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a b s t r a c t

We determined the effective line strengths of the trans conformer of nitrous acid
(HONO) near 1275 cm!1 (R-branch of n3 mode, N–O–H bend) and of the cis conformer
at 1660 cm!1 (R-branch of n2 mode, NQO stretch), both at a spectral resolution of
0.001 cm!1 by tunable infrared laser differential absorption spectroscopy (TILDAS)
utilizing continuous-wave quantum cascade (cw-QC) lasers. Absorbance of one con-
former was measured while simultaneously quantifying the mixing ratio of total HONO
by catalytic conversion to nitric oxide (NO) followed by calibrated absorption spectro-
scopy. Line strengths obtained here are consistent with previously reported band
strengths for the trans conformer but are lower by a factor of approximately 2.4 for the
cis conformer.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrous acid (HONO) is a short-lived atmospheric
reservoir of nitric oxide (NO) and the hydroxyl radical
(OH). Photolysis of HONO–subsequent to formation by a
pathway not involving OH or the hydroperoxyl radical
(HO2)–represents a net source of HOx (¼OHþHO2),
collectively, one of the main drivers of atmospheric
oxidation. Nighttime buildup beneath the boundary layer
due to combustion emissions and heterogeneous reaction
of nitrogen dioxide (NO2) provides the dominant source of
reactivity in the early morning [1,2]. Recent reports of
HONO levels exceeding those expected at photostationary
state suggest a secondary daytime source that may con-
stitute a significant portion of the daily HOx budget in
urban [3–5], rural [6–9] and remote [10–12] atmospheres.

In indoor environments, combustion from cooking
directly releases HONO and NOx (¼NOþNO2) [13], which
react to generate additional HONO [14]. At enhanced
levels (from few part-per-billion to several hundred
ppb), HONO by itself is a minor lung and eye irritant
[15,16]. Reactions with amines present in the gas phase
[17] and as residue on surfaces previously exposed to
cigarette smoke yield carcinogenic nitrosamines, the
effect of which has been commonly called ‘‘third-hand’’
smoke [18]. However, the chemical mechanism, rate and
nature of the substrate on which production takes place
remain uncertain.

Many HONO measurement techniques rely on wet-
chemical extraction, by which gaseous HONO is captured
in liquid form, derivatized then quantified via photometry
or chromatography [19–22]. Though offering near part-
per-trillion (ppt) sensitivity, they are potentially prone to
chemical interferences and have not always shown good
agreement with optical techniques [23,24]. Absorption
spectroscopy – applied previously in open-path [1–3,25]
and enclosed cell [26–31] systems to measure ambient air
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and combustion exhaust – offers a more direct method
with greater specificity. However, the fundamental rota-
tional-vibrational transitions of HONO in the mid-infrared
spectral region are not accurately represented in any
comprehensive linelist [32,33].

We report effective line strengths – the absorbance of
light by one conformer per unit column density of total
(cisþtrans) HONO – determined for the cis conformer at
1660 cm!1 and the trans near 1275 cm!1 at 303 K. The
absolute line strengths – absorbance of light per unit
column density of that particular conformer – could be
calculated given the cis-trans equilibrium constant, but the
accuracy would be limited by large uncertainty in equili-
brium constant [34]. The effective strength, along with line
position and air-broadened halfwidth at half-maximum,
gair (cm!1 atm!1), provide the necessary parameters to
quantify the concentration of total HONO by TILDAS.
As thermal equilibrium between the two conformers via
isomerization occurs nearly instantaneously ($10!12 s),
maintaining the sample at a constant temperature for a
few seconds ensures accurate total HONO quantification
that is independent of thermal changes in the ambient
atmosphere. We compare these results to previous effec-
tive band strength studies and discuss optimal spectral
regions in which to measure HONO.

2. Experimental methods

Fig. 1 is a schematic of the experimental setup. Concen-
trated gaseous HONO was introduced into the sample cell of
a dual cw-QC laser TILDAS system, in which the absorbance
of cis-HONO (1659.25–1660.10 cm!1; Alpes Lasers) and
NO2 (1604.56 cm!1; Alpes Lasers) were simultaneously
measured over an absorption path length of 210 m at
reduced pressures. Total HONO at the same time was
quantified via complete reduction of the sub-sampled
mixture by molybdenum catalysis (TEI) to NO, which was
continuously measured by a calibrated single pulsed-QC
laser TILDAS instrument. Other reducible nitrogen oxide
species that may have been generated along with HONO
were accounted for by monitoring the NO mixing ratio prior
to conversion by O3-chemiluminescence (ThermoElectron
42i), and NO2 by absorption spectroscopy. Additions were
conducted over a range of cell pressures (6–70 Torr) to

determine gair. The dual-laser instrument was then reconfi-
gured to concurrently measure the absorbance of both cis
and trans conformers. HONO was again introduced at
various cell pressures. The effective line strength and
gair of the trans conformer (1273.38–1273.47 cm!1;
1273.57–1273.62 cm!1; 1274.26–1274.36 cm!1; 1275.74–
1275.84 cm!1; Hamamatsu Photonics) was determined
from the total HONO value obtained using the previously
determined cis conformer absorption parameters.

Laser temperature control, data acquisition and spectral
fitting for the laser-based systems were controlled by the
software TDLWintel (Aerodyne Research, Inc.). Thermo-
electrically cooled QC lasers were spectrally tuned by
providing them with a programmable current ramp from
a high-compliance source (ILX Lightwave) to induce a milli
Kelvin-scale temperature change to tune the output light
over a range of approximately 0.2 cm!1. The QC lasers for
both HONO conformers and NO2 were scanned at a rate of
150 Hz (a factor of approximately 10 slower than typical
operational conditions) to ensure line shape symmetry.
The instrumental line widths for all three lasers were less
than the 0.001 cm!1 spectral resolution. This was deter-
mined by scanning nearby lines of water vapor, for which
absorption parameters are well known [33], at cell pres-
sures below 2 Torr to minimize collisional broadening.
Details regarding the optical layout, signal detection and
sensitivity of the spectrometers are provided elsewhere
[27,35].

Gas additions typically lasted between 30 and 120 s,
over which the mixing ratios (and spectra) were averaged
in time to reduce the variance of the final values used in
the line strength calculations, described below. Flow rates
were maintained to ensure sufficient mixing and to
minimize residence times inside tubing and sample cells.
Perfluoroalkoxy tubing was utilized and the sample cells
of the TILDAS systems were treated with a siloxyl coating
to reduce surface chemistry. Fig. 2a shows a brief time
series of mixing ratios when NO2 generated from a
permeation device (Valco Instruments Co. Inc.) was intro-
duced. The agreement between NO2 quantified directly
with the QC laser using HITRAN absorption parameters
[33] and NO resulting from catalytic conversion (Fig. 2a),
exhibits the purity of the laser mode. We also observed
agreement in water vapor measurements between the
two QC lasers at 1605.675 cm!1 and 1660.467 cm!1 (not
pictured), establishing the laser mode purity of the cis-
HONO laser. Moreover, additions of varying levels of NO2

from a tank source and its absence downstream of the
catalytic converter demonstrated complete conversion
efficiency. We assume unity efficiency in reduction for
HONO as well, as previously reported [36].

The single-channel TILDAS system used to quantify the
post-conversion NO mixing ratio was calibrated using a
NO tank source (Scott Specialty, 34.6 ppm71%), which
tested to within 1% of another NO tank (Airgas ‘‘Primary
Standard’’, 250.6 ppm) owned by NASA–Glenn (Changlie
Wey). A five-point calibration procedure for NO was
conducted for the TILDAS and O3-chemiluminescence
NO instruments before and after the line strength quanti-
fication experiment. The sensitivity, hence calibration, of
the O3-chemiluminescence instrument is affected byFig. 1. Schematic of the instrumental setup.
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humidity and was taken into account by conducting
calibrations at the same water vapor mixing ratio
observed during the addition experiments. Output flow
rates from a dynamic gas calibrator (ThermoElectron,
model 146i) used during NO calibrations were compared
to two calibrated (Gilibrator and Bios Dry Cal) flow meters
and showed agreement to within 3%. The transducer
(MKS, 0–1000 Torr) measuring the pressure inside the
sample cell was calibrated at 0 Torr and at ambient
pressure using a Hg-manometer.

Fig. 2b shows a brief time series of mixing ratios
during an addition of gaseous HONO, generated by flow-
ing UltraPure air (Middlesex gases) first through a gas-
washing bottle filled with dilute hydrochloric acid (Sigma
Aldrich, 30% wt.) then through a 50 mL round-bottom
(1 in. diameter) Pyrex chamber loaded with approxi-
mately 5 g sodium nitrite granules (Sigma-Aldrich,
99.999%) where HONO was produced via reaction R1

[37]. Side products NO and NO2 likely produced by
reaction R2 accounted for less than 3% by mixing ratio of
total HONO and were explicitly taken into account. Nitric
acid (HNO3)–also reducible to NO by molybdenum
catalysis–was not directly measured during the experi-
ments. Addition of gaseous HNO3 from a permeation
device and measured as NO following catalytic conversion
exhibited a much slower response time through the
system due to surface interaction (not pictured) than
those exhibited by NO and NO2 (Fig. 2), gases unlikely
to strongly interact with surfaces. We assert negligible
amounts of HNO3 via reaction R3 were generated along-
side HONO, which exhibited response times through the
system similar to those of NO and NO2 (Fig. 2b). We
assume nitrosyl chloride (ClNO) was also a negligible
contributor due to its slow formation rate [38] and the
fact that HONO output levels were positively dependent
on the concentration of the HCl solution, indicating HCl
was the limiting reagent thus unavailable for reaction R4

downstream of the NaNO2 chamber. Potential interfer-
ences from other reducible nitrogen oxide species such as
NO3, N2O4 and N2O5 were assumed to be nonexistent due

to the short residence times in the system and the
absence of an ozone precursor.

(R1)HCl(g)þNaNO2(s)-HONO(g)þH2O

(R2)HONO(g)þHONO(ads)-NO(g)þNO2(g)þH2O

(R3)HONO(g)þNO2(g)-NO(g)þHNO3(g)

(R4)HCl(g)þHONO(g)-ClNO(g)þH2O

Effective line strengths were calculated by taking into
account the total HONO concentration, laser light path
length, instrumental line width and sample cell pressure
and temperature, using an algorithm called SELECTLINES
[39] (Igor Pro, version 4.2, WaveMetrics, Inc.) developed
by Aerodyne Research, Inc. The program first determines
the line position given an initial guess then calculates the
strength of each line by fitting a Voigt line profile to the
observed absorbance spectrum. Absolute HONO line posi-
tions were determined relative to those of nearby water
vapor and/or nitrous oxide along with laser tuning rates
determined by recorded spectra of a germanium etalon,
all except for experiments conducted when scanning
between 1659.25 and 1659.55 cm!1 and between
1659.85 and 1660.10 cm!1. In these instances, HONO line
positions were based on those obtained from a broad-
band FTIR spectrum with resolution better than
0.005 cm!1 ranging from 700 to 4,000 cm!1, provided
by M. Herman (personal communication). The same
spectrum provided relative line strengths, which were
scaled to absolute line strengths of the trans n3 mode from
the ATMOS database [32], whose strengths are based
upon band strengths reported by Kagann and Maki [40].
The resulting line strengths are hereafter referred to as
KMH and serve as the basis of comparison to other studies
discussed below. The air-broadened half-width at half-
maximum (gair) was obtained by iteratively varying gair by
0.0010 cm!1 atm!1 to optimize the spectral fits to each

Fig. 2. Time series (1-hertz) of HONO, NO2 and NO (measured by two different instruments) mixing ratios (ppb) during two gas addition experiments.
Addition of (a) NO2 from a permeation device and (b) generated HONO.
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observed spectrum at eight different pressures from 6.6 to
72.1 Torr. All experiments were conducted at 303 K.

3. Results and analysis

The top panels of Figs. 3 and 4 show the observed
absorbance spectra (green markers) during HONO

addition experiments for the cis and trans conformers,
respectively. Their corresponding least-square non-linear
fits (blue lines) using the calculated line strength, line
position and gair values are also presented in the top
panels of Figs. 3 and 4. A common gair value of
0.098070.0050 cm!1 atm!1 was obtained for both con-
formers for all lines scanned.

Fig. 3. Absorbance (base e) spectra of cis-HONO (top panel) and effective line strengths (bottom panel) from KMH (black) and this study (red), all plotted
as a function of wavenumber (cm!1). Listed numbers represent the ratio of KMH strengths to those from this study. Brackets above the figure summarize
each experimental condition. Asterisks point to degenerate entries in KMH due to limited spectral resolution. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Same as Fig. 3, for trans-HONO.
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The bottom panels compare our line strengths to those
of KMH, described above. Uncertainty in the reported line
strengths is less than 6%, estimated by aggregating the
errors associated with the accuracy of the NO tank (1%),
NO calibration (0.5% in slope), mass flow rate (1% for
small head, 2% for large head) and pressure transducer
(1%). Tables 1 and 2 list the line position and strengths
obtained from this study for the cis and trans conformers,
respectively.

Whereas the cumulative strengths for each of the 10
discernible peaks for the trans conformer near 1275 cm!1

(Fig. 4, top panel) are on average consistent with those of
KMH, the 14 peaks for the cis conformer at 1660 cm!1

(Fig. 3, top panel) are lower than those of KMH by a factor
of approximately 2.4. This discrepancy for the cis n2 band
is likely a result of the difficulty–caused by the presence
of lines of interfering species–associated with accurately
integrating the broad-band spectrum of Kagann and Maki
[40]. Fig. 5 compares two sets of absorbance spectra of the
n2 bands of cis and trans-HONO centered around 1640 and
1699 cm!1, respectively. The solid black line represents
FTIR observations made by Sharpe et al. [41], who also
normalized their broad-band HONO spectrum by the n3

band strength value of Kagann and Maki [40]. The dotted
gray line is a simulated spectrum generated using the

KMH line strengths and positions under the same experi-
mental conditions of Sharpe et al. [41], hereafter referred
to as S04. Note the KMH spectrum shows comparable
absorbance depths for the n2 bands of the cis and trans
conformers, as does the spectrum observed by Kagann
and Maki [40] (top panel of their Fig. 3). S04, on the other
hand, exhibits absorbance by the cis conformer that is
about half that of KMH, consistent with observation of
this study.

Table 1
Line positions and effective line strengths for cis-HONO
at 303 K.

Line position (cm!1) Line strength
(cm!1/(molec-cm!2)
%10!22)

1659.281714 84.99
1659.286911 61.68
1659.298047 10.49
1659.340462 85.30
1659.354836 86.99
1659.371374 82.90
1659.404336 84.47
1659.409714 24.11
1659.423318 16.95
1659.452315 89.83
1659.503076 95.71
1659.509912 88.10
1659.542224 14.09
1659.549186 8.30
1659.554688 3.54
1659.560453 4.88
1659.588721 101.50
1659.596820 32.83
1659.623827 18.63
1659.676974 129.20
1659.688638 74.19
1659.749633 74.88
1659.772514 15.57
1659.803308 9.34
1659.850733 69.18
1659.887624 11.23
1659.905308 46.62
1660.015667 77.78
1660.050167 13.57
1660.057681 79.63
1660.063576 24.24
1660.064774 28.94
1660.068246 87.64

Table 2
Line position and effective line strengths for trans-HONO
at 303 K.

Line position (cm!1) Line strength
(cm!1/(molec-cm!2)
%10!22)

1273.397922 22.30
1273.401383 168.50
1273.405927 8.29
1273.409133 19.27
1273.420385 29.12
1273.424695 17.63
1273.428455 17.63
1273.438182 15.00
1273.443661 264.80
1273.460643 179.20
1273.593035 15.04
1273.594676 55.26
1273.597142 312.80
1273.599613 63.20
1273.601263 18.53
1274.272566 11.12
1274.274129 16.36
1274.278059 108.10
1274.281960 20.63
1274.286922 197.80
1274.337689 18.62
1274.341812 222.00
1275.758141 125.20
1275.822070 257.00

Fig. 5. Absorbance spectra (base e) obtained by S04 (black) and KMH
(gray) of the n2 bands of cis and trans-HONO centered around 1640 and
1699 cm!1, respectively. While there is good agreement between the
two spectra for the trans conformer, the S04 spectrum is lower than that
of KMH by about a factor of two for the cis conformer.
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One critical difference between these experiments is the
method of generating gaseous HONO. The spectra presented
here and by S04 were obtained from a near-pure source of
gaseous HONO, generated according to the protocol of Febo
et al. [37]. Kagann and Maki [40], on the other hand,
obtained HONO as a minor byproduct from the heteroge-
neous reactions between water vapor and nitrogen oxides
sealed in a static vessel. Consequently, spectral subtraction
of interfering species was required to obtain the HONO
spectrum. We note, for instance, the presence of the much
stronger NO2 absorption structure at the same spectral
region as that of the n2 band of cis-HONO (bottom panel
of Fig. 3 in Kagann and Maki [40]). Any biasing errors
associated with the NO2 line shape or concentration would
have affected the spectral subtraction, hence, the retrieved
HONO band strength. We rule out the difference in cis/trans
ratio resulting from the different way in which gaseous
HONO was generated, as the cause of the line/band strength
discrepancy for cis-HONO. Given an isomerization energy
barrier of 9.7 kcal mol!1 [42], equilibrium between the two
conformers is reached on the order of pico-seconds even in
the extreme case that only one conformer is initially
generated by the method of Febo et al. [37]. Deviation from
cis/trans equilibrium by infrared light absorption-induced
isomerization, likewise, did not play a role since the low
energy cutoff occurs around 3,200 cm!1 [42].

Our findings are supported by two independent studies
[43–45], which validate the n3 band strength of the trans
conformer using its absorption cross section in the ultra-
violet region near 340–380 nm. Moreover, ambient obser-
vations from the Study of Houston Atmospheric Radical
Precursor campaign (Apr–May, 2009) show total HONO
measurements using the cis absorption lines between
1659.45 and 1659.75 cm!1 agree to within 6% of those
made by three other independent instruments. Detailed
analysis on the HONO inter-comparison is being prepared
by J. Pinto et al. (personal communication). The results
here, however, are inconsistent with those of Becker et al.
[46], which report effective strengths of nine absorption
lines near 1255 cm!1 (P-branch of trans n3 mode) that are
exactly half of what is expected given the band strengths
reported by Kagann and Maki [40] and Maki [47]. The
cause for this discrepancy remains undetermined. A key
difference between the current study and that of Becker
et al. [46] is the way in which gaseous HONO was
quantified. Whereas in the present work, HONO was
simultaneously measured by complete conversion fol-
lowed by continuous NO quantification by calibrated
absorption spectroscopy, Becker et al. [46] extracted gas-
eous HONO in a basic liquid trap followed by ion chroma-
tography to quantify the nitrite ion.

Upon rescaling the cis n2 KMH band using the region
between 1650 and 1670 cm!1 as a guide to match the S04
spectrum, the values obtained here are still about a factor
of 1.4 less than the rescaled KMH line strengths. This is
likely due to missing absorption lines resulting from
spectral interference in the KMH linelist. This would
require scaling existing lines higher than the actual values
to compensate for those missing. That there are missing
lines in the KMH linelist is evident in the marked
difference in the KMH and S04 spectra in the wings of

both cis and trans n2 modes (Fig. 5). Lastly, we note the
band strengths of Kagann and Maki [40] are based on
experimental condition at 296 K, whereas values reported
here were obtained at 303 K. Normalizing to the nominal
temperature of 296 K–depending on which cis/trans
energy difference is used – changes these values by at
most 2%.

4. Improving atmospheric measurements

Our current detection limit (1 s 3!s) for quantifying
total HONO using cw-QC TILDAS is 300 ppt, scanning the
cis absorption lines near 1660 cm!1 and utilizing an
astigmatic multi-pass sample cell with a total absorption
path length of 210 m at a cell pressure of 30 Torr [27]. In
addition to increasing the absorption path length or
improving the background electronic noise associated
with the detector, sensitivity (i.e. absorbance) can be
enhanced by choosing a spectral region in which HONO
absorbs light more strongly. In light of our results and
using the KMH linelist as a guide, a factor of about 2
improvement in precision can be readily achieved by
targeting absorption lines for the trans conformer at
1247.16 (P-branch of n2 mode) or 1273.60 cm!1 (R-
branch of n2 mode), as these lines are relatively free of
spectral interference from water vapor and other known
absorbers. Precision (1-s 3!s) as low as 60 ppt may be
obtained under the same conditions with trans conformer
absorption lines at 1709.00 or 1713.51 cm!1 (R-branch of
n2 mode), for which there is good agreement between the
KMH and S04 spectra (Fig. 5).

A targeted line-by-line study such as the one con-
ducted here is likely required, however, for better accu-
racy in the retrieved HONO concentrations obtained from
these less-studied spectral regions. Fig. 4 shows that
while on average our trans-HONO line strengths agree
well with those in the KMH linelist, there may be a
difference as high as 17% for a single discernible absorp-
tion peak. Discrepancies are more frequent in spectral
regions where there is close overlap of absorption lines,
pointing to the limited resolution of the KMH linelist.
Furthermore, assessments of absorption parameters
including the temperature dependence of isomerization
and the air-broadened halfwidth are required for remo-
tely measuring HONO and for its inclusion in linelist
compilations such as HITRAN [33].

The assertion here that the cis n2 band strength of
Kagann and Maki [40] is too high by a factor of about 2.4
implies that previous measurements of HONO concentra-
tions in aircraft exhaust [31] and references therein,
should be adjusted accordingly. Examination of Table 1
of Ref. [31] shows that correction by a factor of 2.4 of the
measurements that utilized the cis n2 band strength [40],
brings them closer to the range observed by measure-
ments that used line strengths that are consistent with
the trans n2 [31] and n3 [26] band strengths.

5. Conclusion

We report effective line strengths for the cis and trans
conformers of HONO. Absorbance of each conformer was

B.H. Lee et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 113 (2012) 1905–19121910
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recorded using multiple TILDAS systems equipped with
cw-QC lasers, while simultaneously quantifying total
HONO by catalytic conversion to NO. Line strengths
obtained in this study for the trans conformer near the
1275 cm!1 spectral region are in good agreement with
the previously reported trans n3 band strength [40],
confirmed by two independent studies by comparison to
the UV absorption cross section [43–45]. Line strengths
for the cis conformer at 1660 cm!1 are, however, lower
than reported cis n2 band strength [40] by about a factor
of 2.4. The reason for the cis n2 line/band strength
discrepancy, we submit, is the presence of interfering
absorption lines from chemical species other than HONO
in the spectra obtained in previous studies [40].
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