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Abstract  

The magnetic dipole-allowed spin-rotation lines of O~ potentially 
can be used for pointing calibration and confirmation of float alti- 
tude for far infrared spectra of the stratosphere obtained from bMloon 
platforms. We demonstrate that current deficiencies in the spectro- 
scopic database, particularly the air pressure-broadening coefficients, 
severely limit the capability of deriving useful pointing calibrations, 
and that precise pressure-broadening measurements for the transi- 
tions actually used in calibration are needed to improve this capabil- 
ity. 

I N T R O D U C T I O N  

Thermal emission spectroscopy from balloon and satellite platforms is 
capable of measuring a number of stratospheric gases that  are important  
for understanding the photochemistry of the Earth's ozone layer (Chance et 
al., 1985, 1989; Traub et al., 1990, Carli et al., 1985, 1989; Carli and Park, 
1988). The technique has the strength that  it can make measurements 
throughout the diurnal cycle. A requirement for emission measurements is 
that ,  unlike solar absorption measurements, the instrument pointing must 
be absolutely determined without a built-in reference (i.e., the solar posi- 
tion). The need for absolute angular pointing information is particularly 
important  in limb-viewing, the normal method for stratospheric measure- 
ments, where the measurement heights are steep functions of viewing angle. 
This determination must be made for a viewing platform, the balloon gon- 
dola, that  is inherently subject to substantial tilts and pendulum motions. 
For measurements from satellite platforms which, due to their greater dis- 
tance from the horizon, have measurement heights which are much stronger 
functions of viewing angle than for balloon platforms, absolute pointing cal- 
ibration is even more demanding. The methods used to determine viewing 
angle include mechanical means (Coyle et al., 1986; Traub et al., 1986) 
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and the use of atmospheric lines from well-mixed constituents in the atmo- 
spheric spectra themselves. The use of atmospheric emission lines includes 
C02 in the mid infrared (Gille and Russell, 1984), and the magnetic dipole- 
allowed spin-rotational lines of 02 in the far infrared (Abbas et al., 1987; 
Carli and Park, 1988). The latter study also used 02 spin-rotational lines 
to determine the float height of the balloon gondola. 

In this paper we discuss some radiative transfer considerations for de- 
termination of pointing information from line measurements and the cur- 
rent status of the line parameters available for the analysis of atmospheric 
spectra to obtain pointing information from O2 far infrared lines. 

CALCULATIONS AND DISCUSSION 

At altitudes below 40 km the stratospheric lines of 02 are well-approxi- 
mated as Lorentzian lines with widths determined by pressure broadening 
from the ambient air (the Doppler/Lorentz crossover point for the highest 
frequency line considered here is at ,,~45 km). The lines have halfwidths 
of typically 2x10 -4 - 2)<10 -3 cm -1 over the range of stratospheric pres- 
sure. The lines as observed by the current generation of instruments (e.g., 
Fourier transform spectrometers with resolutions of 0.003-0.004 cm -1) are 
unresolved except in the lowest part of the stratosphere. This means that 
the information content is primarily in the line equivalent widths. As 
with most prominent lines in the far infrared stratospheric spectrum, the 
spin-rotational lines of 02 are fully saturated, that is, the observed line 
equivalent widths are proportional to V/-~, where S is the line intensity, 
and b is the Lorentzian line width (Penner, 1959). Thus, the line inten- 
sities and the air pressure-broadening coefficients for Ou at stratospheric 
temperatures are of equal importance for the determination of pointing 
or altitude information from measured spectra. The positions of the 02 
spin-rotational lines are precisely known from laboratory measurements 
(Mizushima et al., 1984; Boreiko et al., 1984; Pickett et al., 1981, Jennings 
et al., 1987) and can be readily identified in stratospheric spectra. 

The 02 electronic ground state is 32~: The molecule possesses an 
electronic spin angular momentum, S, of 1, with no net electronic or- 
bital angular momentum. The total angular momentum, J,  is determined 
from the coupling of the rotational angular momentum N with S. The 
spectrum of magnetic dipole-allowed transitions includes microwave lines 
(AN=0, A J = l )  and far infrared lines (AN=2, A J=0,1); additional, much 
weaker, lines are allowed through the interaction of the molecular electric 
quadrupole moment with radiation. Only states with odd N are allowed 
for 1602. As the interaction with radiation for the magnetic dipole-allowed 
transitions is due to the magnetic dipole moment of very dose to 2 Bohr 
magnetons, with small, well-determined corrections to the electron spin 
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magnetic g factor from relativistic and diamagnetic effects, and inclusion 
of small terms from spin-orbit and spin-rotation interactions (Tinkham and 
Strandberg, 1955a,b; Bowers et al., 1959; Mizushima et al., 1984), the ma- 
trix elements from which line intensities are determined are quite accurate. 
Variation of the line intensities with temperature is due to the changing 
Boltzmann factors, which are readily calculated from the precisely-known 
energy levels. The overall intensities are calculable to at least 2% accuracy 
from the eigenvectors which diagonalize the Hamiltonian, and measured 
g-values (Tinkham and Strandberg, 1955a; Bowers et al., 1959; Boreiko et 
al., 1984; H. M. Pickett, private communication, 1990). The values in the 
current Air Force Geophysics Laboratory HITRAN listing (Rothman et al., 
1987), however, are from earlier calculations and are in error by more than 
5% for some lines. 

Knowledge of air-broadening coefficients is currently much less precise 
than that of line intensities. A number of measurements of self-broadening, 
and a few of nitrogen-broadening or of air-broadening have been made on 
the microwave lines (Anderson et al., 1952; Hill and Gordy, 1954; Pickett 
et al., 1981; Stafford and Tolbert, 1963; Tinkham and Strandberg, 1955c; 
Zimmerer and Mizushima, 1961). Some of these studies have been made 
over temperature ranges which span the stratospheric temperature range 
(Hill and Gordy, 1954; Pickett et al., 1981; Tinkham and Strandberg, 
1955c). Only a few measurements have been made of the far infrared, 
spin-rotational lines, including 02 and N2 broadening of the S1Q2 line at 
14.17 cm -1 (Pickett et al., 1981) and two lines at higher frequency: the 
$9Q10 line at 60.46 cm -~ and the $13Q14 line at 83.47 cm -1 (Jennings et al., 
1987; Nolt et al., in preparation - K. Chance, private communication, 1990). 
The current HITRAN line parameter listing contMns values for far infrared 
lines that are obtained from self-broadening (i.e., broadening only by 02) 
studies of the AN=0 microwave lines at 300 K (Battaglia and Cattani, 
1968; Anderson, Smith, and Gordy, 1952; Hill and Gordy, 1954; Krupenie, 
1972) by matching the lower state of the far infrared line with that of one of 
the microwave lines. They are extrapolated for spin-rotational transitions 
from states not included in the microwave measurements. These listings 
include a suggested temperature coefficient for all lines of n = -0.5, where 
7(W) = 7(296)(T/296) n. 7 is the pressure-broadening coefficient and 296 
K is the standard temperature for compilation. The value -0.5 is that for 
hard sphere broadening interactions. We note that measured temperature 
coefficients for air broadening vary considerably with transition, but tend 
to be somewhat larger than 0.5 (Hill and Gordy, 1954; Pickett et al., 1981; 
Tinkham and Strandberg, 1955c). The 02 line parameters were added 
to the listing in present form in the 1982 update (Rothman et al., 1983). 
The HITRAN values are extensively used for the determination of pointing 
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T A B L E  1. 02  A i r -Broaden ing  M e a s u r e m e n t s  
(cm-1 arm-if 

v (cm -1) 7(AFGL) 7(other)  n(other) 7(AFGL) 7(other)  
296 K 295-300 K 245 K 245 K 

1.9496 0.0440 0.0525 b -0.85 0.0484 0.0623 
1.9877 0.0420 0.0456 b -0.90 0.0462 0.0548 
1.9735 0.0440 0.0510 b -0.84 0.0484 0.0604 
1.9455 0.0430 0.0492 b -0.76 0.0473 0.0574 
3.9611 0.0500 0.0546(24) c -0.82 0.0550 0.0635(28) 
14.1686 0.0450 0.0658(71) c -0.15 0.0495 0.0677(73 ) 
60.4554 0.0400 0.0440 0.0511(20) 4 
83.4685 0.0380 0.0441(43) e 0.0418 - 

Uncertainties are l a ,  in the final digits. 
5 Hill and Gordy~ 1954. No uncertainties given. 
c Pickett et al., 1981. 
4 Jennings et al., 1987. Measured at 245 K. 

NoR et al., manuscript in preparation. 
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information from atmospheric measurements (Carll and Park, 1988). 
We compare the parameters in the HITRAN listing with other,  mostly 

more current, measurements at stratospheric temperature,  to see the im- 
plications for analysis of stratospheric spectra. The comparison is made 
at 245 K, corresponding to a typical balloon float altitude of 38 km and 
to the temperature  of the published air pressure-broadening measurement 
for the S9Q10 line at 60.46 cm -1 (Jennings et al., 1987). Values chosen for 
comparison include those where air-broadening and its temperature  depen- 
dence have been measured, plus the additional far infrared measurements. 
Table 1 shows the values in the IIITRAN listing at the standard 296 K 
temperature;  the other measurements at temperatures of 295-300 K (plus 
that  of the 60.46 cm -1 lines at its 245 K measurement temperature)  and 
their temperature  coefficients when available; the HITRAN values calcu- 
lated at 245 K; and the other values at 245 K. Measured values in the table 
include l a  uncertainties, when available. 

The measured air-broadening values at 245 K (column 6) for which 
experimental uncertainties are available have an average l~r uncertainty 
of 6%. Note that  the uncertainties for the lines at 3.96 and 14.17 cm -1 
are calculated without including uncertainties in temperature  dependences 
and, thus, may be slightly low. The uncertainties for air-broadening of 
rotational lines taken from O2~ of rotationless lines in HITttAN 
(column 5) are unknown. Battaglia and Cattani (1968) estimate the er- 
ror for their microwave self-broadening studies at 5-7%, and Anderson, 
Smith, and Gordy estimate the error for theirs at 20% (two lines from 
this lat ter  study are used in HITP~AN); these values cannot, of course be 
applied to the far infrared lines since they do not take the different quan- 
tum levels and different broadening partners into account. The column 6 
values are systematically 23=t=8% larger than the values derived from the 
HITRAN database using the recommended temperature  coefficient of 0.5. 
Thus, pointing or gondola altitude results obtained using the HITRAN 
coefficients will be uncertain by at least 24% in airmass, even before con- 
sideration of other experimental error sources. This amount  corresponds 
to an error of ,-2 km in balloon altitude or measurement tangent height. 
The 23% systematic bias that  our calculations suggest corresponds to mea- 
surement altitudes that  are low by a corresponding amount and, thus, re- 
trieved relative concentrations (i.e., mixing ratios) for other species that  
are correspondingly low. Note that  our calculated bias is highly uncertain, 
and that  we do not recommend applying it as a correction for calibrations 
(we note that  it includes measurements for which there are no published 
uncertainties). Rather,  we consider it to be a determination that  shows 
the scale of possible errors and a preliminary indication that  it may be 
possible to extend measured pressure-broadening coefficients with appro- 
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priate theoretical calculations once sufficient laboratory measurements of 
sufficient accuracy are obtained. For the present, only lines with mea- 
sured air-broadening coefficients, and their temperature dependences, are 
reliable for calibration of field spectra. Measurement uncertainties from 
the laboratory translate directly into proportional uncertainties in point- 
ing or altitude and must be included in the subsequent error analyses for 
atmospheric constituent determinations. 
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