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Cross sections of air-broadened Ni@ the 415-525 nm region are reported. These are retrieved from 21
absorption spectra recorded at 0.060 tnesolution with the McMath Pierce Fourier Transform Spectrometer
located on Kitt Peak in Arizona. The measurements are obtained for pressu)(Torr) and temperatures
(220-298 K) that are representative of typical tropospheric and stratospheric conditions. Two sigma uncertainty
(95% confidence intervat 2omear for the absolute absorption cross sections is beld®o over the reported
wavelength range. The average integrated intensity of all our daddJis-soo nm = 4.53 x 10717 cn? nm,

which is within 0.2% of the averaged value from the recent literature. The wavelength (referred to vacuum)
accuracy is 0.011 cm (2.8 x 1074 nm at 500 nm) and precision is 0.0022 cnthroughout the investigated
wavelength range. In agreement with previous observations, high-resolution features intabsg@ption
spectrum display a strong pressure dependence with an effective pressure broadening parametes-of 0.116
0.003 cm¥atm (the rate of increase of Lorentzian half width at half-maximum with pressure). Temperature
has a relatively minor effect on the shapes of individual high-resolution features, but it exerts a complex
dependence on the relative line intensities. Absorption cross sections reported here represent the highest
resolution data available over a substantiallQ0 nm) wavelength range for quantitative analysis of,NO
atmospheric column absorption spectra.

I. Introduction anomalously long fluorescence lifetirhés a “sparse intermedi-
Nitrogen dioxide is a trace species that plays several importantate case” moleculélts sizable density of states, strong coup-
roles throughout the atmosphere. Photodissociation ofibl@ ling between the ground electronic ste#d) and excited states

key process in the photochemical chain mechanism that forms(?B1, 2B, ?A2), and large geometrical difference in the poten-
ozone in the background and polluted regions of the troposphere tial energy surfaces of the lowest electronic statesake the

In high concentrations, NOcan cause severe adverse health Visible spectrum of N@too congested to assign, thus far. Even
effects and is classified by the U. S. Environmental Protection When cooled to supersonic temperatures, the spectrum con-

Agency as a “criteria pollutant”. In the stratosphere, \#ar- tains hundreds of vibronic bands throughout the entire visible
ticipates in catalytic cycles that both form and destroy ozone, range?'? Spectroscopic work on this molecule has always been
and it couples with species in the HQIO,, and BrQ radical driven by a conviction that higher resolution spectra will aid in

families that significantly affect the ozone budget. The impor- understanding the dynamics and spectroscopy of this intriguing
tance of NQ chemistry has motivated numerous studies of the molecule. Reference 11 provides a complete historical perspec-
global distribution, sources and sinks of i@ the atmosphere.  tive on NG, spectroscopy from 1834 to 1978; more recent
Since UV~visible spectroscopy is frequently used to monitor references can be found in ref 3.
NO, by remote sensing, its absorption spectrum must be The room-temperature absorption spectrum obM©ks like
accurately characterized for all relevant atmospheric condi- a 150 nm wide (fwhm), slightly asymmetric “blob” centered at
tions23 about 400 nm and covered by thousands of reproducible “lihes”,
From the perspectives of molecular spectroscopy, nitrogen most of which have no definite spectroscopic assignment. From
dioxide occupies a unique position between small molecules the standpoint of atmospheric remote sensing, however, a catalog
with well-defined energy level structure and large molecules of the pressure and temperature-dependent absorption cross
with a quasi-continuum of coupled energy levels. In the language sections over the broadest possible spectral range and at the
of radiationless transition theofynitrogen dioxide, with its highest possible resolution is perhaps more valuable than a
detailed assignment of the spectréifihe existing NQ absorp-
*To whom correspondence should be addressed. (Nizkorodov) tion cross sections are quite adequate for remote sensing under
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TABLE 1: Previous Studies of NO, Absorption Cross 0.1
Sectiong .
wavelength resolution no. of o ! .
ref range (nm) (cm™) P (Torr) T (K) spectra g
thiswork 415-525  0.060 1-760 215,230,250, 21 £ 10
273,298 ¢
13 385-725 0.p 0.007~760 220, 240, 294 24 * 100 .
14 250-800 0.5 76,760 223, 246, 260, 10 :
280, 293 .
18 360-470 0.15 0.53.0 298 1
200 220 240 260 280 3 2
12 350-585 0.15 100,600 217,230,240, 6 B ety
294 P
17 441452  0.028 5-600 240, 298 8 Figure 1. Grid of pressures and temperatures used in this work (dots)
19 330-670 2.0 10 298 1 compared to the conditions found in a standardized atmosphere (line).
20 270-500 0.5 lovd 200+ 20 1 One of the objectives of this work was to cover the widest pressure
21 400-500 0.5 0.0+35 220, 240 4 and temperature range relevant for the atmosphere.
22 300-500 0.5 0.0+35 298 2
23 200-700 2.0 260 298 1 TABLE 2: Summary of Experimental Conditions for the

iy - ! > -
@ Only measurements overlapping with the 4825 nm range and High-Resolution Spectra of NQ Recorded in This Work

using resolution better than 2 cfnare included in this table. See refs [NOZ] [N204] % error in )
2,22 for more complete listings. The total number of reported P(Torm) T(K) (molecule/cd) (molecule/crd)  [NOZ  correction
combinations oP,T conditions is listed in the last columfResolution 506.10 298.6 1.3% 105 4.82 % 101 4.9 0.966
is defined as 0.604/MOPD, where MOPD is the maximum optical path 302.20 298.8 1.3% 105 4.76 x 10 4.9 0.957
difference of the FT instrument. This resolution is appropriate for the 151.00 298.9 1.34& 10% 4.77 x 10! 4.9 1.012
boxcar apodizatior? Resolution is defined as 0.9/MOPPBResolution 75.45 298.6 1.3X% 10%% 4.75x 101 4.9 1.069
is defined as 0.5/MOPD! This is a jet experiment with a near collision- 1.99 2984 3.0k 101° 2.51x 10%? 2.7 1.057
free environment. 0.49 298.2 7.5k 104 1.58x 10! 2.7 1.104
760.50 273.2 2.0% 10% 9.20x 10%2 4.9 0.942
5 2
_In fact, the spectral re_solution has _been limited b_y the instrument gi:gg gg:g i:% 13115 2:g§§ 18112 i:g 8:822
in all but a few studies. The main goals of this work are to 1.24 272.6 2.05 10 9.57 x 1012 P 1.006
improve the database of NGbsorption cross sections from  309.50 249.6 1.5% 10°  4.98x 103 4.7 1.014
the standpoint of spectral resolution, absolute accuracy, pressure3of-00 Z?Z‘g-g 21573: igi i-ggx igj ‘21-; f-ggg
and temperature depend_ences, and wavelength cgl|brat|on and233.80 2308  16% 101 518 101 38 1047
to make these data available to the spectroscopic and atmo-,11.30 2287 1.4% 10 4.89% 10U 38 1114
spheric scientific communities, through spectroscopic databases117.84 226.6 1.3% 10"  6.01x 10 3.7 0.986
such as HITRAN6 1.67 229.2 1.8k 10'° 7.48x 104 2.4 1.079
The Ozone Monitoring Instrument (OMI) that will be igg'gg gii; i'gi igz j'gzx 101: 35 0.900
. . . . . .24 % 104 3.5 0.946
launched on the Earth Observing System Aura spacecraft in 4127 2140 1.6k 10 4.66x 1015 35 0.921
2004 will measure global N£column abundances from nadir 5.07 2151 1.7% 10°  4.49x 10% 2.7 1.009

observations of reflected solar radiation. Accurate validation of Partitioning between Ngand N, is calculated using equilibrium
space measurements can be done from the ground using directonstant from ref 27. Errors in [N (95% confidence limits) are

solar absorption measurement at high spectral resolt#tidhe calculated as described in the text. Combination of the latter with
present wavelength range (41525 nm) is characterized by estimated uncertainties in absolute absorbaneds3(%) results in<7%
highly structured absorptions in the N@pectrum, and it will uncertainty in the reported absorption cross sections. The last column

be useful for the OMI validation. Specifically, OMI uses a lists the correction factors by which the raw cross sections were
spectral window from 405 to 465 nm for N_Ol'hei,r theoretical multiplied in order to force the integrated value in the 4300 nm

) . window to be the same for al, T data sets (2.48% 107 cn? nm,
basis document states that the 4330 nm region is where which is the average of all individudb4ss-s00 Values displayed in

the most precise fits are obtained for NO Figure 6).2 Measurements done using undiluted X&dr mixture (no
Table 1 is a summary of the previous measurements of NO error from the flows).

absolute absorption cross sections carried out over the spectral .

range of interest (415525 nm) using high to moderately high “standard” troposphere and stratosphere. As discussed below,

resolution €2 cnr1).12-1418-23 present experimental conditions  ©OUr data fully sqpport the pron(_)unced effect qf pressure on the

correspond to 0.060 cm instrumental bandwidth (defined as ~ Visible absorption cross sections of WQOwhich was first

1.207/(2x MOPD), where MOPD stands for maximum optical discovered in ref 12 and verified in refs 334.

path difference). Pressure dependent measurements,afri€3

sections at 0.028 cm resolution were obtained at 240 and 300

K over a narrow wavelength range by Wennberg ét dlhese Absorption spectra of Ngair mixtures were obtained from

spectra were discussed further in ref 12. Vandaele &t al. July 9 to July 13, 2001 with the McMattPierce Fourier

recently reported near-infrared and visible cross sections of NO transform spectrometer (FTS) at the National Solar Observatory

at stated resolutions of 0.05 and 0.1 dnrespectively. All other located at Kitt Peak. Table 2 is a summary of the gas sample

researchers used instrumental resolutions that are lower tharconditions for 21 spectra recorded at 0.060 &mesolution (see

0.1 cntt in their studies. It is possible that even 0.060¢ém  below). A schematic diagram of the experimental setup is shown

resolution may still be insufficient to fully resolve the spectrum in Figure 2. A 300 W xenon arc lamp was used as a broadband

[I. Experimental Details

(Doppler width for NQ is fwhm = 0.036 cmt! at 500 nm and  light source. The lamp spectrum was trimmed with a combina-
298 K), but a large fraction of the observed spectrum appearstion of BG23 UV band-pass and GG385 long-pass filters, which
to be almost invariant with respect to the resolution. efficiently attenuated wavelengths below 400 nm and prevented

As seen in Figure 1, we succeeded in covering a substantialNO, photolysis in the cell. The FTS spectrometer was equipped
portion of theP, T grid characteristic of conditions in the with an internal CuSQ liquid filter?* to further limit the
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Figure 3. Sample experimental spectra. Background spectrum (top)
was obtained with pure Nin the cell. Structure in the background is

characteristic of Xe arc lamp emission. The emission spectrum is
Figure 2. Schematic diagram of the experimental setup. Broadband truncated by filters (Figure 2) on both blue and red sides. Sample
UV radiation from a 300W Xe lamp is sent into a 201 cm long cell spectrum (bottom) was taken for [NJO= 1.33 x 10'> molecule/cr;
with mirrors M1 and M2. Filters, F, are used to restrict the wavelength Py, = 302.2 Torr andT = 298.8 K. Each spectrum resulted from
range to 406-600 nm; both to minimize N@photolysis in the cell co-adding 15 interferograms at 0.060 Thresolution. The high-
and to reduce noise on the detector. Radiation passes through the celfrequency modulations in the spectrum are indigenous te. Rar the
twice and is steered onto the FTS 8 mm input aperture with mirrors range of 18 000 to 24 000 cth RMS noise in the resulting (base e)
M3-M5 and lens L. The cell has a jacket cooled by circulating methanol. absorbance was below 0.005, which, in combination with other factors,
Gases enter the cell through calibrated flow meters; L, and needle limited the accuracy of the reported cross sections to better than 7%
valves, N1 and N2. The pressure in the cell is controlled with N3 and (see text).
measured with two calibrated capacitance manometers, M1 and M2.

Temperature of the gas flow is probed with a K-type thermocouple, T. the flow meters connected in series. Both gas flows, as well as
the total cell pressure, could be independently controlled with
bandwidth of detected radiation. The radiation was allowed to g set of three in-line needle valves (see Figure 2). The
pass through the sample cell twice and then it was weakly concentration of N@in the cylinder was independently verified
focused on the 8 mm FTS input aperture, overfilling it by a right after the measurement by UV spectophotometry using
factor of 2.5. Two matched silicon photodiode detectors were calibration against vacuum-distilled N@amples. This mea-
used. surement resulted in a molar fraction &f= 4.70 &+ 0.05%,

The absorption cell was a 2.5 cm diameter precision glass suggesting that either gravimetric fraction specified by the
tube encapsulated in a 7.5 cm diameter cooling jacket circulating manufacturer was incorrect or N@ixture was slowly aging
chilled methanol to achieve gas temperatures down to 210 K. (it was received several months prior to the experiment).
It was fully wrapped in insulating foam to improve the Concentration of N@ was measured again with FTIR spec-
temperature uniformity. To prevent frosting, each end of the troscopy, 12 months after the measurement, yielding an even
cell was sealed with a double window insert equipped with an lower fraction and confirming that aging was responsible for
evacuated supporting tube between the windows. The cellthe discrepancy. We have adopted our valued 6t 4.70 +
measured 204 0.2 cm in length between the inner windows 0.12% for the molar fraction of N£¥or the analysis presented
of the two inserts. Pressure inside the cell was measured in thehere, with the increased uncertainties reflecting the maximal
middle with two capacitance manometers rated at 10 and 1000possible effect of aging.

Torr. The manometers were carefully calibrated against stan-  Spectra were recorded over the range of 1580000 cn!
dards to better than 0.1% accuracy both before and after theat 0.060 cm? spectral resolution (1.207/[2 MOPD] for 10
measurement. Temperature in the cell was measured about 1@m MOPD, double-sided interferograms, and boxcar apodiza-
cm downstream from the point of gas entry with a calibrated tion), with the data points in the frequency domain files spaced
K-type thermocouple. The temperature of the cooling fluid was by 0.0286 cmi! (corresponding to Nyquist resolution of 0.057
typically 1-5 K lower than the measured gas temperature, with cm=1). Because of the spectral filtering, 99% of the radiation
the difference increasing at lower temperatures and larger gasreaching the detector was confined to 17 6@8 000 cnr?!
loads. The effective measurement temperature was taken as awindow (Figure 3). The cross sections were calculated for the
average of the coolant temperature and gas temperature at thentire range but they are expected to be accurate (see below)

cell entrance resulting in an average uncertainty-8fK. only between~19 000-24 000 cn? (ca. 415-525 nm). Fifteen
The gas mixtures were prepared by mixing a flow of synthetic interferograms were co-added with a total acquisition time of
air with a flow of a commercial gravimetric N£Zair mixture about 80 min for eacf, P point. To save time, background

with a stated molar N&fraction ofd = 5.00%. Each flow was scans, which were taken between all sample spectra, were
simultaneously measured by two flow meters arranged in seriesrecorded at a reduced resolution of 0.27érand interpolated
(200 and 1000 sccm for air; 10 and 50 sccm for the fd® to match the data spacing in the sample spectra. This procedure
mixture). The flow meters were absolutely calibrated using two is fully justified because all features in the Xe-lamp emission
independent techniques: (i) measurement of the rate of gasspectrum (Figure 3) are all substantially wider than 10&m
volume increase vs flow at constant pressure; and (ii) measure-We also recorded background spectra at the 0.060'cm
ment of the rate of pressure increase vs flow in a calibrated resolution to confirm that they are identical to the interpolated
volume. The calibration was further verified by cross-calibrating lower resolution scans. For each scan, a detailed log, raw
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interferogram, and transformed spectrum were saved on disk 8.0 a). P = 0.5 Torr
for subsequent analysis. 70

The FTS wavelength refers to the vacuum scale. To confirm 6.0
the absolute frequency accuracy of the FTS (0.0 §na 5.0
reference cell containing?® was periodically inserted in the 40
optical path (specifically during the 9744h, and 54" scans). 2 30
The first spectrum was iodine alone, whereas the last two were § 20450 20451 20452
obtained with NQ in the other cell. Observed line centers were S o 8 b). P = 300 Torr
retrieved by least-squares curve fitting of the unapodized Nﬁ ss
spectrurd®in less crowded intervals between 18 050 and 19 670 g
cm~1. Stronger lines separated by more than 0.08cfrom o 50
other features were compared, and some 300 empirical line S 45
centers from each spectrum were found to agree with each other = 4.0
with an RMS (root-mean-square) value of 0.0022 énThis g 20450 20451 20452
was taken as evidence that the alignment of the FTS remained ;13 45 7 ©)-P=600Torr
stable during the experiment and that the level of agreement 9
represented the general precision of the wavenumber scale. L‘?) 4.0
However, the comparisons of observed values with calculated pe
I, positions were worse; the RMS values ranged from 0.0038 2 35
to 0.0059 cm?. Calibration factors were computed as the g
average ratio between calculated and observed values. For g e 20442 20444
example, using from 149 to 250 transitions from spectra #44 7.0 | d).P=1-5Torr
and #54, the factors were, respectively, 0.999 999 818 (316) and
0.999 999 850 (289). It can be seen that the uncertainty of the 60
factors (in parentheses) is too large to justify their use, however. 5.0
For example, the calibration factor would cause a difference of
—0.004 cmt! £+ 0.0108 cm! at 22 000 cmt. Therefore, no 4.0

22438.0 22438.5 22439.0

calibration factors were applied to the cross section data. We
conclude that the absolute accuracies of the wavenumber scale
are 0.011 cmt with precisions of 0.0022 cr. Harder et al., Figure 4. Comparison between absolute cross sections reported by
using the same FTS, calibrated their spectra based on 46 | wésrk(s('(lj'hi I'des) ;ng ithoezg(b{%l:re nRher;el rg%%%ﬁ%?{o\ﬁ‘spf{af?'OfTh'S
transitions from Gerstenkorn et &l Their stated wavelength  \/;ndaele et a2 (2’94 K, 0.05 Torr,lo.l cﬁﬂ). kb). This work (298 K,
accuracy was 0.0002 nm at 400 nm or 0.011 &nin Figure 4, 302 Torr, 0.06 cm?) vs data of Vandaele et &.(294 K, 300 Torr,

we plot our resulting cross sections against theirs and see good.1 cnt?). (c). This work (298 K, 596 Torr, 0.060 cth vs data of

Wavenumber (cm™)

agreement within our stated accuracies. Harder et al? (294 K, 600 Torr, 0.15 cmt). (d). This work (298 K,
0.49 Torr, 0.06 cm') vs data of Wennberg et &.(294 K, 5 Torr,
IIl. Data Analysis 0.028 cn?). We scaled the magnitude and added 0.0 ctu the

wavenumber scale for data from ref 17. The wavelength scale refers
A. Uncertainties. Absorption cross sections are derived from to vacuum.
measurements of wavelength-dependent absorbafyces
In(ly/l), concentration of analyte, [Nf) and absorption path ~ The equilibrium constant for this reactioieq = [NO2]%/

length, L, related through the LamberBeer law [N2O4] = 1.7 x 10%%e~%643T[molecules/crf, is known with
better than 5% accuracy over the temperature range of inférest.

A Although the dimerization has a large effect on ¥@, con-
o= INO,IL Q) centrationin the cell for measurements done at or below 250

K (Table 2), the contribution of pO, to thetotal absorbance

is negligible. Indeed, the dimer has a smooth absorption
The uncertainty in the absorption cross sections can be esti-spectrum with a wing that only weakly penetrates into the
mated via the standard propagation of errofsglo = spectral range investigated héeUnder no conditions did
\/(AA/A)2+(A[NOZ]/[NOZ])2+(AL/L)2. Minimizing uncertain- N2O, contribute more than 2% to the total absorbance at 400
ties requires a careful balance of experimental conditions; one "M, Where its contributions are expected to be largest (the
needs to keep the NQIensity high enough to ensure accurate interference is even smaller at 415 nm). Even though concentra-
measurement of the absorbance, but low enough to avoid ex-tion of N2O4 increases quickly at lower temperatures, this is
tensive dimerization of N@at low temperatures. The fol- ~more than compensated by the exponential drop HON
lowing paragraphs separately describe contributions of experi- 8bsorption cross sections above 400 nm with temperature.
mental uncertainties iA; and [NQy] to the total error. The path ~ Therefore, we chose not to correct the absorbance N
length uncertainty is negligibly small (0.1%) compared to the contributions in this work.

uncertainties i, and [NQyJ]. (Note, all numerical uncertainties The effect of dimerization on the N@oncentration can be
used in this paper refer to 95% confidence intervals, which quantitatively accounted for by combining the mass balance
should be roughly equal too2ean for sufficiently large data equation

sets).

The situation with NQis somewhat complicated by its well- _ _ fm_lx
known dimerization reaction a = [NO,| +2[N,0,] = o[M] f. 3)

air

N,O,< NO, + NGO, (2) with the equilibrium constant, and solving for [NJOHere, [M]
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is the total density in the cell, which can be related to the such slow drifts in the overall intensity and spectral distribution
experimentally measured temperature and pressure via the ideabf the lamp radiation could produce a systematic error in
gas law;fmix andfioa are the NQ mixture flow and total flow, absorbance if not properly compensated for. To minimize the
respectively;d is the molar fraction of N@in the bottle; and drift effect, we recorded the empty cell scans both before and
o is the hypothetical concentration of N@ the absence of  after each sample scan. The effective background spectrum was
dimerization. The result for NOdensity is then calculated as a weighted average of the two adjacent
background data sets assuming a linear variation in the lamp
[NO,| = ﬁ(—l T 8_0;) ) intensity with time. On the basis of the careful measurements
2 4 Ke of the intensity drift we could minimize the lamp drift error
Algllp to less than 0.5% for all spectra.
Propagation of errors through (eq 4) gives the following result  How this uncertainty inly translates into the error in
absorbance depends on the value of absorbance itself. For the

) Keg | 1 Keq2 + 4ok, 2 AKgq 2 range of 415-525 nm, the N@absorption cross section ranges
(AING,])" = T4 "2 > K between ca. 2x 107'° and 8 x 1071 cn?/molecule? In
VKeq 1 8aK, & combination with the approximate range of Nédncentrations
oK 2 Ac 2 from Table 2, the range of absorbances utilized in this work
—_—| [ corresponds to 0:20.9. In the small absorbance limit, error
VKqu + 8akK, « propagation gives the following approximate equation
Ao _ A8\ | [APY | [ATV | (Afoa)® | [Afui|? |AA; - Q |Alg|
=== +|=| +|=] + + N X 8
a o P T 1:total 1:mix Afl A/1 I 0

(5)
) o For the smallest cross sections recorded under conditions of
In the high-temperature limit, whexe < Keq €9 5 reduces 10 the smallest N@ concentrations A, = 0.1), the error in
the following absorbance due to the lamp intensity drift alone can be as large
ANOJ] as 7.0%. However, for 90% of the. cross sgction data reported
= here (withA; > 0.2) the error amplification is not as dramatic

[NO] (AAJA; < 3.5%). Moreover, in the intermediate absorbance
regime, the amplification factor proportional ;]! disappears
T () () () (= + (B tom e 20 and reeave anceranies i and A bicome
0 P T frota fii Keg/ \ Keg roughly equal (i.e., 0.5%).
(6) Short-term light source fluctuations and detector noise
contributions to the uncertainty iA; were estimated directly
suppressed, and the error is dominated by uncertainties in thenm) estimated RMS noise did not exceed 0.005 absorbance units

flow and molar fraction of N@ mixture. In the limit of low  {ranslating to<2.5% uncertainty in absorbance for the majority
temperatures, where > Keq relative contributions fronkKeq of data reported here (with; > 0.2). Together with the slow
become much more important, but contributions from other grift contribution, this produces a total uncertainty ©f4.3%
variables are reduced by a factor of 2 for the measured absolute absorbances (for 90% of the reported

data). As uncertainties in NGconcentrations did not exceed

AING] - 5% (Table. 2), the reported cross sections should not deviate
[NO,] from the true values by more than 7%. Note that the error is
1 [[ao\2 | [aPY2  [ATVZ  [Afea?  [Afnix\2 | [AK)\2 likely to be largest at the edges of the spectral range studied
2 (F) + (F) + (T) + ( ftotal) + ( fmix) + (K) @ here; 5% is probably a better estimate for the middle of the
! investigated range including the OMI validation window.

The uncertainties in [Ng are given in Table 2; these are B. Beer—Lambert Law. Ideally, absorption cross sections
calculated from eq 5 assuming conservative uncertainties (95%should be measured by taking a series of spectra with varying
confidence limits) ind, P, T, fmix, frotar andKeq 0f 2.5%, 0.3%, concentrations of the analyte under identiPalT conditions,

1%, 4%, 1%, and 5%, respectively. Large uncertainties associ-and fitting the resulting absorbances to the anticipated linear
ated with the flow terms incorporate both the accuracy of flow concentration dependengeFollowing this procedure is espe-
meter calibrations and small drifts in the flows through the cially important for molecules with highly structured absorption
needle valve over the course of the measurement (80 min perspectra, which are known to deviate from the Beleambert
scan). For cases, where spectra were recorded using an undilutethw under conditions of low instrumental resolution. In addition,
flow of the NG, premix, the flow terms drop out aridbecomes it minimizes the impact of potential impurities on the measure-
the dominant contribution to the [NfPuncertainty (Table 2). ments. In Figure 5, we show our validation of the Bekeambert

The largest contributions to thencertainty in absorbance law atT = 298 K andP = 10 Torr. At this low pressure,
came from the Xe arc light source drifts and fluctuations. We broadening is dominated by the Doppler and radiative contribu-
observed that the UV lamp intensity decreased with time with tions. The vertical axis corresponds to the absorbance averaged
an initial 1k time constant of approximately 2 days correspond- over 22 806-23 100 cn1? spectral range. The uncertainties on
ing to the intensity drift of 2.1% per hour. The drift rate slowed the absorbance are larger than in our regular spectra from Table
considerably after 1 day of operation but was still noticeable. 2 because only two interferograms were co-added instead of
Spectral distribution of the lamp output was also slowly 15, and the Xe lamp was on only for a few hours prior to the
changing with time. Because the sample spectrimand test. Nevertheless, the resulting absorbance is clearly a linear
background spectrunhg, were not measured at the same time, function of [NO,] with zero intercept. On the basis of this test,
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0.4 a reference value dbl4oo-s500 = 4.52 x 10717 cn? nm3 The
g 03 scatter between individual measurements is amplified by the
£ fact that we had to include the 46@15 range in the integration,
£ 02 where our cross sections are less certain. For example, if we
) use data corresponding to 43500 nm window (the average
g 0l of our integrated cross sectionsi® > 435-500 = 2.489x 10717
< 00 cm? nm for this spectral range), the standard deviation between
00 05 10 15 20 25 differentP, T points (b) is reduced from 7.3% to 5.8% of the

averaged value. The latter corresponds to a 2.5% confidence
interval with 95% boundaries. As discussed above, most of this
and T = 298 K under 0.060 cmt resolution. The vertical axis grrole (.jfltje to Slt())w dn{lts in lamp thlrc]jt?nsgy ag_d mt.gaiglows'l

corresponds to the absorbance averaged over 22388200 cn? uch drifts can be partly compensated for by acjusting the scale

spectral range. The absorbance is seen to be directly proportional tolN such a way as to force the integrated cross sections in the
the NG concentration with zero offset. 435-500 nm window to be the sames§¢> 435-500 = 2.489 x

10717 cn? nm). This correction has been applied to all cross
section data reported in this work. Refer to the Supporting

[NO,]x 107 (molecule/cmS)

Figure 5. Beer-Lambert plot. The data were takenRadi = 10 Torr

—~ Ge-17 Information for actual cross section ddfaCorrection factors
NE g N 0 5 3 are given in the last column of Table 2.
5 g7 B ¥ t § The agreement in the wavelength dependence of the NO
= absorption cross sections is also very good. For example, in
% 2¢-17 Figure 4, we compare selected segments of the room-temper-
- ature NQ absorption spectrum with data of Vandaele etal.

0 recorded at a stated 0.1 chresolution but with a comparable

300 wavelength point spacing (0.030 13 chvs 0.028 60 cm! in

this work). One can see that the data agrees well both in the

Figure 6. Comparison of integrated absolute cross sections with the absolute _magthde ar_ld in wavelength dependence. Note that

literature values. The graph presents cross sections integrated over théhe effective resolution in ref 13 changes from 0.1 to 0.067'cm

range of 406-500 nm as a function of temperature. The size of the if the resolution is re-defined as 1.2074/2MOPD] instead of

dots is logarithmically proportional to the pressure. As expected, there 0.9/MOPD used in their paper (MOPB maximum optical path

are no apparent correlations with ejther pressure or temperature. Notegifference). This is only 10% above our stated resolution of

;hat ourda?aﬂ?re %omewgat Ietsts re&able tbhellow 41tﬁ nm, which afCCﬁLcjjnttSl'ZOYI[z x MOPD] = 0.060 cntl. However, this small

or some o e cbseryed scaler Nevertless, e average o & @iterence is enough (0 produce a visily larger peakto-valley

recommendation for this range (4.5010°%7 cm? nm, shown by solid contrast of the rotational structure in the low-pressure spectra

line)3 (Figure 4a). The difference in contrast becomes much smaller

at higher pressures when the resolution is no longer limited by

) the instruments (Figure 4b). Comparison with the data of Harder

we felt that it was reasonable to assume that Beéambert gt 5| recorded at 0.15 crhresolutiod? reveals a similarly good

law applied under all otheP, T conditions. Therefore, all  |eye| of agreement in wavelength (Figure 4c). The effect of the

absorption cross sections were calculated from eq 1, with higher resolution on the spectrum is clearly observed; the

measurements done at a single N@ncentration for any given  gpectrum from ref 12 is more convolved. The agreement

P, T combination. between the present data set and spectra of refs 12,13 becomes

somewhat less impressive at lower temperatures, but can still

be characterized as very good.

A. Absolute Cross SectionsTo verify how present data We have also compared our data with measurements of
compare with previous measurements it is convenient to Wennberg et al! done at 0.028 cm resolution (Figure 4d)
compare a quantity that is relatively insensitive to the experi- between 441 and 452 nm. To achieve good agreement over the
mental conditions such as pressure, instrumental resolution, anddisplayed range we had to scale the magnitude and add 0.01
accuracy of wavelength calibration. Following Orphal’s sug- c¢m ! to the wavenumber scale for data from ref 17. Again, we
gestion? we chose to compare integrated cross sections over afind that the effect of the higher resolution (0.028 ¢rus 0.060
fixed wavelength interval. Orphal analyzed all previous absorp- cm™?) is to increase the amount of the observed structure in
tion spectroscopy data on N@nd deduced an integrated cross the cross section. In fact, some of the high-resolution features

220 240 260 280

Temperature (K)

IV. Results and Discussion

section ofléTdoo-s00 = /300 0(A)dA = 4.50 x 10-17 cm2 nm for
the 406-500 nm range, with a standard deviation between
different measurementsd)lof 2.4%. Although our data become
less accurate below 415 nm, we can still verify whether our
absolute scale is in agreement with Orphal’s inference.

In Figure 6, we present our measur@dioo-s00 Values as a

do not even show up in our 0.06 cispectrum because the
resolution is still limited by the instrument (the spectrum from
ref 17 is Doppler limited).

B. Pressure and Temperature Dependencelhe visible
spectrum of NQ@is a conglomeration of thousands of individual
lines from different overlapping vibronic bands, with a variety

function of temperature and pressure. In agreement with previousof transition strengths, collisional broadening parameters and
observation$;?° the integrated cross sections do not display a temperature dependences of these parameters. In view of these
visible temperature or pressure dependence. The experimentafactors, the N@absorption cross sections are expected to have
average of all ouP, T data points iS#4oo-500 = 4.53 x 10717 a nontrivial dependence on the environmental conditions.
cn? nm, which is within 1% of Orphal’s recommendation. The Specifically, the temperature and pressure impact the spectrum
agreement is even better (0.2%) if only the recent data from in several important ways. First of all, the Doppler widths
refs 12-14, 19, 22, 30, 31 are used for the integration yielding directly depend on temperature
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HWHM [2In@KT
= —_—
Doppler 0 mCZ

In addition, the relative transition strengths, which are propor-
tional to the Boltzmann population factors, are temperature
dependent. The collisional contribution to the line width depends

)

on both the temperature and pressure. Specifically, the simplest

“strong” collision description of the pressure broadening effects
predicts Lorentzian line profiles, with widths given by

oP 32
V 72°ukT
(10)

In formulas above,o is the collision cross section (in
m?/molecule)u is the reduced mass for NGair (in kg), mis
the mass of N@(in kg), k is the Boltzmann constant, aftis
the total pressure (in Pa).

Recent studies of the NGspectrum revealed a remarkably
strong pressure dependence of the;lBsorption cross sections
in the near-infrared and visible rang®s!®> With the high
spectral resolution and brod&] T coverage of this work, the
pressure effects are even more prominent. For example, In
Figure 7a, a portion of the absorption spectrum that overlaps
the OMI measurement window is shown for several different
pressures at 273 K. The high-resolution noise-like structure
clearly increases in amplitude as the total pressure is reduced
In Figure 7b an expanded window around 21 985 ti® plotted
for the same data set, offering a clearer look at the dramatic
effect of pressure broadening on the spectrum.

Small relative intensity changes associated with temperature
broadening of Boltzmann rotational state populations of,NO

_ collision frequency_
27

HWHM pressure[s_ ]
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Figure 7. Effect of total pressure on the observed cross sections in
the range including OMI validation window. Top: The relative
amplitude of the high-resolution structure decreases dramatically with
pressure (273 K data showR;= 1.24, 151.2, 421.5, 760.5 Torr from
top to bottom). Traces are offset for clarity; absolute scale applies only

are detectable in the spectrum too, in agreement with the resultsl© the 760.5 Torr trace. The lowest trace is the difference between the

of ref 15. On the contrary, the influence of temperature on the
widths of high-resolution features is much less obvious, and it
can only be discerned from a very careful line-by-line examina-
tion of the spectra. Such behavior can be rationalized with help
of egs 9-10. If, at any given pressure, the pressure induced
width were proportional to MTasin eq 10, and, the Doppler
width (eq 9) is proportional tov'T, then the temperature
dependence of the total line width would be partly negated. For
a temperature range between 300 and 210 K, the Lorentz width
would vary by 20% at most. Given the congestion of the
spectrum, it is very difficult to quantify the temperature
dependence of the air-broadened widths.

Observational work needs absorption cross sections of NO
for all possible conditions relevant to atmospheric chemistry.
Unfortunately, the spectroscopy of N@ not understood well
enough to model the spectrum on a line-by-line basis. Another
approacf*15to the problem is to use a high quality experimental
spectrum (or spectra) of NCas a template, from which the
entire absorption spectrum at any given resolution, temperature,
and pressure can be quantitatively predicted with a semiem-
pirical model. For example, one could choose two high-

421.5 Torr data and convolution of the 1.24 Torr data with a Lorentzian
filter with an effective width of HWHM= 0.058 cnm? (the best least-
squares fitted width for this particular case). Bottom: Same data as in
the top panel shown in a narrower frequency interval.

accurate to reproduce our higher resolution spectra with ac-
ceptable precision.

At any given temperature, the ambient pressure will only
affect the collisional contribution to line widths because, in the
zero-order approximation, transition strengths, Doppler widths,
and natural widths are all pressure independent. Therefore, one
would expect that N@spectra recorded at finite pressures can
be obtained via a convolution of a “zero” pressure spectrum
recorded at the same temperature with an appropriate collision-
broadened line shape. (Note that the pressure broadening occurs
in the cross-section space, so by “spectrum” we mean absorption
cross sections, not transmittance). Line broadening parameters
have been measured for M@ the infrared and near-infrared
ranges’337 and they are known to depend slightly on both the
rotational and vibrational states of NOn the visible range,
the pressure-broadening parameters have not been explicitly
measured, but the analysis of pressure-dependenabgorption

resolution reference spectra recorded at the lowest possiblecross sections done in ref 15 suggests that the effective pressure-

pressure at two limiting temperatures, which surround the
atmospheric 2186300 K range, and produce spectra at other
T conditions using a combination of simple convolutions and

broadening widths increase systematically with the excitation
energy. The main question is whether a single pressure-broad-
ening parameter would be sufficient for correctly predicting the

interpolations. Such an approach was used successfully in refspectrum over the limited frequency range used in this work.

15 to parametrize the visible absorption cross sections of NO
at 0.1 cnm! (and lower) resolution. A similar Lorentzian

As seen in Figures 7 and 8, a simple Lorentzian convolution
works quite well for all atmospherically relevant pressures at

convolution approach was used to reproduce 1000 mbar spectra).060 cnT! resolution. To generate Figure 8, an absorption cross

from 100 mbar spectra at 0.5 chresolution* In this work,
we investigated whether this approach can be sufficiently

section spectrum recorded at the lowest available pressure
(0.5-5 Torr; depending on temperature) was convolved with a
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§ 0.05 5 Figure 9. Testing the linearity assumption for the temperature
= dependence of Nabsorption cross sections. Low-pressure cross
; . sections recorded & = 215 K andT, = 298 K are used as references,
Slope = 1.53 x 10 cm™"/Torr . . "
0.00 : and data at intermediate temperatures T are fitted(#9) = w(T)o-

0 200 400 600 800 ».Ty) + (1 — o(T))o(»,T2) usingw(T)as adjustable parameters. Two
points perT arise from using eitheP = 0.49 Torr orP = 1.99 Torr
data forT,. Although the quality of the fits is close to that obtained in
Figure 8. Results of the Lorentzian convolution of low-pressure cross the pressure broadening convolutions (Figures{Y,) is obviously not
sections of N@ into high pressure ones. The convolution used ga linear function of T, — T]/[T. — Ti] implying that the linear
Lorentzian line half-width as an adjustable parameter to minimize least- assumption is not valid over the entire 21800 K range.
squares deviations (panel a) between the convoluted and experimentally
measured cross sections in the 20928 100 cn1! interval. Optimal mbar spectra. They obtaineg = 0.134,n = 1.03, which is
line widths for different temperatures (panel b) have similar pressure higher than reported by other groups. Obviously, more high
dependence with a common slope of 1.5X4)0 *cm*/Torr or 0.116 ro50)ytion work on the pressure broadening effects in the visible
+ 0.003 cm/atm (uncertainties are 95% confidence intervals). An . . .
example of a convoluted spectrum is shown in Figure 7. spectrum of NQ@ is required. Presently_avallable data suggest
that the observed pressure broadening parameters are both

spectral range and resolution dependent.

We demonstrated that, for any given temperature, one requires
a single low-pressure N@xperimental spectrum to successfully
reproduce spectra at all higher pressures via a simple convolution
(however, the pressure-broadening parameters required for this

are characterized by high measurement accuracy. In Figure 7b,p;1rpose depegg on tf|1e resolution andhon the frequency rr?llnge
the convoluted spectrum is superimposed on the experimental©f INtérest). Obviously, one cannot hope to use a similar
spectrum, and the two traces are, indeed, nearly indisting;]uish-convOIUtlon approach to model the temperature dependence. A

able. Furthermore, as seen in Figure 8a, the resulting standard©duction in temperature will cause lines originating from low
deviations (&) are well within our experimental accuracy. energy ro-vibrational states to grow and lines from high energy

In Figure 8b, the resulting Lorentzian widths are shown as a states to diminish in amplitude. Because lines from different
function of thé total pressure. In agreement with eq 10, the vibronic transitions strongly overlap, the temperature effect will
widths depend linearly on pressure. Somewhat unexpectedly,:l‘."“/e a4h|gf1hlyf |1rgegular dependlencfe onhtze Wa(\j/elength (see
the influence of temperature on the observed slopes is marginalF19ure 4 of ref 15 as an example of such dependence).

All the temperature-dependence data lie on the same line with quever, for a limited range of temperatures, it may be
a common slope of = 0.116+ 0.003 cnt¥/atm (HWHM; possible to reproduce the unknown spectrum at desired tem-

uncertainties are 95% confidence intervals). Using eq 10, the peratureTl as a weighted average of two known limiting spectra
slope translates to an effective collision cross sectiorH50 zﬁ_temperaturr]eﬁ_ znﬂTzl, such thally < T < To. W; attezTSptEd
A2, which is larger than expected from a hard-sphere collision S approach with the low-pressure spectra, udings

perspective but probably quite reasonable for de-phasing in NO andT, = 298 K as referencgs. Spectra at intermediate temper-
— N,/O, collisions. atures were least-squares fitted to the expression

The present findings appear to disagree with the results of =T — - _ -
Vandaele et al who reported smaller pressure-broadening oM = oMo Ty) + (1 = w@T) (1)
effects and a measurable temperature dependence for the Loren{yhereq(T) is an adjustable parameter. This approach is fully
zian widths. Specifically, they representgdasyo x (To/T)", equivalent to the linear temperature dependence approximation
whereTy, = 298 K is a reference temperature, and reposted used by Vandaele at &.
= 0.081,n = 0.8 as the best fit to the data from different workers
in the 14 006-23 000 cm! range. For the sake of consistency, o(@T)=0o(@T) +a@)(T—-T) (12)
we reanalyzed the visible absorption cross section data of ref
15 with our own code and reproduced their findings. The authors (they usedl; = 273 K as reference) if one puts(T) = [T, —
of ref 15 did find that the effective pressure-broadening width TJ/[T. — T{] anda(¥) = [6(¥,T2) — o(@,T))/[ T2 — T4]. In their

Pressure (Torr)

Lorentzian line shape filter. The Lorentzian width was treated
as an adjustable parameter. The convolution aimed at minimiz-
ing least-squares deviations between the calculated and experi
mentally measured Nf{cross sections in the 20 96@3 100
cm~tinterval, where the cross sections have rich structure and

increases tao = 0.1, and the power decreasesno= 0.55 analysis, Vandaele et &.assumed that simple linear ap-
when only data near 22 000 crnare used in the analysis, which  proximation (eq 12) would adequately describe the temperature
is in a better agreement with the present resglgs< 0.116,n dependence of the NGabsorption cross sections for the low-

~ 0). The most plausible explanation for the remaining pressure data for a very broad frequency range (13-@80000
discrepancy could be associated with the slightly lower effective cm~!at 0.1 cnt? resolution and 13 00642 000 cnTt at 2 cnr?
resolution of data from ref 15. Specifically, one would expect resolution). On the basis of this assumption they came up with
that the apparent pressure broadening parameter must get smallex recommended value of(») required to predict low-pressure

as the instrumental resolution is degraded. However, Voigt et spectra at any temperature from the reference spectrum at 273
all* used a similar convolution approach at an even lower K. Our data suggest that the linear assumption is not valid even
resolution (0.5 cm?) to reproduce 1000 mbar spectra from 100 for the narrower frequency range used in this work. Although
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