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Abstract. Observations of Uranus at wavelengths of 2 and 6 centimeters with the
Very Large Array were made in 1980 and 1981. The resulting maps of brightness
temperature show a subsolar symmetry at 2 centimeters but a near-polar symmetry
at 6 centimeters. The 6-centimeter maps show an increase in temperature from
equator to pole with some evidence for a warm ‘‘ring’’ surrounding the north pole.
The disk-average temperatures (147 = 5 K and 230 = 6 K at 2 and 6 centimeters,
respectively) are distinctly lower than recently reported values; these results suggest
that the secular increase in temperature reported during the last 15 years has been
reversed. The variations in brightness temperature probably reflect variations in
ammonia abundance in the planet’s atmosphere, but the mechanism driving these

variations is still unclear.

The microwave spectrum of Uranus is
distinguished by two anomalies: a secu-
lar increase in brightness temperature
during recent years and an apparent defi-
ciency in ammonia opacity. Both of
these features have been reviewed by
Gulkis ef al. (1), who have summarized
observations from the last two decades,
interpreted these results in terms of mod-
els for the atmosphere of Uranus, and
predicted future trends in the planet’s
microwave brightniess on the basis of
these models. We present here the first
fully resolved microwave images of Ura-
nus, made with the Very Large Array
(VLA) at wavelengths of 2 and 6 cm in
1980 and 1981. These images improve on
the earlier VLA results of Briggs and
Andrew (2), because more telescopes
were available and we have observed at
two frequencies. Our observations indi-
cate that in contradiction to the predic-
tion of Gulkis ef al. (I1)—that the bright-
ness temperature of Uranus will contin-
ue to rise as the north pole becomes
more visible—the maximum in the plan-
et’s microwave radiation has already oc-
curred, before the pole reaches its clos-
est sunward alignment in 1985. From our
images we can directly assess the contri-
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bution of the pole to the measured aver-
age temperatures. We also find that there
was a marked difference in the atmo-
spheric opacity at 2 and 6 cm, as mani-
fested by the differing symmetries of the
brightness contours in the two images.
We observed Uranus at 6.1 and 2.0 cm
during the May 1980 opposition and
again at 6.1 cm during March 1981 (Table
1). We used the radio sources 1510-089
and 3C 286 to calibrate phase and flux,
respectively. The assumed fluxes of
3C 286 were 7.41 Jy at 4.885 GHz and
3.44 Jy at 15.035 GHz (3).
_ After calibration, we constructed pre-
liminary maps of the three fields, using
standard National Radio Astronomy Ob-
servatory (NRAO) Fourier-transform
programs. We then adjusted the phases
of the 15-GHz data, which were in some

cases affected by ‘‘seeing,” to improve
internal consistency, that is, we ‘‘self-
calibrated”” them, using an approxima-
tion of the preliminary map as a model of
the true brightness distribution. A map
of the second run was then made.

We ‘“‘regularized’’ the three maps, us-
ing an algorithm implemented by F.
Schwab of NRAO and W. Jaffe. This
process . reduces side lobes and other
map artifacts and is thus similar to the
more commonly used CLEAN and Max-
imum Entropy algorithms. It differs from
these by lmplementmg the specific con-
straint that the true sky emission is limit-
ed m extent. We assumed that no emis-
sion originates more than 1.5 planetary
radii from the planet’s center. This a
priori assumption is consistent with the
conclusion of Briggs and Andrew (2)
regarding the absence of synchrotron
emission at 6 cm beyond the limb of the
planet. For display, the output maps
were convolved with a Gaussian-func-
tion full width at half power of 0775 in
order to improve the temperature sensi-
tivity of the results (at some loss of
resolution) and to ensure a well-defined
point spread function for later analysis.

The resulting maps are shown in Figs.
1 and 2. The 1981 map is not shown,
since it essentially duplicates the 1980
map. Inspection of these figures reveals
a distinctly different symmetry for
brightness temperature (Tg) contours at
the two wavelengths: at 2 cm the warm-
est spot on the planet is near the subsolar
point, whereas at 6 cm the contours are
symmetric about a point near the pole of
the axis of rotation. This indicates that
the temperature variations at 2 ¢cm are
caused by limb darkening only “@,
whereas the 6-cm results reflect latitude
changes in the radiation characteristics
of the atmosphere. In Fig. 3 we plot the
6-cm Ty as a function of latitude, collect-
ed in bins of 15° of latitude near the pole
and 30° near the equator.

A curious feature of Fig. 3 is the
apparent Tg maximum some 30° off the
north pole, representing a warim “ring”’
around the pole. Although the excess
over the pole temperature is not.ex-
tremely large, it also appears in the 1981
data. This feature may reflect a peculiar
distribution of atmospheric opacity or it

Table 1. Observation log; IAT, Ihternational Atomic Time.

IAT Dura- Fre- Band- Operating Distance

IAT date start time tion quency width telescopes to Uranus
(hours) (GHz) (MHz) (No.) (AU)
17 May 1980 03" 7™ 10 15.035 50 20 17.74
18 May 1980 03" 03™ 10 4.885 50 22 17.74
7 March 1981 08" 31™ 10 4.885 50 26 18.50
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Fig. 1 (left). The May 1980 appearance of Uranus at 2 cm with a resolution of 0775. The optical
diameter at this time was 3"98. The contours of equal brightness temperature are in increments
of 30 K and appear symmetric about the solar point, marked by the + sign. The dot marks the
north rotation pole. The blob to the southwest is a noise fluctuation and does not represent real

emission from the planet.

Fig. 2 (right). The May 1980 appearance of Uranus at 6 cm with a

resolution of 0°75. The contours of equal brightness temperature are in increments of 40 K. The
higher levels appear symmetric about the pole of rotation where there is a local temperature

minimum, indicated by the hatched contour.

may be caused by synchrotron radiation
from particles in a Uranian magnetic
field (5).

In Table 2 we present the averaged
planetary disk brightness temperatures
(Tp) for the three observations. These
are calculated from whole disk fluxes (6),
based on a planetary equatorial radius of
25,650 km (/). The increase in measured
temperature with increasing wavelength
is entirely consistent with the extensive
set of observations reviewed by Gulkis
et al. (I). What is new here is the fact
that both the 2-cm and the 6-cm tempera-
tures are lower than recently measured
values; the discrepancy is especially
marked at 2 cm.

This finding contradicts the trend ob-
served during the last 15 years, which
suggested that Tp should continue to
increase at least until 1985, when the
pole faces the sun (). Briggs and An-
drew (2), using the VLA at 6 cm but with
fewer telescopes, found Tp = 259 %
4 K in January 1978. Projecting to 1980
and using the values of Gulkis et al. (1)
for the temperature drift, we would ex-
pect Tp ~ 270 K, some 40 K above our
value. The 1973 and 1974 2-cm measure-
ments by Gary (7) gave values of 185 K
and 194 K, respectively, compared to
our value of 147 K in 1980.

We agree with Briggs and Andrew (2)
that the temporal variations in 7p cannot
be explained in terms of changes in the
geometrical aspect of Uranus alone.
First, we find at 6 cm a pole-to-equator
temperature drop of 80 + 20 K (Fig. 3),
in reasonable agreement with their value
of 55 = 20 K; in either case this is inade-

620

quate to explain the temporal variations.
Second, we find no evidence of pole-to-
equator variations at 2 cm, where the
reported temporal change is larger than
at 6 cm. Finally, we would expect geom-
etry-induced effects to peak during 1985
when the pole is most nearly face on,
while we in fact see a strong temperature
decrease S years earlier.

At any observing frequency we probe
the atmosphere down to a point where
the ammonia density and the pressure-

Table 2. Uranus microwave disk brightness
temperatures.

Wave-

Date length (II;D)
(cm)
May 1980 2.0 147 £ 5
May 1980 6.1 223 £ 6
March 1981 6.1 233 £ 6
T T T
270 b »_}_._},_4 i
€ oust ~
s
180 | 1
" 1 1 "
0 30 60 90

Latitude (deg)

Fig. 3. Brightness temperatures at 6 cm as a
function of planetary latitude for May 1980.
The data have been averaged in bins indicated
by the horizontal bars.

broadening of the line profile provide
sufficient opacity at that frequency to
generate the emission we observe. The
6-cm (4.9-GHz) measurements, which
are farther from the ammonia line cen-
ters near 1.3 cm, probe to a greater depth
and higher temperature (pressure ~15
bar) than the 2-cm (15-GHz) data (pres-
sure ~5 bar). Our results indicate varia-
tions in the ammonia mixing ratio with
time, latitude, and depth (8).

The higher temperatures near the pole
in the 6-cm map (Fig. 3) probably indi-
cate lower ammonia abundance there,
allowing us to see into deeper, hotter
layers. The decrease in Tp, from 1978 to
1980 indicates a general increase in the
ammonia abundance, although the in-
crease seems more marked and more
uniform at the higher (2-cm) level than at
the 6-cm level.

Large changes in the ammonia distri-
bution in a period much shorter than any
in which the basic thermal structure of
the atmosphere can change (9) require a
“‘high gain’’ mechanism, one where a
small relative energy change makes a
large change in the ammonia vapor den-
sity. Two such mechanisms that have
been suggested are changes in atmo-
spheric circulation and an ammonia
phase change (I, 2).

Both of these mechanisms have been
discussed (1, 2), and they may be active
simultaneously (/10). We wish to point
out, however, that no simple model can
account for the observations, which
have shown a steady increase in bright-
ness temperature (decrease in ammonia
abundance) over the last decade fol-
lowed by a dramatic temperature de-
crease in 1980. This has occurred while
the presumed driving force, solar heating
on the polar regions, has changed slowly
and monotonically. Possibly some of the
early measurements of Ty are incorrect;
the data compiled by Gulkis et al. (1)
have been taken with different instru-
ments, with different observing tech-
niques, and over a long period, and they
may contain systematic errors. If this is
not the case, it is clear that we are far
from understanding the dynamics of the
Uranian atmosphere.
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The Fine Structure of Fossil Plant Cell Walls

Abstract. The cell walls of sieve elements in the primary phloem of the Carbonifer-
ous fern Tubicaulis contain structural features that morphologically resemble
cellulose microfibrils in extant plants. This may be the oldest example of distinct
fibrillar structures in the fossil record. The possible identity and significance of these
features are discussed and their structure is compared with that of cell walls in other

fossil and extant plants.

Phloem is the food-conducting tissue
in vascular plants, and conducting cells
(sieve elements) in this tissue have be-
come adapted for transport by the loss or
change of many cytoplasmic elements
and the development of pores (sieve
pores) in end and side walls. There are
two basic types of sieve elements: sieve
tube members, which occur almost ex-
clusively in angiosperms, and sieve cells,
which are found in gymnosperms and
vascular cryptogams (ferns and related
plants). The sieve cell is considered to be
less specialized because it has diverged
the least from a typical parenchyma cell
(7). This is especially true of sieve cells
in the vascular cryptogams, which are
relatively small in diameter and only
slightly elongate, with horizontal to
somewhat oblique end walls (2). The
perforated regions (sieve areas) are simi-
larly developed on both side and end
walls—a feature considered to represent
the more primitive state (/).

The material we examined consists of
petioles of the fern Tubicaulis stewartii
(3) found in coal balls (calcium carbonate
permineralizations) from Berryville, Illi-
nois (4). Coal balls are known for their
exceptional preservation of cellular de-
tail in fossil plants (5) and have been
found in Carboniferous coal seams in
North America and Europe. Work on the
phloem anatomy of T. stewartii petioles
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(6) has revealed features of the sieve cell
walls that appear morphologically simi-
lar to cellulosic microfibrils in the cell
walls of extant plants (7). This discovery
provides the opportunity to examine
some aspects of cell wall organization
and structure in a plant approximately
290 million years old (Upper Pennsylva-
nian).

The phloem tissue in T. stewartii is
unusual among the known fossil ferns (6,
8, 9), since it consists of several types of
cells arranged in a very specific manner
(Fig. 1A). The adaxial phloem (the tissue
on the side of the petiole facing the main
axis) consists of sieve cells approximate-
ly 10 wm in diameter and phloem paren-
chyma. The abaxial phloem (away from
the axis) contains a single row of large
sieve cells approximately 90 wm in diam-
eter and at least 2.5 mm long (arrows in
Fig. 1A). Since the cells taper gradually,
it is difficult to distinguish end walls from
side walls.

Where two of these large cells are
adjacent, the common wall is covered
with crowded, circular thin areas about
7.5 wm in diameter. Since this diameter
is comparable to that of sieve areas in
extant plants (/), these circular areas are
interpreted as being sieve areas. Howev-
er, the resolution obtained with light
microscopy is inadequate to show sieve
pores in these areas, which is necessary

to confirm their identification as sieve
areas.

Preparation of the fossils for scanning
electron microscopy required the remov-
al of the mineral matrix by selective
etching (9). Since the cell walls are deli-
cate, they often collapse after etching
(Fig. 1B). The sieve areas on the larger
cells are conspicuous, and appear as
large circular to oval depressions (Fig. 1,
B and C). Each of these areas is sur-
rounded by a border of wall material
(Fig. 1C), believed to have resulted from
the collapse of cell walls during etching,
and consists of numerous randomly ar-
ranged fibrils less than 0.1 pm in diame-
ter (Fig. 1D). Spaces about 0.1 um in
diameter are visible between the individ-
ual fibrils (Fig. 1D). Microfibrils in ex-
tant plants are generally around 10.0 nm
in diameter (7). However, it is impossi-
ble to measure the fibrils in the fossil
material with this level of accuracy since
they cannot be sectioned for transmis-
sion electron microscopy. The size of the
fibrils as determined with the scanning
electron microscope is at best a rough
estimate because of distortion due to
tilting of the specimen and the added
thickness of the gold coating. Although
the chemical nature of these fibrils is
unknown, it is unlikely that they repre-
sent calcium carbonate artifacts, since
this substance would have been removed
during etching.

The appearance of the wall areas is
nearly identical to that of primary pit
fields on the walls of parenchyma cells
and developing sieve elements in extant
plants (7). In sieve cells the primary pit
fields develop into sieve areas by en-
largement of the plasmodesmata-sized
perforations to form sieve pores. These
pores are often ringed with depositions
of callose that appear early in develop-
ment and generally remain at maturity
(1, 10). In vascular cryptogams the sieve
pores are often so small at maturity as to
be almost indistinguishable from plasmo-
desmata (2). In addition, some vascular
cryptogams do not deposit callose at any
time during their development (/1). Thus
it is sometimes difficult to distinguish
sieve elements and parenchyma cells,
even in living plants. The problem is
compounded in fossils by poor preserva-
tion, crushing of cells, and the inability
to view the material in a functioning
state.

The size and shape of the large cells in
Tubicaulis phloem indicate that they rep-
resent sieve cells and not parenchyma
cells, although the sieve areas more
closely resemble primary pit fields than
mature sieve areas. The fibrillar areas
may represent primary pit fields in im-
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