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Standard Practice for
Open-Path Fourier Transform Infrared (OP/FT-IR) Monitoring
of Gases and Vapors in Air 1

This standard is issued under the fixed designation E 1982; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope FT-1R Open-Path Monitoring Guidance Docunfent

1.1 This practice covers procedures for using active open- Compendium Method TO-16-Long-Path Open-Path Fou-
path Fourier transform infrared (OP/FT-IR) monitors to mea-  "i€r Transform Infrared Monitoring of Atmospheric
sure the concentrations of gases and vapors in air. Procedures Gase$
for choosing the instrumental parameters, initially operatin%
the instrument, addressing logistical concerns, making ancil-" o o ) .
lary measurements, selecting the monitoring path, acquiring 3.1 For definitions of terms used in this prac_tlce relating to
data, analyzing the data, and performing quality control on th&&neral molecular spectroscopy, refer to Terminology E 131.
data are given. Because the logistics and data quality objectives3-2_For definitions of terms used in this practice relating to
of each OP/FT-IR monitoring program will be unique, stan-OP/FT-IR monitoring, refer to Guide E 1865. ,
dardized procedures for measuring the concentrations of spe-3-3 For definitions of general terms relating to optical
cific gases are not explicitly set forth in this practice. Instead/€mote sensing, refer to the FT-IR Open Path Monitoring
general procedures that are applicable to all IR-active gaséduidance Document.
and vapors are described. These procedures can be used4t.°Significance and Use

develop standard operating procedures for specific OP/FT-IR ) , .
4.1 An OP/FT-IR monitor can, in principle, measure the

monitoring applications. ) : ;
1.2 This practice does not purport to address all of the concentrations of all IR-active gases and vapors in the atmo-

safety concemns, if any, associated with its use. It is thephere. Detailed descriptions of OP/FT-IR systems and the

responsibility of the user of this practice to establish appro-lundamental aspects of their operation are given in Guide
priate safety and health practices and determine the applicaE 1865 and the FT-IR Open-Path Monitoring Guidance Docu-
bility of regulatory limitations prior to use. ment. A m_ethod for processing OP/FT-IR data to _obtayn th_e
concentrations of gases over a long, open path is given in
2. Referenced Documents Compendium Method TO-16. Applications of OP/FT-IR sys-

21 ASTM Standards: tems include monitoring for gases and vapors in ambient air,

E 131 Terminology Relating to Molecular Spectroscopy a_Iong the perimeter of an industrial fac_:ility, at hazar_dous waste

E 168 Practices for General Techniques of Infrared Quantis'tes and Iandfllls, in response t_o accidental chemical spills or
tative Analysig releases, and in workplace environments.

E 1421 Practice for Describing and Measuring Performanc%
of Fourier Transform Infrared (FT-IR) Spectrometers:
Level Zero and Level One Tests

E 1655 Practices for Infrared, Multivariate, Quantitative ; X et
Analysig include the measurement time, spectral resolution, apodization

E 1865 Guide for Open-Path Fourier Transform Infraredfunction, and zero filling factor. In some cases, the choice of
(OP/FT-IR) Monitoring of Gases and Vapors in Air these parameters might be limited by the parameters used to

2.2 Other Documents:

Terminology

Instrumental Parameters

5.1 Several instrumental parameters must be chosen before
data are collected with an OP/FT-IR system. These parameters

3 EPA/600/R-96/040, National Technical Information Service Technology Ad-
ministration, U.S. Department of Commerce, Springfield, VA 22161, NTIS Order
1 This practice is under the jurisdiction of ASTM Committee E-13 on Molecular No. PB96-1704771NZ.
Spectroscopy and is the direct responsibility of Subcommittee E13.03 on Infrared * Compendium of Methods for the Determination of Toxic Organic Compounds

Spectroscopy. in Ambient Air 2nd Ed., EPA/625/R-96/010b, Center for Environmental Research
Current edition approved October 10, 1998. Published March 1999. Info., Office of Research & Development, U.S. Environmental Protection Agency,
2 Annual Book of ASTM Standardgol 03.06. Cincinnati, OH 45268, Jan. 1997.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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acquire and process the available reference spectra. Use tbeeation of a synthetic background spectrum (see 10.3) and a
following procedures to select the instrumental parameters fowater vapor reference spectrum (see 10.6.1) from the field
each OP/FT-IR monitoring study. spectra. These procedures rely on a series of subjective
5.2 Measurement TimeDetermine the measurement time judgements, which require a visual inspection of the field
required to achieve the desired signal-to-noise ratio (S/N) at thepectra. The use of a higher resolution generally facilitates the
selected resolution (see 5.3 and 6.7). Verify that this measuré@bility of the operator to visualize the pertinent features of the
ment time is appropriate for capturing the event being studiedield spectra.
If the measurement time is longer than the residence time of the 5.3.4 Assess the resolution requirements of the analysis
plume in the path, the interferograms collected after the plumé&ethod. If the comparison (see 10.8.1) or scaled subtraction
has exited the path will not contain spectral information from(see 10.8.2) method is used, the resolution should be sufficient
the target gas. Adding these signals in the interferogranto separate the spectral features of the target gases from those
domain to signals that contain information from the target ga®f the interfering species. If classical least squares (CLS) is
will result in a dilution effect and can cause band distortionsused (see 10.8.3), a resolution higher than 4'cismgenerally
and nonlinearities. The variability in the water vapor concentequired(1).” If partial least squares (PLS) is used (see 10.8.3),
tration along the path can also limit the use of extensive signad resolution as low as 16 cihmay be sufficien(2).
averaging to improve the S_/N- MeaSUf?ment times from 110 5 Nore 1—Most volatile organic compounds of interest in OP/FT-IR
min are typical for ambient monitoring, whereas shortermonitoring applications have absorption envelopes with full widths at half
measurement times may be required for plume modelingeights (FWHHs) of approximately 20 ¢t This observation would
studies. indicate that low-resolution spectra would be adequate for OP/FT-IR
5.3 Resolution—The choice of what spectral resolution to measurements. However, each OP/FT-IR spectrum will also contain

. . features due to ambient gases, such as water vapor, carbon dioxide, carbon
use while collecting OP/FT-IR data depends on the spectr onoxide, and methane, which have FWHHs on the order of 072 ain

characteristics of the target gases, the measurement tim@nospheric pressure. If low resolution measurements are made, the
required to observe the pollutant plume, the concentrations afnalysis method must be able to handle the spectral overlap and
the target gases, the presence of interfering species, the choioanlinearities caused by an inadequate resolution of these atmospheric
of analysis method, and the data quality objectives of th&ases.

monitoring study. This choice might be limited by the capa- 5.4 Apodizatior—Use the same apodization function that
bilities of the specific OP/FT-IR monitor used to collect data.was used to process the reference spectra. If a choice of
Most commercially available, portable OP/FT-IR monitors areapodization function can be made, the Norton-Beer-medium
capable of producing spectra at a maximum resolution of 0.5 ofunction typically yields the best representation of the true
1 cni?, although instruments are available that will produceabsorbance as compared to Happ-Genzel or triangular apodiza-
spectra at 0.125-cm resolution. There is currently no consen- tion.

sus as to the optimum resolution to use while collecting field 5.5 Zero Filing—Assuming that the field spectra were
data. Most current practitioners use a resolution of either 0.5 asicquired at the same resolution as the reference spectra, choose
1.0 cn?, although recent advances in instrumentation and datgero-filling parameters that allow the data point density of the
analysis techniques provide for the potential of using muchield spectra to match that of the reference spectra. In general,
lower resolutions. The choice of resolution can also affect othethe original interferogram should be zero filled to the degree
decisions that the operator must make before collecting othat the number of data points used in the Fourier transform is
analyzing the data. For example, the spectral resolution affectgvice that in the original interferogram. No advantage is gained
the type of background spectrum that can be used, the metheg zero filing by more than a factor of two for most
for generating a water vapor reference spectrum, and thgpplications.

choice of analysis method. The following steps can be taken to

choose the best resolution for a particular application. 6. Initial Instrument Operation

5.3.1 Examine reference spectra of the target gases and6.1 Several tests should be conducted before the OP/FT-IR
potential interfering species. If possible, acquire or obtainmonitor is deployed for a field study. These tests include
reference spectra of these gases at various resolutions. Detgfeasuring the electronic noise, the distance at which the
mine the lowest resolution that resolves the spectral features @letector saturates, the linearity of the system, the signal due to
interest. Use this resolution as a starting point for futureinternal stray light or ambient radiation, the signal strength as
measurements. a function of distance, and the random baseline noise. Use the

5.3.2 If the appropriate facilities are available, developinstrumental parameters chosen in 5.2 through 5.5 for these
calibration curves of the target gases at different resolutions. lfests.
an inadequate resolution is used, the relationship between the6.2 Measure the Electronic NoisePlace a piece of opaque
peak absorbance and concentration will not be linear. Thisnaterial in front of the detector element while the detector is
relationship is also affected by the apodization function (se@perational, for example after the mercury-cadmium-telluride
5.4). If the compound of interest does not respond linearly wit(MCT) detector has been cooled and has equilibrated. Record
respect to concentration, a correction curve must be applied to
the data during quantitative analysis.

5.3.3 Determine the effect of resolution on the other proce- ° The boldface numbers in parentheses refer to the references at the end of this
dures involved with generating OP/FT-IR data, such as theractice.
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the signal either as the interferogram or as a single-beam 6.4 Linear Response-There are two types of nonlinearity
spectrum with the detector blocked. This signal represents thihat can affect OP/FT-IR data: detector nonlinearity and non-
electronic noise of the system. The magnitude of this signalinearity in absorbance. Evidence of detector nonlinearity can
should be less than 0.25 % of the signal without the detectobe observed by conducting the tests described in 6.3, although
blocked, remain relatively constant over time, and decreasthe absence of nonphysical energy in the single-beam spectrum
with the square root of the measurement time. If this signal isloes not guarantee that the detector is operating linearly. Some
uncharacteristically large, an electrical component is mosMCT detectors exhibit nonlinear response even when there is
likely producing spurious noise. When this is the case, servicao evidence of detector saturation. The OP/FT-IR system can
of the system is indicated. also exhibit nonlinearity in the change in absorbance with

6.3 Measure the Distance to Detector Saturatiefhe  respect to changes in concentration due to the convolution of
distance at which the detector becomes saturated determing instrumental line shape function with the spectral data. The
the minimum pathlength over which quantitative data can b&hoice of apodization function affects the severity of this
obtained without making changes to the instrument. Evidencgonlinearity. If a multipoint calibration is used in the data
of detector saturation indicates that the detector may not banalysis, this type of nonlinearity can be accounted for.
responding linearly to changes in the incident light intensity. However, many OP/FT-IR systems rely on a single-point

6.3.1 Set up the OP/FT-IR system with the retroreflectocalibration. When this type of calibration model is used, the

(monostatic configuration) or external, active IR source (bi_absorbance of the reference spectra should match the absor-

static configuration) at some predetermined distance, for ex2ance of the field spectra as closely as possible. The linearity
ample, 25 m, from the receiving telescope. of the system can be checked by using one of the following

6.3.2 Align the system to maximize the detector output,methOdS: analyzing polymer films of different, known thick-

. . nesses; using a dual-chambered gas cell; or attenuating the
which can be measured either as the peak-to-peak voltage Beam with wire screens of different, known mesh sizes.

the interferogram centerburst or the intensity of a specific . . :
6.4.1 Polymer Films—Acquire spectra of polymer films of

wavenumber in the single-beam spectrum. If the intensity of . . . .
the single-beam spect?um is usgd choose a wavenu>rlnbgwerem thicknesses to test the linearity of the OP/FT-IR

region that does not contain any absorption bands due to trRyStem.

target gases or atmospheric gases, such as water vapor. 6.4.1.1 Collect a single-beam spectrum over the monitoring
6.3.3 Obtain a single-beam spectrum path without the polymer film in the beam. Use this spectrum

6.3.4 Examine the single-beam spectrum in the wavenumaS the background spectrum.
o 9 P 6.4.1.2 Insert a polymer film of known thickness into the IR

ber region below the detector cutoff frequency. The instrumen . . .
response in this region should be flat and at the baseline. A gam and obtain a single-beam spectrum. Create an absorption
elevated baseline in this wavenumber region is due to norf_,pectrum fro&n.thésélsi)elctrum by using the background spec-
physical energy and indicates that the detector is saturated. UM acquired in ©.4. L. - ] ) .

test for determining the ratio of the nonphysical energy to the 6-4.1.3 Replace the first polymer film with another film of a
maximum energy in the single-beam spectrum is given irflifferent, known thickness and obtain a single-beam spectrum.
Practice E 1421. An example of an OP/FT-IR spectrum thaf-reate an absorption spectrum from this spectrum by using the
exhibits nonphysical energy is given in Guide E 1865. background spectrum obtained in 6.4.1.1.

6.3.5 If nonphysical energy is observed in the single-beam 6-4.1.4 Measure the absorbance maxima of selected bands

spectrum obtained at the initial pathlength, increase the patil the two absorption spectra acquired in 6.4.1.2 and 6.4.1.3.

length until the instrument response below the detector cutoffh00se absorption bands that are not saturated. Perform this
frequency is flat and at the baseline. This distance represeni@St on several absorption bands in different regions of the

the minimum operating pathlength. spectrum.

6.3.6 If the instrument response below the detector cutoff 6-4.1.5 Compare the absorbance value of the selected band
frequency is flat and at the baseline in the single-beant the spectrum of one polymer film to that measured in the
spectrum obtained at the initial pathlength, decrease the patRther. The ratio of the absorbance values of the two different
length until nonphysical energy is observed in the single-bearfllMms should be equal to the ratio of the film thicknesses.

spectrum. This distance represents the minimum operating Note 3—If the thickness of the polymer film used to test the linearity
pathlength. of the system is not known it can be calculated by using Eq 1:

6.3.7 If nonphysical energy is observed at the desired 1 N
monitoring pathlength and the pathlength cannot be increased, b= Nvi=v) 1)
attenuate the IR signal by placing a fine wire mesh screen in the v
modulated, collimated beam. Changing the gain of the detectowhere:
preamplifier to lower the magnitude of the signal is not useful b
because the detector nonlinearity does not depend on gain. rl\]l

thickness of the sample,

refractive index of the sample,

number of interference fringes in the spectral range
Note 2—Determining the distance at which the detector becomes from v, to v,,

_saturated is particularly important for MCT detectors. Detector saturation,, = fjrst wavenumber in the spectral range over which the
is not as severe a problem for thermal detectors, such as deuterate fringes are counted, and

triglycine sulfate detectors.
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v, = second wavenumber in the spectral range over whichdue to internal stray light or ambient radiation determines the
the fringes are counted. minimum useful signal that can be measured with the OP/

6.4.2 Dual-Chambered Gas Ce#Use a dual-chambered FT-IR system. _ _

gas cell containing a high concentration of the target gas to test 6-5-1 Measure the Internal Stray Lightin monostatic sys-

the linearity of the system. This cell should be designed witH€MS that_use a single telescope to transmit and receive the IR

two sample chambers that differ in length by a known amounP&@m, point the telescope away from the retroreflector or move

and are coupled so that each chamber contains the sarthe retroreflector out of the field of view of the telescope and

concentration of the target g43). _collect a smgle_-beam spectrum. This s_pe(_:trum represents the
6.4.2.1 Fill the dual-chambered cell with dry nitrogen at'Nt€rnal stray light of the system and is independent of the

atmospheric pressure and insert it into the IR beam. path!ength. Record this spectrum at the beginning Of each
6.4.2.2 Acquire a single-beam spectrum along the monitormonltonng program or whenever optical components in the
Lo . system are changed or realigned. An example of an internal
ing path. Use this spectrum as the background spectrum for th . o ; .
chamber that is in the IR beam. stray light spectrum is given in Guide E 1865.
6.4.2.3 Reposition the cell so that the other chamber is in the Note 5—Internal stray light can also be caused by strong sources of IR
IR beam, and acquire a single-beam spectrum along th@diation that are in the field of view of the instrument. For example, the

monitoring path. Use this spectrum as the background Speéyn may be in the |nst_ruments field of _\/lew_du'nng sunrise or sunset and
cause an unwanted signal from reflections inside the instrument.
trum for that chamber.

6.4.2.4 Fill the cell with a high concentration of the target ©-2-2 Measure the Ambient Radiatiedln bistatic systems,

gas. The absolute concentration of the target gas does not ne#gich use an unmodulated, active IR source that is separated
to be known with this method. from the interferometer and detector, block or turn off the
6.4.2.5 Acquire single-beam spectra alternatively with eaclyOU'ce and collect a single-beam spectrum. This spectrum is a

chamber positioned in the IR beam. Create absorption spec:tFSCord of th_e IR radiation emitted l_ay the objects in the field of
by using the appropriate background spectrum for each cha iew of the instrument. Because this spectrum depends on what

ber objects are in the field of view, it also depends on the

g;thlength. Thus, the ambient radiation spectrum must be

6.4.2.6 Measure the absorbance maxima of selected ban Rqui . .
. - . uired each time the pathlength is changed or whenever
in the two spectra created in 6.4.2.5. Choose absorption ban qerent objects come intg the figld of view. 2 recommended

Lhat darg n;_;fsatutrateq. Perf?:[]n this t?St on several absorptl%?:hedule for recording the ambient radiation spectrum has not
ands In dierent regions ot the spectrum. ) been determined for all situations. However, recording an
6.4.2.7 Compare the absorbance value measured with ongnpient radiation spectrum once every half hour is typical for

chamber to that measured Wit_h the other. The ratio of th(?nost applications. An example of an ambient radiation spec-
absorbance values measured with the two separate chambergin, is given in Guide E 1865.

the beam should be equal to the ratio of the lengths of the
chambers. Note 6—The ambient radiation spectrum recorded by an OP/FT-IR

: . monitor is a composite of the various IR sources in the field of view of the
6.4.3_W|r_e Mesh Screensinsert a wire Scr_een of a known jnstrument, suchpas gray body radiators, emission bands from molecules in
mesh size in the IR beam and record the signal. Remove thife aimosphere, and the instrument itself. Because the ambient radiation
wire screen, insert another screen of a different, known mesépectrum is temperature dependent, its relative contribution to the total

size in the beam, and record the signal. The ratio of the signalsgnal will vary. This variation will most likely be greater than any other

obtained with the two different screens should be equal to theource of instrumental noise. The ambient radiation spectrum will be
ratio of the mesh sizes of the screens. different for each site and can also change with varying meteorological
conditions throughout the day. For example, cloud cover can attenuate the
Note 4—Linearization circuits are available to minimize the problem atmospheric emission bands.
of detector nonlinearity. These linearization circuits may not perform 6.6 Measure the Signal Strength as a Function of
adequately for all detectors. Pathlength—In OP/FT-IR systems, the IR beam is collimated
6.5 Measure the Signal Due to Internal Stray Light or before it is transmitted along the path, but diverges as it
Ambient Radiation-Single-beam spectra recorded with antraverses the path. Once the diameter of the beam is larger than
OP/FT-IR monitor can exhibit a non-zero response in wavethe retroreflector (monostatic system) or the receiving tele-
number regions in which the atmosphere is totally opaque. I6cope (bistatic system), the signal strength will diminish as the
the detector has been determined to be responding linearly gguare of the pathlength.
changes in the incident light intensity, this non-zero response 6.6.1 Start with the retroreflector or the external IR source at
can be attributed to either internal stray light or ambientthe minimum pathlength as determined in 6.3. Record the
radiation. Internal stray light is most likely to be a problem in magnitude of the signal either as the peak-to-peak voltage of
monostatic systems that use a single telescope to transmit atite interferogram centerburst or as the intensity of the single-
receive the IR beam. Ambient radiation mostly affects bistatidoeam spectrum at a specific wavenumber. Once the initial
systems in which an unmodulated, active IR source is sepaneasurement has been recorded, move the retroreflector or IR
rated from the interferometer and detector. The presence aource some distance away from the receiving telescope, for
internal stray light or ambient radiation causes errors in theexample, 25 m, and record the magnitude of the signal.
photometric accuracy and, ultimately, errors in the concentra€ontinue this procedure until the signal decreases as the square
tion measurements. The magnitude of the instrument responsé the monitoring pathlength. Extrapolate the data to determine
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the distance at which the magnitude of the signal will reach that 7.1.3.2 Water vapor can condense on optical components,
of the random noise (see 6.7), internal stray light, or ambiensuch as the retroreflector, that are exposed to the atmosphere.
radiation. This distance represents the maximum pathlength f@ome method to prevent this condensation, such as heating the
that particular OP/FT-IR monitor. component slightly above the dew point, must be implemented.
Note 7—In bistatic systems, the relative contribution of the ambient 7'.1'3'3 If exposure of thg optical clomponents to a corrosive
radiation to the total signal increases as the signal from the active IF@'W'ronment cannot be avmdgd, devise some type ,Of S}/Stem, to
source decreases. As the signal from the active IR source approaches zd$irge the surface of the optical components to minimize this
there may be apparent shifts in the peak intensity of the single-bear@Xposure.
spectrum. 7.1.3.4 The spectral response of the spectrometer can be
sensitive to changes in ambient temperature. In some instru-
ents, the interferometer will not scan at ambient temperatures
elow 5°C. In permanent installations, the temperature inside
]‘,pe shelter that houses the spectrometer should be controlled
nd monitored. For short-term field studies conducted in

6.7 Determine the Random Baseline Noise of the System
Set up the instrument at a pathlength that is representative
that to be used during the field study. Collect two single-bea

the acquisition of these two spectra. Create an absorptioﬂ id th imat th " ; hould b d
spectrum from these two spectra by using one spectrum asGR'd-weather cimates, the spectrometer shou € covere

background spectrum. Which spectrum is used for the baclé’-v';h Zsc;\me_”type ,\C;If heated, '?]:gll\‘;’l‘t'ﬂg mat::fnal. i
ground is not important. Measure the random noise as the "° nciliary vieasureme ake continuous, reai-time

root-mean-square (RMS) noigd). The actual wavenumber measurements of the following parameters: temperature, rela-
range over which the noise should be calculated will vary withfive humidity, barometric pressure, and wm_d velo_C|ty. These

the number of data points per wavenumber in the spectrum. easurements should be recprded and archlyed ke some type
range of 98 data points is optimum for the RMS noiseOf automated data logger. Guidance for selecting and setting up
calculation. The RMS noise should be determined in waveIhe instruments for making meteorological measurements is

- e, : [ i United States Environmental Protection Agency
number regions that are not significantly impacted by watef'VEN N a .
vapor, for example, 9581008 cfy 2480-2530 ¢, and (USEPA) handbook(5). Although this handbook does not

4375-4425 crit. Record the value of the RMS noise for future dIrectly address open-path measurements, it provides useful

reference. information about meteorological instrumentation and mea-

surements.
7. Logistical Concerns and Ancillary Measurements at Note 8—A measurement of relative humidity is not satisfactory for use
the Monitoring Sites in OP/FT-IR monitoring. The actual partial pressure of water vapor must

7.1 Logistical C s I logistical t be determined. If relative humidity is measured, then the temperature must
-1 Logisucal Loncerns-oeveral logistical concerns must 554 pe recorded so that the partial pressure of water can be calculated by

be addressed at each monitoring site before the OP/FT-Ionsulting the Smithsonian psychrometric tables. These tables can be
monitor is deployed in the field. Consideration must be giverfound in theHandbook of Chemistry and Physi(8).

to power requirements, mounting and support requirements, ] o
and climate control. Some ancillary measurements should al$y Selecting the Monitoring Path
be made. 8.1 The monitoring path can be selected once the location of
7.1.1 Power—Supply the required electrical power to the the pollutant source is known, pertinent meteorological data
spectrometer. In bistatic systems with a remote IR source, aare available, and specific target gases have been chosen for the
additional source of power must be provided if an electricalmonitoring program.
outlet is not available. Some IR sources can operate off a 8.2 Orient the Path—Determine the direction of the prevail-
portable 12-V power supply, such as a car or marine batteryng winds. Set up the monitoring path downward of the
The output of the battery must be stabilized for quantitativepollutant source and perpendicular to the wind field. Unless
measurements. there is a specific need to do otherwise, the path should be
7.1.2 Mounting and Support-For short-term field studies, horizontal to the ground because the concentration contours of
the spectrometer, the retroreflector, or the remote IR source atBe target gases can vary with altitude. An example of a
typically mounted on transportable tripods with swivel headspossible orientation of the monitoring path relative to the
that allow for vertical and horizontal adjustments. For permafollutant source area is given in Fig. 1.
nent_ installations, a more rigid mo_unting SyStem,Can be used. Note 9—The USEPA has amended Part 58 of Chapter 1 of Title 40 of
”_1 e'ther case, the OP/FT-IR monitor should be isolated frompe code of Federal Regulations (40 CFR58) that define ambient air
vibrations. monitoring criteria for open-path monitoK§). These amendments de-
7.1.3 Climate Control—Although some OP/FT-IR systems scribe how the path is to be chosen with respect to obstructions and height
might be designed to withstand the elements, some effogbove the ground. They also describe the appropriate positioning of the
should be made to protect the optical and electrical componenféth in relation to buildings, stacks, and roadways.
of the system from rain and other forms of moisture, corrosive 8.3 Select the PathlengthChoose the pathlength to maxi-
gases, and extreme cold or heat. mize the percentage of the plume from the pollutant source that
7.1.3.1 Spectrometers with hygroscopic internal opticsjs interrogated by the IR beam. The pathlength should be
such as KBr beamsplitter, must be purged with a dry, inert gasominally longer than the width of the plume to account for
or hermetically sealed to prevent moisture from damaging theariations in the plume over time. For homogeneously distrib-
optics. As an alternative, ZnSe optical components can be usedted gases, the path can be made longer, if needed, to increase
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Upwind
FT-IR | |<— Background Path ~—>> Retroreflector

Prevailing
Wind

FT-IR| |=<—Primary Data Path— > Retroreflector

FIG. 1 Possible orientations of the monitoring paths relative to the direction of the prevailing wind and the pollutant source for primary
data collection and for an upwind background spectrum.

the measured absorbance. For plumes of finite extent, makirgeneously along the path, the atmosphere is optically dense at
the path longer than the width of the plume is detrimentalsome pathlength. This distance represents the maximum path-
because the OP/FT-IR monitor measures the path-averagéehgth for that gas and can be determined as follows.
concentration. If part of the path has zero concentration, then 8.3.1.1 Measure the absorbance of the analytical band of the
there is a dilution effect. In some applications, the pathlengtharget gas or interfering species from a reference spectrum. See
might be determined by logistical concerns, such as the0.2 for procedures for choosing an analytical band. Record the
availability of electrical power and suitable sites to accommo-concentration—pathlength product at which the reference
date the instrument and peripherals. spectrum was taken.

Note 10—The actual dimensions of the plume are difficult to define. 8.3.1.2 Calculate the absorptivig, for this gas by using Eq

Some models assume that the concentration profile of the plume can [
described by a Gaussian function. The boundaries of the plume, however, a=Afbe Cros )
may not be known prior to selecting the monitoring path.

8.3.1 The Longest PathlengthThe longest pathlength for a Wherei o
particular OP/FT-IR system was determined in 6.6.1 as the/ver = absorbance of the reference spectrum at a specified
distance at which the total signal approaches the signal duetp  _ wat\atlanun:ﬁer,t hich the ref .
the system noise, internal stray light, or ambient radiation. For-ref — pa engd a dW 1€ € reterence spectrum was
target gases and interfering species that are distributed homo- measured, an
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Co = concentration of the reference standard. may be obtained when mulivariate analysis methods (see
8.3.1.3 Estimate the concentration of the target gas o#0.8.3) are used by calculating the standard error of measure-
interfering species from preexisting monitoring data or fromment for the target gas in a spectrum in which the target gas is
ancillary measurements. not present.
8.3.1.4 Select a maximum allowable absorbance valua:-z9 Data Acquisition
based on the requirements of the analysis method. ' q
8.3.1.5 Use Eq 3 to estimate the pathlength that would yield 9-1 Perform the following steps to acquire the OP/FT-IR

the maximum allowable absorbance value at the estimategPectral data once the instrumental parameters have been
concentration. chosen (see Section 5), initial performance tests have been

completed (see Section 6), logistical concerns have been

Bmax = Amaf s ) addressed (see Section 7), and the monitoring path has been
where: selected (see Section 8).
Anax = the maximum allowable absorbance selected in 9.2 Align the Instrumenrt-Allow the system to equilibrate.
8.3.1.4, Adjust the vertical and horizontal position of the receiving
Cest = the concentration estimated in 8.3.1.3, and telescope, the retroreflector, or the external IR source to
a = the absorptivity calculated in 8.3.1.2 maximize the peak-to-peak voltage of the interferogram cen-

The value ob,,calculated in Eq 3 is the longest allowable terburst or the intensity of the single-beam spectrum at a
pathlength for measuring that particular target gas or interferspecific wavenumber. Record the value of the maximum signal.
ing species. 9.3 Determine the Random Baseline Noise of the System

8.3.2 The Shortest PathlengthThe shortest pathlength Record the magnitude of the RMS noise as described in 6.7.
may be dictated by the distance at which the detector become&Xmpare this value with historical data to determine that the
saturated as determined in 6.3. If the instrument is operatinghstrument is performing within the data quality objectives of
linearly at any potential pathlength, the shortest pathlength fothe study.
the target gas can be calculated as follows. 9.4 Choose the Type of Data FieSelect the type of data

8.3.2.1 Measure the absorbance of the analytical band of thide that is to be collected, for example, either a single-beam
target gas from a reference spectrum. Record tha&pectrum or an interferogram.
concentration—pathlength product at which this spectrum was
taken.

8.3.2.2 Calculate the absorptivity,for this gas by using E .
2 . PUVIEY g y g=q 9.5 Acquire the Spectral Data=Choose the number of data

files to be collected and the intervals at which they are to be
acquired, then start acquiring the data.

Note 11—The interferogram should be the type of raw data that is
collected to allow for more choices in post-data acquisition processing.

8.3.2.3 Estimate a minimum concentration that will be
measured.
8.3.2.4 Set the minimum detectable absorbance at threfb_ Data Analysis

times the RMS baseline noise as measured under normal . ,

operating conditions (see 6.7) 10.1 The steps that are required to analyze OP/FT-IR field
8.3.2.5 Calculate the miﬁirﬁum pathlength by using Eq gspectra include selecting the spectral region over which the

and the values of the absorptivity, minimum concentration an’ nalysis will be _performed; generating a backg_round spectrum;

minimum_detectable absorbanc,e found in 8.3.2.2 thrbugﬁorrecting the field spectra for internal stray light or ambient

8.3.2.4, respectively R radiation; generating an absorption spectrum from the inter-
8.4 éstimate Detection Limits-The method detection limit fefogfa'”‘.‘? obtaining the appropriate refer_ence spectra; correct-

(MDL) in units of the concentration—pathlength product, for ing the field spectra for wavenumber shifts; and choosing the

" analysis method.

example ppm-m, can be estimated by using Eq 4. 10.2 Select the Analysis RegierPerform the following

(0O in = Apir/a (4)  steps to determine the optimum region of the spectrum over
where: which to perform the data analysis. This determination will be
A, = minimum detectable absorbance, for example, influenced py the choice_ of analysis mgthod (seg 10.8).

three times the RMS baseline noise, and 10.2.1 Find the most intense absorption band in a reference
a = the absorptivity, as calculated in 8.3.1.2 spectrum of the target gas. If the comparison (see 10.8.1) or

To obtain the MDL of homogeneously distributed gases inScaled subtraction (see 10.8.2) method is used to analyze the
units of concentration, for example ppb, divide the value ofdata_, ch_oose this gbsorptlon band as the analytical band. If a
(bO),i» by the pathlength. Examples of estimated detectior{“U"'Va“ate analysis method, such as CLS or PLS (see 10.8.3),
limits for several hazardous air pollutants and common atmolS Used, then select the wavenumber region that encompasses
spheric gases are given in Annex Al (see Table Al.1). Thihe entire envelope of the most intense absorption band.
table can be used during the planning phase of a field study to 10-2.2 Measure the absorbance maximum of the band cho-
determine if measurements of selected target gases are feasi in 10.2.1. Use Eq 2 to calculate the absorptivity of the
at a particular monitoring site for a given monitoring path- target gas. Estimate the concentration of the target gas that is
length. This procedure is also applicable to estimating th&Xpected to be present a’g the monltorlng'sne, then estimate the
MDL for the comparison (see 10.8.1) or the scaled subtractio@Psorbance of the analytical band by using Eq 5:

(see 10.8.2) analysis methods. Lower estimates of the MDL A= abGg (5)
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where: spectrum. Do not introduce any distortions, artificial dips, or
A.st = estimated absorbance of the target gas, peaks into the intensity function.

a = the absorptivity of the target gas, 10.3.1.4 An automated procedure that fits a series of seg-
b = the monitoring pathlength, and mented polynomial curves to a single-beam field spectrum can
Cest = the estimated concentration of the target gas. also be used as an alternative to producing a synthetic

If the estimated absorbance is lower than three times thbackground spectrum manuall).

RMS noise (see 6.7), this absorption .bar?d mafy be too. weak to Note 12—A resolution of 2 cm' or better is generally required to
measurg the target gas at th.e monitoring site by either th@evelop a synthetic background spectrum. At lower resolutions, the
comparison or scaled subtraction methods. The use of weak@fresolved water vapor continuum interferes with the visualization of the
absorption bands might be appropriate when multivariaterue instrument response curve (see Fig. 2). A synthetic background
analysis methods are used because these methods have depectrum is most effective when analyzing for target gases with narrow
onstrated the ability to extract quantitative information from absorption features. This type of background spectrum is more difficult to
apparent baseline noise. develop for target gases with broad absorption bands, especially when low

. . . . oncentrations are to be measured.
10.2.3 If the most intense absorption band is in a region of
the OP/FT-IR field spectrum that is optically opaque due to 10-3.2 Short-Path Background SpectraA short-path back-
absorption by atmospheric water vapor or carbon dioxide, thefround spectrum can be used when a synthetic background

return to 10.2.1 and select the next most intense absorptiotP€Crum is not suitable, for example, during low-resolution
band. measurements or when analyzing for target gases with broad

10.2.4 Determine if the absorption band chosen in 10.2.3 igbsorption bands. The short pthIength that Is used for this t.ype
optically dense, or saturated at the monitoring pathlength. IPf llj)acg%rotjhndtsrpeitn;m gﬁencé'\rﬁ%rﬁ:'zmmfﬁezgheragzﬁrpt'ﬁne d
this is the case, return to 10.2.1 and select the next mostinten%@‘.Se y the target gases and €s the absorp caus
absorption band. y interfering atmospher_|c species. An _example of a short-path
background spectrum is given in Fig. 2(C). Perform the

10.2.5 Determmg |f.an |.nterfer|ng species other tha_n .Watefollowing steps to produce a short-path background spectrum.
vapor or carbon dioxide is present that would prohibit the 10.3.2.1 Position the retroreflector or external IR source

absorption band chosen in 10.2.4 from being used. If this is the, /" "he receiving telescope, and obtain a single-beam

case, return to 10.2.1 and select the next most intense abso@ﬁectrum.

tion band. Proceed to the other data analysis procedures once 40322 Inspect the short-path background spectrum in the

suitable absorption band has been found. ) spectral region below the detector cutoff frequency for non-
10.3 Produce a Background Spectranin conventional physical energy.

FT-IR spectrometry, a background single-beam spectrum iS 193 2 3 Compare the intensity profile of the short-path
obtained in the absence of the sample of interest. The S'”gl%'pectrum with that of the field spectra.

beam sample spectrum is divided by this backgroundoOr "1 32 4 Determine if wavenumber shifts or resolution

spectrum to create a transmittance spectrum. This operation,j{hanges have occurred between the field spectra and the

effect, nulls out the spectral features due to the detector, ”%hort-path background spectrum.
source, beamsplitter, and other optical components. In OP/ 10 3 5 5 |f any anomalies are detected in 10.3.2.2 through

FT-IR monitoring it is not possible to obtain thg spectrum 14 3 5 5 (o not use the short-path background spectrum. Wire

directly because the target gas cannot be removed from th@esh screens can be used to attenuate the IR intensity, but the
atmosphere. The following methods can be used to produce 3ke of these screens may also introduce changes in the
lo spectrum. single-beam intensity profile.

10.3.1 Synthetic Background Spectrad software package ) _
that allows individual data points to be selected, deleted, or NoTe 13—O0ne problem with producing a short-path background spec-

- - trum is that the detector can be saturated as short pathlengths. Another
moved along the ordinate must be available to generate ficulty arises when obtaining a short-path background spectrum with

synthetic background spectrum. An example O_f a synthetic,onostatic systems. In these systems, the retroreflector subtends different
background spectrum. An example of a synthetic backgroungngles when it is positioned at different distances from the receiving
spectrum is given in Guide E 1865. To create a synthetigelescope. If the interferometer does not have a Jacquinot stop, the
background spectrum, perform the following steps. retroreflector may be the actual optical field stop of the instrument. When
10.3.1.1 Select a single-beam spectrum with an intensit?"'_s is the case, the ret_roreﬂector subtend_s smaller angles as the pathlength
" ) - s increased, and the instrument uses different cones of light. Therefore,
profile that matches the profile of the field spectra and that Wz?%

. . anging the pathlength can cause distortions in the spectrum. This
acquired when the concentrations of the target gases a 'oblem can be overcome by placing a field stop in the instrument so that

interfering species were at a minimum. it uses a smaller field of view than the smallest anticipated from the
10.3.1.2 Select data points along the envelope of thisetroreflector.
single-beam field spectrum, matching the instrument response 10.3.3 Upwind Background Spectralf the area of the
curve as closely as possible. Do not select data points on gipllutant source is relatively small and its upwind side is
absorption band or on the continuum produced by unresolvegccessible, an upwirlg spectrum can be acquired. An example
absorption bands. of a possible orientation of the monitoring path for an upwind
10.3.1.3 Fit a series of short, straight lines or some othebackground spectrum is given in Fig. 1. Generally, the instru-
appropriate function to the selected points to generate a smoothent must be transported to obtain an upwind background
curve that follows the profile of the original single-beam field spectrum. This procedure is most often not applicable to
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Single-Beam Intensity

3000 2950 2900 2850

Wavenumber (cm™’)

FIG. 2 Single-beam OP/FT-IR spectra collected at 2-cm ! resolution representing: (A) a field spectrum acquired over a 200-m path; (B) a
synthetic background spectrum; and (C) a short path background spectrum. The positions of the spectra are offset slightly on the
ordinate for clarity.

permanent installations. An upwind background spectrum i is possible to average several single-beam field spectra that
usually taken once at the beginning of the daily monitoringhave been taken over this time to creatd @spectrum. These
period and once at the end. Perform the following steps tgpectra must have been analyzed and found not to contain any

produce an upwind background spectrum. measurable concentration of the target gas. This avejammn
10.3.3.1 Determine the location of the pollutant source andhen be used for the entire data set for the study.
the wind direction. 10.3.4.1 Analyze a series of field spectra for the target gas.

10.3.3.2 Set up the monitoring path along the upwind side . .
of the pollutant source and acquire a single-beam spectrum. 10.3.4.2 If no target gas is detected in these spectra, average
10.3.3.3 Analyze the upwind background spectrum for theIhese spectra to prodyce a backgrqund spectrum.
target gas. If any target gas is present in this spectrum, the 10.4 Correct the Single-beam Field Spectra for Internal
concentrations measured when it is used as a backgrourifray Light or Ambient RadiatieaSubtract the single-beam
spectrum will be the difference between the concentration irsPectrum of internal stray light (monostatic systems) or ambi-
the field spectrum and that in the background spectrum.  ent radiation (bistatic systems) from the single-beam field
10.3.3.4 If the instrument cannot be transported, wait untispectra (see 6.5.1 and 6.5.2). Do not rescale the ordinate of
the wind shifts so that the existing monitoring path is along areither spectrum before performing the subtraction. In mono-
upwind side of the pollutant source and acquire the backgrounstatic systems, the same internal stray light spectrum can
spectrum. generally be used for an entire data set. In bistatic systems that
10.3.4 Averaged Background SpectraVhen the experi- are equipped with an unmodulated external IR source, use a
mental conditions are fairly constant over the monitoring studysource-off spectrum that was taken close in time, generally
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within one-half hour, and under the same atmospheric condi- 10.6.1.5 Record a series of single-beam spectra back to
tions as the field spectra. back. Create a series of absorption spectra from these spectra.
10.5 Calculate the Absorption SpectrurDivide the  For each spectrum in the series, use the preceding spectrum as
single-beam field spectrum by the background spectrum prghe background spectrum. For example, to create an absorption
duced in 10.3 to obtain a transmittance spectrum. Take th&Pectrum from the second spectrum in the series, use the first
negative logarithm (base 10) of the transmittance spectrum t&Pectrum in the series as the background spectrum. Each
obtain the absorption spectrum. Use the absorption spectruﬁpectrum should exhibit a flat, featureless baseline that is
for all further data analysis. representative of the random baseline noise. Determine visu-
10.6 Obtain the Reference SpectrdProducing reference ally that no target gas is present in these absorption spectra.
spectra is an exacting undertaking and requires great attention10.6.1.6 Analyze the spectra recorded in 10.6.1.5 for the
to the experimental details. It is unlikely that most users oftarget gas(es) and interfering species by using one of the
OP/FT-IR monitors will prepare their own reference spectranethods described in 10.8. If a multivariate analysis method is
because spectral libraries are available commercially. The usésed, designate the newly-created water vapor reference spec-
should, however, be aware that the use of reference spectra tHe4mM as an interfering species. If the analysis yields a negative
were not generated with the same instrument used in the fieglue for the target gas, some features due to that target gas
can lead to errors in the accuracy of the concentratiofiémain in the water vapor reference spectrum. If the analysis
measurements. The magnitude of these errors is difficult tyi€lds a positive value for the target gas, features from the
assess. Even when the same resolution, zero filling, ant@rget gas were oversubtracted from the water vapor reference
apodization are used for the reference and field spectra, sligepectrum. In either case, scale the ordinate of the target gas
wavenumber shifts (see 10.7) and differences in the band widti¢ference spectrum to the absorbance corresponding to the
can be observed (see 11.2.5). Also, if a linear algorithm is usegoncentration value calculated by the analysis, and either add
in the data analysis method, the concentration—pathlengtti Or subtract out this amount of the target gas from the water
product of the reference spectra should match as closely &gpor reference spectrum. Reanalyze the series of absorption
possible that of the field spectra. One reference spectrum thaPectra. Repeat these steps until the concentration values
the operator will most likely have to create, however, is a watefalculated by the analysis method are near zero. Analyze
vapor reference spectrum. several back—tq—back spectra in this way to determine Whether
10.6.1 Produce a Water Vapor Reference Spectrufn the concentration values are systematically or randomly dis-
water vapor reference spectrum that is produced in the Iabc;[IbUted around zero.'
ratory with a long-path cell typically does not have a 10.6.1.7 A synthetic water vapor reference spectrum can be
concentration-pathlength product that is representative of th&@lculated from the HITRAN data base as an alternative to
found in the field. Therefore, a water vapor reference spectrurffoducing a water vapor reference spectrum from a field
must be developed by some other means. Perform the follovaPectrum(9). The output of the HITRAN data base can be

ing steps to produce a water vapor reference spectrum fromg@nvolved with the appropriate instrument line shape function
field spectrum. to match the field spectr).

10.6.1.1 Select a single-beam field spectrum that has a water 10-6.2 Produce Reference Spectra of the Target Gadés
vapor concentration that is representative of the water vapd¥" adequate reference spectrum of the target gas is not

concentration in the field spectra. available, the following general procedure can be used to
10.6.1.2 Retrieve the background spectrum that was proQroduce one. Deliver a known concentration of the target gas
duce.d .in. 10.3 Into a closed IR cell. The use of multipass cells with relatively

long pathlengths is recommended for this procedure. Use a

Note 14—A synthetic or short-path background spectrum is requiredpure sample of the target gas mixed with an inert gas such as
during the creation of a water vapor reference spectrum. If an upwind onitrogen. The concentration of the target gas in the cell should
averaged, is used, the apparent water vapor absorption will be the ratioyje|d a reference spectrum with a range of absorbance values
between the water vapor absorption in the field spectrum and that in thfhat match as closely as possible those expected to be found in
background spectrum. the field spectra. A continuous flow or a static method can be

10.6.1.3 Create an absorption spectrum from the two singlaised. In either case, a total pressure of 1 atm should be
beam spectra selected in 10.6.1.1 and 10.6.1.2. The absorbamnaintained in the cell. Synthetic spectra of common atmo-
values of the water vapor bands should match those in the fielspheric gases can also be generated from the HITRAN data
spectra as closely as possible. The water vapor referendmse(8, 9). Reference spectra produced either in the laboratory
spectrum will be produced from this absorption spectrum. or from spectral databases must be generated at the temperature

10.6.1.4 Subtract a reference spectrum of the target gas(ea))d pressure at which the field measurements will take place.
and any known interfering species from the absorption spec- 10.7 Correct for Wavenumber ShiftsSoftware that allows
trum created in 10.6.1.3 to remove any absorption features th#te spectra to be shifted along the wavenumber scale must be
cannot be attributed to water vapor. The resulting spectrum iavailable to correct the spectra for wavenumber shifts. To
the water vapor reference spectrum. The following steps can b#etermine if a wavenumber shift has ocurred, compare the peak
used to check the newly-created water vapor reference spegaxima in absorbance of selected bands from the field spectra
trum for the presence of absorption features due to the targetith those of the reference spectra. Subtract one spectrum from
gas(es) or interfering species. the other. The bands in the two spectra being subtracted must

10
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be of the same intensity, or they must be scaled to the same 10.8.2 Scaled Subtraction MethedPerform the following
intensity prior to the subtraction operation. Wavenumber shiftsteps using the scaled subtraction method to calculate the
will result in a feature in the difference spectrum that appeargoncentration of the target gas.

to be the first derivative of the band shape. Correct for these 10.8.2.1 Subtract a reference spectrum of the target gas
wavenumber shifts by shifting the reference spectra to matcfrom the field spectrum until the absorption maximum of the
the field spectra. If there are no changes in the peak positiorenalytical absorption band is zero.

of the absorption bands in the field spectra as compared to the ) . ,

. . Note 15—If there is an uncorrected wavenumber shift between field
rEf_erence spectra, then the result O_f Su_btraCthn will be rando@bectra and the reference spectra, the scaled subtraction can give first-
noise and no wavenumber correction is required. derivative shaped residuals. If this is the case, correct the spectra for

10.8 Calculate the Concentration ValuesSeveral methods wavenumber shifts (see 10.7) and repeat the scaled subtraction.
can be used to calculate the concentration values of target gase

from OP/FT-IR spectra. General methods of IR quantitativesi?r's(':%ifn Record the scaling factor required to perform the

analysis are given in Pracncg_E 168. _Quantltguv&_a me.thods_ n 10.8.2.3 Multiply the concentration of the reference spec-

IR spectrometry can be classified as either univariate, in which X . )
; . : . _._trum by the scaling factor to obtain the concentration of the

a single absorption band or frequency is used, or multivariat . )

; ) . ) . arget gas in the field spectrum.

in which multiple absorption bands or frequencies are used. 10.8 3 Classical Least S CLS d Partial Least

Two types of univariate methods, the comparison method an 'r' PiSSI(I:r? CLZa?h qlfi?)rre?i (n m )d a}r: B a:,lal Weﬁ]S

the scaled subtraction method, are used in OP/FT-IR monito —ﬂ”iesé St?_ >, (e ca ? g ode I'S eefs at', f

ing. These methods usually require high resolution spectr&' Ich absorbance 1S represented as a linear function o

when applied to OP/FT-IR data. Multivariate analysis methodézonrceig:ﬁ:'coen' s-l-r:aectfaLSthiTa%%S'rr?'ngz t?ﬁe“r;ei: c(())fml;lnaatlr(;r&
can be used to advantage when the concentrations of seveP# P . inimiz ur qua
fferences between the field spectra and the linear combina-

target gases are to be determined simultaneously, seve . ;

interfering species are present, and the spectral features of tHSSif’f rteferr]enice lsFrngal- The hPLS rgethr?d I|s vco'i nrelsat[gte?hto

target gases overlap with those of the interfering species arg diréct pnysical model, such as peers jaw. >, (e
pectral data are modeled empirically, which often provides a

other target gases. This situation is usually encountered i . . ) i
OP/FT-IR monitoring, so some type of multivariate analysis .?Eert]:]t tgige fltlaalﬁsdataithrIormlthtla IOIL?]W'ng ster_;s ltJ_smgf
method is generally preferred. There are several methods th l[e ?arlrg:t gas or method to calculate the concentration o

are used to perform multivariate analyses of IR spectra, . .
including CLS, inverse least squares, PLS, and principal 1928'3'1 Inspect th'e absorpt'lon spectra for baseline abnor-
components regression. The most common multivariate anal malities. If the baseline contains any unusual features, then

sis methods used in OP/FT-IR monitoring are CLS and PLS. /consider using a diffe_rent background spectrum (see 10'3). to
complete discussion of these methods is given in Practic pcreate the_ a_bsorpt|0n spectra. If the field spectra e?(h|b|t
E 1655 and a review by Haalanfl0). Several software aseline variations that are not related to the concentration of

target gas or the interfering species, some type of baseline
packages allow OP/FT-IR data to be analyzed by some type ¢f< . :

multivariate method. Because of the differences in thes |tt|ng_proceqlur_e must be included n the CLS method. These
software packages, a detailed step-by-step procedure for th F‘SEl'ne variations can be mo_deled_ in PLS. .

use cannot be given. However, some general considerations for10'8'_3'2 Choose the analysis region (see 10.2). In principle,
CLS and PLS are discussed in 10.8.3. Each of the method§€ entire wavenumber range of the field spectrum can be used.
discussed below assumes that the single-beam field spectfh Practice, the CLS or PLS analysis is typlcaJ\CIIy performed
were corrected for internal stray light or ambient radiation; arPVer smaller spectral regions, for example, 200crif CLS is
absorption spectrum has been created from the single-bea\*ﬁed' choose a spectral region that contains the widest range of
field spectra by using an appropriate background spectrum; arfPsorption bands that adhere to Beer’s law. If the wavenumber

the absorption spectra were corrected for wavenumber shifts,r.‘?]gion rtT1USt be n?r:r?weltlj FOI delirl]’nirllate iTterferiglg species}
10.8.1 Comparison Method-Perform the following steps choose the region that will yie € largest possible range o

. ; - bsorbance values.
using the comparison method to calculate the concentration 6} . . . L
the t%lrget gasp 10.8.3.3 Identify the interfering species in the wavenumber

: region chosen for analysis (see 10.2). Include reference spectra
i i\ob&rfdl ?Ati]as?r? tt:e abﬁﬂr?ﬁnif sz the analytlﬁﬁl tr;bsor%—f these interfering species in the calibration set. In CLS, all
on band of the target gas € field spectigy) a € gases that have spectral features in the analysis region must be
reference spectrumA(,; at the same wavenumber.

, . included in the calibration spectra.
10.8.1.2 Obtain the concentration() of the target gas as 14 g 3 4 Develop a set of calibration spectra from reference

follows. spectra of the target gases and interfering species. The S/N of

AveflAsia = Dret C ref MDiar Coayr (6)  the reference spectra should be high compared to the S/N of the

Solving for the concentration of the target gas gives thdield spectra. _Some CLS sqftyvare pag:kages require.thataseries
following. of spectral mixtures containing varying concentrations of the

target gases and interfering species be developed. Other CLS

Ciar = Cret Dret A Mrar Arer @) packages use pure component reference spectra of the target

The concentration of the target gas will be in the same unitgases and interfering species. The latter method essentially
as that of the reference spectrum. uses a single-point calibration, which most likely does not

11
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account for deviations from Beer’s law. Compared to CLS, the 11.2.2 Random Baseline NoiseMeasure the random base-
PLS method typically requires more extensive calibrationline noise, as described in 6.7. Spectra taken at longer time
Unlike CLS, the number of factors used in PLS is not restrictedntervals during the study can be analyzed in this manner to
to the number of known species in the field spectra. Factordetermine baseline stability or systematic noise.
that correlate with the concentrations of the species in the field 11.2.3 Signal Strength-Measure the signal strength either
spectra and also account for the variance in the spectra aess the peak-to-peak voltage of the interferogram centerburst or
extracted by the PLS method. the single-beam intensity in a selected wavenumber region. If
10.8.3.5 Perform the concentration analysis. the interferogram is used for this measurement, also record the
10.8.3.6 Inspect the residuals and the errors of the analysiposition of the zero peak difference. Note any unusual atmo-
The spectral residuals can be viewed in some packages. Ttepheric conditions, such as fog, snow, or heavy rain, that might
feature allows previously unaccounted for interfering speciegffect the signal strength.
to be detected and identified. These interfering species can then11.2.4 Single-Beam SpectrumExamine the single-beam
be included in the calibration set, and the field spectra can bgpectrum for nonphysical energy and other evidence of non-
reanalyzed. Abstract spectra are generated by PLS, as oppodegtar response. Measure the single-beam intensity in different
to the estimated pure-component spectra generated by CL&avenumber regions, for example, near 990, 2500, and 4400
Therefore, some qualitative information is lost during the PLScm 2, to determine if the output power of the IR source, the
calibration. transmitting or reflecting properties of the optics, or the
10.8.3.7 If the residuals of the analysis are not within thealignment of the interferometer have changed.
data quality objectives of the study, examine the analysis 11.2.5Wavenumber Shifts and Changes in Resolution
method for the presence of uncorrected wavenumber shift€¢onduct the following tests to determine if wavenumber shifts
interfering species that were not identified and included in ther changes in resolution have occurred during the acquisition
calibration set; or deviations from Beer’s law due to detectorof each data set. These tests should also be conducted when-
nonlinearities, inadequate spectral resolution, optically densever the OP/FT-IR monitor has been moved to change the path;
absorption bands, or poor baseline modeling. PLS is oftelptical components in the system have been changed or
better suited for handling nonlinearities or other sources ofealigned; or the instrument has been disassembled, shipped,
variation in the field spectra due to baseline deviationsand reassembled.
inadequate resolution, and severe spectral overlap. 11.2.5.1 Select absorption spectra taken at different times
11. Quality Control (QC) Procedures gﬁgng]f ttrr:z Zttla(g; for example, near the beginning, middle, and
11.1 Three separate issues must be considered when per-11.2.5.2 Compare the peak maxima in absorbance of se-
forming QC procedures on OP/FT-IR data: the performance ofected bands to determine visually if a change has taken place
the OP/FT-IR system, the accuracy of the concentration valuegetween the spectra in the data set.
and the precision of the measurements. Procedures for moni-11.2.5.3 Subtract one absorption spectrum from the other.
toring the performance of the OP/FT-IR system and forThe bands in the two spectra being subtracted must be of the
estimating the accuracy and the precision of the concentratiofame intensity, or they must be scaled to the same intensity
values are given below. General guidance for developing @rior to the subtraction operation.
Quality Assurance/Quality Control (QA/QC) program for en- 11.2.5.4 If a wavenumber shift has occured between the two
vironmental monitoring applications is given in a USEPA spectra, the subtraction result will exhibit a feature that appears
documen{(11). An example of a USEPA audit of an OP/FT-IR to be the first derivative of the band shape.
program has also been descridéa). 11.2.5.5 If a change in resolution has occurred, but there is
11.2 Monitoring the Performance of the OP/FT-IR no wavenumber shift, the subtraction result will exhibit a
System-Level zero and level one tests for measuring thefeature that has the shape of lror aW, depending on which
performance of FT-IR spectrometers are given in Practicef the two spectra contains the broader band.
E 1421. Some tests for evaluating the performance of OP/ 11.2.5.6 If there are no wavenumber shifts or changes in

FT-IR systems during initial instrument operation are given inresolution, the result of subtraction will be random noise.
6.2-6.6. Many of these tests are also used to monitor the
performance of the OP/FT-IR system. These tests include

. . . . . are always present in OP/FT-IR spectra. For example, water vapor has
measuring the electronic noise, the random baseline noise, ay; Sorption bands at 1010, 1014, and 1017 cthat will be in every

the signal strength; inspecting the single-beam spectrum fQjpectrum as long as the product of the water vapor concentration and the
nonphysical energy and changes in the intensity profile; angathlength is large enough. The bands at 1010 and 7cdr actually
checking for wavenumber shifts and changes in resolutiondoublets and cannot be resolved at 1-¢mesolution. The band at 1014
These tests should be performed at least twice a day, at tea tis a_singlet and can be used as a _check for Waven_umber shifts and
beginning and at the end of the daily monitoring period. Thesg;anges in resolution. The HDO bands in the 2720%ragion can also
tests can also be applied to archived data when reviewing of Used for these tests.

validating a data set. Plot the results from these tests versus11.3 Determining the Accuracy and Precision of the Con-
time on a control chart to determine if any trends in the dataentration Data—The accuracy and precision of the measured

Note 16—Use absorption bands that are known to be singlets and that

exist. concentration values of the target gases depend on several
11.2.1 Electronic Noise-Measure the electronic noise, as factors, including the stability of the instrument; the choice of
described in 6.2. background spectrum; corrections for wavenumber shifts and

12



Ay E 1982 - 98 (2002)

changes in resolution; corrections for internal stray light ortoring, water vapor exhibits absorption bands in most spectral
ambient radiation; the accuracy of the reference spectra; anggions of interest. In multivariate analysis methods, water
the presence of interfering species and how well they argapor must be included as an interfering species for most target
accounted for in the analysis method. At the present time, thereompounds. The water vapor concentration can also be deter-
is no definitive way to assess the accuracy and precision ahined from OP/FT-IR data by designating water vapor as a
OP/FT-IR data. The accuracy and precision of the fieldtarget gas in the analysis method. Although the water vapor
measurements can be estimated by using either ambient gasncentration in the atmosphere is variable, it can be used to
concentrations or a short cell containing a known amount of thestimate the accuracy and precision of the OP/FT-IR measure-
target gas. ments because it is measured independently during field
11.3.1 Ambient Gas ConcentrationsThe concentrations of ~studies. If the concentrations of water vapor measured over the
atmospheric gases, such as nitrous oxide and water vapor, capectral regions of interest do not agree with those determined
be used to estimate the accuracy and precision of the OP/FT-IBy the calibrated, independent method, some problem exists
concentration data. Nitrous oxide and water vapor are detectith the OP/FT-IR measurements. Potential causes for errors in
able in most OP/FT-IR spectra, provided that thethe water vapor concentrations measured by the OP/FT-IR
concentration—pathlength product is sufficient. Therefore, nanonitor include an invalid background spectrum over the
additional spectra need to be acquired to use these gases for @@alysis region, an inaccurate water vapor reference spectra,
purposes. Also, no changes have to be made to the instrumamtcorrected wavenumber shifts, unsubtracted internal stray
to measure them. The concentrations of other atmospheriight or ambient radiation, insufficient spectral resolution, and
gases, such as methane, ozone, and carbon monoxide, &he presence of unaccounted for interfering species. As with the
generally too variable or are too likely to be impacted by localN,O measurements, the measurement of the water vapor
pollutant sources to be used for QC purposes. concentration does not give an absolute indication of the
11.3.1.1 Nitrous Oxide (NO)—The average global concen- accuracy and precision for each target gas concentration.
tration of N,O is approximately 310 ppb. At any particular site, However, an accurate measurement of the water vapor concen-
the concentration of O should be relatively constant. Auto tration in each spectral region of interest indicates that the
exhaust contains trace amounts ofQN so monitoring sites background spectrum, the water vapor reference spectrum, and
that are heavily impacted by automobile trafic may exhibitthe analysis method are valid for that spectral region, and that
some variability in the ambient concentrations. Nitrous oxidemost likely the interfering species are accounted for correctly.
exhibits an absorption envelope from 2155 to 2265 tm An example of a comparison of the water vapor concentration
Absorption from atmospheric carbon dioxide interferes withalong a 200-m path calculated from 0.5-¢mresolution
the g-branch, so the p-branch from 2155 to 2225 %is  OP/FT-IR data versus the water vapor concentration calculated
generally used for the analysis. The measured concentration frfbm relative humidity and temperature measurements from a
N,O should be near 310 ppb. If the field spectra have not beesolid-state point monitor is given in Fig. 3

corrected for internal stray light or ambient radiation, the 11.3.2 Short Gas Cel—A gas cell that contains a known
concentration value of JO will be low. The percent error in - concentration of the target gas or gases can be introduced into
the concentration measurement will be approximately equal tthe |R beam to estimate the accuracy and precision of the
the percentage of internal stray light or ambient radiationop/FT-|R measurements. The advantage of using a short gas
relative to the total signal. Other potential causes of errors ig|| is that a known quantity of target gas is in the path. If this
the NO concentration include an inadequate backgroun@uantity is accurately known and is constant, accuracy and
spectrum, uncorrected wavenumber shifts, or a poor wat€recision measurements can be made. The short cell method
vapor reference spectrum. A plot of the,0 concentration has the disadvantage of attenuating the IR beam due to the
versus time indicates the precision with which the OP/FT-IRyansmitting and reflecting properties of the windows used in
measurements can be made. Variations in th® Noncentra- e cell, Therefore, the performance of the system is somewhat
tion of more than*10 % indicate that the instrument is not yegraded when the cell is in place. Also, the intensity profile of
stable and corrective action should be taken. the single-beam spectrum will be affected by the spectral
Note 17—Although monitoring the ambient concentration ofNcan ~ characteristics of the cell. New background and water vapor
indicate the accuracy and precision with which OP/FT-IR measurementieference spectra must be created for use when the cell is
can be made, measuring this gas does not directly assess the accuracy gasitioned in the optical path. Another problem with the use of
precision of the concentrations of other species along the path. As stateghort gas cells is that the concentration of the target gas in the
previously, the accuracy and precision of the f:oncentratiop measuremepk|| must be large to obtain measurable absorption features.
depend on many variables. For example, if a synthetic backgroungpaqe high concentrations can lead to self-broadening effects

spectrum is used, accurate measurements gb Nhdicate that the . . .
background spectrum is most likely valid over the spectral region used foRNd, in some cases, the formation of dimers. No standard

the analysis, for example, from 2155 to 2225 émHowever, this Procedures for using a short gas cell for accuracy and precision
observation does not indicate that the background spectrum is valid, faneasurements have been developed to date. The general
example, for the analysis of ozone in the spectral region from 975 to 107guidelines discussed below should be followed when designing

—1 . ..
: and using a short gas cell for accuracy and precision measure-

cm

11.3.1.2 Water Vapor—Generally, water vapor will be the ments.
most concentrated species along the path. At concentration— 11.3.2.1 The cell should be designed with wedged windows
pathlength products that are typically used in OP/FT-IR monito minimize interference fringing.
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FIG. 3 Plot of the water vapor concentration over a 200-m path calculated from 0.5-cm 1 resolution OP/FT-IR data using a CLS analysis
over the 2840-3240 cm ~* special range versus the water vapor concentration calculated from relative humidity and temperature
measurements made with a solid-state point monitor.

11.3.2.2 The diameter of the windows should be large 11.3.2.6 The QC measurements should be taken when the
enough so that the entire IR beam interrogates the contents obncentration of the target gas along the path is constant or
the cell. This requirement usually dictates that the cell benear a minimum. Often, this condition will not be met during
placed somewhere in the optical path in which the IR beam ignonitoring studies. Therefore, the concentration value mea-
relatively small. sured by the OP/FT-IR monitor will be a combination of the

11.3.2.3 The pathlength of the cell should be as long agoncentration in the cell and that along the path. Fluctuations

practically possible to allow for a measurable absorbance for g the target gas concentration along the path will be reflected
given concentration of gas. The vapor pressure of some gasgsine QC measurements.

is too low for adequate IR spectrum to be measured using a

short, for example, 10 cm, cell. In general, the partial pressure .tlhlj[ﬁ'zjh S;Jrroligatetste:jngar.ds, Cs)tIJD(;ETalg,Rﬁﬁve been ustedA
of the target gas in the cell should not exceed approximatelWI € short cell method dunng “IR measurements. As

9.3 kPa (70 Torr or 9. 1072 atm) for nonpolar compounds ¥vith the ambient measurements of,N (see 11.3.1.1), the
and 1.3 kPa (10 Torr or 1.8 10°2 atm) for polar compounds. accuracy and precision determined for surrogate standards are
11.3.2.4 A continuous flow or static method can be used tdalid for the surrogate standard only and not for all of the target

fill the cell with the target gas or gases. In either case, the findJaSe€s.

pressure in the cell should be 1 atm. 11.3.2.8 Special precautions are necessary when analyzing
11.3.2.5 The measurements with the cell should be donpolar compounds with a gas cell. Some polar compounds may

over the same pathlength and under the same conditions athere to or react with the cell walls or the transfer tubing.

which the field measurements are taken. When this is the case, the concentration of the target gas in the

14
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cell cannot be accurately determined. Therefore, proper passiurrently addressing this issu@4). If possible, compare
vation of the sampling apparatus and gas cell is necessary foeference spectra obtained from different sources or data bases.
the accurate sampling of polar compounds. 11.5 Completeness of the DataVverify that the frequency
11.4 Evaluate the Analysis MethedUse the following Of data acquisition was sufficient to account for the variability
procedures, as appropriate, to check the results of the analydfs the target gas concentration by examining the plots of
method. concentration versus time. Gaps in the data during rapid

11.4.1 Plot the concentration of the target gas(es) versu@anges in the target gas concentration may indicate that data
time. Examine the plots for any unusual trends. Some atmovere not taken at a frequent enough interval. _
spheric gases follow a characteristic diurnal pattern, and that 11.6 Representativeness of the Datdhe concentration
pattern should be evident for those particular gases. Nyalues determined by OP/FT-IR measurements represent the
negative excursions should be evident in the plots. path—averaged concentration along the monitoring path. In

11.4.2 Examine the plots of concentration versus time for°Me applica.tions, su'ch as .f.encelin.e monitoring, where.the
concentration spikes that cannot be attributed to a knowRNlY concern |_s_detect|ng fugitive emissions along the perim-
pollutant source. If such a spike exists, examine the origina'rlater Of the facility, the OP/FT-IR measurement V\.”” be repre-
spectra to verify the presence of the compound in question a ntative of .th.e desired end result. In other applications, such
its concentration. Subtract the appropriate absorption spectra characlt:_anlzmg th(.:'t pl_ume fr?hm an area sgutr cet,) meas durer_pﬁ nts
any interfering species from the field spectrum, and therftONd Muitiple monitoring paths may need to be made. the
compare the signature and absorbance values of the result ncentrations measured over each of the monitoring paths can

spectrum to the reference spectrum of the target gas for t en betc;)mpafr?ﬁl tol determine tWht'.Ch measurements  are
proper features and intensities. representative of the plume concentration.

11.4.3 Examine the concentrations of the target gases fo 11.7 Comparability of the Data-Compare the OP/FT-IR
T . ) . 9et g ' 'Yata to data obtained from an established method. As discussed
any correfation with changes in the water vapor concentration, 11.3.1.2, comparing the water vapor concentration obtained

I S.UCh a correlation exist_s, examine th_e original spectra Yrom the OP/FT-IR data to that obtained by an independent
verify that_ the changes in concentration are real. .lf themethod can be useful. Although not exact, these comparisons
concentrations of the target gases exhibit either positive

negative inflections with respect to changes in water va géan give the operator an idea if the OP/FT-IR measurements
9 P 9 p S£1re within generally accepted values. If not, corrective action
YSRould be taken. Bear in mind that the OP/FT-IR data represent

method to alleviate the problem. path—averaged concentrations, which may not be directly
11.4.4 If an automated software package was used teomparable to data obtained with a point monitor.

calculate the concentration values, manually check these val- 11 g Documentatioa-Maintain a log of instrument use

ues by comparing the field spectra to spectra of reference gasggyntime, repairs, and observations regarding instrument per-
with @ known concentration. Use an interactive subtractionormance, atmospheric conditions, or unusual occurrence at the
procedure that yields a scaling factor for the reference spegyonitoring site. The requirements for adequate documentation
trum to verify the concentration measured by the software. depend on the nature of the monitoring program. For
11.4.5 Choose an alternative spectral region or analyticalxample, requirements for a research and development pilot

absorption band over which to perform the data analysisstudy will be less stringent than those for a study producing
Compare the results from this analysis with those obtained ovaggally defensible data.

the primary analysis region.

11.4.6 Verify the accuracy of the reference spectra. To dateL2- Keywords
no way of validating or certifying the reference spectra exists. 12.1 air analysis; Fourier transform infrared; FT-IR; open-
The National Institute of Standards and Technology (NIST) ispath monitoring; spectrometers
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ANNEX

(Mandatory Information)

Al. ESTIMATED DETECTION LIMITS FOR SEVERAL HAZARDOUS AIR POLLUTANTS AND COMMON ATMOSPHERIC

GASES
Al.l See Table Al.1 for estimated MDLs of selected gases. TABLE A1.1 Continued
C C D D
TABLE Al.1 Estimated Method Detection Limits (MDL) for Compound Class® \::'F:fl) (xa?)_Lm) (\::';‘];"51) (";ﬂzl_'m)
Selected Gases -
hydrogen sulfide caa 1293 535003
c c o o isooctane caa 2961 554
Compound Class? ~ Vmax ~ MDL Vmax  MDL methane ag 3017 1597 1305 2998
em™) (ppb-m)  (em™)  (ppb-m) methanol caa 1033 1249 2982 5933
acetaldehyde caa 1761 2063 2729 6674 methylmethacrylate caa 1169 1199 1748 1341
acetonitrile caa 1463 8403 1042 46095 nitric oxide ag 1894 4388 1843 6816
acrolein pp,caa 1730 1297 958 4509 nitrobenzene pp,caa 1553 852 1355 1049
acrylic acid caa 1726 639 1439 1326 nitrogen dioxide cp,ag 1629 540 1599 742
acrylonitrile pp,caa 954 3398 971 4548 nitrous oxide ag 2213 932 1300 3946
ammonia pp 967 620 931 718 ozone cp 1054 2533 1040 3971
benzene pp,caa 673 266 3047 4449 phosgene caa 849 318 1832 667
bis-(2-chloroethyl)ether pp,caa 1138 2157 767 4372 phosphine caa 2326 7699 992 12468
bromomethane pp,caa 1306 11547 2983 12455 propionaldehyde caa 1762 2305 2992 4107
1,3-butadiene caa 908 1445 1014 5719 propylene oxide caa 3001 2838 837 4549
2-butanone pp,caa 1745 1483 1175 3224 styrene caa 695 1720 909 2908
carbon dioxide ag 2361 637 668 608 sulfur dioxide cp 1377 372
carbon disulfide pp.caa 1541 191 1527 266 sulfur hexafluoride tracer 947 42 615 420
carbon monoxide cp 2173 4583 2112 5417 tetrachloroethene pp,caa 915 708 781 2654
carbon tetrachloride pp,caa 795 178 773 1027 toluene pp,caa 728 1632 3018 3583
carbon sulfide caa 2070 240 2051 330 1,1,1-trichloroethane pp,caa 725 533 1088 1183
chlorobenzene pp,caa 740 1341 1483 3980 1,1,2-trichloroethane pp,caa 742 1615 941 7933
chloroethane pp,caa 1288 6744 677 6871 trichloroethene pp,caa 849 1173 944 1578
chloroform pp,caa 772 359 1219 1927 trichlorofluoromethane  pp 846 178 1084 634
chloromethane pp,caa 732 6652 1459 9517 vinyl acetate caa 1225 688 1790 1327
m-dichlorobenzene pp 1581 1266 784 1305 vinyl chloride pp,caa 942 2824 1620 3643
o-dichlorobenzene pp 749 1428 1462 5142 vinylidene chloride caa 868 1669 1086 2501
dichlorodifluoromethan  pp 1161 294 921 303 m-xylene pp.caa 768 1601 690 3825
1,1-dichloroethane pp,caa 705 2049 1060 3053 o-xylene pp,caa 741 1070 2949 5797
1,2-dichloroethane pp.caa 731 1983 1237 6803 p-xylene pp,caa 795 1765 2936 3340
1. L-dichloroethene PP 869 1ol 793 1814 AThe MDLs were estimated by using Eq 4, with val f the ab tivi
1,2-dichloroethene pp,caa 864 5024 Y Y 9 =q s W', values o _e ? sorptivity
dichloromethane pp.caa 750 1174 1276 4113 calculateq from :lL—cm referen'ce spectra with t.nfangular apodization from a
1,1-dimethylhydrazine  caa 2775 1962 909 3774 commercially-available spectral library (13) and a minimum detectable absorbance
ethylbenzene pp,caa 2975 2031 697 2277 of 1 X 107,
ethylene oxide pp,caa 3066 987 872 3327 B pollutant classification: priority pollutant (pp); criteria pollutant (cp); hazardous
formaldehyde caa 1745 1248 2802 2581 air pollutant from the 1990 Clean Air Act Amendment (caa); atmospheric gas (ag).
Eega”e orid caa ggig égéi ;gg; ;Z;;g € Peak position and MDL for the most intense absorption band.
ydrogen chloride caa D " . ) )
hydrogen fluoride caa 1038 578 3877 761 Peak position and MDL for the second most intense absorption band in a
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