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With the present square spacing of 5 mm between bright
points, a full aperture of 125 mm diameter contains about 480
points, and the inclusion or exclusion of a given point at the
edge makes little difference in total intensity. A circle of half
that diameter holds about 120 points. Because of the edge sta-
tistics, it is important to establish a well-defined aperture if
very reproducible measurements are desired. This also allows
for the finite variability from point to point caused by
inequalities in the cones and by small variations in illumina-
tion near the plate edge.

Figure 3 shows measured relative intensity
received through a 40-mm aperture as its position
in mm is scanned fully across a central 85 mm
diameter mask on the source disk. The intensity is
essentially the same at all placements within ±20
mm of the center, and it shows slight fluctuations
near the extremes because of the reduced num-
bers of source points. The gradual drop-off in the
wings of this scan is calculable, as it is for any
overlapping broad sources and detectors, and
ordinary usage avoids such concern simply by
centering the two.

This calibration source geometry has the pri-
mary features of thinness, durability, and approxi-
mate uniformity of illumination over apertures that

60	could be much wider than our present possible 135
mm. In other variations, its incandescent lamps
could be replaced by monochromatic sources. The
present source is specially adapted to instruments
which receive light in broad beams, and it features

the thinness often needed in tight quarters.
This development and its field application were support-

ed by National Science Foundation grant OPP 90-17484.
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Figure 3. Relative intensity through a 40-mm aperture vs. its displacement in mil-
limeters from central position across a central 85-mm aperture on the source disk.
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T
he cosmic microwave background (CMB), a relic from the
early Universe, allows us to probe the physical conditions

and processes from that era. Between cosmologists and the
CMB, though, lies the Earth's atmosphere. Atmospheric emis-
sion at wavelengths longer than 1 millimeter (the peak of the
CMB intensity) is dominated by line and continuum emission
from oxygen (0 2) and water vapor (H 20) and contributes
from 25 to 90 percent of the total zenith sky intensity even
from dry, high-latitude sites in the "windows" of least opacity
(figure 1). Models for atmospheric emission require tempera-
ture, pressure, and water-vapor density profiles and a
description of 02 and H20 line profiles (Waters 1976; Liebe
1981; Danese and Partridge 1989). These models rely heavily

on data taken near the line centers and are extended with
somewhat empirical extrapolations to the low-emission win-
dows of astrophysical interest. Accurate radiometric data far
from the line centers are required to constrain the model
parameters.

As part of a campaign to measure the long-wavelength
spectrum of the CMB, our U.S.-Italian collaboration has
measured atmospheric emission from a site near the Amund-
sen-Scott South Pole Station in the austral summers of 1989
and 1991 (e.g., Bersanelli et al. 1994 and references therein).
Figure 1 shows the predicted spectrum for Tat,, for clear-sky
conditions at the South Pole along with the range of mea-
sured values. As expected, the higher-frequency results [par-
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ticularly at 90 gigahertz (GHz)] show large intrinsic variations
dominated by changes in the water-vapor content. The low-
frequency results are less sensitive to water vapor and can be
used to measure the contribution of continuum 02 emission.
The line width y of continuum 02 emission at low frequencies
may be written

y0 a(p+ 1.1 e)Ob	 (1)

where e is the partial water-vapor pressure in kilopascals
(kPa),

o = 300/Tis the relative inverse temperature parame-
ter with Tin K, and

p is the dry-air pressure in kPa (Danese and Partridge
1989).

Since both 0 and b are of order unity, Tam is only weakly
dependent on b. We fit our data using b=1.05±0.20 based on
previous determinations (Danese and Partridge 1989), yield-
ing a=0.000543±0.00017 GHz kPa-' in good agreement with
previous determinations (Maryott and Birnbaum 1960) but
with better accuracy. This result excludes values of a required
by the assumptions of Lam (1977) and Smith (1981).

The data range in figure 1 is dominated not by instrument
noise but by real signal changes caused by variation in the col-
umn density of water vapor and 02 pressure. Figure 2 shows
the predicted atmospheric signal as a function of time, mod-
eled using pressure, temperature, and dew-point profiles from
balloon probes to 30 kilometers (km) altitude (the density
scale heights for water vapor and oxygen are 2.2 km and 9.5
km, respectively). The agreement between radiometric obser-
vations and modeled emission is excellent. The emission at 3.8
GHz is dominated by the oxygen continuum and shows the
effect of pressure variation (the measured temperature varia-
tions in the 02 profile contribute less than 10-mK signal
change, whereas water vapor is negligible). The 90-GHz data
provide additional evidence for the effect of 02 pressure varia-
tion, as well as the expected variation in water-vapor density.

10

E

The observation of pressure-driven variability in atmos-
pheric emission has important ramifications for ground-
based CMB observations. Past absolute measurements of the
CMB at frequencies less than 10 GHz have assumed stable
values of Ta in clear-sky conditions, based on the assump-
tion that only changes in the water-vapor column density can
produce significant variability. The observed variations in
Tam do not correlate with the atmospheric pressure at ground
level, preventing simple application of atmospheric models.
Oxygen and water-vapor emissions scale differently with fre-
quency, preventing simple extrapolation from one frequency
to another. Estimations of Tam at 0.1 K precision require
either a direct measurement at the frequency of interest, a set
of measurements at both high (90 GHz) and low (less than 10
GHz) frequencies, or real-time measurements of the tempera-
ture and pressure profiles. Achieving approximately 10 per-
cent accuracy in ground-based CMB spectral measurements
requires measurements of Tam to be nearly simultaneous
with the instrument absolute calibration.

Any small-scale pressure gradients present in the
observed sky patch will affect ground-based CMB anisotropy
experiments. The University of California at Santa Barbara
group has performed degree-resolution anisotropy measure-
ments from the South Pole at a frequency of 90 GHz, allowing
a relatively direct comparison to our results at 150 resolution.
They observe residual drifts in their differential data and
argue that the presence of atmospheric regions with high and
low pressure is a potential cause (Meinhold et al. 1993). They
assume 1 percent (70-mK) gradients in the oxygen emission
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Figure 1. Predicted and measured atmospheric emission from the
South Pole. The gray band represents the model range for minimal to
maximal water-vapor column density. Filled circles are radiometric
measurements.
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Figure 2. Predicted (open circles) and measured (filled circles) atmos-
pheric temperature vs. time from the South Pole. Model predictions
use daily balloon probes of atmospheric profiles.
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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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