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a b s t r a c t

Effective line intensities of P branch transitions of trans-nitrous acid (HONO) in the ν3 H-
O-N bending mode near 1255 cm�1 have been determined by scaling measured HONO
absorption intensities by continuous-wave quantum cascade laser absorption spectro-
scopy to reference values. Gaseous HONO samples were synthetized in the laboratory
using the reaction of H2SO4 and NaNO2 solutions and the heterogeneous formation on
surfaces in the presence of ambient water vapor and NO2 gas in a sealed gas sampling bag.
The quantification of HONO was performed using a denuder associated with a NOx ana-
lyzer. Observed absorption line strengths for the trans conformer are found to be by a
factor of approximately 1.17 higher than previously reported line strengths.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The photolysis of nitrous acid (HONO) is an important
source of hydroxyl (OH) free radicals in the atmosphere.
Recent field studies indicate a very high contribution of
HONO to OH radicals, up to 80% of the integrated source
strength [1,2]. The hydroxyl radical is one of the main
drivers of atmospheric hydrocarbons oxidation and a key
species in the photochemical cycles responsible for tro-
pospheric ozone formation which leads to the so called
“photochemical smog” in polluted regions [3]. HONO plays
thus an important role in the atmospheric oxidation
capacity that significantly affects the regional air quality
and global climate change [4]. The comprehensive under-
standing of the important roles of HONO in the key che-
mical processes of radicals and the formation of photo-
chemical ozone requires accurate measurements of the
HONO concentration. Field observations show that mod-
eled HONO concentrations are often significantly lower
than observed values, suggesting a large missing source of
HONO [5–7]. This is due to the difficulty in measuring this
chemically reactive short-lived species. HONO is also an
important indoor air pollutant, it irritates our lungs and
eyes [8,9]. Reactions with secondary and tertiary amines
can lead to cancerogenic nitrosamines under atmospheric
conditions, the effect of which has been commonly called
“third-hand” smoke [10–12].
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Fig. 1. Schematic diagram of the experimental setup. M: mirror; BS:
beam splitter.
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There are various techniques used for atmospheric
HONO monitoring. They can be divided into two cate-
gories: (1) Analysis of HONO in the aqueous phase after
chemical conversion by wet chemical extraction. It is
based on the derivatization of gaseous HONO which is
captured in liquid form and then quantified by chroma-
tography, photometry, or chemiluminescence [13–15].
Though these methods can offer near part-per-trillion
(ppt) levels sensitivity, they are potentially prone to che-
mical interference, the need for long-time extraction and
integration times of usually up to a few minutes. This leads
to a large sample residence time [16,17]. (2) Detection of
HONO in the gas phase using absorption spectroscopy.
Methods such as differential optical absorption spectro-
scopy (DOAS), incoherent broadband cavity enhanced
absorption spectroscopy (IBBCEAS) and the long-path
absorption photometer (LOPAP), can get several hundred
ppt-level detection limits, but the integration time is long,
usually up to several minutes [16,18–20]. The main dis-
advantage of the DOAS system is that its spatial resolution
is rather poor with a path length generally greater than
1 km. For IBBCEAS, the mirrors need to be cleaned reg-
ularly, affecting the continuous measurements of atmo-
spheric species. In the mid-infrared region, tunable laser
absorption spectroscopy (TLAS) involving continuous-
wave quantum cascade lasers (cw-QCL) combined with a
multipass absorption cell was applied to the measurement
of atmospheric HONO with a sub-ppb detection limit [21–
24]. The advantages of using cw-QCLs over lead salt lasers
are better mode stability, higher laser output power and
room temperature operation without the need for cryo-
genic cooling, which facilitates long-term field measure-
ments. Particularly, the broadly tunable external cavity
QCL (EC-QCL) enables detection of multiple atmosperic
species and also detection of larger molecules with broad
infrared absorption features [25,26].

The effective line strengths as a function of frequency are
necessary parameters for the spectroscopic determination of
the HONO concentration. However, only few data on the
fundamental rotational-vibrational transitions of HONO in
the mid-infrared spectral region have been published and
show some inconsistencies [21,27–30]. In this paper, we re-
determined four HONO effective absorption line intensities
between 1254.6 and 1255.05 cm�1 which were also listed in
Ref. [21] with a distributed feed-back quantum cascade laser
(DFB-QCL) and direct absorption spectra. Furthermore, we
determined the line strengths of the other new trans-HONO
absorption lines of the ν3 band in the range of 1251.8–
1257.2 cm�1 with an EC-QCL on the basis of the re-calibrated
line intensity at 1254.8486 cm�1 as scaling reference.

We report on the effective line strengths of trans-HONO
near 1255 cm�1, i.e. the absorbance of light by trans-
HONO per unit column density of total (cis and trans)
HONO. Hence, the effective line strengths refer to an
equilibrium mixture between cis- and trans-HONO at the
measurement temperature. The determination of absolute
line strengths, i.e. absorbance per unit column density of
solely trans-HONO, would be less accurate as the cis-trans
equilibrium constant exhibits a rather large uncertainty
[27,31,32]. During our measurements, the gas samples are
always maintained at a constant temperature of 293 K to
avoid any error caused by temperature variations and
ensure accurate total HONO quantification. We compare
our results to previous line strengths reported by Becker
et al. [21] (hereafter referred to as KHB) and discuss opti-
mal spectral regions in which to measure ambient HONO.
2. Experimental details

2.1. Instrument specifications

The two cw- QCL spectrometers involved in the present
work are depicted in Fig. 1. The system for gas generation
and quantification is described in the following sections.
The first cw-QCL we used in 2011 to re-determine effective
absorption line intensities of four HONO transitions
between 1254.6 and 1255.05 cm�1 was a DFB-QCL (DQ7-
M776H, Maxion Technologies, Inc.) that emitted single
mode with an output power of up to 35 mW and 2 cm�1

tuning range. The wavelength range of interest was scan-
ned by ramping the diode injection voltage or changing
the temperature. The second cw-QCL employed in the
present study is an EC-QCL (41078-MHF, Daylight Solu-
tions). It has a wider tuning range (single mode) of
�40 cm�1 from 1223 cm�1 to 1263 cm�1 and a higher
output power of up to 87 mW. A 50 Hz sinusoidal wave-
form with 3.2 V amplitude and 1.7 V offset from a function
generator was first amplified (30 times) using a piezo-
electric transducer (PZT) driver (3-Axis Piezo Controller
Model MDT690, Thorlabs). The amplified signal of about
100 V was then applied to the PZT element of the EC-QCL
to modulate the external cavity grating to scan the EC-QCL
frequency over �5 cm�1 across the absorption lines of
HONO which are measured in this article. The frequency
tuning of the EC-QCL is performed sinusoidally only.
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Sinusoidal instead of sawtooth or triangular modulation is
preferred because rapid changes in the scan direction
resulting from the use of a sawtooth or triangular ramp
signal will cause excitation of mechanical vibrations, ren-
dering the laser output unstable and resulting in perma-
nent laser damage. The instrumental half widths at half-
maximum for the two QCLs are less than 0.0005 cm�1.
This was determined by scanning nearby CH4 absorption
lines at 1255 cm�1, for which absorption line parameters
are readily available from databases or references, at gas
pressures below 5 Torr to minimize collisional broadening.
The pressure-dependent line width of HONO absorption
lines was measured in synthetic air at different cell pres-
sures from 8.5 to 40 Torr. A γair value of 0.00127
0.0002 cm�1 Torr�1 was obtained for the trans conformer
of HONO near 1255 cm�1.

The laser beams of the two QCLs first pass through a
beamsplitter and are split into two separate components
(90% transmission and 10% reflection). The transmitted
light is directed into a multi-pass cell (Model 107-V,
Infrared Analysis, Inc.) with a 152 m folded path length in
a volume of 16 L. A red laser beam is injected into the
system via a mirror and co-aligned with the mid-infrared
beam to facilitate beam alignment with the multi-pass cell.
The emerging absorption signal from the multi-pass cell is
focused onto detector 1 (PVI-4TE-10.6, Vigo detector) by
means of a lens with a focal length of 5 cm. The reflected
light is directed into a Fabry-Perot etalon with a free
spectral range of �0.04 cm�1, measured by detector 2
(PVMI-10.6, Vigo detector) for wavelength calibration. The
total pressure in the multi-pass cell is measured and
controlled by a pressure gauge (Pfeiffer Vacuum). The
absorption signal is acquired with a 5 Gsample/s, 1 GHz
bandwidth digital oscilloscope (104Xs-A, LeCroy
Wavesurfer).

2.2. HONO sample synthetization

Two methods are used to generate HONO in this work.
The first one is the liquid phase method we used in 2011.
Gas-phase samples of nitrous acid are prepared according
Na2CO3/K2CO3

Gas stream
NO

Without denuder channel

Denuder channel
)a(

Fig. 2. Schematic of HONO quantification: (a) Setup with denuder and reference
two channels.
to a method previously described in Ref. [33,34]. A dilute
0.1% NaNO2 solution contained in a dropping funnel is
added slowly to a dilute 0.5% H2SO4 solution in a 3-neck
flask through one neck of the flask. The chemical reaction
is listed as reaction (R1) below. The flask is cooled by the
ice water mixture to reduce the temperature and heat
from sulfuric acid. Air or nitrogen is allowed to flow into
the vessel through the second neck of the flask and is
directed upward by the inlet tube at the solution face.
During the synthesis, the gaseous nitrous acid is flushed
into a dark bag which is connected to the third neck of the
flask using the flow of nitrogen. The HONO synthesis is
carried out in the dark to avoid photolysis. The advantage
of this method is that all the materials are very easy to be
acquired in the laboratory, and the generation procedure is
also facile to be operated and controlled. However, this
synthesis does not only produce HONO, it also forms NO,
NO2, H2O and HNO3 by reactions (R2) and (R3). This is not a
problem since the other gases do not have strong absor-
bance at our laser wavelength range, and the EC-QCL
measurement system we use does not detect any inter-
ference from other gases except for several weak H2O
absorption lines.

NaNO2þH2SO4-NaHSO4þHONO (R1)

2HONO2NOþNO2þH2O (R2)

HONOþNO2-NOþHNO3 (R3)

The second method employed in this study is the gas
phase method. This method is very advantageous, because
HONO at ppm levels is produced easily by heterogeneous
formation on surfaces in the presence of ambient water
vapor and 800 ppm NO2 gas (see reaction (R4)) in a sealed
static gas sampling bag (5 l, SKC Quality sample bag) [35].

H2OþNO2-HONOþHNO3 (R4)

This reaction quickly generates gaseous HONO in the
presence of a gas sampling bag containing a high con-
centration of NO2 gas. However, the quantification of
HONO would be difficult to perform, because the mixing
ratio of the water vapor on the surfaces is unknown, and
x analyzer
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Fig. 3. HONO absorption spectra at different mixing ratios, sampled after
the alkalic denuder. The measurements results imply that gaseous HONO
samples with mixing ratio o30 ppmv are totally trapped by the used
denuder in the present work.
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the heterogeneous reaction in the bag is always in pro-
gress. We will describe in detail why we choose this
method without the need to carry out HONO quantifica-
tion in the following Section 2.4.2.

2.3. Quantification of gaseous HONO

A practical method involving conventionally available
technologies for the quantification of the synthesized
short-lived reactive species is important for validation and
calibration of the newly developed emerging instru-
mentation. The first denuder configuration proposed for
HONO quantification is reported by M. Ferm and I. Alle-
grini et al. [36,37], and is relied on the use of two sodium
carbonate-coated denuders. The mixing ratio of HONO
generated by the reaction of H2SO4 and NaNO2 solutions
(reaction R1 above) is quantified in 2011 by using the
denuder technique associated with a conventional che-
miluminescence NOx analyzer (Hartmann and Braun)
[23,38–41]. The gas sample flow from the synthesis system
is directed alternately through a channel containing a
denuder tube with a length of 30 cm and a diameter of
1.1 cm (filled with alkalic coating: K2CO3/Na2CO3 to trap
acid) and another same-sized channel without denuder,
prior to entering the NOx analyzer to measure HONO and
nitrogen oxides such as NO2, NO etc. produced by reac-
tions R1–R3 (see Fig. 2). The mixing ratio of HONO is cal-
culated based on the difference of the mean values
between the two channels. The average is obtained by
applying statistical methods to the data of each channel.
Nitric acid (HNO3) generated by reaction R3 is negligible
because it has a much slower response time through the
system due to surface interaction than those exhibited by
NO and NO2 [27]. Moreover, we simulated a 5 ppm HNO3

spectrum (see Fig. 5 which will be described in Section
2.4.2). Even if a high mixing ratio HNO3 (5 ppm) is simu-
lated, the absorbance of HNO3 is still too weak to be
detected with our QCL system which exhibits a detection
limit of absorbance of 0.01, i.e. if the absorbance is o0.01,
it will be submerged in the baseline noise. During all the
experiments, the generated HNO3 quantity should be
much less than 5 ppm, and we indeed did not detect any
HNO3 absorption lines. The mixed gas streams (HONO,
NO2, NO etc.) with the flow of air or nitrogen are con-
trolled at a steady gas flow rate of 10 L/h by the flowmeter
of the NOx analyzer to ensure the float in the flowmeter
will not fluctuate and to minimize residence times inside
the gas tube.

The output gas mixing ratio from the HONO source is
increasing (30–60 min) all the time until the value is
steady. Once the output gas mixing ratio is stable, the
denuder channel will be opened, after the denuder output
is constant for 3–5 min, we close the denuder channel.
Then the output from the HONO generation system will
rise rapidly to the value of stable gas mixing ratio before
the denuder. We sample the HONO gas to record spectra
before or after the denuder when the once output is stable.

As the denuder method relies on removing acidic spe-
cies by alkalic components (like Na2CO3), the capacity of
the denuder and hence the measurement accuracy of
HONO mixing ratio truly depend on the alkalic coating and
the HONO mixing ratio to be measured. Correct HONO
mixing ratio could be deduced only when the sodium
carbonate denuder could trap 100% HONO and without
any residual HONO reaching the NOx analyzer after the
denuder filtering.

The efficiency of the denuder used in the present work
was carefully checked using absorption spectroscopy
measurements. Fig. 3 shows absorption spectra of different
mixing ratio gas samples after the denuder. As can be seen,
the spectrum of the �70 ppmv HONO sample exhibits still
absorption peaks after passing the denuder channel, while
the sample of 30 ppmv HONO does not present any
absorption features after being filtered by the present
denuder system. This result implies that, our denuder
system allows the correct determination of HONO mixing
ratio below 30 ppmv. The mixing ratio of HONO derived by
the denuder technique show good agreement (within 10%)
with the spectroscopic measurements over a wide range of
mixing ratios (up to 30 ppm).

2.4. Determination of effective line strengths

Based upon the Beer–Lambert law, the absorbance A νð Þ
at frequency ν can be expressed as:

A νð Þ ¼ ln I0 νð Þ=I νð Þ� �¼Nσ νð ÞL ð1Þ
where I νð Þ and I0 νð Þ are the transmitted and incident
probing light intensity, respectively, N is the number of
absorbing molecules (in [molecules/cm3]), σ νð Þ is the
frequency-dependent absorption cross section (in [cm2/
molecule]), and L is the optical absorption path length (in
[cm]). The integrated absorbance AI (in [cm�1]) can be
written as:

AI ¼
Z

A νð Þdν¼
Z

ln I0 νð Þ=I νð Þ� �
dν¼NL

Z
σ νð Þdν¼NLS

ð2Þ
The trace mixing ratio of absorbing molecules in the

vapor or gas phase is usually expressed in terms of ppmv
(parts per million by volume, 10�6), ppbv (parts per billion
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by volume, 10�9), pptv (parts per trillion by volume,
10�12) or ppqv (parts per quadrillion by volume, 10�15).
Based on Eq. (2), the gas species mixing ratio can be
retrieved from the integrated absorbance AI measured at
temperature T and pressure P [42]:

C ppmð Þ ¼ N
NT

� 106 ¼ AIP0T
NLPT0LS

� 106 ð3Þ

The effective line-strength S of trans-HONO can be
obtained using Eq. (3).

S¼ AIP0T� 106

CNLPT0L
ð4Þ

where NL¼2.6868�1019 mol/cm3 represents the Losch-
midt number at T0¼273.15 K and P0¼760 Torr, S is the
molecule absorption line strength (in [cm2/(mol cm)]), C is
the HONO mixing ratio in the gas phase (in [ppm]).

2.4.1. Comparison with data from KHB
There are fewer published articles and greater uncer-

tainty in absolute values of the absorption lines for the
short-lived specie HONO than the greenhouse gas CH4

where absorption line parameters have been well studied
and are readily available in publications or databases such
as HITRAN in the mid-infrared spectral region [21,27,28].
We re-determined four HONO absorption line strengths
reported by KHB and calculated the new line parameters
in the range of 1251.8–1257.2 cm�1 using re-determined
KHB absorption line intensities (hereafter referred to as
RKHB) as scaling reference. Absolute HONO absorption line
positions were determined relative to those of nearby
methane and/or water vapor absorption lines along with
laser frequency tuning rates determined by recorded
interference fringes of a Fabry-Perot etalon (see Fig. 1).

We used the calibrated HONO mixing ratio of 22
ppm (as described in Section 2.3) and the DFB-QCL system
to re-determine four strong HONO absorption line inten-
sities between 1254.6 and 1255.1 cm�1 [21]. The calcu-
lated values for the measured ν3 band of trans-HONO lines
are summarized in Table 1 (effective line strengths based
on the total HONO concentration of cis and trans isomers,
which are in equilibrium at T¼293 K).

The main error sources in the determination of four
HONO effective line strengths are the HONO mixing ratio
(measured by a NOx analyzer with an accuracy of better
than 10%) and the integrated absorbance area AI (related to
pressure-dependent line widths and the laser line width)
obtained using non-linear least square fits resulting in an
error of about 2%. The errors caused by the determination
of the absorbance path length and the gas pressure in the
absorption cell are less than 1%.

2.4.2. Determination of new line intensities
The HONO absorption lines across 0.5 cm�1 in Fig. 4

were simultaneously recorded at a scan rate of 50 Hz and
an integrated time 20 s with the EC-QCL system. The black
dotted lines in Fig. 4 are the observed absorbance spec-
trum during HONO spectra measurement experiments for
the trans conformers, while their corresponding non-
linear least-square fits are presented in Fig. 4 as red
lines. The gas mixing ratio C is thus identical for all
recorded lines in the spectrum according to Eq. (3) with
identical gas pressure P, temperature T, and constants P0,
T0, L and NL, such that the ratio AI/S is also equivalent. The
new line strengths Snew can be expressed as

Snew ¼ AIðnewÞ � S1254:8486
AIð1254:8486Þ

ð5Þ

The re-determined line strength at 1254.8486 cm�1 (in
Table 1) was used to determine the other new HONO
absorption line strengths in the range of 1251.8–
1257.2 cm�1. The reason for selecting this specific line is
that it is free of interferences from other species (CH4, H2O,
N2O, NO2, HNO3 etc.), and has less error as scaling refer-
ence compare to the other three absorption lines. We
simulated absorption spectra of potential interferences
species present in the air (2 ppm CH4 and 10% H2O) and
the HONO generation sources (400 ppm NO2 and 5 ppm
HNO3), as shown in Fig. 5. The first HONO absorption line
(marked (1)) will be affected by the nearby HONO line at
1254.72 cm�1 and H2O absorption line at 1254.73 cm�1.
The third (3) and the fourth (4) absorption lines are
adjacent, only the second (2) absorption line is indepen-
dent from the other three absorption lines. About the
errors of four absorption lines, see Table 1, the minimum
error 70.6 is from the fourth absorption line at
1255.0473 cm�1, but the accuracy of the integrated
absorbance area of this absorption line will be influenced
by the third absorption line. The second absorption line
has less error than the first line, and thus preferably be
used as the scaling reference. In contrast to HONO, H2O
and CH4, the absorption lines strengths of NO2 and HNO3

are very weak (absorbance of 10�23) and hence unde-
tected during all the experiments.

Accorrding to Eq. (5), the calibration of the HONO
mixing ratio is obsolete for the determination of new line
strengths using the scaling reference method. This is
because we just need to get the integrated absorbance area
at the same conditions. As described in Section 2.2, HONO
at ppm levels used in this method is produced easily by
heterogeneous formation on surfaces in the presence of
ambient water vapor and high mixing ratio NO2 gas in a
sealed static gas sampling bag.
3. Results and discussion

Absorbance spectra of the ν3 H-O-N bending mode of
the P branch of trans-HONO from 1251.8 to 1257.2 cm�1

are shown in Fig. 6. The spectra were recorded at a total
pressure of below 8.5 Torr to select individual HONO
absorption lines well separated from H2O absorption lines
which also appear in this region of the spectrum. Table 2
lists the new absorption line positions and effective line
strengths for the HONO trans conformer (the four RKHB
absorption lines are also included). We used the pre-
determined line intensity value at 1254.8486 cm�1 and
applied it as a scaling reference to calculate the other new
HONO absorption line parameters. Therefore, these addi-
tional absorption line intensities do not contribute any
quantitative value and should not be used for comparison.



Table 1
Four trans-HONO absorption line positions and effective line strengths
deduced in this work (RKHB) and Ref. [21] (by KHB).

Wavenumber
(cm�1) (RKHB)

Effective line
strength
(cm�1/
(molec-cm�2)
*10�21)
(RKHB)

Wavenumber
(cm�1) (KHB)

Effective line
strength
(cm�1/
(molec-cm�2)
*10�21) (KHB)

1254.6832 13.771.0 1254.6838 11.870.8
1254.8486 11.270.8 1254.8489 9.670.6
1255.0252 13.171.1 1255.0256 11.370.9
1255.0473 8.470.6 1255.0473 7.270.5
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Fig. 4. Absorbance spectrum of trans-HONO recorded at a cell pressure of
8.38 Torr with a scan frequency of 50 Hz (Av¼1000) and an optical path
length of 152 m. The absorption line marked by the purple oval was used
to determine new HONO absorption line strengths. The three small black
absorption peaks not fitted are weak HONO absorption lines whose line
strengths have not been calculated in this study.
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Fig. 5. Recorded HONO spectrum (blue) of unknown mixing ratio gen-
erated from the heterogeneous formation and simulated spectrum of
2 ppm CH4 (black), 10% H2O (red), 400 ppm NO2 (violet) and 5 ppm HNO3

(green) at the same conditions of L¼152 m, P¼8.2 Torr. The lines marked
with numbers are HONO absorption lines listed in Table 1.

1251.8 1252.0 1252.2 1252.4 1252.6 1252.8
0.0
0.1
0.2
0.3

*
Cell P=8.15 Torr

1252.8 1253.0 1253.2 1253.4 1253.6 1253.8
0.0
0.1
0.2
0.3

*
8.19 Torr

1253.8 1254.0 1254.2 1254.4 1254.6 1254.8
0.0
0.1
0.2
0.3

*

8.38 Torr

8.45 Torr

1254.8 1255.0 1255.2 1255.4 1255.6 1255.8
0.0
0.1
0.2
0.3

1255.8 1256.0 1256.2 1256.4 1256.6 1256.8 1257.0 1257.2
0.0
0.1
0.2
0.3 8.18 Torr

A
bs

or
ba

nc
e 

(a
.u

.)

Wavenumber (cm-1)

*

Fig. 6. Measured absorbance spectra of trans-HONO studied in the range
of 1251.8–1257.2 cm�1 at different cell pressures. The asterisks indicate
H2O absorption lines or H2O absorption lines which are overlapping with
HONO absorption lines.
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We restrict our comparison with KHB data to the four
HONO absorption line intensities listed in Table 1.

Fig. 7 compares the four RKHB absorption lines
strengths to those of KHB [21]. The absorption line
strengths for each of the 4 discernible peaks for the HONO
trans conformer near 1255 cm�1 are higher than those of
KHB by a factor of approximately 1.17. This discrepancy for
the trans-HONO ν3 band absorption line intensities near
1255 cm�1 is most likely the result of the method of
generating gaseous HONO and the uncertainty in quanti-
fying HONO. The four RKHB absorption lines are obtained
from the reaction of H2SO4 and NaNO2 solutions, while
KHB produced HONO from a reaction of gaseous HCl with
solid NaNO2. KHB extracted gaseous HONO in a basic liquid
trap followed by ion chromatography to quantify the
nitrite ion and used a chemiluminescence analyzer with
molybdenum converter to measure NO and NO2. In con-
trast, our study uses the denuder technique associated
with a conventional NOx analyzer to perform the quanti-
fication of gaseous HONO. The slightly higher temperature
KHB used in his study compared to the 293 K employed in
our investigation could only explain a deviation of smaller
than 1%. KHB's results are also inconsistent with those of
Lee et al. [27], who report effective line strengths of trans-
HONO absorption lines near 1275 cm�1 and cis- HONO at
1660 cm�1. A key difference between KHB's study and that
of Lee et al. is also the way in which gaseous HONO is
quantified. In Lee's work, HONO is simultaneously mea-
sured by complete conversion followed by continuous NO
quantification by calibrated absorption spectroscopy. The
uncertainty in the reported line strengths in Lee's study is
o6%, while the error on the reported line strengths is
estimated to be o13% for KHB's data. It should be pointed
out that the ratio of the line strengths from the present
study and those of KHB for the four HONO absorption lines
is almost constant (the standard deviation of all values
shown in Fig. 7 is 0.0057) which implies that the relative
intensities are identical.

To our knowledge, the effective line strengths data of
trans-HONO in the range of 1251.8–1257.2 cm�1 in this
paper represent the first high resolution mid-infrared line
strengths measurements of trans-HONO using TLAS tech-
nology after those of the KHB study in 1995, which only
discusses 9 lines between 1254.2 and 1255.2 cm�1 [21]. A
comparison of HONO detection using the TLAS method in
the mid-infrared at different wavenumber is summarised



Table 2
Line positions and effective line strengths for the ν3 band of trans-HONO
at 293 K.

Line position (cm�1) Effective line strength (cm�1/(molec-cm�2)
*10�21)

1251.9867 9.270.6
1252.2109 21.171.4
1252.2556 7.770.5
1252.3635 10.170.7
1252.3803 12.870.9
1252.5809 11.270.8
1252.6591 10.070.7
1252.8152 8.970.6
1252.9061 7.070.5
1252.9901 10.370.7
1253.0382 13.371.0
1253.0832 7.470.5
1253.1525 10.570.7
1253.2061 11.970.8
1253.4068 10.270.7
1253.5126 9.870.7
1253.6403 8.570.6
1253.6923 9.970.7
1253.7172 9.570.6
1253.7301 10.170.7
1253.7685 10.270.7
1253.8621 13.070.9
1253.9036 6.670.4
1253.9383 10.170.7
1254.0281 11.470.8
1254.1979 9.370.6
1254.2281 9.770.6
1254.3607 9.370.6
1254.4599 7.970.5
1254.5029 9.770.6
1254.6832 13.771.0
1254.8486 11.270.8
1255.0252 13.171.1
1255.0473 8.470.6
1255.2015 9.570.6
1255.2804 7.070.5
1255.3147 9.470.6
1255.3296 9.570.6
1255.5463 4.870.3
1255.6647 10.770.7
1256.0364 8.370.5
1256.0957 4.470.3
1256.1818 13.870.9
1256.2892 8.970.6
1256.3136 10.470.7
1256.4775 8.970.6
1256.6777 14.371.0
1256.8647 7.870.5
1256.9242 7.370.5
1256.9952 11.870.8
1257.0656 8.470.6
1257.1233 9.970.7
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Fig. 7. Effective line strengths from KHB and RKHB, all plotted as a
function of wavenumber (cm�1). Listed numbers represent the ratio
between line strengths of RKHB to those of KHB with a standard devia-
tion of 0.0057.

Table 3
Comparison of HONO detection using TLAS method in the mid-infrared at
different frequency regions.

Wavenumber
(cm�1) and
reference

Line intensity
(cm�1/molecule
cm�2)

Detection
limits (pptv)

Optical path-
length (m)

1280.4000 [22] 3.25�10�20 �300
(30 min)

126

1713.5110 [23] 2.59�10�20 �200 (1 s) 153
1660.0000 [24] 1.29�10�20 �300 (1 s) 210
1252.2109 (pre-
sent work)

2.1�10�20 �400 (1 s) 152
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in Table 3. The detection limits are given for a signal-to-
noise ratio of 1σ and for the listed integration time (30 min
or 1 s). Based on our present study, the strongest absorp-
tion line of 2.1�10�20 cm2 molecule�1 cm�1 at
1252.2109 cm�1 is very suitable for interference-free
monitoring of HONO in ambient air (i.e. no interferences
with CO2, H2O, CH4 etc.) at sub-ppb mixing ratios. Our
extrapolated detection limit amounts to 400 ppt (1 s, 1�σ)
which is comparable to the other studies, given the weaker
absorbance and shorter optical path length of 152 m. Apart
from choosing a spectral region in which HONO absorbs
more strongly, the detection sensitivity in our study could
be further enhanced by increasing the absorption path
length or by reducing the background electronic noise
associated with the detector. In addition, the direct
absorption method is affected by the low frequency noise
of the laser, the detector and the circuit. In combination
with high-frequency modulation of the diode laser, sen-
sitivities are expected to be further improved by up to two
orders of magnitude compared to direct absorption mea-
surements which have been demonstrated in the Refs.
[21,43,44].
4. Conclusion

The ν3 band of trans-HONO absorption spectrum near
8 μm was studied using cw-QCL spectrometers and HONO
mixing ratios was calibrated with a denuder system. The
revised four HONO lines strengths are higher by a factor of
1.17 compared to a previous study named KHB [21]. The
reasons for this discrepancy are assumed to be both the kind
of generating gaseous HONO and the uncertainty in quanti-
fying the mixing ratio. Our approach based on the RKHB
absorption line strength at 1254.8486 cm�1 as well as a
straightforward generation of HONO without need to know
its mixing ratio is advantageous for the determination of
new effective line strengths with less error. The line at
1252.2109 cm�1 with a line intensity of 2.1�10�20 cm�1/
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mole cm�2 appears very suitable for interference-free
monitoring of HONO in ambient air (i.e. no interferences
with CO2, H2O, CH4 etc.) at sub-ppb mixing ratios.
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