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Skylab Radar Altimeter: Short-Wavelength
Perturbations Detected in Ocean Surface Profiles

Abstract. Short-wavelength anomalies in sea surface topography, caused by the
gravitational effects of major ocean bottom topographic features, have been
detected by the radar altimeter aboard Skylab. Some features, such as deep
ocean trenches, seamounts, and escarpments, displace the ocean surface by as
much as 15 meters over 100-kilometer wavelengths. This experiment demon-
strates the potential of satellite altimetry for determining the ocean geoid and for
mapping major features of the ocean bottom,

We report here preliminary results
from the Skylab radar altimeter which
was part of the Earth Resources Ex-
perimental Package (EREP) aboard
Skylab. This was the first in a series
of altimeters planned to be placed in
Earth orbit to determine both geodetic
and oceanographic characteristics of
the ocean surface. The primary pur-
poses of the radar altimeter experi-
ment were to determine the feasibility
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Fig. 1. (A) Subsatellite trace for EREP
pass 4, SL-2, 4 June 1973. (B) Sea sur-
face topography determined by altimeter,
and the bottom topography beneath the
subsatellite trace, showing the Blake Es-
carpment and the Puerto Rico Trench.
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of using satellite altimetry to investi-
gate geophysical phenomena and to
obtain the necessary engineering data
for the design of future satellite al-
timeter systems.

Skylab was placed into Earth orbit
on 14 May 1973 at a mean altitude of
440 km and an inclination of 50 deg.
More than 150 altitude data sets have
been acquired during the three manned
Skylab missions (SL-2, SL-3, and SL-4),
and data gathered from SL-2 and SL-3
provide the data base for this investi-
gation.

The radar altimeter was built by the
General Electric Company, Ithaca, New
York. It operates at a 13.9-Ghz fre-
quency, transmits one of three select-
able pulsewidths (20, 100, or 10 nsec)
at a pulse repetition rate of 250 pulses
per second, and has five different op-
erating modes, three of which provide
altitude measurements. The altitude
data are recorded at a rate of eight
samples per 1.04 seconds. Other char-
acteristics of the altimeter are de-
scribed in McGoogan (/) and Mc-
Googan et al. (2).

The basic concept of altimetry is
the utilization of a highly stable, mov-
ing reference system from which verti-
cal measurements to the ocean surface
are made. The orbiting Skylab, posi-
tioned by ground-tracking instrumenta-

tion, provides the stable reference sur-
face, and the radar altimeter measures
the distance from the reference orbit
to the sea surface. The altimeter is
basically a conventional tracking radar
which tracks in range only. A narrow
pulse is transmitted from the altimeter
to the sea surface. The time interval
from the transmit time to the half-
power point of the leading edge of
the return pulse is proportional to the
altitude. These transmit times are mea-
sured with a closed-loop tracking sys-
tem with bandwidths of a few hertz
to follow the dynamics of the ocean
surface. If the pulsewidth represents a
time spread on the ocean surface that
is less than the beamwidth, then either
pulsewidth, sea state, or both will de-
termine the footprint size. This foot-
print acts as a spatial filter that must
be considered in analyzing surface fea-
tures.

Factors considered in the calibration
of the altitude measurements include
the pointing of the antenna, pulse-
width or bandwidth changes (or both),
in-flight calibration data, and atmo-
spheric retardation. Prior to in-depth
analysis, antenna pointing is assured
to be within 0.5 deg of the nadir,
since pointing errors produce bias er-
rors in the altitude measurement. Al-
titude biases up to 15 m due to the
switching of transmitted pulsewidths or
receiver bandwidths, or both, are cor-
rected for in the processing. The alti-
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Fig. 2. (A) Subsatellite trace for EREP
pass 11, SL-3, 2 September 1973. (B)
Sea surface topography determined by al-
timeter, and the bottom topography
beneath the subsatellite trace, showing
seamounts off the east coast of Brazil.
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tude measurement stability is moni-
tored by measuring a fixed time delay
line within the altimeter system. The
bias of this calibration has been con-
sistently less than 20 cm over a 4-
month period. Finally, to establish a
more absolute comparison with geoids
measured with other techniques, a
constant tropospheric refraction cor-
rection of 2.79 m was subtracted from
each altitude measurement.

The Skylab orbital positions were
estimated by an orbit determination
program with the use of unified S-
band (USB) range and range rate
tracking data obtained from the God-
dard Space Flight Center. Because of
the large drag effect on the space-
craft and the thrusting used for space-
craft maneuvers, the lengths of the
orbital solutions were minimized, re-
sulting in an uncertainty in the calcu-
lated orbital height of about 25 m.

A major preliminary result of an
altimeter-sensed ocean profile is shown
in Fig. 1. Data were acquired from
EREP pass 4, SL-2, on 4 June 1973,
when Skylab was passing from a point
off the east coast of South Carolina to
a point just south of Puerto Rico, as
shown in Fig. 1A. The difference be-
tween the altitude calculated to the
ellipsoid (a = 6,378,155 m, f=
1/298.255, where a is the length of the
semimajor axis and f is the flattening of
the ellipsoid) and the altitude measured
by the altimeter to the ocean surface
is shown in Fig. 1B. A bottom topog-
raphy profile along the subsatellite
trace, derived from Pratt (3), is shown
in Fig. 1B. Note the 4-m drop in the
ocean surface profile over the Blake
Escarpment, the low-frequency rise at
abyssal plain area, and the 15-m de-
pression in the ocean surface over the
Puerto Rico Trench, a 100-km wave-
length feature. The relative disagree-
ment of the minima of the two pro-
files over the trench can be explained
in terms of local gravity conditions.
Bowin et al. (4) observed a similar
disagreement over the trench minima
between the free-air anomaly and wa-
ter depth measurements. Moreover,
the difference in slope between the
north and south flanks of the trench
are clearly evident in the altitude
residuals. Von Arx (5) and Stanley
et al. (6), using independent tech-
niques, have estimated ocean profile
depressions of 17.5 and 22.5 m, re-
spectively, across different sections of
the trench.
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Figure 2 depicts a similar compari-
son of data from EREP pass 11, SL-3,
taken on 2 September 1973, just off
the east coast of Brazil over the South
Atlantic. The ground track for the
pass is shown  in Fig. 2A. The al-
timeter measurement residuals from
the USB-determined orbit in Fig. 2B
show an interesting anomaly in the
ocean surface profile. Comparing the
anomaly with the ocean bottom topog-
raphy derived from Uchupi (7), also
presented in Fig. 2B, we see a distinct
correlation of the second seamount
with the high-frequency signature from
the altitude residuals. The first sea-
mount does not have as great an ef-
fect on the sea surface because it has
less mass and is not part of a sea-
mount chain as is the second seamount.
In addition to these specific results, the
Mid-Atlantic Ridge, the Cape Verde
Islands, the Mid-American Trench, and
the Flemish Cap have each had a de-
tectable influence on the altimeter-
sensed ocean surface topography.

In conclusion, we feel that the Sky-
lab altimeter has significantly demon-
strated an ability to detect and map
even short-wavelength undulations in
the ocean geoid. In addition, these
short-wavelength undulations are often
highly correlated with major ocean

bottom topography. Therefore, the po-
tential of satellite altimeters for chart-
ing mass density distributions and for
contributing to the understanding of
the earth’s geological structure can
easily be recognized.
C. D. Leirao
J. T. McGooGaN
National Aeronautics and Space
Administration, Wallops Flight Center,
Wallops Island, Virginia 23337
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Electron Imaging of Pyrrhotite Superstructures

Abstract. Natural pyrrhotites, when studied by high resolution electron micros-
copy, yield crystallographic information on a unit cell scale. Structural hetero-
geneity is prominent. The many reported superstructures are interpretable through
an antiphase model. The 5C pyrrhotite superstructure results from an ordered
sequence of antiphase domains while the higher temperature NC type results

from a disordered sequence.

Pyrrhotite, Fe, .S, is a geologically
interesting, industrially important, and
crystallographically complex mineral.
It has commonly been used as a type
example of nonstoichiometry. At low
temperatures, however, it appears to
consist of a series of ‘chemically and
structurally discrete phases related by
superstructuring. In spite of extensive
studies, a number of problems persist:
(i) there is confusion regarding the
exact number and stabilities of its
many reported superstructures, (ii)
detailed information on the mechanism
of superstructure formation is lacking,
and (iii) there is apparently a direct
relation between the length of the

superstructure in the c-direction and
the composition (1), but the nature
of this relation is not yet clear (2).

Detailed structural information on a
unit cell level has been obtained for
silicate minerals by using high resolu-
tion electron microscopy (3, 4). It
was thought that electron microscopy
would provide information pertinent
to the problems of pyrrhotite super-
structuring beyond that obtainable by
x-ray techniques. A successful study
of pyrrhotite would also indicate the
applicability of high resolution electron
microscopy to structure problems of
other sulfides.

Cell dimensions of pyrrhotite super-
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