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INTRODUCTION

During the period of the contract, the AFCRL report
AFCRL-TR-73-0096, by McClatchey, Benedict et al., summariz-
ing the preparation of the extensive data tape containing
over 100,000 atmospheric absorption line parameters, was
issued. Activity under the contract was principally devoted
to the detection and correction of inaccuracies in the tape
and the report, and to the extension of the data base. For i
water-vapor, new higher energy levels were obtained from the i
umbral and flame spectra; and the analysis of the absorption |
in the visible region was advanced. For COZ' improved new |
spectra of Venus and Mars provided more accurate rotational
constants for some of the lower vibrational levels of the
isotopic forms, and additional very weak bands were measured
for the first time. Progress was made in the analysis of
the combination bands of methane in the 2800 cm * and
4300 cm‘1 regions. Isotopic bands of ammonia were measured
and analyzed.

The present report will give a brief summarv of the
above activities, with particular emphasis on the water-
vapor analysis in the visible region.

In addition to the principal investigator, the following
personnel were associated with the project.
James M. Krell, Research Graduate Assistant, 1972-1975.

Philip Sticha, Research Graduate Assistant, July-
August 1974.

Aristophanes G. Metropoulos, Research Graduate
Assistant, 1971-1973.




WATER-VAPOR ABSORPTION IN THE VISIBLE REGION

Analysis of the vibration-rotation bands of F,0 was
first achieved by Mecke and collaborators (1933), who identi-
fied low-J lines in 12 bands with origins from 8807 cm'l
(v,v,v, = 111) to 17495 cm * (203). Their observational
material was the telluric lines in the solar spectrum, as
listed in the 1928 revision of Rowland's Table. Since that
time many more lines have been identified. 1In the second
(1966) revision by Moore, Minnaert and Houtgast, approxi-
mately 1100 lines in 16 bands are included between 541.4 and
739.2 nm. At longer wavelengths a detailed listing in the
750-1200 nm range has been published, from the Jungfraujoch
data, by Swensson, Benedict, Delbouille and Roland (1970).
That volume includes a tabulation of the derived energy
levels for 19 vibrational states, together with a description
of the general nature of the spectrum, and estimated band
strengths. The AFCRL data tape includes lines and intensi-
ties calculated by the rigid-rotor approximation from those
data, together with the stronger band regions at still longer
wavelengths.

In the visible region, many more lines than are identi-
fied in the MMH volume can be observed and should be added to
the tape, together with oxygen lines in the red. The neces-
sary observations, covering most but not all of the visible
spectrum, have been made by J. W. Brault at Kitt Peak Na -
tional Observatory, and he and the writer have collaborated
in the analysis of the data.  The data consists of measure-
ments of approximately 6000 lines between 13300-22900 cm !
(440-750 nm). These were observed at very low solar angles
with rapid scanning over narrow spectral ranges (~15 nm per
day) , recording photoelectrically onto tapes that can be
computerized to yield low-sun/high-sun ratios, and thereby
eliminating the Fraunhofer lines, The resulting atmospheric
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spectra have excellent signal-noise ratios, and permit
determination of frequencies, intensities, and line widths
of quite weak features. At the most favorable conditions,
the H,0 content approached 30 g cm-z, and lines as weak as
.0001 cm Y/g cm 2
for the intensity is achieved by intercomparisons with lines
strong enough to be observed within the telescope path where
the absolute humidity can be measured.

have been measured. An absolute basis

The analysis proceeds in the usual manner. As described
for example in the SBDR volume, most of the strong lines,
and many weaker transitions, are transitions from the well-
known ground-state rotational levels to levels of the upper
vibrational states that follow well-defined regularities in 1
energy and for which the intensity relations for a rigid
asymmetric rotor apply. This is particularly valid for the

one strongest vibrational state among the many overlapping
states within a region, namely the lowest-energy state with
odd Vs and Vy = 0 or 1. Because of the odd Av3, the selec-
tion rules are Type A. However, and this is increasingly

the case as one moves to higher frequencies, there are many
resonances due to the overlap which affect both the energies
and the intensities, particularly in the weaker, Type B
bands with even Av3. The resonances are of three main

types: (1) because of the near equality of Vi the symmetric
stretching mode and Vg the asymmetrid s;rgtching mode, and

a large anharmonic potential term kll33q1q3, we have the
Darling-Dennison resonance between pairs of levels (vl, Vs
J, Ky, K, lv1 £ 2, vy # 2 K:, K:); (2) because 2v2, twice
the deformation mode, approaches Vo particularly at higher
vy and vq and higher K,» we have the Fermi-Dennison resonance
(vl, vyr 3, Kyr K |vl 1, vy 7 2 3, Ki, Kg); and (3) the
Coriolis~-type resonances (v3, J, Ka' Kcl vg, J, Ki, Kg),
which appear irregularly when the levels approach. In the
above, the superscript © denotes an even parity relative to




the corresponding quantum index on the left, © an odd
parity change.

As a result of these resonances, the intensity of the
dominant vibrational transition is shared among the resonat-
ing states in a region, and it is convenient to designate
each region by the total number of stretching quanta, nv,
and either zero or one deformation quantum, §. Each such
region includes (n+2) (n+l)/2 vibrational states, mixed to a
greater or less degree by the above resonances. However the
states with high vy (>4) are very weak and have not been
identified; indeed, since they approach the top of the poten-
tial hill corresponding to the linear configuration, it is
difficult to calculate their energy. The observed 1ow-v2
states can however be fitted by the conventional power-series
expansions, including the D-D and F-D resonances.

Table I summarizes the present status of the system.
It gives the rotationless energy of the dominant pand in
each region, Vod’ the frequency range in which observed
atmospheric water-vapor lines have been assigned to, the
number of bands possible and observed in each region, and
the total intensity of the bands of either type in each
region. Note the general regularity of the decrease in total
intensity with the increasing number of qu&nta of the domi-
nant band.

Further details of the analysis within the three
strongest visible regions, 4v, 4v+§, and.Sv, which are also
the regions which have been most carefully observed, are
given in Table II. The band intensities, sg, listed there,
are based on the relatively unperturbed levels. For such
bands the strongest line should be either Q(221) or R(303),
with line intensity = .03 Ss. In nearly all the type-B
bands the sum of the line intensities greatly exceeds
the 88. As mentioned in the notes to Table II, the F-D
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bands with higher Voo at lower energy for Ka=0, at increas-
ing Ky increasingly resonate with and eventually fall at
higher energy than the dominant partner. The mixing of the
321, 401, 222, and 302 states is particularly striking.

The remaining unidentified lines are generally weak,
and presumably arise from the higher-J levels which it has
not yet been possible to confirm by combination differences
or calculation, together with unsuspected perturbations from
the high-v2 levels. Note that some of these fall in other
regions, for example 071 levels might overlap 30l1. 1In addi-
tion, lines of H2018 must be present, particularly in the 4v
region, and a few tentative identifications have been made

in 301, with Av_ 2 35.4 A

In the near future, Dr. Brault hopes to repeat and
extend the measurements using the newly constructed FTS for
more rapid coverage of the entire visible spectrum at very
low sun. It is consicered unlikely that a great improvement
in the analysis of the regions summarized in Table II will
result, but the extension to higher and lower n should be

significant.




Table 1. Summary of Atmospheric Water-Vapor Absorption

e R R

Region Vog Assigned Range Number of Bands Total Ss, cm'l/g em™2 +
cm™ ! em™ ! Total v,<6 obs Type A Type B y
Rot 0 0 - 1101 1 1 1
$ 1595 793 - 2641 1 1 1 330000
v 3756 2658 - 4457 3 3 3 270000 16000
v + 8§ 5331 4385 - 6132 3 3 3 30000 610
2v 7250 6271 - 8021 6 6 6 27000 2100
2v + § 8807 7937 - 9590 6 6 5 1700 30
3v 10613 9677 - 11414 10 9 8 860 28
3v + & 12151 11621 - 12846 10 9 6 48. 2.3
4v 13831 13185 - 14776 15 12 11 54. 1.6
4v + § 15348 14907 - 16062 15 12 7 3.7 0.31
% 5v 16899 16465 - 17880 21 5 9 6.2 0.30
E 5v + § 18393 18000 - 190007 21 ) 8- 2 20.4
“ 6v 19781 19486 - 19858 28 18 4 20.5 20.05
6v + 9 21250? 28 18 1
7v 22480? 36 21 1
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NEW CARBON DIOXIDE BANDS IN VENUS AND MARS

The infrared spectra of the light reflected from the
clouds of Venus has proved a very rich source of information
concerning the vibrational levels and rotational constants
of the carbon dioxide molecule. The atmosphere is nearly
pure coz, and the combination of low temperature (~248K)
and the scattering properties of the thin haze at pressures
above the 200 mbar level, which permits weak lines to be
formed during multiple scatterings while the stronger lines
are blocked, results in the possibility of detecting many
inherently weak bands, provided observations can be made
with sufficient spectral resolution. The 1967 observations
with their FTS by Connes, Connes and Maillard (1969) were at
an effective resolution of 0.08 cm L, and covered the fre-
quency range 3980-8300 cm'l. The analysis of the co2 bands
was summarized in the 1969 Atlas, and molecular constants
derived from the data have been published: Connes, Connes,
Benedict and Gray (1974). 209 vibrational transitions are
listed there. These constants were used in the preparation
of the AFCRL tape..

With a new instrument providing an effective resolution
of 0.015 cm !
spectra. These cover a more extended frequency range (3960-
9650 cm-l).. The higher resolution separates some lines that
were previously blended and permits detection and measure-
ment of some weaker lines. A careful examination of the
new data, and derivation of improved constants from the

, P. Connes and Michel (1974) have obtained new

more accurate frequencies, has been carried out by the
writer and J. Y. Mandin of Prof. Amat's Laboratoire de
Physique Moleculaire, Orsay. The detailed results will be
published; we may summarize the findings as follows.




The new measurements are in general quite consistent
with the 1967 spectra. In 95% of the bands, deviations of
more than .03 cm'l between observed frequencies and those
calculated from the CCBG constants appear only at the high-
est observed J-values, indicating minor improvements in B'
and D' and occasionally the possibility of obtaining meaning-
ful H constants. Five of the weakest bands previously listed
as observed transitions between known higher levels cannot
be located. Six weak bands were given incorrect origins;

. the corrected values are: 626: 411IV-110II = 6149.416;
411IV-010 = 7414.507. 628: 112I1I-010 = 5813.48. 627:
102I-0 = 5986.13; 103I-0 = 8254.394. 638: 301II-0 =
6140.125.

Additional new transitions have been located. These
include some in the previously unmeasured frequencies
8300~-9650 cm‘l, others in regions where the earlier S/N
was highly inferior, and others which could only be dis-
tinguished under the improved resolution. The freguencies
4810-5180 cm~1, where the CO, content on Venus is so high
as to result in very low returned signal were examined on
spectra of Mars; most of the new bands in that range can
be seen on both planets. A summary of the new transitions
is given in Table III. The strongest and most important
new data are the 626: 310I-0 band and its "hot" neighbors,
400I-010 and 320I-010. The analysis accounts for over 10,000
co, lines, and leaves unassigned very few features which
appear definitely to be planetary lines not attributable to
the other molecules known to appear in this region, namely
Co, HCl1l, and HF.

The new data in general confirm the lower-level rota-
tional constants. The most significant inaccuracy of the

older data occurs in the 628 ground state, where we now

£ind B = 0.368184, D = 1.19 x 10~ '.
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