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ABSTRACT

Using the Cosmology Large Angular Scale Surveyor, we measure the disk-averaged absolute Venus
brightness temperature to be 432.3 + 2.8 K and 355.6 + 1.3 K in the @ and W frequency bands
centered at 38.8 and 93.7 GHz, respectively. At both frequency bands, these are the most precise
measurements to date. Furthermore, we observe no phase dependence of the measured temperature in
either band. Our measurements are consistent with a COs-dominant atmospheric model that includes
trace amounts of additional absorbers like SO and HsSO4.

Unified Astronomy Thesaurus concepts: Venus (1763); Brightness temperature (182); Atmospheric
composition (2120)

1. INTRODUCTION

Microwave observations of Venus can be used to probe
its hot and dense atmosphere that mostly (~ 96%) con-
sists of COg (Oyama et al. 1979). The greenhouse ef-
fect from the thick Venusian atmosphere, which reaches
~ 90 bars at the surface, maintains the surface tem-
perature at ~ 750 K (Muhleman et al. 1979). While
radio wavelengths 2 4 c¢cm probe the surface, decreas-
ing wavelengths successively probe increasing altitudes
in the atmosphere with a steep decrease in temperature
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(de Pater 1990; Butler et al. 2001). The measurement of
the brightness temperature and its phase dependence at
different microwave frequencies can therefore reveal im-
portant information about the composition and dynam-
ics of various layers of the Venusian atmosphere (Pollack
& Sagan 1965; Muhleman et al. 1979; de Pater et al.
1991). In this paper, we present microwave observations
of Venus in the frequency bands centered near 40 and
90 GHz, corresponding to the altitudes of emission of ap-
proximately 35 and 50 km from the surface, respectively
(Muhleman et al. 1979). The measurements were per-
formed using the Cosmology Large Angular Scale Sur-
veyor (CLASS), a telescope array located at 22°58 S
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latitude and 67°47 W longitude in the Atacama Desert
of northern Chile.

CLASS is a multifrequency polarimeter that surveys
~ T0% of the microwave sky at large angular scales with
the aim of measuring the primordial gravitational wave
background and constraining the optical depth due to
cosmic reionization (Essinger-Hileman et al. 2014; Har-
rington et al. 2016). While CLASS is primarily designed
to observe the cosmic microwave background (CMB) po-
larization, its high sensitivity allows it to observe other
microwave sources within its survey area. In addition
to its nominal CMB survey mode, CLASS periodically
observes on-sky calibration sources including the Moon,
Venus, and Jupiter to obtain telescope pointing informa-
tion, characterize the beam response (Xu et al. 2020),
and calibrate the detector power response to the an-
tenna temperature of the source (Appel et al. 2019). Be-
tween 25 August 2018 and 11 October 2018, the CLASS
40 GHz (@ band) and 90 GHz (W band) telescopes
performed 74 dedicated Venus observations. The same
instruments observed Jupiter 70 times between 26 June
2020 and 6 August 2020. In this paper, we use Jupiter as
a calibration source to constrain the brightness tempera-
ture of Venus. We also examine the phase dependence of
the measured Venus brightness temperature throughout
the observing campaign. We describe the observations
and results in Section 2, followed by the implications of
the results in Section 3.

2. OBSERVATIONS

During dedicated planet observations, we scan the
telescope across the source over a small range (£14°)
of azimuth angle at a fixed elevation of 45° while the
source rises or sets through the telescope field of view
(~ 10° in radius). As the telescope scans across the
source, we obtain time-ordered data (TOD) for each de-
tector at ~ 200 samples per second. During analysis, the
raw TOD is first calibrated to measured optical power
and then combined with the telescope pointing informa-
tion to produce source-centered maps in telescope co-
ordinates. Refer to Appel et al. (2019) and Xu et al.
(2020) for further details on CLASS data acquisition,
calibration from raw detector data to observed optical
power, and map-making from dedicated observations.

Given the telescope beam sizes (FWHM of ~ 1.5°
for @ band and ~ 0.6° for W band), both Venus and
Jupiter (< 1’ in angular diameter) are well approximated
as point sources for both CLASS instruments. A point
source’s brightness temperature (7}) relates to the peak
response as measured above the atmosphere by CLASS
detectors (1) as:

1,0, = T Qp, (1)

where Qp is the beam solid angle and €25 is the solid
angle subtended by the source (Page et al. 2003).
To obtain T3 for W-band detectors, we correct the
actual measured response Ty, for atmospheric trans-
mission to account for the effect of precipitable wa-
ter vapor (PWV) at the CLASS site. For each ob-
servation, we obtained PWV data from the Atacama
Pathfinder Experiment/the Atacama Cosmology Tele-
scope (APEX/ACT)! and used the Atacama Large Mil-
limeter /submillimeter Array atmospheric transmission
model? based on the ATM code described in Pardo et al.
(2001) to calculate the transmission correction factor for
each detector. At W band, this correction was neces-
sary because Tt is greater than T, by up to ~ 5% for
observations with high (~ 5 mm) PWV. However, at
@ band, the effect of PWV on the derived brightness
temperature ratio (Section 2.1) for a detector is < 1%,
which is within our measurement uncertainty; therefore
no PWV-related correction was applied, i.e., T = Ti,.

To increase the signal-to-noise ratio of the measure-
ment, we average the source-centered maps from individ-
ual observations to form an aggregate map of the source
per detector. Since ()5 changes between observations,
the averaging is done relative to a fiducial solid angle
Qrer. This is achieved by scaling T} from each observa-
tion by a factor of Q,c¢/€)s while averaging the maps. To
determine g subtended by a planet, we use the distance
to the planet that varies for each observation and a fixed
disk radius (R). For Jupiter, we calculate an effective R
for the projected area of its oblate disk using the method
described in Weiland et al. (2011). For Venus, we use a
standard disk radius of 6120 km (Muhleman et al. 1979;
Fahd & Steffes 1992; Butler et al. 2001), which includes
the physical surface radius of Venus (~ 6052 km) plus
the height of the atmosphere. This choice of Venus disk
radius allows our results to be compared with previous
measurements and the brightness temperature models
presented in Section 3.

2.1. Brightness Temperature

For averaged planet maps, we can write Equation 1
as TsQer = TretSdp, where Trer is the average of (T
X Qyet/Ss) values acquired over the observing cam-
paign for a particular detector. We set Q,er to be the
same for both Venus and Jupiter per-detector averaged

1 For Venus observations, we use APEX PWV data obtained from
https://archive.eso.org/wdb/wdb/asm/meteo_apex/form. Since
the APEX radiometer was offline during our Jupiter observations,
we instead use ACT PWYV data (acquired via private correspon-
dence) obtained from a 183 GHz radiometer (Bustos et al. 2014)
operated by Universidad Catdlica de la Santisima Concepcién.

2 https://almascience.eso.org/about-alma/atmosphere-model
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Figure 1. (Left) Venus-to-Jupiter brightness temperature ratios measured by the CLASS 40 and 90 GHz detectors. Each data
point corresponds to the result obtained from the averaged maps for a particular detector. For a given detector, the brightness
temperature ratio was calculated by taking the ratio of measured peak amplitudes of Venus and Jupiter, both scaled to the
same fiducial reference solid angle of 5.5 x 107% sr. The errors in the ratios are the combined errors from the Venus and
Jupiter amplitude measurements, which were calculated from the variance of baseline measurements away from the source. The
inverse-variance weighted mean ratios (dashed lines) for the 40 and 90 GHz detectors are 2.821 £ 0.015 and 2.051 £ 0.004,
respectively. (Right) Corresponding histograms of the brightness temperature ratio measurements.

maps so that the ratio of peak responses measured by
CLASS detectors Ty (Ven)/Tres(Jup) is equal to the ra-
tio of brightness temperatures Tven /Tjup. We calculated
Tref(Ven) and Tyep(Jup) values for Qper = 5.5 x 1078 sr
(i.e., 54.55” diameter) to obtain the Tyen/Tjup ratios
shown in Figure 1. For 40 GHz (90 GHz), out of 71
(331) detectors that detected both Venus and Jupiter,
we consider 64 (273) of them with Tven/Tjyp between
2.5 and 3.2 (1.8 and 2.4) and uncertainty in the ratio
< 15% (10%) for this analysis. These particular choices
of data filters were applied to reject the detectors that
were affected by excess noise or improper calibration
from raw TOD to optical power. The uncertainties in
the ratios shown in Figure 1 are the combined errors
from the Venus and Jupiter peak amplitude (in units of
optical power) measurements, which were obtained from
the variance of baseline measurements away from the
source and include the calibration error from raw TOD

to optical power. With about 5% calibration error per
measurement (J. W. Appel et al. 2021, in preparation)
and ~ 50 maps averaged per detector, the contribution
from statistical calibration error is ~ 0.7% of the mea-
sured amplitude.

For the 40 and the 90 GHz detector arrays, the
inverse-variance weighted mean Tvyen/Tjyp ratios are
2.821 + 0.015 and 2.051 + 0.004, respectively, where
the uncertainties are the standard errors on the mean.
Using bootstrapping, we verified that these standard er-
rors represent the uncertainties in the mean of the un-
derlying distributions. For both frequency bands, the
standard deviation of the mean values of 10% bootstrap-
generated resamples (the statistic converges well before
108 resamplings) is same as the standard error of the
parent sample.

To obtain Venus brightness temperatures, we multi-
ply these CLASS-measured mean Tven/Tyup ratios by
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Tyup values from the Wilkinson Microwave Anisotropy
Probe (WMAP), calibrated with respect to the CMB
dipole. Bennett et al. (2013) reported nine-year mean
Tyup values of 154.3+0.59 K and 172.8 £ 0.52 K at
@ and W bands centered at 40.78 £+ 0.07 GHz and
93.32 £ 0.19 GHz, respectively. The effective Rayleigh-
Jeans (RJ) point source center frequencies for CLASS
@ and W band detectors are 38.8 + 0.2 GHz and
93.7 + 0.2 GHz, respectively (S. Dahal et al. 2021,
in preparation). To correct for the difference in ef-
fective center frequencies between CLASS and WMAP
detectors at @ band, we utilize two different meth-
ods to compute Ty, at 38.8 GHz: (1) a local power
law fit between WMAP’s Ka and () band measure-
ments gives Ty,p = 152.56 £ 0.61 K, and (2) the nominal
Radio BErkeley Atmospheric Radiative transfer (Ra-
dioBEAR)? model provides T}, of 152.58 K. We adopt
our local power law fit to the WMAP T}, spectrum for
further analysis, since although the RadioBEAR model
agrees well with the WMAP measurements at ) and
V bands, the model is ~ 0.7% higher at Ka band. It
is notable that the close proximity of the CLASS and
WMAP @-band center frequencies results in agreement
between the two methods at 38.8 GHz. At W band,
since the CLASS and WMAP effective center frequen-
cies are close with overlapping error bars, the frequency
correction is not necessary. Combined with the CLASS-
measured mean Tyen/Tup ratios, these Ty, values yield
the Venus brightness temperature of 430.4 + 2.8 K at @
band and 354.5 + 1.3 K at W band.

These brightness temperature values are measured
with respect to blank sky; they do not include the CMB
contribution blocked by the planet, which is included
in the background. Therefore, to get the absolute RJ
brightness temperature of Venus, we add the RJ tem-
perature of the CMB: 1.9 K at @ band and 1.1 K at
W band (Fixsen et al. 1996; Page et al. 2003). As a
result, we get the absolute Venus brightness tempera-
ture of 432.3 + 2.8 K and 355.6 £ 1.3 K at Q@ and W
bands, respectively. To our knowledge, these results are
the most precise disk-averaged Venus brightness temper-
ature measurements to date at both frequency bands.

2.2. Phase

During the CLASS Venus observing campaign, the
solar illumination of Venus changed from 44% to 8%
(with 100% illumination occurring at superior conjunc-
tion). To examine the phase dependence of the Venus
brightness temperature, we calculate the detector array-

3 https://github.com/david-deboer/radiobear
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Figure 2. Measured brightness temperature versus frac-
tional solar illumination (phase) of Venus during the ob-
serving campaign. Each data point corresponds to the de-
tector array-averaged temperature value for that particular
day. While, over time, the fractional illumination decreases
from 44% to 8%, we do not observe any statistically sig-
nificant phase dependence of the measured temperatures.
The best fit lines (solid red) correspond to a gradient of
0.03 + 0.05 K/% and 0.02 4+ 0.02 K/% for the 40 and the
90 GHz observations, respectively. The shaded regions show
1o uncertainties for the fits. For comparison, the flat dashed
lines show the absolute brightness temperature values calcu-
lated in Section 2.1.

averaged temperature values for individual observations
(i.e., before averaging the maps) using the Jupiter-based
calibration discussed in Section 2.1. As discussed earlier
in this section, the individual W-band measurements
have been corrected for the effect of PWV. Figure 2
shows the array-averaged Venus brightness temperature
values plotted against the fractional solar illumination
and its corresponding observation date. During this ob-
serving period, we detect no phase dependence of the
Venus brightness temperature; the gradient of the array-
averaged temperature values for different solar illumina-
tions is statistically consistent with a flat line for both
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frequency bands. The best fit lines have gradients of
0.03+0.05 K/% and 0.024+0.02 K/% for the 40 and the
90 GHz frequency bands, respectively.

3. DISCUSSION

The microwave thermal emission from Venus is
strongly affected by its atmospheric opacity. Venusian
atmospheric models (de Pater et al. 1991; Fahd & Steffes
1992) predict that the opacity provided by COs alone
leads to brightness temperatures of 444 K and 367 K
at 40 and 90 GHz frequencies, respectively. Any pres-
ence of additional absorbers like SO, and HySOy4 in-
creases the opacity of Venus at these frequencies. This
moves the radiative transfer weighting function higher
in the atmosphere to colder altitudes (de Pater et al.
1991), hence decreasing the predicted brightness tem-
perature. In Figure 3, we compare our measurements to
three different Venusian brightness temperature models:
(1) CO3 only, (2) CO2 with SOz models from Fahd &
Steffes (1992), and (3) CO2 with both SOg and HaSO4
(gaseous) from Akins & Steffes (2020). In the second
model, the abundance profile for SO5 is set to 62 ppm
below 48 km altitude (the lower cloud base) and expo-
nentially decreasing above 48 km. For the third model
with both additional components, a uniform subcloud
SO, abundance of 50 ppm along with an H,SO4 abun-
dance ranging from 10-14 ppm following the equatorial
profile from Kolodner & Steffes (1998) is used. While the
temperature and pressure profiles used in all three mod-
els are based on probe measurements over low Venusian
latitudes, we note that the difference between the mod-
els with and without HySO,4 could be partly attributed
to the difference in assumed profiles. Refer to Fahd &
Steffes (1992) and Akins & Steffes (2020) for further de-
tails on these models.

At both frequency bands, our measurements agree
with a COs-dominant atmospheric model. Furthermore,
given their precision, our measured brightness temper-
ature values favor the presence of trace amounts of ad-
ditional absorbers. As shown in Figure 3, our measured
brightness temperature is consistent with the HoSOy
model at @ band and prefers a slightly lower HoSOy4
abundance at higher altitudes probed by W-band fre-
quencies. Our data also supports a CO5+SO5 model
with SO2 concentration slightly higher than 62 ppm.
However, identifying the exact content and abundance
of these additional absorbers requires further modeling
of the Venusian atmosphere and is outside the scope of
this work. We also note that the COs-only model from
Fahd & Steffes (1992) is inconsistent (> 50) with our
measurements at both frequencies. In Figure 3, we also
compare our values with two previous measurements in

480 —— CO; only

----- CO; + SO,
————— CO;, + SO, + H,S04
MWO (1978)

¢ VSA (2001)
CLASS (this work)

S

30 40 50 60 70 80 90 100
Frequency (GHz)

Figure 3. Microwave spectrum of Venus. We compare the
CLASS measurements with previous measurements from the
Millimeter Wave Observatory (MWO; Ulich et al. 1980) at W
band and the Very Small Array (VSA; Hafez et al. 2008) at
Ka band. We also plot three different brightness temperature
models: CO3 only (solid) and CO2+SO; (dashed) from Fahd
& Steffes (1992), and CO2+SO2+H2S04 (dashed-dotted)
from Akins & Steffes (2020). In the CO2+SO2 model, the
SO2 abundance is set to 62 ppm below the cloud base and ex-
ponentially decreasing above it. For the model with H2SOy4,
the sub-cloud SO2 abundance is set to 50 ppm whereas the
gaseous HoSO4 abundance ranges from 10-14 ppm following
the equatorial profile presented in Kolodner & Steffes (1998).
CLASS measurements are inconsistent with the COgz-only
model and prefer the presence of trace amounts of additional
absorbers at both frequency bands.

this frequency range. Our brightness temperature values
are consistent with the Ulich et al. (1980) measurement
at 86.1 GHz and the Hafez et al. (2008)* measurement
at 33 GHz.

The lack of phase dependence in our measured
brightness temperatures is also in agreement with
the insignificant temperature variation throughout
1.5 synodic cycles of Venus reported by Hafez
et al. (2008). Previously, Basharinov et al.
(1965) reported Tyen = 427 + 41 cos(® — 21°) K, where
—180° < ® < 180° is the Venus phase angle, based on
their 37.5 GHz observations near superior conjunction
(® = 0°). To explain this observation, Pollack & Sagan
(1965) used an atmospheric model with dust distributed
through the lower atmosphere with preferential abun-
dance in the illuminated hemisphere, which could lead to

4 Hafez et al. (2008) reported Tven, = 460.3 £3.2 K relative
to blank sky, Tj,, = 146.6 K, and Venus angular size based
on its surface radius. We use an updated Ty,, = 147.1 K
from Bennett et al. (2013) and correct for the standard Venus
disk radius and CMB contribution to obtain the final absolute
Tven = 453.6 + 3.1 K.
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the approximately 10% variation in the @-band bright-
ness temperature amplitude relative to the Venus phase.
This is inconsistent with both the Hafez et al. (2008)
observations and the results presented in this paper.
Our measured brightness temperature at ¢ band, which
agrees with the COy-dominant atmospheric model (Fig-
ure 3), also does not require the dust-filled model from
Pollack & Sagan (1965). The lack of phase dependence
at ) band may suggest strong enough winds in the CO2-
dominant lower atmospheric layers to evenly distribute
the temperature around the planet. This would also
explain the lack of phase dependence we observe at W
band. However, pinpointing the exact mechanism be-
hind the lack of phase dependence at these microwave
frequencies requires further investigation.

Both CLASS @- and W-band telescopes continue to
observe the microwave sky from the Atacama Desert in
Chile. Future data from these instruments will provide
improved phase coverage of the Venusian illumination,
which can help further characterize the phase-dependent
temperature variation (if any) at these microwave fre-
quencies. Furthermore, CLASS has started observations
with a dichroic instrument (Dahal et al. 2020) operat-
ing at frequency bands centered near 150 and 220 GHz.
The addition of this high-frequency data will also im-
prove our frequency coverage in the Venus spectrum,
providing better understanding of the Venusian atmo-
sphere.

4. SUMMARY

We present Venus observations performed with the
@-band and the W-band CLASS telescopes. Using
Jupiter as a calibration source, we measure the disk-
averaged absolute brightness temperature of Venus to
be 432.3+£2.8 K and 355.6 £1.3 K in the @ and W
bands centered at 38.8 £ 0.2 GHz and 93.7 £ 0.2 GHz,
respectively. These results are the most precise Venus
brightness temperature measurements to date. At both
frequency bands, the measured brightness temperature
values are consistent with COs-dominant atmospheric
models (de Pater et al. 1991; Fahd & Steffes 1992; Akins
& Steffes 2020) and previous measurements from Ulich
et al. (1980) and Hafez et al. (2008). During our two-
month observing campaign, while the fractional solar
illumination of Venus changed from 44% to 8%, we did
not observe any phase dependence of the brightness tem-
perature in either frequency band. This lack of phase de-
pendence agrees with the measurement from Hafez et al.

(2008) and does not support the brightness temperature
versus phase relation at ) band reported by Basharinov
et al. (1965).
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