
~mperfect radiosonde observations. hlodel 
physics becomes important when the model 
extranolates to locations and times 6 ~ r  from 
the ground truth provided by raclil~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 fiture 
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 w ( > ~ ~ 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 room 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 o i  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 
possibility 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 lvater Ice, 
explosive reactions hetlveen radicals in the 
nucleus, cc3llisions with interplanetary houl- 
ders, or the outgassing of embedded super- 
volatiles such as carbon monox~de, carbon 

D. Jewtt and M. Senay, Institute for Astronomy. Honou- 
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d~oxide, and nitrogen. The  advent of sensi- 
tive m~llirneter-~vave telescopes allolvs 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, Halvaii. 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 
lve 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), 
lvh~ch is large compared with the pointing 
uncertainties. 

The cornet appeared projected against 
the center of our galaxy (Fig. 1 ), pr~ducing 
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 lvith 
background CO lines and noise because of 
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Table 1. Parameters of the Hale-Bopp C0[2- I ]  line. The date given is the velocity of Hale-Bopp; v,, observed line velocity; dv = v ,  - v,; T,, peak 
midpoint of integration. Abbreviations: R. heliocentric distance; D, geocentric antenna temperature; T,dv. line area; Q,,, CO production rate (molecules per 
distance; a ,  phase angle in degrees; t ,  integration time; v,, geocentric radial second). 

Date R D a t "Q dv T),dv 
(s) (km s-') (km s-') (km s-') (K km s-') 

:get=-, (1995 UT) (AU) (AU) (deg) (10 s 

Sep.5,7*  6.760 6.335 8.01 10,800 12.62 12.30 i 0.04 0 . 3 2  i 0.02 0.06 0.029 i 0.006 1.8 
Sep.19.22 6.649 6.437 8.61 11,400 14.31 13.98 i 0.04 0 . 3 3  i 0.04 0.08 0.042 i 0.008 2.5 
Sep.20.21 6.640 6.445 8.64 11.400 14.38 13.96 i 0.02 0 . 4 2  i 0.02 0.1 1 0.031 i 0.006 1.8 
O ~ t . 1 6 . 1 2  6.414 6.657 8.48 4.800 12.98 12.62 -t 0.02 0 . 3 6  i 0.02 0.26 0.057 i 0.010 3.0 
Oct. 30.15 6.290 6.751 7.74 6,000 9.93 9.71 i 0.06 0 . 2 2  i 0.06 0.10 0.067 i 0.013 4.1 
NOV. 13.09 6.165 6.816 6.60 7,200 5.73 5.43 i 0.10 0 . 3 0  i 0.1 0 0.1 0 0.073 i 0.01 4 4.7 

"Average of spectra taken on two n~ghts 

high air-mass and system temperature. Firm 
detections, devoid of significant back- 
ground contamination, lvere first obtained 
o n  19 and 20 September (2)  (Fig. 2). Sub- 
sequently, observations of the  line \Yere re- 
ported from the IRAM (Institute de Radio 
Astronolnie hlillimetriilue) 30-m telescope 
(3) .  T h e  core of the line is unresolved (at  
spectral resolution -0.2 km s-I) and ap- 
pears systelnatically blueshifted with respect 
to the geocentric radial velocity of the c o n -  
e t  by about 0.35 km s-'. W e  take this as a 
measure of the coma outflow speed. Day-to- 
day differences in the blueshift (Table 1)  
are sign~ficant and may reflect variations in 
the direction of outjiassing, perhaps associ- 
ated with rotation of tlne nucleus. In  addi- 
tion, there is a faint redshifted wing to tlne 
line, xh ich  suggests weak elnission from the  
night side of the nucleus. 

T h e  integrated intensity of the CO line 
increased linearly from 5 Septenlber to 13 
November (Fig. 3), slnolving that the outgas- 
sing rate ilncreased by a tactor of 2 in just 2 
months. T h e  time taken for a m o l e c ~ ~ l e  to 
travel from the center to the edge of the 
J C h l T  heam at 0.35 km s-' is tL - 10' s 
(about 1 day), and ~wiabi l i ty  on similar or 
shorter time scales cannot be ohsewed (4).  
T h e  CO brightening is so dramatic ( the  
dependence o n  heliocentric distance is 
ahout RPq4) that it cannot plausibly he sus- 
tained until perihelion (the extrapolated 
outgassing lvould then be 10" kg sP1) .  Pre- 
sumably we are witnessing a transient hright- 
elling akin to those seen already in CO from 
period~c comet Schlvassmann Wachrnann 1 
(SW1) (5. 6 )  and optically in 2060 Clniron 
(7).  This scenario a.ould he colnsistent with 
reported slnaller line areas of <0.049 K km 
s P 1  (3u) on 8 Dece~nber and 0.028 -t 0.004 
K km s-I o n  9 December (8). 

W e  assume that CO is a parent molecule 
and not the decay product of a Inore com- 
plex molecule. Of the  possible parents, COZ 
photodissociates to CO too slowly a t  6.6 
A U  [the time constant is t ,,,,,,,<) - 10% (9)]  
to  constitute a l~iable source. T h e  photodis- 
sociation of formaldehyde (H,CO) is nlore 
rapid ( t  g , , l c ~ , ~ ,  - 3 X I@%), but this lno lec~~le  
is undetected down to 1.5% of the  CO 
production (1 0). 

A t  6.6 AL, the  photodestruction tune 
for CO is t, = 6 x 10' s (9) .  This exceeds 
tL by nearly t\vo orders of magnituile, so that 
photodestruction rnay be neglected in the  
calculation of the  ~ r o d u c t i o n  rate. T h e  time 
scale to reach fluorescence equilibrium at 
6.6 A L  is t, - 106 s (1 1 ). W i t h  t+ > tc, the  
population of the rotational levels in CO in 
the  J C M T  beam must be determined largely 
by intermolecular collisions. T o  estinlate 
the  production rate Q, we assumed a Boltz- 
lnann distribution of rotatiollal energies 
with a rotational temperature of 10 K, this 
being the measured value in S W 1  (6) .  T h e  
average 1s Q,, = 2.8 X 10'' s-' ( 1300 kg 
s - ' )  (Table 1 ) .  For comparison, a wlter 
mass loss rate of lo3 kg s-' was attained by 
comet Halley only when near preperihe- 
lion, at about 2 A L  (12).  

Lhes the strong outjiassing from Hale- 
Bopp suggest that its nucleus is ~~nusua l ly  
large? Consideration of the rate of sul?lima- 
tion of CO does not sunport such a conclu- 
sion. W e  calculated the  flux of ~nolecules 
sublimated fro111 CO and H,O ice s~lrfaces 
(Fig. 4) .  T h e  calculations assume sublima- 
tion in thermal equilibrium but neglect 
therlnal conduction. Two curves for each 
volatile show the  dependence of the  subli- 
mation rate o n  the  (unknown) nuclear spin. 
A t  6.6 ,4L, the  CO sublimation fluxes vary 
between 5 X 10" ln-' s-I  s so thermal 
nucleus) and 2 x 10" 1nP2 s-' (subsolar 
patch).  T h e  nonlilnal QCC, = 2.8 X 10" s 1  
could he sustained by a n  exposed patch of 
CO havine an  area A = 14 to 56 km'. 
corresponding to a circle of radius (A/T)"' 
= 2.1 to  4.2 km. This constitutes a lolver 
lilllit t o  the  radius of the  nucleus. 

Outgassing from near-sun comets is large- 
lv confined to small, acti1.e vents ernbedded 
in a crust or mantle of non\~olatile lllaterial 
(4 ,  13). Two characteristics of Hale-Bopp 
are l l~ost naturallv ex~ la ined  in terms of out- , L 

gassing from localized vents o n  the  nucleus. 
First, the  systematic blueshift of the line 
peak (Table 1 and Flg. 2) indicates s~unaard 
ejection in a collimated jet. T h e  dominance 
of the  sunward (dav-siile) elllission further , , 
sho\\~s that the s~~blilnation rate is sensitive 
to the diurnal ternr?erature variation and 
hence is produced close to the surface (pre- 

sumably wlthin one thermal skin depth, or 
about 10 cm for a rotational period of 10 
hours). T h e  velocity of ejectloll (0.35 km 
sP1)  is higher than that expected for adla- 
hatic exnansion of CO 10.2 km s-I). T h e  
velocity excess may result from heating by 
flow through a porous surface layer (6 )  or, 
Inore likely, by dust heating (14). Second, 
the optical image sholvs a colll~llated (iiust) 
jet such as ~voulci be produced by gas flow 
into vacuum from an active vent. W e  sur- 
llnise that Hale-Bopp reselnhles better stud- 
ied comets, in that it outgasses from the 
near-sul$ace regions in one or Inore active 
vents that together occupy only a slnall frac- 
tion of the nuclear surface. Hale-Bopp's pre- 
vious orbit had perihelion distance 0.5 5 il 

5 1.5 A L  (15), providing ample opportuni- 
ty for the forlnation of a rubble lnalntle by 
capture of suborbital debris o n  the nucleus. 

In comet Halley, the ~ ~ n ~ n a n t l e d  &action 
of the surface lvas -10'4, ( 1  3) .  With  this 
active fraction, the nucleus radlus of Hale- 
Bopp ~voulii be 3 to 7 km, lvhich 1s similar to 
the 5-km effective radius of Halley and other 
short-period comets (4) .  In any event, sus- 
tained outgassing of CO accounts naturally 
for the extended coma mid elevated bright- 
ness of Hale-Bopp, without assuming that 
the nucleus is unusually large. Even the re- 
ported detection of this conlet at magnitude 
18 a t  13.1 A L  on 27 April 1993 (16) is 
colnpatihle lvith coma prod~lction by C O .  
T h e  st~blimation rate at 13.1 ,4L \vould he 
reduced relative to that at 6.6 A L  by a factor 
(6.6/13.1)' - 0.25 (Fig. 4)) c>rQco - 300 kg 
s-I. In the period of observations covered, 
Hale-Bopp lost -10" ~ l lo lec~~les  of CO, or 
total ruass 6 X 10" kg. This corresponds to a 
\'cry ~llodest thickness of 0.6 m of CO ice (of 
density 1000 kg 1x1-') spread over a 10-km2 
vent. 

In situ ohservations of CO in comet 
Hallev sho\ved a distrihuteil near-nucleus 
source in addition to  a nuclear component 
(1 7). T h e  asymmetric CO line in Hale- 
Bopp is incompatible with a spherically dis- 
trll?uteil near-nucleus source inferred 
a r o ~ ~ n d  Halley ( 1  7 ) ,  although we cannot 
eliluinate the  possibility that a fraction of 
the  ohserved CO molecules emanate fro111 
grains in the  near-nucleus coma (18). 
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Fig. 1. Charge-coupled de- 
vice image of comet Hale- 1 
Bopp taken on 20 Septem- 1 
ber 1995 (UT) at the ~niver- 
sity of ~awaii 2.2-m tele- 
scope. The white circle is 
centered on the optocenter 
and denotes the 20-arc sec 
(9.3 x lo7 m) diameter b 
JCMT beam. The image, 
which was taken simulta- 
neouslv with JCMT data. I 
shows the asymmetric dis- 
tribution of dust in the coma. 1 
North is to the top, east to ~ 
the left. 

Water ice was reported in the coma of spherical grain of water ice of density 1000 
Hale-Bopp (19). Presumably, water ice kg m-3 and radius a (in micrometers) is t,,, 
grains are expelled from the nucleus by the = 10Z2(a/Z) (in seconds), where Z is the 
more volatile CO. They remain solid be- sublimation flux (per square meter per sec- 
cause of the low insolation at 6.6 AU (the ond). The neutral optical-near infrared col- 
blackbody temperature at this distance is ors of the coma (20) suggest a 2 2 p.m. For 
only 108 K). The sublimation lifetime of a isothermal blackbody grains at 6.6 AU, 2 = 

1011 m-2 s-l (Fig. 4), and a 2-p.m grain has 

tsuh - 2.2 x 10" s = 7000 (the 
temperature of real grains might be slightly 
higher and the lifetime slightly lower owing 

0.05 to wavelength-dependent emissivity ef- 

0 
fects). Sublimation of the water ice compo- 
nent will first change the morphology of the 

-0.05 coma when tsuh is comparable to the resi- 

0.1 5 1 
0.00 LL ..... l..... i . . . . .  1 ...--, 

0 

I 
p p p g g g p p  
- " O W m R s N W  

-0.1 Date in 1995 

-5 0 5 Fig. 3. Measured area of the C0[2-11 line versus 
Cometocentric radial velocity (km r-l) the date of observation. Error bars denote formal 

uncertainties from a line-plus-Gaussian fit to the 
Fig. 2. CO 2-1 rotational emission from Hale- data. The dashed line shows the variation expect- 
Bopp. Sample observations from (A) 19 Septem- ed if Qco maintains thermal equilibrium sublima- 
ber, (6) 20 September, and (C) 16 October 1995 tion (that is, Qco x R-2). The solid line shows Qco 
(UT) are shown. x R-9 4. 

10'21 . \ I 
1 10 

Heliocentric distance (AU) 

Fig. 4. Sublimation of water and CO ices as a 
function of heliocentric distance. The sublimation 
flux was calculated for two cases for each dis- 
tance, assuming sublimation in thermal equilibri- 
um with sunlight: a vertically illuminated volatile 
surface (solid lines) and an isothermal nucleus 
(dashed lines). The two cases bracket the maxi- 
mum and minimum temperatures and sublimation 
rates for each volatile under different states of the 
nucleus rotation (24). 

dence time in the JCMT beam, tc. With tc 
- - tSuh - 1 day, we obtain Z = 2 x 1017 m-2 
s-', which will occur at R = 3.5 AU (Fig. 
4). Therefore, we anticipate the disappear- 
ance of the water ice grains from the coma 
of Hale-Bopp near 3 AU, after which the 
bulk of the water will instead be emitted 
directly from the nucleus. Gaseous O H  pro- 
duction mav show a local maximum near 
this time, as the coma ice grains sublimate. 
A similar preperihelion O H  surge was ob- 
served near 4.5 AU in the distant comet 
Bowel1 (1982 I) (21). 

The peak perihelion brightness of Hale- 
Bopp cannot be meaningfully predicted 
from the available data. Given an unlimited 
surface supply, the CO production rate 
should increase as R-2. with a concomitant 
increase in the ejected dust and a brightness 
at visual wavelengths increasing roughly as 
R-4. A much faster rise is apparent in Fig. 3. 
However, it is quite possible that the near- 
surface CO reservoir is limited and that the 
CO production rate will actually decrease as 
the comet approaches the sun. This would 
be the case, for example, if only a limited 
amount of C O  migrated to the near-surface 
regions in response to internal conduction 
during the previous orbit (22). Water ice 
sublimation will become strong near 3 to 4 
AU (summer 1996), but the magnitude of 
the water production rate ultimately de- 
pends on the (unknown) area of the exposed 
water ice vents and their orientation to the 
sun. If the water vents occupy an effective 
subsolar area similar to the 14 km2 of CO. 
the perihelion water production should 
amount to QHZO FJ 2.8 X s-' (8400 kg 
s-I), and Hale-Bopp will rival, but not sur- 
pass, Halley in mass loss. However, in view 
of the obvious differences with Halley al- 
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ready apparent at 6 AU,  this estimate must 
he considered as highly uncertain. 

In many respects, Hale-Bopp resembles 
SW1. Both display activity when far from 
the sun (23), hoth show optical dust jets 
indicating anisotropic mass loss from the 
nucleus, and both are prodigious sources of 
CO [2000 kg s 1  for S W  1 (5, 6 ) ] .  However, 
\\,hereas SW1 has a nearlv circular trans- 
Jovian orbit that prevents a close approach 
to the sun, the orbit of Hale-Bopp is highly 
eccentric, and the solar insolation at the 
nucleus will increase by a factor of 50 be- 
tween now and nerihelion. Thus. Hale- 
Bopp provides an unprecedented opportu- 
nity to study the development of CO and 
H z O  outgassing in a comet that is still far 
from perihelion. 
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l mi ta tion of Escherichia coli Aspar ta te 
Receptor Signaling in Engineered 

Dimers of the Cytoplasmic Domain 
Andrea G. Cochran* and Peter S. Kim 

Transmembrane signaling by bacterial chemotaxis receptors appears to require a con- 
formational change within a receptor dimer. Dimers were engineered of the cytoplasmic 
domain of the Escherichia coli aspartate receptor that stimulated the kinase CheA in vitro. 
The folding free energy of the leucine-zipper dimerization domain was harnessed to twist 
the dimer interface of the receptor, which markedly affected the extent of CheA activation. 
Response to this twist was attenuated by modification of receptor regulatory sites, in the 
same manner as adaptation resets sensitivity to ligand in vivo. These results suggest that 
the normal allosteric activation of the chemotaxis receptor has been mimicked in a system 
that lacks both ligand-binding and transmembrane domains. The most stimulatory re- 
ceptor dimer formed a species of tetrameric size. 

Bacterial chemotaxis, the regulated swirn- 
rning behavior of bacteria in an attractant 
or repellent gradient, is one of the most 
thoroughly studied and biochemically de- 
fined signaling processes (1 ,  2). Determina- 
tion of the structures of the dirneric ligand- 
binding domain of the Salmonella typhi- 
rnurium aspartate receptor in apo and aspar- 
tate-hound forms \\,as an important step 
toward understanding the transmemhrane 
signaling mechanism (3). Ho\\,ever, it is not 
ob\ious from these structures how periplas- 
mic ligand binding triggers events in the 
cytoplasm. Aspartate binding induces only 
a small rotation of -4" between monomers 
(about an axis parallel to the membrane 
and perpendicular to the twofold symrnetry 
axis). Consistent with this structural viea., 
disulfide cross-linking and nuclear magnetic 
resonance studies suggest that ligand hind- 
ine results in small shifts in the relative 
positions of the transmembrane helices (4,  
5). Several types of interhelical motion 
have heen suggested as possible signaling 
mechanisms: Examples include pistonlike 
mo\rernents, scissoring motions, and super- 
coiling of helices (4) .  Presumahly, these 
adiustments in helix orientation reach the 
cytoplasmic portion of the receptor and are 
transmitted through the adapter protein 
C h e w  to the kinase CheA, therehy inhib- 
iting phosphorylation of the diffuaihle mes- 
senger CheY (Fig. 1).  

T o  extend structural and mechanistic 
studies to the cytoplasrnic receptor-kinase 
complex, we engineered dilners of the E .  
coli aspartate receptor (Tar) cytoplasmic do- 
main in which the monomers are held in 
parallel, as in the intact receptor (Fig. 1).  
The desired orientation was achieved hy 
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fusing the receptor domain to the short, 
parallel coiled-coil dirnerization dornain 
(leucine zipper) from the transcriptional ac- 
tivator GCN4 (6 ,  7). In addition to provid- 
ing a dimerization domain, the GCN4 pep- 
tide replaces the receptor sequence that 
presumably relays transmembrane confor- 
[national changes to the cytoplasrn (8). Fu- 
sion to a stable, inflexible structural ele- 
ment fixes the structure of the recentor 
fragment in this critical region. 

No detailed structural information is 
available to guide the design of a dimer of 
the Tar cvtonlasmic domain. However, clues , & 

can be found in two cytoplasrnic regions of 
the receptor that are associated with the 
process of adaptation (1,  2). 

Efficient gradient sensing requires con- 
tinuous adjustment of receptor sensitivity. 
Attractant stimulation induces a net in- 
crease in methylation of four specific glu- 
tarnic acid side chains (Fig. 2A),  catalyzed 
by the methyl transferase CheR. Methvl- 
aiion of these'glutamic acids, or mutation'to 
glutarnine, desensitizes the receptor to at- 
tractant ligands (9-1 1). Conversely, loss of 
attractant stirnulation results in net de- 
rnethvlation bv the methvl esterase CheB. 
The kinase ac'tivity of re8ceptor-associated 
CheA, in the absence of ligand, increases in 
direct response to increases in receptor 
rnethylation or amldation (1 1-13), suggest- 
ing that structural changes related to recep- 
tor adantation are intimatelv linked to the 
conforrktional changes that occur during 
receptor signaling. 

The primary sequences of both methyl- 
ation regions (K1 and R1; Fig. 2A) conform 
to seven-residue repeating patterns (4-3 hy- 
drophobic repeats) typical of a-helical coiled 
coils (2,  14). The seven-residue spacing of 
the three K1 methylation sites would align 
them on one face of a coiled-coil helix 12). , , 

Receptor point mutations that transfc)rm 
cells to an extreme smooth-s\\,imrning phe- 
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