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During the 23 December 1998 flyby of asteroid 433 Eros, the Near-Earth 
Asteroid Rendezvous (NEAR) spacecraft obtained 222 images of Eros, as well 
as supporting spectral observations. The images cover slightly more than two- 
thirds of Eros (best resolution is -400 meters per pixel) and reveal an elongated, 
cratered body with a linear feature extending for at least 20 kilometers. Our 
observations show that Eros has dimensions of 33 X 13 X 13 kilometers. The 
volume, combined with the mass determined by the NEAR radio science ex- 
periment, leads to a density of 2.5 + 0.8 grams per cubic centimeter. This 
relatively high density, and the presence of an extensive linear feature, suggest 
that Eros may be a structurally coherent body. 

The NEAR spacecraft was launched 17 Febru- a rotation period of Eros (5.27 hours) were 
ary 1996 on a 3-year journey to Eros (1). As initiated, primarily to refine knowledge of 
described by Yeomans et al. (2), when a critical Eros' rotational phase. The rotational period 
bum scheduled for 20 December 1998 was and pole direction had been determined fkom 
aborted by the spacecraft, the orbital phase of past Earth-based telescopic and radar obser- 
NEAR's mission had to be postponed until vations (3) (Table 1). 
February 2000. However, the trajectory was 
such that a flyby of the asteroid would occur on 
23 December 1998. Here, we summarize the 
major results obtained by NEAR's camera, the 
multispectral imager (MSI), and the near-infia- 
red spectrometer (NIS) during the flyby and 
during the approach to the asteroid. The main 
objectives for the camera and spectrometer dur- 
ing the flyby were (i) to improve knowledge of 
the asteroid's size, shape, and rotation phase, 
(ii) to estimate the volume; (iii) to search for 
satellites; (iv) to provide a preview of large- 
scale geology; and (v) to assess the albedo and 
color heterogeneity of the surface. 

Systematic observations of Eros against 
the star background for navigation began on 5 
November 1998, and continued at weekly 
intervals until 14 December and then at daily 
intervals until 19 December. Eros was first 
detected as a +5.5 mag unresolved point of 
light on 5 November. By 19 November, reg- 
ular light-curve observations extending over 
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The geometry of the flyby is summarized in 
Fig. 1. The flyby sequence consisted of 1026 
MSI h e s  exposed between 15 : 30 and 22: 23 
UTC on 23 December 1998 (4). Images of Eros 
were obtained between ranges fiom 11,662 to 
3,827 km and over phase angles fiom 84' to 
113" (Fig. 2). The best resolution (363 m per 
pixel) was achieved at a range of 3827 km, and 
the lowest resolution was 1.1 km per pixel. The 
NIS instrument obtained spectra covering the 
central part of each MSI frame over a wave- 
length range of 800 to 2500 nm (5). Of the 1026 
image h e s  taken during the Eros flyby, 144 

are broadband (clear) filter images (centered at 
700 nm with a 140-nm width) taken during the 
satellite searches or during the closest approach 
mosaics. The remaining 882 images consist of 
two s i x - h e ,  seven-color mosaics and 24 
f i v e - h e ,  seven-color mosaics covering the 
uncertainty ellipse of Eros's position; 222 
h e s  include all or part of Ems. In the longer 
wavelength filter images, the image quality was 
similar to that of previous MSI images of ex- 
tended objects. However, an increase in scat- 
tered light is evident in the shorter wavelength 
filters, especially in the 450- and 550-nm im- 
ages. Comparison of images of asteroid 253 
Mathilde (taken 27 June 1997), the moon (taken 
23 January 1998), and Eros (taken 23 Decem- 
ber 1998) shows a factor of 2 to 3 increase in 
scattered light up to 15 pixels h m  a source in 
the Eros images (6). The scattering is progres- 
sively worse in the shorter wavelength filters. 

Our satellite search, consisting of 4 X 4 
image mosaics on both the inbound and out- 
bound legs of the trajectory, was designed to 
cover the entire sphere of gravitational influ- 
ence of Eros (7), estimated to extend about 100 
times the asteroid's mean radius (diameter 
-1800 km). Each mosaic was obtained using 
the MSI broadband lilter and took 13 rnin to 
complete. The inbound mosaic was taken at 
-1 1,300 km and a phase angle of 84', and the 
outbound mosaic at 13,300 km and a phase 
angle of 113'. Approximate spatial resolution 
was - 1.1 km per pixel. No candidate satellites 
have been found down to a magnitude of +8.5, 
corresponding to objects about 50 m in diame- 
ter with an albedo of 0.27. 

The rotation pole position [right ascension 
(RA) = 11.3" ? 4", declination @ec) = 20.5" 
? 4'1, determined h m  92 measurements of 19 
surface features identified in 21 images, is close 
to that inferred previously h m  ground-based 
studies of the light curve (Table 1). It also 
agrees with an independent determination made 
fiom the MSI images by Yeomans et al. (2). 

As suggested by previous radar observa- 
tions (8), Eros has a long curved shape vague- 

Eros Flyby: 23 December 1998 

Eros Observation 
-2.8 to +3.5 hours 

Satellite Search 1 
-3.0 to -2.8 hours 

Fig. 1. Schematic time- 
line of the NEAR flyby 
on 23 December 1998, 
summarizing the imag- 
ing strategy. The time 
of dosest approach 
was 18:41:23 UT. The 
flyby speed was 0.9 
Ms. The mosaic modes 
are indicated. 
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ly similar to that of a kidney bean or a banana (1 0) estimated a porosity of 50 to 80% on the sible meteoritic analogs range from altered or- 
(Fig. 3). The flyby observations show that the basis of the low mean density of 1.3 + 0.2 dinary chondrites (3.3 to 3.9 g/cm3) to stony 
best fit of a triaxial ellipsoid to Eros' nonel- g/cm3. Although the rock composition of S- irons (4.2 to 5.0 g/cm3). If chondritic analogs 
lipsoidal shape has diameters of 33 X 13 X type (11) asteroid Eros remains uncertain, pos- are appropriate for Eros, then the measured 
13 km. com~arable within uncertainties to the 
estimate of 3 6  X 15 X 13 km from ground- 
based data (9). Eros is the first asteroid im- 
aged by spacecraft for which a radar shape 
measurement has also been obtained. The 
projected dimensions (34.7 X 17.4 km) quot- 
ed by Mitchell et al. (8) agree with those 
derived from the NEAR images (Table 1). 
We estimate a volume of 2900 + 600 krn3 
and a mean radius (radius of a sphere of 
equivalent volume) of 8.8 + 0.6 km. The 
greatest uncertainties in the size and shape 
derive from the fact that high northern lati- 
tudes on Eros were not illuminated at the time 
of the flyby, and that southern latitude limbs 
were observed at lower spatial resolution than 
those near and north of the equator. 

From the mass reported by Yeomans et al. 
(2), our volume yields a mean density for Eros 
of 2.5 + 0.8 g/cm3. This density estimate sug- 
gests that Eros may not have the internal po- 
rosity of Mathilde, for which Veverka et al. 

Fig. 3. Pole position and shape 
model (A) Position of spin pole 
determined from MSI images. (B 
to  D) Orthogonal views of the 
shape model with longitudes mea- 
sured west from a reference point 
consistent with the convention 
used by Murchie and Pieten (20). 
The blue shading in the north po- 
lar view (B) delineates the portion 
of the surface not imaged during 
the flyby. Longitude 270' (C) 
shows what is referred to  as the 
"convex" side of Ems in the text. 
The O0 longitude view (D) corre- 
sponds to  looking down the long 
axis of Ems. 

Fig. 4. Linear marking 
(arrows) identified in 
image 43732 obtained 
at a range of 6090 km 
(resolution -750 m). 
The linear marking, pos- 
sibly a ledge or ridge, 
can be traced for at 
least 20 km on Eros 
(right) and is visible in 
several other images 
(see second and third 
rows of Fig. 2). The pres- 
ence of this extensive 
feature suggests that 
Eros may be a structural- 
ly coherent body. 

Table 1. Eros parameters. 

Ground-based observations 
Orbit Semimajor axis = 1.45 AU, eccentricity = 0.22, 

inclination = 10.8O 
Spectral type S-type 
Dimensions (9) 36 X 15 X 13(?1) km 
Mean radius 9.6 km 
Light-curve amplitude -1 mag 
Rotation pole (9) RA = 10.5O ? ZO, Dec = 17.P 2 Z0 
Geometric albedo (27) 0.25Tg:~~ 
Mean density Unknown 

NEAR observations 
Dimensions 33 X 13 X 13 km 
Mean radius 8.8 ? 0.6 km 
Minimum radius from center of figure 3.9 km 
Maximum radius from center of 16.4 km 

Fig. 2. Representative views of Eros covering figure 
6.6 hours. The phase angle increases from ~~~~~i~~ pole RA = 11.3' ? 4.0°, Dec = 20.5' ? 4.0' 
about 84" (top row) to  113O (bottom row). The volume 2900 ? 600 km3 
two elongated images in the fifth row were ~ l b ~ d ~  0.27 2 0.06 
obtained near closest approach. The resolution M~~~ density (2) 2.5 ? 0.8 g/cm3 
varies from -1 km per pixel (top row) to  -400 surface gravity 0.6 cm/sz 
m per pixel at closest approach. 
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density allows for porosities ranging from 0 to 
about 60%. Om current estimate of the density 
of Eros (2.5 t 0.8 glcm3) is indistinguisl~able 
from that of 243 Ida (2.6 i 0.5 g/cm3), the only 
other S-type asteroid for which a mass and 
density have been determined (12). 

Small asteroids such as Eros are expected to 
be either collisional fragments of larger precur- 
sor bodies or accumulations of discrete fiag- 
ments ("l-ubble piles") (13). However, the pres- 
ence of a linear marlung running at least 20 km 
across the asteroid (Fig. 4) ilnplies that Eros 
may be structurally continuous. High-resolution 
views expected during the orbital phase of the 
mission should reveal whether this apparent 
linear marking is a ridge, a fault, an exposed 
layer, or a series of aligned stluchres. 

Five craters can be identified in the images; 
the hvo largest, 8.5 and 6.5 lun across, have 
sizes consistent with the maximum crater diam- 
eter expected on a body with the dimensions of 
Eros (14). Contraly to the situation observed by 
NEAR 011 C-type asterold Mathllde (II), the 
outlines of Eros are not dominated by a high 
spatial density of large craters (10). The number 
of craters identified suggests that Eros has a 
crater density intermediate behveen the low 
density of craters observed on asteroid 951 
Gaspra and the saturated surface of Ida (1.5). If 
so, the finding could indicate that Eros is com- 
paratively young, resulting fiom the disluption 
of a precursor parent body relatively recently, 
aith insufficient tirne for its surface to have 
become sah~rated with craters once more. Al- 
ternatively, the finding could indicate that the 
cratering record was reset during the folmation 
of one of the large craters. If the detailed mea- 
surements expected from the orbltal phase of 
NEAR confirnl the suggestion that Eros is a 
relatively low-porosity body aith significant 
sh-t~ctural continuity, then Eros would be sirni- 
lar to S-type asteroid Gaspra (16). NIS spectra 
show broad similarity to telescopic data (20), 
including evidence for 1- and 2-ym bands. 
Both features are indicative of pyroxene or 
olivine, or both. 
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Pacemaking the Ice Ages by 
Frequency Modulation of Earth's 

Orbital Eccentricity 
J. A. Rial 

Evidence from power spectra of deep-sea oxygen isotope time series suggests 
that the climate system of Earth responds nonlinearly to  astronomical forcing 
by frequency modulating eccentricity-related variations in insolation. With the 
help of a simple model, it is shown that frequency modulation of the approx- 
imate 100,000-year eccentricity cycles by the 413,000-year component ac- 
counts for the variable duration of the ice ages, the multiple-peak character of 
the time series spectra, and the notorious absence of significant spectral am- 
plitude at the 413,000-year period. The observed spectra are consistent with 
the classic Milankovitch theories of insolation, so that climate forcing by 
100,000-year variations in orbital inclination that cause periodic dust accretion 
appear unnecessary. 

Understanding the climate of the recent geolog- 
ical past is of importance, because finding out 
how Earth's ellviro~nnent has transformed the 
heat input fro111 the sun into climate variations 
can help predict kiture global climate change. 
Most of our knowledge about climatic varia- 
tions in the Plio-Pleistocene (the last 5.2 millioll 
years) is extracted from tirne series of oxygen 
isotope ratios, a proxy for global ice volume 
generally known as the 8'" records (Fig. 1A). 
The records show that during the last million 
years, Earth has experienced at least 10 major 

quence of secular variations in insolation 
caused by changes in Earth's orbital eccentric- 
ity, axial tilt, and longitude of perihelion 
(Earth's closest approach to the sun). The the- 
ory finds support in the fact that the spectra of 
the 8180 records contain some of the same 
frequencies as the astronomical variations (2- 
4), but a satisfactory explanation of how the 
changes in orbital eccentricity are transformed 
into the -100-ky (1 ky = 1000 years) quasi- 
periodic fluch~ations in global ice volu~ne indi- 
cated by the data has not yet been found (5) .  

sequence was designed that interlaced 2 x'2 mosaics glaciatiolls, wllich according to the asvononli- For instance, a fundamental difficulty is to 
(2 frames across and 2 down) wi th an additional 
single frame centered on the most probable position 

cal theoly of the ice ages (I) are the conse- understand the notable absence in the S180 data 
of Eros. Images were taken through seven filters at of a siglificant response to the 413-ky compo- 
each position wi th automatic exposure (79). At  clos- nent of the orbital eccentricity, whose signal 
est approach, a single 4 x 4 clear-filter mosaic se- Department o f  Geological Sciences, and Wave Prop- 
quence was executed. agation ~ ~ b ~ ~ ~ t ~ ~ ~ ,  university of ~ ~ ~ t h  carolifla at 

power is of the order of mag1itude as the 
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