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Abstract

When compared to established point-sampling meth@#3-FTIR spectroscopy can
measure different gases simultaneously, in situ m@ar-continuously, providing path-
integrated concentration retrievals. However, fawdges have investigated the accuracy
of the retrieval process for GOCH, and CO, particularly across a broad range of
concentrations found in ambient air, as well assthdound in highly polluted plumes
(from fires or industry). In this work, a field-gable FTIR spectrometer was placed at
one end of a one-metre IR-transparent cell filleithwthe gas of interest. The
spectrometer was used to observe the signals frotiRdamp placed at the other end of
the cell. Gas concentrations were retrieved fromnieasured IR spectra using the MALT
forward model and a non-linear least squares fgtprocedure. CQ CH, and CO target
concentrations ranged from ambient to 100x ambigmt, with optimisation of the
retrieval parameters all retrievals were accurate within 6% of the true gas cell
concentration. Sensitivity to model inputs (instewn field-of-view, temperature and
pressure) were also investigated. CO retrievalsengiiown to be most sensitive to these
parameters. The findings suggest that good qu#dityperature measurements and sound
knowledge of instrument FOV are required when esirig gas concentrations.
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1. Introduction

In many applications, remote sensing of gas spgquiesence and concentrations offer advantages over
established point-sampling and/or laboratory atslgeethods. Open-path (OP) Fourier Transform leftar
(FTIR) spectroscopy can be used to detect and ifpanivide range of gases simultaneously; can dpena
situ, eliminating contamination from tubing or sdepandling; can operate continuously, providingl+e
time data at a relatively high temporal resoluti@econds); and can be used over long path lengths,
providing path-integrated gas concentrations lessgto artefacts induced by point-based samplindy a
which cannot easily be acquired using alternatpr@aches.

A variety of analysis techniques are availabledwi@ve trace gas concentrations from measuredesing
beam spectra acquired by FTIR instrumentation. &generally involve comparing the measured spectra
with reference spectra of the gas of interest undeswn conditions of temperature, pressure and
concentration. Reference spectra may come fronrdédy measurements of gases, or may be synthgtical
generated (e.g. Griffith, 1996) from molecular absion databases, such as HITRAN (Rothman et al.,
2009). One retrieval technique involves fitting tieéerence spectra to measured spectra usingadhksast
squares (CLS) or partial least squares methodsaegectral window within which the gas of intereas
significant features. Alternatively, single-beanfierence spectra may be forward modelled and itexiati
fitted to the measured spectra using nonlineat l@sares (NLS) (e.g. Griffith et al., 2003). Theew@racy

of both methods is generally derived via a goodioégi measure between the measured and modeled o
reference spectra. However, only a few publishediss have assessed absolute retrieval accuraeies v
independent accuracy assessments based on expafimeethods using cells containing known gas
concentrations (e.g. Horrocks et al., 2001). Thisurprising given the sensitivity of retrieval heds to
analysis parameters such as spectral window sehed¢dmperature, pressure and instrument line imet

1



‘tg‘,

Ei“’«r ,
X

o

&

OP-FTIR spectroscopy is being used increasingly agthod for monitoring key carbonaceous greenhouse
and tracer species such as carbon dioxide)G@ethane (Ck) and carbon monoxide (CO) across an ever-
increasing range of applications, including voldagy (e.g. Oppenheimer et al., 2002); urban ancrair
pollution monitoring (e.g. Grutter, 2003) agricutil emission estimation (e.g. Childers et al., 30@hd
biomass burning investigations (e.g. Yokelson et ¥097), it is important that the true accuracytlu#
various retrieval techniques is established overvilide range of potential concentrations foundhiese
applications. Here we use an experimentally-baabdrhtory setup to determine the absolute accuracy
OP-FTIR retrievals of C& CO and Cl across a concentration range encompassing botfremimr and
highly polluted plumes eminating from, for examgd@mass fires, vehicle pollution and biogenic sest

2. Methodology

In this study, undertaken at the UK’s Natural Eamment Research Council’s Molecular Spectroscopy
Facility (part of the Rutherford Appleton LaboratoRAL), a stainless steel gas cell (length = 1085
window diameter = 135 mm); cell diameter = 160 miti¢d with IR transparent KBr windows was used to
contain a series of sample gases. The spectromster was a MIDAC Corporation FTIR air monitoring
system fitted with a mercury cadmium telluride (MCdetector and ZnSe optics. The spectrometer was
optically coupled to a 76 mm Newtonian telescopel, @ MIDAC infrared source, a SiC glow bar opermgtin
at 1,100 K with a 150 mm collimator, was placedhat opposite end of the gas cell to act as theolRce
(Figure 1). This setup is very similar to that usgdHorrocks et al. (2001), with a total pathlength~1.5

m, ~0.5 m consisting of free air between the cell apectrometer and cell and source, and air irthiele
spectrometer housing. G@nd HO concentrations in the ambient air outside of ¢bkk were monitored
using a calibrated LICOR 840 NDIR gas analyser. &tenuator was fitted to the FTIR spectrometer
telescope to avoid MCT detector saturation. Ineced gas temperature was monitored using a PRT.

The process used to estimate the trace gas coatientfrom the FTIR spectra retrieves the total hanof
gas molecules in the optical path (molecular nuntoecentration; [molecules ¢f), a metric that can be
simply converted to a so-called pathlength conegioin [ppm.m] measure that represents the product o
trace gas volumetric concentration [ppmv] and @btigathlength [m]. The range of gas cell voluneetri
concentrations used here were chosen to represdatutar number concentrations ranging from thafse
clean air to those characteristic of highly poltlitgtmospheres (e.g. from industrial sources or bgm
burning) that would be measured over pathlengtbsf~10 to 1000 m. Gas mixtures were prepared
barometrically using high purity (99.9%) compongases. For each mixture, the cell was evacuatenedef
the sample gas was slowly released into the ceil e desired mixing ratio was reached. The oels
then filled with nitrogen to ambient pressure (-6D,hPa) and allowed to stabilise. Six different,@@ll
concentrations were used, spanning pathlength otmations of 12,500-360,000 ppm.m, whilst five
different CH, and CO concentrations were used, spanning 55-p@0mp and 20-6,400 ppm.m respectively.
After stabilisation, ten IR spectra were measurét tihe FTIR spectrometer, each consisting of &dded
scans in order to increase signal-to-noise.

To retrieve sample concentration from the measspedtra, MALT (Griffith, 1996), a forward model ase
to generate synthetic absorbance spectra, wasezbwith an iterative NLS fitting procedure (Griffiet al.,
2003), which is used to fit the synthetic speatrdéhie measured spectra. MALT requires the useelersa
suitable spectral window for the retrieval procedukfter testing numerous spectral windows (dedaile
Smithet al, submitted, three spectral windows were selected for eadetayas (shown in Figure 2); 2150-
2310 cntt for CQ,, 2980-3090 cm for CH,. Two spectral windows were used for CO (2000-2@30 for
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Figure 1: Schematic of the physical instrumentation usednduitis study




concentrations <500 ppm.m and 2039-2057'dwor greater
concentrations). The forward model also requiresimber of
atmospheric €.g. sample temperature and pressure) and
instrumental €.g. spectral resolution, field-of-view etc.)
parameters, therefore, as well as finding the aisaccuracy
of this retrieval process, a sensitivity analysesvperformed in
order to determine the influence of parameter uacgy on
retrieval accuracy. Uncertainties in temperaturesgure and
spectrometer field-of-view (FOV) were consideredhichh may
result from field situations where the measurementgditions
are less tightly controlled than in the laboratory.

3. Results and Discussion

Table 1 summarises the results of the absolute racgu
assessment (the mean percentage difference betireen
retrieved and actual trace gas concentrations) ek ag the
results of the sensitivity analysis (the mean iaseein retrieval
error when using incorrect assumed temperaturesspre or
FOV). A full description of retrieval errors for dividual gas
concentrations and  sensitivities to  parameterisatio
uncertainties is provided in Smitht al. (submitted). When
using optimum parameterisation of the forward mopdbe
nonlinear least squares fitting procedure was t@@bietrieve gas
concentrations to within 5.7% of the true values &b gases
and concentrations tested (Figure 3). Mean retriefrars were
1.5%, 1.4% and 3.1% for GOCH, and CO, respectively.

Retrievals for all three gases showed a systematance upon

assumed spectrometer FOV, with retrieved conceotst

generally increasing with FOV. CO demonstrated dheatest
sensitivity to FOV. This may be explained by thability of £
the FTIR spectrometer to fully resolve the narrowD C
absorption lines at the 0.5 &nspectral resolution used here
thus increasing the sensitivity of CO retrieval&@V.

Retrieval sensitivities to assumed pressure shaaveuhilarly
systematic  relationship,  with  concentrations  being™
overestimated when pressure is underestimatedyiaad/ersa 0 F
As was the case with the FOV parameter, the forwavdelled T Gamenamberiemy
absorption line widths are affected by the assu sure; ) )
whenpa lower pressure is assumed,ynarrower m tre | Flgure 2. Measured FTIR single-
actually present in the measured spectrum are heodéle to beam spectra for COCH, and CO.
inadequate pressure broadening. Calculating thet-fibe The locations . of the spgctral
spectrum from these narrower lines results in thegestimation yvm_dows used in the analysis are
of gas concentrations, whereas the reverse ismhes pressure indicated by the grey boxes and
is overestimated. COshowed the greatest sensitivity arrows.

assumed pressure. This sensitivity may be explamedhe strength of CQOabsorption lines. For all
concentrations tested here, Cdemonstrated strong (deep) absorption lines (Ei@yr Deeper absorption
lines cause any line shape inaccuracies due toreatqressure specification to be exacerbated.
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For most retrievals, temperature increases leadd®asing retrieved concentrations (except forhig
CO concentration retrievals made using the 203%26%" spectral window). These findings are best
explained by the temperature dependence of thedrapabsorption band shape, with higher temperature
causing more absorption in the weaker lines tleatiolivards the edge of the band, and reduced alsoipt
the stronger lines located towards the middle efltand. Therefore, for spectral windows contairstigng
absorption lines, when temperature is overestimdtiggher gas concentrations are required for thedod
modelled spectrum to best-fit the measured spectiMinen a narrower spectral window is used, the
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Mean Retrieval Error for all concentrations of eachgas (%)
CO, (215(- CH, (298C(- CO (200¢- CO (203¢
Source of Error 2310 cn) 3090 crit) 2230 crif) 2057 crit)
Field-of-view (10% change) 2.13 1.58 4.63 4.75
50 hPa error in assumed pres: 2.7C 0.4¢ 1.2 1.0¢
10°C error in assumed tempera 2.8t 2.1C 0.6 11.8(C
Total (added in quadratul 4.47 2.67 4.83 1276
Line intensity uncertainty (HITRAM 5.¢-10.C 5.¢-10.C 1.¢-:2.C 1.¢-2.C
IAccuracy of retrieved:true (best paramet 1.4k 1.44 2.87 3.5

Table 1: Summary of trace gas concentration retrieval erassociated with parameter uncertainty

magnitude and direction of the temperature seiityitdepends on the relative position of the spéctra
window within the absorption band. The 2039-2057"&@® window lies towards the edge of the absorption
band, where overestimated temperatures resultverlcetrieved concentrations, and where the seitgitd

the assumed temperature is greater than for a wirthcompassing the entire absorption band.
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4. Conclusion

m m)

Our study collected single-beam OP-FTIR spectraaof2 ;000 |
wide set of concentrations of GOCH, and CO, :
representing a range equivalent to the ambient sthere
to highly polluted plumes of biomass fires, volcas@nd
industrial sources measured over the equivalent
pathlengths of tens to hundreds of metres.
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The results from this study confirm that a forwar
modelling approach coupled with a nonlinear legsiases
fitting routine can be a viable and accurate metfad

m CO2
+ CH4
e CO:2000-2230 cm-1
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Retrieved Iﬁxhlengthéoncentration

retrieving gas concentrations from OP-FTIR spedtréis 10 Vo 0G0 20392057 e L
case using an MCT detector covering a wide specrge 10 100 1000 10000 100000 1000000
(1.6 — 15 m; 6000 - 650 cr). The concentrations of the True Pathlength Concentration (ppm m)

three most abundant carbonaceous gases in thepiteres
. o X )
were able to be retnevgd to bettgr than 6% acguvaer a retrieved pathlength gas concentrations
pathlength concentrations ranging over four ordefs| . 4 e gas-cell concentrations. The
magnitude. Results from this study provide confadefor 11 line is shown and all retriéved
future retrievals using this method in the natu| .., .entrations are within 5.7% of true

environment. concentrations (note logarithmic axes).

Figure 3. Relationship between mean
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