
on scales larger than 10, that is, only 15 percent of the typical
daily variations we observed from the same site and at the
same frequency. Pressure-driven gradients in Tatm would
evolve on longer timescales than the well-known water-vapor
fluctuations, requiring even longer data gathering to integrate
their effect down to negligible levels.

We acknowledge the dedicated efforts of our collabora-
tors in this research, including J. Aymon, M. Bensadoun, J.
Gibson, M. Limon, S. Levin, W. Vinje, and C. Witebsky. Polar
balloon data were kindly provided by the South Pole meteo-
rology group. This research was supported by National Sci-
ence Foundation grants OPP 87-16548 and AST 8406187 and
by Consiglio Nazionale delle Ricerche.
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H
elioseismology is the study of the composition and
physics of the Sun's interior and atmosphere via obser-

vations of its acoustic oscillations. These oscillations are man-
ifest as intensity and velocity perturbations of the solar sur-
face. One way to observe them, therefore, is to record the
temporal and spatial variations of the solar intensity distribu-
tion. This can be done by imaging the full solar disk onto a
two-dimensional detector such as a charge-coupled device.
Unfortunately, any recorded image is inevitably a blurred
measure of the intensity distribution that one is trying to
measure. This is due to imperfections inherent in the meas-
urement instrument's optics, and, for Earth-based observa-
tions, turbulence in the Earth's atmosphere. Atmospheric tur-
bulence is particularly insidious because it changes rapidly
with time; those rapid changes make it difficult for
researchers to determine its contribution to the overall blur-
ring of the image. At the South Pole, image blur due to the
Earth's atmosphere is mainly caused by the mixing of cold
and warm air in the first few hundred meters above the sur-
face. This mixing of air limits the image resolution to a few
arc-seconds (Harvey 1989). Image blur is especially detrimen -
tal for helioseismic studies because it directly confuses differ-
ent modes and causes errors in the determination of the solar
diameter that leads to incorrect mapping of the observed
image to spherical harmonics (and, therefore, adds to the
mode confusion). In addition, it causes a strong modulation
of the amplitudes and line widths of the modal features in the

oscillation power spectrum generated from a time series of
images. Over the last 8 years, a main goal of our helioseismol-
ogy program has been to obtain observations at different
epochs of the solar activity cycle and to look for cycle-depen-
dent variations in the oscillation properties. Since all our
observations necessarily suffer from image blur, it is evident
that variations in the measured mode amplitudes and line
widths, which provide information on the oscillation excita-
tion and damping mechanisms, may well be masked from
detection.

We have developed a technique for measuring the blur-
ring function directly from each recorded image (Toner and
Jefferies 1993) together with a deconvolution procedure to
use this information to restore the image photometrically
(Toner, Jefferies, and Duvall in preparation). The improve-
ment in image quality produced by the restoration is dramat-
ic and is demonstrated in the figure.

To date, most information provided by helioseismology
has been based on measurement of the line profiles in the
oscillation power spectrum. To maximize the information
return from the data, the measurement is always done over as
large a range of temporal and spatial frequency as is practical.
Another advantage of image restoration is that the power
spectrum obtained from restored image data clearly shows
modal features at low temporal frequencies. These modal fea-
tures would otherwise be buried in the background noise.
Unfortunately, the deconvolution procedure is computation-
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A. A calcium K-line intensity image of the full solar disk recorded, using a charge-coupled device with 4 arc-second resolution, from the geo-
graphic South Pole during the austral summer of 1990-1991. B. The same image after restoration for the deleterious effects of the Earth's atmos-
phere and the imperfect optics in the measurement instrument.

ally expensive. For many helioseismic studies, however, the
computational overhead can be significantly reduced by
using an approximation to the restoration process. The
approximation consists of calibrating the estimated Fourier
transforms of the blurring functions onto a spherical harmon-
ic degree scale and using these to correct the time series of
spherical harmonic transform coefficients. (Because the Sun
is essentially spherical, its oscillations are modeled using
spherical harmonic functions.) Studies that require optimal
resolution in latitude, however, need to use the deconvolu-
tion approach.

The benefit of image restoration extends beyond helio-
seismology. Many other types of solar research—for example,
investigations of the morphology and dynamics of phenome-
na such as filaments, faculae, and sunspots—will also be facil-
itated by sharpened images.

In addition to the authors, the field parties deployed dur-
ing the austral summers of 1987-1988, 1988-1989, and
1990-1991 included M. Pomerantz, R. Aikens, D. Neff, and D.

Jaksha. Their help and that of the South Pole support person-
nel, has been essential to the success of our program. We
would also like to acknowledge the contribution of C. Toner
to our image restoration work. This work was supported in
part by National Science Foundation grant OPP 92-19515, the
Solar Physics Branch of the Space Physics Division of the
National Aeronautics and Space Administration, and the
National Solar Observatory.
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