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Summary .

The spectroscopic requirements for the HF and HC% channels of the
Halogen Occultation Experiment (HALOE) have been studied.
Recqmmendations for future spectroscopic research in support of HALOE
have been médé on the basis of a review of the literature and an analysis
of high resolution stratospheric spectra.' The most important
recommendations are (1) more accurate HF and HC% strengths and
N2-broadened and self-broadened widths need to be determined, (2)
parameters'are required for the numerous weak CHq lines within the HF
channel, (3) po1ymer formation within the HALOE HF gas cells must be

studied, and (4) precise CH, air-broadened halfwidths are needed for the

HCL channel region.
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1.0 Introduction

The Halogen Occultation Experiment (HALOE) is a solar occultation
experiment designed to measure the vertical profiles of important chemi -
cal species involved in stratospheric ozone chemistry, using a
combination of gas filter and broad-band radiometers (Russell et al.,
1977). The fundamental goal is to provide measurements of key species in
the €204, NOy, and HOy chemical cycles on a global scale with
sufficient accuracy to resolve spatia] and temporal variations.

This report presents results of a study of the spectroscopic
requirements for thé HALOE HF and HC2 channels. Gas filter radiometry is
used for bbth channels since it provides the required sensitivity and
specificity. The measured HALOE signal is the correlation function of
absorption lines in the atmosphere and a gas correlation cell. A posi-
tive correlation is obtained from atmospheric absorption lines overlap-
ping with those of the gas cell both near the line center and in the
wings of the lines. An anticorrelation is obtained from non-overlapping
lines.

We have reviewed and evaluated the current state of knowledge of the
spectral line parameters of the stratospherié gases that have absorption
features within the HC& and HF channels. The parameters of interest are
defined to be: (1) position (2) absolute strength, (3) energy of the
Tower level of the transition, (4) air-broadened collisional halfwidth,
and (5) temperature dependence of the air-broadened collisional
halfwidth. These quantities are required for the HC&2 and HF lines and
the interfering species in each channel in order to interpret the
gas-correlation signals from HALOE. In addition, Since the HALOE

instrument and calibration cells contain mixtures of HF in N2 and
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HC2 in N2, it is important to have accurate knowledge of the N2-broadened
and self-broadened HF and HC& collisional halfwidths. The accuracy of
the state of knowledge of these parameters is also assessed in this
report.

In section 2, we present line positions and identifications of
atmospheric and solar absbrbtion features within the HF and HC2
channels. The identifications have been made through careful examination
of stratospheric ba]]oon-bofne, solar-occultation spectra kindly provided
to us by Dr. C. B. Farmer of the Jet Propulsion Laboratofy. In section 3
the accuracy of the line parameters of the target and interfering species
is assessed for both channels. Since the corfe]ation signals depend on
the interference near each of the HC2 and HF lines within the HALOE
fi]ters, these spectral regions are discussed in detail in section 4 on
the basis of the JPL spectra and other published data. In section 5,
recommendations are presented for future spectroscopic investigations in
support of.HALOE.

The.authors Wish to thank R. Earl Thompson and Gloria Liu of Systems
and Applied Sciences Corporation for many useful discussions on the
results of their analysis of the HALOE gas cell spectra for HCZ and HF,
and Dr. Richard Tipping of the University of Nebraska at Omaha for
helpful discussions of hydrogen halide line parameters.

2.0 Identification of Stratospheric Absorption Features Within the HCR

and HF Channels

2.1 Description of the Atlas

In this section we present solar absorption spectra obtained

during sunset with a high-resolution (0.18 cm‘l) Michelson



interferometer by C. B. Farmer and his associates at the Jet
Propulsion Laboratory (JPL). Details of the balloon flights and
trace gas mixing ratios derived from the spectra are described in
the work of Farmer et al. (1980).

The regions .analyzed in this report are 2890-2990 em-! for the
HCZ channel and 4000-4160 cm-' for the HF channel. The HF channel
has 50-percent transmittance points at 404716 cm=' and 410946 cm-?

1

and a 5-percent transmittance width of 117 c¢cm~". The HC& channel

has 50-percent transmittance points of 29106 cm-! and a 297046 cm-!

with a width of 108 cm-*

at the 5-percent transmittance points. For
the HCZ region, we have studied the spectra recorded from a float
altitude of 37 km on May 18, 1976, near Palestine, Texas. The HF
region was covered during a flight from Broken Hill, Australia, on
March 23, 1977. The balloon altitude at sunset was 39 km.

In figures 1 to 26, signal amplitude is plotted as a function
of wavenumber for a 10 cm~' interval for a series of different solar
zenith angles. The amplitudes have been normalized to the highest
point within the HALOE channel. The positions of the observed
spectral lines are indicated by vertical tick marks beneath the scan
in which they were marked. At the bottom of each frame, the mean
observed position of each line is indicated. The lines have been
assigned sequence numbers in order of increasing wavenumber for each
channel. The HC2 region is covered in figures 1 to 10. Figures 11
to 26 span the HALOE‘HF channel.

The sequence numbers, observed wavenumbers and gas identifica-

tions are listed in Table 1 for the HC& channel and in Table 2 fdr
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the HF channel. Calibration of the anenumber scale of the Texas
spectra was performed by comparing observed wavenumbers of isolated
features with accurately known line positions of N0, CHy, and H>0
(Amiot and Gue]achvi]i, 1976; Toth, et al., 1977; Flaud and
Camy-Peyret, 1975). The difference between observéd and standard
positions is plotted against wavenumber in figure 27. The dashed
line is a linear least-squares fit to the data. This fit has been
used to calibrate the wavenumber scale in the HCZ region. The
scafter suggests that the calibrated positions of unblended lines
are accurate to about 0.01 cm-'. A similar calibration procedure
was adopted in the HF region. Accurate laboratory Tine positions of
isolated CHy lines (Husson et al., 1972) and the R(1) line of HF
(Guelachvili, 1976) were compared to the measured values in the
stratospheric spectra.

In each. line of Tables 1 and 2, the sequence in which the
atmospheric molecular identifications are listed represents the
relative importance of each species as observed in the scan
corresponding to the lowest téngent altitude. Solar absorption
features are listed last. In the case of multiple identifications,
we include all species within a resolution element that could be
detected in the JPL spectra if only that species were present.
Identifications that are uncertain are marked with question marks,

nwhi]e features that seem to be too strong or too broad to be due to
only the assigned species are indicated by "+?" or "?+." Minor
contributors to features are enclosed in parentheses. Unidentified

lines are marked with a question mark. In a few cases, weak



features adjacent to intense absorption lines may be sidelobes of
the interferometric instrument line shape rather than real lines.
No effort was made to distinguish between the two.

2.2 Method of Identification

The majority of the assignments were made on the basis of
comparisons between the observational data and simulations produced
with_the 1980 Air Force Geophysical Laboratory (AFGL) Tine data
(Rothman, 1981; Rothman et al., 1981) and the constituent'profi1es
derived from the JPL spectra by Farmer et al. (1980). A simulation
in the HCL region is shown in figure 28.

First-overtone solar CO lines were identified in the HF channel
with the aid of a simulation of a high-temperature carbon monoxide
spectrum. The carbon monoxide line positions were calculated with
the constants of Dale et al. (1979) for 1200 and '3c0. The Yo,3
and Y1’3 Dunham éoefficients of 120 have been changed on the
basis of the measured positions of high-J lines reported in the
atlas of Goldman et al. (1982). Strengths were calculated with the
dipole moment function of Kirschner et al. (1977) following Tipping
(1976). Although a temperature of 6000 K was used in the
simulations, recent results indicate that a better fit to the data
can be obtained with a 4500 K layer. A number of other lines did
not change in strength with air mass and are listed as atomic solar
lines. A few have been identified in the HF region using the Hall
(1970) solar atlas.

Assignments for ozone within both channels were made using the

high resolution laboratory atlas of Damon et al. (1981). Methane
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features in the HF channel were identified with the aid of
laboratory spectra recorded at 100 K and room temperature, using the
high resolution (0.06 cm-l) interferometer at NASA Langley Research
Center. The room-temperature laboratory spectrum of CH, covering
the entire HF channel is shown in figure 29. In figures 30 to 45,
the CH, laboratory spectra at room temperature and =100 K are shown
in 10-<:m'1 segments along with the stratospheric solar absorption
spectrum recorded at a 94.7-degree solar zenith angle by the JPL
interferometer on the balloon f]jght from Broken Hill, Australia,in
1977. These laboratory spectra were recorded at 0.12 cm"1
resolution using a HALOE test cell (10 cm path length) filled with
0.8 atm of pure CH,.

Evaluation of Spectroscopic Parameters

3.1 H35¢c2 and H37Cs

Positions of (1-0) band lines of both isotopes have been
recently measured to an absolute precision of about 0.001 cm'1
(Guelachvili et al., 1981). This French group has combined these
measurements with experimental wavenumbers of the (2-0) and (3-0)
band lines (Guelachvili, 1976; Guelachvili et al., 1981) to obtain a
set of Dunham coefficients which can be used to calculate very accu-
rate Tower level excitation energies (*3 x 10-3 cm'l).

Intensities of the (1-0) band have been measured by Penner and
Weber (1953), Benedict et al. (1956), Babrov et al. (1959), Toth et
al. (1970), Varanasi et al. (1972), and Lin et al. (1978). In Table

3, experimental R-branch 1ine intensities from several of these

papers are compared with the values on the 1980 AFGL trace gas tape
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(Rothman et al., 1981). It can be seen in the table that the 1980

AFGL l1ine strengths appear to be consistently higher than the
measured values of Benedict et al. (1956), Toth et al. (1970), and
Varanasi et al. (1972) for the RO through R8 Tines, while the values
of Lin et al. (1978) are 5 to 15 percent lower than those measured
by the other three groups. The systematic low values of Lin et al.
(1978) have been attributed to the loss of HC& to the walls of their
absorption cell. The strengths on the new AFGL tapes were
calculated by Ogilvie et al. (1980) using a dipole moment function
derived from the line intensity measurements of Toth et al. (1970)
and other investigators in the (1-0) and (2-0) bands, the intensity
measurements in the higher overtone bands by Gelfand et al. (1981),
and molecular beam electric resonance data (Kaiser, 1970; Smith, |
1973). The apparent systematic difference between the AFGL
intensities and the majority of measured values in the (1-0) band
arises from the fact that the fundamental dipole matrix element
derived from the complete set of available data (Smith, 1973) is 5
to 8 percent larger than that derived from the Toth et al. (1970)
and Benedict et al. (1956) data. The estimated uncertainty of the
AFGL 1ine strengths is given as 10 percent. Varanasi et al. (1972)
have noted differences of similar magnitude between the intensity
measurements of various laboratories. Their own values are in good
agreement (5 percent) with the measurements of Benedict et al.
(1956) and Toth et al. (1970) in the R-branch, but in the P-branch
their 1ntensifies agree very closely with the measurements of Babrov
et al. (1959) and are about 10 percent higher than the Benedict et

al. and Toth et al. measurements.



Air-broadened halfwidths have not been measured for HCZ

lines. Values on»the 1980 trace gas tape are the Nz-broadened
_halfwidths of Toth and Darnton (1974) and have an estimated
uncertainty of *20 percent. Recently Houdeau et al. (1980)

have measured Nz-broadened halfwidths at 298 K and 163 K with an
uncertainty of less than 5 percent. Benedict et al. (1956),

Babrov et al. (1959), Rank et al. (1963), Miziolek (1977), and Lin
et al. (1978) have also measured Nz broadening of HCL in the (1-0)
band at room temperature with similar or larger uncertainty. These
results are summarized in Table 4. Toth and Darnton (1974) and
Benedict et é]. (1956) have assumed that the J-dependent pattern of
N2-broadened halfwidths is symmetrical about the band centef and
have published only mean values as a function of 'ml.

A]though direct measurements of air-broadened HCL linewidths
have not been reported, effective air-broadened widths may be
calculated from existing data on Nz-broadened and 0z-broadened
widths. Ron temperature measurements of 0z2-broadened halfwidths in
the (1-0) band have been:reported for the P1 - P8 lines by Babrov et
al. (1960), for the P7 - P9 lines by Miziolek (1977), and for lines
of both branches by Houdeau et al. (1980). Oé-broadened half-
widths were also measured by Houdeau et al. (1980) at 163 K. These
results, along with a measurement of the 0z-broadened widths of the
R10 Tine in the (2-0) band by Rank et al. (1960), indicate that the
Oz-bréadened widths have a different J-dependence than the No-
broadened values, and are as much as 50 percent smaller than the

corresponding Na-broadened widths. Based on the Houdeau et al.
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(1980)‘data, we calculate n = 0.69 and 0.84 for the average value of .

the temperature-dependence of the N,-broadened and 0,-broadened

halfwidths, respectively, where (Y/yo) = (T/To)'n and the halfwidths

-1 atm'1 units.

are in cm

Since the HALOE HC& instrument cell is filled with a gas
mixture containing 10 percent HC% bylvolume and 90 percent Ny, self-
broadened HCL halfwidths cannot be neglected in the spectroscopic
determinations of total pressure within the cell and, consequently,
the modulation (or the correlation function). The self-broadened
halfwidths are also 2 to 4 times larger than the corresponding Ny~
brdadeﬁed halfwidths. The only known nmeasurements of self-broadened
widths in the (1-0) band were made at relatively low resolution and
high pressures (Benedict et al., 1956; Babrov et al., 1960) and have
typical uncertainties of 7 to 14 percent.

An interesting result occurs in the retrievals of HCL mixing
ratios and total pressures in the HALOE gas cells from
high-resolution spectra which cover the whole (1-0) band. While the
mixing ratios derived from weak lines (J > 9) differs by 2 percent
or less from the P- to the R-branch, the pressure values retrieved
from stronger lines (5 < J < 8) are consistently 14 percent higher
in the P-branch than in the R-branch. Since rétrieva1s with the
stronger lines are more sensitive to hal fwidth, it is very likely
that this consistent difference in retrieved pressures is related to
an asymmetric J-dependent pattern of the self-broadened halfwidths
which indicates somewhat Targer halfwidths in the P-branch than in

the R-branch. This type of asymmetry in the P- and R-branches for
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self-broadened halfwidths has been calculated for the HF (1-0) and
(3-0) bands by Boulet et al. (1976),~whose results agree very well
with the measurements of Lovell and Herget (1962) and Spellicy et
al. (1972). Asymmetries in the distribution of the self-broadened
halfwidths have also been measured in the HC2 (4-0) through (7-0)
bands by Zughul et al. (1980) and have been discussed by DePristo et
al. (1981). It is unfortunate that the existing measurements of HC2
self-broadened halfwidths in the (1-0) band were not made with
sufficient accuracy to detect this asymmetry. To our knowledge, the
temperafure dependence of HC% self-broadened halfwidths has not been
measured invthe (1-0) band.
3.2 HF

The most precise wavenumbers available for the (1-0) band of HF
are the positions measured by Guelachvili (1976) with an absolute
accuracy of *0.00025 Cm-l. The rotational constants obtained from
the (1-0) and (2-0) bands can be used to obtain very accurate lower
state energies.

The HF Tine strengths on the 1980 AFGL trace gas tape (Rothman
et alﬁ, 1981) are based on the calculations of Ogilvie et al. (1980)
and are estimated to be accurate to about 10 percent. lIt should be
noted that these strengths are primarily based on the experimental.
results of Lovell and Herget (1962) and other investigators at
elevated temperatures (usually 100°C) where polymer formation is
small. Experimental values are compared to the 1980 AFGL values in
Table 5. Polymer formation occurs at lower temperature and is

strongly pressure and temperature dependent (Smith, 1958a). The Tow
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concentration of HF in the stratosphere assures that HF
polymerization is negligible. However, polymer formation has been
observed in laboratory spectra at room temperature in the HALOE HF
cells (0.2 atm, 50 percent mixing ratio, N2 broadened) and is
stronger at the lowest expected operating temperature of the HALOE
instrument (260 K).

No measurements of air-broadened HF halfwidths have been
reported in the literature. Broadening efficiencies of five N,-
broadened lines were measured by Smith (1958b) at 25°C and 100°C.
These measurements have been used to determine the halfwidth values
listed on the current AFGL trace gas tape (Rothman et al., 1981).
The accuracy estimated for these halfwidths is +20 percent, and
their temperature dependence is unknown.

Since the HALOE instrument HF cells are filled with a 50-50
mixture of HF in N2, accurate knowledge of self-broadened halfwidths
in the (1-0) band is essential for the spectroscopic analysis of
these cells and calculation of the moduiation signal. Self-
broadened halfwidths in both branches of the band have been measured
in the laboratory at 373 K by Lovell and Herget (1962) and are in
good agreement with the theoretical calculations of Boulet et al.
(1976). Hinchen and Hobbs (1979) have measured halfwidths for the
P4 through P13 lines at room temperature (296 K) in conjunction with
a detailed study of the influence of polymer formation on absorption
in this region. Their values are in "good agreement" with the
~earlier high-temperature results when scaled by the 1/V T

relation, although precise error estimates are not given for either



13
set of measurements. Room-temperature measurements of self-
broadened halfwidths for the R1 through R5 T1ines have also been
published by Beigang et al. (1979). However, these values are
consistently about 30 percent higher than those‘reported by the
investigators mentioned above. This discrepancy may be due to
experimental problems such as polymer formation or wall absorption,
which were not addressed in the Beigang et al. paper.' Preliminary
results from HALOE HF gas cell analyses indicate that values of
self-broadened halfwidths are less than those of Lovell and Herget
(1962) by about 30 percent.

Collisional narrowing of HF fundamental band Tines has been
observed by Pine (1980). Net narrowing of the Doppler distribution
was produced by Ne and Ar with Ne providing the larger effect.
HoWever, no narrowing was observed for N, and 0,, the most important
atmospheric gases.

3.3 Line Parameters of Interference Gas Transitions in the HCZ

Channel

As can be seen from identifications in Table 1, by far the
dominant interference gas in the HC2 channel is CH,. Absorption
lines of H,0, 03, and NO,, and a number of solar features have been
identified in the JPL balloon spectra, but they contribute only a
small fraction of the total absorption. In this secfion, the
accuracy of current state of the knowledge of the line parameters of
each of these interfering gases is discussed. We also briefly
consider the absorption line data for a number of other gases which

may contribute a small amount of absorption in the HC2 channel.
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(1) CH,

Methane 1line pabameters have been extensively updated for
2385-3200 cm'lin the 1980 AFGL compilation (Rothman, 1981; Toth et
al., 1981). This range éovers the HC2 filter region. The accuracy
of the positions and strengths depends primarily on the degree of
blending, but ranges from 0.001-0.006 cm'1 and 2 to 20 percent,
respectively. The current AFGL line strength cutoff value is 3.3 x
10_2u cm/molecule, which should be Tow enough to eva1uate the
effect of weak methane absorption on the HCL modulation signal at
all stratospheric tangent altitudes.

Air-broadened halfwidths on the 1980 tape were taken from
the calculations of Tejwani and Fox (1974) and are in generally good
agreement with laboratory measurements. These values, however,
depend significantly on the magnitude of the octopole moment of
methane, a quantity nbt accurately known at present.

(2) H20

Quite reliable positions and intensities are now available
for the 2vz, vi, and v3 bands of water vapor. Line parameters for
all of the isotopic species are presented in the recent extensive
compilation of Flaud et al. (1981) along with a list of references
of their work. It is expected that these data will be included in
the next update of the AFGL compilation. Air-broadened halfwidths
on the 1980 AFGL tape were calculated from the theory of Davies and
011 (1978).

(3) 03
Weak absorption by the 3vs band of ozone occurs near the

high frequency edge of the HC& channel. The positions on the AFGL
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tabe are accurate only within %5 cm-! and do not correlate with
ébsorption features observed at high resolution in the JPL balloon
data or the Damon et a].'(1981) ozone atlas. Assignments and
intensity measurements in the vi + v2 + vz band (center at
2779 cm'l) are currently being made by Barbe (private
communication, 1981), and he has additional unanalyzed laboratory
spectra which cover the entire HC1 filter region at a resolution of
0.025 cn” .

Until very recently, air-broadened halfwidths'of 03 were
known with no better than 60 percent accuracy. Hoell et al. (1982)
have measured air-broadening coefficients with much higher |
accuracy (*5 percent) in the 9um region, and other American and
French research groups are currently making similar measurements in
the 5 to 10 um and submillimeter regions. To our knowledge,
air-broadened 03 halfwidths have not been measured in the 2.5 um and
3.3 um regions, and their temperature dependence has not been
studied. |

(4) NO2

The vi + vz band (vq = 2906 en=') occurs near the low
frequency edge of the HC& channel. This band is quite intense, but
simulations by one of us (Park) indicate it does not produce
significant interference on the HC2 modulation signal. We
tenfative]y assign a number of weak absorption features to this gas
in Table 1.

Dana and Maillard (1978) have studied this band at
. 0.0033‘cm'l resolution with a Fourier transform spectrometer.

Recently, strengths have been measured by Toth and Hunt (1980) at
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0.02 cm-t resoiution. These improvements were not included in the
1980 AFGL trace gas compilation (Rothman et al., 1981), but will be
‘made in future updates of the compilation (Rothman, private
communication, 1981).

(5) Other Gases

For the HALOE HC& channel, in addition to parameters for

the gases discussed above, the 1980 AFGL trace-gas compilation lists
spectroscopic parameters for a number of bands of formaldehyde
(H2€0). Our simulations of the expected stratospheric H,CO signal,
based on these line data and on the concentration profile of Ehhalt
and Tonnissen (1980), as well as our examination of the
stratospheric spectra, indicate that absorption by H,CO is
negligible above 22 km.

| | A number of small halocarbon and hydrocarbon species, which
have been detected in the lower stratosphere by gas chromatographic
techniques, also have absorption features which Tie in the HC%
channel but which are not detectable in the JPL spectra. These
species include methyl chloride (CH3C2), methyl chloroform
(CH3CC23), ethy]ene'(CgHu), ethane (CoHg), and propane (C3Hg). As
was the case for H,CO, examination of the JPL spectra and estimates
of signal strength for the various gases based on the model
concentration profiles of Crutzen et al. (1978) indicate negligible
absorption by the small halocarbons and hydrocarbons above 22 km.
However, since the concentrations of these gases are increasing with
deptﬁ in the atmosphere, additional studies and spectroscopic data

are needed to determine their expected absorption in the lower
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stratosphere (12 to 22 km). High-resolution reference spectra
" between 2 and 5um for these species and other halocarbons and
hydrocarbons of stratospheric interest will be scanned at the
Langley Résearch,Center in the near future.

3.4 Line Parameters of Interference Gas Transitions in the HF

Channels

In our analysis of the JPL Mark I spectra, we are able to
identify absorption lines from the stratospheric gases CHy, H20, and
03, as well as HF, Interference in the HF channel is much weakerb
than in the HC& channel at all stratospheric altitudes, and the
strongest absorbers are CHy and H20. Numerous solar absorption
lines are prominent in the high-Sun spectra. Most are from the
first-overtone sequence (Av=2) of CO with a smaller number of solar
atomic lines. A discussion of the 1ine parameter data for these
transitions follows.

(1) CHy

The strongest lines of methane in the HF channel belong to

the v1 + vy band of ‘ZCHy. The center of this band (vo =
4223 cm'l) lies outside of the HF channel. Assignments and
molecular constants have been obtained for the region
4136-4288 cm-! by Husson et al. (1972) and Bobin (1974). The 13CH4
v + vy band has been analyzed by Pierre et al. (1978). Extended
assignments for the vz + vy band of 12CH4 have recently been
published by Hunt et al. (1981). Although the band center .is at
4313 cm'l, transitions were assigned in the HALOE channel region
to the P15 (--) manifold near 4070 cm'l. The majority of the CH,

lines in the HF channel have not yet been assigned,and no
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high-resolution strength measurements are available at this time.
Many of the lines are probably from the v, + 2v, band (center~near
4123 cm'l). The upper level of this band is strongly perturbed
because of the close proximity of the v; + v, and vg + v, levels.
Assigﬁments and strengths are being determined in this spectral
region by the French group at Dijon (L. Brown, private
comﬁunication, 1981).

(2) Hy0
The strongest lines of water vapor in the HF channel are
from 2v,, vy, and vy bands. The parameters for these transitions
were discussed in the last section.
(3) 03
Relatively strong ozone absorption occurs in the HF channel
at wavenumbers less than 4033 cm‘l. The identification of 03 in
the JPL spectra is based on the laboratory spectra of Damon et al.
(1981) which were recorded at room temperature with a resolution of
0.04 cm'l. Their data indicaté that the 03 absorption forms a
band head and that the HF channel is free of 03 lines for
v > 4033 cm'l. VWe are unaware of any research group that is
planning to obtain assignments or strengths of 03 in this spectral
region,
(4) Other Gases
In the HALOE HF channel, the 1980 AFGL compilations also
1list line parameters for CO2, N20, CO, and HI. For the first three
of these gases, our examination of the JPL spectra for tangent

altitudes down to 17 km, in addition to simulation studies,
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indicates nearly negligible absorption by these gases above that

altitude.

For HI, no detectable absorption is expected anywhere in

the stratosphere since the expected concentration of this gas is, at

most, a few parts per trillion.

Evaluation of Interference at the HC4 and HF Wavelengths

4.1 HcL

The spectral regioh near each of the HC2 lines in the HALOE

channel may be summarized as follows:

(1)

(2)

(3)

RO H37CR v, = 2904.1113 cm-!

The laboratory spectra of Toth et al. (1977)

- 21
(0.02 cm™ resolution) indicate that this line occurs at

a wavelength nearly free of methane absorption. In the
JPL balloon spectra (0.18 cm’1 resolution), this line is
clearly visible at the lower tangent altitudes, but our
simulations of these interferometric data indicate that
the HCZ line is slightly blended with the sidelobes of two

adjacent, relatively strong CHy lines.

RO H3%CL v, = 2906.2474 cm~!

This line is masked by'khe very strong F1(1)
component of the P11l Tine of the 120y, vz band. The
position of this methane line is 2906.2838 cm'l_(Ghérissf
et al., 1981).

R1_H7Ce vy = 2923.7330 cm~'

The lab spectra of Toth et al. (1977) show a

relatively strong methane feature at 2923.738 cm~t. Our

simulations indicate that the CHy, line is stronger than



(4)

(5)

(6)

(7)

20
this HC2 line in the lower stratosphere. Dana and
Maillard (1978) list six relatively strong NO, features
within 0.04 cm-! of this HC% Tine.

R1_H3%Ce vy = 2925.8973 cm-l

This line can be seen at all tangent altitudes in the
JPL data and is in a region free of methane and water
vapor absorption. Two relatively weak NO2 lines have been
recorded aﬁ nearly the same wavelength by Dana and
Maillard (1978), but simulations indicate that
interference from these lines is negligible for the JPL
spectra.

R2 H¥7ce vy = 2942.7226 cm-}

This ]ine is blended with a CHy 1ine at
2942.676 cm'l. This blend is partially resolved in a
stratospheric spectrum recorded by Zander (1981) at
0.04 cm'1 resolution.

R2 H35C% v, = 2944.9157 cm-!

This line is free of interference throughout most of
the stratosphere. A weak H,0 line occurs at 2944.886 cm-!
and would have to be considered at tangent altitudes less
than about 15 km (Zander, 1981).

R3 WcCs Vo = 2961.0688 cm-*

In the JPL spectra this line is blended with a
methane feature at 2960.948 cm'l. The two lines ére
resolved in the 0.02 cm'1 resolution spectra of Kendall
and Buijs (1979), but théir analysis suggests that this

HC2 1ine is overlapped by a weak, unidentified feature.
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R3 H35CL v, = 2963.2857 cm-!

In the JPL balloon spectra this line is blended with

!
a methane feature, but at 0.02 cm resolution these

~ lines appear to be fully resolved and the HCL line is free

of interference (Kendall and Buijs, 1979).
R4 H37Cs v, = 2978.7593 cm-t

This line is overlapped by the intense P4 line of the
IZCHq vy band. The E(0) component occurs at
2978.8482 cm'1 (Ghérissi et al., 1981). This HC& Tine
is partially resolved at higher tangent altitudes in the

Kendall and Buijs (1979) spectra.

(10) R4 H35C2 vy = 2981.0009 cm-'

4.2 HF

This line is blended with methane lines at 2980.841
_1
and 2981.083 cm~ in the JPL spectra, but is well
separated from the CHy lines in the Kendall and Buijs

(1979) spectra.

In this section we present a discussion of the interference

near each of the HF lines in the HALOE channel.

(1)

RO HF v, = 4000.9894 cm-'

This line is nearly coincident with the solar 12¢0
R77 line of the (8-6) band at 4001.010 cm'l. The Damon
et al. (1981) atlas of laboratory 03 spectra shows a weak
ozone line at 4000.812 cm'1 and a s1ight1y stronger
feature at 4001.089 cm"r. However, the HF/solar CO

feature appears to be well separated from the surrounding
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(3)

(4)

(5)
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03 features in the spectra of Kendall and Buijs. No CH,

interference in thiis region is indicated by our laboratory

spectra.

R1_HF vo = 4038.9625 cm-'

This 1ine is free of blending by solar and telluric
features (Zander, 1981; Zander et al., 1977; Farmer and’
Raper, 1977). An excellent 0.04 cm'1 resolution
stratospheric spectrum has been presented in this region
by Zander (1981).

R2 HF v, = 4075.2936 cm-'

This feature is blended with the solar 12C0 R30 Tine
of the (7-5) band at 4075.292 cm'1 and a moderately
strong H'®0 Tine at 4075.316 cn™ (Flaud and
Camy-Peyret, 1975). No CHq absorption was observed in our
laboratory spectra at this frequency. High-Sun JPL
spectra indicate that there is also a solar atomic line
blended with this feature on the long wavelength side.

R3 HF v, = 4109.9363 cm-!

Our laboratory spectra indicate that this feature is
blended with a CHy absorption Tine.

R& HF v, = 4142.8460 cm-'

At the resolution of éhe JPL balloon data, this line
is blended with the F1(0) and F2(0) components of the P11
line of the v + v, “2CH, band at 4142.636 cm~' (Husson et
al., 1972) and the P15 (3-1) and P3 (4-2) band lines of

solar 12¢0 at 4142.749 and 4142.873 cm'l, respectively.
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5.0 Requirements and Recommendations

In this section the spectroscopic requirements are presented
for the HF and HC2 channels. Since a major objective of HALOE is to
derive the HF/HCZ ratio, the 1ine parameter accuracy requirements
reflect the need for an accurate absolute determination of the HF .
and HCL gas mixiné ratio profi]es; Requirements for interpretation
of the spectra df the instrument and calibration cells, as well as
parameters for the atmospheric gases, are discussed. The accuracy
requirements for most parameters have been determined by varying
each parameter in simulations of the modulation signal as a function
of tangent altitude. This approach was used in the initial design
of the HALOE instrument (Russell et al., 1977). The values are
based on an instrument noise of 1 NEM (noise equivalent modulation)
and accuracies of the HALOE CHy and H20 mixing ratio profiles of
15 percent. A 1-NEM érror would result in an error of approximafe1y

5 percent in the retrieved stratospheric gas mixing ratio for each
channel. Unfortunately, gaps in the existing spectroscopic data set
prevented study of some effects (e.g. absorption by CHy in the HF
channel) so that a few accuracy requirements are estimates. Based
on the requirements defined here, recommendations have been made for
future spectroscopic research that would enhance the accuracy of
HALOE results,

5.1 'Hydrogen Halides

Accurate knowledge of line parameters in the fundamental bands
of HC% and HF is essential not only for the analysis of the

instrument cells and calibration cells, but also for calculation of
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the modulation signal in these two channels. The nominal fill
~conditions for the ée]]s and }equirements for préssure and mixing
ratio stability over a 2-year lifetime are listed in Table 6, along
with a summary of the Tine-parameter accuracy requirements which are
discussed "in detail 1éter in this section. The cell stability
requirements are based on the uncertainty in pressure or mixing
ratio which would produce an error of 1 NEM (noise equivalent
modulation) in the correlation signal.

We believe that the highest priority.shou1d be given to the
accurate determination of line strengths and widfhs in the HC& and
" HF fundamental bands. Existing positions and assignments
(Gué]achvi]i, 1976; Guelachvili et al., 1981) are sufficiently

accurate (*0.001 cm"l

or better) to meet the needs of the HALOE
experiment. As has already been discussed in sections 3.1 and 3.2,
absolute line strengths inAthese two bands are currently kndwn with
an accuracy of 10 percent at best. However, the recent measurements
of Gelfand et al. (1981) and Pio]]eﬁ-Marie] et al. (1981) in the
overtone bands of HC& indicate that it is currently possible to
measure hydrogen halide 1ine strengths with uncertainties of 3 to 4
percent. We recommend that line strength measurements of gimi]ar
accuracy (at least *3 percent) be carried out for the (140) bands of
both HF and HCZ. For the purpose of quantitative analysis of the
HALOE gas cells, the measurements should cover both branches of each
band, out to J = 11 for HCZ and J % 10 for HF.

The analysis of the stability of the HALOE gas cells also

requires very accurate (*3 percent) knowledge of the self-broadened
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and N,-broadened halfwidths in the fundamental bands of HC% (to J =

8) and HF (to J = 9). Measurements of these halfwidths should be
performed at a range of temperatures from room temperature (296 K)
down to the lowest expected temperature of the HALOE instrument in
orbit (about 260 K). It is knawn that absorption from the wings of
HC1 (1,0) band lines is greater than predicted by a Lorentz profile
(Benedict et al., 1956; Varanasi et al., 1972). Rather large

deviétibns from the Lorentz shape were observed for self-broadened

Tines by Benedict et al. (1956) when '“'“b, > 2 cm='. Further work

is needed to define the far-wing line shape for HC2 and HF self- and
N2 -broadened 1ines so that the proper line shape can be used for the
calculation of the HALOE'modulation signal.

For accurate simulation of the atmospheric absorption signal
due to HC& and HF, air-broadened halfwidths should be measured in
the (1-0) bands of both gases. This is especially important since
both the magnitude and J-dependence of the air-broadened halfwidths
may be significantly different from the corresponding Nz-broadened
values. For the purposes of the HALOE experiment, 6n1y the 1§w
J-Tines (J < 5) in the R-branch of each band need to be measured
with the desired acCuracy of 5 percent. However, measurements
covering the entire (1-0) band for each gas would be of great value
for analysis of data from other remote sensing experiments. These
measurements should be made not only at room temperature, but also
over the range of typical stratospheric temperatures (200 to 270 K).

We strongly recommend that the HCZ and HF line width and

strength measurements be carried out by two or more independent
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research groups using different spectroscopic techniques (e.g.,
high-resolution grating spectrometers, Fourier-transform interfero-
meters, laser techniques). Intércomparison of the results obtained
by various groups should lead to a very reliable determination of
the line parameters required for HALOE.

The effect of HF polymerization is important for HALOE and
needs further study. For calculation of the gas cell spectrum (and
then the modulation signal), it is very important to determine the
ffacfion of HF molecules in the form of polymers at the operating
temperature of the HALOE instrument. Any overlap of the polymer
spectrum into the HF filter region must be known accurately so that
its effect on the modulation signal can be evaluated. Although a
laboratory study of polymer formation within the HALOE gas cells in
this low temperature range (260 to 300K) is currently under way at
the NASA Langley Research Center, an independent study by another
group is desirable.

5.2 Interfering Species

Since the modulation signal results from a correlation between
the atmospheric and gas cell absorption spectra, the spectroscopic
parameters are required to be known very accurately within the
spectral intervals overlapped by the profiles of the gas cell
lines. For the conditions used to fill the instrument cells, this
interval is about 2 cm-! on both sides of the HF and HCi lines. The
accuracies listed in Table 6 refer to these spectral intervals.
Parameters of the atmospheric lines in the entire channel are still

needed in the HALOE analysis, but the accuracy requirements are much
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lower outside the spectral regions overlapped by the gas cell
lines. For the two primary interfering gases, CHy and H20, 1ine
parameters are needed for all lines'with strengths greater than 1 X
10-23 cm‘l/molecule and 4 X 10~ cm'l/mo1ecu1e, respectively. This
cutoff was selected so as to include all important interference
lines for tangent altitudes above 12 km. The line position accuracy
requirement is based on the Doppler halfwidth for CHy, the most
important interfering species. This accuracy will allow the effect
‘ of'ovér]apping lines to be computed properly. Most groups can now
derive line positions to this accuracy. Specific discussions of
each channel follow.

HF Channel. As noted in previous sections, most of the
interfering absorption lines are due to CHy and H20. Since line
parameters are unavailable for almost all of the CHy 1jnes, lab
studies are needed to obtain quantum assignments and accurate
positions, strengths, and halfwidths for these lines. Laboratory
groups should coordinate their efforts with the analysis in progress
at Dijon.

Water vapor causes a small but not insighificant contamination
within the HF cﬁanne]. The H20 interference can be evaluated to the
accuracy required by HALOE'from the 6 um band inversion résults and
the line parameters of Flaud et al. (1981).

Although no parameters are available for tﬁe strong 03
absorption lines observed at v < 4033 cm=! in the JPL balloon
spectré, these data are not essential for HALOE because. the ozone

absorption occurs only near the long wavelength edge of the filter
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for the HF channel. Only the RO line of HF is in the region of 0;
absorption, and a negligible effect is expected on the modulation
signal.

In the JPL spectra, a number of relatively strong solar lines
were identified near the HF lines. Since the T vs. 1 relation
changes across the solar disk, the strength of these lines will vary
from the 1imb to the center of the disk. This effect occurs in
addition to the variation of the brightness of the solar continuum
known as limb darkening. Most of the solar lines have been
identified as transitions from the first-overtone sequence of carbon
monoxide (CO). For these features, the absorption is strongest at
the solar 1imb where cob]er, higher layers of the solar atmosphere
are viewed and formation of CO mdlecu]es from carbon and oxygen
atoms is more complete. This effect should be considered. for HALOE
since atmospheric refraction changes the instrumental field-of-view
on the solar disk as a function of tangent altitude.

Lines of HF have also been observed in sunspot umbra (Hall,
1970). Since sunspots cover_only a very small fraction of the solar
disk, their effect should be negligible for HALOE.

HCL Channel. The HCR gas correlation signal is significantly
affected by strong, overlapping absorption by CHy. Fortunately, as
noted in sectionv3, parameters for the numerous methane bands in
this region have been compiled for the 1980 AFGL tape by Toth et
al. (1981). These positions, strengths, and Tower state energies
.should be adequate for computing the effect of methane interference

at all tangent altitudes. Measurements of CHy air-broadened half-
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widths with an accuracy of 10 percent or better are needed to check
the accuracy of the Tejwéni and Fox (1974) halfwidths currently on
the 1980 AFGL tape. | |
Absorptidn by H20 has a small. but not negligible effect on the
modulation signal. As for the HF channel, the line parameters of
Flaud et al. (1981) should be accurate enough to correct for the

water vapor contamination. Interference from NO2 and 03 is

negligible.
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Line Positions and Identifications within the HCL Channel
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CODE VIORSERVED)  [DENTIFICATION

NI, (CM—) )

]

K
-~

Ha 70O
B9EA . 070

AN VRN, NI A

h&lﬁ
¥ "t

g D3 L kY PSR BS ORYRY R BIRY RS

(a5 a2

S E T fat T

EPE0,025

140 2940.414

154 Bl B o

157 L, S
15 PRAL, RO
15% RRAT, OV

L4

THE o+ MR
H200 4+ =0LAR
H4

o4

SULLAR

M 4+ Mg
ZH4

H4

ke

H4

CHE 4+ M2
4

24

CH4a

2L

HA 4 3

* o EOLAR

S AR

SOl AR

M4

244

-4

L AR

4

GEHA)Y o+ EOLLAR

HOL + CHA

k4

A ) o+ B AR
4 ‘

Uk +  CEOLARD
M.

TH4 o+ 2

a4
L4
4

SO AR

i S



Table 1 (continued)

O vIORSERVEDR) TDENTIFICATION
NLI, (oM

140 2947 .41 4 M4
141 ZH4
142 W4
163 ; RTH M4
144 BRARTR7 CH4
1465 AR, 120 M4
XS N N [

L&k 3
167 ok
16403
1 &%
170
171
173
173
174
175
174
177
17a
179

CH4
CH4

LHA
H4
HA

M4 4+

ST

H4

CH4 4+ H2
CH4 + (H2
-4

H4

(2HA)Y - S0LAR
o4

I ST

H4

ZH4

SOLLAR ™)
CH4 + (ML)
SN

Ha ™)

H4

CH4

L4

HIZL + (CHa)
M4

CH4 + s0lLaR
M4

HEE IR

—
e’ .l-

-~

i b
P o

39
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Table 1 (continued)

COnE VOBSERVED) IDENTIFICATION
N1, (M1

PYGE, 490 b

L SR CHA

Ly 057 CHA + M
blyy BO7 CH4
67,13 T o+ EDLAR
£7. 370 ¥ : :
M0+ (DHA) + S0LAR
CHA

CH4

E 4 (CH4e)

ERTO. R

o "
210 BRTO T EOLAR
211 BT O -4
P B AT 2TE k4
S 22714611 4

214 2

78, 0h7 CHA -+ E0LAR

215 E?73J4E7 44

21l UG
M2+ O
4

H'n + 4
Cikd o+ P

P EE

Tl 405 H4

! 7L.7ﬁ] k4

CHA 0 ()

H0

H4

CH4 4+ (HEL)

ZH 4 :

CH4 +

(4 + S0Lak o)
MR A 0w ()

CHa

LHA 4+ WL+ (HED)
r:H4



Tahle 1 (concluded)

COE V(GBSERVEH) TOEMTIFICATION
N, (CM=t)

240 2. 045 03 CP)Y o+ S0lAR
241 P P Rl S I CH4

243 4 (NI G

243
244 G e £
245 R L Nl ] M0 o+ Qo)
244 w

247

ﬁﬂ ()

-
248 LEs

E0

wlod

[

NS

s

CHA (D)

H20 4+ 03+ (CH4)
CHA4 O3

CHa + ()

tH4

CHa +  (03)

oE o+ CHA
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Table 2

Line Positions and Identifications within the HF Channe]

COE v CORSERVELD IHENTIFI&QTIHN
MLl (M=)

1 4000 . 250
o A000 ., L9 4
= 4001 . 042
4 4001, 270
5 4001 . %544
ta 4002, 097
7 4002, B
@ AOO3 ., =5
4003, 455
4Oz, w7
4004, 152
4004, 741
4005, 435
AO0, 097
BO0E 547
400 . 730
4007 .34
AOOT 5
4007 wmy
400, 175
400, 578
4009, 007
A0
4010
4010,
4030
4011
4011
4011
4012
4092 , SAH 1IN
4012 RO 3
4013 LR EOLAR
4013 A TR
4013 SRR T
4014, 2% + EROLAR D
4014, 457 + EDLAR CCR
4014, 518 % '
4015, 141 e

Hai + molAR o

- L3 () 4+ BOLAR DO
12 ML S
- DG+ S0LAR 0
4

SOLLAR OO

C ATOMYC Z0LAR + Sobalk C0

EOLLAR L
MR+ SOLAR G0

SOLAR G0

¢ T+ ATOMIC S0LAR
HOLAR 000




lHUF
© NI,

40
a1
43
43
44
4%
VA
47
49
550)
=1
5
]
54
b
7,
57

b 125
i
&0
&1
Ll
L3
&4
frn
il
&7
l‘l_ll "
o)
70
71

Table 2 (continued)

v (ORSERVEDD
(M=)

'4u1A”n47

A0 16284
A0OL 42T

CA4QLT . 443

Q4O 15, 490
A0 8, s o

A4O1P . 14O

4019.473
40320, 037
40%O"ﬁiﬂ
46*1 '

44.1,.:‘4 .
4024, &
HORE, ¢
4O, 0
HO25 L
A0 6. 403
QO P43

TDENTIFICATION

3+ =0l AR

4 S0LoR
o

s+ S0LAR
PIE 4 EOLAR
Had + 03+
HA + (Ee)
SOLAR L U

(M4
{4
HOLAR

- ATOMI
SINLAR

C
i

A

il
I

LOLAR

+ SLLAR D

SOLAR TN

- SOLAR DD

SO AR P.

[N

43

-JLRh e
]lQH R

SOLAR DO
ATOMIL S0LAR
AR L0
- OHED o ATOMIC SOLAR
SOLAR CO

£
TE
74 4() .()
7E AQZO, HOE
T&  ADELLO7E
77 A0ELL 37

7J
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Table 2 (continued):

CODE v (ORSERVELD)

M.

e B i e e
PRI v A 1 R R s v
LN N S

LY

D]
e

(CM-1)

4032, 598

4()" ".,f/-
A0%4 ., 1535
4() 'Ll U'"’ &

4040, 245

4043, L4
4042, 090
4043, 194
4043, 450
4043, 780
4044, 244
4044 BT
4O4E, 2044
4044, 044
4084 LSEA
4047 72
AOAS, AES
4045, 414

4n4w.H/q_

A40%0, 1
[O%0, 5

4uhh.41A
QOEE Wy
GOEL . SER
4056, 730
QOSHT . 2LT
GOET LR
A0SR QT

IBENTIFICATION

2+ SOLAR GO
SLAR €O

SOLAR C0

EOLAR 20

SOLAR GO

SOLAR 0

SOl oo

M0

SINLAR 0

Hl-w

(H 1+ =0l AR l""l”’l
SOLAR D0

CH4 + SOLAR OO
ATOMIC S00.AR

....-l..ll.. ﬁh‘ (N
K [ .
Solak 0
CHA ()

B
:

M2 o B0 f%h’ A
zutﬁh [ ]

Hl ey o

EDIAR x|
SOl AR T
CHA () w m0LAR 40
4

CH4

EOLAR LG

T

“ﬁLﬁr DY
Hl ﬁih A

AR

SOLAR A+ SOLAR E

CiH (’) - ~”| ()R L



Table 2 (continued)

I v

4575
AT, L
AO7 4, BAC
4074,

1S
+ mOLLAR D

Ry
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Table 2 (continued)

e V(DRIERVED) IDENTIFICATION
MO, - (M=)

140 4075,
141 40/:“%“A SR 0

142 40746371 LAaF 10

13 4O7 6, b5 CHA  (F) + SOLAR 00
144 4077, 175 4

165 4077, g EOLAR

166 [OTT BT SOLLAR 00

L& BOTE . CHA 4 SOLAR D0
143 LOTE, AP SR

1405 4073, 745 CHA (7)) + EOLAR
170 4077, 115 ' S AR D0

171 : o Ha + S0LAR O
172 =OLAR 0

Ha + HF + il Ak oo

173 4UHU.£44 (H2CD 4+ EOLAR EU
174 4020, 787 UH4 -+ S50LAR 0
17% 40u1,
174 4081
177 401
178

HED <+ Rm0LoAR uu

¢

Yo mOlLAR 0
=)

] SOLAR 0
4054, OO CH4 )+ S0LAR L0
4”‘4 “"n G4 Py 4 S0LAR 20
Halr + S0LAaR o0

S0LAR 0
b 4 S0 Al GO0+ CATOMIC =00 AR
H3 4+ RLAR 0
1 4n'ﬁ 744 G () SOLAR 0
o QOET L OR0 EO.AaR ‘
iy 4OE7T, ey FHOHLAR O
24 407, San CH4 + =l AR oo
114 FLAY o+ (04 4 E0LAaR 0
R -4
S S RS
19 4090, Q75 M4 )
1 4000, 444 CHA o+ SOLAR 0




Table 2 (continued)

COneE v {DESERVEDD TDENTIFICATION
NI, (M=)

200 4020y, 2 =LAk 0
4091 CHA  + S0LAR G0
40 .5 4
4O, O 4
CHa
DM SR
OH4 )+ SlAR 0
- S R
QO3 70 SOLAR OO
40024, 045 M4
4oy, B4 CHA (7)) 4+ ATOMIC SOlAR
A4OS 1 eR I 1 T S W AT I
A0y, T4 4 ’
A6, O AN AT
A4OrL, =OL.AR
* 4O, AT CH4 o+
S ) 4027 L 04 SO AR
217 4097, CH4
21E A0w7.E H4
21 407 ik
U4
SOLLAR D0 v
g CHA -+ BOlAR D0
40, B0 7
4O w7 SOAR OO0+ ATOMIC SOlLAR ()
4100, 455 4
4101, 505 CHA 4+ BOLAR OO+ aTOMIC S0l AR
4101 2tk oH4 .
4102, 107 CHA 4+ 20l AR O
41002, 41 4 I 0 E
41052, Bbb HA
i CH4  + Z00akR O
43103, A6 , H4
A103 3] UL D
43104, 1304 . S I
4104, 470 N
4104,741
Q4105 , 474
4105, 75
4106, 058 M

Y o S0LAR OO
(CH4)

R URATE R
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Table 2 (continued)

S v {IRSERVELD IDENTIFICATION
NI (M)

240 4104, 244 CHA + SOLAR 0
241 4104 04 LHA ()
=42 410607386 Ha 4+ (ZH4)
a4 4107.077 HE
244 4107.3%7 (CHA)Y + SOLAR L0
el B 4107834 4
244 4108, 210 H4 .
=47 410, 442 SOLAR FE + S0LAR OO0
S48 ; LHA + SOLAR D
el 3 DH4 o+ 20
M4 4+ HF

B L4 )
41104650 CHA + SGLAR 0
4111.041 CH4 o+ SOlAR 20
41132.42% CH4
4112, 6950 UH4 4+ SOLAR OO0+ ATOMIC S0 AR
4113, 141 CHA o+ TS
41132.45 CH4 SOLAR L0

HEO

ES

EN
T

CH4 + @ibaklk oo

CHA4 A =m0l AR 20

L4

CH4 o+ EOLAR 0

GH4 + ATOMIC S0lLAR
4114 SOLAR D0

4117 1 CH4 -+ S0LAR G0
4117415 CH4
4117 “ (CH4) + ATOMIC S0LAR + SO0LAR CO
4118 CH4 -+ SAR G0

411%.19% CH4

411w, A CHA 4 S0LAR G0

4112, 730 CHaA

41200811 iH4 ATOMIC S0LAR

G120 46432 SOLAR O

4120, 992 CHA + SOLAR 20

A M2 + SR oo

T4

4

4 4 S0LAR 0

CHE + S0LAR O

4114
4115, 818
4115, 48
4115
4114

*




Table 2 (continued)

CONE V{ORSERVED) TUENTIFICATION
N1, (CM=1)

M4
-4
. oH4

4134, 206 CH4

4124731 iZH4
at M0

-4

SUHLAR 0

SOLAR OO

SOLLAR 0

ZH4

G4 -+ SOl AR O

CH4 + S0LAR OO

CH4 + (H20) + =S0LAR o0

HA 4+ SOLAR O

SO AR D

CH4

SOLAR

HA +

SOLAR

LH4 4+

H4 o+

=SOlAR

(44) + SOLAR O

CHA S0 AR 0

a0

CHA + AR CD

SOLAR 0D

HzE

CH4 o+ S0LAR OO

CHA 4+ SOLAR D

HOLAR D0

SOLAR G0

4

=SOLAR S0

CHA4 4+ S0LAR CO

CHA 4+ ATOMIC SOLAR

=S0.akR S

CH4 + S0AR 00

(CH4) 4+ S0 AR GO

SOLAR OO

(H22) <+ S0LAR D
SOLAR 0

SOLAR O

(SO AR D

CH4

+ 4+

41326, 420
81326, L5

o0
LN
00
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Table 2 (continued)

CODE VIOBRSERVEDRY  IDENTIFICATION

N1, (M=)

4139, 361
LB BE L
4140, 4185
4140, ¢

41471, 229
4141, Léé
4141 .934
4143, 1”?
4143
414L.f
4143,
By 43,92
41 44 /'("N)

4144, 70%
240 4147, 496
4147 .5344
4148, 54t

B4 4144 2
a4 414%., 03748
A4S 4.1 4%, 499
el Y & 150, O
247 4150, Bb
; 4151 .¢

41'4 jjm

G154 . EE
4155 2

TS 4155, 904

. (M

f bULQh o

CHA F 20D 4+ S0LAR DO .
SOLAR D
CHA 4+ S0LAR
AR
SOLAR
(CH4) + SOlLAR O
M+ SOLaR Ch
SOLAR D0

CHE + S0LAR OO

HF 4+ B2+ S0LAR D0
CHA Py o B0LAR CD
SOHLAR 0

-4

CHA - (HE2

SUHLAR 0

20

Ty o+ S0LAR 0
| AT W

CH4 o+ (M) 0 SULAR O
CHA 4 BOLAR DD
M 4+ O
4
4
CHA o mOlalk ATOoMTC
PH4
nlﬁh 0
4 ROLLAR D0
.uléh R

SUHLAR 0D
LAR 0
SOLLAR

(R0
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Table 2 (concluded)

CONE VORZERVELDD ITDENTIFICATION
N, (M=)

A1 5L, VS CHA o+ SOLAR GO
. 2Ha

A41ET7 L EE0 -4
4153, 02 )

H4

i 4

A4159, 041 CHA 4+ HZ20 + S0LAR G0
4159, 4460 CH4 4+ H2O + =S0LAR 0




Table 3

-2 -1
Comparison of Line Intensities (cm™ atm™ at 296 K)
in the R-Branch of the (1-0) Band of HC%

)

1980 | Toth et al. |Benedict et| Lin et |[Varanasi et
Line|Isotope| AFGL (1970). al. (1956) |al. (1978){al. (1972)

RO 35 5.58 5.03 4.84 4,35 5.21
37 | 1.81 1.65 "~ 1.65 1.41 1.71

R1 35 9.89 8.74 7.23 8.92
37 3.20 3.04 3.03 2.34 2.88

R2 35 |11.87 9.83 8.56 10.14
37 | 3.87 3.50 3.20 2.77 3.07

R3 35 11.45 : 9.61 7.98 9.95
37 3.72 3.31 3.52 2.58 3.38

R4 35 9.37 7.75 6.42 7.89
37 3.05 2.75 2.50 2.08 2.60

R5 35 6.67 6.02 4.81 6.59
37 2.17 1.99 2.04 1.56 2.20

R6 35 4.16 3.73 3.68 2.88 4,24
37 1.36 1.25 1.40 0.933 1.40

R7 35 -2.30 2.10 2.09 1.58 2.11
37 0.751 0.693 0.654 0.513 0.68

R8 35 1.14 1.07 1.05 0.813 1.08
37 0.369 0.351 0.409 0.263 0.44

R9 35 0.501 0.460 ; _ 0.48
37 0.164 0.151 0.17

R10 35 0.198 0.188 ‘ 0.20
37 0.0649 0.0624 0.068




Table 4

Comparison of Nitrogen-broadened HC% (1-0) Band
: _1 -1 o
Halfwidths (cm atm™ at 296 k).

‘Toth and {Houdeau | Babrov |Benedict*| Rank Lin
Darnton* | et al. | et al. | et al. |et al. et al. |Miziolek

m (1974) (1980) (1960) (1956) (1963) (1978) (1977)
-11 | 0.0172
-10 | 0.0204
- 9| 0.0247 : 0.0220 | 0.0307
- 8 | 0.0337 0.0269 0.031 0.0325 | 0.0349
- 7] 0.0412 0.0365 0.040 0.0420 | 0.0443
- 6 | 0.0543 0.0437 0.054 0.0585
- 5| 0.0642 0.0579 | 0.0597 0.062 | 0.0731
-4 1 0.0795 0.0681 | 0.0646 0.069 0.0900 { 0.0775
- 3| 0.0920 0.0770 | 0.0728 0.089 0.0985 | 0.0900
-2 | 0.0952 0.0837 | 0.0857 0.088 0.0960 | 0.0973
- 11 0.0967 0.0928 | 0.0932 0.092 0.1035 | 0.0997

1] 0.0967 0.0885 0.092 0.1105 | 0.1060

2 | 0.0952 0.0811 0.088 0.0980 | 0.1011

3 | 0.0920 0.0739 0.089 0.0955 | 0.0959

4 | 0.0795 0.0681 0.069 0.0845 | 0.0885

51 0.0642 0.0584 0.062 0.0665 | 0.0722

6.1 0.0543 0.0460 0.054 0.0565 | 0.0550

7 1 0.0412 0.0353 0.040 0.0395 | 0.0435

8 | 0.0337 0.0259 0.031 0.0305 | 0.0312

9 | 0.0247 0.0270 | 0.0216

10 | 0.0204 0.0180 ‘

11 | 0.0172

*Individual measurements of P and R branch widths not presented. We
Tist the same values for the corresponding lines of both branches.
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Table 5

at 296 K) of

-1

-2
(cm atm

the (1,0) Band of HF*

Comparison of Line Intensities

Hinchen and
Hobbs (1979)

PN N T N T T P PP

FTONNAHOO e —

[ I I B B R o e

Nt Nt Setastt Nt Npesst st gt vt gt

VMO NS O WL

540523314
L ] . . *

111631412

Kuipers

PN SN N P P PN PN P BTN P P, TN N T T
OQrderdtrderdrdrdrd = O OO —t
+ +++++ 4+ ++ 4+ + 4+ + + 4+ 1

e Mt Ml M et e e et S Mt e Nt S S N S
5238718940098533

1412453356418261

Lovell and
Herget (1962)](1958)

PN P S, N PN TN N T T T P P TN
Oerderdedrdrmirdierdrd et e O O
+ 4+ + 4+ + 4+ + 4+ ++++ + 1t
Nt Nt St St gt st st Vsl v e " st st Nt
TONSTONANLYD WO LWLW <k
41475375801199
------

41234335542926

1980
AFGL

LI R R R IR e o e o s o o 2T o S B . NN N SN N I R B |

Line

numbers in parentheses are powers of 10.

*Note:



Table 6

# HALOE HC2 and HF Cell Conditions
and Line Parameter Requirements

HC% HF
Nominal Fill Conditions
* Instrument Cell
- Pressure 0.1 atm - 0.2 atm
- Mixing Ratio 0.1 0.5
* Calibration Cell 1
- Pressure 0.07 atm 0.07 atm
- Mixing Ratio 0.021 0.021
» Calibration Cell 2
- Pressure 0.01 atm 0.01 atm
- Mixing ratio 0.064 . 0.008
Gas Cell Stability Requirements )
- Pressure 3% 10%
- Mixing Ratio 3% 10%
Line-parameter Accuracy Requirements
* Absorbing Gas
- Position +0.003 cm=! | +0.003 cm-?
- Strength 3% 3%
- Self-broadened Halfwidth 3% 3%
- Np-broadened Halfwidth 3% 3%
- Air-broadened Halfwidth 5% 5%
* Interfering Gases
- Position +0.003 cm~! +0.003 cm-?
- Strength (see text) 3 to 5%. 3 to 5%
- Air-broadened Halfwidth 5 to 10% 5 to 10%

(see text)
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JPL Mark | SpeCtrO quenumber (em™)

2889 2%90 2%91 2892 2893 2894 2895 2896 2897 2898 2899 2900
l l | | ! | I b

1.0__RUN —1.0

1of- 19 I VA'A" 20 Vasnanande It

LO__1997‘~—-*“~\/‘*\/’**\./’~—f$—\Vr\/*‘“"\k//“\\/“\//‘”\/f””““‘“~’\»\/‘\.1.0

1.0-1998 W\/W\/Wm
1999

1.0+

200
102 Mm/w1.o
1,0}-2001 1.0

Intensity

4t~ —1.4
3 .3
2 —1.2
- -1
0_ t LI [ N T O T T A B A O | | [ | R T T I T I'TO
0 20
| | | | l l | | | l

2889 2890 2891 2892 2893 2894 2895 2896 2897 2898 2899 2900

Wavenumber (cm™)

| . | -1
Figure 1.-JPL stratospheric spectra in the region 2890-2900 cm .

Intensity




JPL Mark | Spectra
2899 2900 2901 2902

Wavenumber (cm™)

2903 2904 2905 2906 2907

2908

2909

2910

1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0

Intensity

[ I D I T e

| | | 1 I I | |

(|

|

L1
50
1

T

2899 2900 2901 2902 2903 2904 2905

Wavenumber (cm™)

2906 2907

2908

2909

2910

intensity

Figure 2.-JPL stratospheric spectra in the region 2900-2910
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JPL Mark | Spectra

2912

Wavenumber (cm™)

2909 29I1 0 29‘1 1 | 29‘1 3 29{1 4 29{1 5 29|1,6 29|1 7 29| 18 29I1 9 2920
1.0-RUN —1.0
1.0 1984 =1.0
1.0 1996 1.0
1011997 10
1.0 1998 1.0
1.0l 1999 1.0
1.0f-2000 1.0
1.0 2001 1.0
102002 1.0

1.0

Intensity

S —1.3

2 —.2

A .1

0L A IR N A I R S L lalolul"qo
| 1 | l l | l L1 |

2909 2910 2911 2912 2913 2914 2915 2916 2917 2918 2919 2920

Wavenumber (cm™')

intensity

. — 1
Figure 3.-JPL stratospheric spectra in the region 2910-2920 cm™".
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JPL Mark | Spectra

Wavenumber (cm™)

2919 2%20 2%21 2%22 2%23 2%24 2%25 2%26 2%27 2%28 2%29' 2930
1.0~RUN —11.0
1.0t 1984 1.0
1.0} 1996 1.0
1.0 1997 1.0
1.0~ 1908 =1.0
1.0 1999 =1.0
'Lo-jzooo 1.0
10k s001 10
. 1.O~-2002 1.0
2 101
§‘ .QFZOOB
=
5|-2004
Je o
6
5
A
3
2+
A | T
O"A | [ | | | [ | | o | R I I ll"—0
l | | » I | | [ 1IOO | |

2919 2020 2921 2922 2923 2924 2925 2926 2927 2928 2929 2930

Wavenumber (cm™)

intensity

Figure 4.-JPL stratospheric spectra in the region 2920-2930 cm'].
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JPL Mark | Spectra
2929 2930 2931 2932 2933

Wavenumber (cm™)
2934 2935

2936

2937

2938

2939

2940

! ! I I
1.0~RUN

1.0}-1984

I

—11.0

1.0

Wavenumber (cm™)

1.0 1996 1.0
1.0 1997 1.0
1.0[-1998 1.0
1.0+ 1999 1.0
1.0-2000 1.0
1.0-2001 1.0
1.01~ 2002 1.0
2 1.0F2003
5
E 9 j00s
3
T
sl
5
A
3
2+ ! —.2
1+ —1.1
0"'7 I|11|0| III b ll 11 II 12Iol II o J [ II l‘ H%OH Il III -0
2029 2930 2931 2932 2933 2934 2935 2936 2937 2938 2939 2940

intensity

Figure 5.-JPL stratospheric spectra in the region 2930-2940 cm .

1
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JPL Mark | Spectra

Wavenumber (cm™)

2939 29|4o 29I41 29142 29I43 294 29145 2946 29'47 29I48 29I49 2950
1.0k 1.0
1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
210
%
g
3
7
6
5
4
3
2
A
0 0
- II 1)(-0I ; 1 IJI [ l ] I115|O | II I‘I ll [ lll16lolll | lll |-|—|
2939 2040 2041 2942 2943 2944 2945 2046 2947 2048 2949 2950

Wavenumber (cm™)

intensity

Figure 6.-JPL stratospheric spectra in the region 2940-2950 cm .
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Figure 10.-JPL stratospheric spectra in the region 2980-2990 em
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Figure 12.-JPL stratospheric spectra in the region 4010-4020 cm ',

1

67



intensity

JPL Mark | Spectra

Wavenumber (cm™) -

4019 4020 4021 4022 4023 4024 4025 4026 4027 4028 4029 4030
RUN | I x ( l i | | — |

102305 ' 1.0
1.0f~2307 1.0
1.0 5310 1.0
1.0} 2311 1.0
1.0 5319 1.0
100933 11.0
1.0 2314 —1.0
] S 1.0
1 ',0 = a1 1.0
1.0 1.0
| 2317 _
1.0} 1.0
o218
1 ol-2319
1.0}-2320

92321

8-

T

B

5

1

3k

2

Rl .1

O 5110 | lI | | l I I l |6|0 i Il | Il 1 II I ll { I 7|O 1 1™ 0
4079 4020 4021 4022 4023 4024 4025 4026 4027 4028 4029 4040

Wavenumber (cm™)

Intensity

Figure 13.-JPL stratospheric spectra in the region 4020-4030 cm ',
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Figure 14.-JPL stratospheric spectra in the region 4030-4040 cm_].
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Figure 17.-JPL stratospheric spectra in the region 4060-4070 cm'].
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Figure 18.-JPL stratospheric spectra in the region 4070-4080 cm'].
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Figure 19.-JPL stratospheric spectra in the region 4080-4090 cm'].
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'Figure 20.-JPL stratospheric spectra in the region 4090-4100 cm .

1

75



JPL Mark | Spectra

Wavenumber {cm™)

4099 4100 4101 4102 4103 4104 4105 4106 4107 4108 4109 4110
T | T T 1 l i T !‘
105 5s0s 1.0
102307 1.0
10k 5510 1.0
101 o 1.0
1ok o 1.0
1o 1.0
1Ok a1 1.0
10F s 10
1o 10
M0 o517 1o
> o 1.0
E; MO 5319 1.0
£ 1.0 1.0
|2
2321
o
A
k-
Bl
5
-
A
2=
Ak ~.1
O" l [ N [ ll vl zé? ] | llwl‘ wl. l l .lv l‘ ;24I.Ol |. ll | l i JI | 2—500 |
1055 F100 4101 4102 4105 41047 4105 4106 4107 4108 4109 4110

Wavenumber {cm™)

- Intensity
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Figure 22.-JPL stratospheric spectra in the region 4110-4120 cm™ .
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Figure 29.-Room-temperature laboratory spectrum of methane recorded with 0.8 atm
of pure CH4 in a 10 cm path length HALOE test cell.
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Figure 33.-Comparison between 100 K and 360 X methane laboratory spectra and a JPL stratospheric
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Figure 34.-Comparison betweer 100 K and 300 K methane laboratory spectra a?d a JPL stratospheric
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Figure 35.-Comparison between 100 K and 300 K methane laboratory spectra a(lud a JPL stratospheric
spectrum (tangent altitude=18.5 km) in the region 4050-4060 cm™'.
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Figure 36.-Comparison between 100 K and 300 K methane laboratory spectra and a JPL stratospheric
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Figure 38.-Comparison between 160 K and 300 K methane laboratory spectra azl1d, a JPL stratospherﬁ'c
spectrum (tengent altitude=18.5 km) in the region 4080-4090 cm~!,
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Figure 40.-Comparison between 100 X and 300 K methana laboratory spactra and a JPL stratospheric
spectrum (tangent altitude=18.5 km) in ths region 4100-4110 cm-1,
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Figure 41.-Comparison between 100 X and 300 X methane laboratory spectra and a JPL stratospheric
spectrum (tangent altitude=18.5 km) in the regien 4110-4120 em 1,
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Figure 43.-Comparison between 106 K and 300 K methane laboratory-spectra and a JPL stratospheric

spectrum (tangent altitude=18.5 km) in the region 4130-4140 em-1,
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Figure 44 . -Comparison between 100 / and 300 K methane laboratory spectra and a JPL stratospheric
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