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Absfract-Stetlar ultraviolet light near 1SOOA is attenuated in the Earth’s upper atmosphere 
due to strong absorption in the Schumarm-Runge continuum of molecular oxygen. The 
intensity of stars in the Schumann-Runge continuum region has been monitored by the 
University of Wisconsin stellar photometers aboard the OAO-2 satellite durin 

‘I, 
occultation 

of the star by the Earth’s atmosphere. These data have been used to determine t e molecular 
oxygen number density 

P 
refile at the occultation tangent point. The results of 14 stellar 

occultations obtained in ow and middle iatitudes are presented giving the night-time vex&a1 
number density profile of molecular oxygen in the 140-200 km region. In general, the measured 
molecular oxygen number density is about a factor of 2 lower than the number densities 
predicted by the CZZ&4 1965 model. Also, the number density at a given height appears to 
decrease with decreasing solar activity. Measurements taken at low latitudes during the 
August 1970 geomagnetic storm showed a decrease in the molecular oxygen number density 
at a given height several days after the peak of the storm followed by a slow recovery to 
pre-storm densities. 

1. INTRODUC’FION 

The first attempt at determining the molecular oxygen concentration in the upper 
atmosphere by U.V. absorption spectroscopy was made on a V-2 rocket experiment in 1949 
(Friedman et al., 1951). The molecular oxygen concentration was obtained from the 
solar U.V. absorption measurements made at various altitudes by a spectrometer aboard the 
rocket. Since then, numerous rocket flights have been made to examine the molecular 
oxygen dis~bution and its variations, in addition to dete~ining the U.V. spectra of the 
Sun (Byram et at., 1955; Kupperian et al., 1959; Jursa et al., 1963; Hall et al., 1963; 
Hinteregger et al., 1965; Week and Smith, 1968; Opal and Moos, 1969; Quessette, 1970; 
Brannon and Hoffman, 197 1). 

The molecular oxygen distribution in the altitude range 100-200 km has also been deter- 
mined from mass spectroscopic measurements (Schaefer and Nichols, 1964; Nier et al., 
1964; Hedin and Nier, 1966; Schaefer, 1968; Krankowsky et al., 1968; von Zahn and 
GToss, 1969). In addition to molecular oxygen, the other major and minor constituents of 
the upper atmosphere are likewise determined as a function of altitude during the rocket 
flight. 

More recently, satellites have been used to determine the properties of the upper at- 
mosphere from U.V. absorption measurements. The satellites have monitored the attenua- 
tion of solar U.V. radiation in various isolated wavelength intervals during occultation 
at orbital sunrise and sunset. These data have been used to retrieve the neutral air density 
(Thomas et al., 1965; Kreplin, 1965; Venables, 1967; Landin et al., 1965; Landin et al., 
1967) and the molecular oxygen distribution in the lower thermosphere (Thomas and Nor- 
ton, 1967; Norton and Warnock, 1968; Link, 1969; Stewart and Wildman, 1969; Lackey 

339 



340 P. B. HAYS and R. G. ROBLE 

et al., 1969; Reid and Withbroe, 1970; May, 1971; Roble and Norton, 1972). These 
measurements, however, are limited only to sunrise and sunset. 

Hays and Roble (1968a) suggested that U.V. stars may be used as source for occultation 
measurements to determine the night-time distribution of molecular oxygen and ozone in 
the lower thermosphere and upper mesosphere. Their calculations showed that in the spec- 
tral region near 1500 A attenuation is primarily due to absorption by molecular oxygen, and 
that Rayleigh scattering and absorption by other minor constituents can be neglected. 

During the past few years, we have used the Orbiting Astrono~cal Observatory (OAO- 
2) to obtain U.V. stellar occultation data in various spectral intervals. These data have been 
used to obtain the night-time molecular oxygen number density and neutral gas temperature 
in the lower thermosphere from about 140-200 km. The purpose of this paper is to describe 
the experimental technique and discuss the results which were obtained during quiet and 
disturbed geomagnetic conditions. 

2. EXPERIMENTAL TECHNIQUE, 

The general details of the stellar occultation technique (Fig. 1) have been described by 
Hays and Roble (1968a, b), Hays et al. (1972) and Roble and Hays (1972). Here we 
describe the specifics of the occultation measurements made by the OAO-2 satellite. 

U-V STELLAR OCCULTATION 

t 
I&l 

FIG. 1. GEOMEFRY OF STELLAR OCCULTATION, r,, = rt. 

The OAO-2 satellite has one 16 in. dia U.V. telescope, four 8 in. dia U.V. telescopes, and 
an U.V. spectrometer having a resolution of approximately 5 A. The University of Wis- 
consin optical package, used in conjunction with the telescopes, consists of a series of U.V. 
ftlters which are used for stellar photometry. Filter (4-1) shown in Fig. 2 has a broadband 
transmission function centered near 1450 A in the Schumann continuum region of molecular 
oxygen. This filter was used to obtain the molecular oxygen distributions from the stellar 
occultation measurements. The detection systems of the U.V. telescopes have a variable time 
integration range. The data shown in Fig. 4, which is typical of the high data rate occulta- 
tion scans, has approximately a l-5 km altitude resolution between data points. 

Prior to occultation of the star by the Earth, an unattenuated U.V. spectrum of the 
star is obtained from the spectrometer. As an example, the spectrum for a typical bright 
U.V. star is shown in Fig. 3 for the wavelength region of the molecular oxygen U.V. filter. 
Although only a measurement of the relative change of the U.V. stellar intensity is required 
during occultation (Hays and Roble, 1968a), the spectral distribution of the star’s energy 
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flux is required to determine the transmission through the broadband filter, Thus, a detailed 
stellar spectrum covering the spectral passband of the filter is necessary for data reduction. 

A schematic diagram of an occultation of a star by the Earth is shown in Fig. 1. The 
satellite acquires the star in its telescopes prior to occultation above the absorbing atmos- 
phere. As the satellite moves in its orbit, the source is ultimately occulted by the Earth’s 
atmosphere and the geometry at two satellite positions is illustrated schematically in Fig. 1. 
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0 

TEMPERATURE 

h. dC. +bMF’ERATURB VS. HEIffHT DEDUCED FROM THE MOLECULAR OXYGEN NUMBER DENSITY 

DATA MOWN IN Fro. 4b AssuMINo DIFFUSIVB JIQUWBRIUM. 

The intensity of the star is measured as a function of time during occultation by the Earth. 
By knowing the satellite position as a function of time and the star’s position, we can relate 
the star’s intensity to the tangent ray height of the star during occultation. By also knowing 
the position of the star, satellite, and the time, we obtain from geometry the geographic 
position of the tangent ray point. 

The intensity data are normalized to the ~tensity of the star above the atmosphere and 
the normalized data are related to the tangential column number density of the absorbing 
species, here O,, by the integral relationships expressing Beer’s law 

where from the geometry in Fig. 1, assuming a spherically stratified atmosphere 

Here Z(r,) is the photometer count rate at tangent ray height rt and 1, is the photometer 
count rate of the stellar signal above the atmosphere. T(A) is the filter transmission and Z_(A) 
is the intensity of the star at wavelength iz above the atmosphere determined by the spectrom- 
eter; uo,(A) is the absorption cross-section of molecular oxygen shown in Fig. 2 (Ditchburn 
and Young, 1962; Hudson et al., 1969; Ackerman, 1970) and IV,,@,) is the tangential 
column number density of molecular oxygen at tangent ray radius r,; and no,(r) is the local 
number density at the radius r. 

Molecular oxygen is the sole absorbing species in the wavelength interval determined by 
Alter 4-1, therefore the normalized intensity data are converted to tangential column num- 
ber density data using Equation (1). The basic measurements are thus converted to data 
giving the tangential column number density of molecular oxygen as a function of tangent 
ray height. Equation (2) for the tangential column number density is the Abel integral 
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equation (cf. Hays and Roble, 1968a, b) which is inverted to obtain the local number 
density at the tangent ray point assuming spherical symmetry, 

The actual numerical techniques for accomplishing this inversion are described in detail 
in a paper by Roble and Hays (1972). 

The neutral gas temperature is derived by assuming diffusive equilibrium above 130 km 
for the 0, number density. Thus, 

where mo, is the mass of molecular oxygen, k is Boltzmann’s constant, and g is the ac- 
celeration of gravity. 

3.RESULTS 

A relatively large number of absorption profiles were obtained during the time period 
extending from January 1970 to August 1971. Of these, command errors and tracking 
errors have caused serious question about many profiles. The final result of carefully 
selecting only those profiles where altitude is accurateiy known and where there are no 
command interrupts during the occuItation yields 14 useful occultations. Of these, ap- 
proxi~tely 6 are in geomagne~~lly quiet periods and one series of 8 profiles was obtained 
during the magnetic storm of August 1970. Almost all of these profiles were obtained in low 
latitudes due to the low inclination of the orbital plane of the OAO-2 satellite. In addition 
to the molecular oxygen occultation scans, measurements were also made with a filter located 
in the Hartley continuum of ozone. (Filters 2-5 and 3-2 shown in Fig. 2). A single night- 
time ozone number density profile was presented by Hays et al. (1973) and the results of the 
other scans are presented by Hays and Roble (1973). 

(a) Molecular oxygen profiles during geomagnetically quiet periods 

The geographic position, date, and local time of all of the scans analyzed are given in 
Table 1. Six of these were taken during geomagnetically quiet conditions. The normalized 
intensity measurements obtained on orbit 8884 on 17 August 1970 are shown in Fig. 4a. 
In Figs. 4b and 4c the retrieved molecular oxygen number density and ~m~rature are 
shown and they are compared with CZRA 1965 (model 3,06:00 hr.). In general, the re- 
trieved molecular oxygen number density distribution in the 140-180 km region is about 
a factor of two lower than the number densities predicted by the CZRA 1965 model at- 
mosphere at the same local time as the measurements, The composite of all of our quiet 
time data is shown in Fig. 5 along with the results of Krankowsky et al. (1968), Weeks and 
Smith (1968), and Roble and Norton (1972). The envelope encompassing the ozone num- 
ber density profiles obtained from Hays and Roble (1972) and the molecular oxygen number 
density given by the mean CZRA 1965 atmosphere are also shown. The small number of 
stellar occultation profiles makes detailed seasonal variations difficult to discern. How- 
ever, there does appear to be a marked decrease in the molecular oxygen number density 
corresponding to the decrease in solar activity during the period from the beginning of 1970 
to late 1971. The monthly mean of the solar F10.7 flux during this period decreased from 
153 to 120 (X 10-22)W cm-s. The daily solar F10.7 emission for each of the individual 
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TABLE 1 

Universal time Lo& time 
Daily solar 

Long.* Lat. FI@7 emission 
Orbit Date (hr) (min) (hr) (min) (de& (deg) (x lo-‘* W cm-‘) 

5778 l/13/70 : 28 23 52 -84 48 172.9 
8884 S/17/70 55 5 5.5 15 4 151.6 
8898 S/18/70 4 19 : 51 23 9 149.0 
8913 S/19/70 5 22 54 8 11 145.4 
8942 S/21/70 5 55 t 13 -22 24 142.8 
8943 S/21/70 35 -48 24 142.8 
8957 S/22/70 

: 
58 4 22 -39 25 141.7 

8971 S/23/70 6 20 4 44 -24 27 X46.2 
8985 8~24~70 5 45 13 -23 24 140.2 
8986 8~24170 25 

: 
13 -48 24 140.2 

9OOQ S/25/70 : 47 5 17 -32 27 136.5 
10902 l/ 4/71 13 29 22 -223 -16 140.2 
11795 31 7171 15 59 0 

:38 
128 -34 105.2 

14580 9117171 6 22 1 50 -68 26 1165 

l Measured positive eastward from Greenwich. 

Summer 40-60’N 

Solar Occultation (67) 
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FrG.5. COMPOSITE MOLECULAR OXYGEN DENSITY RESULTS FGR QUiET TIMES. 

, . . . Krankowsky et al., 1968, 

scans are given in Table 1. The apparent decrease in the thermospheric molecular oxygen at 
a fixed height probably implies that there is a general decrease in the altitude of the con- 
stant pressure surface at the base of the thermosphere as well as a decrease in the thermo- 
spheric temperature. This suggests a solar cycle influence in the lower thermosphere. 

(b) Molecular oxygen profiles during geomagnetically disturbed periods 

A series of observations was obtained during the magnetically disturbed period at the 
and of August 1970. These data are presented in Fig. 6 where density and temperature at 

4 
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fixed heights are shown as a function of time. For comparison, we show the daily sum of 
magnetic K,, index on this same figure and give the latitude and longitude of the tangent 
ray point and local time of each occultation scan in Table 1. We note the marked decrease 
in the molecular oxygen number density following the storm at a time when the temperature 
was significantly enhanced. This is obviously in disagreement with the concept of a diffu- 
sively stable atmosphere. The decrease in the molecular oxygen density is apparently due to 
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STORM OF Auam 1970. 

the existence of a global-scale circulation system which upwelts over the polar regions 
and subsides in the equatorial zone. Such a large horizontal scale overturning causes air 
with more atomic than molecular oxygen to move downward over the equator resulting in a 
change in the composition of the lower thermosphere. This result is consistent with the 
observation that energy deposited in the polar thermosphere is redistributed globally 
resulting in a global thermospheric temperature enhancement at low latitudes following a 
large magnetic storm (Hays et al., 1972b). The daily solar F10.7 emission for the days on 
which occultation scans were made is given in Table 1. During the period the daily solar 
FIO-7 emission decreased from 151.6 to 136-5 (X 10-2a W crn+$ However, the molecular 
oxygen number density during this period first decreased, but then returned to pre-storm 
levels several days after the storm. This behavior also suggests an atmospheric response 
different from that expected from short term solar e.u.v. changes. 
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4. SUMMARY 

The stellar occultation technique for measuring molecular oxygen in the Earth’s thermos- 
phere has demonstrated the following general behavior: (a) Thermospheric molecular 
oxygen decreases with decreasing solar activity. This may result from a general cooling of 
the lower thermosphere in addition to the cooling observed in the upper thermosphere. 

(b) Magnetic storms result in strong global circulation systems which upwell in the polar 
regions and sink in equatorial regions. This results in a temporary decrease in the molecular 
constituents in the equatorial thermosphere. 
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