lauder FTIR4BO and NO precision, repeatability, and accuracy over 10
years of operation. We also comment on the reitghiif the FTIR, looking at more day-to-day opeoatl
issues than previous studies, such as regular emainte, instrument failures and areas for potential

improvement.
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The FTIR measurements are then compared to coelbdlaisk air sample measurements, which were fadito
provide a cost effective independent data set. Btiptime series analysis is performed to prowaeestimate
of the annual trend and seasonal cycles and tatascé the FTIR can observe such atmospheric ghamn
such time scales. Investigation into the FTIR .Cahd §*3C-CO, measurement performance along with
comparisons to co-located independent,Steinkamp et al., 2017) ani’C-CO, measurements will be

reported in a separate study.

In sections 2 and 3 we describe the Lauder atmospresearch station and the in situ instrumentasib the
site. Section 4 details the air inlet sampling eystcommon to all in situ sampling instrumentsSkct. 5 we
introduce the FTIR, describe significant upgradethe instrument and issues associated with itsatipe. We
assess the long-term stability of precision andiey, along with calibration methods. Uncertaibtylgets are
also constructed. In Sect. 6 we detail the Lautimkfsampling program and then compare the FTIRagk

measurements in Sect. 7. In Sect. 8 we perforrmplsitrend analysis on calibrated FTIR air sampie daken
in so called ‘baseline’ conditions and deduce ahiveads and seasonal cycle for each species. ¢h Seve

offer a concise summary of the work undertaken.

2. Site location

The Lauder atmospheric research station (45.838%9.684€, 370 MASL) is in Central Otago, South Island
of New Zealand (see Fig. 1). A description of tleography of the site and surrounding region is miire
Steinkamp et al. (2017) and Pollard et al. (20T station is located in a broad valley surrourioegastural
farmland with low stock density, with no nearby uistrial emission sources. Clear skies, low viewhiogizon
geometry and lack of air pollution were the oridireasons for the site selection. The nearest té\exandra,
is 35 km to the south and has a population of apprately 5300. The climate is considered semi-atdl
continental. Westerly winds dominate the wind flowver the South Island of New Zealand. At Lauder,
predominant moderate breezes (greater than'y are from the west, whilst nocturnal light breeaes mainly
from the north-east, down valley. Lauder air higtoraps calculated from back trajectory analysigi(kamp,
et al. 2017) show that much of the sampled airigigs (since last boundary layer contact) fromwirest coast
of the South Island, a heavily native forested argiAll these conditions make Lauder an ideal siteake

baseline measurements (baseline conditions ameedieAippendix D).

3. Instrumentation

In situ ground level greenhouse gas measuremeanttedstat Lauder in August 2006 with the installatand
commissioning of the FTIR. This was followed bytaittion of a NDIR Licor-7000 instrument in Jun@(B to
provide CQ comparison measurements (Steinkamp et al., 2@4fask sampling system was added in May
2009. Flask air sample analysis provides cost-gffiedindependent measurements of L8O and NO, and
additionally provides another independent in sit®@,Gnd §*°C-CQ, data set. It is planned that all three
measurement systems continue to operate in panaltelthe foreseeable future. A description of #ieinlet
system, FTIR and the flask sampling system willgheen in the next three sections. A set of metemichl
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sensors were added to the in situ sampling maSeptember 2008 to provide wind, temperature andiditym
measurements at different heights. Prior to thistewrological data from the Lauder NIWA climatetista was
used, located 90 metres from the mast. The inssitapling instruments are housed in a temperaturgaiied
building (see Fig. 1b). The 10-metre-high in siunpling mast is located 33 metres to the nortthefiuilding
to minimise the impact of southerly wind flow didtance.

4. Air inlet sampling system

A detailed description of the current air inletteys and meteorological sensors can be found in AgigeA of
Steinkamp et al., (2017). The original air sampliygtem consisted of 60 metres of 3/8 inch copgaing, 30
metres of which was underground. The inlet on tbffhe sampling mast was connected directly to thERFA
moisture trap was located at the base of the samptiast. With the installation of the Licor-7000Jimne 2008,
a 4-port manifold and roughing pump were addeds thath instruments use a common sampling line. tiith
system air is drawn from the 10-metre inlet heighta rate of 10-15 Lmih Residence time is approx. 35
seconds. Manifold pressure is typically 40 hPawedtmospheric pressure. Manifold pressure is mogtovith
an analogue mechanical vacuum gauge. Four ¥ iaghleds steel (SS) tubes are welded perpendicultret
main body of the manifold providing connection geifor sampling systems, each with a terminatinigjbant
valve. Swagelok components and joins are used ghrout. Short lengths of polytetrafluoroethylend FE,
aka Teflon) tubing are used to connect instrumantie manifold to electrically isolate them frohetmast to
minimise potential lightning strike damage. The peptubing was replaced with 3/8 in SS tubing irvélober
2012. This tubing is all above ground. It shouldna¢ed that the air inlet delivery system doesdrgtthe air,
this is done on an instrument by instrument basiask sampling system was installed in May 2008th all
three in situ instruments connected to the manifioédtotal maximum draw is 8.1 Lmir(3.5 Lmin® FTIR, 2.6
Lmin? Licor-7000 and 2.0 Lmih flask sampling). This combined instrument draweiss than the manifold
flow. Instrument cross sampling is not a concern.

The air sampling line is checked for leaks everyménths, taking approx. 2 hours. During this time
measurements are suspended. The line is visualbeated then capped and pressurised with dry eitrtm 300
psig to help locate any leaks. The moisture trapebase of the mast is emptied (approx. 1-5 hg mast is
lowered, and the inlet coarse filter cleaned. Tietewmrological sensors are also attended to. The-&od and
sample line roughing pumps are tested weekly amdppdiaphragms visually inspected every 6 monthtorA

diaphragm is the most common cause of failure.

5. FTIR

In this section we outline of how the FTIR worksutine operation, calibration procedures and détaitument
upgrades over time. Long term FTIR performance rigdability, accuracy, precision and repeatabilisy

evaluated.

The Lauder FTIR is based on FTIR systems describe@riffith et al. (2011), G12 and H13. A complete
description can be found in these references. & tha second FTIR built at the University of Wobiomg
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(UoW) chemistry department using the Bruker IRcubvéh a thermoelectrically cooled mercury cadmium
telluride (HgCdTe)detector. These components supplanted a previolR Bystem based upon a Bomem
MB100 (ABB Bomem, Canada) interferometer and a Hi€detector cooled with liquid nitrogen (Esler et a
2000). These changes made the FTIR more reliablth l@ss operator intervention, and with greater
measurement precision. Many significant changebatalware, data acquisition and spectral procedsavg

happened during instrument deployment at Laudet tlaese are described in detail in the followingtises.

5.1 Hardware

The FTIR analyser was originally installed in l#&tegust 2006 followed by a 4-month commissioning ggha
which acceptance testing was performed along wigtinihg in instrument operation and data analysis.
Continuous air sample measurements started in dard@®7. Since installation, the FTIR has undeegon
several improvements in both hardware and softwignee that time. We first describe the original figuration
and those components which have not changed, tleeenental improvements over the 10 years of ojperat
(Jan 2007- Dec 2016).

The unchanging core of the FTIR analyser consifta 8ruker IRcube interferometer (GaBeam splitter,
resolution 1.0 cm) coupled to a 3.5 L glass multi-pass White cef-@%, Infrared Analysis, USA). The IRcube
has an internal globar, mid infrared radiation fratmich passes through the cell traversing an olppath of 24
metres. A thermoelectrically cooled HgCdTe dete¢i@ledyne Judson Technologies, USA) measures Rid-I
radiation over the wavenumber range 1750-675¢.dmterferogram acquisition and spectrum calcutati®
performed through Bruker’s proprietary acquisitsmitware, OPUS, and the analyser’s data acquisstidtware
(described below). The IRcube and cell transfeiceps continually purged with dry nitrogen (100 miin?) to

displace the relatively humid room air and prevauitd-up of CO in the optical path outside the cell

The FTIR enclosure is thermostatically controlledth a manual set point at 34@. Cell temperature was
originally monitored with a LM335 integrated cirt@ensor attached to the outside of the cell (usoi 0.1
°C), later replaced with an in-cell RTD sensor ascdbed further below. The cell pressure is meabwi¢h a
piezo transducer (model series 902, MKS InstrumeltSA, resolution 0.13 hPa). The measured cell
temperature and pressure are used in quantitgtieetral analysis, and in the subsequent conversiahe

retrieved concentrations to mole fractions.

A schematic of the initial FTIR gas handling systsnpresented in Fig. 2a. The gas handling systelnets
gas to the cell from one of four software-sele@abhblet valves, two of which were passed througtiryng
system as described below, and two of which wedgied by the analyser. Originally, there were tirdirgputs,
the air sample line and a working standard (WS)ctvhis used as part of the calibration procedure¢argjet
cylinder (TC) was later added to provide a meanstmitor FTIR reproducibility and accuracy. Air sples
passed through the drying system whilst WS andai® &ir remained undried by the analyser (both W&TC
are dried at the point of collection). Dual stagestific regulators (model 1-SS30-590-D4T, Scotrkh Inc.,
USA) provide a step down from the cylinder presafr2000 psig to a stable low side pressure irrdinge of 5-
20 psig.
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Electronically actuated solenoid valves (Models 3816014, Burkert, Germany) controlled by the FTdRta
acquisition software allow manipulation of gas flawd delivery. Air samples are dried using a 24riNafion
dryer (model MD-070, Permapure, USA) in series witle chemical desiccant anhydrous magnesium
perchlorate (Mg(ClG)2). The backflush for the Nafion dryer was providsdthe (dried) sample air exiting from
the measurement cell at reduced pressure. Air ssngre dehydrated to less than 20 ppm. Cylindersgasre
not dried. All gases pass through a 7 pum partieufdter prior to reaching the White cell. A vacuymmmp
(model MV2NT, Vacuubrand, Germany) at the exit e tell and Nafion backflush provides the required
pressure gradient to allow gas flow, to evacuagectll for spectrum background measurement andawide

the Nafion dryer backflush.

Measurements are taken in two modes of operati@tic snode and flow mode. In static mode, the ll
evacuated then filled with gas to a defined pressOie cell is then closed, and spectral measursnaea made.
In flow mode, gas is continually drawn through tedl at a set flow rate whilst spectral measuremané made.
In the initial instrument configuration, in flow rde the flow rate was controlled by a manual setlleeealve
located downstream of the cell and the flow rats wenitored by a mass flow meter (model 820 seBasyra
instruments, USA). In flow mode the cell pressune #ow are not independent. Reducing the flow éased
cell pressure and vice versa. The cell pressurealgasproportional to the input delivery pressuneaddition,
the magnesium perchlorate solidifies over time ks desiccant dehumidifies gas reducing both flow an
pressure in the cell. There is a slow constant ghan cell pressure and flow. Due to the air samgpli
configuration at Lauder sample air is measuredaw fmode. Cell pressure is in direct proportiorthe inlet
manifold pressure which in turn is proportional aamospheric pressure. Cylinder gas measurements are
conducted in static mode to reduce gas consumpfio®.static mode cell pressure set point is altateegular
intervals to be similar to cell pressure during peemair measurements. This is done to reduce ralsjgressure
sensitivity (RPS) (detailed in Sect. 5.7.1).

The data acquisition system is the same as thatided in G12. The entire analyser is controlledtms/ custom
coded software (‘Oscar’, V9.1.8) developed at tt@AU Oscar is written in Visual Basic 6. It schedutae

measurements, gas input selection, operates thenayadling valves, logs instrument parameters (press
temperature, and flow) and interacts with OPUS.aDsdso actuates the spectral retrieval analystsvare to

perform real time processing after each measurendatails about the spectral retrieval softwaregiven in

Sect. 5.6.

5.2 Significant instrument changes

There have been continual improvements to the FAMR air inlet systems over the working lifetimetbé
instrument at Lauder, some of which have been pamaited into the current commercial design. Therages
have all lead to an improvement in cell temperatanel pressure stability. The main improvements were
replacing the external cell temperature sensor witfigh-resolution sensor located inside the aaflependent
control of cell pressure and flow rate, reroutiffgrdernal tubing so that cylinder gas and air slmpre all
treated equally and dried, and lastly, a front-padhp to deliver sample air at a constant pressure.
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5.2.1 Monitoring cell temperature

Cell temperature was originally monitored using emsor based upon a generic LM335 integrated circuit
attached to the outside of the cell. It had a resmi of 0.1 °C. This approach assumes that thereat cell wall
temperature is the same as the gas in the celltrendell wall is unaffected by the temperaturehef FTIR
enclosure. Alone, the coarse resolution of the LMB®&roduces a non-insignificant uncertainty in te&ieved
N2O dry mole fraction of approx. 0.1 ppb at 320 ppib typical cell pressure and temperature) but less
significant for CO (approx. 0.02 ppb at 60 ppb) &td; (approx. 0.6 ppb at 1800 ppb). In September 2810,
PT100 resistance thermometer detector (RTD) wasted into the cell to measure gas temperaturérvihe
PT100 is coupled to a PR4114 universal transmi®R Electronics, Denmark) providing a temperature
resolution of 0.002 °C. This allows a more precisd responsive direct measurement of the gas temoperin

the cell.

Figure 3 clearly shows a change in recorded cetipegature when the sensors were swapped in Septembe
2010. There is a significant bias (approx. 1.3 B&ween the two temperature measurements. Thistiefn
concern as the bias is systematic and compensatedufing the calibration process. The 1-sigma dsaagh
deviation () in the PT100 is 0.05 °C compared to 0.3 °C fer tiM335. The PT100 is more stable and less
susceptible to changes to FTIR enclosure temperdituctuations and more indicative of cell gas temagure.

As part of the April 2013 upgrade the invitro PT28s replaced with a Type-J thermocouple. Evenghdhe

thermocouple has a faster response time, no stgnifichanges in temperature precision were seen.

5.2.2 Independent control of cell pressure and flowate

In the initial instrument configuration, in flow rde cell pressure and gas rate flow are coupletiatcatjusting
one affects the other. Control of either was by maadjustment of the needle valve located dowasitref the
cell (Fig. 2a). The cell pressure during samplenaéasurements is dependent on the air inlet systanifold
pressure which in turn is proportional to atmospgh@ressure. As the desiccant solidified it alsosed a
reduction in both cell pressure and flow. Continadjustment was required to keep both cell presandeflow
within a given range. More importantly, since th&\g measured in static mode, and the cell fileed defined
pressure, there was always a difference betweepleaair and calibration gas pressures. Differengeso 50

hPa were common.

The solution to decoupling cell pressure and flowt aroviding cell pressure stability was to repléoe needle
valve and mass flow meter with two mass flow cdfgre (MFC, Model 3660, Kofloc, Japan). One MFC was
installed upstream of the cell and the other doreash, as shown in Fig. 2b. The upstream MFC cotia
flow rate through the cell, whilst the downstreanF® is constantly adjusted via a Proportional-Inaégr
Differential control loop to maintain constant cptessure. The upgrades also correct for the rieduirt flow
and pressure due to the desiccant solidifying. @alssure and flow rate can be set independeraaif ether.
The upgrade was done in April 2013. The effecthi$ thange is seen in Fig. 4a. Prior to the upgthde
standard deviation in cell pressure and flow weehBa and 0.03 Lmihrespectively. After the upgrade cell
pressure and flow standard deviations were 0.0@lan® 0.005 Lmih. There is also a significant reduction in
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sample air cell pressure and calibration gas cequre bias (Fig. 4b). The bias reduces to 0.@2 f&Bulting in
a negligible pressure residual cross sensitivityemdion (see Sect. 5.7 for more details).

5.2.3 Inlet port reconfiguration

During the April 2013 upgrade the inlet port linesre reconfigured so that all four inlet lines agriivalent and
pass through the internal drying system (Fig. s allows cylinder gas to be dehydrated to allegeal to
that of the air samples. Prior to this change,aswssumed cylinder gas was pre-dried, or an extdrging
system was required. Differences in water contemt introduce measurement bias, such as encountered
Zellweger et al. (2010).

A 16-port multi-position valve (model EMTSD16MWE,alo, USA) was added in June 2015. This allows
multiple cylinders to be attached to a single asedynlet. Whilst not directly affecting the FTIRformance, it
takes less time to measure multiple cylinders wittaetaching any tanks. The FTIR data acquisitoitware

has modules to control Valco multi-valve operation.

5.2.4 Addition of a front-end pump to provide a stale inlet pressure

A FTIR front-end pump was added in September 2@1i8.placed between the air sampling inlet mauifahd
the FTIR inlet ports (Fig. 2b). The purpose of frent-end pump is two-fold, to provide additionansple
delivery pressure stability and to increase cedispure above that deliverable by the air inlet $iagpsystem.
The front-end pump consists of a diaphragm pumpdéhb86KNE, KNF Neuberger, Germany) followed by an
atmospheric bypass dump. The bypass has a neddéearad poppet check valve (model SS4CA-3, Swagelok
USA) attached in series. The front-end pump and=tH& downstream MFC together effectively act asrdet
pressure controller. The needle valve providesaseinlet pressure setting which is then finedseithe cell
pressure set point via FTIR MFC control. The poppleéck valve is a safety precaution to avoid over
pressurising the cell. The front-end pump drawsparair from the manifold at 3.5 Lmin most of the sample
air exits via the bypass, while a constant inpetspure is provided to the inlet (approx. 1200-18B@). Such
inlet pressure control was also employed by H18gisin electronic pressure controller. With the femt-end
system, cell pressure is set to 1100 hPa for anpka measurements (standard operation conditiofisbei
described in the next section). Operating with B peessure above atmospheric pressure providegieos
pressure making leak detection easier and minimfsesffects of any leaks. The signal to noiseoré8NR)
also increases due to increased absorption. Tha-éred pump pressure setting is monitored (andifset

necessary) every 2-3 months during as part ofébelar maintenance schedule.

5.3 Standard operating conditions

Overall, routine operation of the FTIR has remaimedy much unchanged since measurements starteitst\Wh
upgrades have contributed to changes in operatmgegures, the underlying instrument set up has b&ble.
The FTIR is configured to continuously measuresaimples interspersed with regular cylinder measenésn
for calibration and quality assurance. This is ofithe simplest FTIR configurations the FTIR candeployed

in (other deployment configurations are describe@12).
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Air sample measurements are taken in flow modeisAitrawn into the White cell at 0.5 Lmimt the defined
pressure (originally 870 hPa, then 1100 hPa dfierdpril 2013 upgrades). At a rate of 0.5 Lrhiand with the
White cell volume of 3.5 L, the e-folding time (Vdierlich et al., 2010) is approx. 7 minutes, mearsieguential
flow mode sample measurements (10-minute averageshot completely independent of each other. FTIR
temperature is stabilised at 34.0 °C + 0.2. Thedraanit has a duty cycle of approx. 40%.

The spectra acquisition settings have remainedteneal over the entire period. Spectra acquisitiomsists of
721 coadded scans averaged over 9.5 minutes. éditrepare taken with a resolution of 1.0-cand with an
aperture of 1.5 mm. The effective field of view2ik.7 mrad (full angle). The Happ-Genzel apodizafiorction

is applied to the collected interferogram with arddephase correction. The spectra also exhibit metalon
channelling of approx. 0.005% signal strength witheriod of approx. 5 ¢ The channelling is stable in both
period and amplitude and is inconsequential, bobted feature that should be diagnosed in each FTie
resulting spectra have an SNR of the order of 1500ID0.

Real time quantitative spectral analysis occursragach spectrum collection (details in Sect. 5I8)s takes
approx. 30 seconds, giving an overall collectiod anocessing time of just under 10 minutes resglim144
measurements per day (if no calibrations are pedd). Scheduling is organised into 30-minute cydiesnce
three 10-minute sample measurements per cycleh §sectrum is saved with a unique filename andehkelts
of the spectral analysis are added to a daily suwiiila. The results are also displayed in realetifnpdated
every 10 minutes). Whilst the displayed resultshef spectral analysis are not calibrated they arexiremely

useful diagnostic.

Up until February 2014 calibrations were perforngadly. The calibration procedure consists of twatpa
background spectrum collection followed by WS measients. WS spectra acquisition parameters ar¢icdén

to that used in sample air measurements. A backdrspectrum is measured after evacuating theaeipprox.

1 hPa, or until 180 seconds has passed, whicheveathed first. The background spectrum is theéppsid of
remnant water absorption features (explained ineagix B). During the 9.5-minute background spectrum
acquisition sample air is continuously drawn thiodlge FTIR system via bypass tubing. This flow letre
sample desiccated and at a stable temperature.adtpeired background spectrum is subsequently used t
produce both sample and calibration transmissiectsa.

On completion of background spectrum measuremeat\WWS tank is measured in static mode. Static n®de
used to reduce gas consumption as each cell &8 approx. 3.5 L of gas. Prior to WS tank measun¢ithe cell

is flushed with 200 hPa of WS gas then the calkisvacuated to 1 hPa and filled to the prescriiyedsure set
point. Filling takes approx. 60 seconds. A latepeyiod of 60 seconds after filling allows the qaléssure and
temperature to stabilise reducing the effects efrttodynamic disequilibrium (H13) after which speactare
acquired, saved, analysed and results written dailg file. A single 10-minute WS spectrum is aagegdi and
analysed. The resulting data are then used ingrosessing calibration procedures. The entire ctiitn cycle

(background and WS measurements) takes approxir2igs, fitting into the 30-minute cycle block.

10
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Sample measurements resume after the calibratioe cé&ll is evacuated, flushed with sample air tiilerd to
the prescribed pressure set point and allowed ttte agsing the same procedure as in the WS measumtsm
Flow mode is then activated, and sample spectraegaired. The first spectrum acquired after catibn is
filtered out of the final processed dataset asviager content is greater than normal due to thestdl not

reaching moisture equilibrium.

TC measurements are conducted in the same mank¢s aseasurements, except a background spectruat is n
taken. When daily TC measurements started thereamasluction in sample collection time by anothér 3
minutes. Overall, in each 24-hour period 1.5 howese used in calibrations activities. Calibrationsre
scheduled to be performed at 2am to avoid interfeviith daytime sample collection. Under this cadtion
regime it took approx. 1.5 years before the WS B@dtanks reached a pressure of 500 psig. At 509, pise
tanks are replaced.

The FTIR upgrade in April 2013 allowed significasitanges in the calibration procedure. In Febru@d4?2 a
new calibration procedure was constructed to aflow mode calibration and TC measurements everykwee
The change from daily to weekly calibrations ishiitthe recommendations of H13. Flow mode calibrei
aligns the tank measurement procedure with thaira§ample measurements. Background spectrum dtoouis
remains unaltered, after that the evacuated celhésa filled with tank gas to 1100mb over a perafd420
seconds. A latency period of 300 seconds followe @ombined slower fill rate and longer settlingeiallows
cell temperature and pressure to stabilise withgaificant reduction in thermodynamic disequilibmu The
effect of thermodynamic disequilibrium has minimaipact on CH, CO and NO spectral analysis but
significant for CQ. Once the cell is filled, tank gas flows at a rafe0.5 Lmin' during which spectra
measurements are taken. Four 10-minute spectreolieeted. The first is not used, effectively allog another
10 minutes for the FTIR to stabilise. The entirBbeation process takes 1.5 hours using approxt. 84WS gas
which is equivalent usage to a week of daily staimde calibration measurements. Also, collectiorihoée
sequential WS tank measurements (compared to #wops single static mode measurement) allows redidn
reproducibility to be assessed. TC measuremestslao conducted every week in flow mode. This sade

additional 1 hour making a total of 2.5 hours peelvfor calibration and quality assurance checks.

In this configuration the FTIR can operate autonosty for a week. User intervention is required eaelek to
start the combined WS and TC calibration measurérseimedule, then once completed to restart rowtine
sample line measurements. Extended periods of atimmare possible (such as at remote unmannes) sitth
a different measurement schedule but given thaFTH® is located on-site and accessible, regulacks and

intervention are not an issue.

5.4 Routine maintenance

Like all instruments, regular maintenance is reggiiand is essential for optimum performance. Wes Hiaund

that regular maintenance is minimal and have hdyl@me component failure over the decade of opamafl he

11
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most common interruption to measurements is regtémj consumables. In this section we describeimaut

maintenance tasks.

5.4.1 Nitrogen purge

5 Dry nitrogen to purge the IRcube and cell transfgtics is used at a rate of approx. 100 mL ‘ifihe dry
nitrogen cylinders (2000 psig) last 6-8 weeks. @jdir changeover takes less than 5 minutes and e€an b
completed without the need to interrupt measuresnelnt the original configurationNlow was controlled with
a needle valve and monitored with a rotameter (mB&e2000, Brooks Instrument, USA), giving coarkenf
control. An MFC (model 80SD-5, McMillan, USA) waisen installed in February 2015 providing bettemfl

10  control and gas management.

5.4.2 Chemical desiccant replenishment

Symptoms of reduced moisture absorption by thecdast is an increase in,8 in the cell and prior to the
decoupling of cell flow and pressure, a reductionbbth flow and pressure as the desiccant soldifie
standard operating conditions®in the cell is less than 10 ppm (Fig. 5a). A ké&ppm (or greater) over the

15 course of a week is indication that the desicca®ds replacing. The chemical desiccant is replavedy 3
months. The initial desiccant cartridge consisteBrierite (calcium sulphate impregnated with calwddloride,
60 g) and granular magnesium perchlorate (60 ggiies separated by glass wool. The upstream frigds to
provide a visual indicator when to replenish theicieant. We found that the8 concentration from the
spectral analysis was a considerable better irmlicMagnesium perchlorate is now the sole chendealccant

20 used and 60 grams is still sufficient. Doubling #mount of desiccant did not increase the cartridgeéme as
one of the limiting factors is the cartridge cresstional area.

Changing the desiccant requires removal of theidge from the FTIR. The cartridge is attachedhe ETIR
via quick release fittings (model QC-4, SwagelokSA). After cartridge replenishment and reinstatlati
25  moisture levels of 50 ppm (or greater) are predeetto inherent moisture in the replenished cagéri(Hue to
being exposed to humid laboratory air) and assediaibing. It takes approx. 5 days for the celiltp to less
than 10 ppm (Fig. 5b). As the cell dries out wiefilbbut data where calibration and sample measursnhave a
difference in HO content greater than 10 ppm. This is a consgevaipproach with approx. 5 days of data
every 3 months not used. As a technical aide, gukhbe noted that the downstream cartridge fitieter
30 element accumulates powdered magnesium perchietdtdh over time solidifies and reduces flow. Thetei

element is cleaned each time the cartridge is cedla

5.4.3 Pressure sensor calibration

Every 3 months (to coincide with chemical desiccamlenishment) the cell pressure sensor is tested,if
35 needed it is recalibrated. We found this necesaarguring the initial installation and commissianiperiod
(August - December 2006) the sensor was 3.6 hPaigto Whilst a pressure offset would be commobdth
calibration and sample measurements, and effegtneshcelled out during the calibration processaecurate

12
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cell pressure reading is preferable. Routine chéakshot start until mid-2012; up until then it wésrongly)
assumed that sensor calibration would hold, ang spbradic checks were performed. The routine press
sensor checks show that sensor drift can be uph®a2over a 2-month period, and as high as 4 hRa,a03-
year period (Fig. 6). We do not know the causéhefdrift.

Both the pressure sensor span and offset are ahedeg independent pressure sensors. To checkTite
pressure sensor offset a capacitance manometere(nk2PBA Baratron®, MKS instruments, USA) is
connected to the exit port of the cell, then thi iseevacuated to < 1 hPa. The FTIR pressure seuffeet is
adjusted to get agreement. To check the spancdligs then filled and allowed to equalise at aspiweric
pressure. The cell pressure is then compared texternal independent pressure sensor (model PTB110,
Vaisala, Finland) located next to the FTIR. The Fressure sensor span is adjusted to get agreeBwtht
external pressure sensors have traceability recardhie NIWA metrology standards. For the majoritfy
comparisons, the offset was the only adjustmentired. We recommend that FTIR systems using the MKS

Series 902 pressure sensor are checked regularly.

5.4.4 IRcube metrology laser replacement and inteal globar.

The IRcube has an internal single mode 0.84 mW r@8&3helium—neon (HeNe) laser to provide an accurate
measurement of scanner arm displacement cruciabtienferogram acquisition. The HeNe laser is ¢feesbas a
consumable as it has a finite lifetime hence reptant is regarded as a routine but infrequent raantce
issue. There have been three laser replacementstm/d 0-year period due to laser failure, in OetoB009,
April 2011 and July 2013. In all three cases, thelacement laser was a Melles Griot 05-LHP-211dthér
compatible products could be used (e.g. Lasos L664P, Lumentum 1107P). A proactive approach isipless
by replacing the laser before it fails. This is teeommended approach but must be balanced witm¢hered

extra expense.

Installation of a new laser is straight forwardséapointing is adjusted to maximise laser sigtraihgth whilst
also maximising interferogram signal strength andimmsing interferogram asymmetry. Diagnostic tofds

laser alignment are provided as part of the OPUtSvace. Installation and alignment takes less tBdwours.

The internal MIR globar (12V, 20W) has a designdtedory life time of approx. 5 years (44,000 hQu#ster
10 years of continual operation the globar hasbeen replaced. The reduction in signal level (F&).could be
a sign of a diminishing globar output, but as we se degradation in spectra SNR we have decidedonot

replace it.

5.5 Interferometer performance

There has been no published long-term performavakei&ion of the Bruker IRcube as part of the FEiRtem.
Assessing the quality of the acquired interferograand associated spectra assists in diagnosissofiinent

issues. Changes in spectral SNR and/or instrumeetdhape (ILS) degradation will propagate throtgh

13
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spectral analysis, hence retrieved cell gas dryenfiictions. Since changes in the IRcube will dguaffect
both sample and calibration spectra acquisitios ctilibration procedure will mitigate such effedtst will also
mask them, thus only by looking at the raw datd wi¢ be able to assess instrument spectral acguisit

performance.

For such diagnostic purposes, WS tank interferogaah spectra signal levels, SNR and ILS parameters
calculated. These are displayed in Fig. 7. Overlih years of operation, the interferogram zerb péference
(ZPD) intensity has been dropping, interspersech vgieriods of stepwise gains. The stepwise gains are
associated with laser replacements and resettintpeofZPD reference position. The cause of the noati
10  decline in ZPD intensity is unknown, but to spetil@ could be degradation in the mid infra-redR@ylglobar

intensity, internal optic transmittance or Gabeam splitter transmittance. And as expected Bs®cated
interferogram spectrum mean signal level is alsdiniag but does not have piecewise steps as thetispn is
normalised in the Fourier transform. Both SNR amectrum signal level vary slowly indicating good
reproducibility and stability. Considering that ttrean signal level decreased over time it is istérg that the

15 SNRincreased indicating that the reduction in @meias greater than signal degradation with caukeanm.

The field of view (FOV) and spectrum phase areditto monitor of linewidth and asymmetry. The fitleOV
and phase are displayed in Fig. 7c. There is augiatecline in phase, but the overall phase is sergll (< 0.01
rad) indicating a stable near symmetric ILS. Thalsistep changes in phase are related to a chantpe icell
20 temperature sensor, laser replacement and opeuatitre FTIR with a different FOV. The theoretid&V of
the IRcube is unvarying at 21.73 mrad, (apart fimref testing period in mid-2011), thus any dewaas in the
fitted FOV indicate an issue in spectra acquisittoranalysis. Prior to September 2011 the calcdI&®V was
lower than expected but still stable. This was beeahe background spectra acquisition apertuteg¢8 mm)
differed from the sample spectra acquisition apersetting (1.5 mm). The background aperture siae set to
25 1.5 mmin September 2011. After this change thediEOV agrees well with the physical FOV.

A decade of IRcube diagnostics illustrates theiktalf the interferometer. To date, replacing timeernal
metrology laser (detailed in Sect. 5.4.4) is thiy segular maintenance required. The IRcube failede due to
a burnt-out resistor in the 24 VDC detector powgipdy rail. Apart from this, no other componentyéaeeded

30 replacing.

5.6 Quantitative spectral analysis

Only a summary of the FTIR quantitative spectrallgsis method is given as a succinct introductgoprbvided
in G12 with detailed descriptions in Griffith (1998nd Griffith et al. (2003). Details specificaliglated to the

35  Lauder FTIR spectral analysis will be covered.
Cell gas column concentrations (mof®yrare calculated from the spectra by iterative liogar least squares

fitting of the measured spectrum with that of fordvanodelled theoretical spectrum. The code usquetiorm
this analysis is called MALT (Multiple Atmospheri@yer Transmission) (Griffith, 1996). Input paraserstto

14
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MALT include the instrument line shape function $IL. cell optical path length, cell pressure andperature,
an a priori estimate of gas mole fractions and gitem line parameters sourced from the HITRAN 2004
database (Rothman et al., 2005). On a spectrunpbgtrsim basis, all inputs and a priori values to LMA
remain constant except for cell pressure and temtyner (which are specified, not fitted). Broad $pgaegions
of 100-200 crt are analysed. The selected spectral analysisnmegice optimised per species. The retrieval
strategies used at Lauder are the same as in GiE2refrieved cell gas species concentrations areected to
mole fractions using the ideal gas law (G12 Eqthgn to dry air mole factiorydy) using Eq 2. in G12. All

subsequent analysis is conducted ugingunless otherwise stated.

Successive versions of MALT (from V5.3 to the caotr&/5.5) have been used as part of the Lauder FTIR
system. MALT input files are edited to match theutler FTIR physical parameters (i.e. field of viepectral
resolution, cell optical path length). There hagemtwo main changes to the retrieval strategg rEduction in
CO and NO residual cross sensitivity §8CO; by fitting CO and MO in a different spectral region. This also
has the fortuitous effect of reducing® nonlinear cross sensitivity to cell pressure, ahdmproved spectral
fitting of water vapour in background spectra. llstaf these two changes are found in Appendix Al an

Appendix B respectively.

5.7 Residual cross sensitivities

As detailed in G12 and H13 the calculated raw (@iérated) species dry mole fractions have a smatl-
trivial residual dependence on the input parameaisesl in the quantitative spectral analysis. Tleapirical
residual cross sensitivities (RCS) are attributetirperfections in the measured spectra, systeroatiertainties
in the spectroscopic database, the spectral asapysicedure and uncertainties (systematic and rando

temperature and pressure measurements.

For each species the RCS for each parameter ll@ressure, cell temperature, cell flow and watapour, as
well as species cross-sensitivity, need to be éxjeetally derived. From these experiments a sintiplear
regression is sufficient to parametrise the RCS3|HIhe calculated RCS is then used to calculaterigection
to be applied to the measured dry mole fractionn &. (1). Whergcs_cor= corrected dry air mole fractioguy
= raw spectra dry mole fraction, RCSresidual cross sensitivity term betwegR, and parameter Z..Z=
reference parameter amount. In our application,use the most recent calibration parameters ashis all

corrections are relative to the conditions calilorag were taken in.

Xres_corr = Xdry — Z(RCSZ *(Z —Z,)), (1)

Results from extensive tests by H13 (Table 1 in)Hfi8e an indication of expected RCS values. Causioould
be taken as such RCS values are not generic antbstialy be applied to FTIR systems of the sameehadd
analysis software. This is because RCSs differ nidipg on sensor placement (H13), cell wall effects
introducing water vapour hysteresis and a deperdendhe spectroscopic database used. The LaudRri&as

sufficient differences to that used by H13 to watrthe need for experimental derivation of RCSs.alin
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instances it is best to minimise RCS correctionsnaking sure standard operating conditions ardeadsesand
similar as possible across both sample and cabiorateasurements.

For the Lauder FTIR, only cell pressure RCS is ugddwater and cell temperature RCS experimentsewe
inconclusive due to the demanding nature of this tekich could not be resolved. In both cases dairgy in
the results were too large, the main issues baimg lag and water vapour hysteresis. Given incaneturesults
we decided to omit temperature angOHRCS corrections. This is not uncommon, both Hi@® laebegue et al.
(2013) also found such experiments challenginghveirict QC/QA filtering, based on cell temperatamed
retrieved water absolute amounts along with thatine difference between sample and calibrationuarts the
associated RCS corrections are minimised. Therdiffee between sample and calibration retrievgd hhole
fractions (after QC/QA filtering) is -0.99 ppm 80. The difference in measured cell temperaturevéset
sample and calibration measurements is, prior lot@@perature sensor replacement, 0.04 °C + Ori2Badter
replacement, 0.08 °C + 0.09.

We also decided to neglect flow rate RCS, moreheworetical grounds, as it induces a second ordepdeature
effect. Changes in flow rate affect the measurdidtemperature if the flowing gas is of a differaatmperature
to the cell equilibrium temperature. Temperaturgriiution in the glass cell is also flow dependgatbulent
mixing). Prior to the decoupling of the cell pressand flow, the flow was 0.53 + 0.03 LmiinAfter the
introduction of the duel MFCs, 0.50 + 0.005 Lmirthus any potential flow RCS correction is minimal

5.7.1 Pressure residual cross sensitivity

Pressure RCS (RG)S corrections need to be applied as cell pressuréngl sample and calibration
measurements differ up to 100 hPa prior to cellsswee and flow decoupling (Fig. 4a). Experimental
determination of RCSis easily done. Experiments were repeated to sideag term stability of the RGSn
both modes of operation (static and flow) from 2602014. Table 1 lists the calculated R&® CHs, CO and
N2O. The derived values are consistent over a 54ye&r span, over differing pressure ranges, samptindes
and pressure sensor calibrations. We expected, RO&main relatively constant as the pressurecsdras not
been changed or relocated in the cell. In any shelmge, RCsSneeds to be revaluated. Experimentally derived
RCS$, are in good agreement with H13, accept for CO whi® of a magnitude less, this remains unexplained

Figure 8a illustrates the calculated R@8rrections applied to sample air dry mole frawsiovhen using RGS
values of 0.034 ppb hPa0.0009 ppb hPaand 0.005 ppb hPafor CHs, CO and NO respectively. After the
decoupling of cell pressure and flow in April 20tt® sample and calibration cell pressures are tefédg the
same thus RGScorrections are very small. The RC&irrection uncertainty is calculated by employthg
ubiquitous propagation of error formulas (Ku,1968)ng the uncertainty of the calculated RG®id the
resolution of the pressure sensor. The associateertainties are displayed in Fig. 8b. The domiramponent
in the uncertainty is the RG3incertainty, not the pressure sensor uncertaify.see calculated GHRCS,
correction uncertainty is of an order of magnitudss than the correction factor, but fobNand CO

comparable.
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5.8 Measurement repeatability

As in G12 and H13 we quantify the precision of BFER in terms of measurement repeatability (GAW 201
Successive repeatability tests over time are usembserve and assess changes in instrument prec&ich
tests are an indication of measurement short teehilisy. Repeatability, over a given averaging éinis
calculated as the standard deviation of duplicatasurements of a gas sample of unaltering compostken

under constant conditions (i.e. cell pressure,teefiperature and cell flow rate).

Lauder FTIR repeatability experiments were perfairby taking repeated 1-minute measurements of the T
under nominally standard unvarying operating caoodg. Spectral analysis was conducted off-line immze
redundant time between measurements. The ressjtacies dry mole fraction time series were thertyaad
using the Allan variance technique (Allan, 1966¢karacterise precision over differing temporalges Figure

9 shows an example of the Allan deviations caledld&tom a repeatability experiment conducted inr&aty
2015. For all three species, the Allan deviatidwe (§quare root of the Allan Variance) reduces Withsquare
root of averaging time, consistent with being lditoy Gaussian noise.

The base period for all sample and calibration mseasents is 10 minutes, hence the 10-minute Alnadion

is taken as the operational instrument precisidre TO-minute Allan deviation per species from ekpents
conducted over 7 years of operation are listedabld 2. CH and CO 10-minute precision estimates of the
Lauder FTIR are comparable to that reported infi@riet al., (2011) but significantly less precigan that
reported in G12, especially2N. The design and operation of the Lauder FTIR @ercomparable to the
instrument used by Griffith et al. (2011) whilsetbata used in G12 was acquired from a FTIR sysgtei,
H13) more akin to the newer Spectronus design.prieision estimates are relatively stable over tioneboth
measurement mode types. £&hd CO precision is well within the GAW recommetd®mmpatibility goals
whereas the PO precision is also close but does not meet themewendation. For all three species, the
precision could be increased by extending the awegatime and/or replacement of the mid-IR deteetith a
more sensitive version. In the case of extendiegatreraging time, a balance must be found betwegtemtial

increase in precision and a small enough averagimeyto capture short-term atmospheric variability.

5.9 Accuracy and Calibration

The spectroscopic retrievals and subsequent cdowets dry mole fractions are only as accurate l&s t
underlying uncertainties associated with retrie{ak. forward model accuracy, spectroscopic litelis
uncertainties) and inherent uncertainties of mesabsuparameters (i.e., pressure and temperature rsenso
accuracy). Furthermore, the calculated dry moletiia is not traceable to an absolute referencke sS8ALT
absolute accuracy is estimated to be approx. 2%fiftr 1996). This accuracy is not sufficient toeet the
intended purpose. Greater accuracy is achievedgalith mapping of the FTIR mole fractions to aowm
reference scale, by the ubiquitous method of méaggases of known composition to derive an inseimn
response function (IRF). These gases are indeptpndesigned, have high accuracy, and traceabdedefined
international scale. When this method is applied,dverall accuracy of the FTIR is reliant on théhration gas
uncertainty, whereas precision is inherent in theRFtself.
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From the measurements of the calibration gas arument response function (IRF) is constructed &p rthe
retrieved dry mole fractions that of the assignalli®. Such transfer functions are required for epeties. The
FTIR has been shown to have a linear response (fHli8)the IRF can be approximated by a first-de(Jneear)
polynomial, as in Eq. (1)yref measiS the calibration gas dry mole fraction measurgdhe FTIR andyes is the
assigned calibration gas dry mole fraction. The IREar coefficients (Aand B) are derived using simple
linear regression (using the ordinary least squapgsoach).

Xref_meas = Achef +B., 2

The air sample can then be calibrated as in EqwBgreyca = calibrated sample amount, apek_corris the air
sample dry mole fraction after cross sensitivityrection. We see that when calculating the caléztatample
uncertainty, uncertainties associated with RCSemions, WS assignment uncertainties, and to @fesgent

the derived IRF uncertainty need to be included.

Xcal = (chs_corr - Bc)/ A, (3)

The IRF linear coefficients are derived using abeation suite with a minimum of two calibrationntes (of
differing mole fractions), ideally three or morehdl calibration suite composition should also spenrange of
expected atmospheric compositions. Unfortunatdlg, ihitial deployment of the FTIR at Lauder empldye
single WS and continues to this day. This is sutirugd, allowing only derivation of either the graedi or the
intercept but not both simultaneously. To procdeds assumed that the IRF intercept) (8 zero, and the
gradient (A) is to be calculated. This effectively reduces HRE to a scale factor ¢(A. This approach will
introduce a concentration dependent bias, thisgbtkia difference inca calculated using a scale factor (single
point) calibration approach to that calculated gsrfull linear IRF parameterization.

The magnitude of the concentration dependent kasbe estimated by taking measurements of a naulk t
calibration suite. First, the IRF is calculatednfrdhe multi tank suite in which both linear coefiats are
calculated. We call this the Complete-IRF. Nexg tRF is derived using a single calibration tanktifim the
multi tank suite). This is called the scale fact6ombining Eqg. (2) and Eg. (3) we can define cotredion
dependent bias in terms of the air sample dry rfraletion when calibrated using a single scale faa®in Eq.
(4), where the concentration dependent biag-jg. . is the calibrated sample using the complete IRFyaris

the calibrated sample using the scale factor.

Bc

Xc_Xsf=Xsf(%_ )_A_c’ (4)

Even given this limitation the use of a single scctor for calibration still provides sufficieatcuracy when
calibration gas and air sample dry mole fractioress@mparable (as shown in Sect. 5.9.3). The defodés in
using single point calibrations are also encouunténe Verhulst et al. (2017) in which concentratiependent

bias is accounted for using a similar, but sligldifferent, methodology called extrapolation unagrty.
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The FTIR WS is dried ambient air collected at Bgridead during prevailing southerly winds, whichois

comparable composition to Lauder baseline conditi@aad et al., 2014). Due to the concentratioremidgnt

bias, only measurements taken in baseline condit@wa currently used. Care should be taken in ubieglata
5 in conditions that are vastly different to the Bimgeconditions, such as night time inversion esent

5.9.1 Working standards

The working standards consumed by the FTIR aregpeepband assigned at NIWA’'s greenhouse gas and
isotopic analysis laboratory (NIWA-Gaslab) at Gretint, Wellington. High pressure 30L aluminiumiogers
(model 150A, Scott Marrin Inc., USA) are filled &pprox. 2000 psig at Baring Head using a modifidree

10  compressor. During the filling process the airlsalried (<5 ppb) (Brailsford et al., 2012). WSigament is
then performed, using scale transfer referencesgaisehe current World Meteorological Organizat{gviMO)

reference scales.

The composition and uncertainty of the WS usedheyRTIR are listed in Table 3. One limiting factdrFTIR
15  accuracy is the uncertainty in the WS assignmeig.dssumed that the tanks have a constant cotigpolit in
the majority of Lauder FTIR WSs there is signifitanift in the CO concentration. It is vital thaich drift be

considered when scale factors are calculated.

20  5.9.2 Scale factor time series

As part of the standard operating conditions the WS measured daily up until February 2014. Aftelorigary
2014 weekly measurements were instigated. Figurdigfflays the calculated 7-day running mean saaeof
for each species and associated uncertainties.-ddy7unning mean was used to minimise short terates
factor variability and provide a scale factor reproibility estimate. The scale factors show that ittherent

25  accuracy MALT retrievals prior to calibration aretter than 2% for ClHand 1% for NO, whereas up to 8% for
CO.

Changes in the scale factor need to be accounted\fetep change is an indication an acute inciderthe
FTIR, FTIR acquisition procedure or a WS changgra&dual change indicates a change in FTIR perfocsan
30 WS composition drift. A change in the 7-day runningan scale factor standard deviation indicatesiaility
issue. A step change in the scale factor can be @@&VS change. This indicates a relative offséveen the
WSs, for example, the CO scale factor step changbeaend of 2009 (Fig. 10c) indicates a possibls- m
assignment of the WS and needs to be rectified. siep change should be correlated with an instrtuenesnt
(vertical dashed grey lines). For example, in n)d-R there was an approx. 3% increase in th@ dtale factor
35  for a short period. This is associated with FTIRa&p acquisition using an input aperture of 3.0mstead of
1.5mm. The two significant step changes ins@Hd NO in the 2010-2012 period are related the replacéwie
the temperature sensor and replacement of the iEdRal metrology laser. There is an increasene €H

scale factor standard deviation after 2014. Thislbeen attributed to an error in the backgroundtspa HO
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stripping procedure. This affects both sample alibhi@tion measurements equally hence the calirséenple
measurements remain unaffected. Longer term grastadd factor changes are harder to diagnose. iEHua)
decline in the Cland NO scale factors from 2007 to 2010 is unclear. Hyesis include MIR globar intensity
deterioration, cell wall effects and pressure/terapee sensor drift. The decline spans multiple Vé8d
instrument changes.

Drift in WS CO composition (Novelli et al., 1991;ndrews et al., 2014) is also a cause for conceth an
manifests itself in scale factor drift. If left umcected incorrect calibration of sample measurgsencurs.
Drift can be identified whilst the WS is in currense by a gradual increase in the scale factor,obiy
confirmed and quantified once the tank is returttethe calibration centre and remeasured. Thua| §ample
calibration can only be achieved after WS re-mesment, hence in the interim all results are reghrae
provisional. CO drift calculated after tank recadition is listed in Table 3. CO drift is linearlg@ameterised and
accounted for in the scale factor calculation. FegdOc contrasts the scale factor calculated withift
correction (grey data points) and after drift coti@n (black data points). If drift correction i®tntaken into

account, there will be an artificial downward tréndhe calibrated sample CO measurements.

The scale factor uncertainty is calculated by cavinigi the standard deviation of the 7-day runningmand the
WS assigned uncertainty in quadrature. These cawideed as the random and systematic components
respectively. The total combined scale factor uwagety are the black data points in Fig. 10. bahfl the
uncertainty associated with WS assignment are édedata points. For GHand CO, the WS assignment
uncertainty is a significant component of the taizdle factor uncertainty. With the instrument @auigr in April
2013 and changes in standard operating conditionSebruary 2014 there is a substantial reductioth&
random uncertainty component resulting in totalartainty being dominated by systematic uncertaiilst
there is a reduction in the overalb@ scale factor uncertainty due to the instrumeit eadibration procedure
changes, the uncertainty relate@CN measurement precision is still comparable to WM& assignment
uncertainty. The spike in the Gldcale factor uncertainty starting in late 2013hcmiences with a reduction in
the latency time within the calibration procedufée abrupt uncertainty reduction in early 2014 kew the

weekly flow mode calibration procedure started.

5.9.3 Multi-tank calibration suite measurements

A four-tank travelling set of scale transfer refeze gases (collectively known as the Aniwaniwaejuitas
purchased in 2014. The suite composition matrix wasigned with the FTIR in mind. Details on the
Aniwaniwa suite can be found in Appendix C. Priityarthe Aniwaniwa suite is to provide independent
travelling standards for the New Zealand carbonitodng network to assess site to site bias. Hls® used as
an independent assessment of the FTIR Complete-TRE. is done by comparing uncalibrated (but cross
sensitivity and water corrected) FTIR measuremeftthe suite against the suite assignments. Frosntiie
Complete-IRF can be calculated. Conversely, bybeating the suite measurements using the single $setor

(the same method used to calibrate sample datathandcomparing to the suite assigned values WSdaia be
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diagnosed. Aniwaniwa measurements also allows figa®n into the concentration dependent biasirayis

from using a single calibration tank.

The Aniwaniwa suite is intended to be measured aider at regular intervals, so far only twice, omte

5  November 2014 (N14) and again in November 2015 JNIBe FTIR measurements are made using the same
procedure as to that of regular WS and TC measuresméhe Aniwaniwa suite, WS and TC tanks are nteasu
each in turn for 10 minutes, in flow mode for 1 hothis is then repeated. Overall, 60 L of gas taek is

consumed.

10  In addition, in April 2010 a GAW performance audftLauder was conducted by World Calibration Certre
the Swiss Federal Laboratories for Materials S@eared Technology (WCC-EMPA, Zellweger et al., 201K}
part of the audit activity the 6 tank WCC-EMPA tedling standard suite was measured by the FTIR.
Measurements of this additional multi-tank suite atso used to assess the FTIR IRF stability irearier
period of the FTIR operation prior to the Aniwaniwaite purchase. The measurements were made with a

15  similar methodology of that used to measure thenaniwa suite.

Table 4 lists the Complete-IRF coefficients caltedafrom the three-suite measurement sets andLEighows
the residual fits of the Complete-IRF per specBisce only three multi tank sets have been measnrin past
eight years conclusive results cannot be drawngivetn the time span, they still offer an indicatiof the FTIR

20 IRF stability and linearity. Across all speciese ttoefficients calculated from the N14 and N15 mezsents
are in close agreement indicating good stabilitgrav year of operation. The coefficients derivexdrithe WCC
measurements in 2010 (W10) are in less agreemétthe N14 and N15 value®ne reason for this difference
is that the W10 measurements were made prior té\pini 2013 upgrade. Prior to the upgrade tankgas not
dried by the FTIR system, hence water vapour vas&dieen tank measurements of up to 20 ppm.

25
As in the calculation of the WS scale factors, wpeet to see changes in the Complete-IRF with cbsung the
instrumentation. In any implementation of a ComgliRF in routine sample calibration will still reigel regular
measurements of a multi-tank calibration suiteegithy employing external scale transfer refereraegyites or
a suite of multiple WSs (of differing compositiohe latter option is preferable. Also of note, #ssociated

30 uncertainties in all sets (N14, N15 and W10) areilar, another indication that instrument preciskas not
degraded over time.

In the next application we calibrate the suite meaments in the same manner as sample data, byirappl
recent calculated scale factor. Comparing the medigVV10, N14 and N15 suite tank values to the wdiffee
35 between the calibrated measurement and assigneésvéfFig. 12) gives an insight to the magnitudethef
concentration dependent bias arising from the @isesingle WS calibration procedure. The dash-dntlides in
Fig. 12 are the calculated concentration depenbiases for each suite measurement set. For ab gpecies
the calculated concentration dependent bias gradieh measurement assigned difference gradientsiraiiar,
indicating that concentration dependent bias isntlaén cause of the increasing discrepancy betwakrated

40 measurements and assigned amounts with increasingectration. The offset between the concentration
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dependent bias and the measurement-assigned diéers a result of bias between the FTIR WS andahk
suite assignments. The concentration dependentidiasnimal for all species over the baseline rafgey
shaded area in Fig. 12.) and comparable to GAW edibifity goals at higher mole fractions. The conization
dependent bias is also smaller than the seasonlscgnd annual trends seen at Lauder (see Sémt.tignd

5 analysis) so we have confidence that the concémtradependent bias introduced using the scale rfacto

calibration method will not affect baseline datalgsis.

Of more concern is the large positive bias of thidbcated NO FTIR measurements. The probable cause is that

for N2O NIWA-Gaslab use synthetic composition scale femeferences gases. A 0.65ppb bias was observed
10 in WCC-NO travelling standard measurements at NIWA-Gaslabnd an audit of the Baring Head GAW

station in 2009 (Scheel, 2012). This is a similiaskio what is seen in N14 and N15 measuremeng&n Exhis

offset is taken in account a bias will remain e tegion of 0.35 - 0.7 ppb). This offset will riotroduce a bias

between the FTIR and flask sample measurementsthglatasets are calibrated using WSs made arghasisi

at NIWA-Gaslab. The bias will need to be addredsefdre the Lauder 0 FTIR (and flask) measurements can

15  be used in conjunction with other institute’s datasapart from trend analysis comparison.

The consistency of the GHneasurements across all three sets indicate & stdb and consistent WS
assignment. For CO concentration dependent biasident, but only significant outside baseline dtods.
N14 and N15 concentration dependent bias have cambigagradients, but offset, indicating a smalbtiee

20 mis-assignment between consecutive FTIR WSs. TH@ bbncentration dependent bias is relatively small

compared to the overall bias.

5.10 Measurement Reproducibility

The series of repeatability experiments over 200852provide snapshots of instrument short termilittab
25  Assessing instrument reproducibility over longerdiscales requires a different approach.

The approach we take is to take regular measursno¢iat target cylinder. Theoretically, repeated sneaments
taken in the same conditions should give the sawselts. Measurement spread allows us to quantfyument
reproducibility and assist diagnosis of instrumgminges or faults.

30
Target cylinders are prepared and assigned at N®®alab in the same manner as WSs. We found congposit
assignment advantageous (but not critical) in wetan also quantify the measurement bias henegamccan

also be regularly ascertained. Without knowingdbmposition then only the reproducibility can beessed.

35 Routine TC measurements started in August 2013y sgbradic measurements prior to that. A singlei§C
measured in the same manner as that of the WStaRdb1322 days of TC measurements were taken0(201
2017). Daily static mode TC measurements were taigeto Feb 2014. When calibrations switched to Wweek
flow mode measurements so did the TC measurentfégtse 13 shows the difference between the TC drem
fractions measured by the FTIR and that of the $§lgmed values. Vertical dashed lines indicateangé in
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tanks (WS or TC) or major instrument change. Witthiese stable intervals, the standard deviatioth@fTC
measurements is an indication of instrument repritidity whilst inter-interval difference indicatessystematic
bias attributed to the event causing an intervainge. TC measurement bias and standard deviatieadh
interval, and for the total dataset, are listedlable 5. For all three species reproducibility resties are of
greater value then precision estimates indicatintplls changes in standard operating conditions affec
measurements. GHand CO reproducibility is within the GAW recommeixddcompatibility goals, whilst 2D is
nearly double. Across all intervals, the measueedssigned differences are remarkably Gaussiaisiritdition
given the intra-interval systematic differences.eTéxception is CO, in which interval C, D and Esem
dominate (Fig.13d) indicating possible issues in #8Signment. In all intervals, for all species roecibility
estimates are within the GAW compatibility recommi@tions and small enough to allow statisticallyngfigant

annual trend and seasonal cycle analysis.

The interval TC differences can be used to as$eseffects of instrument changes and identify fbssssues
with both TC and WS assignments. For example, af\S change intervals E and F have a CO biaspybap

1.7 ppb, which is greater than the combined repribdity of both intervals. Given that TC measurertsin
intervals C, D & E are all high, this indicates S assignment used in these periods need to bénised.
Conversely, on the change of the TC over intertal® | the bias is approx. 0.5ppb indicating pokesibC
assignment issues. Considering that both the TCVeSdare prepared in the same laboratory, usingénee
method, there should be no systematic differencetsvden tank assignments. Furthermore, WS and TC
compositions are similar as both tanks are handhedsured and analysed the same way on the FTIR.

H13 assessed the reproducibility of the IUP FTIRroa period of 6 months and reported values of @8
0.45 ppb and 0.1 ppb for GHCO and NO respectively. On an interval by interval basis ttauder FTIR
reproducibility is comparable to H13 for CO, buineéouble that for CiHand NO. The greater variance cannot
be explained by WS or TC assignment uncertainth@sinalysis is within each interval, and the waéspan is
similar in length to the 6-month measurement peiioH13. This indicates there still is room for imgement

in the measurements at Lauder, such as mid-IR wetduetter SNR) and White Cell upgrades (betterrtial
stability and cell gas mixing).

5.11 Data quality assurance and quality control (QEA)

Very little has been explicitly published on FTIRCEA schemes. At Lauder, two filtering methods ased to
exclude questionable data from the dataset. Therfiethod is an objective diagnostic filtering soleein which
data are rejected based upon spectral processiggatitics and cell state parameters. No filtersngerformed
on species dry mole fractions, only®is filtered upon. Table 6 presents the list & thiagnostics that are
filtered upon, and threshold limits. The threshéidits are empirically set, based upon standardratpey
conditions at Lauder. The threshold limits haverbset to exclude outliers (approxs) 3Acquisition software
upgrades in April 2013 enabled the recording of pedssure, cell flow and cell temperature standkdations
within a single measurement averaging period. These added to the list of diagnostics and allotsring

upon FTIR stability within a single measuremente Tdifference between successive measurement digzmos

23



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-274 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 7 September 2018 Techniques

(© Author(s) 2018. CC BY 4.0 License.

10

15

20

25

30

35

Discussions

(rate of change) such as® concentration, cell pressure and cell temperadueeused to filter out any short-
term instrument changes (e.g. on chemical desiatarge or instrument restart).

Objective filtering cannot capture all instances ansecond method based upon user defined datgiéneds
to omit data is also used. Such manual filteringubjective and reliant on the operator to idenifyl record
these periods. Examples of such, are data takengdinmstrument testing, instrument component failigaks
and external events that could influence measuresmericth as farm machinery operating close to thgpbag
inlet (i.e. enhanced CO). An event log is kept aipdlated at regular intervals. Changes to FTIR hardw
operating conditions or analysis are recorded. Skemges in instrument performance or analysis|dhalign

with these recorded events and can be used t@seanual filtering to omit data.

Overall, between 2007 to 2017 approx. 423,000 lfutei atmospheric sample measurements had been taken
88% pass the objective filtering threshold limitisen reducing to 80% after manual filtering (therere 93
specific manual filtering intervals). The main casi®f manual filtering omission are instrument nepdesting

and instrument upgrades. There was a prolonged@€#009.0-2011.2) in which there was increasec dat
rejection (Fig. 14). The reason was incompleténfillof the cell during the first sample measurenadtar the
daily calibration cycle. A blockage in the chemidabiccant cartridge reduced cell fill rate.

5.12 Calibrated CHs, N2O and CO air sample timeseries

Figure 14 displays the entire filtered time seoné<alibrated CH, CO and NO dry mole fractions at Lauder.
Measurements taken in baseline conditions are igigeld in red. From this we see the large enhanoeaee
outside baseline conditions, primarily at night vehéuild up is seen in the nocturnal boundary layére

isolated large spikes of CO are due to local fanehlprescribed burns.

The calibrated sample measurement uncertaintylsileted by combining the sample measurement poecis
(Table 2), scale factor uncertainties (Fig. 10) &@S, correction uncertainties (Fig. 8a) using standzmror
propagation methodology (Ku, 1966) in a mannerlIginto that used by Verhulst et al. (2017). Funihere, the
uncertainties can be grouped into systematic (R&@®&ections, WS uncertainties) and random (scadtof 7-

day running mean standard deviation and sampleuremgnt precision) components.

Figure 15 displays the total, systematic and randocertainties of the calibrated timeseries forhespecies.
The average uncertainty is approx. 1.4 ppb, 0.6 jpl 0.3 ppb for CiH CO and NO respectively, with
uncertainty proportional with measurement conceioina(due to error propagation). The short duratiamge
spikes in uncertainty are related to instancesigti Bample measurement concentrations in whichrtainges
propagate. For two instances in the Gklcord (at the start of 2007 and 2014) the lamyeertainty is due to a
larger than usual scale factor uncertainty. Siheeupgrade in April 2013 RGSorrections for all species have
been negligible, hence a reduction in associategnteinty. Overall, the CHtotal uncertainty has remained
constant across the time series with total unaestalominated by the WS uncertainty. The reduciiothe CH,
random uncertainty at the end of 2012 is due tiseelprecision estimates, and further reductioraimdom
uncertainty post 2014 is due to the combinatiorthef April 2013 upgrades and the change to flow mode
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calibration measurements. For CO, random and sydterancertainty components are similar in magratud
From 2007 — 2010, there was a small downtrenden® random uncertainty component (approx. 0.1 e o
7 years), which cannot be fully explained by apglin of revised precision estimates (Table 2),hSewision
of estimates can explain the stepwise reductiogaity 2015. There is a pronounced seasonal cydieeirCO
systematic uncertainty, more so than for4Gidd NO, as there is a approx. 20% seasonal cycle insghesic
CO observed at Lauder. Foro®, up until the April 2013 upgrade, the random congnt of the total
uncertainty was greater than the systematic compoinéicating instrument precision was a limitinacfor.
After the upgrade, there was a reduction is théedfe&tor uncertainty with systematic and randormponents

now being comparable in magnitude.

6. Flask sample measurements and analysis

Routine (weekly) in situ flask air sample collectiat Lauder started in May 2009 as a robust praast-
effective approach to provide independent measunestaf CH, CO, NO, CQ and§*3C-CQ; for comparison
against FTIR measurements. Flask samples will adsist in identifying any issues or artefacts aggrom the
air sampling system. TC measurements cannot doWeshave also used FTIR measurements to helpifigent
issues in flask measurement and analysis, hendecgsumparisons provide a two-way check. One dralloéc
flask sampling is that measurements are not cootisuoffering only a sparse temporal dataset. \W&ldd to
only collect air samples in baseline conditiongtds is when atmospheric composition is varyingsted his

assists in reducing concentration differencesragifiom differences in instrument sampling time dndation.

NIWA has a long term in situ flask sampling prograenat Baring Head and Arrival Heights, Antarctiz®.82

S, 166.65 E, 220m AMSL) (Lowe et al., 1994). Thenpkes collected at Lauder follow the same collettio
methods and laboratory analysis. In brief, airriawh from the air sampling manifold at a rate d¥ 2min?
through 5 metres of nylon tubing (model N12-04 e2r1200 Ledalon, New Zealand) with a diaphragm pump
(model N86KTE, KNF Neuberger, Germany). An inlinegnesium perchlorate cartridge is used to dry the
sample air (effective dew point of approx. -60.Q tefore reaching two evacuated glass 2.2L samilasis
(Glasscraft Scientific Glass-blowing Limited, Newaland). These two flasks are attached in pardlie.flasks
are flushed five times with sample air to a pressafr 20 psig, after which the flask is filled to p6ig. Final
filling time is approx. 5-8 minutes. The magnesiyrarchlorate cartridge is replenished after 12 sampl
collections. Over the 2009-2017 period there hanb® alterations in either the collection procedaor flask

sampling system.

Analysis of the flask air is performed at NIWA-Gals! Gas chromatography (GC) flame ionization dete&C
cold vapor atomic fluorescence spectrometry, ande{@€tron capture detector laboratory techniquesiaed to
determine the dry mole fraction content of flasknpes for CH, CO and NO respectively. The WMO
reference scale used to assign the FTIR WS andr&é@sed in the analysis of the flask samples. Tdieeg
flask samples are a quality assurance measure.|&amfih intra-flask differences greater than tioenbined
uncertainty in each sample pair are rejected fask difference exceed 2.0 ppb, 1.0 ppb and Ot5fpp CH;,

CO and NO respectively. These limits are based on the Glinigue measurement uncertainty. Rejected
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samples indicate either a failure in collectionG analysis. The mean value of the flask pair, gwith the
combined individual flask uncertainties, is useg¢@mparisons with FTIR measurements.

7. FTIR flask sample comparison

Comparison between FTIR measurements and flasklsarape conducted on a regular basis. This achisues
objectives, assessing flask data quality and tcclchie there is any change in the bias between the t
measurements. Change in bias indicates eithedta(deudrift) in one (or both) of the measurementsich needs

to be investigated and accounted for.

Flask sample filling time is 5-8 minutes, offeriagly a snapshot of atmospheric composition, whetteas TIR
10-minute measurements are continual, with an airfgltime of approx. 7 mins. Since the FTIR indisadl
measurements are not independent of each othepatomg a single FTIR measurement with a flask sampl
measurement is not straight forward. To minimisehstemporal effects, flask measurements are taken i
baseline conditions and compared to 1-hour FTIRrages, which consists of 6 measurements. This also
provides an estimate of baseline variability. Timegrating effect of the different measurement damplumes,

as applied by Winderlich et al. (2010), has notrbeenployed in this analysis due to minimal baseline
variability. This approach would need to be use@rmvbhomparing the measurements taken in conditibhigh

variability (i.e. during nocturnal boundary layexeérsion events).

Figure 16 displays the FTIR flask comparison resfdt CH,, CO and NO. Table 7 lists measurement dataset
biases along with the results from simple linegression (using the ordinary least squares appyaaicthe
FTIR against flaskT he total uncertainty in the FTIR flask differerisehe uncertainty in the flask measurement
added in quadrature with the FTIR measurement teiogy. The recommended GAW compatibility goals are
also displayed to assist in interpretation (and eédspective) of the differences against an inteynal
standard. As illustrated in all time-series (Fi§. d, d, g) there is a gap in comparison sampletpdiatween
mid-2009 to mid-2010. This is due to two factorsimly flask samples being taken outside the defireskline
criteria and, to a lesser extent, flask samplegpassing quality assurance checks. It was onlyid2010 that
we decided focus on taking all samples during lraselonditions thus the effective comparison pertobetter
defined as mid-2010 through to mid-2015.

The CH FTIR flask comparison results show good agreerbetween the two measurement datasets with a bias
of -1.02 ppb * 2.61. Differences are not conceiumatiependent, show a tight linearity and are eatsenally
dependent. The larger differences seen in the ¢p&@14.5 to 2015.5 are not accounted for, requifimther
investigation. The Cibias and standard deviation is comparable to &&féR comparison activities (Griffith et
al., 2011; Vardag et al., 2014) and comparabletherocontinuous ClHmeasurement techniques in comparison
to co-located flask measurements (Winderlich e28110; Popa et al., 2010).

The CO FTIR flask comparison results show a tigtgdrity and are not seasonally dependent. Thedbig®k43
+ 1.60 ppb indicates an overall good agreement é@twneasurements and are within the GAW recommended
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compatibility target of 2 ppb. The CO bias and dtad deviation is akin to results from other comtins CO
instruments compared to co-located flask measurenf€hompson et al., 2010; Popa et al., 2010).

For N;O, a bias of -0.01 + 0.77 ppb is within the GAW agetnended compatibility goal of 0.1ppb but this is
5  more serendipitous when the FTIR flask time seaied correlation scatter plots are viewed (Fig. ¥§gCare
must be taken in interpretation as systematic @iffees dominate in different time periods, butragmsemble,
produce statistical results that could convey gdabut Gaussian spread (Fig. 16i). For instarftaretis an
increased bias over the time interval 2014.65-218.6.So far, the causes are unknown. There is pbcéx
correlation between the bias with any FTIR instrater flask sample events, and only affectg©Nnot CO or
10  CHs). We suspect the issue is with the FTIR measurémerihe elevated level of.8 is greater than what
simple trend analysis would indicate, as seen énkiaiseline time series (see Fig. 17c). There & alsudden
(step) decrease of N at the start of 2016 that is not seen in th® Mask samples. }0 FTIR comparison
measurements carried out by Griffith et al., 20ldve much better results. A bias of -0.12 ppb wae atported
but with a standard deviation of 0.22 ppb,ONFTIR comparisons conducted by Vardag et al. (RCdl4o report
15  a much smaller standard deviation (0.22 ppb) tharresults. A comprehensive investigation of fiemtinuous
N2O analysers (including the FTIR) by Lebegue et(2016), showed FTIR performance comparable to the
other instruments. These findings point to a spediit as yet unidentified issue with the LaudedFFN,O
measurements. It also highlights the need for iaddpnt dataset validation, as internal FTIR QC/Qad\rebt
identify any issues over the 2014.65-2016.08 period
20
Flask sampling will continue at Lauder. The nexpsts to collect flask samples outside baselineditimms
allowing an independent check against FTIR measenésrtaken in conditions with higher mole fractiams
variability, such as during nocturnal boundary fagenditions. Such data will also provide an indefent
dataset to assist in assessment of concentratipendent bias, arising from the use of a single WS f

25 calibration.

8. FTIR baseline measurement time series analysis

Here we perform and present baseline timeseries @maalysis. We focus on baseline measurementegsate
representative of the regional atmosphere, minimaffected by local emissions and conditions, senpb
interpret and give a better indication of any imstent fault or change. We want to see if the FTIR
30 measurements are sufficiently accurate, precisdlestand reliable enough to capture annual andosabs
changes. These are the most trying conditions tasore over the longer term. Analysis and commerdary

diurnal cycles and night time measurements aredaitie scope of this work.

The trend analysis technique used by Gardiner. §2808) was applied to the FTIR baseline datagasidual
35  resampling (boot strapping) using 5000 iteratioas werformed. A linear fit (a broad simplificaticem)d single
Fourier pair was used in trend analysis forsOB0 and NO. A single Fourier pair was sufficient to capttire
seasonal cycle. There was no substantial reduatidhe goodness of fit with additional Fourier campnts.
Additional Fourier terms also complicate physicttilaution interpretation. This simplistic lineana single

Fourier pair approach is sufficient for the objees we are trying to achieve in this analysis.
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Figure 17 displays the baseline time series ahadle species. Qualitatively, Gldnd NO measurements exhibit
an increase over time, whereas CO shows a minimaledse. As expected, the baseline flask sammes al
display similar patterns. The detrended seasoraésyare displayed in Fig. 18. Table 8 lists tlemdranalysis
results, peak-to-peak seasonal cycle amplitudesiasaiciated uncertainties. The bootstrap bias a@@reindex
(Efron and Tibshirani, 1993; Gardiner et al., 2008p.47, 0.49 and 0.52 (for CH4, CO and N20 respely)
indicates the analysis method does not introdugrafgant bias.

The annual linear trend in methane of 6.29 ppbysaice 2007 is consistent with other southern heheise
mid latitude in situ measurement studies (Nisbetl¢2016; Dalsgren et al., 2016.). The obsenaakjio-peak
seasonal cycle amplitude of approx. 29 ppb (peakinginter time) is dominated by OH oxidation ared i
consistent with current understanding (Dlugokenekyal., 1997). There is greater variability andvated
amounts in the spring-summer time measurementstesee of possible local horticulture and agricetur
emissions and/or seasonal transport of enriched @&@Hfrom other regions The explanation of the eaus

outside the scope of this work.

CO has a linear annual trend since 2007 of -0.32 ygart. The measurements agree with other southern
hemisphere in situ measurements (Zeng et al., 28d8)the observed trend is like that derived fremate
sensing measurements of CO at Lauder (Zeng eR@l?2). The seasonal cycle is also in agreement with
measurements made at Cape Grim, Australia (40.884668 E, 91m AMSL) (Fisher et al., 2015). Thiswat

surprising as both as sites are in the southernatitddes and described as remote clean air statio

Baseline NO data over the period 2014.65-2016.08 are not iusegasonal cycle and trend analysis due to
possible FTIR instrument issues (see Sect. 7 ftaildg To check, the annual trend calculated witilusion of

the flagged erroneous data was estimated at 1.06/ggr* (+ 0.01) compared to 0.99ppb yBademonstrating
that inclusion alters the trend estimate by app8é%. The linear annual trend of approx. 1ppb y&ar3% year

1) is similar to annual growth rates deduced fronasseements over 2008-2012 made at Baring Head ¢0.17
0.32% yeat) and Cape Grim (0.3 - 0.36% y&a(Ye et al., 2016). The reduction in® concentration in 2009

is thought to be real, not an instrument artefasta decline is also seen in these other site merasuats (Ye et
al., 2016). The bootstrap analysis technique ind&ahere is a small but statistically detectaldakpto-peak
seasonal cycle amplitude of 0.52 ppb, approximatelyble that of the instrument reproducibility (D2pb).

9. Summary

Operation of the FTIR over 10 years has shownrikgument repeatability and reproducibility to lebée over
the long term, even across significant instrumertt analysis upgrades. The Bruker IRcube has showret
reliable with a stable ILS producing spectra withhhSNR. Neither ILS stability nor SNR are limitifiactors in

measurement uncertainty. The FTIR is of high rdiigb Component failure is rare. Consumables (dey
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nitrogen, desiccant and the metrology HeNe laser)easily replaced. Operator intervention (to penfoests
and upgrades) along with desiccant replacemertharmain causes of data collection interruption.

Changes in the cell temperature sensor placemedtfygpe, have increased temperature monitoringigoec
and are now more responsive and representativelloj@s temperature. The instrument upgrades il 2p13
decoupled and increased control over cell presantk cell flow rate resulting in a significant retdan in
pressure residual cross-sensitivity correctionees$ure residual cross-sensitivity experiments ripgrapprox.
5 years are in good agreement, again indicatingRFfleasurement stability across multiple upgrades an

changes.

Introducing a new CO and-® MALT retrieval strategy has significantly reduc€® and NO cross-sensitivity
to 2CQ,. There is also an added benefit in that th® Idressure cross sensitivity can now be represersteal
linear function. The addition of the background cdpem water stripping procedure produces a trarsions
spectrum that can be more realistically modelleducing retrieval uncertainty (hence an increase in

reproducibility).

Instrument precision experiments spanning multy@ars are within GAW recommended compatibility goal
for CHs and CO and comparable for,®l Instigation of target cylinder measurementsvedlaliagnosis of
medium term (months to years) reproducibly anthéftank has an assigned value, it can be usetéstigate

calibration accuracy.

By using a single WS to calibrate samples, coneéintr dependent bias is introduced but the effect i
minimized when the WS composition is akin to thsample air. A multi tank reference suite withustom
composition matrix tailored for the FTIR was conosted. Annual measurements of the Aniwaniwa saiteng
with the WCC-EMPA audit suite show FTIR instrumeaesponse function is stable and the concentration
dependent bias (arising from single WS calibrafidesminimal. Measurements of the Aniwaniwa suilgoa
allow inference of WS accuracy. This cannot be dedwsolely from the FTIR flask comparisons as FWR
assignments are measured using the same labotatdmyiques and scale transfer standards as thatiugask

analysis.

An uncertainty budget for calibrated sample measargs was constructed and decomposed into randdm an
systematic constituents. The April 2013 instrumgygrades reduced GlHlandom uncertainty, so that systematic
uncertainty now dominates GHbtal error. The upgrades also reduced CO ai@ fdndom uncertainty but are
still comparable to that of systematic uncertainty.

Comparison of FTIR and co-located flask measuresnembw good agreement for €eind CO. Whilst the bias
of N2O FTIR flask comparisons is within GAW recommendmamnpatibility goals, this is serendipitous and
dominated by systematic differences. Simplistic eline time series trend analysis was conducted with
calculation of linear annual trends and seasonelesy The deduced trends and seasonal cycles wiitn

estimates from other southern hemisphere in sitasorements.
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Apart from one inconclusive study, there is a ladkFTIR CO comparison activities with other co-lted
measurements. Whilst the results of this studycetgi FTIR CO measurements meet GAW reproducitalitg
compatibility recommendations, we recommend additiccomparisons especially against other continunus

situ instruments.

Improvements can be made in many areas of operafijograding the Mid-IR detector and White cell those
used in the commercially available Spectronus F$yRtems, would increase spectra SNR and cell therma
stability respectively. These two changes will mbitely lead to an overall improvement in measurémen
repeatability (and reproducibility). A more sopliated desiccant replacement system would reduce
measurement down time, or pre-flushing the newfilled trap with dry air or nitrogen from a tank foee
installing it inline. Using multiple WS (of diffemg composition) would eliminate concentration defgan bias,
hence providing increased accuracy of measurenmrtde baseline conditions. Multiple WSs wouldoals
allow more timely analysis of drift in tank comptisn (especially CO). Flask samples should alsdabken
outside baseline conditions over a greater comipasibmparison range. This would help diagnoseettient of

the concentration dependent bias, when using desW§ for calibration.

As the Aniwaniwa and WCC-EMPA measurements shove large positive bias of calibrated
measurements needs to be reconciled before thecdathe used in conjunction with other institutdatasets.
Despite these misgivings, the current FTIR systenpleying single WS calibrations is sufficient toptare
CHs, CO and NO seasonal and annual trends in southern hemispler@spheric composition within GAW
reproducibly guidelines. Calibrated and quality tcolied CH, data have already been submitted to the GAW
World Data Centre for Greenhouse Gases databas@/(@809) and submission of CO is planned.

Data availability

Calibrated baseline CH FTIR and CH flask sample measurements can be found at:
https://ds.data.jma.go.jp/gmd/wdcgg/cgi-bin/wdcggéssdata.cgi?index=LAU545S00-

NIWA&select=inventory Other data in this publication can be obtainexinf the corresponding author on

request.
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Table 1. CHs, N20 and CO RC$ including values from H13 (I uncertainty in brackets). The date of experimentss
given in the first column. In the second column & the pressure ranges and steps (bracketed) the expnents were
10 conducted at. The experiment measurement mode isted in the last column.

Date Pressure range CHs RCS, CO RCS N20 RCS Mode
Low-High (step) [ppb hP&] [ppb hP&] [ppb hP&]
[hPa]

March 2009 650-950 (50) 0.023 (0.002) 0.004 (0.001) - static
Nov 2011 730-1050 (20) 0.030 (0.001) 0.0013 (0.0008 0.003(0.002) flow
Aug 2012 750-1100 (50) 0.033 (0.001) 0.0006 (0.0001 0.005(0.001) static
Jan 2013 650-1050 (25) 0.030 (0.002) 0.0005 (00002 0.004(0.001) static
Dec 2013 650-1050 (25) 0.030 (0.002) -0.0006 (Q1POO  0.005 (0.0008) flow
Jan 2014 800-1200 (50) 0.034 (0.002) 0.0009(0.0018) 0.008 (0.0013) flow

H13 800-1200 0.031 (0.003) 0.006 (0.002) 0.0070D.0 flow

Table 2. CHi, CO and NeO 10-minute Allan deviation estimates measured at Laler along with estimates from
15 Griffith 2011 and G12. The GAW recommend compatibilty goals are also listed for comparative purposesThe
measurement mode and number of 1-minute data pointfN) used in each Allan Variance analysis experimérare

listed.

39

Date CH (6{0) N20 Mode N
[ppb]  [ppb]  [ppb]
Apr 2008 0.64 0.38 0.23 static 440
Apr 2010 0.66 0.35 0.24 flow 440
June 2012 0.23 0.31 0.11 flow 280
Nov 2012 0.28 0.30 0.10 static 1000
Nov 2012 0.19 0.31 0.13 flow 170
Jan 2014 0.25 0.28 0.13 flow 450
Feb 2015 0.40 0.21 0.11 flow 170
Griffith et al. (2011) 0.2 0.2 0.06 flow
G12 0.06 0.08 0.03 flow
GAW compatibility 2.0 2.0 0.1
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Table 3. Working standards consumed by the FTIR. WS Hs, CO and N.O dry mole fraction assignment with I

uncertainty bracketed. Working standard tank date d attachment to the FTIR, tank identifier and calculated CO

drift rates are given. The CHi, CO and N:O assignments are traceable to the WMOx2004A (Dlugrencky et al., 2015),
10 WMOx2014A (Novelli, et al. 1991) & WMO2006A (Hall ¢ al., 2007) reference scales respectively.

WS Date CH co CO drift N,O
identifier [ppb] [ppb] [ppb year!] [ppb]
REF6026 Jan 2007 1709.81 (1.03) 48.15 (0.55) 0 751@.17)
REF13416  Apr 2008 1733.28 (1.05) 56.85 (0.60) 0 4990.21)
REF6955 Nov 2008 1751.90 (0.66) 63.01 (0.55) 0 F2(0.10)
REF7193 Apr 2010 1779.72 (0.96) 68.90 (0.23) 0.42  22.57(0.13)
REF9580 Dec 2012 1752.01 (1.23) 53.67 (0.77) 313 23.6 (0.09)

REF12510  Nov 2013 1769.38 (1.08) 58.05 (0.40) 1.85 325.16 (0.16)

REF13009  Sept 2014 1799.81 (1.24) 69.46 (0.21) 1.55 326.73(0.15)

REF13486  June 2016 1797.40 (1.60) 55.50 (0.20) 0.76  328.50 (0.20)

Table 4. The Complete-IRF gradient and intercept coditients for each species calculated from three deai

measurements sets @ uncertainty in brackets). W10 is the WCC-EMPA travdling standard suite measured in 2010.
15 N14 and N15 are the measurements of the Aniwaniwauige in 2014 and 2015 respectively. The coefficierdf

determination (r?) of each fit is supplied.

CHs
Suite  gradient
ID [Ppb ppb]

CcoO
intercept r? gradient
[ppb] [ppb ppb]

intercept r?
[Ppb]

NO
gradient intercept r?

[ppb ppb] [ppb]

W10  1.015 (0.002)
N14  1.021(0.002)
N15  1.021(0.002)

1217 (421) 0.999 1.046 (0.008)
-5.98 (4.04)  0.999 1.057 (0.009)58(0.87)
-7.09(3.33)  0.999 1.061 (0.002)31(0.78)

-1.46(1.01) 0.999  1.002 (0.0132.64 (3.92) 0.999

0.999  1.011(0.009) -0.82(3.00) 0.999
0.999  1.011(0.011) -1.19(3.80) 0.999

Table 5. For each interval (and total dataset) in fi. 13, the measured to assigned TC bias is listechtérval
reproducibility (1 ¢ standard deviation) is bracketed. N = total numbeof TC measurements per interval.

Interval CH, bias CO bias N:O bias N Interval
[ppb] [ppb] [ppb] length (days)

a -0.36 (0.78) 0.10(0.38) -0.07 (0.25) 86 47

b -0.52 (0.60) -0.25(0.81) -0.75(0.24) 9 25

c -0.72 (0.41) 1.07 (0.41) -0.53(0.25) 28 116

d -0.95(0.49) 1.28(0.41) -0.58(0.24) 140 a4

40



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-274

Manuscript under review for journal Atmos. Meas. Tech.

Discussion started: 7 September 2018
(© Author(s) 2018. CC BY 4.0 License.

10

e -0.77 (1.39)
f -0.97 (1.44)
g -0.12 (0.52)
h 0.97 (0.57)
i 0.37 (0.67)
i 0.24 (0.92)
k 0.59 (0.79)
Allintervals  -0.41 (1.19)

1.49 (0.34)  -0.48 (0.16) 128
-0.24 (0.36) -0.17 (0.19) 387
0.23(0.48)  -0.42(0.15) 204
-0.70 (0.41) -0.28(0.21) 56
-0.24 (0.36) -0.14 (0.15) 87
0.29 (0.40)  0.04(0.17) 129
0.11(0.25)  -0.15 (0.20) 57
0.26 (0.74)  -0.27 (0.27)1311
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108
88

106
230
313
207

1322

Table 6. Objective filtering diagnostics and accompaying threshold limits. T During standard operation conditions
measurement duration is 10 minutes. * Additional dagnostics available after the FTIR upgrade in April2013.

Diagnostic

Threshold filtering values

H20 (ppm)

AH0 — Change in kD between successive measurements (ppm)T

Cell pressure (hPa)

Cell pressured (hPa)*

AP — Change in cell pressure between successiveureeasnts (hPa)

Cell temperature (°C)

Cell temperatured. (°C)

AT — Change cell temperature between successiveunggasnts (°C)
Cell flow rate (Lmint)

Cell flow rate & (Lmin')
MALT retrieval root-mean-square error, for spectegjions 1,2,3 & 4 (RMSE)
MALT retrieval spectral abscissa fitted shift, &pectral regions 1,2,3 & 4 (cih

Time difference between sample and closest prilisreéion

X <20
X <0.2

850 < X <1105
X<0.1

X<1l4
31.5<X<345
X <0.02

X <0.27
0.43 <X <0.65
X <0.015

X<0.1,0.08,0.4,0.01
X <0.08,0.12,0.17, 0.075
X < 8 days

Table 7. FTIR flask comparison results per species.HR flask dataset biases are listed with the d standard deviation
in brackets. Linear regression fitting parameters ad uncertainties (bracketed) are listed in the middé columns. The
final column has the Pearson correlation coefficie(r) of the fitted scatter plot data.

Species Bias Simple linear regression r
[Ppb]
gradient [ppb ppb-1] intercept [ppb]
CHa -1.02 (2.61) 0.97 (0.01) 60.96 (24.02) 0.99
CcoO -0.43 (1.60) 1.03 (0.02) -1.91 (1.15) 0.99
N20 -0.01 (0.77) 1.03 (0.05) -8.93 (14.84) 0.93
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Table 8. Trend analysis results (N=737) and bootstrafic uncertainties (bracketed) for the period 2007-2017The
annual trend expressed as a percentage uses the géiseries mean dry mole fraction (1768.91 ppb, 55.1@pand 324.29
ppb for CH4, CO and NO respectively).

Species Annual linear trend Peak-to-peak

[bpb year] [% year]] seasonal cycle amplitude

[Ppb]
CHa 6.29 (0.23)  0.36 (0.03) 29.06 (0.86)
co -0.52(0.29)  -0.94 (0.29) 22.52 (0.71)
N.O 0.99 (0.01)  0.31(0.01) 0.52 (0.04)
5
Figures and figure captions
Figure 1. (a) Location of Lauder, South Island, New galand. (b) A westward view of the in situ samplingnast and
the building housing the in situ instrumentation.
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Figure 2. (a) Simplified Lauder FTIR gas schematic por to upgrades. WS = working standard, TC = targetcylinder,
MFM = mass flow meter. (b) Schematic of FTIR gas hatling after the September 2013 upgrades. MFC = magkw
controller.
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Figure 3. Cell temperature measurements. From 2007 September 2010 cell temperature measurements weneade
with an integrated circuit sensor attached to the otside of the cell. The invitro PT100 temperature mesurements
started in September 2010 and replaced with a Typethermocouple in April 2013 (measurements outsidehe range

10 31-35 °C were filtered out). Box plots provide a st&stical summary prior and post LM335 temperature sasor
change. Vertical grey dashed lines indicate an evem which changes to FTIR hardware, operating condions or
analysis were made (FTIR instrument events explaineith Sect. 5.11).
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Figure 4. (a) Cell pressure (black) and cell flow ate in flow mode (red) during air sample measuremdn. After the
April 2013 upgrade the flow rate is set to 0.5 Lmirt and cell pressure is set to 1100 hPa. The sudderogs in flow rate
on three occasions (post upgrade) are due to MFC wper supply faults. Data taken during such faults idiltered out.
(b) Difference between air sample and WS cell presee.

5
20— T T T T T ]
L(a) .
. I ]
15+ -
R | I i 3
Q F 4
| "M
Q I 1 ! ]
T [l | I :
5; v i
oL L L . i i
2006 2008 2010 2012 2014 2016 2018
year
30_ T ‘ T T ]
L(b) Dec 2013 |
C Jul 2014 |3
C “ Jun 2015 |3
20F A 3
E | A 5
Q N 5
T C ¢ ]
101 . .
L - FyVyveyvev ]
0. 1 1 1 :
5

10
Days since desiccant replacement

Figure 5. (a) Retrieved HO during air sample measurements. The near-verticaspikes in HO relate to desiccant
cartridge replenishment then subsequent drying oubf the cell. All measurements with HO > 20 ppm are filtered out
prior to calibration and analysis. The elevated levieof H20 (approx. 2 ppm) over 2010-2011 is unexplained. Y@ hree

10 examples of cell HO after desiccant cartridge replacement. The twice aily small reductions in H:O in the Dec2013
data is due to daily calibration and target cylinde measurements.

ok J

Pressure difference [hPa]
o
T
1
1
1
1
1
1
1
1
1
1
1
1
1
If
1
\
1
1
1
o
1
1

al ]

6L . . . . .
2006 2008 2010 2012 2014 2016 2018
year

44



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-274 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 7 September 2018 Techniques
(© Author(s) 2018. CC BY 4.0 License.

Discussions

Figure 6. Difference between the FTIR MKS 902 and é&rnal PTB110 pressure sensor prior to any calibrabn
adjustments. Comparisons are conducted at a cell pssure of approx. 960 hPa (atmospheric pressure).
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Figure 7. (a) Interferogram ZPD signal and the mearsignal level of the associated spectra calculateder the range
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Figure 9. CHs, CO and N.O Allan deviations calculated from the February 205 repeatability experiment. The dataset
consists of 170 consecutive 1-minute spectra acgeit during measurement of the TC under standard opeting

5 conditions (cell pressure = 1100hPa, cell temperat = 33.85 °C, and a flow rate of 0.5 L mid). The dashed lines
represent the Gaussian noise limited Allan deviatio using the derived Allan deviation of the smallestemporal
increment (1-minute) as the basis.
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47



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-274 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 7 September 2018 Techniques
(© Author(s) 2018. CC BY 4.0 License.

Discussions

(a) N14
: N15
W10

CH, residual [ppb]
o
!
—
o
i

'2 E 1 1 1 J
1600 1700 1800 1900 2000 2100
Tank assigned value [ppb]

CO residual [ppb]
o
!
i

'2 E 1 1 ]
40 60 80 100 120 140 160
Tank assigned value [ppb]

1.0[
0.5F —'
0.05. .............................................................

-05F -

N,O residual [ppb]

:

'1 .5 L 1 1 1 ]
260 280 300 320 340
Tank assigned value [ppb]

Figure 11. Complete-IRF fit residuals (with s uncertainty bars) from measurements of multi-tanksuites N14, N15
and W10.
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Figure 12. (a) The difference between calibrated CHmeasurements of the three multi tank suites (N14l&ck, N15 red
and W10 blue) against assigned tank values withsluncertainty bars. The coloured diamonds are the agmned WS
dry mole fraction used to calibrate each respectiveset of suite measurements using the scale factorethod. The
5 coloured dash-dot-dot lines are the estimated conegation dependent biases (CDB) arising from applyig the scale
factor method, for each measurement suite. The greshaded area indicates the typical baseline conceation range at
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Figure 13. (a) The grey data points show the differee between TC CH measurements and that of the TC assigned
values (FTIR - TC). The blue dashed vertical lines idicate TC change. The red dashed vertical lines indite WS
change. Black dashed vertical lines indicate a siditant instrument event. The intervals between chages have

5 alphameric labels. Box plots display interval summagy statistics. (b) Histogram of FTIR-TC flask differences over all
intervals. The dashed vertical red line is the meadifference (bias). The red line is a Gaussian fib the histogram to
illustrate the deviation of the differences from ttat of a theoretical random Gaussian statistical disibution based
upon the given dataset. (c and d) the same as (adab) but for CO respectively. In (d), the additiona blue histogram
relates to intervals C, D and E. (e and f) the sames (a and b) but for NO respectively
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Appendix A

An updated retrieval strategy for CO and NO

A1l. Reduction of CO and NO residual cross sensitivity ta*2COz.

In the original spectral analysis strategy emplogetlauder three broad spectral regions were agd)yR1-R3
in Table Al. H13 found a significant non-linear sscsensitivity between CO and@ito 2CO,. To minimize
these cross sensitives an additional spectral megas added; R4: 2097-2242 tnSpectral region absorption
examples are found in G12 Fig. 3. Experiments sttawv R4 CO and DO retrievals havé?CQO; linear cross
sensitivities of the order -0.002ppb pprmand 0.0001 ppb ppn respectively, which are relatively
inconsequential. There was no substantial chan@Oirand NO precision. An additional benefit is a reduction
in the MALT CO retrieval sensitivity to temperatuaad pressure measurement errors (listed in TaB)e For
N2O, pressure sensitivity in R4 retrievals is simitarthat in R1 along with an (undesirable) increase
temperature sensitivity. The CO andNretrieval sensitivity to COforward model error (dX/dC§) is also
listed. R4 CO and dO retrievals are far less susceptible to a forwaadlel CQ error, this is more theoretical
than practical as CQOs also retrieved but provides an indication @& tteed to fit C@correctly and indicates an
overall robustness of the retrieval strategy. Rieeals are still required fdfC-CQ, in which CO and D are

regarded as interfering species.

Region  Spectral range (cn Retrieved target species Retrieved interferirersgs

R1 2150-2320 13CO,, 12C0O,, CO and NO H:0, 12C*801%0
R2 3001-3150 CH H0

R3 3520-3775 Co H20

R4 2097-2242 CO, 10 CQ, H0

Table A1. MALT retrieval spectral regions and retrieved species within each region.

co NO
R1 R4 R1 R4

dX/dT [ppb CY -4.43  0.17 1.65 2.16

dx/dP [ppb hP4] 0.27 -007  -0.35 -0.33

dX/dCO, [ppb ppmY]  -3.30  0.02 -0.24 -0.02

Table A2. MALT CO and N:2O retrieval sensitivity to pressure (dX/dP) and terperature (dX/dT) measurement
errors, in the two spectral regions R1 and R4. The O and N2O retrieval sensitivity to CQ forward model error
(dX/dCOy) is also listed. These were derived in a theoreticMALT study using perturbed pressure (1hPa, 10hPa),
temperature (0.1 °C, 1.0 °C) and C®@ (1ppm, 10ppm) using a typical air sample composith (COz: 390ppm, CHs:
1800ppb, NO: 320ppb and CO: 50ppb) in standard conditions (B 972hPa, T = 32°C).

The entire Lauder FTIR CO and:® dataset was reanalysed with the R4 CO af@ idtrieval strategy and is
now part of routine MALT analysis. Comparing MALTOCretrievals from spectral regions R1 and R4 over a
three-month period gives a bias of 3.6 + 0.38 dph kigher). Over the same period there is a biad &f +
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0.2ppb between MALT PO R1 and R4 retrievals. Such biases are not sigmifias they are cancelled out
during the calibration process.

A2 Elimination of N20 non-linear pressure residual cross sensitivity

A serendipitous consequence of adopting the newegibn for NO spectral analysis is the elimination of
5 significant NO RC$S non-linearity observed in R1 spectral retriev&$. N\bO RCS parametrisation required a
2" order polynomial fit. The BO RCS derived from R4 spectral analysis can be appradchas a linear
function. An example of PO RCS calculated using spectral regions R1 and R4 arstiated in Fig. AL. The
difference in the retrieved dry mole fractions ist of concern as calibration procedures will deiearthe

absolute accuracy.

10
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Figure Al. Retrieved NO dry mole fractions as a function of cell pressurérom tests conducted in December 2013. (a)
R1-N20 spectral analysis (with & uncertainty bars). (b) Same as (a) but for R4-bD spectral analysis.

Appendix B

15  Background spectrum water vapour removal
Spectral analysis is performed on transmission tsmeoot the actual collected raw sample specteanpe
transmission spectra are generated by the ratithefmeasured spectra to that of a reference baskdro
spectrum. Reference background spectra are callegteler the same experimental set up as that of
measurements but taken when the cell is evaculltgdg transmission spectra rather than raw sangeetsa

20 eliminates instrument artefacts such as continieval lcurvature and the spectrometer’s spectrabressp

It was initially observed that retrieved specieg dole fractions were dependent on the backgropedtsum.
When a transmission spectrum is calculated theiraperfect spectral cancellation of residual watesorption
lines between raw sample spectra and collectedgbachd spectra. Species absorptions of interegt GO,
25  CHs CO and NO) which are heavily overlapped by water vapouiogttions are most effected. This primarily
effects the retrieval of CQn the broad spectral region 3520-3775anhilst retrieved Chl N;O and CO are
mostly unaffected. Water vapour absorption does ‘retio out’ simply or linearly when calculating a
transmission spectrum, for two reasons, first, bseathe sample and background spectra are recamtbd
apodised by the FTIR to 1 chbefore being divided to calculate transmissiorcspe in which cancellation is
30 not complete (this is a consequence of the breakdmvBeer's law at low resolution (Griffith, 1996)%econd,
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the background water vapour spectrum has two coemgenwater vapour at approx. 1hPa (evacuated cell
pressure) and residual water vapour at atmosppeessure (approx. 1300 hPa) in the IRcube trarogiécs
compartment which is purged with dry nitrogen. 8inlee low-pressure spectral absorption lines arewar,
the spectral line shapes are not identical andalgrovide a clean subtraction of water vapourhia $ample
spectrum (approx. 1100 hPa). The result is thattidwesmission spectrum calculated has three watpowr
components, of which there is not full cancellatidn account for this behaviour one method is toaee the

water vapour absorptions from the background spectr

A water-absorption free background spectrum is wooged by fitting a small region of the measured
background spectrum with a 2-layer MALT model, ¢ager at 1 hPa the other at 1300 hPa, to retriezevater
vapour amount in the background spectrum. The cdratéons and ILS parameters from this fit are uasd
input to MALT, in simulation mode, to simulate thransmission spectrum of water vapour in two laygrthe
levels in the selected background spectrum. Thesamed background spectrum is then divided by theilsited
water transmission spectrum. The result is a watteorption free background spectrum. This desccédr so
called stripped) simulated background spectrum seduwhen constructing transmission spectra from air
samples. The retrieved water vapour from samplestréssion spectra is now only that attributed ® water
vapour in the sample spectra, and the fits arergbpegyood with very small residuals. As illustrdtm Fig. B1,
the stripped background in the R2 and R4 speagibns are unaffected by the removal of the wateogption
features. CQretrieved in region R3 along withiCO, and*3CO;, in region R1 are the most affected.

A similar stripping procedure is used to removddesl CQ absorption in the background spectrum due to

incomplete purging of the IRcube and evacuatiothefcell.
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Figure B1. A typical background spectrum taken on 8August 2014 (cell pressure of 1.6 hPa) and correspding
background spectrum with water absorption spectralfeatures removed. MALT spectral fit regions are shade in

grey.

Experiments were conducted to investigate and éyehe effect of using stripped background speatr&0;
retrievals. Sample spectra were taken of a singleient air tank. The tank air was pre-conditionethwariable
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amounts of water vapour (10-250 ppm) prior to dginvto the FTIR. Four background spectra were &lken,
with differing amount of water vapour (spanning:00.47 ppm). For each background spectrum, alated
stripped background spectrum was made. Each saspgletra were then ratioed to these eight backgroun
spectra to make transmission spectra. The tranemispectra were then analysed with MALT in thendtad

way.

As illustrated in Fig. B2 there is a G@oncentration dependence on both the amount crwatpour in the
sample and background spectra water vapour comteen using unstripped backgrounds (red data poiRts)
stripped backgrounds, all four G@etrievals agree to within 0.5 ppm (for CO;Nand CH the difference was
10 times less than instrument precision). The dépece of C@ on sample water vapour is reduced by more
than a factor of ten relative to the wet backgraurithese results indicate that it is inaccuratingjtof the
composite water vapour spectrum when using ungidppackgrounds that leads to the sample water vapou
dependence of CQOetrieval. With only sample water vapour to kteefi, MALT can do a good fit and there is
little cross-sensitivity. The differences betweke four stripped backgrounds reflect small chamgdise overall

response of the FTIR spectrometer, with the prabaause being temperature stability.
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Figure B2. Retrievals of CQ dry mole fractions from a standard cylinder that has been preconditioned with water
vapour of differing amounts using unaltered backgraind spectra (red) and stripped background spectralue). The
legend displays the amount of retrieved water vapauin the four background spectra. All background spectra were
taken with the cell evacuated to approx. 1 hPa.

Appendix C

A customized scale transfer reference tank suite

A bespoke FTIR scale transfer reference gas falk saite (referred to as thiwaniwa suite) was designed by
NIWA and prepared at the National Oceanic and Aphesic Administration Earth System Research
Laboratory Global Monitoring Division (NOAA ESRL GM Kitzis, 2017). NOAA ESRL GMD acts as the
WMO-GAW Central Calibration Laboratory for GOCHs, NO and CO. The suite has a customized trace gas
composition matrix consisting of prescribed L@H;, NO and CO dry mole fractions calibrated on the

respective WMO reference scale. The prescribedmibile fractions span the typical sample air trace diy
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mole fractions measured at Lauder. BH&E-CQ; isotopic composition of the Aniwaniwa suite wessigned at
NIWA-Gaslab employing GC isotope ratio mass specéivy using VPDB scale transfer reference gases.

The composition matrix (listed in Table C1) wasigesed to minimize species cross sensitivity/covaré@in the
MALT retrieval algorithm. Preference for speciesicentration orthogonality is given to species ez in the
same spectral region (for example CO an®N There is insignificant covariance between sgecetrievals in
differing spectral region. The MALT retrieval cogerforms spectral fitting in four independent spaategions
(listed in appendix A). The original retrieval s&gy only used three spectral regions: R1, R2 ahdTRis was
expanded to four to minimize,M residual cross sensitivity to GO'he Aniwaniwa suite was constructed prior
to the retrieval strategy update change, henceufie composition matrix is based around minimizipgcies
concentration correlation for each tank based émerels in spectral regions R1, R2 and R3. Thisot of

major concern as spectral region R4 has a largeapverith R1.

Tanks CB09978 and CB10202 have the sarg® Wry mole fractions within uncertainty limits (8y8bb
difference). Tanks CB09978 and CB10248 also hawdlai CHs dry mole fractions (9.58ppb difference). For
these species, the effective suite tank span redfroen 4 to 3 tanks, but still important as overahk
composition differs. NOAA ESRL GMD keep a full atdiistory of tank preparation and scale propagation
Tank assignment changes and/or reference scalegebaare accessed via the public accessible site:
https://www.esrl.noaa.gov/gmd/ccl/refgas.htll four tanks were delivered with an approx. prgssof 2000

psig.

Tank ID CH; [ppb] CO [ppb] N2O [ppb] CO:z [ppm] 513C-C O (%o)
WMOx2004A WMOx2014 WMO2006A WMOx2007 VPDB
R2 R4 R4 R3 R1
CB09978 1733.24 (0.13) 95.90 (0.13) 339.02 (0.11) 12.70 (0.01) -8.774 (0.005)
CB10005  1687.32 (0.27)  131.01 (0.03) 320.08 (0.10) 398.51 (0.03) -8.662 (0.004)
CB10248  1742.82(0.22)  51.32(0.28) 307.38 (0.13)  57.@8 (0.06) -8.804 (0.005)

CB10202  2019.30 (0.13) 107.77 (0.20)  338.94 (0.15) 380.42 (0.01) -

Table C1. Aniwaniwa suite composition with assignmenuncertainty bracketed (1s). $*3C-CO2 was not assigned at
NOAA ESRL GMD, but measured at NIWA-Gaslab. The current WMO reference scales are given along with the
spectral analysis region retrievals are performedni.

Appendix D

Defining baseline conditions

We define baseline measurements as those takamditions that are representative of a well-mixedrgary
layer devoid of any local source emissions. A $anghysical based approach is taken in definingtuhaeline
conditions are at Lauder, this is when the windddeegreater than 5msbetween 1500-1600 NZST, and there
are more than five samples taken within this h@tis last criterion allows baseline measuremeniabdity to

be quantified. We also found that wind directionl diot need to be considered for baseline filteriigch
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filtering is applied to all three species. Due lte tack of consistent local emission sources thieentibaseline
definition is sufficient for our needs. A more s@iitated approach in defining baseline conditimpossible
(e.g. Stephens et al. 2013, Yuan et al. 2018).tiiyery local emission spikes using methods likatthroposed
by El Yazidi et al. (2018) could also be used.

Figure D1 shows the Cthourly standard deviation as a function of winéexp and time of day. From these
figures, we see reduced ¢kariability with higher wind speeds with wind splegreatest (but also with highest
variability) in the mid-afternoon through to eadyening. Greater wind speeds produce more regimnahg
creating a more homogenous atmosphere. TheHhodrly standard deviation diurnal cycle is at aimum in
the early to mid-afternoon. Such local afternoomima are also seen in CO,® (not shown) and CO
(Steinkamp et al., 2017). The large variabilihaght time is due to the formation of a nocturnalibdary layer

during certain meteorological conditions.

All data
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Data > 5ms’'

All data
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Data > 5ms™' & between 1500-1600 NZST ]

CH, hourly standard deviation [ppb]
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Figure D1. (a) CHs hourly standard deviation (minimum of five sample$ as a function of wind speed, and data
filtered by time of day (red) and full baseline crteria (blue). (b) Box plot statistical summary of tourly wind speed. (c)

Box plot statistical summary of CH: hourly standard deviation. Note, some of the box lpts upper outliers are

truncated.
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