
plant and soil data from continuously 
active volcanic locations such as Iceland 
and Hawaii (7). More common values in 
both of these locations would be one or 
two orders of magnitude higher. 

In general, mercury content of plants 
is high when mercury content of the soils 
is also high, but this relation does not 
always hold. The mercury content of the 
substratum in both the Kelso and Horse- 
thief Lake regions of Washington, for 
example, is about 15 ppb, but the mercu- 
ry content of the plants a t  Kelso is about 
6 ppb and that a t  Horsethief Lake is 
about 9 ppb. In some instances, such as  
at Kelso, the mercury content of plants 
is less than that of the substrate; in other 
places, such as  at  Yakima and Toppen- 
ish, the plants contain higher concentra- 
tions than the substrate. The variations 
probably arise from differences in the 
relative availability to the plant of mer- 
cury in the substratum and in the plume 
ash. 

The plants we sampled were, on the 
average, 10 cm or less in height and less 
than 6 months in age, yet they reflected 
with reasonable accuracy the direction 
of a volcanic plume generated during an 
eruption that took place months before 
these plants began their growth. 
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Comet Encke: Radar Detection of Nucleus 

Abstract. The nucleus of the periodic comet Encke was detected in November 1980 
with the Arecibo Observatory's radar system (wavelength, 12.6 centimeters). The 
echoes in the one sense of circular polarization received imply a radar cross section 
of 1.1 k 0.7 square kilometers. The estimated bandwidth of these echoes combined 
with an estimate of the rotation vector of Encke yields a radius for the nucleus of 
1 ..5?:; kilometers. The uncertainties given are dependent primarily on the range of 
models considered for the comet and for the manner in which its nucleus backscat- 
ters radio waves. Should this range prove inadequate, the true value of the radius of 
the nucleus might lie outside the limits given. 

Comets are widely believed to repre- 
sent samples of the most primitive mate- 
rial of the solar nebula ( I ) ,  and their 
nuclei especially have been the subject 
of intense study. However, direct study 
of the nucleus of a comet has been 
hindered by the difficulty in separating 
the light reflected by the nucleus from 
that scattered by the surrounding coma. 
Apart from a spacecraft mission to a 
comet, ground-based radar appears to  be 
the only technique available for the di- 

rect detection of a nucleus. But such 
detection is rarely possible because of 
the combination of the small size of a 
comet's nucleus and its generally great 
distance from the earth. 

Comet Encke has the shortest orbital 
period of any known comet (Po = 3.3 
years), and has been observed carefully 
during most of its passages through peri- 
helion since its discovery in 1786. Its 
orbit has been determined accurately (2) ,  
and its nucleus described (3) as  an inho- 
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Relat ive rad io frequency of echo (Hz) 

Fig. 1. Smoothed spectrum from radar observations of comet Encke made during the period 2 to 
8 November 1980. The abscissa represents the radio frequency of the received signal relative to 
the frequency calculated from the ephemeris for the comet; the scale spans an interval slightly 
larger than the smallest difference between any two of the four transmitted frequencies (4). The 
central peak of the echo is offset by about 7.5 Hz from the ephemeris value which corresponds 
to the origin of the abscissa. The ordinate represents echo power in units of the root-mean- 
square fluctuations of the noise power. The distribution of the noise samples in the final 
spectrum approximates to the expected degree a Gaussian probability distribution of mean zero 
and standard deviation unity. 
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mogeneous mixture of ices and meteor- 
oidal material with a radius of about 1.5 
km. In November 1980 Encke passed 0.3 
AU from the earth, sufficiently close for 
us to detect radar echoes with the Areci- 
bo Observatory's radar system, operat- 
ing at a wavelength of 12.6 cm. 

Our observations were made on seven 
consecutive days, from 2 through 8 No- 
vember 1980, about 1 month before 

Encke reached perihelion. Each day's 
observations were broken into cycles. A 
cycle consisted of the transmission, for a 
time approximately equal to  the round 
trip of the echo, of a frequency-switched 
(4), circularly polarized, nearly mono- 
chromatic wave, followed by the recep- 
tion, for nearly the same duration, of the 
echo in the sense of circular polarization 
opposite (OC) to that transmitted. Simul- 

Table 1. System characteristics for radar observations of periodic comet Encke" 

Date (1980) A RTT G Pt T, t ,  
(AU) (set) (dB) (k W) (K) (sec) 

2 November 0.295 294 69.2 390 79 189 
3 November 0.303 302 70.2 3 00 59 1947 
4 November 0.311 3 10 70.4 345 63 864 
5 November 0.321 320 70.6 350 5 1 3135 
6 November 0.332 33 1 70.8 375 48 3259 
7 November 0.343 342 70.8 380 49 3708 
8 November 0.355 354 70.8 400 50 3488 

*A is the geocentric distance of Encke, RTT the round-trip time of the radar signals, G the isotropic antenna 
gain, P, the transmitted power, T,  the receiving system temperature, and r ,  the integration time of the received 
signals. The wavelength of the radar signals was 12.6 cm (carrier frequency of 2380 MHz). 

-3.00 4 i '  
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Fig. 2. Smoothed spectra from the data of (a) 5 and 6 November and (b) 7 and 8 November. The 
frequency corresponding to the central peak of the echo is in each case approximately the same 
as in Fig. 1 .  

taneous reception in both orthogonal 
senses of circular polarization was not 
possible at the time of the experiment. 
Table 1 summarizes the relevant system 
parameters and shows Encke's geocen- 
tric distance. An ephemeris, based on 
the comet's osculating orbital elements, 
was used to point the telescope and to 
adjust the receiver frequency. The re- 
ceived signals were sampled, segmented, 
Fourier analyzed, corrected for instru- 
mental effects, and combined in groups 
to obtain power spectra with a frequency 
resolution of about 1.2 H z  (4). These 
spectra were then summed to yield a 
"total" spectrum. 

Aside from the effects of noise, this 
total spectrum is determined by the man- 
ner in which the nucleus scatters radio 
waves. From experience (5) with the 
probable form of this dependence for 
both large icy bodies and small rough 
bodies, we chose a particular parameter- 
ized function (6) to  approximate the 
spectral shape of the echo; this function 
was cross correlated with the total spec- 
trum for various values of the parame- 
ters to maximize the signal-to-noise ra- 
tio. Figure 1 shows the result of this 
correlation for a set of parameter values 
(see below) that yields a maximum sig- 
nal-to-noise ratio. 

Figure 2 shows separately the corre- 
sponding spectra for 5 and 6 November 
and 7 and 8 November after each was 
correlated with the same function, with 
the same parameter values, used for Fig. 
1. An echo, although not strong, is dis- 
cernible in each of these spectra and 
provides powerful evidence that the 
peaks observed are indeed radar echoes 
from Encke. In each case, the central 
peak of the echo is offset by about 7.5 H z  
from the value predicted by our ephem- 
eris. However, the optical observations 
of Encke, including those made both 
before and after the radar observations, 
were neither sufficiently numerous nor 
sufficiently accurate to  allow the Dopp- 
ler shift to be calculated with an uncer- 
tainty under 20 Hz ,  and hence can lend 
no independent support to  this finding of 
a 7.5-Hz error in the predicted Doppler 
shift. The measured Doppler shift for the 
transmitted frequency of 2380 MHz at 
the epoch 14 hours 44 minutes UT, 5 
November 1980, near the midpoint of 
our observations, is -280,334.5 t 1.0 
Hz  (standard error). 

The spectrum formed from the obser- 
vations of 2, 3, and 4 November, after 
cross correlation with the same function 
used for the other spectra, yielded a peak 
at  the same frequency offset, but with a 
lower, 2.5-standard-deviation amplitude. 
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This difference is due in part to the less uncertainty in the model assumed for the strumental efkcts from the spectra of the re- 
ceived signals. To accomplish this removal, the 

sensitive observations made on these comet makes the major contribution to carrier frequency was switched during transmis- 

earlier days (see Table 1) and perhaps in the estimated standard error. The corre- ~ ~ ~ 4 ~ ~ ~ l ; n , ~ , ~ ~ ~ l ~ ~ ~ f o e ~ ~ l ~ ~ s : ~ , " " , $ ~  
part to a variability with aspect of the sponding estimates of the radius and its at each offset. The received signal, translated to 

radar reflectivity of Encke's nucleus. uncertainty for a "worst case" combina- video Doppler frequencies shift but not with for due frequency account switching, for the 
Integration of the total power spec- tion of these fractionally large estimated was separated into 0.82-second segments; each 

segment was then Fourier-transformed to yield a 
trum over the bandwidth containing the standard errors are given by (8) power spectrum with a resolution of - 1.2 HZ 
echo yields a radar cross section R = 1.5?::30 km. We must emphasize, and a total band of - 2 k ~ z .  (A frequency 

resolution of 1.2 Hz was chosen because it was 
uoc = 1.1 2 0.7 km2, where compara- however, that the errors given represent easy to implement and appeared adequate to 
ble contributions to the estimated stan- a worst case only within the limits placed zTo",'Yie \ ~ a ~ ~ ~ " d f " t ~ ~ C , " $ ~ ~ " f ~ $ ~ ~ ~ ~ i , " f  ;E 
dard error come from uncertainties in the on n and on the comet models that were chosen so that the widest conceivable echo 

calibration of the radar system and from considered in estimating the rotation ~ ~ ~ ~ ~ ~ ~ d ~ ~ ~ ~ l  ~ ~ ~ ~ ~ ~ ~ b ~ ~ i ~ ~ ~ ~ ~ ~ ~ ;  
the effects of thermal noise. vector of Encke. Were we, for example, the total band was set by the need to accommo- 

date the frequency switching.) These spectra, 
To estimate the radius of Encke's nu- to broaden the interval of n to encom- collected for an interval long with 

cleus, assumed spherical, we used the pass 0 s n s 5, the corresponding val- T = 10 seconds, were then summed, the start of 
each such interval having been delayed from the 

relation ues for B would range from about 2 to 10 corresponding start of the transmission by the 
round-trip time of the echo in order to maintain 

R = 10-3 km Hz and for from about 0'3 4'5 km' synchronism with the cycle offrequency switch- 
By invoking the improbability of a radar ing. Each group of four such summed spectra, 

8n  sin a cross section that exceeds the geometric corresponding to the four values of the carrier 
frequency, were then further processed. To clar- 

where X (meters) is the radar wave- cross section and using the lower value ify the procedures used, we define the quantity 
S, (i,j = 1-4) to represent each of the four equal 

length, B (hertz) the total ("limb-to- of the range for the former, we obtain a quartersj of each of the four spectra i. The echo 
limb") bandwidth of the echo, P,  (sec- similar lower limit of about 0.4 km for of each carrier frequency, when present, ap- 

pears near the center of the corresponding quar- 
onds) the spin period of the nucleus, and the radius of the nucleus. ter, different for each of the four spectra. Thus if 

a the angle between the spin axis and the More radar observations are needed to :;; (ico_nF!y; ~ ~ n $ ' ~ h h ~ h " , r ~ / . ; $  ab2t,4he7t 
radar line of sight. The values for B and refine these results and to obtain a de- "background" spectrum for s I I  by forming the 

for the appropriate component of the tailed description of the reflection prop- 4 

spin vector of the nucleus must be erties of the nucleus and their variations (113) 1 S,I 
i = 2 

known to estimate R. The radar echoes over the surface. Unfortunately, comet 
subtracting it from S , , ,  and dividing the result by 

allow an estimate to be made only for B. Encke will not be detectable by radar it, point by point, to yield a background-free 

This estimate, however, is seriously af- again until the 1990's. The next possibly ~ ~ ~ ~ , " ' a i ~ a ~  ~ ~ ~ / n ~ ~ ~ ~ , ' , ' ~ ~ e q , " , " h ' ~ , " ~ ~ ~ , " ~  
fected by its very high correlation with useful opportunity for radar detection spectra (i = 2-4) was corrected for background, 

the spectral shape of the echo, which is offered by a periodic comet occurs in : ~ ~ t ~ ~ A $ < ~ ~ , " ~ ~ S S ~ ~ e h ~ ~ ~ $ ~ l ~ , " ~ ~ : ~  z! 
unknown (7). A further assumption is 1982, when the comet Grigg-Skjellerup the root-mean-square of the noise fluctuations, 

we represented the spectral power in units of the 
needed. Assuming a narrow shape, char- will Pass 0.3 AU from the earth. The standard deviation of the noise, as in the figures. 
acteristic of specular reflection from a determination of its radius will again After this removal of instrumental effects and 

normalization, all of the sets offour spectra from 
smooth surface, would yield a high value depend on knowledge of the spectral a given night, properly shifted in frequency, 
for B ,  whereas assuming a broad shape, shape of the echo and on the availability ~ ? ~ d ~ ~ , b U ' ~ $ n ~ ~ { e  ~ ~ t , " , " ~ , " & ' ~ e ~ , " ~ i $ ~ ;  
characteristic of a rough surface, would of a reliable estimate of its spin vector, ual nights of observation. A more detailed de- 

scription of this method for removal of instru- yield a low value. Guided by the shapes which, in turn, will require many careful mental eEects is given by Ostro e t  (5), 
inferred from radar observations of as- visual observations (3). 5 .  D. B. Campbell, J .  F. Chandler, G. H. Petten- 

P. G. KAMoUN 
g~ll,  I. I. Shaplro. Science 196, 650 (1977); S. J .  

teroids and of the icy Galilean satellites Ostro, D. B. Campbell, G. H. Pettengill, I. I. 
(5),  we chose n = 1.5 2 1 as the value Department of Earth and Planetary Shapiro, Icarus 44,431 (1980); R. F .  Jurgens and 

R. M. Goldstein, ibid. 28, 1 (1976). 
and uncertainty of the exponent of the Sciences, Massachusetts Institute of 6. The pattern of radio waves backscattered from 

assumed cosnO backscattering function Technology, Cambridge 02139 "hard" solar system bodies is usually well de- 
scribed by a cosnO function ( 3 ,  where O is the 

(6 ) ,  the higher values of n implying the 11. B. CAMPBELL angle of incidence of the wave to the mean 

narrower shapes. Considering this re- National Astronomy and Ionosphere spherical surface of the body. (Note that n = 2 
corresponds to Lambert scattering.) This angu- 

striction, and the effect of the other Center, Arecibo, Puerto Rico 00612 lar behavior yields an echo whose frequency 
dependence f can be represented as 

parameters (6) ,  we obtained by least S. J. OsTRo A(1 - [2V. - fO)iBl2p2, where A is the maxi- 
squares the result (8) B = 6 t 3 Hz. The Department of Astronomy, mum amplitude of the echo, B is the total 

bandwidth of the echo, and f, represents the 
uncertainty is determined primarily by Cornell university, offset of the center of the spectrum of the echo 

the interval allowed for n ;  the statistical Ithaca, New York 14835 from the prediction based on the ephemeris. 
7. This high correlation is relatively unimportant in 

standard error (for n fixed) contributes G.  H. PETTENGILL determining the radar cross section, since the 

only about 1 Hz to the total. For the 1. 1, sHAPIRO estimate of the total power received is insensi- 
tive to the spectral shape of the echo. 

rotation vector of Encke, we used the Department of Earth and 8. A detailed discussion of this determination will 
be given in the doctoral dissertation of one of us estimates by Whipple and Sekanina (3) Planetary Sciences, (P.G.K.). 
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