received signals were unchanged since these
frequencies were already above the penetra-
tion frequency. At 1.7 MHz, however, the
transition occurred from no reception to
reception. This is consistent with earlier
observations that showed that the galactic
signal normally begins leaking through the
ionosphere when f,F, falls to within about
100 kHz of the receiver frequency (14). The
signal reached a maximum at 0540 hours
and then slowly decreased until sunrise
caused f,F, to rise near 0700 hours. The
profile from 0540 to 0640 hours was gener-
ally similar to that at 2.108 MHz and to the
corresponding variation seen at the same
right ascension in previous observations at
2.13 MHz (17) and may be taken to repre-
sent the galactic brightness distribution of
declination —43° and right ascension of
0200 to 0300 hours. This is the first obser-
vation of this region at 1.7 MHz with 25°
resolution, the nearest similar measurements
having been made with the lunar-orbiting
spacecraft RAE-2 at 1.3 MHz and with
130° resolution (18).

Figure 5C shows the spectrum of the
galactic background radio emission derived
from the observations at 0630 local time
(galactic coordinates € = 220° & = —52°).
The spectrum observed by the RAE-2 space-
craft is shown for comparison. The flux
measurement labeled (a) at 1.704 MHz
represents the view through the “ionospher-
ic hole” associated with the shuttle-induced
plasma depletion. Observations over a peri-
od of several weeks before and after the
experiment failed to produce any compara-
ble records at 1.704 MHz since the natural
ionospheric cutoff frequency never ap-
proached the low values associated with
the Spacelab-2 “ionospheric hole” experi-
ment.

The Millstone Hill experiments provided
clear and unambiguous documentation of
both the largest and smallest types of iono-
spheric holes capable of being induced by
the space shuttle OMS engines. Although
full modeling results are yet to be complet-
ed, the observations are essentially consist-
ent with theories before the experiment. The
sizes and longevities of the holes were some-
what larger and longer than anticipated, and
the airglow patterns still require detailed
simulation work to verify the dominant
chemistry tracks. The dramatic slippage of
the exhaust cloud through the ionosphere
demonstrates the need for precise planning
for future active experiments requiring gas
releases at orbital speeds. In addition, the
Hobart experiment succeeded in demon-
strating that artificial means can be used to
open ionospheric windows for the reception
of low-frequency radiation of celestial ori-
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White Light Sunspot Observations from the Solar
Optical Universal Polarimeter on Spacelab-2

R. A. SHINE, A. M. TrrLE, T. D. TARBELL, K. P. TorkA

The flight of the Solar Optical Universal Polarimeter on Spacelab-2 provided the
opportunity for the collection of time sequences of diffraction-limited (0.5 arc second)
solar images with excellent pointing stability (0.003 arc second) and with freedom
from the distortion that plagues ground-based images. A series of white-light images
of active region 4682 were obtained on 5 August 1985, and the area containing the
sunspot has been analyzed. These data have been digitally processed to remove noise
and to separate waves from low-velocity material motions. The results include (i)
proper motion measurements of a radial outflow in the photospheric granulation
pattern just outside the penumbra; (ii) discovery of occasional bright structures
(“streakers™) that appear to be ejected outward from the penumbra; (iii) broad dark
“clouds” moving outward in the penumbra, in addition to the well-known bright

- penumbral grains moving inward; (iv) apparent extensions and contractions of

penumbral filaments over the photosphere; and (v) observation of a faint bubble or
looplike structure that seems to expand from two bright penumbral filaments into the

photosphere.

HE SOLAR OPTICAL UNIVERSAL Po-
Tlarimctcr (SOUP) flew on the space
shuttle Challenger as part of the
Spacelab-2 mission from 29 July to 6 Au-
gust 1985. A description of the SOUP
instrument and a summary of the data ob-
tained are given by Title ez al. (I). Because
of electronic and thermal problems, only the
white-light film data were scientifically use-
ful. However, the high resolution (approxi-
mately 0.5 arc sec or 350 km) and, more
importantly, the stability and freedom from
variable atmospheric distortion of these data
have provided an unprecedented opportuni-
ty to study the dynamics of the solar photo-
sphere by viewing and analyzing movie se-
quences.
The Spacelab-2 mission was flown during
the sunspot minimum of the solar cycle, but

we observed a medium-sized sunspot and a
group of pores on the disk during the week
of the mission. These features were in active
region 4682, which was located at Carring-
ton coordinates S15W30 during the SOUP
observations. The region and the major
sunspot were decaying. Images containing
the sunspot in the field of view were ob-
tained during portions of five orbits. The
longest uninterrupted sequence was exposed
during orbit 110 and consists of about 28
minutes of data with a frame taken every 2 -
seconds on 5 August 1985 between 1910
and 1938 Greenwich mean time. Analysis of
data from the image stabilization system
indicates a root mean square jitter of only

Lockheed Palo Alto Research Laboratory, Palo Alto, CA
94304.
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0.003 arc sec. In this report we have used
this particular sequence in all of the analysis.
We have digitized every fifth frame over the
entire interval to give us data with 10-
second spacing. The sunspot umbra was

underexposed, but the penumbra and the
surrounding photosphere show a large vari-
ety of interesting phenomena, many not
previously described. Figure 1 shows a pro-
cessed SOUP image of the sunspot together

Dark
, clouds
Lon i b
extensions — " \
.

moving =
grains ,'

$

 Extending,
{ contracting
filaments

Streaker

Bubble

Fig. 1. (A) A sunspot image from the SOUP instrument. This is a single frame from a movie that was
processed by means of a three-dimensional Fourier filter that zeroed all Fourier components in
transform space with phase velocities greater than 4 km/sec. High spatial frequencies were also
enhanced to improve contrast. (B) A contour diagram indicating locations of various phenomena. The
tick marks are spaced at 1-arc-sec intervals (=725 km).

Fig. 2. (A, B, and C) Space-time slices (with time increasing vertically) through the sunspot with the
spatial sections indicated in (D), which is an image at the center of the time range. These are called radial
slices because the spatial sections are along a line passing through the center of the spot.
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with a diagram that indicates the locations
of some of these phenomena.

Our analysis has benefited greatly from
use of an interactive video viewing system
and from a number of image-processing
techniques, including three-dimensional
Fourier filtering. By using an optical video
disk recorder and player, we can record large
numbers of computer-generated images that
can then be played back interactively as
movie loops or single frames. Although
most of the phenomena described in this
report can be recognized in the raw digitized
data, some would not have been discovered
without viewing processed movies. The
Fourier filtering enabled us to suppress the
effects of solar oscillations (2), remove noise
in the data, and enhance or suppress mo-
tions within any desired velocity range. The
SOUP data analysis seems to be the first
major application of these techniques for
processing movies of solar events. These
movies are useful tools that we expect to see
used extensively in the future in spite of the
demands they make on computer time and
storage.

The area immediately surrounding the
sunspot penumbra shows a radial outflow
that is clearly visible even in the unprocessed
movies, especially when viewed at high
speed (600 times real time). The apparent
width of this “collar flow” is =5 arc sec.
Movies filtered to remove the pressure-
mode (p-mode) and fundamental-mode os-
cillations (2) show the motion more clearly
and allow us to estimate the velocities of
individual granules, which range from 0.2 to
1.5 km/sec. The most convincing displays
are the radial time slices through the sunspot
in Fig. 2, which shows the intensity along
lines through the center of the sunspot
versus time as an image. The radially advect-
ing granules appear as slanted lines, and the
radial velocity can be determined from the
slope. These proper motions have, to our
knowledge, not been previously reported
although their Doppler signature would ex-
plain observations of outflows beyond the
penumbra in studies by Kinman (3) and
Sheeley and Bhatnagar (4). Because the flow
around the penumbra had lower velocities
and because of pattern similarities in their
Doppler images, Sheeley and Bhatnagar
suggested that the flows were more closely
related to the pattern of supergranulation
than to the penumbral Evershed effect. This
belief is consistent with the SOUP observa-
tions.

The relation of these motions to the
Evershed effect is unclear although both
represent radially outward flows. The mov-
ing granules could be upward convention
deflected by the slanted magnetic field under
the photosphere or part of a large-scale

REPORTS 1265



Fig. 3. (A) A single frame from a
movie filtered to enhance motions
with phase velocities between 2 and
4 km/sec. The field of view is
31,000 km. (B) The same image
with a white line drawn to show a
faint bubble or loop that seemed to
be ejected from the penumbra.

convection pattern around the sunspot. It is
generally accepted that the Evershed effect is
concentrated in dark penumbral filaments
(5, 6) and that the velocities end abruptly at
the penumbral boundary (7). These dark
penumbral filaments may be elevated com-
pared to the surrounding photosphere (8).
Actually, the granulation advection reported
here is probably the source of confusion
over whether the Evershed effect actually
ends abruptly at the penumbra. The granu-
lar motion may or may not show up in an
individual spectrum, but it would clearly be
present in an average spectrum or under
inferior observation conditions.

Around the penumbra there are bright,
granule-like features that seem to be ejected
from the sunspot penumbral boundary into
the photosphere. The most obvious of these
bright features, dubbed the “streaker,” trav-
els at about 2.7 km/sec. The normal granula-
tion outflow is at one-third to one-half that
rate. Thus, the bright, moving features
move through (perhaps as a wave) or over
the granulation. The radial trajectory of the
streaker is shown in Fig. 2B, one of the time
slices through the sunspot. A dark structure
appears to originate in conjunction with the
streaker and moves in the opposite direction
into the penumbra. The streaker approaches
another bright photospheric structure that is
also moving outward from the spot at 1 km/
sec. Another streaker is seen in Fig. 2C. We
have not yet made a thorough study of these
bright structures; however, they are related
to activity of the nearby penumbra.

An interesting feature was noted by exam-
ining movies of images such as the one in
Fig. 3. This is one frame in a movie with
velocities in the range of 2 to 4 km/sec
enhanced by three-dimensional Fourier fil-
tering. This image was obtained by multi-
plying the appropriate Fourier coefficients
by 2. A large loop or bubble that seems to be
associated with two bright penumbral fila-
ments is seen; it begins in the penumbra and
travels out into the surrounding photo-
sphere. Although it is much easier to see in
Fig. 3, the same structure is visible in the
raw images. We have no information on the
height of this structure in the atmosphere,
but it may be easier to understand energeti-
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cally if it represents an ejected mass above
the photosphere.

It is evident from the movies, and from
images separated in time by more than 5 or
10 minutes, that some penumbral filaments
or groups of filaments extend and contract at
rates of 0.1 to 0.5 arc sec/min (1.2 to 6 km/
sec). These expansions and contractions
might be actual motions of filaments or
possibly waves propagating through the fila-
ments that cause temperature or density
changes affecting the filament’s visibility.
These waves might be photospheric p-mode
oscillations or waves generated from the
umbra that then propagate along the fila-
ment. The overall impression is that the
filaments overlay the surrounding photo-
sphere, and the idea of an overlying penum-
bra seems more consistent with these rapid
fluctuations. The areas showing the most
obvious changes are marked in Fig. 1B.

Often, as precursors to the filament exten-
sions, there are photospheric brightenings
in the boundaries of the regions into which
the filaments extend. This brightening is
consistent with a wave scenario in which a
particularly high amplitude p-mode oscilla-
tion (these have a typical spatial coherence
of 10 arc sec or more) causes the photo-
sphere to brighten and subsequently causes
the density in a nearby overlying filament to
increase (thereby increasing its opacity and
making it appear darker).

In addition, there may be longer but
fainter extensions of some filaments of tens

of arc seconds, such as those indicated in
Fig. 1, which are very faint and variable in
visibility. It is unclear if they are above or
within the photospheric granulation, but we
favor the former position. Their variable
visibility could be the same mechanism for
the shorter extensions, that is, large-scale
pressure waves. The extensions may be simi-
lar to a larger class of variable linear and
arclike structures seen in the data, all of
which may be density increases in overlying
magnetic flux tubes.

Flow maps made by local correlation
tracking (9) indicate that the entire penum-
bra flows radially outward with velocities in
the range of 100 to 400 m/sec. However,
this result, which is smaller than typical
Doppler measurements of the Evershed
flow, is affected by the field of view of the
correlation tracker algorithm (4 arc sec full
width at half maximum). It therefore repre-
sents an average over the penumbral struc-
tures and is probably also affected by the
granulation outflow outside the penumbra.
The preliminary map shows a positive diver-
gence in the region of the penumbra. Not all
of the penumbral structures move outward;
some bright features are observed to move
inward.

The bright penumbral grains, at least
those which are inside a radius equal to 0.75
of the penumbral radius, move inward to-
ward the umbra. The rates are up to 500 m/
sec and tend to increase as the grain ap-
proaches the umbra. This rate is in agree-
ment with earlier measurements of the mo-
tions of bright penumbral grains (10). A
mosaic of images showing a 10 arc sec by 10
arc sec area of the penumbra and containing
some moving penumbral grains is shown in
Fig. 4.

Both movies and time slices show dark
penumbral clouds that move outward. An
area that shows particularly prominent
clouds in the movies is marked in Fig. 1B.
These are broad structures covering a few
arc seconds, much larger than the width of

Fig. 4. A series of images showing
time variations in a portion of the
penumbra. The frames are 2 min-
utes apart, and the tick marks are
spaced at 1-arc-sec intervals.
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the filaments and grains. They might be
related to the “dark puffs” seen in the blue
wing of H, (11) and to running penumbral
waves, or both.

These space-based high-resolution movies
of a sunspot have been successful in elucidat-
ing sunspot phenomena, and they highlight
the severe handicap imposed by terrestrial
atmospheric turbulence on visible-light solar
observations. These data are only a hint of
what can be done with a stabilized solar
telescope in space. Further space-based ob-
servations coupled with image processing
systems capable of handling large amounts
of data will revolutionize solar physics and
our understanding of stellar atmospheres.
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Ultraviolet Observations of Solar Fine Structure

KENNETH P. DERE, JOHN-DAVID F. BARTOE,
GUENTER E. BRUECKNER, JOHN W. CooK, DENNIS G. SOCKER

The High Resolution Telescope and Spectrograph was flown on the Spacelab-2 shuttle
mission to perform extended observations of the solar chromosphere and transition
zone at high spatial and temporal resolution. Ultraviolet spectroheliograms show the
temporal development of macrospicules at the solar limb. The C IV transition zone
emission is produced in discrete emission elements that must be composed of
exceedingly fine (less than 70 kilometers) subresolution structures.

HE NAVAL RESEARCH LABORATORY
THigh Resolution Telescope and
Spectrograph (HRTS) was one of
four instruments to perform solar observa-
tions during the Spacelab-2 shuttle mission,
which flew from 29 July to 6 August 1985.
The HRTS instrument is well suited to
study the fine structure and dynamics of the
solar chromosphere and transition zone by
means of ultraviolet (UV) spectroscopy. We
report results from analyses of some of the
significant data sets from among the large
number of UV spectra and spectrohelio-
grams that were obtained during the Space-
lab-2 mission.
The HRTS is a 30-cm Gregorian tele-
scope that produces an image of the sun on

E. O. Hulburt Center for Space Rcsearch Naval Re-
search Laboratory, Washington, DC 20375

27 NOVEMBER 1987

the spectrograph slit jaws with arc-second
resolution. The focal-plane instrumentation
consists of a tandem-Wadsworth UV spec-
trograph, a broadband UV spectrohelio-
graph, and an Ha system. The spectrograph
produces stigmatic photographic spectra of
the slit, which has an equivalent length of 1

solar radius, a width of 0.5 arc sec and a
corresponding spectral resolution of 50 mA
throughout the 1200- to 1700-A wave-
length range. The broadband UV spectro-
heliograph uses a double-grating zero-dis-
persion broadband filter to photographically
record the image reflected from the slit jaws.
The Ha video image of the slit jaws is
displayed on the shuttle aft flight deck for
target selection and telescope focusing and is
also recorded for analysis after the flight.

A broadband UV spectroheliograph im-
age of the solar limb observed during Space-
lab-2 is shown in Fig. 1. This figure shows
an image of the sun reflected from the two
spectrograph slit jaws with the slit roughly
tangent to the solar limb and three slit jaw
fiducial wires running perpendicular to the
slit. The UV reflectivity of the upper slit is
about four times as high as the lower slit,
and this accounts for the discontinuity in the
intensity of the image at the slit. The UV
spectroheliograph images a band of the solar
spectrum centered at 1550 A with about a
90-A (full width at half-maximum) pass-
band. In this spectral region there are strong
transition zone lines of C IV at 1548 and
1550 A. There are also numerous chromo-
spheric lines of ions such as C I, Si I, Si II,
and Fe II, as well as the continuum formed
at 4300 to 4900 K in the temperature
minimum region. On the solar disk, the
spectroheliograph integrates all of the line
and continuum components in the pass-
band, and the image shows typical upper
chromospheric structures such as bushes of
spicules at the supergranular cell boundaries.
Above the limb the emission becomes domi-
nated by the C IV transition zone lines.

The UV limb images show at least three
categories of structures: (i) spicules similar
in appearance and size to Ha spicules, (ii)
larger spicular structures called macrospi-
cules, and (iii) nested loops of transition
zone plasmas, which show highly dynamic
behavior. When these images are compared
with near simultaneous Ha images, it can be
determined that a large number of individ-
ual UV spicular structures are direct exten-
sions of some of the larger and more distinct
Ha spicules. The C IV macrospicules have

Fig. 1. Ultraviolet spectro-
heliograph images of C IV
spicular structures at the so-
lar limb. The distance be-
tween fiducial wires is 206
arc sec.
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