
el; of Silurian soils as a result of pedoturba- 
t i o ~ ~ ,  effectively mcreasing the average 
depth of soil CO, proiluction. 

Our  results (Table 1)  ~ m p l y  that atmo- 
spheric CO-, decllneil 1~y a factor of 10 from 
the Late S ih r i an  to the Early Permian, 
closely follow~ng (Fig. 4 )  a decline precllct- 
ecl hi; theoretical carbon lnais balance mod- 
els (1) .  T h e  largest decrease, hetween the 
Late Sil~lrian a11il Late Devonian. coincides 
with a of rapid evolution and diver- 
sificatlon of the terrestrial ecosystem (18) .  
Estimates of atmospheric C02 levels from 

separated, time-equivalent 
~-7aleosols are consistent, suggertlng that a 
coherent record of changing atlnospheric 
chem~stry  is yreserl-eii In the ancient soil 
recorJ. 
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Initial Results of Radio Occultation Observations 
of Earth's Atmosphere Using the Global 

Positioning System 
E. R. Kursinski," G. A. Hajj, W. I. Bertiger, S. S. Leroy, 

T. K. Meehan, L. J. Romans, J. T. Schofield, D. J. McCleese, 
W. G. Melbourne, C. L. Thornton, T. P. Yunck, J. R. Eyre, 

R. N. Nagatani 

Recent radio occultation measurements using Global Positioning System satellite trans- 
mitters and an orbiting receiver have provided a globally distributed set of high-resolution 
atmospheric profiles, suggesting that the technique may make a significant contribution 
to global change and weather prediction programs. Biases in occultation temperatures 
relative to radiosonde and model data are about 1 kelvin or less in the tropics and are 
generally less than 0.5 kelvin at higher latitudes. Data quality is sufficient to quantify 
significant model errors in remote regions. Temperature profiles also reveal either an 
equatorial Rossby-gravity or an inertio-gravity wave. Such waves provide a fundamental 
source of momentum for the stratospheric circulation. 

R a d i o  occultation is a technique for sound- density, pressure, and temperature structure 
ing the structure of atmospheres from space in the atmospheres of Venus, h,lars, and the 
with high accuracy and vertical resolution. outer planets (1-4). Wi th  the completion 
Since the m1d-l960s, it has been used by of the constellation of 24 orbiting radio 
planetary spacecraft to measure vertical transmitters knowll as the  Global Position- , & 

ing System (GPS) ,  the sensitivity and cov- 
E. R. Kursnsk~. Dvslon of Geolog~cal and Planetary Sc -  
ences and Jet Propulsion Laborato~l,  Caforna Institute erage necessary i l n ~ r O v e  upon existill,! 

of Technoloqy Pasadena CA 91 125. USA. data sets for the Earth's atmosphere in a 
G. A. Ha11 \I~..I. Bertger S. S Leroy, T. K Meehan, L. J. slmPle, cost-effective lnanner avail. 
Romans. J. I .  Schof~eld. D J. McCleese W G Mel- 
bourne, C L. Thornton, T P. Yunck, Jet Propulsion Lab- Here we present telnperatL1re 
oratory. Caforna nsttute of Technology. Pasadena. CA and water vapor profile data der~ved from 
91 109. USA measurements made in April and May 1995 
J. R Eyre United Klngdom Meteorolog~cal Office. Brack- 
n e .  Berkshre RG12 252. UK. during the prototype GPS occ~lltation mls- 
R N Naqatanl. Climate Prediction Center~COB W a s h  sion, GPS-MET, launched in April 1995 
ngton DC 20233. USA (5). These profiles are compared with radio- 
'To whom correspondence should be addressed sonde (balloon) data and atmospheric anal- 
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yses available every 6 hours from the Euro- 
pean Center for Medium-Range Weather 
Forecasts (ECMWF) (6) .  A comparison 
made between ahout 150 retrieved temper- 
ature profiles in the Northern Hemisphere 
and the ECMWF analysis indicates that, 
between altitudes of 5 and 30 km, GPS 
occultation telnaerature orofiles are accu- 
rate to better than 1 K in the mean with a 
standard deviation of 1 to 2 K. Theoretical 
predictions suggest that GPS radio occulta- 
tion is capable of < l  K accuracy below 35 
km, with a vertical resolution of 5 1  km and 
a horizontal resolution of 1 2 0 0  km, and is 
insensitive to clouds and aerosols (7-9). 
With a p ~ t e n t i a l  500 occultations per day 
per orbiting receiver, the technique pro- 
vides a unique combination of well-distrib- 
uted global coverage and high vertical res- 
olution, particularly in the troposphere. 

In radio occultation, the atmosphere 
acts as a planetary-scale lens. Signals from a 
transmitter that pass through the atmo- 
sphere are deflected hy the vertical gradient 
of atmospheric refractive index and are 
then detected by an orbiting receiver (Fig. 
1).  The bending angle cu varies with the 
impact parameter a as the orbital motion of 
the transmitter and receiver cause the tan- 
gent height of the ray path to descend 
through the atmosphere. The vertical re- 
fractive index profile n(r) is derived from 
measurements of a ( a )  with an Ahel integral 
transform, subject to the assumption of lo- 
cal spherical symmetry ( I ) .  Temperature 
profiles are obtained from n(r) with the use 
of empirical data on the variation of refrac- 
tive index with atmospheric properties 
(10). Bending angle cu(a) is calculated from 
receiver measurements of the Doppler fre- 
quency of the occulted beam, given precise 
knowledge of the positions and velocities of 
the transmitter and receiver ( I  1 ). 

Below an altitude of 90 km, the primary 
contributors to radio wavelength refractiv- 
ity, defined as N(r)  = [n(r) - 11 X 10" are 
dry atmospheric density and water vapor 
density. Throughout the middle atmosphere 
and the regions of the troposphere colder 
than 250 K, the contribution of water vapor 

Tangent point 

Fig. 1. Schematic of the low Earth orbter (LEO) 
GPS occultaton geometry of GPS-MET, defnng 
the occultat~on bendng angle a, the Impact pa- 
rameter a ,  and the radlus to the ray perlapss tan- 
gent polnt, r 

to refractivitv is small, and measured refrac- 
tivity profile; can he converted directly into 
density profiles, which are then integrated 
hydrostatically to determine pressure. Giv- 
en density and pressure, temperature is ob- 
tained from the ideal gas law. Temperature 
errors resulting from the 50% uncertainties 
in climatological water vapor at the 250 K 
level are less than 1 K (8, 12, 13). O n  the 
hasis of noise considerations, the hydrostat- 
ic integral is initialized at 50 km in the 
temoerature retrievals presented below, and 
a temperature estimate at 50 km is required 
as a boundary condition. This temperature, 
derived from a model, is the only indepen- 
dent atmospheric information used in the 
retrieval process when the atmosphere is 
dry. A 10 K error in the 50-km temperature 
estimate produces a temperature error of 
about 0.1 K at the 100-mbar level (-16 
km).  

Temperature (K) Difference (K) 

Temperature (K) Difference (K) 

Fig. 2. Comparisons between occultation (thick 
line), radiosonde (thin Ilne), and ECMWF (dotted 
line) temperature profes. (Left panels) Compar- 
sons of the profes. (Rght panels) Temperature 
differences (occultation-rad~osonde or model) as 
a functon of altitude. (A) Occultat~on obtained at 
01 : 33 universal time (UT) on 5 May 1995 over Hall 
Beach, Northwest Territories, Canada (69.Z0N, 
82.6"W). The radiosonde (00:OO UT; 68.aoN, 
81.3"W) was 65 km from the occultation location, 
and the model analysis from 00:OO UT is spataly 
Interpolated to the occultation locaton. (8) Occul- 
tation obtained at 12:40 UT on 4 May 1995 In the 
south Pacific (7.g0S, 167.5"E). The radiosonde 
profe (1 2:00 UT; 6.0°S, 170.4"E), obtalned from 
a shp,  was 350 km from the occultation locaton, 
and the model analysis from 12:OO UT IS spatially 
interpolated to the occultat~on location. 

Retr~eved occultation temoerature vro- 
files can be evaluated by comparing specific 
examples with radiosonde and ECMWF 
model profiles (Fig. 2). A t  high latitudes, 
cold, drv conditions allow accurate temper- 
atures to be derived almost to the suriace 
(Fig. 2A). The retrieved profile is similar to 
the nearby radiosonde profile, with differ- 
ences of order 1 K through most of the 
troposphere. In the vicinity of the tropo- 
pause and above, temperature differences 
are com~arable to those between the rad~o- 
sonde and model analysis. Agreement with 
the radiosonde in resolving the sharply de- 
fined tropopause and the lapse rate change 
helow 3 km is illustrative of the sensitivity 
and vertical resolution of the occultation 
technique. A t  low latitudes, the ability of 
the technique to measure the high and cold 
tropopause structure characteristic of the 
tropics is illustrated (Fig. 2B). 

Figure 2B also illustrates the sensitivity 
of radio occultation to atmospheric waves 
(3 ,  14). Waves are most apparent in the 
equatorial lower stratosphere. Although 
other waves are present throughout this 
region, one of -3-km vertical wavelength 
appears in a number of profiles within 10" 
of the equator above the Pacific with a 
vertical structure antisvmmetric about the 
equator. Close agreemeAt in both amplitude 
and phase with a radiosonde sounding tak- 
en some 300 km away (Fig. 2B) implies that 
the wave has been resolved bv the occulta- 
tion measurement and that ;he horizontal 
wavelength is large (>>300 km). Although 
a large-scale inertio-gravity wave cannot be 
ruled out, these features, the wave's absence 
in a profile at 0.3ON latitude, and an am- 
plitude that has largely decayed by the 10- 
mbar level (-30 km) are consistent with a 
4- to 5-day westward propagating Rossby- 
gravity wave, one of the two dominant 
planetary wave types observed previously in 
this region (the other is a 10- to 20-dav " 

Kelvin wave) (15). These waves may be 

, 
'0 0 5  1 0  1 5  2 0  2 5  
Water vapor partial pressure (mbar) 

Fig. 3. Comparison of the occultat~on (solid n e )  
and radiosonde (dashed line) water vapor profles 
for the occultat~on over H a  Beach (Fig. 2A). The 
radiosonde temperature profile IS used to remove 
the dry density contribution from the occultation 
refractvity profile in order to isolate the water va- 
por component. The water vapor retreva is initial- 
zed at about 6.2 km in alttude, where water vapor 
abundance is assumed to be zero. 
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generated by tropical convection and pro- 
vide significant sources of energy and mo- 
mentum for the stratospheric circulation. 
The location of the wave is consistent with 
a convective source over the warm pool 
region around Indonesia. 

As temperatures rise above 250 K lower 
in the troposphere, water concentrations 
increase dramatically. This introduces an 
ambiguity in the interpretation of refractiv- 
ity but also allows water vapor to be re- 
trieved given independent temperature data 
(Fig. 3) (1 3,  16). The retrieved water vapor 
in Fig. 3 is biased high by 0.1 to 0.4 mbar 
relative to the radiosonde because of sys- 
tematic differences between the retrieved 
and radiosonde refractivity profiles. Biases 
of a similar magnitude are expected at low 
latitudes, giving relative accuracies an order 
of magnitude better. Unfortunately, the 
vertical structure often associated with 
higher water concentrations at lower lati- 
tudes causes large variations in the occulted 
signal that the GPS-MET receiver cannot 
adequately track. Results for temperatures 
warmer than 250 K are therefore not een- " 
erally presented here. Receiver modifica- 
tions to improve low-altitude signal track- 
ing are in progress. At low latitudes, the 
vertical resolution, insensitivity to clouds, 
and coverage of GPS occultations are need- 
ed to address fundamental issues in hydrol- 
ogy, weather, and climate and are lacking in 
present satellite sensors (1 7). 

To evaluate the accuracv of our temver- 
ature profiles, given the rarity of close co- 
incidences with radiosondes, we compared 
them with the ECMWF analyses (Fig. 4). 
Tropospheric temperatures exceeding 250 
K were excluded. In the Northern Hemi- 
sphere troposphere, where the ECMWF 
analvses are the most accurate. mean tem- 
perature differences are generally less than 
0.5 K, and the standard deviations of the 
differences are of order 1 K. These differ- 
ences include vertical structure that is not 

Fig. 4. Statistical compari- 
sons between the &hour 
ECMWF analyses and 
temperature profiles re- 
trieved from radio occulta- 
tions on 4 and 5 May 1995. 
The panels plot mean tem- 
perature differences (re- 
trieved - ECMWF) for (A) 
54 profiles in the Northem 
Hemisphere (>30°N), (B) 
52 profiles in the tropics 
(30"s to 30°N), and (C) 50 
~rofiles in the Southem 

resolved by the ECMWF analysis, especially 
above the 100-mbar level. 

Although radiosonde and TIROS Oper- 
ational Vertical Sounder (TOVS) (18) data 
are assimilated into the ECMWF model, 
the analyses are less accurate in some re- 
gions of the Southern Hemisphere because 
of the svarse distribution of radiosondes. 
Greater knowledge of the structure of the 
atmos~here over the Southern Hemis~here 
oceans is essential for studies of climate and 
the global energy and water cycles. Because 
the occultation retrieval process has little 
dependence on latitude, these temperature 
measurements can be used to characterize 
atmospheric structure in the Southern 
Hemis~here in more detail. In the Southern 
Hemisphere, mean temperature differences 
and standard deviations increase at lower 
altitudes (Fig. 4C). This feature was pro- 
duced by 12 occultation profiles concen- 
trated far from radiosonde ascents, primarily 
in the southeastern Pacific in the Southern 
Hemis~here storm track and close to the ice 
edge, where problems in the assimilation of 
TOVS data are known to arise (19). The . . 
statistics for these 12 profiles, when com- 
Dared with those of the remainine 38 - 
Southern Hemisphere profiles, reveal a bi- 
modal signature in model accuracy (Fig. 5). 
Biases and standard deviations of the tem- 
perature differences of the 38 profiles (Fig. 
5A) are generally comparable to those in 
the Northern Hemisphere (Fig. 4A). In 
contrast, the 12 profiles (Fig. 5B) show that 
the model tropopause altitude is 1 to 2 km 
too low, and model temperature is -2 K too 
low in the troposphere and -3 K too high 
in the lower stratosphere. These differences 
are larger than the predicted decadal cli- 
mate variations and imply that caution is 
appropriate when model data are used to 
establish climatological behavior and to 
study climatic changes in regions devoid of 
high vertical resolution observations. The 
temperature biases and errors in tropopause 

E 
ffl ffl 

e 
P 

Dierence (K) Difference (K) Difference (K) 
, ~~ 

Hemisphere (>30°s). The 
vertical curve represents mean temperature differences, and the horizontal error bars depict the standard 
error in the mean. The shaded area is defined by the mean temperature dierence plus or minus the 
standard deviation of the temperature difference about the mean. In the Northem and Southem hemi- 
spheres, the troposphere-stratosphere boundary (tropopause) typically lies in the 250- to 300-mbar range, 
whereas in the tropics, it is near the 100-mbar level. 

height, which must be significant given the 
importance of the height and topography of 
the tropopause to tropospheric dynamics 
(20), suggest that GPS occultation mea- 
surements can improve medium-range 
weather forecasts in regions where weather 
systems move from remote oceans onto 
continents. 

Temperature differences at tropical lati- 
tudes also display distinctive structure (Fig. 
4B). On average, retrieved profiles are cold- 
er than the ECMWF analyses between 300 
and 70 mbar, with a maximum difference of 
about 1 K near 150 mbar, whereas above the 
70-mbar level. thev become warmer bv a , , 
similar amount. Retrieved temperature gra- 
dients between 80 and 60 mbar are therefore 
systematically larger than model gradients. 
Although a little warmer than the retrievals, 
radiosonde data exhibit similar temperature 
structure in this altitude range, suggesting 
that the model does not have sufficient res- 
olution to represent these gradients. Because 
eauatorial waves in the lower stratos~here 
are not resolved by the model, the; are 
probably responsible for the increase in stan- 
dard deviation above the 100-mbar level in 
Fig. 4B. 

The source of the temperature biases in 
the upper tropical troposphere (Fig. 4B) is 
not understood. These biases could affect the 
available convective potential energy in the 
troposphere, and therefore energy transfer 
within the atmosphere and the severity of 
convective storms. They could also affect 
radiative emission by cirrus clouds, an impor- 
tant component of the greenhouse effect, 
and troposphere-stratosphere exchange 
through the thermal control of water vapor 
transfer. Given the ~reliminarv nature of 
these results, the biases seen in Fig. 4B could 
be a ~roduct of occultation measurement 
error. However, the good agreement be- 
tween the retrievals and model in the North- 
em Hemisphere (Fig. 4A) argues against 
this. Errors in the model data are attributable 
primarily to incomplete model physics and 

Difference (K) Difference (K) 

Fig. 5. Statistical comparison of the 50 Southem 
Hemisphere profiles, divided into two groups: (A) 
38 profiles that differ little relative to the model and 
(B) the 12 profiles with the largest deviations rela- 
tive to the model. Bars and shading as in Fig. 4. 
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~mperfect radiosonde observations. hlodel 
physics becomes important when the model 
extranolates to locations and times 6 ~ r  from 
the ground truth provided by radil~sondes. 
However, radiosonde temperatures are t h e w  
selves imperfect and require correcrions for 
absorption of solar and infrared radiation, 
thermal emission, and conduction and con- 
vection of heat (21 ). Inailequate calibration 
could contribute to the temperature biases 
seen in Fig. 4B, to the extent that the model 
is constrained hv radiosondes in this region. 

Figures 2 through 5 indicate that future 
measurements, if available in near real- 
time, could play a significant role in nurner- 
ical weather prediction (NWP).  The densi- 
ty of 500 globally distributed measurements 
per day provided by a s~ngle orbiting GPS 
receiver u ~ > ~ ~ l d  exceed that of the radio- 
sonde net~vork by a factor of 2 in the South- 
ern Hemisphere, making a significant con- 
tribut~on to the global ohserving system. A 
constellation of orbiting receivers could 
make a major contribution to fulfilling the 
stated temperature observation require- 
ments for global NWP. The results present- 
ed here demonstrate desirable properties for 
use in NWP, namely generally good agree- 
ment ~ v ~ t h  a high-quality NWP analysis, 
plus the ability to iiientify a minority of 
cases where there is roorn for s ign~f~cant  
improvement in the analysis. 
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Observations of Carbon Monoxide 
in Comet Hale-Bopp 

David Jewitt,* Matthew Senay,* Henry Matthews 

The recently discovered comet Hale-Bopp (C/1995 01) sports a bright dust coma even 
though it is still far from the sun (presently 6 astronomical units). This feature has attracted 
considerable interest in the public and scientific arenas. The comet is headed toward 
perihelion at 0.92 astronomical unit in April 1997 and is widely expected to then become 
a spectacular naked-eye comet. With millimeter-wave observations, carbon monoxide 
(CO) has been identified as the driver for the early activity observed in Hale-Bopp. 

A , ,  , 
c t ~ v ~ t y  In comets near the sun is known 

to be driven by the subl~rnation oi water ice 
from the nucleus in response to strong solar 
heating ( I  ). Comet Hale-Bopp belongs to a 
class of cornets that are too distant and too 
cold for water ice to sublimate, raising the 
pi)ssibility that the activ~ty creating its dust 
coma 1s driven by the sublimation of a more 
volatile ice or even by another physical 
process. Historically, activ~ty in distant 
cornets has heen attributed to heat released 
by exothermic phase changes in water Ice, 
explosive reactions between radicals in the 
nucleus, cc3llisions with interplanetary houl- 
ders, or the outgassing of embedded super- 
volatiles such as carbon monox~de, carbon 
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d~oxide, and nitrogen. The  advent of sensi- 
tive m~llirneter-~vave telescopes allows us to 
search directly for outgassed supervolatiles. 

We first observed Hale-Bopp In Septern- 
ber 1995 using the 15-m-diameter James 
Clerk hlaxwell Telescope (JCMT) atop 
Mauna Kea, Hawaii. We studied the = 

2-1 rotational transition of CO at 210 GH:. 
At  the tune of observation, Hale-Bopp was 
at a heliocentr~c d~stance of 6.6 astronorn- 
ical units (AU) .  Nearby position and flux 
standards were also observed, from which 
we estimated a pointing accuracy of 2 2  arc 
sec. The diameter of the circular J C M T  
beam subtended 20 arc sec on the sky (cor- 
responding to 9.3 x 10' m at the comet), 
w h ~ c h  is large compared with the pointing 
uncertainties. 

The cornet appeared projected against 
the center of our galaxy (Fig. 1 ), producing 
a nonuniform background of diffuse emis- 
sion from interstellar CO along the line of 
sight. Cometary CO emission was detected 
on 5 and 7 September 1995 [universal time 
( L T ) ]  but appeared partially confused with 
background CO lines and noise because of 
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