
nearly normal in terms of snow water 
content but have slight differences in 
character. The second year (1969-70) 
snowpack averaged 75 to 80 percent of 
normal water content. Snow accumu- 
lated at a relatively even rate, and maxi- 
mum water contents were reached in 
March (5). The third year (1970-71) 
snowpack averaged 90 to 135 percent of 
normal. Snow accumulated rapidly early 
in the year, and near-maximum water 
contents were reached in January; it 
thawed from mid-January through Feb- 
ruary, and more accumulated in March 
(5). Exceptional winds near the Sierra 
crest resulted in notable drifting during 
the third year [(4), including figure 1]. 

A comparison of D: H values for 
identical stations in the second and third 
years shows that 16 of the 26 stations 
have D: H values for the third year that 
are lower than those for the second year, 
and 10 have values that are higher. 
The average of the differences between 
the D: H values for identical stations is 
only 2 per mil. The inconsistency in the 
isotopic character at identical stations 
may be due to the factors inherent in 
snow core samples that were described 
above. However, the pattern of the 
D: H distribution is very similar in both 
years, which indicates that there were no 
fundamental differences in the magni- 
tudes of storms or directions of storm 
tracks during these 2 years. 

The important fact that emerges is that 
snow cores collected in 1969-a very ab- 
normal year-are depleted in deuterium 
relative to cores collected in both of the 
more normal years that followed. We 
have suggested (1) that differences in the 
deuterium content of snow cores col- 
lected in different years at the same place 
can be used to characterize the weather 
patterns of the respective winters. The 
comparisons made in this report show 
that winters with very different weather 
patterns can be distinguished easily in 
this way, but that similar or nearly nor- 
mal winters cannot. Also, the winter of 
1968-69 may have resembled the Pleis- 
tocene in both isotopic character and in- 
creased precipitation. Our preferred ex- 
planation for the weather pattern of that 
winter provides a reasonable model for 
the climate of the Pleistocene compared 
with present climates in this area. 
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In the earth's upper atmosphere, 
stellar ultraviolet light is strongly ab- 
sorbed in the Schumann-Runge contin- 
uum of 02 and the Hartley continuum 
of 03. By monitoring the intensity of 
ultraviolet starlight in these continuum 
regions from a satellite as the star is 
occulted by the earth's atmosphere, we 
are able to obtain information on the 
number density profile of 02 in the 
lower thermosphere and O3 in the up- 
per mesophere (1, 2). In this report 
we describe the technique used to ob- 
tain the number density profiles from 
stellar occultation measurements. The 
data were obtained by the University 
of Wisconsin stellar photometers aboard 
the Orbiting Astronomical Observatory 
(OAO-2) satellite. We discuss here the 
inversion process and also show the 02 
and 03 distributions determined from 
a typical occultation scan. 

In the occultation technique classical 
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absorption spectroscopy is used to de- 
termine the number density profile of 
the absorbing species in the upper 
atmosphere. The star is the source of 
ultraviolet light, the OAO stellar pho- 
tometers are the detectors, and the 
atmosphere between them is the ab- 
sorption cell. During the occultation 
process, the ultraviolet light is selective- 
ly absorbed in spectral regions for 
which 02 and 03 have large absorption 
cross sections. The intensity of the 
transmitted ultraviolet light is related to 
the number density along a tangential 
column of the absorbing species (Ni) 
by Beer's law 

I(X,ro) = 

lI(X) exp [-^(X) * N,(ro)] (1) 

where 10(X) is the unattenuated inten- 
sity above the atmosphere of the star at 
wavelength X, or(X) is the absorption 
cross section of the ith absotbing spe- 
cies, and Ni(ro) is the tangential column 
number density of the ith albsorbing 
species at a tangent ray height ro. The 
star's spectrum is measured above the 
atmosphere by the OAO ultraviolet 
spectrometer. By also ,knowing the ab- 
sorption cross section, one can relate 
Ni(ro) to the intensity of the trans- 
mitted ultraviolet light. In practice, Eq. 
1 must be integrated with respect to 
wavelength because of the finite pass- 
band of the ultraviolet filter. The best 
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Terrestrial Atmospheric Composition from Stellar 

Occultations 

Abstract. Stellar ultraviolet light transmitted through the earth's upper atmo- 
sphere is strongly absorbed by ozone and molecular oxygen. The stellar ultraviolet 
photometers aboard the Orbiting Astronomical Observatory (OAO-2) satellite 
have measured the intensity changes of several stars during occultation of the star 
by the earth's atmosphere. From the occultation data the nighttime vertical num- 
ber density profiles of molecular oxygen at altitudes from 120 to 200 kilometers 
and of ozone at altitudes from 60 to 100 kilometers have been obtained. 
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Fig. 2. (A) Normalized intensity of a star as a function of the tangent ray height 
during occultation of the star by the earth. The curves correspond to the intensity 
measured in the 1500-A and 2390-A channels of the University of Wisconsin stellar 
photometers aboard the OAO-2 satellite [22 August 1970, 04 hours 22 minutes (local 
time), 25?N, 39?E]. (B) Number densities of 02 and O3 as a function of tangent ray 
height determined from the occultation measurements. The solid line is the O number 
density from the CIRA 1965 model atmosphere. 

results are thus obtained when a single 
species dominates the absorption proc- 
ess, and the OAO filters were, there- 
fore, selected accordingly. 

Once Ni(ro) is known, it is a simple 
matter to invert the data and obtain the 
vertical number density profile of the 
absorbing spezies at the occultation tan- 
gent point. A simple geometrical argu- 
ment (Fig. 1) shows that Ni(ro) along 
the ray path for a spherically stratified 
atmosphere can be written as 

NV 2r\ - n f n(r) r dr 2 N (to) - 2 j (r.2_ rO2)1/2 (2) 
1r0 

where ni(r) is the number density of 
the ith absorbing species at radius r. 
Equation 2, the Abel integral equation 
(1, 2), is easily inverted to give the 
number density of the absorbing spe- 
cies at a tangent ray height r 

d 1f r N,(rO) dro] (3 i dr_ 7r,J -o (r,2 -r')1/ (3) 

Thus, the stellar occultation technique 
can be used to obtain the vertical 
density profile of any absorbing atmo- 
spheric species which can be spectrally 
isolated. 

Hays and Roble (2) have calculated 
the tangential ultraviolet transmission 
of the earth's uipper atmosphere. Their 
results show that both the strong atmo- 
spheric absorption of 02 in the Schu- 
mann-Runge continuum near 1500 A 
and the strong atmospheric a,bsorption 
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of 03 in the Hartley continuum near 
2500 A occur in spectrally isolated 
regions in which the stellar ultraviolet 
absorption is primarily due to a single 
species. The absorption cross sections 
of 02 and 0O at these wavelengths 
have -a peak around 10-17 cm2. 
Therefore, we are able to determine 
the distribution of these species near 
altitudes at which N? is approximately 
1017 cm-2. If a spectral region away 
from the peak cross section is 
utilized, one is able to observe 
higher tangential column number densi- 
ties or, equivalently, to measure the 
number density at lower altitudes within 
the atmosphere. The ultraviolet light in 
the wavelength interval from 1400 to 
1600 A is absorbed primarily by 02 at 
altitudes from 130 to 230 km. In the 
wavelength interval from 2400 to 2600 
A, the ultraviolet light is absorbed 
primarily by 03 at altitudes from 60 
to 100 km (2). 

The normalized intensity data ob- 
tained during one of the many occulta- 
tions are shown in Fig. 2A for two stel- 
lar photometers having filters centered at 
1500 and 2390 A. The normalized in- 
tensity is obtained as a function of time; 
however, by knowing the star's position 
and the orbital elements of the satellite, 
we are able to relate time to the tangent 
ray height of the occulting star. Because 
of high-altitude absorption, the normal- 
ized intensity in the 02 channel at 1500 
A decays first. Then the intensity in the 

2390-A channel decays rapidly at alti- 
tudes where 03 absorption becomes 
important. The excellent quality of the 
data obtained by the OAO-2 stellar 
photometers allows determination of de- 
tailed structure. The data in the 1500-A 
channel were inverted, and the results 
are shown in Fig. 2B where the 02 
number density profile is shown as a 
function of height. For comparison, the 
O2 profile of the Committee on Space 
Research (COSPAR) CIRA 1965 (3) 
model atmosphere is shown also. These 
data are only a sample of the approxi- 
mately 20 stellar occultation scans that 
have been reduced thus far, but they il- 
lustrate the quality oif the data obtained 
from the occultation measurements. 

Most of the 03 scans obtained with 
the 2390-A and 2460-A filters aboard 
the OAO-2 satellite have a normalized 
intensity scan similar to the one shown 
in Fig. 2A. The intensity of the occul- 
ting star decreases as the starlight pene- 
trates into the atmosphere until a slight 
increase in the intensity curve occurs at 
a tangent ray height near 70 km. These 
data, when inverted, give tihe number 
density profile of 03 shown in Fig. 2B. 
The structure in the measured intensity 
curve is caused by a bulge in the night- 
time 03 number density profile, with 
the peak occurring near 82 km and a 
minimum near 75 km for this particular 
scan. The stellar occultation measure- 
ments clearly define the structure of the 
nighttime 03 profile at high altitudes 
where no previous measurements had 
been made. 

The occultation technique has also 
been used with the sun as the light 
source. The measurements, however, 
are restricted to sunrise and sunset, and 
a general review of the subject has 
been given by Link (4). 
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