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Abstract

An atlas of Oy lines between 760 and 5800 cm™! obtained from a
| low-pressure, long-path-length sample of 03 at 296K is presented. Many
: of the line centers are marked and their positions tabulated.
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Introduction

Unlike many other infrared-absorbing atmosvheric constituents such
as N 0 cH 4 Or COZ. whose mixing ratios remain nearly constant in the
troposphere and lower stratosphere, or H 0, whose mixing ratio generally
decreases with height, the mixing ratio of 0 reaches a maximum value
between 30 and 40 km above the surface. The typical variations of the
04 mixing ratio and partial pressure with height as shown in Fig. 1,
which is reproduced from reference 1l.

Because of these differences in the vertical distributions of
infrared absorbing gases, the 03 bands become relatively more dominant
with respect to bands of other atmospheric gases in solar spectra
recorded at increasing elevations above the surface. This is illustrated
in some of the solar spectra given in references 2-5. A complete
analysis of these spectra requires a detailed knowledge cf the absorp-
tion spectrum of 0j.

The low resolution laboratory spectrum in Fig. 2 was prepared by
McCaa and Shaw (6) and shows many of the O3 bands between 600 and
3200 cm~!. Additional bands have been observed in spectrum of liquid
and gaseous O3 at higher frequencies by Barbe et al., (7-9). Table 1
lists the positions and identifications of many O3 banas. Most of
this information was obtained from low resolution spectra. In recent
years high resolution studies (17-18) of 03 bands below 2800 cm-!
have allowed many of the lines to be identified and their positions
tabulated. So far, no laboratory spectra with a spectral resolution

of 0.1 cm! or better have been published of the 03 bands above 3000 em™!.

This atlas shows some of the details and the relative irtensities
of 03 bands between 760 and 5800 em=!. Although some regions are
contaminated by bands of CO, N,0, H,0, and CO, this atlas shows the
characteristic close structure of lines associated with bands of ozone
in the vicinity of eaca of the band positions given in Table 1. 1In
particulcr, there is evidence of the following bands, 2v,, 2v; + v,
2v) + vz 3v; + vz, 3v3 + 2vy, and 4vy + v, in addition to other weaker
features at frequencies extending to beyond 5000 em~!,
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Fig. 1. Vertical ozone distribution (45°, summer) computed from the
Chapman theory (partial pressure: n., mixing ratio in
ppmV:n3/ny) and temperature distribition. On the right hand
side relaxation time t for summer conditions.
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The spectra have been replotted to remove absorption by

co, CO,, and H,0.
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Table 1., Ogone Band Positions and Identifications

(See Barbe et al. 6, T, 8)

0z Positions =)
Liquid Gas cale
Identification Observed Observed (ref.8)
(ref.8)

V2 702.5 700.938
V3 1033 1042.096°
vy .1105.5 1103.15%
2v, 1401.5 1400.¢
vy + V3 1716 1726.4 1726.0
vy + V3 1794 1795.3 1795.0
2v3 20U6 2058.0 ° 2057.8
Vi + V3 207 2110.79¢ 2110.5
2v, 2199 2201.3 2201.6
2v, + vy 2402 2L09.5 2L08.0
2vy + vy 2u85
2vy + vy 2716 2725.6 2725.5
V] * vy + Vg 2780 2785.2k 2785.2
2vy + vy 2884.2
3v3 3029 3046.0 3045.2
v + 2v3 3084.1 3085.2
2v) + v 3179 3185.7 3186.5
3v, 3291.3
2vy + v + V3 3445 3L57.5 3u58.1
vy + vy 3681 3697.1 3697.1
2vy + vy + v3 3839 36849.4 3850.2
bvsy 1005 Lo2k.sT
vy + vy 4026 4026.9
3v; + vj b252.3
3vy + 2v2 L32s
h\)3 + vy h639 1&6658

Notes to Table 1

a - T. Tanaka and Y. Morino, J. Mol. Spec. 33, 552 (1970).
b - S.A. Clough and F.X. Kneizys, J. Chem. Phys. 4L, 1855 (1966).
¢ - S. Trajmar and D.J. McCaa, J. Mol. Spec. 14, 2Lk (196L).
d - D.E. Snider and J.H. Shaw, J. Mol. Spec. 4k, L0oo (1972).
e - D.J. McCaa and J.H. Shaw, J. Mol. Spec. 25, 3T4 (1968).
f - A. Barbe, C. Secroun, and P. Jouve, C. R. Acad. Sci. Paris
2748, 615 (1972).
_ g - A. Barbe and P. Jouve, C. R. Acad. Sci., Paris 268B, 1723 (1969).




Apparatus and S e Preparatio

The spectroscopic system used to acquire the spectra has been
described by Hawkins et al. (19). The O3 sample was prepared with a
modified form of the apparatus used by McCaa and Shaw (6). A known
volume of 0z, initially at atmospheric pressure, was circulated through
the silent electron discharge and a cold trap, containing silica gel
cooled by dry ice, until the pressure dropped to about 100 Torr. The
0, was removed by pumping and the O3 was allowed to evaporate into the
10m multiple absorption cell. This process was repeated until a pressure
of about 1 Torr was obtained. Since there was no evidence that a
significant amount of 0; was lost during the evaporation process and
previous experience has shown that the ozone decays slowly in the
absorption cell it is estimated that the partisl pressure of O3 in the
sample was in excess of 0.5 torr. Thus, with a total path length of
907m the amount of O3 in the path is about 60 atm cm (296K). This is
approximately 200 times the amount of Oy in one air mass.

Atlas Preparation

Because of the close packing of the O3 lines in all the bands, it
is not possible to resolve the irdividual lines, even with a sample
pressure of 1 torr, in a spectrum of 0.04 cm~! resolution. In order to
retain as much detail as possible no apodization was applied to the
interferogram before its transformation into a spectrum. This causes
"pinging" which can be seen in the wings of isolated narrow lines. This
effect is still present, but is less obvious, when many lines are present,
or when the lines are wider than the resolution.

The appearance of the spectrum has been "improved" by smoothing and
interpolating additional points, as described previously (19) and the
positions of the more prominent absorption minima are tabulated.

The part of the atlas extending from 760 cm~! to 2600 cm~! was

collected with an MCT (mercury-cadmium-tellurium) detector whose detectivity

is low below 800 cm~! and decreases above 3000 cm-!.

A portion of another spectrum of the same sample, collected with
an InSb detector, extends from 2400 to 5800 em~!. A comparison of the
line positions, spectral resolution, and signal to noise ratio in the
two spectra can be made in the overlap region from 2400 tc 2600 cm~!l.

It is often useful to know vhen a particular gas does not absorbd
as well as when it has absorption features. Thus the spectral region
from 5000 to 5800 cm~! has been included since it gives confirmation
that the 03 features in this region are extremely wveek.
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Description of the Atlas

The O3 lines in a sample at 296K and 1 torr pressure have a Voigt
shape., T™e dopgler line widths range from about 10~? cn~! at 1000 cm=!
to 5 x 10=3 ca~! near 5000 cm=!. There are very few measurements of
the N; - or air-broadened widths of O3 lines but calculations oy Tejwani
and Yeung (20) give a range of values around 7 x 10~¢ cn™! at 296K
and one atmospheric pressure. Thus the collision broadened widths at
1 torr, about 10~“em™!, and the doppler widths are both much smaller
than the spectral resolution of the interferometer ( ~ 0.04 cm~!) and
any lines appearing in the spectra with 10% or greater peak absorptance
are highly saturated.

The interferometer is designed to operate at atmospheric pressure
and it is contained in an enclosure flushed with nitrogen. There is
sufficient residual CO, and H,0 in the optical path to produce many
broad features in the atlas in the regions 1200-1700 cm~! (H,0), 2200~
2400 cm=! (C0,), 3300-4000 cm~! (H,0 and (0,), and 4800-5500 em~! (H,0
and coz). CO always appears as an impurity in our O, samples and lines
of both the 1-0 and 2-0 bands are present. The atlas elso contains
several bands of N,0. It was found that the positions of the lines of
€0, CO,, and N,0 in the atlas differed systematically from those obtained
by other workers (23-25). These systematic differences have been removed
by using the line positions of the 7«0 band of CO given by Guelachvili
(23) and the positions of the lines of N,0 bends centered near 1284 (v,),
2Tk (v, + v,), 2563 (2v; ), ani 3480 cm~! (v, + v, ) obtained from the
band constants of Amiot and Guelachvili (25) as standards.

The differences between the first guess positions and the 3tandard
positions of between 25 and 100 lines in each band were obtained. From
these, an average difference and its standard deviation were calculated.
The InSb and MCT spectra were treated independently and the resultis are
shown in Figures 3 and 4.

In these figures the mean f{requency shift Eﬁs of the lines in a
given band is shown as a function of band position. The vertical lines
represent the 10 uncertainty in this shift. The signal to noise ratio
is generally lower and the uncertainties in the shift are greater in -
the MCT spectrum than the InSb spectrum. The straight lines through
these differences were obtained by a weighted least squares fit. It
is seen that the frequency shift is approximately groportional to the
frequency but that it is not necessarily 0 at O cm™*. The slopes of
the lines in Figures 3 and L are quite different.

The coefficients of these straight lines were then used to correct
the first guess frequencies and to provide the line positions given in
this atlas. The difference between the mean frequency shift BVS and that
obtained from the equation of the straight line fit is then a measure
of the residual systematic differences between the line positions_given
in the atlas and the standard lines. These residual differences Av
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given in Table II, are quite smull.

The frequency differences in Table II are the weighted means
obtained from many lines. The uncertainty in the estirated position of
any single line in the atlas is larger than these values and depends on
its peak absorptance, its width, and the signal to noise ratio in the
spectrum, as discussed by Niple and Shaw (26). Comparisons of the
frequencies of individual CO and N;0 lines in the atlas with the standard
values suggest that, for unblended narrow single lines, the uncertainty
is typically + 0.002 cm=!

A more detailed description cof the computer programs used to detect
the presence of lines in the spectra, to obtain the first guess positions,
and to determine the average frequency shift for a band will bde
provided elsevhere.

Because of the close spacing of the 03 lires many of the absorption
features seen in the region of the 0; bands consist of more than one line.
Also, because of the closeness of adjacent minima, considerable blending
occurs, causing a greater uncertainty in their locations than in the
case of single isolated lines. Since the relative effects of individual
lines on the spectrum depend on the physical characteristics of the
sample, the apparent shapes and positions of the 0, features are sample
dependent. These effects must be considered when comparing the spectrum
in the atlas with other spectra.

Comparison with Atmospheric Spectra

The pressure of the O3 sample whose spectrum is shown in this atlas
is smaller than the atmospheric pressure near the ozone maximum, and the
appearances of the 03 lines in the atlas are distorted by the finite
resolution of the interferometer. Thus the apparent intensities of
ozone features in the atlas cannot be compared directly with those seen
in solar spectra. However, one of the purposes of this atlas is to
show the regions where 0, atsorbs and, in particular, to identify regions
of weak 0O, absorption. McClatchey et al. (2&) estimate that the extreme
path through the atmosphere contains 1 x 10 20 0, molecules/cm?. This
extreme path is space-to-spsce and tangent to the earth's surface. We
have confirmed the estimate, by McClatchey et al., that 0,4 lines with an
intensity S, of 3.5 x 102" cm~!/(mol cm™?) will have a maximum absorptance
of about 10? in this extreme atmospheric path by the following calculation.

It is assumed that the equivalent widths of these 03 lines can be
estimated from the tables of Jansson and Korb (22). These authors tabulate
W/ao for values of p'x and a where ap {8 the doppler width of the line,

p' has the value (S/ap) (&n2/n)4¢, a is (al/ap)(in 2)5. a, is the collision
broadened line width and x is the amount of 03 in the path.

The equivalent width W obta’=cd for S = 3.5 x 10~2“ cm~!/mol-cm™2)
ap = 2 x 10-3 (g~! ap = ik x 1074 cm=! (corresponding ¢o a mean pressure

10




of about 20 torr) and X = 1020 mol/em? is 0. 16u em~)!. If it is assumed
that these lines have a triangular shape with a full width at half
height of 2 the peak absorptance is about 8%, in gocd agreement with
the results of McClatchay et al.

The peak absorptance of a line with the same intensity in the atlas
can be estimated by assuming the partial pressure of 03 in the sample
vas 0.5 torr and the totn preuure vas 1 torr. The amount of O3 in the
907cnpathisl 5 x 102! mol/em? and this gives x;vl.lueotlao for
p' x, 0.038 for a, and an equivalent width of 2.1 x 103 cm-!

When such a line is observed with a spectrometer having a tria.ngulu'
response function with a full width at half height of 0.0k cm™! the peak
absorption is about U4S. Thus the weaker O3 features in the atlas have
@ peak absorptance similar to those observed in an extreme atmospheric
path. It must te pointed out that this extreme path does not contain
the largest smount of O3. This path is space-to-space with a tangent
height of about 20km.

Sm lines of HCN belonging to the v, and 2v, bands near 3300 and
1400 cm=! have also been observea! in this atlas of O,.

IM. Coffey aud A. Goldman/private communication.
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MCT Spectrua
Band Number Residual Staigird
Center | Gas of Difference Deviation
cen™d lines em~? ocm-

! 1284 nzo <8 0.00029 0.00029
2463 NZO 78 -0.0016% 0.00043
2563 Nzo 90 -0.00004% 0.00023
3480 Nzo 49 0.00138 0.00037
4260 co 25 -0.00069 0.00063

InSb Spectrum
2563 Nzo 99 0.00046 0.00021
3480 NZO 63 0.00028 0.00028
4260 co 42 -0.00014 0.00025

Table II. Bands used to calibrate the ozone atlas frequencies.

"Residual Differences" are the average differences between the

corrected line frequencies in the atlas and the standard

frequencies from the literature.

The "Standard Deviations" are

the estimated standard deviations of the Residual Differences,

; agssuming that the Residual Differences are cuased only by random

; error in individual line positions.
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