
ture averaged over the Northern Hemi- 
sphere land is 0.7 K higher for June to 
August 9000 years B.P. The global aver- 
age increase of surface temperature is 
only 0.2 K because the 0.7 K increase of 
land surface temperature is averaged 
with zero change for ocean surface tem- 
perature (Table 2). 

The simulated intensification of the 
Northern Hemisphere summer monsoon 
agrees with paleoclimatic evidence in 
Africa and the Middle East of enlarged 
lakes during early Holocene time (I). 
Hydrological and energy balance studies 
of enlarged paleolakes of West Africa, 
East Africa, and northwest India yield 
estimates of precipitation increases 
(compared to modern values) of 20 to 100 
percent (12). The results of this experi- 
ment for 9000 years B.P. are in fair 
agreement with other results based on 
records of lake levels, alluvial records, 
pollen records of more mesic vegetation 
types, and ocean core records of mon- 
soon-related upwelling (13). The model 
results are also of interest for studies of 
the cultural history of Africa and the 
Near East in early Holocene time (14). 

The period of enlarged paleolakes is 
restricted to 10,000 to 5000 years B.P. 
(I). This interval corresponds roughly 
with the interval of increased solar radia- 
tion for Northern Hemisphere summer, 
which peaked around 10,000 to 9000 
years B.P. and returned close to modern 
values by 5000 years B.P. (6). A previous 
interval of high lake levels at 30,000 to 
25,000 years B.P. (I) corresponds with a 
solar radiation regime that is similar to 
the pattern for 9000 years B.P. at tropical 
latitudes because of the approximate 
21,000-year period of the precession cy- 
cle (6). 

The opposite segment of the seasonal 
solar radiation cycle of 9000 years B.P. 
(December, January, and February) also 
influences the simulated climate. During 
January 9000 years B.P. the solar radia- 
tion is 7 percent less than at present over 
a broad latitudinal band and, in the simu- 
lation experiment, the land cools relative 
to the ocean. Because of compensating 
effects of the seasonal radiation ex- 
tremes, a full annual-cycle simulation is 
required in order to summarize the cli- 
mate's sensitivity to orbital parameter 
changes (Table 2) (15). The annual and 
global average values for surface tem- 
perature and pressure do not change. 

Evidence for important feedback rela- 
tions between ocean, atmosphere, and 
ice sheets on the time scale of the orbital 
variations (10) has been ignored in this 
experiment, as have possible land sur- 
face or C02  feedbacks (16). Including 
these factors in models, repeating the 
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sensitivity experiment with different 
models, and conducting detailed valida- 
tion studies (17) remain tasks for the 
future. 

JOHN E. KUTZBACH 
Center for Climatic Research and 
Department of Meteorology, University 
of Wisconsin, Madison 53706 
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Chlorine Monoxide Radical, Ozone, and Hydrogen Peroxide: 
Stratospheric Measurements by Microwave Limb Sounding 

Abstract. Projiles of stratospheric ozone and chlorine monoxide radical (CIO) 
have been obtained from balloon measurements of atmospheric limb thermal 
emission at millimeter wavelengths. The C10 measurements, important for assessing 
the predicted depletion of stratospheric ozone by chlorine from industrial sources, 
are in close agreement with present theory. The predicted decrease of ClO at sunset 
was measured. A tentative value for the stratospheric abundance of hydrogen 
peroxide was also determined. 

As part of NASA's Upper Atmo- 
sphere Research Program, we have de- 
veloped a balloon-borne microwave limb 
sounder (BMLS) to perform measure- 
ments of the earth's stratosphere. The 
BMLS is tuned to simultaneously mea- 
sure thermal emission in three spectral 
bands near 205 GHz (wavelength, 1.5 
mm), where rotational lines of C10, 0 3 ,  
and H202 occur. This choice for initial 
tuning was based on the need for more 

measurements of CIO to help understand 
the catalytic depletion of stratospheric 
O3 by chlorine from industrial sources 
(I). The nearby H202 band was included 
because stratospheric H202, for which 
no measurements have yet been report- 
ed, may be important in O3 - HO, chem- 
istry. Our first flight with the BMLS was 
from the National Scientific Balloon 
Facility in Palestine, Texas (32"N, 
96"W), on 20 February 1981. This 
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report describes results from that flight. 
The BMLS makes measurements 

looking through the limb of the earth's 
atmosphere from above. It is a follow on 
to an aircraft instrument that was used to 
obtain an upper limit for stratospheric 
CIO (2) and to measure H 2 0  in the 
stratosphere and mesosphere (3) and in 
the Orion Nebula (4). From a balloon, 
the stratospheric CIO signal is approxi- 
mately five times larger than from air- 
craft and approximately 30 times larger 
than from the ground. The observation 
geometry also provides better vertica! 
resolution than obtained in ground and 
aircraft measurements because a narrow 
field of view can be scanned through the 
atmospheric limb. Additional informa- 
tion on the vertical distribution of spe- 
cies is obtained independently from the 
shape of the pressure-broadened line, as 
is done for aircraft and ground-based 
measurements. 

Three filter banks perform spectral 
analysis of the signal. Each covers about 
300 MHz and contains 9 filters with 32- 

MHz resolution, 13 with 8-MHz resolu- 
tion, and 13 with 2-MHz resolution. No 
spectral scanning is required. The center 
frequencies of the three banks are set at 
204.352, 204.574, and 206.132 GHz, the 
respective laboratory-measured frequen- 
cies of C10, H202, and O3 lines (5). 
Within each bank the set of filters with a 
given resolution is centered on the line; 
adjacent filters have responses that over- 
lap, approximately, at their half-power 
points. This filter arrangement provides 
a spectral zoom effect, which gives bet- 
ter resolution near line center. The filter 
outputs are detected, digitized, and tele- 
metered to ground for processing. 

The 205-GHz heterodyne radiometer 
has a second-harmonic Schottky diode 
mixer (6) and a 104-GHz klystron local 
oscillator phase-locked to a crystal refer- 
ence. The first heterodyne down-conver- 
sion is to 4-GHz intermediate frequency 
for the C10 and H202 bands and to a 2- 
GHz intermediate frequency for the O3 
band. 

The antenna system is an offset Casse- 

grain system with a main reflector 50 cm 
in diameter. The input optics to the mix- 
er select a highly tapered spatial mode, 
which gives good antenna beam efficien- 
cy. The measured beam width (full angu- 
lar width between half-power points) is 
0.3", the highest sidelobe is at - 26 dB, 
and the antenna beam efficiency (frac- 
tion of isotropic signal received within 
2.5 times the half-power beam width) is 
0.99. The antenna beam width corre- 
sponds to a vertical range of less than 3 
km at the tangent point of all our strato- 
spheric observation paths. A flat mirror 
in front of the main reflector scans the 
antenna beam through the atmospheric 
limb for profile measurements. This mir- 
ror is programmably stepped through a 
subset of 64 discrete positions during 
measurements. A 10-cm mirror near the 
antenna system focus chops the input to 
the radiometer at 4 Hz between the limb 
radiation received by the antenna and a 
50" elevation sky reference. The switch- 
ing mirror can also chop the radiometer 
input between a blackbody target and 
sky reference for in-flight calibration. 
The absolute calibration accuracy is 5 
percent or better. 

The instrument performed perfectly 
during the 10-hour flight. Useful data 
were obtained between 12:30 p.m., when 
the balloon reached float altitude of - 39 
km, and 6:30 p.m., when the balloon had 
descended to - 37 km. During the entire 
flight the balloon remained within 200 
km of its launch point. Pointing in the 
vertical plane was checked by a ten- 
position scan through the tropopause 
that measured the increase in H 2 0  emis- 
sion there. The pointing determined in 
this way agreed within 0. lo of the abso- 
lute pointing to which the BMLS had 
been aligned. The uncertainty is due to 
uncertainties in the upper tropospheric 
water vapor distribution measured by 
nearby radiosondes; it introduces a verti- 
cal uncertainty < 1 km in the strato- 
spheric layers to which the instrument 
points for profile measurements. 

Radiometric calibrations were per- 
formed approximately every 112 hour 
during the flight. Overall gain changed 
by less than 1 percent between calibra- 100 -100 0 100 -100 0 -100 0 

Frequency from line center (MHz) tions and by less than 4 percent through- 
out the flight. While the balloon was 
above 37 km six scans through the limb, 

Fig. 1. The O3 and C10 emission lines measured at three elevation angles 8,. The tangent height 
h, of the observation path is also given. The vertical scale is the brightness (equivalent 
blackbody) temperature of the received power. Measurements are indicated by crosses, whose 
vertical extent is twice the standard deviation of the measurement noise and whose horizontal 
extent is the spectral resolution. Dashed curves are emission lines calculated for the retrieved 
profiles shown in Fig. 2a. The discrepancy between measurement and calculation at O3 line 
center exists because we did not attempt to determine O1 values above 39 km but used a 
standard profile there. The O3 line centered in the band is the + 25,,,,GHz transition at 
206.132 GHz. The 0, line near the right edge of the band is the 93,7 + lo2., transition at 210.803 
GHz, which occurs in the image sideband. The small bump between these two lines in the 
calculated O3 spectrum for 8, = - 1.6" is the 2,,, + 3 1 , ~  transition at 210.762 GHz. The C10 line 
is the 1112 + 912 transition at 204.352 GHz. The measured instrument sideband responses 
(< -20 dB for the ClO band and -3 dB for the O3 band) were included in the calculations. 

each requiring approximately 112 hour, 
were performed. During the other 3 
hours the scan mirror was commanded 
to hold the field of view at - 3.3" eleva- 
tion for a more accurate CIO measure- 
ment around 30 km. 

Figure 1 shows the O3 and C10 emis- 
sion lines measured at three elevation 
angles. A small slope of 0.3 K over 300 
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Fig. 2. (a) Profiles of C10 and 0, and tentative value for H202  obtained from the BMLS measurements between 1300 and 1600 central standard 
time (CST) on 20 February 1981 (t), and recent theoretical CIO and H20, profiles from the steady-state calculations of Crutzen (12) (dashed 
lines) and from the time-dependent calculations of Chang (I 1) (solid lines) for 1400 hours at equinox. The BMLS C10 value at 18 to 28 km is an up- 
per limit. Also shown are measurements from an ozonesonde launched from Wallops Island, Virginia (3S0N, 76"W), at the same time as the 
BMLS flight. (b) Time variation of 0, and CIO. The crosses give the area under the measured emission lines at - 3.3' elevation normalized to the 
value at 1330 hours. This quantity is proportional to the number of molecules between - 27 and 35 km (sunset at these altitudes occurred at - 1830 hours). The theoretical curves give the predicted variation in the number of molecules between 27 and 35 km from the time-dependent 
calculations of Chang ( l l ) ,  who used the rates recommended in (15). 

MHz has been removed from the C10 
data; otherwise the values shown were 
obtained directly from the instrument. 
The line at 204.352 GHz is assigned to 
C10 because it occurs at exactly the 
frequency of the 1112 -. 912 35CI0 transi- 
tion. We investigated the possibility that 
other atmospheric spectral lines occur at 
this frequency. The only possibility we 
found was that an O3 line with rotational 
quantum number greater than 40 might 
occur at the C10 frequency. However, 
the 204.352-GHz line cannot be due to 
O3 since its measured angular and time 
variation is inconsistent with the O3 pro- 
file and variation simultaneously mea- 
sured with the 206.132-GHz O3 line. We 
thus conclude that the 204.352-GHz line 
is from C10. 

Our measurements also show a spec- 
tral feature at the correct frequency for 
the H 2 0 2  line to which the BMLS was 
tuned. The integrated strength of this 
line, from recent spectroscopic data (7), 
corresponds to an H 2 0 2  abundance of 
1.1 i: 0.5 parts per billion by volume in a 
layer between - 27 and - 35 km. How- 
ever, as we have not yet demonstrated 
that the BMLS H 2 0 2  band is free of 
spurious responses and the signal-to- 
noise ratio is only about 2 standard devi- 
ations, we report the H 2 0 2  measurement 
as tentative at  this time. 

Figure 1 also shows the calculated O3 
and C10 spectral lines for the profiles 
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retrieved from the BMLS data. The radi- 
ative transfer calculations for these sig- 
nals were performed as  described previ- 
ously (2) and the model of atmospheric 
temperature and pressure at  30°N in Jan- 
uary (8) was used. Measurements made 
on the day of the flight by radiosondes 
from six stations within range of the 
BMLS field of view showed that the 
stratospheric temperature profile dif- 
fered from this model by less than 4 K. 
Such a small difference has negligible 
effect on our calculations and retrievals. 
Hyperfine components of the C10 line 
were included in the calculations, and 
the N2-broadened CIO line width param- 
eter recently measured in our laboratory 
was used (9). The N2-broadened O3 line 
width parameter recently measured at 
the Laboratoire de  Spectroscopie Hert- 
zienne of the Universite de Lille (10) was 
used with a T-'.' temperature depen- 
dence. Line strengths used in the calcu- 
lations are documented in (5 ) .  We con- 
sider these line strengths accurate to 1 
percent. 

The profiles of ClO and o3 and the 
tentative value for H 2 0 2  retrieved from 
the BMLS measurements are shown in 
Fig. 2a. These were obtained by first 
calculating the partial derivatives of the 
BMLS observables with respect to the 
profile points. The partial derivatives 
were then used to determine the profile 
values that give the best least-squares fit 

to BMLS measurements. This procedure 
uses the information on vertical distribu- 
tion contained in both the limb scan and 
the spectral line shape. The vertical ex- 
tent of the profile points was chosen to 
be somewhat larger than the instrumen- 
tal resolution in order to reduce noise. 
Figure 2b shows the measured time vari- 
ation in the O3 and CIO signals. Small 
corrections for changes in balloon alti- 
tude during the measurements have been 
included. 

Our measured C10 profile agrees 
closely with recent theoretical predic- 
tions by Chang (11) and Crutzen (12) 
shown in Fig. 2a. These calculations 
incorporate the recently measured (13) 
rate for the reaction of O H  with H N 0 3 ,  
which leads to a steeper C10 gradient in 
the lower stratosphere than was previ- 
ously predicted. The measured time vari- 
ation supports predictions of a decrease 
in lower stratospheric C10 through sun- 
set due to formation of C10N02 at  night. 
Our tentative H 2 0 2  value is closer to  the 
calculations of Crutzen. who used a 
higher rate for the formation af H z 0 2  by 
recombination of H 0 2  (14), than to the 
calculations of Chang, who used the 
rates recommended by NASA in January 
1981 (15). Our measured O3 profile 
agrees well with the profile measured at  
the same time by an ozonesonde at  ap- 
proximately the same latitude but 1500 
km away. 



The C10 values obtained here are con- 
sistent with the upper limit and tentative 
detection of our earlier summer aircraft 
measurements (Z), the recent winter 
ground-based microwave measurement 
(16), and the mean of winter in situ 
resonance fluorescence measurements 
(17). Our winter balloon measurement , , 

and earlier summer aircraft measure- 
ments indicate less ClO above - 30 km 
than was measured by laser heterodyne 
radiometry (18) in autumn and, occasion- 
ally, by resonance fluorescence in sum- 
mer (1 7). Simultaneous measurements 
with our instrument and others should 
show whether these differences are due 
to natural variability or to measurement 
technique. 

Note added in proof: A second flight 
of the BMLS from the National Scien- 
tific Balloon Facility was performed on 
11 and 12 May 1981, and useful C10 and 
O3 measurements were obtained be- 
tween approximately midnight and noon. 
Initial analyses show tbat (i) before sun- 
rise the C10 averaged over the altitude 
region - 27 to 33 km is at least ten times 
below its midday value, and (ii) after 
sunrise the C10 at - 27 to 33 km in- 
creased, reaching a value by 11 a.m. 
(local time) which agreed with that mea- 
sured on the first BMLS flight within 20 
percent. These initial results from the 
second flight further support theoretical 
predictions that CIOwOz is formed from 
C10 in the stratosphere at night. The 
tentative H202 feature is still under in- 
vestigation. 

J .  W. WATERS 
J. C. HARDY 

R. F. JARNOT 
H. M. PICKETT 

Earth and Space Sciences Division 
and Observational Systems Division, 
Jet Propulsion Laboratovy, 
California Institute of Technology, 
Pasadena 91 109 
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Dated Rock Engravings from Wonderwerk Cave, South Africa 

Abstract. Radiocarbon dates associated with engraved stonesfrom sealed archeo- 
logical deposits at Wonderwerk Cave in the northern Cape Prolince indicate thrit 
rock engraving in South Africa is at leust 10,000 years old. 

Prehistoric rock art in South Africa is 
found in the form of both paintings and 
engravings. Rock paintings are generally 
found on cave and shelter walls in the 
coastal regions and in mountain ranges 
along the Great Escarpment and occa- 
sionally also as "art mobilier," such as 
painted stones, found in archeological 
deposits in southern Namibia and the 

qouthern Cape Province. Rock paintings 
are infrequently found in the semiarid 
interior plateau regions, on cave and 
shelter walls in the relatively rare rnoun- 
tainous areas such as the Kuruman Hills. 
Engravings on exposed rocks scattered 
in the veld and on glacial pavements are 
clearly the most prevalent form of rock 
art in the interior plateau regions (I). 

Fig. 1. Map showing the location of Wonderwerk Cave in the northern Cape Province. South 
Africa. 
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