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Abstract. We describe an instrument for simultaneous
measurements of glyoxal (CHOCHO) and nitrogen dioxide
(NOy) using cavity enhanced absorption spectroscopy with a
broadband light source. The output of a Xenon arc lamp is
coupled into a 1 m optical cavity, and the spectrum of light
exiting the cavity is recorded by a grating spectrometer with a
charge-coupled device (CCD) array detector. The mirror re-
flectivity and effective path lengths are determined from the
known Rayleigh scattering of He and dry zero air (N2+03).
Least-squares fitting, using published reference spectra, al-
low the simultaneous retrieval of CHOCHO, NO,, O4, and
H;O0 in the 441 to 469 nm spectral range. For a 1-min sam-
pling time, the precision (£10) on signal for measurements
of CHOCHO and NO; is 29 pptv and 20 pptv, respectively.
We directly compare measurements made with the incoher-
ent broadband cavity enhanced absorption spectrometer with
those from cavity ringdown instruments detecting CHOCHO
and NO; at 404 and 532 nm, respectively, and find linear
agreement over a wide range of concentrations. The instru-
ment has been tested in the laboratory with both synthetic
and real air samples, and the demonstrated sensitivity and
specificity suggest a strong potential for field measurements
of both CHOCHO and NOx.

1 Introduction

Glyoxal (CHOCHO, IUPAC name ethandial, CAS number
107-22-2) is the simplest alpha-dicarbonyl, with structure
HC(O)C(O)H, and one of the most prevalent dicarbonyls in
the ambient atmosphere. Glyoxal is formed from the pho-
tooxidation of aromatic hydrocarbons (Tuazon et al., 1984;
Bandow et al., 1985; Jang and Kamens, 2001) and is a mi-

Correspondence to: R. A. Washenfelder
BY (rebecca.washenfelder@noaa.gov)

nor oxidation product of isoprene (Yu et al., 1995; Carter
and Atkinson, 1996) and other biogenic species (Fick et al.,
2003). Satellite measurements of glyoxal in the atmosphere
suggest that oxidation of biogenic volatile organic com-
pounds in tropical regions is an important regional source
of glyoxal (Wittrock et al., 2006). There is growing labora-
tory evidence that heterogeneous reactions of glyoxal play an
important role in the formation of secondary organic aerosol
(SOA) (Hastings et al., 2005; Jang et al., 2002; Kroll et al.,
2005; Liggio et al., 2005). SOA is a major contributor to fine
particulate matter in urban areas, and has adverse effects on
air quality and human health (Seinfeld and Pankow, 2003).
Reactive uptake of glyoxal on aqueous seed aerosol may lead
to significant particle growth (Kroll et al., 2005). Field mea-
surements in Mexico City show that the atmospheric budget
of glyoxal can not be balanced without an aerosol loss pro-
cess (Volkamer et al., 2007). In addition to its importance in
SOA formation, photolysis of glyoxal is a significant source
of HOx (OH+HO,) (Langford and Moore, 1984; Zhu et al.,
1996; Chen and Zhu, 2003).

Despite the importance of glyoxal in SOA formation and
photochemistry, until recently there have been no techniques
for rapid, in situ atmospheric measurements. A standard de-
tection method for glyoxal has been to flow air through a
2,4-dinitrophenylhydrazine (DNPH) solution, or coated solid
sorbent, collecting carbonyls as hydrazone derivatives. The
derivatives are then eluted with acetonitrile and measured by
high pressure liquid chromatography (Fung and Grosjean,
1981; Grosjean et al., 1999; E.P.A., 1999). This method
has been widely used for measurements of airborne gly-
oxal (Munger et al., 1995; Lee et al., 1998; Kawamura et
al., 2000; Grosjean et al., 2002). A typical detection limit
achieved for a two-hour sampling period with flow rate of
2L min~" is 30 pptv (Francois et al., 2005). An analytical
variation is analysis by gas chromatography and mass spec-
trometry. This method has been reported for carbonyls col-
lected onto pentafluorophenyl hydrazine (PFPH) coated solid
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sorbents, followed by thermal desorption and gas chromato-
graphic analysis with mass spectrometric detection (GCMS)
(Ho and Yu, 2004). The method has been further explored
for carbonyls acquired in a mist chamber, reacted with O-
(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine hydrochloride
(PFBHA), and detected by gas chromatography with ion trap
mass spectrometry (Spaulding et al., 2002; Spaulding et al.,
2003). Measurements by these different wet chemical meth-
ods show that glyoxal levels in urban areas can be highly
variable, ranging from 10 pptv to 1 ppbv, with higher levels
observed in more polluted areas.

More recently, two different spectroscopic techniques
have been used for long path and in situ measurements of
glyoxal. Volkamer et al. (2005a) demonstrated long path
differential optical absorption spectroscopy (DOAS) in Mex-
ico City to detect glyoxal by its structured absorption in the
420-465 nm spectral region. For an atmospheric path length
of 4420 m and integration times between 2 to 15 min, the
authors report a detection limit of 150 pptv. Huisman et
al. (2008) recently demonstrated a laser-induced phospho-
rescence technique, by exciting glyoxal at 440.25 nm using
a tuned Ti:sapphire laser and observing the phosphorescence
at 520 nm. This is a sensitive, in situ technique with excellent
specificity, but the Ti:sapphire laser is relatively expensive.
The instrument has been deployed in a recent ground-based
field campaign, with a reported detection limit (S/N=3) of
18 pptv in 1 min.

Another technique that has considerable potential for sen-
sitive and specific measurement of glyoxal is Incoherent
Broadband Cavity Enhanced Absorption Spectroscopy (IB-
BCEAS) (Fiedler et al., 2003). IBBCEAS belongs to a class
of extinction measurements that exploit the long optical path
lengths within optical cavities. The best known of these
techniques is Cavity Ringdown Spectroscopy (CRDS). IB-
BCEAS differs from other methods in this class by using
a relatively inexpensive continuous broadband, incoherent
light source instead of a monochromatic laser. In princi-
ple, IBBCEAS is similar to previous laser-based methods for
broadband CRDS (Ball and Jones, 2003) in that the light
passing through a high-finesse optical cavity is dispersed
with a spectrometer and analyzed using a multichannel de-
tector. However, in contrast to the broadband CRDS meth-
ods described by Ball and Jones, IBBCEAS cavity output is
measured continuously and the ringdown is not resolved in
time. Spectral fitting methods can be used to retrieve mul-
tiple absorbers because spectral information is acquired si-
multaneously for a wide wavelength region. IBBCEAS is an
excellent detection method for atmospheric trace gases with
broad, structured absorptions in the visible and ultraviolet
spectral regions, and is particularly useful for simultaneously
determining the concentration of molecules with significant
spectral overlap, such as CHOCHO and NO;. This method
was first described in the literature by Fiedler et al. (2003).
Subsequently, it has been used for laboratory measurements
of a number of trace gas species, including NO, (Ball et al.,
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2004; Gherman et al., 2008; Langridge et al., 2006; Triki
et al., 2008), NO3 (Ball et al., 2004; Venables et al., 2006),
HONO (Gherman et al., 2008), O3 (Venables et al., 2006),
and I, (Ball et al., 2004). However, reported field measure-
ments using this technique are very limited (e.g. Langridge
et al., 2007).

In this paper, we report the first laboratory measure-
ments of CHOCHO by IBBCEAS, together with simultane-
ous measurements of NO;, H>O, and oxygen dimer (Oy).
We discuss the potential application of this method for field
measurements.

2 Materials and methods
2.1 Description of the IBBCEAS instrument

The IBBCEAS instrument consists of a broadband light
source, collimating optics, optical filters, cavity, and grating
spectrometer with a CCD array detector. A schematic of the
apparatus is shown in Fig. 1a. Broadband radiation is pro-
vided by a 75 W Xe arc lamp in a water-cooled housing with
a F/2 ellipsoidal reflector (Oriel Instruments). A cold mirror
with 525 nm cut-off (Thorlabs FM204) and two colored glass
filters (Schott Glass BG 26 and GG 420) remove light pro-
duced by the Xe arc lamp that is outside the spectral region of
interest. The colored glass filters are necessary to minimize
photolysis of CHOCHO and NO; and to prevent degradation
of the mirror reflectivity by exposure to UV radiation (Flad
et al., 2006). The light is then collimated and coupled into
the optical cavity using two F/1 lenses. The cavity consists
of two 2.5cm, 1 m radius of curvature mirrors (Advanced
Thin Films) with manufacturer reported transmission of 11
parts per million (ppm) at the nominal center wavelength of
455 nm. The mirrors are mounted at either end of a 94.4 cm
long, 2.5 cm diameter PFA Teflon cell, with ports for gas in-
put and output. Purge volumes may be used to maintain mir-
ror cleanliness during atmospheric sampling, but were not
used in these experiments, which were conducted primarily
in particle-free zero air. The optical cavity is mechanically
stabilized using a 2 cm diameter carbon rod and custom opti-
cal mounts. Fixed apertures at the entrance and exit confine
the light to a 1.5 cm diameter at the center of the cavity.

The light that exits the cavity passes through a quartz
beamsplitter and is imaged by a 2.5cm F/3.1 lens onto a
0.5 cm F/2 lens that couples the light into a 3 m long 600 ©m
optical fiber. The quartz beamsplitter is used to direct a HeNe
laser beam into the cavity during the initial alignment. A
bandpass filter, centered at 450 nm with full-width at half-
maximum (FWHM) of 40nm (Thorlabs FB450-40), is lo-
cated in front of the F/2 lens. A second lens and fiber combi-
nation collects part of the light reflected by the quartz beam-
splitter, to monitor the signal intensity from the Xe arc lamp.
The signal intensity at 522 nm can be used as a scaling fac-
tor to normalize the cavity spectra prior to analysis. We did

www.atmos-chem-phys.net/8/7779/2008/



R. A. Washenfelder et al.: Measurement of glyoxal using IBBCEAS 7781
: -\
HeNe alignment
Cold mirror laser
Colored glass
filters
~ < -1 - -
~ e \
o > 14 . "
/ TS N _ _-t - Optical fiber []:\/
2.5-cm diameter, 95 cm long cavity Quartz 450 nm BP filter 0N
X | o ; : INIEREN
(?N?ltLC Fé/léﬂp 99.996% reflective 455 nm mirrors Beamsplitter 40 nm FWHM \}(7
ellipsoidal F/1 lenses | i
reflector Grating spectrometer
with CCD detector
b Zero Air
Exhaust é
5.2 ppm MEC T
NOz in N, ﬁ) [ MFC | [ MFC | T 8 5
R IBBCEAS ump
* CRDS [ | " CRDS ~2.5 slpm
Zero Air MFC - v
Overflow
mP
~0.5 slpm
\_/
Glyoxal

Fig. 1. (a) Schematic of the incoherent broadband cavity enhanced absorption spectrometer. The IBBCEAS instrument consists of a Xenon
arc lamp, optical filters, collimating optics, cavity, and grating spectrometer. Details of the 532 nm cavity ringdown spectrometer can be
found in Osthoff et al. (2006). The 404 nm cavity ringdown spectrometer will be described in a forthcoming publication (H. Fuchs, personal
communication, 2008). (b) Block diagram showing gas delivery of CHOCHO and NO; to the three instruments.

not observe changes in the lamp’s emission spectrum as a
function of time, presumably because the water-cooled hous-
ing maintained a constant temperature for the Xe arc lamp.
Each of the two signal fibers is connected to an external shut-
ter assembly consisting of a solenoid-driven shutter and a
95% transmitting quartz beamsplitter sandwiched between
two quartz collimating lenses. The collimating lenses cou-
ple the emerging cone from the 600 um sample fibers into
the 750 um daisy pattern of the spectrometer feed bundle
(see below). A third fiber, connected to an Hg/Ar calibration
lamp, can illuminate the quartz beamsplitter so that the out-
put from this fiber is reflected into the spectrometer feed bun-
dle. This configuration, with the beamsplitter on the spec-
trometer side of the solenoid shutter, makes it possible to ac-
quire calibration spectra without disconnecting the sample
feed fibers.

Spectra are acquired using a 150 mm focal length crossed
Czerny-Turner spectrometer (Acton InSpectrum 150) with a
16-bit back-illuminated 250x 1024 pixel CCD array detector
cooled to —20°C (Langford et al., 2007). The spectrometer
is configured with a 1200 groove/mm grating (500 nm blaze)
rotated to give a useful spectral range from 412 to 529 nm.
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The wavelength calibration and instrument lineshape were
determined using narrow Hg emission lines provided by a
Hg/Ar calibration lamp. A fixed slit width of 100 um was
found to give a nearly Gaussian line shape with FWHM of
0.54nm at 435.8nm. Spectra of other Hg lines shows that
the FWHM increased with wavelength (but is constant in
frequency space) with AA=0.58 nm at 455nm. The spec-
trometer was fed by a fiber bundle (Acton Model BFB-455-
7) composed of two leads, each consisting of seven 200 um
diameter UV-VIS fibers. The two input leads were joined
to form a circular “daisy” pattern (six fibers surrounding a
seventh in the center) with a diameter of 735 um including
cladding at the spectrometer end. The seven fibers were ori-
ented linearly along the slit axis, with a gap of 1 mm between
the two groups. Each of these groups illuminated a separate
rectangular region (=80 pixels tall) on the CCD array creat-
ing two independent channels.
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2.2 Validation of IBBCEAS CHOCHO and NO; measure-
ments using CRDS

The IBBCEAS measurements of CHOCHO and NO, were
validated using 404 and 532 nm cavity ringdown spectrom-
eters already available in our laboratories. The IBBCEAS
instrument has the ability to simultaneously determine mul-
tiple species that absorb in the same spectral region. Since
both CHOCHO and NO; absorb at 404 nm, while only NO,
absorbs at 532 nm, the two CRDS instruments can be used
in combination to quantify one or both absorbers. We first
compared the two CRDS instruments for measurements of
NO; in zero air to verify their agreement. For CHOCHO and
NO» mixtures, the portion of the total extinction due to NO;
can then be removed from the 404 nm CRDS signal using
the 532 nm CRDS measurements. This allows the extinction
signal from CHOCHO to be determined. Although this ap-
proach can not be used for samples containing aerosols or
unknown absorbers, it does provide an independent compar-
ison for IBBCEAS measurements of CHOCHO and NO; in
zero air. This allowed us to validate the IBBCEAS measure-
ments with sufficient sensitivity over the desired concentra-
tion range, without sample concentration or dilution.

The 532nm pulsed CRDS instrument used to measure
NO; concentrations has been previously described in detail,
and validated against a photolysis-chemiluminescence detec-
tor (Osthoff et al., 2006). Briefly, part of the output (~1 mlJ)
from a pulsed 100 Hz Nd: YAG laser is passed through an op-
tical isolator and collimated using a 50 cm focal length lens.
The cavity consists of 2.5cm diameter, 1 m radius of cur-
vature cavity ringdown mirrors, separated by 91.5 cm, with
peak reflectivity greater than 99.999% at 532nm. The ac-
tive sampling region is enclosed by 1.27 cm O.D. PFA Teflon
tubing. Purge volumes are normally used to maintain mirror
cleanliness during atmospheric sampling, but were not used
in these experiments, which were conducted primarily in
particle-free zero air. Output light from the cavity is collected
using a fiber-collimating lens and a 532 nm bandpass filter.
The photomultiplier output is digitized at 1 MHz by a 16-
bit A/D converter. The precision of this instrument for NO»
is 40 pptv for 1-second data, with absolute accuracy +4%
(Osthoff et al., 2006). The effective NO, absorption cross-
section obtained for this instrument is in excellent agreement
with that obtained by convolving the high-resolution spectra
of Vandaele et al. (2002).

The second CRDS instrument will be described in a forth-
coming paper (H. Fuchs, personal communication, 2008).
It consists of a diode laser centered at 403.9 nm (Power
Technologies) with 40 mW output power. Custom control
electronics are used to modulate the laser power output at
1.6 kHz. The laser beam is coupled into a high-finesse cavity
that consists of 2.5 cm diameter, 1 m radius of curvature mir-
rors (Advanced Thin Films), with total loss (transmission,
absorption, and scattering) of 40 ppm at their nominal cen-
ter wavelength of 404 nm. The mirrors are mounted at either
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end of a 93 cm long cavity, with ports for input, output, and
mirror purge. As with the IBBCEAS and 532 nm CRDS in-
struments, the purge volumes were not used for this experi-
ment. Signal is detected using a Hamamatsu photomultiplier
tube (HC120-05) with bandpass filter (centered at 410 nm
with FWHM 10nm). The data is acquired with a 1x10°
sample s~! card (National Instruments, M-Series) and Lab-
view data acquisition software. Ringdown traces were av-
eraged over 1s and then fitted to an exponential function
by the Levenberg-Marquard least-square algorithm. Sepa-
rate measurements using the grating spectrometer showed
that the laser line was nearly Gaussian with a FWHM of
0.65nm. This instrument lineshape was convolved with the
high-resolution cross-sections of Vandaele et al. (2002) for
NO; measurements and Volkamer et al. (2005b) for CHO-
CHO measurements.

2.3 Preparation and delivery of CHOCHO and NO;

Glyoxal was purchased commercially in a stable hydrated
form (glyoxal trimer dihydrate >95%). Pure glyoxal
monomer was prepared from the solid trimer dihydrate us-
ing a method described previously (Langford and Moore,
1984; Feierabend et al., 2008). Equal masses (~5g) of
glyoxal trimer dihydrate and solid phosphorous pentoxide
(P,05>98%) were mixed and slowly heated under vacuum
from 25 to ~160°C. A small flow of He (~20 STP cm> min')
was passed over the heated sample and through a collec-
tion reservoir where the pure glyoxal solid was collected at
—78.5°C. The glyoxal sample was stored at —78.5°C and
used without further purification.

Samples of glyoxal in zero air were prepared by flow di-
lution from the glyoxal trap. The reported vapor pressure
of glyoxal at —73°C is ~0.07 hPa (Feierabend et al., 2008),
corresponding to an equilibrium vapor pressure of 66 ppm at
1l atm. Samples of NO, in zero air were prepared by flow
dilution from a standard cylinder containing 5.2 ppm NO; in
N». In each case, a dynamic flow dilution system, similar to
that described by Goldan et al. (1986), was used to achieve
atmospherically-relevant concentrations.

As shown in Fig. 1b, the three instruments were con-
nected in series. Flow through the instruments was controlled
at 2.5STPL min~! (slpm) with a mass flow controller and
pump. Sample gas was provided in excess, with an inlet over-
flow (typically 0.5slpm). Pressure and temperatures were
measured by the 404 nm and 532 nm CRDS instruments, and
interpolated for the IBBCEAS cell. The pressure drop was
typically 10-12 hPa for the three instruments.

2.4 Operation of the IBBCEAS instrument
During normal laboratory operation, the IBBCEAS and
CRDS instruments are turned on at least 30 min prior to be-

ginning measurements. The allows the temperature of the
Xe arc lamp, lasers, and other components to stabilize. To
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characterize the noise of the Acton InSpectrum 150 CCD
detector, background spectra are acquired under dark con-
ditions. This is necessary because CCD detectors produce
non-zero signal even when there is no light incident on the
detector. The pixel-dependent dark signal is then scaled to
the integration time and subtracted from the subsequent sam-
ple spectra. Following the acquisition of dark spectra, wave-
length calibration spectra for the Acton InSpectrum 150 are
acquired using the Hg/Ar lamp described in Sect. 2.1.

Data was typically acquired for an 8 h period. During the
experiments, individual IBBCEAS spectra were intregrated
for 5 s with 12 individual spectra averaged, for a total data ac-
quisition time of 1 min. At the beginning and end of the day,
He and zero air spectra were each acquired for 20 min. These
spectra are used to calculate mirror reflectivity, as described
in Sect. 3.2. The subsequent measurements introduced con-
centrations of NO,, CHOCHO, or combinations of the two
absorbers using the flow system shown in Fig. 1b. Typically
an absorber concentration was sampled for 15 min, followed
by a 10 min sample of zero air. The pressure stability of the
laboratory measurements and the regular acquisition of zero
air spectra eliminated the need to apply pressure corrections.

3 IBBCEAS data analysis
3.1 Theoretical principle

The measurement of trace gas concentrations by IBBCEAS
has been described previously by Fiedler et al. (2003). Ap-
pendix A gives an alternative derivation that is specific to the
zero determination method described here. The extinction
due to absorption, a,ps, is related to the observed change in
intensity transmitted through the cavity by the relationship

1 —R(A o) — T (A
as ()= (% +aRay(A>> (%) 1)

where d is the cavity length, R()) is the mirror reflectivity,
QRay 18 the total Rayleigh scattering for the mixture, Ip(2) is
the reference spectrum, and /(1) is the measured spectrum for
a cavity containing absorbing species. As discussed in Ap-
pendix A and described below, the reference spectrum Ip(1)
refers to a cavity containing zero air with no other extinc-
tions.

If the cavity contains a gas mixture with n absorbers (in-
cluding CHOCHO and NO,), the left hand side of Eq. (1)
can be written as

dabs = Y _ i (1) = Y _ 0iNi = ono, (1) [NO]
+ocuocuo (A) [CHOCHO] + ... 2)

where o;(}) is the absorption cross-section and N; is the
number density for the ith absorber. The number densities
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for the absorbers can thus be determined through the eval-
uation of Eqgs. (1) and (2) with a suitable set of reference
spectra, o;(A).

Following this approach, we fit the total extinction, in-
cluding the Rayleigh scattering, using nonlinear least-square
fitting based on the Levenberg-Marquardt algorithm. IB-
BCEAS spectra can alternatively be analyzed using differ-
ential optical absorption spectroscopy (DOAS) techniques
(Platt et al., 1979), as demonstrated by Langridge et
al. (2006) for their IBBCEAS measurements of NO,. Con-
ventional DOAS resolves the absorption cross-sections of the
molecular absorbers into smooth components that change
slowly with wavelength and differential absorption cross-
sections that change rapidly with wavelength. The rela-
tive concentrations of molecular absorbers in any two mea-
sured spectra can then be retrieved by least-squares fitting the
rapidly varying part of the log of the ratio of the spectra to
a linear combination of the known absorber cross-sections,
while the slowly varying component (including the contribu-
tions due to Rayleigh and Mie scattering) is fit to a polyno-
mial function. This approach is useful in situations where the
two spectra include unknown contributions from Rayleigh
and Mie scattering processes, such as measurements of scat-
tered sunlight or open path measurements using an artificial
light source. However, DOAS analysis techniques are unnec-
essary when the reference spectrum Ip(A) does not include
unknown absorption or scattering, as in the present exper-
iments. The absolute retrieval method described here sig-
nificantly improves the accuracy and precision of retrievals
for laboratory mixtures of different absorbers in synthetic air,
and, as will be discussed below, makes it possible to retrieve
spectral information about ambient aerosols in real air sam-
ples.

3.2 Determination of mirror reflectivity

Calculating an absorber concentration from Eq. (1) first re-
quires accurate knowledge of the mirror reflectivity R(A).
Unlike CRDS, which is an absolute technique equivalent to
direct application of the Lambert-Beer law to measure inten-
sity attenuation over a sample of fixed path length, CEAS
and IBBCEAS are not absolute in the sense that the mirror
reflectivity must be determined independently. However, if
the mirror reflectivity can be accurately calibrated, then the
technique is as “absolute” as other methods based on direct
absorption. Cavity loss is defined as the fractional loss in
light intensity per pass. For a cavity containing zero air, it
includes losses due to transmission, absorption, and scatter-
ing by the mirrors, as well as Rayleigh scattering. The dis-
cussion below describes a simple and convenient method for
calibrating the cavity loss.

Mirror reflectivity (or total cavity loss) can be determined
from the intensity change caused by the addition of a known
concentration of an absorber, such as NO; or O3 (e.g. Lan-
gridge et al., 2006; Venables et al., 2006; e.g. Gherman et
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Fig. 2. (a) Representative spectra acquired with the IBBCEAS for
He and zero air. The difference between these spectra is due to
Rayleigh scattering. The broad envelope is shaped by the trans-
mission functions of the 450-nm bandpass filter and cavity mirrors.
Narrow peaks near 450 and 452 nm are due to Xe emission lines
superimposed on the broad continuum output of the lamp. Mask 1
indicates the spectral region used for retrievals. Mask 2 indicates the
spectral region used for calculation of the reflectivity. (b) Reflectiv-
ity calculated according to Eq. (1) for the He and zero air spectra
shown in (a). The peak reflectivity at 455 nm is 99.9966% (34 ppm
total loss), corresponding to an effective path length of 27.8 km, or
17.9 km when the cavity contains 830 hPa of zero air.

al., 2008), or by the addition of gases with different Rayleigh
cross-sections. The advantage of the latter method is that
the Rayleigh extinction varies slowly with wavelength in a
well-defined manner, providing a uniform measure of mir-
ror reflectivity across any arbitrary wavelength range. This
is a simple and accurate method that can be used to deter-
mine mirror reflectivity throughout the visible and UV spec-
tral regions. Moreover, this method can be used in any en-
vironment (field or laboratory) for a closed-cell IBBCEAS
instrument. In our experiments, R(1) is determined from the
changes in transmitted intensity due to Rayleigh scattering
when the cell is filled with He and then zero air. Helium and
zero air are useful for the calculation of R(A) because of the
large difference between their respective Rayleigh scattering
cross-sections.

Figure 2a shows spectra of He and zero air. The broad en-
velope is shaped by the transmission functions of the cavity
mirrors and the 450 nm bandpass filter. The narrow peaks
near 450 and 452 nm are due to Xe emission lines superim-
posed on the broad continuum output of the lamp. The inten-
sity of the light that exits the cavity is dramatically reduced
near 450 nm due to the small transmission of the mirrors in
that region. The substantial decrease in transmitted intensity
due to Rayleigh scattering by zero air compared to He is ev-
ident.
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Figure 2b shows the mirror reflectivity and loss curves cal-
culated according to the equations given in the appendix, us-
ing the He and zero air spectra from Fig. 2b. The curves
are smooth and continuous except for small irregularities
near 451 nm that result from imperfect cancellation of the Xe
emission lines. The difference between the retrieved peak re-
flectivity of 99.9966% at 455 nm (total loss of 34 ppm) and
the manufacturer’s specification of 11 ppm loss is consistent
with expected losses due to absorption and scattering in the
mirror coating at this wavelength. This reflectivity corre-
sponds to an effective path length of 27.8 km at 455 nm. The
same cavity, containing 830 hPa of zero air, has an effective
path length of 17.9 km at 455 nm.

3.3 Reference spectra

Published reference spectra are used for each of the o; com-
ponents in Eq. (2). The absolute accuracies of the number
densities are ultimately limited by the accuracy of the refer-
ence spectra. For our analyses, we use the high-resolution
laboratory spectra of Vandaele et al. (2002) for consistency
with the CRDS NO; retrievals. Similar results are obtained
using the cross-sections of Harder et al. (1997). The spec-
trum of Volkamer et al. (2005b) was used for CHOCHO re-
trievals. The spectrum of Greenblatt et al. (1990) was used
for the oxygen dimer (O4) and the cross-sections measured
by Harder and Brault (1997) were used for water vapor. The
reference spectra were convolved with a Gaussian function
having a FWHM of 0.58 nm to match the spectrometer in-
strument lineshape. The convolved and interpolated refer-
ence spectra were iteratively shifted and stretched to mini-
mize the fit residuals. This accounts for small errors in the
interpolated and convolved basis spectra and allows for sub-
tle changes in the spectrometer wavelength registration due
to temperature and pressure changes.

The Rayleigh scattering cross-sections for He are interpo-
lated from the measurements of Shardanand and Rao (1977)
who measured the angular dependence of the light scattered
by He, N», O», and other gases at the argon-ion laser wave-
lengths of 454, 488, and 514.5nm. The Rayleigh cross-
sections for N, and O, in Eq. (2) are taken from the more
recent extinction measurements of Sneep and Ubachs (2005)
who measured the Rayleigh scattering cross-section for Nj
at 470-490 nm and 532.2 nm, and fit the wavelength depen-
dence to an empirical expression (aRayNA_4'082) that ac-
counts for the dispersion of the refractive index and King
correction factors. Sneep and Ubachs also measured the
Rayleigh scattering cross-section of O at 532.2 nm; we have
assumed that the wavelength dependence is similar to that of
N> over our relatively narrow wavelength range. The result-
ing cross-sections are in good agreement (<0.1% for N, and
<5% for Oy) with those of Shardanand and Rao when the
latter are extrapolated to 532.2 nm. These experimental re-
sults are also consistent with the calculated scattering cross-
sections of Bodhaine et al. (1999) and Tomasi et al. (2005).
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The relative scattering cross-sections for N> and O, directly
measured using our apparatus differ from the ratio of the pub-
lished reference cross-sections by less than 1%.

4 Results
4.1 Measurements of NO»

Examples of spectral retrievals for NO, mixtures in zero air
are shown in Fig. 3. Figure 3a shows a single measured
spectrum (solid black points). The retrieved Rayleigh scat-
tering extinction and total fit are shown as dashed and grey
lines, respectively, for a spectrum containing 13.0 ppbv NO».
Figure 3b shows a series of eight measured spectra (solid
black points) and their spectral fits (grey lines), with NO»
concentrations ranging over three orders of magnitude from
1.1 ppbv to 133.1 ppbv. In Fig. 3b, the fitted Rayleigh scat-
tering has been subtracted to better display the NO, spectral
fits.

NO; concentrations measured by the IBBCEAS and
532 nm CRDS instrument are shown in Fig. 4a. The concen-
tration ranges from 0.45 ppbv to 222 ppbv. Figure 4b shows
the lower concentration data, to demonstrate the precision
and detection limit of the IBBCEAS NO; retrievals. The re-
lationship is linear over the entire concentration range, with
a slope of 0.93240.001 and intercept of 0.17=0.05 ppb with
an R? value of 0.9997. When the intercept is fixed, the slope
is 0.93440.001 with an R? value of 0.9997. Slope and in-
tercept uncertainties are given as the fit error in each case.
The IBBCEAS NO; measurements are systematically 6.8%
lower than the CRDS NO, measurements, but this difference
is within the expected range of uncertainties, as discussed in
Sect. 4.4. The lo standard deviation for 1-min IBBCEAS
measurements of 1.13 ppbv NO» is 20 pptv. This represents
the 1o range in retrieved NO; concentrations for a sequence
of 1-min measurements with a sample of well-defined and
constant composition.

For the system with highly reflective mirrors described
here, the losses due to the mirrors, Rayleigh scattering, and
absorption are comparable, and none of these losses can be
neglected. Examination of the data in Fig. 4 allows us to
directly verify the linear behavior expected from the equa-
tions in Appendix A for a range of NO, concentrations.
For a 94.4cm cavity containing 830hPa of zero air with
R=99.9966% mirrors, the per pass fractional losses can be
summarized as 34 ppm mirror loss and 19 ppm Rayleigh scat-
tering loss. When 5 ppbv of NO; is introduced to the cavity,
the additional per pass loss due to NOj is 4.2 ppm. With
200 ppbv of NO3, the loss per pass due to NO, is 167 ppm,
and this dominates the losses in the system. Figure 4 shows
no evidence for non-linearity when the absorbing species
dominates the cavity losses. This is consistent with the
derivations presented in Appendix A.
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Fig. 3. (a) Example of o,p¢ calculated for a single measured NO»
spectrum (solid black points). The contribution from Rayleigh scat-
tering (dashed line) and the total fit (grey line) are shown. The resid-
ual indicates the fitting error. The retrieved NO; concentration is
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has been subtracted to better display the NO; spectral fits.
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line is shown in grey. (b) Expanded view of the 0—15 ppbv NO,
data shown in (a). The 1o standard deviation for 1-min IBBCEAS
measurements with 1.13 ppbv NO, is 20 pptv.

4.2 Measurements of CHOCHO

Examples of spectral retrievals for glyoxal mixtures in zero
air are shown in Fig. 5. Figure 5a shows a single measured
spectrum (solid black points). The retrieved Rayleigh scat-
tering extinction and total fit are shown as dashed and grey
lines, respectively, for a spectrum containing 1.8 ppbv gly-
oxal. Figure 5b shows a series of three measured glyoxal
spectra (solid black points) and their calculated fits (grey
lines). In Fig. 5b, the fitted Rayleigh scattering has been sub-
tracted to better display the glyoxal spectral fits.

Measurements of glyoxal were acquired simultaneously
by the IBBCEAS and 404 nm CRDS during a nine-hour pe-
riod. Glyoxal was introduced over a range of concentrations
from 0.4 ppbv to 29.5 ppbv. Figure 6a shows a portion of the
time series with the lowest concentrations. The long equi-
librium time constant for glyoxal addition is a consequence
of the large flow dilution and does not indicate losses in the
inlet or flow system. The 1o standard deviation for 1-min IB-
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Fig. 5. (a) Example of o,p¢ calculated for a single measured CHO-
CHO spectrum (solid black points). The contribution from Rayleigh
scattering (dashed line) and the total fit (grey line) are shown. The
residual indicates the fitting error. The retrieved CHOCHO concen-
tration is 1.8 ppbv. (b) Examples of a4, calculated for a series of
spectra with different CHOCHO concentrations (solid black points)
and the corresponding spectral fits (grey lines). The fitted Rayleigh
scattering has been subtracted to better display the CHOCHO spec-
tral fits.

BCEAS measurements of 4.5-ppbv glyoxal is 29 pptv. This
represents the 1o range in retrieved glyoxal concentrations
for a sequence of 1-min measurements with a sample of well-
defined and constant composition. This puts the IBBCEAS
instrument in the range of sensitivity necessary for ambient
concentrations, which range from 10 pptv to 2 ppbv. The cor-
relation plot of the measurements is shown in Fig. 6b. The
slope is 0.94840.003 and the intercept is —0.0440.02 ppbv,
with an R? value of 0.997. The linear agreement between
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the two measurements is excellent, but the discrepancy in the
slope of 5.2% is similar to that observed in the measurements
of N02 .

The 404 nm CRDS instrument demonstrates 1-min mea-
surements of glyoxal with a 1o standard deviation of 135 ppt.
The CRDS detection limit could be improved by selecting a
diode laser with output near the peak of the glyoxal absorp-
tion band, achieving results comparable to the IBBCEAS in
the laboratory. However, the CRDS instrument does not pro-
vide an atmospheric measurement that is specific to glyoxal
because it measures the total extinction by all absorbers at
a single wavelength. Overlap between the CHOCHO and
NO, spectral absorptions means that under ambient condi-
tions, this CRDS instrument will measure NO, with CHO-
CHO absorption present as a small interference.

4.3 Simultaneous measurements of CHOCHO and NO,

Real atmospheric air samples will generally contain both
CHOCHO and NO; at varying mixing ratios. Accurate, si-
multaneous retrieval of both will be an important operat-
ing characteristic for an IBBCEAS field instrument. Pub-
lished DOAS measurements, using spectra with similar res-
olution (~0.4nm FWHM) and shorter path length (4.4 km)
have been used to retrieve CHOCHO concentrations between
0.15-1.8 ppbv with NO, background concentrations up to
80 ppbv (Volkamer et al., 2005a).

As shown in the block diagram in Fig. 1b and described in
the experimental section, our laboratory flow system can be
used to introduce mixtures of CHOCHO and NO, to the IB-
BCEAS instrument, and to independently measure both com-
pounds with the two CRDS instruments. Figure 7a shows a
measurement sequence where NO; is first introduced, then
CHOCHO is introduced, then NO; is removed, and finally
CHOCHO is removed. The measurement sequence is then
repeated with lower concentrations of CHOCHO and NO;.
For the IBBCEAS instrument, the step changes of 15 ppbv
and 7.5 ppbv NO; shown in Fig. 7a change the quantitative
retrieval of CHOCHO by no more than 4.5%. The IBBCEAS
measurements of CHOCHO and NO, (blue and black) are
compared to the CRDS measurements (light blue and grey)
in Fig. 7b and c. The 532 nm CRDS measures NO, directly,
and CHOCHO was determined by correcting the total extinc-
tion at 404 nm for the NO, absorption. The measurement of
CHOCHO by CRDS is less precise than the measurement
by IBBCEAS, and demonstrates the advantage that the IB-
BCEAS has in observing a broad spectral range to simulta-
neously retrieve multiple absorbers.

4.4  Precision and accuracy of the CHOCHO and NO; re-
trievals

As described in Sect. 4.1 and 4.2, the 1o standard devia-

tion for spectral retrievals of CHOCHO and NO; is 29 and
20 pptv, respectively. For retrievals in zero air containing no
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Fig. 6. (a) Subset of a 9-h comparison of CHOCHO measure-
ments by the IBBCEAS (solid black points) and 404 nm CRDS in-
struments (solid grey points), showing the smallest measured con-
centrations. The long equilibrium time constant for CHOCHO
is a consequence of the large flow dilution and does not indicate
losses in the inlet or flow system. The 1o standard deviation for 1-
min IBBCEAS measurements with 4.4-ppbv CHOCHO is 29 pptv.
(b) Correlation plot comparing CHOCHO measurements from 0.4—
29.3 ppbv acquired by the IBBCEAS instrument and the 532 nm
CRDS. Measurements are averaged over similar 1-min time inter-
vals. The slope is 0.947+0.003 (black line). The one-to-one line is
shown in grey.

absorber, the observed 1o scatter around zero is consistent
with the precision on signal. For a detection limit defined
as 20, the IBBCEAS detection limit is 58 pptv CHOCHO
and 40 pptv NO; in 1-min acquisition time. The precision
of spectral retrievals is limited by noise in the spectra, be-
cause the system is shot-noise limited at the CCD detector.
The poor coupling of the Xe arc lamp output through the cell
is the primary signal-to-noise limitation in the present mea-
surements. In the future, greater precision could be achieved
by using an Xe arc lamp with improved coupling into the op-
tical cavity or higher power. Currently, the precision can be
improved by further averaging the 1-min spectra or retrieved
concentrations.
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CHO and NO» concentrations determined using IBBCEAS. Light
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Correlation plot showing NO, measurements by the IBBCEAS and
532nm CRDS. (c) Correlation plot showing CHOCHO measure-
ments by the IBBCEAS and 404 nm CRDS measurement corrected
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The absolute accuracy of the retrievals is limited by our
knowledge of the Rayleigh scattering cross-section for zero
air, Rayleigh scattering cross-section for He, absorption
cross-sections for CHOCHO and NO;, sample pressure, and
temperature. The Rayleigh scattering cross-sections for zero
air and He are used to calculate the mirror reflectivity. The
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uncertainty in the Rayleigh scattering cross-section for zero
air is £2%. The uncertainty of the Rayleigh scattering cross-
section for He is similar, but this value makes a minor contri-
bution to the total uncertainty. The uncertainty of the CHO-
CHO and NO; absorption cross-sections are 5% (Volkamer
et al., 2005b) and 4% (Vandaele et al., 2002), respectively.
The uncertainty of pressure and temperature are £0.5% and
+0.7%. Addition of these uncertainties in quadrature gives a
total slope uncertainty of +5.5% for CHOCHO and +4.6%
for NO,. The reported accuracy of the well-characterized
532 nm CRDS instrument is £4% for NO, (Osthoff et al.,
2006), and the linear agreement between the IBBCEAS and
CRDS NO; measurements (0.93240.001) falls within the
combined uncertainty of the two instruments. As shown in
Fig. 4, the IBBCEAS NO, measurements are lower than the
CRDS at all concentrations, and there is no evidence of non-
linearity. Apart from the absorption cross-sections, each of
the uncertainties is common to the CHOCHO and NO; re-
trievals, which may explain why the IBBCEAS measure-
ments of both are low compared to the CRDS measurements.
If we were to regard the NO, measurement as a calibration of
mirror loss, following the alternative approach described in
Sect. 3.2 (Gherman et al., 2008; Langridge et al., 2006; Ven-
ables et al., 2006), the IBBCEAS and CRDS measurements
of CHOCHO would be consistent within 1.5%.

4.5 [Initial tests to assess the potential for a CHOCHO field
instrument

The demonstrated precision of the glyoxal measurements un-
der controlled laboratory conditions shows that there is a
strong potential for field measurements based on this method.
Such an instrument would have numerous advantages, in-
cluding simplicity of operation, small size, low power con-
sumption, and construction from relatively inexpensive com-
ponents. Potential challenges for IBBCEAS measurements
of glyoxal include: (i) accurate retrieval of glyoxal in
the presence of large background absorptions due to other
species; and (ii) wall loss of glyoxal in a closed cell configu-
ration, such as the one described here. Tests to address these
concerns are described below.

In addition to the NO,, CHOCHO, O4, and Rayleigh
extinctions discussed previously, ambient measurements of
the 441-469nm spectral region will include the water
vibration-rotation lines of the 4v{+3v3 and 5v{+2v3 over-
tone bands. The water band is centered near 442.6 nm and
is a relatively minor absorber, with integrated band intensity
4.05x1072* cm~! cm? molec (Harder and Brault, 1997). At
830 hPa, 40°C, and 100% relative humidity, the expected wa-
ter extinction at 442.6 nm is 4.85°10~8 cm™! or 4.6 ppm per
pass. We have measured humidified zero air to observe this
potential spectral interference and to determine the accuracy
of our water retrievals. Following the retrieval method de-
scribed in Sect. 3.3, the 1o standard deviation for 1-min wa-
ter retrievals is 0.84 parts per thousand (ppthv) for an average

www.atmos-chem-phys.net/8/7779/2008/



R. A. Washenfelder et al.: Measurement of glyoxal using IBBCEAS

concentration of 12.85 ppthv. There is no evidence that the
weak water absorption lines interfere with CHOCHO and
NO; retrievals.

Additional minor absorbers in the 441-469 nm spectral re-
gion include ozone (03), iodine monoxide (I0), and methyl
glyoxal (CH3COCOH). The optical extinction due to these
three species over typical ambient concentrations is less
than the detection limit of the IBBCEAS instrument (cur-
rently 4x1071%cm™!). The expected extinction for ozone,
with cross-section of 2.18x10722cm? at 455nm (Sander
et al,, 2006) and a typical concentration of 50ppb, is
2.2x107"%cm™!. If a correction is necessary, ozone con-
centrations can be independently measured using a standard,
commercial ozone monitor and the smoothly-varying ozone
cross-section can be subtracted from the IBBCEAS spec-
tra. Iodine monoxide is present in marine environments or
near salt flats, with a typical peak daytime concentration of
1.4 pptv (Read et al., 2008). The expected extinction for 10
with a 4.57x 10718 cm? cross-section at 455 nm (Sander et
al., 2006) is 1.3x107'%cm™!. This could produce a spec-
tral interference, but only in or near marine environments.
Methyl glyoxal is present in the atmosphere with concen-
trations comparable to glyoxal (Grosjean et al., 2002; Lee
et al., 1998), although its cross-section at 455nm is ap-
proximately 14 times smaller. The expected extinction for
methyl glyoxal, with a 3.69x1072cm~2 cross-section at
455nm (Sander et al., 2006) and concentration of 200 ppt,
is 1.5x10710cm~1,

Apart from spectral interferences, water presents another
challenge for closed-cell IBBCEAS measurements. Glyoxal
is readily lost to surfaces under humid sampling conditions
(Kroll et al., 2005). We measured glyoxal in humidified
zero air, to examine losses to Teflon and metal surfaces.
At relative humidity 72.0%, we observe a glyoxal loss of
5.0%=£1.0% for the current flow system. Since actual at-
mospheric sampling will require measurements over a wide
range of RH, construction of a closed-cell field instrument
will require careful characterization of this potential artifact
and design of an inlet system that minimizes wall contact and
loss.

As a preliminary test of the potential of our approach for
a field instrument, ambient laboratory air was sampled with
and without a Teflon filter in place. A closed-cell field in-
strument will likely have an inlet filter for optimum sensitiv-
ity to CHOCHO and NO,, because aerosol extinction would
limit the effective path length and compromise the calibration
method. Filtering the air sample could result in losses due to
irreversible glyoxal uptake to accumulated aerosol. An auto-
mated filter changer has been successfully developed to ad-
dress a similar issue for N»Os (Dube et al., 2006) and can be
applied to sampling glyoxal as well. Figure 8 shows time se-
ries of the retrieved concentrations of NO,, CHOCHO, and
H>O over a 60-min period. Room air was sampled during
two intervals, first with an aerosol filter and then without an
aerosol filter. The systems were flushed with zero air dur-
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Fig. 8. Spectral retrievals for ambient laboratory air. Plot shows
a sequence of measurements: dry zero air, ambient laboratory air
sampled with a Teflon aerosol filter, dry zero air, ambient laboratory
air sampled without an aerosol filter, and finally dry zero air. (a)
IBBCEAS NO; measurements (black symbols) varied between 3—
7 ppbv, consistent with the expected range of values. 532 nm CRDS
NO; measurements (grey symbols) are also shown for filtered air.
(b) CHOCHO remained at or near the detection limit. (¢) HoO was
present at approximately 7 ppthv. (d) Aerosol extinction at 460 nm.

ing the remaining periods. The latter configuration exposes
the tubing, absorption cells, and mirrors to modest levels of
aerosol particles, as well as NO,, H>O, and perhaps other
unknown absorbers that are not included in our retrievals.
For these experiments, the mirror reflectivity was determined
using the He and zero air Rayleigh scattering calibration de-
scribed in Sect. 3.2. For the retrievals, the Rayleigh contribu-
tion to the total extinction was fixed. Figure 8a shows that the
laboratory air contained 3 to 7 ppbv of NO,, within the ex-
pected range of values. Grey symbols show the NO; concen-
tration determined simultaneously by the 532 nm CRDS for
filtered air. CHOCHO remained near or below the detection
limit (<0.05 ppbv) while water was present at 7 ppthv. Sub-
sequent work has shown that baseline drift during ambient
measurements can be minimized by increasing the frequency
of zero air and Helium reference measurements. The ability
of the IBBCEAS to retrieve NO,, CHOCHO, and H;O for
ambient samples supports the expectation that this technique
will be suitable for field measurements.
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Lastly, we note that the measurements without the aerosol
filter demonstrate the capability of IBBCEAS for determina-
tion of aerosol optical properties. Since the only other broad
extinction feature should be that due to Mie scattering by
particles, the least-squares retrieval includes retrieval of the
aerosol optical extinction, as shown in Fig. 8d. The apparent
aerosol extinction is negligible except when laboratory air is
sampled without an aerosol filter.

5 Summary and conclusions

Using the IBBCEAS technique in the laboratory, we report
1-min measurements of CHOCHO and NO, with 1o preci-
sion of 29 and 20 ppt, respectively. This precision has been
achieved in a closed cell system, using Rayleigh scattering
by He and zero air as a calibration for mirror reflectivity and
total cavity loss, and using absolute spectral retrievals rather
than DOAS-type retrievals. IBBCEAS is a simple, inexpen-
sive, non-invasive, and rapid instrumental method. It offers
advantages over the established wet-chemical measurement
methods for glyoxal, which require pre-collection and con-
centration prior to analysis. The IBBCEAS technique has
potential applications for laboratory experiments of glyoxal
process chemistry.

Initial laboratory tests of the feasibility of IBBCEAS for
field measurements of glyoxal have shown that the spectral
retrievals are insensitive to the presence of water vapor, and
that wall uptake as a function of relative humidity is modest
but measurable. Further work will include construction and
testing of a field instrument. In addition to measurements
of gas-phase species, the use of absolute retrieval methods
rather than DOAS methods allows for measurements of the
total aerosol extinction.

Appendix A

Relationship between trace gas extinction and cavity
transmission

The relationship between the transmitted intensity and ex-
tinction within an optical cavity has been derived in differen-
tial form and described previously (e.g. Scherer et al., 1997;
Brown et al., 2000; Paul et al., 2001). It is reconsidered here
from first principles in part because our instrument differs
from other descriptions in the relative importance of inten-
sity losses due to imperfect mirror reflectivity and Rayleigh
scattering of air within the cavity. One consequence is that
the reference or zero intensity must be well-defined, as de-
scribed below.

For an external light source with intensity Isource, the time
rate of change of light intensity within an optical cavity, [jy,
depends on the efficiency with which the light source couples
into the cavity and the intensity losses due to mirror trans-
mission, Rayleigh and Mie scattering by gases and particles

Atmos. Chem. Phys., 8, 7779-7793, 2008

within the cavity, and absorption due to trace gases. This is
summarized by

dlin(2) 1— RO L L
d =c <_T - OlRay()‘«) - 7S‘XMie()\) - 7S
> <A>) Lin(1) + cks Isource (1) (A1)

where R, d, and Lg are the mirror reflectivity, separation,
and length over which the sample is present in the cavity,
respectively, ¢ is the speed of light, aray, cmie, and «; are
the Beer’s law extinction coefficients for Rayleigh scatter-
ing, Mie scattering, and absorption due to the ith trace gas,
respectively, and kg is an arbitrary constant to describe the
coupling efficiency of the source intensity into the cavity. In
each case, the extinction coefficient «;(A)=N;o;()\), where
N is the absorber number density and o (1) is the absorption
or scattering cross-section. The factor Lg/d is important if
purge volumes are used to separate the sample volume from
the mirrors in order to keep them clean. In the current exper-
iment, these purge volumes were not used (see text), so this
factor is unity and can be neglected. Equation (A1) is valid
in the limit where the sum of losses due to mirrors, scatter-
ing, and absorption are small, such that the light makes many
passes within the cavity. If so, the finite time step of a single
pass (or round trip) within the cavity, Af, may be regarded
as the differential, dt. Light intensity transmitted through the
rear mirror of the cavity is directly proportional to the light
intensity within the cavity, such that the observed intensity
external to the cavity, I, may be obtained from Eq. (Al)
through multiplication by an arbitrary constant. In an IB-
BCEAS instrument, transmitted intensity is observed after
Eq. (A1) has reached steady state between the source input
and the cavity losses, such that the differential goes to zero.
In this case the proportionality constant between [ and [,
may be neglected.

In what follows, we consider the case of a sample contain-
ing no particles, such that the Mie scattering extinction term
may be neglected. If information regarding aerosol scattering
is desired, or if exclusion of air particles from the air sam-
ple is undesirable, then this term can be explicitly included.
It will have implications for the measurement of zero inten-
sity and will also place a constraint on the effective optical
path length and sensitivity of the measurement. Its calibra-
tion would also require a scheme other than the He addition
described in the text and at the end of the appendix.

Setting dI/dt=0 and Lg/d=1 in Eq. (A1) yields the follow-
ing equation for the observed intensity transmitted through
the cavity.

kSISOurce ()\)
T+ aray (W) + L i ()
i

I(V) = (A2)
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The most convenient definition for the “empty” reference
cavity is then the cavity without the absorbing trace gases,
but with intensity losses from the mirrors and from Rayleigh
scattering. This definition is important because the loss terms
due to the mirrors and to Rayleigh scattering are comparable
for the apparatus described here, and since it would be cum-
bersome to record a zero by evacuation of the cavity to vac-
uum. Although this may seem an unimportant distinction,
the empty cavity definition is in fact crucial to the retrieval
of concentrations from observed changes in intensity. The
“empty” cavity intensity, Iy, may then be defined as follows.

kS ISource ()\)

Io(h) = e
RA) 1 ey (1)

(A3)

As noted in previous developments (Paul et al., 2001;
Fiedler et al., 2003), the definition of intensity change that
both removes the dependence on the coupling of the source
intensity and that yields a linear relationship to the sum of
the trace gas extinction coefficients is as follows.

oai(h)
Io() — I () ;
SI(h) = = A4
) () 1RG4 opay (3) A9
1—R)
D) = <T + aRaym) 81 (1) (AS)

Note that the denominator of the expression for &7
in Eq. (A4) is not the zero intensity, Iy, but rather the in-
tensity in the presence of absorbing trace gases, /. Any other
definition of the intensity change includes terms for the trace
gas extinction on both sides of the equation, leading to a non-
linear relationship between the observed intensity change
and trace gas extinction. Also note that Eq. (AS5) is the same
result given by Fiedler et al. (2003), derived from the pass by
pass method, with the exception that the Rayleigh scattering
of the background air has been explicitly accounted for.

The text describes the calibration of the total cavity loss by
measurement of the observed intensity in both He (/ge) and
dry zero air (Iza). In this case, the wavelength dependent
intensity loss due to the mirrors, (I —R(1))/d, may be derived
as follows.

kS Isource 0‘)

1-R
S+ gl ()

ks Isource ()
Inp(h) = s ource

7t ey ()

Ine (V) = (A6)

(A7)

Taking the ratio of Ii(A) to Ige(A) and solving for the
mirror loss term, (I —R()))/d, gives the following expression

IAir Ai H
1— RO (ﬁ) ORay ~ URay
= , (A8)
d 1 — Lair
II-Ie
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Since Rayleigh scattering cross sections for He and air are
well known, this calibration scheme provides a measurement
of the cavity loss.
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