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Abstract. Concern in recent decades about human impactd Introduction

on Earth’s climate has led to the need for improved and ex-

panded measurement capabilities of greenhouse gases in the

atmosphere. In this paper we describe in detail an in situ trac&rowing concern in recent decades about human impacts
gas analyser based on Fourier Transform Infrared (FTIR)PN Earth’s climate has led to the need for improved un-
spectroscopy that is capable of simultaneous and continuouderstanding of the global carbon cycle and the sources and
measurements of carbon dioxide (§0Omethane (Chj, car- sinks of greenhouse gases in the atmosphere. The Fourth
bon monoxide (CO), nitrous oxide @) and'3C in CO; in Assessment Report of the Intergovernmental Panel on Cli-
air with high precision. High accuracy is established by ref-mate Change (IPCC, 2007) provides the most recent and
erence to measurements of standard reference gases. StaBigensive overview of the physical basis of human-induced
water isotopes can also be measured in undried airstreamglimate change. Carbon dioxide (@Cand methane (Clj

The analyser is automated and allows unattended operatiof® the most important long-lived anthropogenic greenhouse
with minimal operator intervention. Precision and accuracy9a@ses (GHGs), accounting for 64 % and 18 %, respectively,
meet and exceed the compatibility targets set by the Worlg®f human-induced radiative forcing since the pre-industrial
Meteorological Organisation — Global Atmosphere Watch€ra (Hofmann et al., 2006, for update de€p://www.esrl.

for baseline measurements in the unpolluted troposphere fopoaa.govigmd/aggi/Nitrous oxide (NO) is the third most
all species excepfC in CO,. important greenhouse gas with a 6 % contribution that is be-

The analyser is mobile and well suited to fixed sites, COming more important as the now-restricted chlorofluoro-

tower measurements, mobile platforms and campaign-base%ﬁ‘rbons decay in the atmosphere (Ravishankara et al., 2009).
measurements. The isotopic specificity of the optically- Major sources of anthropogenic Gcreases are fossil fuel
based technique and analysis allows its application in iso£ombustion for energy; for Ctthey are increased wetlands
topic tracer experiments, for example in tracing variations@nd agricultural livestock emissions; and fop® the in-

of 13C in CO, and 1N in N,O. We review a number creased use of nitrogeneous fertilisers in agriculturep CO
of applications illustrating use of the analyser in clean €Missions are partially taken up and recycled by the oceans,
air monitoring, micrometeorological flux and tower mea- land and the biosphere, but approximately half of fossil fuel

surements, mobile measurements on a train, and soil flu£©Q2 accumulates in the atmosphere. £&hd NO are ulti-
chamber measurements. mately chemically destroyed in the atmosphere, but increas-

ing sources also mean that their atmospheric abundances are
increasing (IPCC, 2007).

Measurements of greenhouse gases in the atmosphere pro-
vide the fundamental data on which our understanding is
based. In situ measurements at the local or ecosystem level
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lead to “bottom-up” detailed understanding of the individual
processes and magnitudes of GHG exchanges, but are nec- e T
essarily sparse. They require significant up-scaling and ex- 1 ' v
trapolation if they are to be used in global-scale models of
GHG source-sink distributions and inventories. In the alter- g
native “top-down” approach, time series of in situ and remote &
sensing measurements are combined with inverse model8 o5
and atmospheric transport to infer source-sink distributions®
at global scales, but here the problem is mathematically ill-
posed, and uncertainties are dominated by the sparseness of
the available measurements. Both top-down and bottom-up o.0 L : : :
approaches benefit from new technigues which can increase 29 2500 o0 3500 4000
the density and accuracy of available measurements. In par- Wavenumber fcm
ticular, the extension of measurements from occasional, oftefFig. 1. The mid-infrared absorption spectrum of clean airin a 24 m
flask-based sampling programmes to continuous measuresell. Red: undried air, blue: dried air. Positions of main absorption
ments near the ground, on tall towers, and from satellites idands of target gases GOCH;, CO and NO are shown. More
highly desirable. Continuous measurements resolve variabildetail of individual regions is shown in Fig. 3.
ity on diurnal and synoptic timescales, which is becoming in-
creasingly accessible to high resolution modeling. However
the accuracy requirements are stringent — the World Meteoeperating near room temperature. While the NIR lasers are
rological Organisation’s Global Atmosphere Watch (GAW) relatively cheap and freely available, absorption bands in the
specifies the required inter-station compatibility and lack of NIR are generally overtone and combination bands which are
bias required for measurements to improve understanding ofveak absorbers compared to the fundamental vibration bands
global greenhouse gas cycling. These requirements and ajn the MIR. The weak absorption cancels some of the advan-
proximate global mean atmospheric mole fractions (2010)tage of high brightness and low noise, and long absorption
are listed in Table 1 (GAW, 2011). paths are required to obtain the desired precision. Most re-
Regular atmospheric GHG measurements effectively becently, quantum cascade lasers operating near room temper-
gan in the International Geophysical Year of 1957 with the ature at MIR wavelengths have been developed, and these are
establishment of C® measurements by nondispersive in- becoming commercially available (e.g. Tuzson et al., 2011).
frared (NDIR) spectroscopy at Mauna Loa in Hawaii by C.  Fourier Transform InfraRed (FTIR) spectroscopy offers an
D. Keeling (Keeling et al., 1995), and are now continuous alternative infrared optical technique to laser spectroscopy.
at several global sites (e.g. Francey et al., 2010; Steele & TIR uses broadband infrared radiation from a blackbody
al., 2011, see algattp://www.esrl.noaa.gov/gmyd/for other  light source that covers the entire infrared spectrum simulta-
species, high accuracy greenhouse gas measurements haweously. In FTIR spectroscopy, the source radiation is modu-
been dominated by gas chromatography (GC) techniques udated by a Michelson interferometer and all optical frequen-
ing various detectors. GC requires frequent calibration butcies are recorded simultaneously in the measured interfero-
can be automated and is commonly used to provide pseudayram (Davis et al., 2001; Griffiths and de Haseth, 2007). A
continuous spot-measurements for most species in many stanathematical Fourier transform retrieves the spectrum (in-
tions and networks (see for example van der Laan et al.tensity vs. frequency) from the interferogram. Compared to
2009; Vermeulen et al., 2011; Popa et al., 2010; Prinn et al.laser sources the blackbody source is less bright, but this
2000; Langenfelds et al., 2011). disadvantage is largely offset by the multiplex advantage of
Optical techniques based on the absorption or emissiomeasuring the whole spectrum simultaneously, and operation
of radiation are well suited to continuous measurementsn the MIR region where absorption bands are strong com-
and have a robust physical basis for calibration. Recent adpared to the NIR. The result is precision similar to or better
vances in laser-based techniques have achieved the requir¢idan NIR-laser based instruments, but with the ability to de-
precision in many cases and several instruments have bdermine several species, including isotopologues, simultane-
come commercially available. Lasers are inherently single-ously from the same measured spectrum.
wavelength devices that can be scanned over single absorp- Figure 1 shows the mid infrared spectra of whole clean air,
tion lines in a narrow wavelength interval. They are typically dried and undried, in a 24 m path absorption cell as recorded
restricted to only one or two species, but high brightness ofwith the analyser described in this paper. The target gases,
the laser source leads to low noise and high precision meaearbon dioxide (C@), methane (Chj), nitrous oxide (NO),
surements. Earlier instruments used liquid nitrogen-cooleccarbon monoxide (CO), and water vapour,(®) have ab-
lead-salt mid-infrared lasers (MIR, > 2.0 um), but these sorption bands in this region. Infrared absorption frequencies
have been largely supplanted by cheaper, mass produced adeépend on the atomic masses, and in the caséasd, the
readily available near-infrared lasers (NIRx~0.7-2.0um)  vs3 stretching vibration is shifted 66 cm from the parent
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Table 1. Global mean mole fractions, GAW measurement compatibility requirements, and FTIR analyser measurement precision (Allan
deviation for 1- and 10-min averaging times) for target trace gases.

Approximate global GAW recommended FTIR measurement
Species mean mole fraction, 2010 compatibility target repeatability
(GAW, 2011) 1 min 10 min
COy/pmol mol1 389 0.1 (NH)0.05 (SH)  0.02 0.01
CHg/nmol mot~1 1808 2 0.2 0.06
N,O/nmol mot-1 323 0.1 0.1 0.03
CO/nmol mot-1 100 (NH) 50 (SH) 2 0.2 0.08
§13C-C0O,/%0 -8.2 0.01 0.7 0.02
12C 0, band, which allows independent determinatiof3g vi Dryer Bypass Line
in CO; with a low resolution FTIR spectrometer.ZHO V2
(HDO) absorption is also well separated from that oiCH v3

V9a V9b,

and allows measurements of H/D fractionation (Parkes etal.~ y,
2012). Quantitative analysis of broad regions of the spectrun
(typically 100-200 cm?® wide) including whole absorption

Nafion Dryer H Chemical Dryer

bands of the molecules of interest provides the concentra  \,cuum < MFC

tions of the target species. The spectral information from  Pump ve vr + vs
many ro-vibronic lines is included in each analysis, enhanc- ~P<- 2D
ing the information content of the measurement compared tc 1

narrow-band, single line laser methods, thus leading to higt Gas Cell N —e—

measurement precision and stability.
In this paper we d_escrlbe the_ Constrgc_tlon, performancq:ig' 2. Schematic view of the sampling gas manifold. For valve

and selected applications of a high precision trace gas anak,nctions see text.

yser based on low resolution Fourier Transform Infrared

(FTIR) spectrometry. The FTIR spectrometer is coupled to

a multi-pass (White) cell and a gas sampling manifold and iscussed onto a 1 mm diameter thermoelectrically-cooled Mer-

principally intended for in situ sampling and analysis of am- cyry Cadmium Telluride (MCT) detector with peak detectiv-

bient air. The analyser is fully automated and provides reality at 2000 cnt®. The interferometer is scanned at 80 scans

time concentration or mole fraction measurements of targeiin—! and normally spectra are coadded for 1-10 min ac-

gases including Cg) CO, CHy, N2O, H,O and the isotopo-  cording to the required time resolution and signal-to-noise

logues'3*CO,, HDO and H®0. The analyser is an extension ratio. The root mean square (RMS) signal-to-noise ratio in

of earlier work (ESIer et al., 2000a, b) and incorporates Sig'the Spectra for a 1-min average measuremengq coad-

nificant improvements in usability and performance. Parkesjed spectra) through the cell at 1 chresolution is typically

et al. (2012) describe optimisation of the analyser for stable40 000-60000:1 (measured as 1/noise where noise is the

water isotope measurements (Parkes et al., 2012). RMS noise from 2500-2600 cm on the ratio of two con-
secutively collected spectra). The signal-to-noise ratio (SNR)
increases as the square root of averaging time for coadded

2 Description of the analyser spectra up to at least 20 min.
The White cell is fitted with a 0-1333 hPa piezo manome-
2.1 Hardware ter to measure cell pressure and a type-J or type-T thermo-

couple in the cell for cell temperature measurement. Ambi-
The FTIR spectrometer is a Bruker IRcube, a modular unitent water vapour, C& CO, CH; and NO are removed from
built around a frictionless flex-pivot interferometer with the internal volume of the IRcube and transfer optics with a
1 cmi ! resolution (0.5 cm? optional) and 25 mm beam di- slow purge of dry N (0.1-0.2 Imir?) backed by a molec-
ameter, globar source and Gateamsplitter. The modulated ular sieve and Ascarifetrap in the volume. The FTIR and
exit beam is coupled to a multipass White cell by transfer op-sample cell are thermostatted, typically at80
tics consisting of two flat mirrors. The White cell is a perma-  The evacuation and filling of the cell with sample or cal-
nently aligned glass cell, f-matched to the FTIR beam withibration gas is controlled by a manifold of solenoid valves,
a total folded path of 24 m and volume 3.51. The beam ex-shown schematically in Fig. 2. A 4-stage oil-free diaphragm
iting the White cell is directed back into the IRcube and fo- pump with ultimate vacuum of approximately 1 hPa is used
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to evacuate and draw sample gas through the cell. Sample &.2 Quantitative spectrum analysis

calibration gas streams are introduced through one of four

equivalent inlets (V1-V4). To minimise uncertainty due to Spectra are analysed to determine the amounts of selected
cross-sensitivity to water vapour lines in the spectra (Sect. 3){race gases in the cell by non-linear least squares fitting of
the airstream can be optionally dried by passing through &road regions (100-200 cm) of the spectrum selected for
Nafior®® drier and Mg(CIQ), trap (selected by V9). The gas €ach target gas. The analysis is carried out automatically af-
stream passes through a 7 um sintered stainless steel partfr spectrum collection, and the results logged and displayed
cle filter into the sample cell (V6). Flow is controlled by on the controlling computer. Spectroscopic analysis funda-
a mass flow controller at the cell outlet which can option- mentally determines the total absorber amount (concentra-
ally function as a cell pressure controller through a feedbacKion x pathlengthC x L) of the target trace gas, from which
loop to the cell pressure transducer. In earlier versions of théhe mole fractiony of the trace gas in air is calculated from
analyser, a needle valve and mass flow meter were used irthe molar concentration of air/ V =P/RT

stead of the mass flow controller. In the most recent versions, c

the addition of a second mass flow controller at the cell in-y = ——| (1)

let (not shown) allows both pressure and flow to be con- P/RT

trolled simultaneously. Flow rate is typically 0.5—-1.5 | min whereP is the measured sample presstfehe sample cell

and cell pressure is.near ambient pressure. The .dried Sar?émperature, andt the universal gas constant. From Eq. (1),
ple gas stream leaving the cell provides the required back: is the mole fraction in whole aip can be converted to dry

flqsh to the Na}f|on drye.r at reduced pressure. The Nf"‘f'orﬁir mole fraction using the measured mole fraction of water
drier alone typically achieves water vapour mole fraCtlonsvapour in the sampled air in the cell determined simultane-

1 i oC) i
of 200-300 umol mol” (dew point< —40°C) in the sam- ously from the FTIR spectrum, as in Eqg. (2):
pled airstream, and the Mg(Clg» typically reduces this

to < 10 umol mot. Sample or calibration gas may also be .
analysed statically by evacuating and filling the cell without Xdry = (1— xH,0)
flow during the measurement. In this case a flow of dried air
can be maintained through the Nafion drier via a cell-bypasd~or dried air, xn,0 is generally small € 10 umol mot 1)
valve (V5) to avoid step changes in water vapour levels thatand the correction to dry air mole fraction is negligible.
may occur if the Nafion drier is not continuously flushed. The The quantitative spectrum analysis takes a computational ap-
cell can be evacuated directly through V8. proach in which the spectral region to be analysed is iter-
The solenoid manifold valves are switched by a digital atively calculated and fitted to the measured spectrum by
output (DO) relay module connected to the controlling com-non-linear least squares.. The spectrum model, MALT (Mul-
puter via a RS232-RS485 serial interface. An 8-channel, 16tiple Atmospheric Layer Transmission), is described in de-
bit analogue-digital converter (ADC) module is connectedtail elsewhere (Griffith, 1996) and only summarised here.
via the same RS485 daisy-chain to log pressure, cell andFor most trace gases of interest, the positions, strengths,
room temperatures, flow and other desired analogue signalsvidths and temperature dependences of relevant absorption
The mass flow controller is controlled by an analogue outputlines are available in the HITRAN database (Rothman et al.,
(AO) module. Additional DO, AO or ADC modules can be 2005). From the HITRAN line parameters, the MALT spec-
added as required to the RS485 daisy chain for special aptral model calculates the absorption coefficients of the gas
plications. Operation of the spectrometer, sample manifoldsample in the cell at the measured temperature and pressure.
data logging, spectrum analysis (described below) and redFor samples containing gases that are not included in HI-
time display of gas concentrations is controlled by a singleTRAN, the absorption coefficients can be calculated from
program (“Oscar”) written in Microsoft Visual Basic. The quantitative library reference spectra if available; for exam-
spectrometer communication is via Bruker’s OPUS DDE in- ple, the Northwest Infrared Vapour Phase Reference Library
terface over a private Ethernet network. The DO, AO andprovides such data for over 400 compounigksps://secure?2.
ADC modules are connected via the PC's serial RS232 portpnl.gov/nsd/nsd.nsf/\Welcomeee also (Sharpe et al., 2004;
Oscar provides for the configuration and fully automated ex-Johnson et al., 2010). The monochromatic (i.e. true, infinite
ecution of user-defined sequences of valve-switching for flowresolution) transmittance spectrum is calculated from the ab-
control, spectrum collection, spectrum quantitative analysissorption coefficients and initial estimates of trace gas con-
logging and display. Different sequences may be executedentrations, then convolved with the FTIR instrument line-
in turn and looped to provide continuous automated operashape (ILS) function, which includes the effects of resolu-
tion, including periodic calibration tank measurements, with-tion (maximum optical path difference of the interferogram),
out manual intervention. The instrument can be run remotelyapodization, and finite field of view (beam divergence in the
via an Ethernet connection to the PC. interferometer). In addition, effects of imperfect alignment or
optics can be included, for example wavenumber scale shift,
loss of modulation efficiency at high optical path difference,

)
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and residual phase error, which may lead to shifted, broad- |, - 3
ened and asymmetric lineshapes, respectively. The resulting _g:ggg; e W AP
calculated spectrum simulates the measured spectrum, and 125
is iteratively re-calculated using a Levenberg-Marquardt al-
gorithm (Press et al., 1992) to update estimates of absorber
amounts and ILS parameters until the best fit (minimum

sum of squared residuals between measured and calculated

1.0

0.8

0.6 1 Measured

Transmittance

. . + Fitted
spectra) is achieved. 0.4 —— Residual (upper panel)
The transmittance model is not linear in the fitted param- p | T LCO
eters (absorber amounts and ILS), necessitating the iterative N
2.

non-linear least squares fitting. This method is fundamentally 00— N N N N N N N
different from methods commonly used in chemometric ap- w0 2 0o zf,zvgvefuzszer 2200 200 200
proaches to quantitative spectrum analysis, and in particu- 0001

lar the classical least squares (CLS) or partial least squares
(PLS) used in earlier work (Griffith, 1996). These chemo-
metric approaches are applied to absorbance spectra and fit
the spectrum as a linear combination of single component ab-
sorbance spectra (CLS) or factors (PLS). They inherently as-
sume that Beer’s Law (i.e. that absorbance is proportional to
concentrations of absorbers) is obeyed or nearly obeyed, but 0.94 —— Measured

0.98

13

©

3
|

Transmittance

+ Fitted
cannot fit spectral variations due to ILS effects, and are re- 002 | Residual (upper pane)
stricted to regions of weak absorption to avoid non-linearities " |—co
and breakdown of Beer’s Law (Anderson and Griffiths, 1975; ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

i X 2100 2120 2140 2160 2180 2200 2220 2240
Haaland, 1987). In non-linear least squares the transmittance Wavenumber

spectrum can be fitted in any region, not just one of weak
absorption, because there is no assumption of linearity be-
tween transmittance and trace gas concentrations. All spec-
tral points have the same measurement noise error indepen-
dent of the transmittance, and therefore have equal weight in
calculating and minimising the residual sum of squares.

The iterative fit normally takes 5-10 iterations and a few
seconds of computation time on a typical personal computer. 0.94
Figure 3 illustrates spectral fits to typical regions: (a) 2150— _ EZHO
2310 cnt! for CO, isotopologues, CO and A0, (b) 2097- ‘ ‘ ‘ ‘ ‘ ‘ —
2242 cnt! optimised for MO and CO (c) 3001-3150 cmh 3020 3040 3060 3080 3100 3120 3140
for CHy, and (d) 3520-3775 cnt for CO, (all isotopo- 001 Wavenumber
logues) and HO. Water vapour is fitted in all spectral re- 0.00 AWMWMWWW\’WW
gions because there are weak residual water vapour lines 0P
even in dried air. In undried air, #0, HDO and H®0 in
the sample can be independently determined to provide the
hydrogen and oxygen isotopic composition in water vapour
(Parkes et al., 2012). In the region near 2300 &rthe 13C
and!2C isotopologues of C@are well resolved (thé3CO,
asymmetric stretching band is shifted 66 chirom the cor-
responding2CO, band) and can be fitted independently, al-
lowing a direct measurement &C in atmospheric C@ In
general, overlap of absorption bands of different gases is ac- 3560 3600 3650 3700 8780
counted for by the MALT spectral model and isolated spec- Wavenumber
tral features are not required for analysis. However, crossFig. 3. Typical non-linear least squares fits to a spectrum of dry air
sensitivities may be significant with overlap of a weak bandin four spectral regionga) 21502310 cm?, fitting CO; isotopo-
by a much stronger band, such as is the case f@® Bnd  logues, CO, MO and HO; (b) 20972242 cm?, optimised for
13c0, shown in Fig. 3a; in this case an additional window N20 and CO, also fitting CQ (c) 3001-3150 cm*, fitting CHy

from 2097—2242 cm! shown in Fig. 3b can be used to 2nd FO; (d) 3520-3775 cm*, fiiting CO, and +0. Contribu-
minimise this cross-sensitivity tions from individual species are shown in colours, offsét2 units
) for clarity.

Transmittance

—— Measured
+ Fitted
—— Residual (upper panel)

Transmittance
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Fig. 4. Time series (upper panels) and Allan deviation (lower panels) plots of consecutive 1-min average measurementSidf,GID,
N>O ands13C in CQO, for an unchanging air sample in the FTIR analyser. The dashed lines have a slepe&dfog-log) and show the
expected behaviour of the Allan deviation vs. time for random (white) noise.

All spectra are stored after measurement and archived. Arcent of calibrated reference scales due to systematic errors in
advantage of the method is that spectra can be re-analysed #ite spectrometer, MALT model, HITRAN data and measured
any later time, for example with a different choice of spec- pressure and temperature (Smith et al., 2011). Higher accu-
tral regions or with improved line parameters when/if they racy, equivalent to the precision of repeated measurements,
become available. is achieved by analysis of calibration standards that have

The fitting procedure provides trace gas amounts and ILnown concentrations traceable to accepted standard scales
parameters without any reference to calibration spectra osuch as the WMO scales for clean air (GAW, 2011). Calibra-
reference gases. For an ideal measured spectrum from tion equations can be derived by analysis of such standards.
perfectly aligned spectrometer, the fitted spectrum residuaCharacterisation of the precision and accuracy is described
should show only random detector noise, and absolute acin the following section.
curacy would depend only on the HITRAN line parameters, The analyser and spectral analysis procedure has been
pressure, temperature and pathlength measurements. In reaeveloped and improved over several years since the first
ity, the raw FTIR determination of trace gas concentrationsversions described by Esler et al. (2000a, b). Since 2011,
is highly precise, but typically uncertain to within a few per- the analyser described above, with refinements, has been
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1

available commercially as the Spectronus analyser frorrom'g 0.1 g - .
Ecotech Pty Ltd., Knoxfield, Australia. Q z O-ﬁ L < . i i
201 T T T T T T T T T
340 350 360 370 380 390 400 410 420
.. . . i - 01 o
3 Precision, accuracy and calibration . oo Eodo1§; £
.. . 1CI<10 155 150 1;.5 1‘|IO 165 1(|)0 9I5
3.1 Precision o3 i .
(@] E ; # L] "
Precision may be quantified aspeatability (the closeness = g - o o o
of the agreement between the results of successive measur . o %
ments of the same measurand carried out under the same co u . . E°1 Q3
ditions of measurement) eeproducibility (where the con- 0o 200 a0 a0 500 e00 -

.
1

ditions of measurement may include different operators, lo-o, gs E % H
cations and techniqueshccuracyis defined as the close- g 02 % ;
ness of the agreement between the result of a measureme. .. 305 310 315 320 325 330 335 340 345
and a true value of the measurand (JCGM, 2008, see aIsE. ) ) . .

ig. 5. Residuals with & error bars from linear regressions of raw
http://gaw.empa.ch/glossary.himi

. . . FTIR measured mole fractions against reference mole fractions for
Repeatability of the FTIR analyser is determined as the, gjte of tanks maintained by the University of Heidelberg (data
standard deviation of replicate measurements of a gas samng further details from Hammer et al., 2012).
ple of constant composition, for example a set of measure-
ments of a constant air sample in the sample cell. Figure 4
illustrates the analyser’s repeatability with time series (uppetibration of the analyser to an absolute or reference scale is
panels) and Allan deviation (lower panels) of consecutive 1-achieved by measurements of two or more tanks of air in-
min measurements of GOCHz, CO, N;O ands™*CinCO,  dependently calibrated for each trace gas on the reference
in dry air. For these measurements the cell was slowly flushedcales. Calibration is described in detail in an accompany-
with dried air from a high pressure tank, and spectra collectedng paper by Hammer et al. (2012); combined uncertainty is
continuously for more than 2 days (54 h). Pressure in the celshown to exceed GAW compatibility targets (Table 1) for all
was controlled at 1100 hPa. species exce@3C in COy. Griffith et al. (2011) and Ham-

Allan variance is commonly used to characterise noise inmer et al. (2012) demonstrate that the raw FTIR scale is lin-
repeated measurements (Allan, 1966; Werle et al., 1993) andar relative to WMO reference scales over a range of mole
expresses the measurement variance as a function of averafjactions typical of ambient air and above. While the cali-
ing time. In Fig. 4 the plotted Allan deviation is the square bration regressions are in general linear within the measure-
root of the Allan variance. If the variance is dominated by ment error limits, they have small but significant non-zero
white (Gaussian) noise, as should occur in the ideal casg-axis intercepts, so the general calibration equation for each
when the precision is detector noise limited, the Allan vari- species is expressed as
ance should decrease linearly with averaging time, and the
log plots of Allan deviation in Fig. 4 should have slope of xmeas= axref + b, 3)
—0.5, as indicated by the dotted lines. From Fig. 4 it can be
seen that in most cases the Allan deviation decreases witiherea andb are the coefficients derived from slope and

time for at least 30 min. Repeatabilities (as Allan devia- intercept of the regression.
tions) for averaging times of 1 and 10 min are summarised Figure 5 shows residuals from linear regressions of FTIR-
in Table 1. These repeatabilities meet GAW compatibility re- measured mole fractions against reference values from a
quirements for baseline air monitoring (also listed in Table 1)suite of standard tanks maintained at the University of Hei-

[nmol mol

for all species exceptl3C in COp. delberg (data from Hammer et al., 2012). Similar measure-
ments over wider mole fraction ranges for a suite of tanks at
3.2 Calibration and accuracy CSIRO’s GASLAB also show no significant deviations from

o ] linearity (albeit with lower precision) (Griffith et al., 2011).
The least squares fitting of spectra provides trace gas concelpggsiple effects of small non-linearities are observed in the

trations for which the accuracy depends on the FTIR instru-cgjipration ofs13C in CO, measurements, described below.
ment response, HITRAN line parameters, the MALT spec-

trum model and the accuracy of the least squares fitting pro3.3  Calibration stability

cedure. The raw “FTIR” mole fraction scale also includes

measurements of sample pressure and temperature (Eq. The Allan variance plots of Fig. 4 (upper panels) illustrate
and their associated uncertainties. The raw FTIR measurethe uncalibrated variability of the FTIR response for contin-
ments arepreciseas described above, but absolutecer-  uous 1-min average measurements of a single tank gas over
tainty may be up to a few percent (Smith et al., 2011). Cal-a two day period; in general the drift remained within the
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Table 2. Linear sensitivities g/d(quantity) of trace gas measurements to quantities pressure, temperature, flow and other trace gases in the

sample. From Hammer et al. (2012).

Copp  8%3C- CHyp cop NO
%X(quantity) molmorrl  CO% molmol~l molmoll mol mor?!
Pressure hPa 0.0085 0.005 0.031 0.006 0.007
Equil. Temp.°C <0.8 0.6 <1.6 <1 0.6
Disequil. Temp°C 2.07 4.1 —4.6 10.2 3.2
Flow lin—1 015 —0.9 <4 <2 <-0.8
Residual BOumol mof2 0.04 - <0.2 <0.2 -
CO, pmol molt - 0.006* - 0.006 0.008

* CO> sensitivity is more accurately treated as proportional to inverse mole fraction as described above.

_ CBW OPE #E/cotech EPC__noevac. 3.4 Cross sensitivities
~ 5013 7 & o TR 53 Y
8 g .0 4 "e '-'\'- . .‘u‘ i »‘.‘. '.J'."r .l/« :AL ‘;‘;:.::.:,///‘:'J. -»-tl' P .
E 52? il o i 4 ] / % :,//:“ il nii Raw measured mole fractions of trace gases from the FTIR
/7] L 1 . . pr . agn e
7 /R Lot o analyser may show small but significant residual sensitivities
7 i S .
2 7 an Foos 2 to pressure, temperature, flow and water vapour in the sample
=08 T ﬂ// / ; K that are not removed by the spectrum analysis and calibration
5 £ o0 ﬁ@ﬁﬂ[&%ﬁ? ; @f/ﬁﬁﬁr}/ Hﬁi § procedures. These cross-sensitivities may be due to imper-
i i » “ 4 ( 10 A o . . . .
S E s i ]H L % P I}—:// { I ~ fections in the measured spectra, and systematic errors in the
}Pﬁ' a5 JJ ﬁ% Hl/ gLy WH#% o gt HITRAN database, MALT analysis procedure, temperature
%{-ﬁl H%ﬂﬁ" J/ X }Ez' L £ and pressure measurements. Hammer et al. (2012) have in-
o 5§31 }H f[ 417 vestigated and quantified these sensitivities in detail for one
z 59033 F itz ; analyser, and provide a set of linear correction coefficients
FHERL . lyser, and provide a set of | t fficient
o Tty T T T for sensitivity to cell pressure, cell temperature, cell flow and
1.04.2011 01.06.2011 01.08.2011 01.10.2011 01.12.2011  01.02.2012

0

o

residual water vapour amount in the spectrum. These sensi-
Fig. 6. Measurement residuals withr lerror bars relative to a ref-  tivities are typical of all analysers we have built and tested
erence value for a single target tank over a 10 month period (fromo date, and are summarised in Table 2. The uncertainty in
Hammer et al., 2012). During this period, the FTIR analyser wasdetermining water vapour cross-sensitivities is such that dry-
based in Heidelberg except for two field campaigns at CabauWiny the ajrstream to reduce the cross-sensitivity correction
Netherlands (CBW) and Houdelaincourt, France (OPE). “Ecotech is recommended for the most accurate measurements. In al-
refers to a rebuild of the instrument to include the mass flow con- e S
most all cases, the sensitivities for reasonable variations in

troller (Sect.2), and “EPC” refers to the addition of an electronic h o Il and b d ithin GAW
pressure controller upstream of the analyser in the sample airstreanﬁ. e quantities are small and can be corrected to within

“No evac” refers to a period where ambient and target gas in thecOmpatibility targets. These corrections are applied to raw
cell was exchanged by switching flow alone, without evacuationmeasured mole fractions before calibration to reference mole

of the cell. fraction scales.

Hammer et al. (2012) also found cross-sensitivity of CO

and NbO measurements to GOnole fraction in the sam-

repeatability summarised in Table 1 over the whole period.p|e when analysing spectra in the region shown in Fig. 3a.
Hammer et al. (2012) show similar stability over six days Thjs sensitivity can be significant in situations where the
but some species show small significant drifts at the precijco2 mole fraction may vary significantly between sam-
sion limit. Figure 6, also from Hammer et al. (2012, Fig. 9), ples (for example chamber or nocturnal boundary layer
illustrates longer-term calibration stability with residuals of measurements). However, this sensitivity can be reduced
approximately daily measurements of a target tank relative tgq insignificance by the use of the 2097—2242-¢megion
its nominal mole fractions over a 10-month period. The anal-(Fig_ 3b), which avoids most spectral interference of the ab-

yser was calibrated against 2 standards typically every day 0gorptions of NO and CO with CQ.
two days. The calibration stability for all species ex

in CO, meets GAW compatibility levels (Table 1). Ham- 3.5 Calibration for §13C in CO>

mer et al. (2012) conclude that for most applications weekly

calibrations would be sufficient to ensure total uncertaintyChen et al. (2010), Griffith et al. (2011) and Loh et al. (2011)

meeting WMO-GAW targets in continuous measurements. have considered isotopologue-specific trace gas calibration
in optical analysers. Spectroscopic analysers such as the
FTIR and laser analysers determine the mole fractions of
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Table 3. HITRAN isotopologue natural abundances. VPDB scales and calibration factors in the isotopologue-
specific FTIR measurements @f3s and xs26, as detailed
Isotopologue  Notation Abundancgs¥ below.
160120160 626 0.98420 In applying the calibration Eq. (3) to individual isotopo-

logues, we must know the individual isotopologue mole frac-

16ol3cléo 636 0.01106 N .
16012¢180 628 0.0039471 tions in the reference standards. For parent'&disotopo-
16012¢170 627 0.000734 logues of CQ, these can be calculated from the (assumed

known) total CQ mole fractions and isotopié values for
the standard as follows:

. N ) _ The total CQ mole fraction is
isotopologues as individual species, from which the conven-

tional § values are directly calculated. In the following, we XCO, = X626+ X636+ X628+ X627+ ... 6
. . . . ! X / X / X ( )
use International Union of Pure and Applied Chemistry (IU- = X6264626 1 X6364 636+ Xg285628 1 -
PAC) feco_mmendations_ (Cohen _e_t al., 2007; Coplen, 2008):r0m the definition of, Eq. (5),
to distinguish the following quantities:
. > X636 = (1+87°C) xgo6
C concentration, e.g. mol Xopg= (1+ 5130))((/326 )
Xgz27 = (1+7'O)xg26

and Eq. (6) can be written

X isotopic abundance of an isotope or isotopologue, mol , ; ,
mol—1 XCO, = Xg26° (X626+ Z (1+38)Xi) = xg26° X (8)
i

x mole fraction of trace gas, e.g. pmol méd) ppm

R isotope ratio whereX = Xg26+ Y (1+8) X; and the indexruns over all

Linestrengths in the HITRAN database (Rothman et al.,isotopologues exclept 626. Thus,
2005, 2009) are scaled by the natural abundance for each

isotopologue, so that the actual measured isotopologue molgg,g = XCTOZ 9
fractionyisofor an individual isotopologue is reported as the
scaled mole fraction’iso: and from Eq. (7) the mole fraction 68CO; is
Xi (1+38%0) - xc
Xiso= 2=, @) =2 (10)
Xiso X

whereXig is the natural isotopologue abundance assumed inand similarly for the other isotopologues. To compute

l . -
HITRAN, as shown in Table 3 for the major GG@sotopo- al valu_es.o.fa apd Xi must therefore be. "”OW.”- To cal
. : e culate individual isotopologue mole fractions via Eq. (10),
logues (Rothman et al., 2005). With this definition, FTIR !
: ! . . the total CQ mole fraction must also be known. For cal-
analysis of a sample of COwith all isotopes in natural ibration standards3C and s180 are usually known. and
abundance, as specified in HITRAN, and perfect calibration y '

would report the same raw numerical valueyd, for each with sufficient accuracy for FTIR calibrations we can as-
isotopolopgue ° sumes’O= 0.5-5180 and alls = 0 for multiply-substituted

513C in COy is calculated from the individual mole frac- isotopologues since their contributions to the sum are very

i small.
tions and and natural abundance&ss and Xg26: . o L .
X636 X626 36 626 To generate an isotopologue-specific calibration following

Eq. (3), the reference mole fractiopgs should be calculated
from Egs. (9) and (10) for the regressions)@feasVs. xref-

If calibrated measurements)df,es andy’s36 are used to cal-
culate §13C following Eq. (5), the result should require no
wherexesas/ x626 is equivalent to the usual sample isotope ra- further calibration.

tio R;Lgmpleand X636/ X626 is equivalent to the standard iso- HOWEi‘\,o{ef, ifuncalibratedys26 and x's36 are used to cal-
513C is normally multiplied by 1000 and ex- culates~>C directly, the result is not simply a linear relation

tope ratioR13, 13 : :
pressed in %o, but for clarity the factor 1000 %o is not explic- to tlhefrefe;_renc? C, bgc?huse n g(lenera][ |t”also ?eperllzds 05n .the
itly written in the following. The reference scale f&FC in mole fraction of CQ in the sample as follows from Eq. (5):

Eq. (5) is thus that of HITRAN. Calibration of isotopologue- ;,
specific measurements against reference standards calibratdd Cmeas= X626 meas

to the standard Vienna Pee Dee Belomnite (VPDB) corrects ag36- X636+ 636 (11)
simultaneously for both the difference between HITRAN and = -

/
313(: _ X6/336 1= X636/ X626 _1 (5)
X626 X636/ X626

X/63& meas 1

ae626- X'626+ be26
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which can be rearranged to % , @ §
p..]

Residual
Sooo
orOD

as36X 626 :
ap26) 626+ D626
n (a636 — a626) X 626+ b636 — beze‘
ae26) 406+ 626

g = =z 4

) 13Cmeas= ) 13Cref

(12)

If the intercepts are zero, Eq. (12) reduces to a simple scale
shift o

8"Cerin / %o

) 13Cmeas= o- 513Cref + (-1, (13)

wherea = 953 and the measured and referercecales are s U s so 22 g .
related by the ratio of isotopologue calibration scale factors ' ' ' .7 T 2640
as3s andagzg only. However, ifbgzg andbgzg are non-zero, Vxeoz / pm a ®)
the slope and intercept of Eq. (12) become Gfile frac-
tion dependent and the regression over a range of @@e
fractions is not linear.

To summarise, there are thus two methods to approach
813C calibration, as specified below.

Residual
Soo
» O D
> >
IBEE>
>3

Method 1: Absolute calibration

5 Crnr | %o

If a suite of reference gases of known £@ole fraction and
isotopic composition is available to generate individual iso-
topologue calibrationsi*3C can be calculated from Eq. (5)
directly using the true, calibrated values %26 and x’636 — T T T T T " T T T " T T T
obtained following Egs. (9), (10) and (3). This requires cali- -22 20 18 N -16 -14 A2 -10
bration of bothy 26 andy 54 to the same level of uncertainty 8 Crer/ %o

as required fos13C, typically < 0.1 %o.

Fig. 7. (a) Empirical dependence of raw measusédC in CO, on

the inverse C@ mole fraction, ¥ xco,, following Eq. (14). Each
point is from a 1 min average spectrum measured during the step-
. . . . . wise stripping sequence from 800 to 330 pmol MoCO,. (b) Fit

Iflg suite of_reference gases is not available, callbrgtlon. forof Eq. (13) t0513C measured by FTIR and corrected for £@e-

67°C can still be established from one or more calibration hengence (see text) against reference values for five reference tanks
gases of known C@mole fraction and isotopic composition, with CO, mole fractions 350-800 pmol mot ands13C values—8
provided the C@ mole fraction dependence in Eq. (12) is to —23 %.. Each point is from a 1-min average spectrum after filling
taken into account. Equation (12) can be rearranged in termghe measurement cell with reference gas. From the $t1.0199,

Method 2: empirical calibration

of the measured COmole fractiony’s2¢ as equivalent to a scale shift of 19.9 %o.
513Cmeas= o 313Cref +@-D+ —be%ia'(lfslscref)'be%
X626 meas (14) .
— - 88Cet+ (@ —1) + = , The CQ dependence of'3Ceascan be determined em-
626 meas

pirically by varying CQ mole fraction at constarft3Cref.
wherep = bgag—a - (1+813Cref)-be2e. Equation (14) reduces Figure 7aillustrates such a measurement, whergi€@rad-
to Eq. (13) if theb values are zero. ually stripped stepwise from a flow of sample air from a
In Eq. (14)« describes a scale shift determined by the tank. The flow is split into two streams in variable portions,
ratio of isotopologue-specific calibration scale factars: ~ ©ne of which is scrubbed completely of @@ith Ascarite
ag3s/as26, While g quantifies an inverse GQdependence ~ Of soda lime, and the two streams are recombined. Samples
determined principally by the difference betwelayg and  taken from the recombined flow and analysed independently
be2e (sincea ~ 1 ands ~ 0). If §13Cmeasis first corrected by Isotope Ratio Mass Spectrometry (IRMS) confirm that
by subtracting the C@dependence (determined empirically there is no fractionation in the stripping process. The ob-
as described below), the scale shiftcan be determined Served dependence on g@ole fraction is approximately

from FTIR measurements of one or more reference tanks oProportional to ¥xco,, as expected from Eq. (14) with a fit-
known §13C;ef. ted value ofg = —1715 %o ppm. However, there is residual

curvature in the plot againsf ¥c o2, which can be accounted
for by including a linear terny - xco, in the empirical fit.
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One possible source of this linear term is a very small non-
linearity of the analyser response; Eq. (14) assumes that
the calibration equation, Eg. (3), is linear, but a small non-_
linearity, represented by a quadratic teﬂxﬁaf in Eq. (3), '
would lead to an additional linear term: x’'g26 in Eq. (14)
with the coefficienty determined approximately by the dif-
ference betweengsg and cgoe. The value ofcgzg — cgo6 re-
quired to account for the residual curvature in Fig. 7a, ap-
proximately 0.005 %o ppmt, is small enough to be consis-
tent with the observed residuals in the individual 636 and
626 linear calibration regressions. The calibrations of Grif-
fith et al. (2011) and Hammer et al. (2012) which showed
the analyser to be “linear” would not have resolved a small
non-linearity of this magnitude. .
With §13Cneasmeasured by FTIR corrected for the empir-
ical CO, dependence as abowe,can be determined from
Eq. (13) from measurements of one or more reference gase £
of known §13Ces. Fig. 7b shows such a case as a regres-
sion for five reference tanks, with G@nole fractions 350—
800 pmol mot? and §13C values spanning-8 to —23 %o.
The tanks were provided by MPI for Biogeochemistry, Jena.
The best fitx = 1.0199, equivalent to a scale shift of 19.9 %e..

CO, umol mol

jow jowr “yip

|-

nmol mol

oW [OWU P

-

T T T T T T T T T
01-Dec-08 01-Jan-09 01-Feb-09
100 °

-1

4 Results and selected applications

nmol mol

The FTIR analyser has been used in a variety of applica:
tions for atmospheric measurements. An earlier version o018
the analyser is described by Esler et al. (2000a, b) and som
earlier applications are reviewed by Griffith et al. (2002) and
Griffith and Jamie (2000). Here we review recent applica-
tions as examples in clean air monitoring, tower profile mea-
surements and chamber flux measurements which exploit th
high precision and stability of the FTIR analyser.

low jowu "Hia

1

4.1 Clean air monitoring

-1

A core application of the FTIR analyser is in continuous
monitoring of air at background and clean air sites. From o,
November 2008—February 2009 we operated an analyser :
the Cape Grim Baseline Air Pollution Station on the NW
tip of Tasmania, Australia. At Cape Grim, unpolluted South-
ern Hemisphere marine air is sampled when the airflow is
from the SW sector; Cape Grim is a key station of the GAW
and AGAGE networks. The detailed results of the 3-month
comparison between the FTIR analyser, LoFlo NDIR,CO " olDec0s8 o003 01-Feb-09
measurements and AGAGE GC measurements faof, CiD
and NbO have been reported previously (Griffith et al., 2011).
Comparisons with LoFlo and AGAGE GC measurements fory, oy < measurements. Red: LoFIo/AGAGE. Blue: FTIR. Upper
the 3'momh period are_ Shown 'n_ F'g' 8. For these data th‘?)anels: time-coincident measurements. Lower panels: difference.
CO calibration offset evident in Griffith et al. (2011) has been gy circles represent baseline air periods, open circles non-baseline
corrected for non-linearity in the AGAGE GC mercuric oxide conditions. From (Griffith et al., 2011) with updates to AGAGE CO
reduction detector and the CO data are now in good agreedata calibration (see text for details).

ment. While the LoFlo analyser clearly shows higher preci-

sion (less scatter) than the FTIR, for the AGAGE GC system

nmol mol

oW [owU “Jp

-

Fig. 8. Comparisons of FTIR measurements over a 3-month cam-
paign at Cape Grim with LoFlo (C& and AGAGE (CH,, CO,
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Fig. 9. Measurements of Cialong a N-S transect aboard the Ghan
train from Adelaide (32S) to Darwin (12 S), March—April 2008.
Figure adapted from (Deutscher et al., 2010), see text for summary T

1.0

the FTIR is more precise for each species. Calibration biase
were less than the scatter in the AGAGE data. 0.8
4.2 Mobile platforms 206
=
The FTIR analyser is portable, robust and automated, an(s
well suited to field applications. We have made FTIR mea-
surements on eight N-S transects of the Australian con:
tinent between Adelaide (346) and Darwin (12S) on-
board the Ghan train since 2008 (Deutscher et al., 2010)
For these measurements the analyser is mounted in a nol 0-5’,5— ==
airconditioned luggage van and draws air from an inlet on Sonres Swenglglm)

the side of the train. Figure 9 illustrates results forCGHir-

ing the late wet season of 2008, covering 6 days in whichFig- 10. Result of the FTIR-tomography detection of a £foint

the train travels from Adelaide in the south to Darwin in the SPUrce release in a 5050 m area. In the upper frame, x marks the
north and returns. Although the train has diesel locomotives2ctual point location (0, 0 m) from where G@nd N,O were re-
there is no evidence for GHemissions from the engines. leased, and 1-8 mark the locations of the sampling points for the

. . . . FTIR analyser. The contours plot the a posteriori probability for the
The observed Ciimole fractions are distinctly different in ource point location determined from the atmospheric measure-

three regions:_variable inthe agricultgral_r?md more populate ents (0.5, 0.5m). The lower plot shows the known release rate
southern section south of 38; low variability and a distinct (56 7 +0.8 g mirl) and the a posterior probability determined from
latitudinal gradient through the arid and unpopulated centrehe measurements (5494 (1o') g min—1). Figure from Humphries

of the continent; and large, irregular enhancements north oét al. (2012), Fig. 5.

23 S affected by high seasonal monsoonal rainfall. Spikes

at 23 S, 14 S and 12 S coincide with long pauses at Al-

ice Springs, Katherine and Darwin, respectively, where ur-

ban emissions are sampled. The enhanced Gcentra- experiment to assess the possibility of remotely detecting
tions are attributed mostly to ephemeral emissions from wetsuch a leak through atmospheric measurements, Humphries
lands and are being used to improve methane budgets in thet al. (2012) combined FTIR measurements with a novel to-

Australian region (Deutscher et al., 2010; Fraser et al., 2011)mographic analysis to locate and quantify a point source re-
lease of C@ and NO in a flat, homogeneous landscape. Us-

4.3 Point source emissions detection ing both CQ and NO simultaneously enabled the effect of
background variability on the source retrieval to be assessed,
The detection, location and quantification of leaks from since the background of GOs highly variable while that of
potential carbon capture and storage (CCS) sites is oN2O is not. The point source was located within a 50 m cir-
paramount importance for assessing the effectiveness of CC8e of 8 sampling points in a bare soil paddock. The sampling
technology for removing C®from the atmosphere. In an points were sequentially sampled and analysed by a common
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g Fig. 12.Keeling plot ofs13C vs. 1/[CQ] for two nights drawn from
3 1o the data shown in Fig. 11. The mean intercept-26.84 0.4 %o,
© 1680 indicative of respiration from the dominant C3 plants in the forest.
1660
z a mature eucalypt forest in SE Australia to investigate the
2 exchanges of energy, water and carbon in this representative
=]
o

biome. The tower is 70 m high and extends above the canopy
top, which is~ 40 m above ground level. In November 2006
we operated two FTIR analysers at the Ozflux tower over a 3-
week campaign, one sampling dried air for precise trace gas
Fig. 11. Time series of(a) CO, and §13C in CO, and (b) CHy measurements, and one sampling undried air for stable wa-
and NO during a 3-week campaign at the Ozflux tower site nearter vapour isotope analysis. Seven inlets on the tower from
Tumbarumba, SE Australia, in November 2006. Seven-point ver-2 to 70 m above ground were sampled sequentially by both
tical _profiles of each species from 2-70m were measured evenyT|R analysers every 30 min to provide vertical profiles of
30min; coloyrs represent measurements at heights aboye the SUWrace gases§,13C in CO, andsD in water vapour. The general
face shown in the legend. The top of the forest canopy is aPPI%intent of the campaign was to use vertical profiles of carbon
40m above the surface. . . " o

and water isotopic compositions to partition water vapour be-

tween evaporation and transpiration, and,d@tween pho-
FTIR analyser every 30 min continuously for several months,tOSyntthiC uptake and r_elease by respiration. The campqign
building up a catalogue of atmospheric concentrations at th&StUP and water vapour isotope analysis have been described
8 sampling points under a range of wind speeds and direcin detail elsle3where (Haverq et gl., 2011). Time serllgs qf trace
tions. A Bayesian analysis of the concentration and wind92Ses and=°C are shown in Fig. 11. For Gand§™C in
data was used to “find” the location and emission strengthCOZ (Fig. 11a) strong vertical gradients are observed in the

for each gas without detailed prior knowledge of either loca-S2NOPY at night when canopy turbulence is low, but above
tion or emission strength. Figure 10 shows the results of thdn€ €anopy the air is generally better mixed and gradients are

analysis for the C@release. The analysis located the correcthChlssma"er' There is strong anti-correlation betv_vr%ea co
position of the release within 0.7 m and the strength within 2nd8”°C because the added respiredG&depleted irr~C.
4%. Similar results were obtained for the® release. The Figure 12 shows a typical Keeling plot of data collected over

FTIR analyser allowed the continuous autonomous operatioﬁWO nights; the y-intercept is-26.8 %o (£0.4 %o 1o random

of the sampling system for GON,O, CH; and CO over uncertainty), consistent with respiration from the predomi-
several months ' nantly C3 plants that dominate this forest. However during

daytime, when canopy turbulence and boundary layer mixing
is stronger, the air is well mixed in and above the canopy and
vertical gradients are smoothed out, making the determina-

Vertical profiles of trace gas concentrations measured fronfion of partitioning from isotopic profiles during daytime im-
tall towers and flux towers probe boundary layer mixing pro- Practical. Figure 11b shows vertical profile data for ihd
cesses and trace gas exchange between the atmosphere, g0 indicating clear uptake of Ctt the surface (decreas-
face and plant/forest communities. The Australian Ozfluxing mole fractions near the ground), and barely detectable
tower at Tumbarumba (Leuning et al., 2005) is situated inN20 emission (increasing mole fractions near the ground).

13-Nov-06 17-Nov-06 21-Nov-06 25-Nov-06

4.4  Tower profile and flux measurements
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Table 4. Approximate minimum detectable fluxes achievable with inhomogeneity and disturbance, microclimate perturbation)
the FTIR analyser using the flux gradient technique under typical(Livingstone and Hutchinson, 1995). The FTIR analyser cou-

turbulent diffusion conditions: diffusion coefficient 0.1-0.28T,  pled to automated surface flux chambers provides a useful
vertical gradient scale- 1 m. technique for greenhouse gas exchange measurements at the
Earth’s surface with several advantages:
Gradient Minimum
measurement precision  detectable flux — Simultaneous measurement of greenhouse gases CO
CO,  0.1pmol mol L 0.04mgCQm 25 1 CHs and NO, as well as CO anéf3C in CO,
1 —21 . .. .
N20 0.1 umol mot 20ngNnT“s — High precision enabling the measurement of small
CHg 0.2 umol mott 30ngCHm2s7t fluxes

— Continuous measurements with 1 min averaging time or

Vertical gradients of trace gas concentrations can be used better, allowing assessment of the linearity of concen-
to calculate surface exchange fluxes if the turbulent diffu-  tration changes and hence chamber leakage or other sec-
sion can be quantified (e.g. Monteith and Unsworth, 1990).  ondary processes occurring in the chamber
This technigue was not practical in the forest environment,
where turbulence within the canopy was high during the day
and concentration gradients were small, or gradients were — The isotopic specificity of FTIR analysis allows the op-
high at night but turbulence was suppressed. Flux gradient  tion to include isotopic labelling to elucidate the mech-
measurements are suited to agricultural environments above  anisms of trace gas emissions.

a uniform surface such as grass or crop. Here the high pre-

cision of the FTIR analyser is well suited to measurement ofWe have carried out several FTIR-chamber flux studies in a
the small concentration gradients that exist. An early appli-variety of agricultural and natural settings. A fully automated
cation to agricultural flux gradient measurements was ableSystem has operated continuously since 2004 measugi@g N
to quantify CQ fluxes, but was not sufficiently precise for fluxes from irrigated and non-irrigated pasture in Victoria,
background MO or CHs fluxes except following rain when Australia (Kelly et al., 2008), and another system was de-
N,O emissions are enhanced (Griffith et al., 2002). Based orployed over a complete sugar cane growth cycle in northern
the Fick's Law relationship between flux and concentrationAustralia (Denmead et al., 2010). Both studies were based on

— Continuous fully automated operation

gradient earlier FTIR systems but provided continuous measurements
over periods of months to years.
F= K(Z)E, (15) Here we briefly describe two current examples of cham-
9z ber flux measurements with the FTIR analyser — full de-

tails will be published elsewhere. The Quasom field ex-

where F =flux, K =diffusion constant, z=height and X ; . )
C =concentration. With the measurement precisions deperlment at the Max Planck Institute for Biogeochemistry

scribed in Table 1, a typical turbulent diffusion constant of I J&na, Germanyh(tps://www.bgc-jena.mpg.de/bgp/index.
0.1-0.2m s 1, and a vertical scale for measuring gradients php/Main/QuasomFieldExperimgnivestigates the cycling

of the order of 1 m, Table 4 provides estimates of minimum ©f carbon through an entire growing cycle of an annual crop
detectable fluxes for the FTIR analyser using the flux gradi-"Y me_afgrement_s of all carbon pools and fluxes, including
ent technique. Eddy accumulation methods such as Relaxel§otopic=C labelling and discrimination measurements. The
Eddy Accumulation (REA) or Disjunct Eddy Accumulation FTIR analyser is coupled to 12 soil flux chambers in the field

(DEA) allow more measurement time to achieve higher traceexperiment and sequentially samples air from the chambers

gas measurement precision, and hence improved flux dete@S €ach goes through a closure cycle. The sampled air is re-
tion limits. We have applied the FTIR analyser in both REA circulated back to the chambers. The system has operated

and DEA techniques, which will be reported in forthcoming continuously since June 2011, with a 1-min measurement-
publications. averaging time and typically ninety 15-min chamber closures

per day. The'3CO, isotopic measurements were calibrated
4.5 Chamber measurements using the procedures described in S8chased on measure-
ments of whole air reference gases provided by MPI-BGC.
Micrometeorological flux measurement techniques are usuResults agree well for both absolute and empirical calibra-
ally not able to resolve background fluxes of methane, ni-tion methods, with & precision of better than 0.1 %o.
trous oxide and trace gases other tharp®€cause the small Figure 13 illustrates trace gas measurements from a se-
vertical gradients cannot be resolved with sufficient speedquence of closures of seven individual chambers, made in
or precision by existing measurement techniques. In manyhe evening when there is no photosynthetic,@ptake. In-
cases, chamber measurements offer the only feasible methatividual chambers show considerable variability, but all are
to estimate small fluxes, despite their limitations (e.g. sitesources for C@and NO, sinks for CO, and show complex
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Fig. 13. Time sequence of mole fractions of GOCH,, N,O, CO  Fig. 15.N20 isotopologue emissions from pasture before and after
ands13C in CO, measurements from seven sequential chamber clo-2ddition of 1°N as nitrate to the soil on 17 December 2011. Ap-

sures in the Quasom experiment, 1 July 2011. See text for details. Proximately 25mm of rainfall fell on 20-21 December 2011. See
text for further detail.

A empirical, intercept = -31.8 %o
4 absolute, intercept =-32.1 %o

114 loop. Each chamber closed for 18 min out of the 30 min
cycle and spectra were measured continuously with 1-min
averaging time. Isotopologue amounts were determined by
analysis of a spectral window near 2200¢hin the strong
vz band of NO. A total of 40 flux measurements (cham-
ber closures) were collected each day from the five cham-
bers between 1 December 2011 and 30 January 2012. Four
chambers receivel®N in solution and one chamber received
water only. Only}*N*NO was detected for the water-only
chamber:1°N isotopologues in natural abundance were be-
low quantification limits. All four isotopologues were quan-
tified with better than 1 nmol mol precision for the four
chambers dosed witi?N. Figure 15 shows the instantaneous
and cumulative fluxes of all pO isotopologues from 4 days
beforel®N addition to 8 days aftet°N-labelled NO emis-
sions decreased to near-zero levels after 8 days, while emis-
sions of unlabelled PO continued from the unlabelled soil
nitrogen pool. This experiment enabled the measurement of
additional NO emitted due to nitrogen addition independent
behaviour for CH. CO, emissions correlate with decreasing Of the background B emission flux. Approximately 1-2 %
813C because the respired 6@ depleted in3C. Figure 14  of the added N was emitted as®.
shows a typical night-time Keeling plot 6£3C vs. 1/(CQ
mole fraction) from a single chamber closure. BA&C sig-
nature of the respired CQOn the chamber is equal to they- 5 Conclusions
intercept of the plots;-31.8 and—32.1 %o &0.3 %o 1o ran-
dom uncertainty) for the empirical and absolute calibrations,The FTIR trace gas analyser provides simultaneous, contin-
respectively. uous, high precision analysis of the atmospheric trace gases
The second example of chamber flux measurements in€O,, CH4 and NbO and CO in air. A 1-5 min averaging time
cludes novel measurements ob®l isotopologues in the is sufficient to achieve repeatability meeting GAW measure-
field (Phillips et al., 2012). Fluxes d*N*NO, *NI5NO, = ment compatibility targets for clean air measurements, and
I5NI4NO and ®N1°NO were measured pre- and post- with careful calibration the accuracy is of similar magnitude
addition of'°N labelled substrate (potassium nitrate or urea) (Hammer et al., 2012). In addition, parallel measurements of
to the soil at a pasture site with a pneumatically-controlled,53C in CO, from the same air samples with precision only
automated chamber system. Chambers were controlled anslightly less than GAW targets are obtained. The analyser
sampled sequentially by the FTIR analyser for 30 min eachjs suited to a wide range of applications in atmospheric
with analysed air recirculated back to the chamber in a closedrace gas measurements, including composition monitoring

5°C 1 %o

T T T T T T T
1.7 1.8 1.9 2.0 2.1 22 53,103

C02'l /ppm™*

Fig. 14.Keeling plot of§13C vs. 1o, for a typical single cham-
ber closure from the data of Fig. 13. The two plots are derived from
the absolute and empiricaiBC calibration methods described in
Sect.3.
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