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Abstract

This thesis consists of inteferometric observations of carbon monoxide from
three planetary atmospheres. The observations address specific questions about the
state and structure of each atmosphere. The analysis and results for each planetary
body are contained within individual chapters of the thesis, and the abstract for each

is reproduced below.

Titan: Evidence for a Well-Mired Vertical Profile

We report on new millimeter heterodyne observations of the *CQ J(1 — 0)
rotational transition from the stratosphere of Titan made in October 1994 with the
Owens Valley Radio Observatory Millimeter Array. The spectrum obtained clearly
exhibits a strong emission core over the ~600 MHz bandwidth of the upper sideband
spectrometer. The lineshape, referenced to the flat spectrum simultaneously observed
in the lower sideband. was inverted to determine a best fit CO mixing ratio profile
consistent with the observations. The best fit profile is a constant mixing ratio of
5+1 x 107° over the altitude range of 60-200 km. Combined with IR observations
of tropospheric CO (fco = 6 x 107°, Lutz et al. 1983) this provides strong evidence

that CO is well mixed from the surface to at least 200 km in Titan's atmosphere.

Mars: Thermal Structure from 0-70 km

Millimeter-wave heterodyne observations of the ('O .J(1 —0) rotational tran-
sition from the atmosphere of Mars were made on three dates in February 1993 with
the Owens Valley Radio Observatory Millimeter Array. These observations vielded
high-quality spectra with a spatial resolution of 4.2” on a 12.5” diameter Mars. The
spectra were numerically inverted for profiles of the local atmospheric temperature
from 0 to 70 km. assuming a constant ('O mixing ratio for the atmosphere. The
derived average low latitude atmospheric temperature profile is approximately 20 K
cooler than reference temperature profiles compiled during the Viking era. This new
temperature profile is well-matched by cooler profiles determined from whole disk CO
measurements. suggesting very little dust loading of the atmosphere at the time of
the observations (Clancy el al. 1990). In addition. the revealed thermal structure
shows variation with latitude, and these temperature profiles compare well with pro-

files derived from Mariner 9 IRIS observations (Leovy 1982, Santee and Crisp 1993)
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and calculated thermal structure from the Mars General Circulation Model (Haberle
et al. 1993). The temperature profiles were averaged in local time and the resulting
cross-section of temperature as a function of pressure and latitude used to infer the
mean zonal circulation of the atmosphere. These wind results are somewhat compro-
mised by the relatively low spatial resolution of the observations but do qualitatively
match both inferred zonal winds from the Mariner 9 TRIS observations and Mars
GCM calculations. These initial observations point toward the desirability of further

interferometric measurements.

Venus: Temporal Variations of the Mesosphere

Millimeter-wave heterodyne observations of the *CO .J(1—0) rotational tran-
sition from the mesosphere of Venus were made in early November and early December
1994 with the Owens Valley Radio Observatory Millimeter Array. The spatial reso-
lution for each day was about 1000 km at the sub-earth point. The high quality CO
spectra were numerically inverted for profiles of the local ('O mixing ratio from 80
to 105 km, assuming a Pioneer Venus mean temperature profile for the atmosphere.
For each day the revealed CO distribution shows a nightside maximum centered at
low latitudes and shifted from the anti-solar point toward the morning terminator.
Both days show a clear latitudinal falloff in the CO abundance. In November the
maximum was centered at roughly 2! local time at 100 km. while in December the
maximum was at roughly 4 — 4.5" local time at 100 km. In addition. CO abun-
dances were slightly higher in November. The changes in the CO distribution are
examined in the context of the mesospheric circulation model of Clancy and Muhle-
man (1985b). The increased shift away from the anti-solar point and decreased CO
abundance for the December observations both point toward increased zonal and/or
decreased sub-solar to anti-solar circulation within the mesosphere during the month

between observations.
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Chapter 1
Introduction.

The last two decades have witnessed an ever increasing use of millimeter-
wave spectroscopy to study a variety of molecular species. Applications range from
detection of species in the Earth’s stratosphere to measuring the gas content and
kinematics of distant galaxies.

Millimeter spectroscopy of planetary atmospheres (other than the Earth’s)
began with the detection of the CO .J(1 — 0) line on Venus. the first observation of
a millimeter-wave transition from a planet (Kakar et al. 1975). Since then a handful
of spectral lines have been detected and measured at millimeter wavelengths: CO
(Venus, Mars, Titan, Neptune), HCN (Titan, Neptune), HC3N (Titan), and PHj
(Jupiter, Saturn). The majority of these detections have been made only in the last
5 vears.

By far. the most abundant and useful of these measurements have been of
C'O rotational lines. On Venus and Mars in particular, the CO J(1 — 0) line (at
115.27 GHz or 2.6 mm) and the CO J(2 — 1) line (at 230.54 GHz or 1.3 mm) form
strong. well-resolved spectral features easily detected from the Earth’s surface. and
have therefore been studied far longer than any other transitions. In contrast, CO
on Titan and Neptune has been much harder to observe. mostly due to the greater
distances resulting in much lower fluxes for these objects.

Spectral lines can be used to derive the structure of a planetary atmosphere
through a process known as line inversion. The strength and shape of a spectral
line is intimately related to the temperature-pressure profile of the atmosphere and
the abundance profile of the absorbing species. By making some basic, well-justified
assumptions about the atmosphere, it is possible to derive either or both of these

profiles. Hence a spectral line can be utilized as a probe of the atmosphere. For
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example, this technique has been used to measure the global average CO abundance
and temperature of the atmospheres of Venus and Mars (Clancy et al. 1990, Clancy
and Muhleman 1991. Lellouch et al. 1991, Lellouch et al. 1994).

One of the most significant advances made within the last decade in millime-
ter astronomy has been the development of interferometers capable of achieving a
spatial resolution of a few arcseconds or better. Until recently. nearly all millimeter
observations were made with single antennas, where the spatial resolution is limited
by the physical size of the dish. Interferometers offer much higher spatial resolution
which is dependent upon the separation of antennas comprising the interferometer.

This thesis presents observations of three planetary atmospheres that use in-
terferometric spectroscopy, allowing measurement of CO spectra with high spatial
resolution. Using radiative transter models of these atmospheres, line inversion algo-
rithms were developed to retrieve basic parameters of atmospheric structure. These
data sets represent some of the most detailed interferometric observations of plane-
tary spectral lines ever achieved. The analysis of the spectral features include a firm
constraint on the abundance of CO in the stratosphere of Titan. the derivation of
the vertical and horizontal temperature structure of the atmosphere of Mars, and
monitoring of the time-evolution of the CO distribution in the Venus mesosphere.

Millimeter interferometric spectroscopy of CO offers unique and important
ways to measure many characteristics of planetary atmospheres. While emphasiz-
ing the direct results of the observations of each planet. it is hoped that this thesis
also gives an impression of the power of millimeter interferometric spectroscopy and
the techniques of line inversion for studying planetary atmospheres. Millimeter spec-
troscopy will continue to grow as the opportunity for higher resolution and better
svstem performance at high frequencies is developed and improved at the millimeter

facilities around the world.
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1.1. Overview

This thesis is divided into several chapters and appendices. Chapter | presents
a brief introduction to the facility (the Owens Valley Radio Observatory Millimeter
Array) used to make the observations described in later chapters, and an introduction
to the concepts of interferometry and the reduction of interferometric data.

The next three chapters each present an analysis of observations of carbon
monoxide from a planetary atmosphere. Chapter 2 details observations made in
October 1994 in order to determine the abundance of C'O in the stratosphere of Titan,
Saturn’s largest moon. Chapter 3 discusses spatially resolved observations made in
February 1993 in order to study the thermal structure of the atmosphere of Mars from
0 to 70 km. This structure is useful for constraining thermal-dynamical models of the
the Martian atmosphere. Chapter 4 presents spatially resolved observations of carbon
monoxide on Venus made in November and December 1994. These observations were
sensitive to the distribution of CO in the mesosphere of Venus. The distribution of
CO is tied to global circulation in the mesosphere, and variations indicate changes in
mesospheric winds. Finally, the summary Chapter 5 reviews the main conclusions of
the analyses for each set of observations, and presents a look to the future.

The appendices detail many of the aspects of the analyses used in each chapter.
These include a development of radiative transfer at millimeter wavelengths. spatial
and spectral convolution, formulations for the opacity of an atmospheric layer, and
an overview of an iterative line inversion algorithm dependent on an analytic partial

derivative of the radiative transfer equation.

1.2. The OVRO Millimeter Array
The Owens Valley Radio Observatory Millimeter Array is located near Big
Pine, California at latitude +37.25° and 1236 m altitude. It is situated in the Owens

Valley at the eastern edge of the Sierra Nevada range. whose rain shadow provides
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a relatively dry atmospheric environment helpful for radio observations. The Mil-
limeter Array is an interferometer consisting of several 10.4-m diameter radio anten-
nas operational in two “windows.” frequency bands of relatively low opacity in the
Earth’s atmosphere. For the three planetary projects discussed in this text (Titan,
Mars. and Venus) observations were made of the 2CO .J(1 — 0) rotational transition
at 115.271204 GHz (~2.6 mm). This line lies near the high frequency edge of the
OVRO 3mm band which spans roughly from 80 to 116 GHz.

Over the course of the two yvears during which the observing runs detailed in
this thesis were made the OVRO array has expanded from four to six antennas, and
maximum baseline lengths have increased from 172 to 242 meters. In 1992. OVRO
switched from a filterbank spectrometer system to a flexible digital cross-correlator
spectrometer, allowing for a variety of spectroscopic observations to be made simul-
taneously with the same system. The observations described here benefited greatly
from the continued expansion and improvement of the Millimeter Array, and from
the dedication and hard work of the Owens Valley Radio Observatory staff.

Of particular interest for observing extended sources is the size of an antenna
primary beam. The primary beam determines the field of view of the interferometer
by limiting the sensitivity of each antenna to a small region in the direction the array
is pointing. The primary beam of a typical OVRO antenna is roughly gaussian (near
the beam center) with a mean FWHM of 69 £ 3” at 100 GHz. This translates to a
mean FWHM of 60 + 3” at the CO transition frequency of 115.27 GHz. As will be
discussed in later chapters. this size has important implications for the reduction and

analysis of planetary data.

1.3. An Introduction to Interferometry
The basic measurement of an interferometer such as the OVRO Millimeter

Array is the cross-correlation. or visibility V. of the electromagnetic signals received
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Figure 1.1. The geometry of a simple interferometer observing a source at angle # from
zenith. The signal at antenna 1 is delayed by 7, so that the correlation will occur
for the same wavefront. For a source at ¢’ the applied geometric delay is incorrect,
resulting in a phase difference.

by each possible pair of antennas. Visibilities are complex quantities measured as flux
density and often given in units of Janskys (Jv). where 1 Jy = 1072*W m~% Hz~ 1.
Consider the simple two element interferometer depicted in Fig. 1.1 observing a point
source at angle # from zenith. Assume that the source is so distant that the signals
travel as plane waves by the time they reach Earth. The goal is to correlate the signals
received at each antenna on the same wavefront. Obviously, element 2 will measure
a wavefront from the source a time 7, = Bsin#/c later than element 1 (where c is
the speed of light). To correlate the same wavefront the signal received at element 1

is delayved by the geometric delay T,.
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A simple example will help illustrate the concept of phase, which will be im-
portant for understanding interferometry data and its reduction. Let the point source

emit a monochromatic signal at w = 27r. At antenna 1, the signal measured is
El(t) = EOCOS(u)f+¢)1). (11)

where ¢ is the phase of the wave as it reaches antenna 1. Note that this phase is
affected by the atmosphere through which the wave passes. The signal at antenna 2
1s

Ey(t) = Epcos(wt+ ¢2) = Egcos(w(t — 1)+ ¢1). (1.2)
Delaying the signal measured at antenna 1 by the geometrical delay before multiplying
with the signal measured at antenna 2. and filtering out high frequency components

leaves

Ey(t — 7,) x Ex(t) =Ezcos® (w(t —7,) + &)

:253 [cos(0) + cos (2 (w(t —7,) + 61))]

=- E; (after filtering). (1.3)

T
Hence correcting for the geometric delay leaves a time invariant signal in this simple
example.
Now consider that the simple point source is at §. The delay of the wave

arriving at antenna 2 relative to antenna 1 is 7,. We proceed as above:

Ej(t — 7,) x Ey(t) =E§cos(w(t — 7,) + 1) cos (w(t — 7,) + 01)

L 2 ’ . .
=-E; [COS(»&J(TQ —7,)) + high frequency terms]
2

:;Eg cos( o) (after filtering). (1.4)

where ¢ is the visibility phase. which is time and baseline dependent. The result of

Eq. 1.4 is the real part of a complex number. and hence we arrive at the concept of
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the complex visibility
Vij = < Ei(t —1,) x E;(t) > = |V]e®™. (1.5)

The imaginary component of the visibility is measured along with the real part to
determine the complex visibility amplitude and phase (see Thompson et al. 1986).
The above simplified treatment shows that the interferometer responds to the location
of the source, and in this sense phase can be thought of as containing positional
information.

The apparent separation. or projected baseline. of each antenna pair viewed
in the direction of the source (Bcos# in Fig. 1.1) is measured in spatial frequency
coordinates u (east) and v (north). The main principal upon which interferometry is
based is described in the Van Cittert-Zernike theorem. which relates the sky brightness
distribution of the source [(x.y) to the visibility function V(u.v), by showing that
(in appropriate limits) they comprise a Fourier transform pair (see Thompson et al.
1986):

% pc
¥lu,v] = f ] I(z,y) e 2 u=t) dy dy, (1.6)
—o0 J =00

Given complete. noiseless sampling of the source visibility in (w.v) space. the sky
brightness distribution of the source is given exactly by the inverse Fourier transform
of V(u,v). The objective of observational interferometry is to estimate I{z,y) from
a limited. noisy sampling of the source visibility.

Observations are usually carried out over a period of several hours during
which the source rises. transits. and sets. During this period the apparent positions
of the antennas as viewed from the source change due to Earth rotation, and the
projected baselines between antennas change as a function of time. This allows the
measurement of V'(u.v) at an expanded range of (u.v) locations and is often referred

to as Earth rotation synthesis. In addition. the physical location of the antennas
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can be rearranged and additional observations made to further improve the (u.v)

coverage.

1.4. Basic Interferometric Data Reduction

Despite the use of Earth rotation synthesis and different array configurations.
measurements of V' (u, v) are usually made at a highly non-uniform set of discrete (u, v)
points. We can think of the measured visibilities as the product of a sampling function
and the true visibility function (neglecting for clarity the effects of measurement
errors):

Vum(u,v) = S(u,v)V(u,v), (1.7)

where S(u,v) is zero everywhere except where a measurement is made. The direct
Fourier transform of Vjs(u.v) is usually not a good estimate of the source brightness
distribution because the effects of the sampling function are also included.

This effect can be explored through use of the Convolution Theorem (see
Bracewell 1965). The Convolution Theorem states that the Fourier transform of the
convolution of two functions is equal to the product of the Fourier transform of each
function. Hence. the inverse transform of Vj;(w. v) is the convolution of I(z.y) and the
inverse transform of S(u, v). The latter term is generally referred to as the synthesized
beam (or dirty beam) BY(x.y). Note that the dirty beam is essentially the response

of the interferometer to a point source of unit flux density. Mathematically,

IP(2.y) = BP(z.y) @ I(z.y) =/‘ j S(u.v)V(u,v) 27w+ gy do, (1.8)

where IP(z,y) is the dirty map and the symbol @ denotes convolution. The dirty
beam often has irregular sidelobes which redistribute the source flux around the map,
distorting (usually strongly) the estimated source brightness distribution.

The spatial resolution of interferometric observations is dependent on the par-

ticular sampling of (u.v) space obtained since this defines the dirty beam. However,
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the central lobe of the dirty beam is often fairly gaussian in shape. with a FWHM
that is roughly inversely proportional to the maximum (u.v) distances for which the
visibility function was measured. Just as the spatial resolution of a single antenna (or
optical telescope) is inversely proportional to the dish aperture, the synthesized reso-
lution is inversely proportional to the size of the synthesized aperture. This increase
in spatial resolution can be very significant. For example, at OVRO the primary
antenna beam is roughly 60” at FWHM at 115 GHz. while the maximum spacing of
240 m could vield about 2.2” resolution.

The effects of the sampling function (or equivalently the effects of the dirty
beam) are typically mitigated through a deconvolution process. The deconvolution
and mapping method used here is the CLEAN process. available in the National Radio
Astronomy Observatory’s software package AIPS (Astronomical Image Processing
System). CLEAN takes advantage of the fact that we know in detail the shape of the
dirty beam. Consider a single point source at sky coordinates (z;.y;) with flux density
f:. The dirty map is simply the dirty beam centered at that point and multiplied by

the flux density of the point source. or
D D
I(z,y) = fiB"(z — =i,y —ui)- (1.9)
Since convolution is a linear operation. the dirty map of m point sources is simply

P(ay) = Y fiBP(a — iy — o). (1.10)

i=1

CLEAN uses the assumption that the true source sky brightness can be ap-
proximated as the sum of a (possibly large) set of point sources. Although planets are
not a collection of point sources, a set can approximate the source sky brightness as
long as the separation between points is small compared with the dirty beam FWHM.
In other words. convolution of a true continuum disk cannot be distinguished from

the convolution of a set of point sources if the points are close enough together.
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Figure 1.2. A dirty beam B” from the December 1994 observations of Venus.

CLEAN attempts to perform the “inverse” of Eq. 1.10 and find a set of point
sources which will match the data. Essentially, CLEAN starts with I”(x.y) and
locates the highest point in the map. It subtracts from the dirty map a scaled dirty
beam centered at that point. The scaling factor and its position (called a clean
component) are stored. and the process is iterated until the dirty map has been
reduced to residual noise. The set of stored clean components are a best fit to the
observed sky brightness in visibility space. Since the point sources are only a good
representation of the true sky brightness when “smoothed™ in image space. the clean
components are convolved with a restoring (or elean) beam. a smooth 2-D gaussian
with a FWHM equal to the dirty beam FWHM. Finally. the residual noise map is
added back to the map of convolved clean components. and this result is termed the
clean map I€.

The result of CLEAN is a map of the sky brightness at the appropriate resolu-
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Figure 1.3. A dirty map /7 from the December 1994 observations of Venus.

tion but with the majority of the distortions introduced by the dirty beam removed.
This process was originally designed for point sources. but can be applied success-
fully to resolved sources with smooth features. Planets have sharp edges which are
difficult to deconvolve successfully. However. an initial model of the source can be
used very effectively with the CLEAN process. The source model is subtracted from
the observed visibilities. leaving a residual visibility set which can be handled by
CLEAN. For planets a good model is a uniform brightness disk of the planet’s radius
and position. As well as providing the base extended source structure, the initial
model introduces the total flux (the “zero-spacing™ flux) which is not measured with
an interferometer because observations at (u,v) spacings smaller than the antenna
diameters are not possible.

To illustrate the effects of mapping and deconvolution. examples of a dirty

beam BY. a dirty map I”. and a clean map I are given in Figs. 1.2-1.4. These
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Figure 1.4. A clean map /“ from the December 1994 observations of Venus. For this
map and the two previous maps the contours are spaced in increments of 20% of
the peak value in that map. Dashed lines represent negative contours.

images. produced during the data reduction of the Venus observations discussed in
Chapter 4. show the dramatic improvement that CLEAN can have in producing maps
of the estimated sky brightness.

The last interferometry development I will discuss here is phase self-calibration.
As shown above, measurement of phase is related to measuring position. However,
the above treatment assumed that the delay of the wavefront due to the atmosphere
was exactly the same above each antenna. This is generally not the case, and in the
millimeter and submillimeter can be very important sources of phase error. In the
neutral atmosphere there are two important sources of propagation delay: induced
dipole moments of N; and O, and the permanent dipole moment of H,0O. The first
term is stable at roughly 2.3 m of delay in the zenith direction at sea level. The delay
due to water vapor. although much smaller. is highly variable because of the high

variations in its abundance, both spatially and in time (for more information on the
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physics of radio-path delay see Elgered 1993).

This is important because if the characteristics of the atmosphere are different
over one antenna relative to another within the array, it will manifest itself as a
(positive or negative) delay in the wave at that antenna in addition to any geometric
delay. As shown above, delays differing from the geometric delay are interpreted in
terms of positional offsets from the center of the map (i.e.. from the direction # in
Fig. 1.1). Hence variations in the atmospheric delay between antennas will cause the
measured visibility phases to deviate from their “true” values. The net effect will be
to distort the estimated source brightness distribution, in effect “moving” flux around
in the CLEANed map.

Since this error is antenna-based (i.e.. all baselines with antenna 1 are affected
if the atmosphere over antenna 1 produces a differential delay with respect to other
antennas) we can think of the effects of non-uniform atmospheric delay as introducing
a time variable phase gain for each antenna. The measured visibility phase can then

be expressed as:
Oz?j..l[eas{f) = O[J}TTUE(f) = L’z({) e 1—'J(t) " é’z] (1-11)

where (%) is the phase gain for antenna i as a function of time and ¢ is the phase
measurement noise on that baseline. It was recognized fairly early in the development
of radio interferometry that the sum of the visibility phases around a closed loop of
baselines is unaffected by antenna phase gain errors. This property is termed phase

closure and is described by

Cijk.;\]ens :Oij.;’lfsas + @ik Meas + QkiMeas
:OIJ]TTuc + 9% — L = Ojk.Truf + vy — W + @i True + Up — P + E o

=('1jk.True i Z 0. (112)

For an N element array there are N antenna gains (for each time ¢) and N(N —1)/2
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visibility phases recorded. If there are enough antennas. the situation is overdeter-
mined and it i1s possible to solve for the phase gains of each antenna at each time.
This process requires that the source be strong (so that the é’s do not contribute
significantly to the phase measurement) and that a priori knowledge of the source
structure exists. The source structure must be modeled in order to provide a working
template of the expected values of (';;;.. Fortunately, planets are generally strong
sources and can be modeled as disks of the appropriate size and flux in the map. The
image improvement gained by application of phase self-calibration can be significant.
Although an example is not provided here, comparison maps are presented in Chapter
3 (for observations of Mars).

(Gain solutions are generally obtained from either a continuum channel or
from an average of spectrometer channels uncontaminated by spectral features. This
method is used for two reasons. First. the signal-to-noise is usually much greater in a
continuum channel (or average of spectrometer channels) due to the larger bandwidth.
In addition, the spatial distribution of the spectral feature is usually less well known
than that of the background continuum. Using spectral channels contaminated by
the lineshape will ultimately distort the derived maps of the spectral feature. After
the phase gains are determined from the continuum channel. they are applied to the
spectrometer channels.

The above sections have provided a brief but I hope useful introduction to
interferometry and the reduction of interferometric data. which can be difficult to
grasp upon first exposure. For further details on general interferometry I suggest
Thompson et al. (1986). A good reference book for the finer details of reducing
interferometric data is the NRAO handbook on synthesis imaging edited by Perley et
al. (1989). The concepts and applications of self-calibration are presented concisely

in Cornwell (1989) and a thorough treatment is provided by Pearson and Readhead



Section 1.5 15 Spectral Image Cube

Figure 1.5. A cartoon of a spectral image cube, representing the entire calibrated and
mapped data set from spectroscopic measurements.

(1984). Finally. many special adaptations for imaging planets have been developed
in the last 15 vears. especially with respect to CLEAN and self-calibration; please see

Schloerb et al. (1979). Rudy et al. (1987). Berge et al. (1988). and Grossman (1989).

1.5. The Spectral Image Cube

[ present one final concept in this section which I hope will improve under-
standing of spectral line observations. If spectroscopic observations of a source are
made, the output data from the interferometer will be a set of measured visibility
points for each channel or frequency bin of the spectral observing system (be it a
filterbank. digital spectrometer, etc.). The visibilities in each channel therefore rep-

resent a measurement of the spatial brightness distribution of the source averaged
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over the channel.

The measured visibilities in each channel can be mapped and the dirty beam
deconvolved, resulting in a suite of maps of the sky brightness, one map per channel.
The full spectroscopic data set can be represented as a spectral image cube, as shown
in Fig. 1.5, where the axes of the cube are two spatial dimensions (e.g.. RA and DEC)
and a frequency or channel dimension. The local spectral feature of a particular spot
on the mapped source is therefore given by the measured sky brightness at the pixel in
each map. creating a spectrum. In this way an interferometer can be used to measure

a spectral feature in localized (i.e., beam-sized) regions of a mapped source.
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Chapter 2

Titan: Evidence for a Well-Mixed Vertical Profile.

Our understanding of the distribution of carbon monoxide on Titan has come
full circle in the past decade. as this chapter details. Initial results suggested that the
abundance of 'O in the Titan stratosphere was the same as that in the troposphere. as
would be expected in a well-mixed atmosphere. However. later measurements at the
IRAM facility in Spain were interpreted as showing a dramatic difference. by about
a factor of 30, between CO in the stratosphere and troposphere, which was nearly
impossible to explain either dynamically or photochemically. Recent improvements
to the OVRO Millimeter Array have allowed us to measure a very accurate spectrum
of C'O. from which we derive an abundance which is very compatible with the original
detection, providing very strong evidence that CO is well-mixed up to at least 200
km in the Titan atmosphere. The results presented here were originally published in
Icarus as “C'O on Titan: Evidence for a Well-Mixed Vertical Profile” (Gurwell and

Muhleman 1995. copyright (©)1995 by Academic Press. Inc.).

ABSTRACT-We report on new millimeter heterodyne observations of the 2C'O J(1-0)
rotational transition from the stratosphere of Titan made in October 1994 with the
Owens Valley Radio Observatory Millimeter Array. The spectrum obtained clearly
exhibits a strong emission core over the ~600 MHz bandwidth of the upper sideband
spectrometer. The lineshape. referenced to the flat spectrum simultaneously observed
in the lower sideband. was inverted to determine a best fit CO mixing ratio profile
consistent with the observations. The best fit profile is a constant mixing ratio of
541 x 1077 over the altitude range of 60-200 km. Combined with IR observations
of tropospheric CO (fco = 6 x 1077, Lutz et al. 1933) this provides strong evidence

that CO is well mixed from the surface to at least 200 km in Titan’s atmosphere.
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2.1. Introduction

The complexity of the Titan atmosphere has been appreciated only in the pe-
riod since the Voyager 1 encounter. One of the most interesting Vovager observations
was the detection of CO; (Samuelson et al. 1983), surprising because the atmosphere
of Titan is strongly reducing. The cold temperatures of the lower stratosphere and
the troposphere imply that CO, condenses out of the lower atmosphere and is contin-
uously deposited on the surface. To sustain the carbon dioxide abundance a source of
oxygen is needed, and it is generally assumed to be supplied in the form of water from
meteoritic bombardment of the upper atmosphere. An alternate hypothesis is that
oxygen is provided by a primordial reservoir of CO, left over from the intial formation
of the atmosphere (Samuelson et al. 1983, Lutz et al. 1983).

The detection of CO, suggested that CO was also present as a precursor (Lutz
et al. 1983). A detailed photochemical model of Titan’s atmosphere was developed
by Yung ef al. (1984) in an effort to explain all the Vovager spectroscopic observa-
tions and to develop a consistent picture of the important chemical processes in the
stratosphere, mesosphere and thermosphere. In the model CO; is postulated as the
net product of meteoritic water and CO reactions. In a similar manner, CO itself is a
net product of meteoritic water and methane reactions. A model dependent mixing
ratio for uniformly mixed CO of 1.8 x 107* was found to explain the measured CO,
abundance.

('arbon monoxide was first detected on Titan in near-infrared observations
from Earth (Lutz et al. 1983). Several absorption features were identified as the P-
and R-branches of the 3-0 rotation-vibration band of CO. Using a reflecting laver
model. the authors concluded that they were sensitive to the lower Titan troposphere
and that a best-fit mixing ratio for uniformly mixed CO was 6 x 107° to within

a factor of three. The photochemical lifetime of C'O in the atmosphere of Titan is
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estimated to be very long. on the order of 10 vears (Yung et al. 1984, Chassefiere
and Cabane 1991). Coupled with the facts that the molecular weight of CO is the
same as for the dominant N, gas and that the atmosphere is never cold enough to
condense CO, this strongly suggests that carbon monoxide should be uniformly mixed
throughout Titan’s atmosphere.

Shortly after the infrared detection, millimeter heterodyne measurements of
CO were obtained with a two-element interferometer by Muhleman ef al. (1984).
Titan was simultaneously observed in two relatively broad frequency bands (the up-
per and lower sidebands) with widths of ~ 200 MHz and a separation of 2.6 GHz.
The receiving apparatus was tuned such that the upper sideband was centered on the
12CO J(1—0) rotational transition near 115.27 GHz (A = 2.6 mm). Collisional broad-
ening of the lineshape due to high pressures in the troposphere and lower stratosphere
cause the CO line on Titan to exhibit very broad wings. As a consequence, the lower
sideband at —2.6 GHz from the line center measured the far wings of the line. In het-
erodvne measurements, conversion from the observation frequency to a much lower
intermediate frequency (IF) combines the two sidebands into one signal, which can
be extremely difficult to calibrate accurately. Fortunately, an interferometer allows
isolation of the signals from the two sidebands during observation (see Thompson et
al. 1936).

The basic measurement of the millimeter observations was the ratio of the flux
density in the upper sideband to that in the lower sideband., a powerful technique
because this ratio removes nearly all instrumental and weather effects, which impact
each sideband in a similar manner. Unlike the infrared measurement. the millimeter
observations were sensitive mainly to the stratosphere (roughly 60-300 km). Due
to the broadband nature of the observations, the authors were forced to assume a

constant mixing ratio over that region. Their best-fit estimate of the stratospheric
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CO mixing ratio was 6 =4 x 107", confirming the IR detection and suggesting that
CO is indeed well mixed throughout the troposphere and stratosphere.

However, this interpretation was challenged by more recent millimeter obser-
vations of CO reported by Marten et al. (1988). Using the IRAM 30-meter antenna
near Pico—Veleta, Spain, the group measured a **C'Q J(1 —0) spectrum in a 500 MHz
band around the line center which appears to be far too weak to be consistent with
a uniformly mixed CO distribution. This spectrum was used to determine a best fit
stratospheric ('O mixing ratio of 242 x 107°, roughly a factor of 30 less than the
value found for the troposphere. Such a dramatic reduction in the CO mixing ratio
with altitude is exceedingly difficult to understand. If CO is derived from water of
meteoritic origin. it will be produced high in the upper atmosphere. near 650 km
(Yung et al. 1984, Chassefiere and Cabane 1991). Diffusion arguments alone demand
that the stratospheric O mixing ratio must be at least as great as that in the tro-
posphere in this case. Even if CO were primordial and the source was outgassing,
the long chemical lifetime is persuasive evidence for little depletion of the mixing
ratio with altitude. Chassefiere and (Cabane (1991) speculated that such a reduction
could be accomplished if ('O is adsorbed onto methane ice particles in the region of
methane condensation (near the tropopause) which then fall into the troposphere. re-
leasing C'O at low altitudes and creating an enhanced tropospheric abundance relative
to the stratosphere. A rigorous mechanism. however. has not been advanced to date.
We note that this single dish IRAM measurement is complicated by the combining
of the sideband signals. which could not be avoided. making accurate calibration of
the spectrum very difficult.

Furthermore. the 1988 measurement is incompatible with several measure-
ments of the 2CO J(2 — 1) and CO .J(3 — 2) rotational lines obtained with the

Caltech Submillimeter Observatory on Mauna Kea. Hawaii (Muhleman and Clancy.
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1993). Due to the increase in line strength with frequency these lines are even broader
than the CO J(1—0) line. These spectra clearly show the CO lines and appear consis-
tent with the initial measurements of uniformly mixed CO. Unfortunately, the spectra
cannot be reliably calibrated because of the same combined-sideband problem noted
for the IRAM measurement.

It is clear that an accurate measurement of the ('O mixing ratio within the
stratosphere is best made with an interferometer, which has several advantages over
single dish measurements. By far the most important is the ability to isolate and
independently calibrate the two sidebands. The initial millimeter measurement by
Muhleman et al. (1984) was made using an interferometer. but owing to the poor
spectral resolution of that experiment the Marten et al. (1988) result has been more
widely accepted. We report here on new interferometric observations of *CO .J(1-0)
line that were made in an attempt to resolve the central question of the distribution
of CO in Titan’s atmosphere. The results of this study have important implications
for our understanding of the oxygen budget and photochemistry of the stratosphere

of Titan.

2.2. Millimeter Observations

Observations of C'O millimeter lines on Titan are complicated by the extreme
width of the spectral features, making the design of the experiment crucial to its
success. The pressure line-broadening coefficient for CO in a nitrogen atmosphere at
95 K is about 6.5 GHz bar™' (Colmont and Monnanteuil 1936). The surface pressure
on Titan is about 1.5 bar and therefore the opacity due to C'O is spread over several
GHz on either side of the line center. Figure 2.1 illustrates this problem. where
model CO J(1 — 0) spectra are plotted for three different CO distributions: no CO
(providing the continuum baseline), a constant mixing ratio of 6 x 107° from 0 to

500 km (corresponding to the measurements of Lutz ef al. 1983 and Muhleman ¢t al.
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Figure 2.1. Model spectra of the CO .J(1 — 0) rotational transition on Titan.

1984). and constant mixing ratios of 6 x 107" for the troposphere (0-60 km) and
2 % 107° for the stratosphere (60-500 km. Marten ef al. 1988). The CO line on Titan
exhibits a complex structure, with a strong emission core resting on an extremely
broad and shallow absorption line. The strength of the emission core is directly
related to the stratospheric abundance of C'O, exhibited by the great difference in
the model spectra between 1 GHz from the line center. Current state-of-the-art
heterodyne spectrometers have a total bandwidth no larger than 1 GHz. leading
to obvious difficulties; it is thus far not possible to achieve sufficient bandwidth to
separate the line from the continuum within a single sideband.

The best current method for mitigating this problem is to make double-
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sideband observations. with one sideband sampling the line center while the other
samples the far wings of the line. This method is difficult for single dish observations.
which cannot easily isolate the two sidebands from each other. Calibration in that
case relies on an accurate measurement of the sideband ratio, an indicator of the
sensitivity of one sideband relative to the other. Interferometers. on the other hand.
can isolate the sidebands and therefore can be used to measure the spectral feature
in the upper and lower sidebands nearly independently. The ratio of the sidebands
then gives a very accurate measure of the spectral lineshape.

Observations of the *CO J(1 — 0) line on Titan were made on October 18-
20, 1994 with the Owens Vallev Radio Observatory Millimeter Array, located near
Big Pine. California. The OVRO interferometer is comprised of six 10.4-m diameter
antennas. Tracking of Titan for the antennas and for determination of the array phase
reference was done by computer control using a high-precision ephemeris provided
by E. M. Standish of the Jet Propulsion Laboratory, Pasadena, C'A. For the three
observing dates Titan was near western elongation, varving between roughly 150
180 arcsec from Saturn. At 2.6 mm, the half-power beam width of an antenna is
roughly 60 arcsec, and confusion with Saturn was a concern. However, Saturn was
moving relatively rapidly in the phase reference frame centered on Titan, and hence
any coherent contribution from Saturn should be minimized. although it must affect
the observations as a nearly random noise source.

The interferometer was aligned in a fairly compact configuration. resulting in
a synthesized beam of roughly 4” x 6” full-with-at-half-maximum (FWHM) at Titan’s
declination of —11°. At an apparent diameter of 0.79” Titan was therefore completely
unresolved. For each night’s observations (about 7 hours) the majority of time was
spent integrating on Titan. A single measurement on each baseline consisted of a three

minute integration during which the complex visibility of the source was recorded.
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Figure 2.2a. The lower sideband spectrum from the October 18-20 observations of Titan.

Amplitude and phase gain time variations were monitored through observations of
a calibrator, quasi-stellar source 2227-088, approximately every half-hour. The flux
scale was calibrated independently in each sideband using interleaved observations of
Uranus and the calibrator at similar elevations. Previous measurements of the flux
of Uranus at the observation wavelength (Muhleman and Berge 1991) were used to
determine the flux density of 2227-088 as 2.51£0.05 Jy in each sideband.

The signal was received by a superconductor-insulator-superconductor (SIS)
receiver at each antenna which is sensitive in the 80-116 GHz range. and detected for
each antenna pair in two correlator systems: a wideband analog cross correlator (~1

GHz bandwidth) and a digital cross correlator. For observation of O on Titan, the
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Figure 2.2b. The upper sideband spectrum from the October 18-20 observations of Titan.

upper sideband was centered on the ('O .J(1 — 0) transition frequency of 115.2712
GHz, dictating that the lower sideband be centered at 112.2712 GHz. The reference
was maintained in the Titan frame by computer control of the local oscillator (LO)
frequency. The sideband signals were isolated to approximately 20 dB using a phase-
switching cycle (see Padin et al. 1991 for further information on the OVRO array).
The digital spectrometer was utilized in two secondary LO tunings. allowing
us to ultimately measure +(56-292) MHz of the center frequency of each sideband
at 4 MHz resolution, and £60 MHz at 1 MHz resolution. This spectral coverage is
shown in Fig. 2.1 by bars representing the frequency range of the digital spectrometer

in each sideband. The upper sideband (USB) spectral data were used to measure the
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emission core, while the lower sideband (LSB) spectral data were used to measure
the far wing of the line. close to the continuum level. For each integration on each
baseline, an USB and LSB amplitude and phase were measured by the continuum
correlator and for each channel in the digital correlator. Calibration of the digital
correlator passband was done through observations of 3C454.3 and 3C84, which are
expected to exhibit flat spectra in the region of interest.

Initial inspection of the continuum correlator data for Titan revealed anoma-
lous phase and amplitude variations on the shortest baseline (15 meters E-W). These
variations were most probably the result of confusion with Saturn and/or its rings,
to which a short E-W baseline would be most susceptible. Due to this corruption, we
did not use the data from the shortest baseline in the following analvsis. No other
baselines exhibited any noticeable variations. and we feel confident that the rest of
the data set is free from any important confusion with Saturn.

After calibration. the spectrometer data for all three days were vector averaged.
The results, spectra of the '2CO J(1 — 0) line on Titan in the upper and lower
sidebands, are shown in Figs. 2.2a and 2.2b. The units are calibrated Jy as determined
during data reduction. The USB spectrum clearly shows a strong resolved emission
line, centered at the transition frequency for CO .J(1 — 0). The LSB spectrum is
essentially flat. with no indication of any obvious absorption or emission features.
The latter is particularly important because it shows that the sideband isolation
procedure was effective to well below the noise level of the spectrum. Although not
reproduced here, average spectra for each dayv of observation clearly show the CO
feature as well, but with lower SNR. The noise levels for all three days were roughly

comparable.

2.3. Spectrum Modeling

To analyze the spectra. a radiative transfer model of the Titan atmosphere at
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Figure 2.3. Published atmospheric temperature profiles for Titan.

millimeter wavelengths was developed, based upon existing models (Muhleman et al.
1984, Muhleman and Clancy 1993). The basic parameters of the atmosphere were
taken from the Vovager 1 radio occultation results (Lindal ef al. 1983). including an
atmospheric base at 2575 km from the center of Titan with a surface pressure of 1496
millibar and a surface temperature of 94 K. A reanalysis of the radio occultation
data has resulted in the temperature profile presented by Lellouch (1990). Figure 2.3
presents the thermal profiles of Lindal et al. (1983) and Lellouch (1990). The Lindal

profile has been extended assuming the atmosphere 1s isothermal above 200 km.
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The millimeter continuum opacity on Titan is dominated by N; — N, Ny—Ar
and N, — C'Hy pressure-induced absorptions. The absorption coefficient for each
species pair scales with the product of their mixing ratios (i.e.. k  fg . etc.). Three
data sets of the N; — N, absorption were investigated (Dagg et al. 1975, Courtin
1988, G. Birnbaum. personal communication, 1984) and one each for the N;—Ar and
N, —CHy absorptions (Courtin, 1988). No important differences between the nitrogen
absorption data sets were found in radiative transfer tests. Following Courtin. the
N,;—Ar absorption coefficient was taken to be essentially the same as for N, — N,
while in the wavelength and temperature range of interest the N, — CHy absorption
coefficient is approximately four times that of Ny — N,. The total continuum opacity
was scaled from the Ny — N, absorption coefficient for a pure nitrogen atmosphere by

the formula

ko= knyon, ¥ (R, + fofar +40G fon,) = kbva-n, ¥ fo(14+3fen,), (21)

where we have made the reasonable approximation that fx, + fa, + fen, &= 1. The
continuum brightness temperature is somewhat sensitive to the mixing ratios of N,
and CHy used; model values and error analysis are discussed below.

Opacity due to carbon monoxide was modeled using the spectroscopic pa-
rameters of Pickett. Poynter and Cohen (1992). The CO—N,; collisional broadening
coefficient for the CO J(1 —0) line was taken to be 2.45 GHz bar™! at 300 K, with a
temperature dependence of 77"*% (Colmont and Monnanteuil 1986). The ('O opacity
for each model frequency and atmospheric layer was found by integrating the CO ab-
sorption coefficient times the Voigt lineshape (convolution of Doppler and collisional
broadening) over the layer, as discussed in Clancy ef al. (1983): a review is presented
in Appendix C.

The radiative transfer model utilizes a spherical atmosphere extending to 500

km above the surface, with lavers of 1-10 km thickness. Using the input apparent
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Figure 2.4. Weighting Functions for the CO .J(1 — 0) line on Titan.

diameter of Titan, the intensity is integrated along many paths. including limb ge-
ometries, and the results are interpolated and integrated to give the spectrum in
units of flux density. The surface is taken to be a perfect sphere of radius 2575 km
and dielectric constant of 2.25, although in practice this is rather unimportant as the
continuum opacity strongly attenuates radiation from bhelow ~20 km.

Figure 2.4 presents area-normalized nadir weighting functions for several fre-
quency offsets from the CO line center, calculated assuming a constant mixing ratio of

6 x 107°. The Av = —3000 MHz weighting function corresponds to the lower side-
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band observations and shows clearly the strong absorption of radiation from the lower
atmosphere and the surface by the continuum opacity sources. The other weighting
functions are representative of the frequency range of the upper sideband observa-
tions. The vertical structures of these weighting functions are strongly dependent
upon frequency, allowing us to probe the stratosphere. Note that the contribution
from altitudes above ~200 km is very small except for roughly 4 MHz from the
linecenter. In addition. all the USB weighting functions exhibit a maximum near
50-60 km. which is a result of the rapid change in the density gradient just above
the tropopause which limits the amount of radiation transmitted from below approxi-
mately 60 km. These two altitudes roughly bound the region of maximum sensitivity

for our observations.

2.4. Analysis and Conclusions

To analyze the observed spectrum. we first compared the observed lower side-
band flux to our model output. The model LSB flux depends on the tropospheric
mixing ratios of N,, Ar and CH, (as in Eq. 2.1) and on the tropospheric CO mix-
ing ratio. We assumed mixing ratios of 0.95, 0.01 and 0.04 for nitrogen, argon and
methane, respectivelv. Varving these values throughout their possible ranges (dis-
cussed in Lellouch 1990 and Strobel et al. 1993) varied the LSB flux by roughly
+0.6%. The tropospheric ('O mixing ratio is uncertain by a factor of three (Lutz et
al. 1993) and this allowed range varied the LSB flux by roughly £2%. and was there-
fore a much more significant error source than the continuum opacity sources. Using
the best-fit mixing ratio determined by Lutz et al. (1933) of fco = 6 x 107° for
the troposphere our model calculates the whole disk Planck brightness temperature
at 112.3 GHz, equivalent to our LSB measurements. to be Tg =78.4 K (referenced to
the surface radius).

In comparison. the average LSB flux from our observations gives a brightness
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temperature of 74 K. or about 6% less than the nominal model would suggest. In an
effort to match the LSB observations. the Titan model was run multiple times with
increasing tropospheric CO mixing ratios. The minimum model Tg obtainable was 77
K. achieved with a mixing ratio of 1.6 x 107*. We note that it is not unreasonable
that such a discrepancy could exist between our model and the data. Recall that the
flux scale was determined from observations of the calibrator 2227-088 interleaved
with observations of Uranus. Noise on these observations placed the formal error on
the flux of the calibrator at about 2%, but this does not take into account bias which
would be introduced by errors in our model of the flux of Uranus. An estimated error
of ~5% between observed and expected fluxes is typical at millimeter wavelengths.
so it is not unexpected that our LSB data does not exactly match the model.

One of the great advantages of using the interferometer is that the ratio of
the observations in the two sidebands is verv insensitive to errors in the absolute
flux calibration. or to any source of errors which would affect both sidebands in a
similar manner (such as moderate phase variations not completely removed during
calibration. primary antenna pointing errors, or errors in the Titan ephemeris). This
is essentially a measurement of the line to continuum ratio, and we expect that the
ratio of the USB to LSB observations is a far more accurate measure of the CO
lineshape than the calibrated USB spectrum alone. The observed spectrum is shown
in this manner in Fig. 2.5, along with several model spectra for comparison. The three
solid line spectra correspond. from weakest to strongest. to constant ('O mixing ratios
of 2. 6. and 10 x 107 for the entire atmosphere. These cover the maximum range
for the stratospheric CO mixing ratio found by Muhleman et al. (1984) and are within
the reported errors for the tropospheric mixing ratio (Lutz et al. 1983). The dashed
line is a model spectrum calculated assuming the results of Marten et al. (1988)

of 6 x 107° (0-60 km) and 2 x 107° (60-500 km). Clearly, the CO distribution
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Figure 2.5. Model and observed CO .J(1 — 0) line ratio spectra.

proposed by Marten et al. is very inconsistent with our spectral observations. while
the spectrum for well-mixed CO at 6 x 107" is a reasonably good fit.

We utilized a least-squares line inversion algorithm to quantify the mixing ra-
tio profile that best fits the observed spectrum. Details of the least-squares inversion
technique we emploved and its application to millimeter CO spectroscopy may be
found in Gurwell e al. (1995) and an overview is presented in Appendix I, In sum-
mary. to determine the best-fit CO profile for a given spectrum we first calculate a
model spectrum given an initial estimate of the CO profile. We also calculate the an-
alyvtic partial derivative of the spectral flux with respect to changes in the CO profile

for each frequency. The differences between the observed and calculated spectrum
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are used along with the partial derivatives to estimate changes in the profile that will
allow for a better fit. The radiative transfer equation is nonlinear, and it is therefore
necessary to iterate until a stable solution is reached.

For Titan. we have modeled the CO mixing ratio profile with the functional
form fco = 1073 where P(z) was a constant or a first order polynomial with respect
to altitude. The objective was to determine the best-fit O mixing ratio within the
stratosphere. and to detect any vertical gradient of the CO profile if it exists. Using
the temperature profile of Lellouch (1990). we find that the best-fit CO mixing ratio is
49+0.5 x 107 (formal error estimate) with essentially no vertical gradient. The
best-fit model spectrum for a constant mixing ratio of 4.9 x 107° is shown in Fig.
2.6 along with the observed spectrum. The model spectrum provides an excellent fit
to all portions of the spectrum.

This solution is extremely insensitive to the CO mixing ratio assumed for the
troposphere (0-50 km) for tropospheric mixing ratios less than about 1.2 x 107%,
Even for the very high tropospheric mixing ratioof 1.8 x 107* (taking the maximum
error of the results of Lutz et al. 1983) the best-fit stratospheric CO mixing ratio drops
only marginally to 4.1 x 107°.

When determining a best-fit profile assuming a constant mixing ratio with
altitude. the solution is insensitive to the temperature profile of the middle and upper
stratosphere. Solutions for constant profiles obtained using the Lellouch (1990) and
the Lindal ef al. (1983) temperature profiles shown in Fig. 2.3 are indistinguishable.
These temperature profiles are essentially the same below ~ 90 km and diverge to
a maximum difference of about 5 K above approximately 150 km, with the Lellouch
profile being warmer.

Best-fit solution profiles found when trving to determine a slope. in contrast

to the constant profiles discussed above, do show some sensitivity to the temperature
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Figure 2.6. The best fit model line ratio spectra along with the observed spectra.

profile in the stratosphere. Figure 2.7 presents first order polynomial solutions found
assuming the temperature profile of (a) Lellouch {1990) and (b) Lindal et al. (1983).
Formal error estimates based upon the covariance matrix determined during the final
iteration of the inversion algorithm are also shown. The solution found assuming the
Lellouch temperature profile has essentially no vertical gradient to well within the
formal errors. The solution found using the Lindal profile, cooler in the stratosphere,
does exhibit a marginal positive gradient. To achieve the same spectrum the upper
stratospheric CO mixing ratio must increase to offset the lower temperature, as in-
tuitively makes sense. Note that the formal errors on this profile do not exclude the

possibility of a constant solution profile. In addition, the formal errors are smallest in
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Figure 2.7. Best fit model CO mixing ratio profiles from inversion of the observed spectra.
(a) Solution obtained using the Lellouch (1990) temperature profile. (b) Solution
obtained using the Lindal et al. (1983) temperature profile.

the altitude region of roughly 80-130. In this region note that the mixing ratio solu-
tion is essentially the same for either profile shown in Fig. 2.7 and is quite comparable
to the constant solution of 4.9 x 107°.

Given the uncertainty on the appropriate temperature profile for our observa-
tions, we conclude that this new CO spectrum is consistent with a uniformly mixed
C'O profile throughout at least the 60-200 km region of the atmosphere of Titan. The
best-fit mixing ratio found through inversion of the lineshape is 54+ 1 x 107°, with
the formal error estimates presented above increased to account for uncertainties in
the temperature profile. This mixing ratio is very consistent with that found from the

original millimeter detection of CO on Titan (Muhleman ¢t al. 1984) but is impossi-
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ble to reconcile with the results of Marten et al. (1988). We suggest that the current
observations are the most accurate taken to date, and that our ability to isolate and
independently calibrate the spectral data from both sidebands makes these results
more credible than the IRAM measurements. In addition. the mixing ratio we de-
termine for the stratosphere is very close to that found for the troposphere from the
IR observations of Lutz et al. (1983) and is much more tightly constrained. Coupled
with the very long chemical lifetime of CO in the atmosphere of Titan, this result is
strong evidence that CO is well-mixed throughout the troposphere and stratosphere

of Titan with a mixing ratio of 5 x 1072,
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Chapter 3
Mars: Thermal Structure from 0-70 km.

Mars continues to be a major focus of planetary exploration. and is the ob-
jective of several unmanned missions in the next decade, such as Mars 96. Mars
Pathfinder. and Mars Global Surveyor. The large cost. infrequency, limited pay-
load. and relative risk of such missions (i.e., Mars Observer) leaves a vital role for
ground-based observational programs now and in the future. Of particular interest is
measurement of the state of the atmosphere. its temperature structure, circulation,
and temporal variability.

Millimeter observations of CO provide a unique and powerful way to monitor
the atmosphere of Mars. Single dish observations of C'O have had remarkable success
in measuring the average thermal structure of Mars atmosphere from 0 to 70 km,
culminating (and continuing) with the work of Clancy and Muhleman (e.g.. Clancy,
Muhleman. and Berge 1990). Such observations. while extremely useful. are limited
to examining the average conditions of the atmosphere at low to mid latitudes. The
superior spatial resolution of interferometric observations of CO can be used to define
variations in the temperature structure with local time and latitude. As discussed in
this chapter. resolved measurements of the thermal structure can in turn be used to

infer the mean circulation of the atmosphere.

ABSTRACT-Millimeter-wave heterodvne observations of the *C'O .J(1 —0) rotational
transition from the atmosphere of Mars were made on three dates in February 1993
with the Owens Valley Radio Observatory Millimeter Array. These observations
vielded high-quality spectra with a spatial resolution of 4.2” on a 12.5” diameter Mars.
The spectra were numerically inverted for profiles of the local atmospheric tempera-

ture from 0 to 70 km. assuming a constant C'O mixing ratio for the atmosphere. The
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derived average low latitude atmospheric temperature profile is approximately 20 K
cooler than reference temperature profiles compiled during the Viking era. This new
temperature profile is well-matched by cooler profiles determined from whole disk CO
measurements, suggesting very little dust loading of the atmosphere at the time of
the observations (Clancy et al. 1990). In addition, the revealed thermal structure
shows variation with latitude. and these temperature profiles compare well with pro-
files derived from Mariner 9 IRIS observations (Leovy 1932, Santee and Crisp 1993)
and calculated thermal structure from the Mars General Circulation Model (Haberle
et al. 1993). The temperature profiles were averaged in local time and the resulting
cross-section of temperature as a function of pressure and latitude used to infer the
mean zonal circulation of the atmosphere. These wind results are somewhat compro-
mised by the relatively low spatial resolution of the observations but do qualitatively
match both inferred zonal winds from the Mariner 9 TRIS observations and Mars
GCM calculations. These initial observations point toward the desirability of further

interferometric measurements.

3.1. Introduction

Millimeter-wave observations of O in the Martian atmosphere have been
ongoing for the last two decades, and there are good reasons for the continued ex-
ploration of Mars through CO spectroscopy. CO is relatively abundant on Mars and
forms strong, well-resolved spectral features at millimeter wavelengths observable
from the Earth’s surface. The shape of the C'O line contains information about the
vertical structure of the atmosphere, including the 'O abundance and the pressure-
temperature profile. Such information is invaluable for studying the photochemistry,
thermal forcing, and dynamics of the Martian atmosphere.

Millimeter spectra of planetary CO lines are composed of essentially two com-

ponents: an emission-absorption line formed by C'O within the planetary atmosphere
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and a background or continuum due to thermal radiation from either the lower at-
mosphere (i.e., Venus) or, as is the case for Mars. from the surface and immediate
subsurface (Clancy et al. 1990). Since radiative transfer and the formation of rota-
tional absorption lines are relatively straightforward at millimeter wavelengths. it has
been possible to use observed ('O spectra to infer the vertical. and more recently the
spatial. structure from the surface to about 70 km in the atmosphere of Mars.

Previous observations and analyses of millimeter CO spectra from single dish
measurements have been presented by Kakar ef al. (1977). Good and Schloerb (1981),
Clancy et al. (1983), Lellouch et al. (1939, with a reanalysis by Clancy and Muhleman
1990), Clancy et al. (1990), Lellouch et al. (1991), Lellouch et al. (1993), Clancy et
al. (1993), and Clancy ef al. (1994). The majority of these are whole-disk spectra and
vield average results for the atmosphere. Good and Schloerb proposed a factor of four
increase in the CO abundance from 1967 to 1980 based on analysis of CO J(1 — 0)
spectra taken in 1980. However, the analysis of *C'O millimeter spectra has been
shown to be extremely sensitive to the assumed contrast between the atmospheric
temperature and the brightness temperature of the surface/subsurface (Kakar et al.
1977, Clancy et al. 1990). Clancy et al. (1983) demonstrated that plausible variations
in the atmospheric temperature profile of Mars were at least as likelv as variations
in CO abundance to explain the CO spectra observed by Kakar et al. and Good and
Schloerb.

Additional evidence against large changes in ('O abundance comes from mea-
surements of O, in 1971-1972 (Barker 1972, Carlton and Traub 1972) and 1982
(Trauger and Lunine 1983). The O, abundances found for these two observations
were essentially the same. O, and CO abundances are expected to be anticorrelated
on such timescales. and the lack of an observed variation in oxygen implies that CO

also varied little between the two observing periods (Clancy et al. 1990).
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More recently. combined observations of the optically thick "*CO and optically
thin *CO lines have been made (Lellouch et al. 1989, Clancy et al. 1990. Lellouch
et al. 1991). The dual line observations allow a self-consistent measurement of the
('O mixing ratio (assumed constant with altitude) and temperature profile. Although
large temperature variations have been noted. the CO mixing ratio has proven to be
remarkably consistent among the observations at 8 £2 x 107*. In addition, the
observations of Lellouch et al. (1991) partially resolved the disk. allowing some mea-
surement of the spatial variability of CCO. Their data were consistent with a spatially
uniform CO mixing ratio. indicating that meridional mixing is efficient enough to
redistribute CO. preferentially produced at temperate latitudes. uniformly over the
planet.

Models of Martian atmospheric chemistry (e.g.. Moreau et al. 1991, Nair et al.
1994) have shown that the chemical lifetime for CO on Mars is greater than a vear.
The spin rate of Mars is much shorter than this timescale, arguing strongly that CO
should show essentially no diurnal abundance variation. In addition. meridional wind
velocities have been inferred based on measured atmospheric temperature structure
from the Mariner 9 IRIS experiment (Santee 1993. Santee and Crisp 1995). They
estimate a meridional mixing timescale from the tropics to the polar regions of only
13 days. again much shorter than the chemical loss timescale and strong evidence
that CO is well-mixed latitudinally. Finally. estimates of vertical velocities have led
to the conclusion that the exchange time between the lower portion of the middle
atmosphere (10-40 km) and the upper portion of the middle atmosphere (40-100 km)
is just 5-10 days (Barnes 1990). All the above arguments favor a C'O distribution on
Mars that is uniformly mixed in local time. latitude, and altitude.

Since any temporal and spatial variations of CO are at most relatively small.

the primary use of whole-disk ('O spectroscopy is in the measurement and monitoring
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of the thermal structure of the atmosphere. Radiation at millimeter wavelengths is
essentially unaffected by aerosol scattering. making observations of CO well-suited
for measuring temperatures in both clear and dusty periods. Clancy et al. (1990)
have compiled measurements of the mean atmospheric temperature at 0.5 mbar from
spacecraft IR measurements and Earth-based CO spectral data. When mapped as a
function of Ls the measurements indicate two “states”™ of the atmosphere: periods
of relatively warm temperatures are indicative of the Viking era and parts of the
Mariner 9 era. while CO measurements have described both warm and distinctly
cooler periods. The Viking era was noted for being relatively dusty: during the
mission two major planetary dust storms occurred and a background dust haze was
always present. Coupled with the large dust storm observed during the Mariner
9 mission. it appeared that a dusty Martian atmosphere was the rule. However.
the CO observations of much colder temperatures at other times implies that the
Martian atmosphere undergoes periods with a nearly dust-free atmosphere, which
may represent the true background state of the atmosphere.

While indispensable for determining the average conditions of the atmosphere,
whole-disk measurements are limited to just that. average conditions at low to mid-
latitudes. The development of radio interferometers operational at millimeter wave-
lengths allows much higher spatial resolution. and therefore the opportunity to deter-
mine localized temperature profiles. Such measurements can be used to infer zonal
and meridional circulation and to monitor atmospheric conditions at higher latitudes.

This paper presents interferometric observations of the Mars "*C'O J(1—0) ro-
tational transition made with the Owens Vallev Radio Observatory Millimeter Array.
The observations achieved a spatial resolution of 4.2” when Mars was at a diameter of
12.5”. The resulting data set includes CO spectra from spatially independent regions

of the observable disk of Mars. The spectra have been inverted for local atmospheric
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temperature profiles from the surface to 70 km. The average temperature structure
is approximately 20 K cooler than reference profiles from the Viking era. suggesting
very little dust loading of the atmosphere at the time of the observations. However,
the latitudinal temperature structure of the atmosphere is similar to both observa-
tions and models for the same season. In addition. zonal winds were inferred from
the mean temperature structure as a function of latitude using the gradient wind

equation.

3.2. Millimeter Observations and Data Reduction

This section offers details of the interferometric observations of CO on Mars,
and discusses the reduction of the visibility data into localized spectra of the CO line.
In addition, errors in observatory software were discovered in the first vear after the

data were taken. and a discussion of their impact on this data set is provided.

3.2.1 Millimeter Observations

Observations of Mars in the *C'O J(1 —0) rotational transition were obtained
with the Owens Valley Radio Observatory Millimeter Array interferometer on Febru-
arv 7, 11, and 13, 1993. At the time of the observations. the OVRO interferometer
consisted of four 10.4-m diameter antennas, moveable to a variety of fixed stations
along T-shaped railroad tracks. Each days observation consisted of a roughly 11 hour
track of Mars, plus further calibration observations at the beginning and end of the
track. Very long tracks were allowed by the favorable high declination of Mars (ap-
proximately 4+27° ). enabling excellent baseline rotation. To further improve the (u.v)
coverage and the measurement of the visibility function of Mars. the four antennas
were moved into different configurations between successive days of observation. The
maximum baseline obtained was 200 m (E-W) and the smallest was 19.7 m (N-S).

Figure 3.1 presents the resulting coverage in (u.v) space for all three days. Each
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Figure 3.1. A map of the (u.v) coverage obtained for the Mars observations of February
1993. Each point represents one measurement of the complex visibility in the
continuum correlator bandpass and in each channel of the digital correlator spec-
trometer. The baseline u and ©v components are given in terms of kilowavelengths
(A =2.6mm).

point in the figure represents a single measurement of the complex visibility of Mars.

Superconductor-insulator-superconductor (SIS) receivers sensitive in the 80-
116 GHz range were used to receive the microwave signal from Mars. detected for
each antenna pair in two sidebands. The signals from each sideband were isolated
through phase switching of the local oscillator (LO) reference signal. For observation
of CO on Mars the upper sideband was centered on the '*CQO J(1 — 0) transition
frequency of 115.271204 GHz and receiver gains were optimized to favor this sideband
as much as possible to improve signal-to-noise. The transition frequency reference was

maintained in the Mars frame by computer control of the LO. The signal in the upper
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TABLE 3.1

Parameters for the 1993 Observations of Mars

Reference Date 0" 7 February
Right Ascension G 41=
Declination 26° 58’
Geocentric Distance 0.7492 AU
Apparent Diameter 12.49"
Sub-earth Latitude +3.8°
Local Time 10:40 AM
Sub-solar Latitude +14.81°
Ls 36.5
North Pole Position Angle 338.4°
Synthesized beam 4.2"

sideband was detected in two correlator systems: a wideband analog cross-correlator
(~ 350 MHz bandwidth) and a digital cross-correlator spectrometer. The digital
spectrometer was configured to measure the CO line at two spectral resolutions: 1
MHz (total effective bandwidth 120 MHz) and 62.5 kHz (total effective bandwidth 7.5
MHz). Each of the two bands were centered on the Mars CO transition frequency.
Padin ef al. (1991) provides further details on the OVRO interferometer and its
capabilities.

The CO lineshape extends to roughly 100 MHz on either side of the line center.
depending on the local surface brightness temperature. As a result, only the wideband
correlator sampled the Mars continuum. The 1 MHz band sampled most of the CO
line except for the extended wings. The 62.5 kHz band sampled the inner line core at
high resolution. The full complement of the continuum and digital spectrometer data
provide a nearly complete characterization of the full CO lineshape. This allows for
numerical inversion of the lineshape for atmospheric parameters such as temperature

or abundance profiles with altitude.
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Figure 3.2. The aspect and size of Mars during the February 1993 observations. The
north pole position angle has been removed so that Martian north is at the top of
the figure. The = and - symbols designate the sub-earth and sub-solar points,
respectively. The solid line forming a crescent on the lower left marks the morning
terminator. The thatched circle in the lower right of the figure shows the size of
the synthesized beam at FWHM (4.2") relative to the diameter of Mars (12.49").

In order to monitor instrumental and atmospheric variations during observa-
tions. it was necessary to calibrate regularly by observing standard sources. Basic
parameters such as antenna positions and delays on signal lines between the antennas
and the correlators were determined after every change of the antenna configuration.
These spectral line observations required careful calibration of the digital spectrom-
eter passband, accomplished through observations of Mercury and 3C273. strong
sources with flat spectra, before and after each days track. During each track phase
and amplitude gain variations (both instrumental and atmospheric) were monitored

through periodic observations of the quasi-stellar sources 0528+134 and 07484-126.
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The absolute flux level was calibrated by using Mars itself, for which models of its
thermal emission exist: the flux calibration method is discussed below.

At the time of the observations Mars was past opposition and quickly growing
smaller in angular extent. Over the ~T day period during which observations were
performed the apparent diameter of Mars dropped from 12.5 to 11.8 arcseconds. It
was therefore necessary to normalize the observed values of u. v, and V(u.v) to
values appropriate for a reference day, 0" February 7, 1993. Table 3.1 and Fig. 3.2
detail some of the important parameters of Mars during the observing period. The
observations occurred during Martian mid-northern spring. As seen in Fig. 3.2 the
sub-earth point was nearly equatorial and centered in the late morning (Martian local
time). The observations of Mars occurred over roughly 11 hours for each day. during
which Mars rotated about its own axis roughly 165° . In addition, the sub-earth
longitude at transit varied by about 55° over the observing week. This caused the
data set to be smeared out in longitude (i.e., much more than the synthesized beam
size). However. the local time and latitude of the sub-earth point changed very little
during the week. such that the data set resolves the disk of Mars to the limit of our
beam size in latitude and local time. For each of the three dayvs of observation. a
visibility was measured in the continuum channel and in each channel sampled by the
digital spectrometer roughly every 5 minutes, with observations of calibrators roughly

every 30 minutes.

3.2.2 Calibration and Data Reduction

Initial calibration was performed using MMA. a software package developed
for use with data taken with the OVRO millimeter interferometer. This calibration
included flagging of obviously spurious visibilities, removal of phase and amplitude

drifts with time, setting the flux scale, and calibration of the spectrometer passband.
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in the continuum and in each spectral channel.

The flux scale was determined by measuring the flux of the calibrator 0528+134
based on comparison with the observations of Mars on short (u, v) spacings. The ther-
mal emission of Mars at centimeter wavelengths has been accurately modeled based
on measurements obtained with the Very Large Array (Rudy 1987, Rudy et al. 1987).
This model was utilized to calibrate the millimeter flux of the OVRO measurements
as this technique has been applied successtully to interferometric measurements of
Uranus and Neptune (Muhleman and Berge 1991) and to single dish observations of
CO on Mars (Clancy et al. 1990). For the particular season and sub-Earth geome-
try. the thermal model calculates a whole disk brightness temperature of 195 + 5 K.
equivalent to a total flux of 226 £ 6 Jy at 115.27 GHz. The short spacing visibility
data of Mars were used to determine the flux of 05284134 as 6.7 + 0.3 Jy. This flux
was then used to calibrate the entire dataset.

The quality of the data set can be assessed by comparing the observed vis-
ibilities with a model visibility function. To first order Mars appears as a uniform
brightness disk. The Fourier transform of a uniform disk (derived using Eq. 1.6) is
proportional to the 15 Lambda function (e.g., Born and Wolf 1980):

. J1(2r )

Viw,v)asx = LaR*A(273) = ]”TR-T' (3.2)

Here I, is the surface intensity of the disk. R is the disk radius in radians, .J; is the
Bessel function of first order, and 3 = Rvu? + v2. In the limit of 3 — 0 (i.e.. as the
projected baseline v/u? + v? goes to zero) the visibility approaches the full disk flux
I,mR?. As the baseline length is increased the disk is “resolved” to some extent and
the visibility amplitude decreases (or flux is “resolved out™).

Figure 3.3 presents the 1527 real components of the continuum channel visibili-

ties as a function of VVu? + v%. Also shown is a best fit model for a uniform brightness
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Figure 3.3. The real part of the 1527 continuum visibility points as a function of (u.v)
distance. The solid line is a best fit model uniformly bright disk with a radius of
6.25"” and a total flux of 206.5 Jy.

disk at the phase center. with a radius of 6.25” and a total flux of 206.5 Jy. The
general shape of the observed visibilities follows the model to a fair degree. but many
points differ by a large margin. These differences. especially for spacings less than
20 kA. downweight the total flux estimate. Deviations from the model are due to a
combination of true differences between the model and the source, calibration phase
errors. atmospheric fluctuations, and noise. Here | refer to calibration phase errors
as those due to use of a celestial source to calibrate the observations. The calibra-
tion source is separated from the main source on the sky and therefore observations
will occur through different atmospheric paths. Generally, it is best to use a phase

calibrator which is as close as possible to the source, as this will minimize calibration



Section 3.2.2 49 Calibration and Data Reduction

o
O |- = |
L 4
W J
@ x
[}
P 155 80
a
>or 1 .
5 : ‘
Kz !
> i
. i
o .
: J
L 1 2 . n n 1 il e | i 1 : L " L
0 10 20 30 40 50 e0 70

(u? + %2 [a]
Figure 3.4. The phase of the 1527 continuum visibility points as a function of (u.v)
distance. The large scale pattern is indicative of a resolved disk.

phase errors. However. an added consideration is the calibrator flux. Observation
of a strong calibrator will minimize thermal noise on the phase measurement and
allows shorter integration times. Usually, a balance must be struck between calibra-
tor strength and distance from the source. For these observations 05284134, nearly
22° away from Mars, was unfortunately the only adequate calibrator in the vicinity.

As discussed in Chapter 1. phase contains positional information. Phase errors
will alter the sky brightness distribution estimated from the observations by “shifting”
flux in a map away from its correct position. It is very important for this reason to
calibrate the phase as best as possible. Figure 3.4 presents the calibrated continuum

visibility phase as a function of (u.v) distance. For the model disk discussed earlier
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the visibility function is real and the phase can only be 0 or 180° , with phase jumps
wherever V' (u.v) passes through a null. The observed phases show a large scatter
but do show such a trend. Despite the random appearance of the phase scatter, it is
probable that most of the scatter was not due to measurement noise because Mars
was a strong source and each integration was sufficiently long to measure the phase
with good precision. Instead, most of the scatter was likely caused by short term
variations in atmospheric phase delay above each antenna. The variations are due
to fluctuating amounts of water vapor along the atmospheric path as local weather

patterns moved over the OVRO site.

3.2.3 Phase Self-Calibration

An effective way to improve interferometer data is by application of phase
self-calibration. Phase self-calibration attempts to correct phase errors introduced
by variations in the phase delay of the atmosphere. an antenna based phenomenon.
A discussion of phase self-calibration and its application to interferometric observa-
tions is provided in Chapter 1. For self-calibration to work effectively the source
must be strong (to limit thermal noise contributions to the phase measurement) and
its basic structure must be known a priori. Fortunately, Mars satisfied both these
requirements.

The basic model used for Mars was a circular disk of total flux 226 Jy and

radius 6.25"

: unlike the uniform disk discussed above this model had higher intensity
at the disk center than near the disk edge. The surface of Mars was modeled as a
smooth dielectric sphere with the local surface emissivity equal to 1 — R. where R is the
average of the Fresnel perpendicular and parallel reflectivities (see Appendix A). At
high emission angles the surface emissivity drops, causing the thermal emission from

Mars to appear limb-darkened. The model used for phase self-calibration assumed

a surface dielectric constant of 2.5 to simulate the expected limb-darkening at high
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Figure 3.5. The phase of the remaining 1236 continuum visibility points as a function
of (u.v) distance after application of self-calibration. The large scale pattern

indicative of a resolved disk is much more clearly defined and the large phase
scatter of Fig. 3.4 is substantially reduced.

{5

emission angles.

Phase self-calibration uses the a priori model and closure relationships to solve
for phase gains on each antenna as a function of time. It then removes the effects
of these gains, flagging points which exceed set criteria. Phase self-calibration was
applied with the resulting self-calibrated data set reduced to 1236 visibilities in the
continuum and in each spectral channel. a reduction of roughly 19% in the size of
the data set. Figure 3.5 presents the resulting visibility phases for the continuum
channel after phase self-calibration. Note that large corrections have been applied,

reducing the scatter seen in Fig. 3.4 substantially. The clustering of phase around 0
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Figure 3.6. The real part of the remaining 1141 continuum visibility points after applica-

tion of self-calibration and flagging of spurious points. The solid line is a best fit
model limb-darkened disk with a radius of 6.25"” and a total flux of 228.5 Jy.

and £180° is now much more clearly defined. The large reduction in scatter vindicates
the assumption that most of the phase errors were atmospheric in origin because they
were removed so effectively with self-calibration.

After the application of phase gain solutions to the data set. the continuum
visibilities were compared visually to a model visibility function, as in Fig. 3.3. The
model visibility function was the same as that used for self-calibration: a limb-
darkened disk of radius 6.25” and total flux 226 Jy. There were 95 remaining points
which deviated strongly from the model. These visibilities were flagged and removed.
and the corresponding visibility points in the spectrometer data for the same baseline

and time were also flagged.
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Figure 3.7. The clean map produced from the 1527 original visibility data points. The
clean beam was 3.8” at FWHM.

This final removal of spurious points resulted in a data set which included 1141
complex visibilities in the continuum channel and in each channel of the spectrometer
data, or about 75% of the original data. The real component of the continuum
visibility points are plotted in Fig. 3.6 as a function of (u.v) distance. Also plotted
is a best fit limb-darkened disk visibility function of total flux 228.5 Jv. in good
agreement with thermal model results. Comparison with Fig. 3.3 shows that after
self-calibration the real visibilities are much more tightly contained and provide a
better match to the model visibility function.

Maps of the sky brightness distribution are created through a process of nu-

merical Fourier transformation of the visibility data and subsequent deconvolution
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Figure 3.8. The clean map produced from the 1141 visibility data points remaining after
self-calibration and flagging. The clean beam was 4.2” at FWHM.

of the dirty beam. The brightness in the maps are given in units of Jy/beam: the
map value at point (&, y) is essentially the flux that would be measured with a single
antenna with a beam FWHM equal to the clean beam FWHM centered at that point.
A description of the mapping and deconvolution process is given in Chapter 1. The
effects of self-calibration on the mapped sky brightness of Mars are quite noticeable
in cleaned (deconvolved) maps of the original continuum visibility data set and the
self-calibrated visibility data set, shown in Figs. 3.7 and 3.8. respectively. The visi-
bility data were rotated in (u,v) space prior to mapping and deconvolution so that
the north pole of Mars is at the top of the figure. In both images the contours are at

—10. 10. 20. 30. 40, 50, 60, 70, 80, and 90% of the peak flux in that image.
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The improvement in the map of the sky brightness after application of self-
calibration phase gain corrections is fairly dramatic in this case. In the image created
from the non-self-calibrated data two notable anomalous features are the “tongue”
of flux extending out from the disk and on the opposite side a region of negative
flux. Due to the Fourier relation between sky brightness and visibility, negative
flux 1s mathematically allowed in the image-plane. In this case both the positive
and negative flux regions are due to phase errors in the measured visibilities. Both
anomalous flux regions have been corrected out of the image obtained from the self-
calibrated visibility data. Due to the reduction in the number of visibilities after
self-calibration the dirty beam shape was different for each map. The svnthesized
beam of the self-calibrated map is 4.2”, somewhat larger than the 3.8"” beam of the
original data. However. the small degradation in resolution is vastly outweighed by

the substantial improvement in the self-calibrated image.

3.2.4 Observatory Software Errors

At the time the observations were made the OVRO interferometer was in
the midst of a large upgrade. OVRO had consisted for nearly a decade of three
antennas. but by January 1993 a fourth antenna had been installed and was being
integrated into the array. Much of the observatory software had been created with a
three antenna array explicitly in mind. As a result of the expansion the observatory
initiated an overhaul of the systems controlling the array. including a generalization
of the software to handle an N antenna array. Unfortunately. several errors in the
software were introduced. A brief description of each of the errors is presented below.

Channel Offset. The OVRO digital spectrometers have within each band an
even number of channels. By observatory convention spectrometer bands are centered
evenly around the requested frequency. i.e., the tracked frequency should be centered

between channels N/2 and N/2+1 of a N channel band. with N even. However, this
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data set showed that the tracked frequency was actually centered in channel N/2 +1
(a half-channel offset), although header information written to the OVRO database
indicated that it was centered between channels. The offset was in channel space
and therefore in frequency space the offset was dependent on the spectral resolution.
Our observations included spectrometer data at 1 MHz and 62.5 kHz. Comparison
of the spectra in frequency space using the header information resulted in a relative
offset of the CO line center measured in each band of 468.75 kHz. or 7.5 of the high
resolution channels! The problem was corrected by resetting the header information
before analysis.

Frequency Tracking. All celestial sources exhibit relative (or line-of-sight) ve-
locity to the interferometer. For tracking a particular spectral line this relative motion
must be accounted for. The main term of this motion is the velocity of the source
relative to the Earth’s center. In addition. the motion of the interferometer relative
to the Earth’s center due to rotation must be accounted for. Qur data set showed
that the main term was correctly applied. but when observing planets the term for
Earth rotation was neglected. The relative velocity of the interferometer due to Earth

rotation in the direction of a source is approximately

Dpgz = . —cos(A)cos(DEC")cos(HA) (3.3)

where R is the radius of the Earth. A is the observatory latitude. DEC is the source
declination. and HA is the source hour angle (a function of time). For OVRO’s
latitude (37.25°) and Mars™ declination (DEC = 27°) v, is 330cos(HA) m s
Figure 3.9 shows the magnitude of the error in frequency as a function of UT date for
the observations on Februarv 7. The error had the effect of shifting the position of
the line center within the spectrometer band over the course of a track. For the 62.5

kHz resolution band this shift is roughly four channels. The data were corrected by
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Figure 3.9. A plot of the frequency error introduced by neglecting Earth rotation in
tracking the CO line frequency in the Mars reference frame. The = symbols mark
the true frequency less the tracked frequency. The right scale gives the equivalent
error in channels for the high resolution band.

shifting and interpolating the observed visibility spectra at each time onto a common
grid before mapping and deconvolution.

Antenna Pointing. In April 1994 it was discovered that the pointing of the
antennas was incorrect for planets. When a planetary source was observed its position
was calculated with a 0.5 second error in time. The azimuth and elevation tracked
by the antenna primary beams were therefore exactly 0.5 seconds of time in error.
Therefore the primary antenna beams were centered +7.5cos(DEC)” in RA from
the planetary disk center. For Mars this was a 6.7” offset, and since Mars was only
6.25” in radius the primary beams were pointed off the planet (this error affected only

antenna pointing. not determination of the phase center).
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The primary beam pattern determines the sensitivity of the array to extended
sources-the true sky brightness of the source is weighted by the primary beam sensi-
tivity. It is this weighted distribution that the measured visibilities correspond to. In

the nomenclature of Chapter 1 (using W(z.y) to denote the primary beam pattern):

Viuw) = / / Wiz,y) I(z,y) e 27 o dy. (3.4)

The typical OVRO antenna has a primary main beam of ~ 60” FWHM at 115.27
GHz. While the pointing offset was only a small fraction of the beam FWHM., the
offset was significant enough to affect the observations. The beam offset weighted one
side of the planet more heavily than the other. causing subtle errors in the brightness
maps. Corrections are discussed in the sections dealing with inversion of the line

shape.

3.2.5 The Spectral Image Cubes

After application of the phase self-calibration gain solutions found from the
continuum channel and frequency interpolation to correct for neglected Earth rota-
tion, the visibility data for each channel were rotated in (u.v) space to align the
Mars north pole with “up”™ in map space. The spectrometer visibility data were then
mapped and the effects of the dirty beam deconvolved in a manner similar to the
continuum data. The total flux of the model disk was varied from channel to chan-
nel to match the disk average ('O absorption line. The total flux of the model disk
was determined from extrapolating the observed visibility function in each channel
to a baseline of 0 m, providing an estimate for the “zero-spacing”™ (or whole disk)
flux self-consistent with the data. Each channel was independently mapped and the
dirtv beam deconvolved. resulting in an image of the sky brightness of Mars in that
channel. The resulting data set is composed of two spectral image cubes, one for the

1 MHz resolution data and one for the 62.5 kHz data.
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Line to continuum ratio spectra from localized regions on the disk of Mars
were created by taking the observed spectrum from a map pixel and dividing by the
continuum flux of that pixel. Representative line to continuum spectra are provided
in Figs. 3.10 and 3.11. Spectra have been plotted every 2" x 2", such that adjacent
spectra in this image are not completely independent. The size of the clean beam
FWHM is given by the thatched circle in the lower right. In each figure, the signal to
noise is best near the disk center because the continuum level is highest there. These
maps are oriented such that Martian north and south are at the top and bottom of
the figures, respectively. The left edge corresponds to pre-dawn morning while the
right edge to mid-afternoon Martian local time. The sub-earth point (disk center) is
at 10:40 AM local time.

Examination of these figures reveals variation in the C'O lineshape from differ-
ent regions of the planet. In Fig. 3.10 (1 MHz spectra) there are three variations to
note. First, the line to continuum spectra for morning hours (left half of the figure)
feature broad emission features in the wings of the CO line and a relatively narrow
absorption feature at the line center. The wing emission is strongest at the very
left edge of the disk (and earliest local time). Spectra from the late morning and
afternoon. in contrast, exhibit only absorption. Second. the spectra line centers show
monotonically increasing depth from morning to afternoon across the entire disk:
however, the linedepth measured relative to the highest point in the spectrum shows
less variability. Third, the C'O line is much weaker in the high southern latitudes
than anvwhere else.

Variations are also seen in Fig. 3.11 (62.5 kHz spectra). These spectra are
of the CO line core, and therefore correspond to higher altitude emission than the 1
MHz spectra. At a total bandwidth of 7.5 MHz the lines exhibit only absorption. The

absorption line appears fairly constant in shape for much of the disk. but the absolute
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Figure 3.10. Spatially resolved line to continuum spectra at 1 MHz resolution. The
thatched circle at the lower right represents the clean beam FWHM of 4.2”. Mar-
tian north is at the top of the page.
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depth relative to the continuum shows the same monotonic increase from morning to
afternoon as the 1 MHz spectra. Notable exceptions occur at northern and southern
high latitudes, where the absorption is relatively weak. In particular, near the south
pole there appears to be little absorption except in a remarkably narrow central core.

These variations in lineshape contain information on the temperature-pressure
profile. Qualitatively, the presence of an absorption feature immediately shows that
at least some portion of the atmosphere is colder than the surface brightness tem-
perature. The emission wings seen for early morning hours are indicative of a lower
atmosphere that is warmer than the surface brightness temperature. The weak spec-

tral features near the southern pole suggests that the atmosphere is nearly isothermal
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Figure 3.11. Spatially resolved line to continuum spectra at 62.5 kHz resolution. The
thatched circle at the lower right represents the clean beam FWHM of 4.2". Mar-
tian north is at the top of the page.

there. These differences in thermal profiles can be quantified through inversion of
the C'O lineshape. The numerical inversion of the spatially-resolved lineshapes can
vield the vertical temperature of the Mars atmosphere from localized regions of the

observed disk.

3.3. Modeling and Line Inversion

3.3.1 Radiative Transfer
The modeling of radiative transfer at microwave frequencies is straightforward.
The processes involved in spectral line formation within an atmosphere are simple in

relation to those at infrared or optical wavelengths. Aerosol scattering is negligible,
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the effects of non-local thermodynamic equilibrium (non-LTE) are unimportant. and
microwave spectral lines are well separated allowing individual transitions to be easily
resolved.

Appendix A provides an overview of radiative transfer at millimeter wave-
lengths, including a development of numerical methods for the forward calculation
of the radiative transfer equation. Of particular interest. the lineshape of a spectral
feature can be related directly to the vertical temperature and absorber profiles of
an atmosphere. The >CO .J(1 —0) rotational transition provides substantial opacity
in the Mars atmosphere within ~100 MHz of the rest frequency at 115.271204 GHz.
There are no other important sources of opacity at these wavelengths in the Mars
atmosphere.

Opacity due to carbon monoxide was modeled using the spectroscopic param-
eters of Pickett. Poynter and Cohen (1992). The CO — CO; collisional broadening
coefficient for the CO .J(1 — 0) line was taken to be 3.3 GHz bar™! at 300 K. with a
temperature dependence of T-%" (Varanasi 1975). The CO opacity for each model
frequency and atmospheric layer was found by integrating the 'O absorption coeffi-
cient times the Voigt lineshape (convolution of Doppler and collisional broadening)
over the layer. as discussed in Clancy et al. (1983): a review is given in Appendix C.

The radiative transfer model utilizes a spherical atmosphere extending to 150
km above the surface. with layvers of 1-5 km thickness. Free parameters include the
temperature profile, surface pressure and temperature. and ('O mixing ratio. The
surface is taken to be a perfect sphere of radius 3395 km and dielectric constant of
2.5. The algorithm models the integrated flux at each frequency step measured by
a gaussian beam of specified size and position on the disk of Mars (see Appendix
D). This is accomplished by integrating the intensity along many raypaths (= 30).

including limb geometries. The actual number of ravpaths is dependent upon the
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Figure 3.12. Weighting function profiles for the CO J(1 — 0) line on Mars. Profiles are
given as a function of frequency offset A from the line center. Higher opacities
closer to the line center lead to weighting functions which peak at higher altitudes.

size of the beam relative to Mars and its location. The results are interpolated and
integrated to give the spectrum in units of flux density per beam.

Figure 3.12 provides model area-normalized nadir weighting functions for sev-
eral frequencies near the CO line center. The weighting functions were determined

using a Viking reference profile for temperature (Seiff 1978) and a uniform CO mixing
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ratio of 8 x 10~*. The weighting function peaks span the region from the surface
to roughly 60 km. The nadir optical depth at the surface in the line center is 3.95.
dropping to ~ 1 at £4 MHz from the line center. These weighting functions show that
the 2.6 millimeter intensity is dominated by surface emission at frequencies far from
the line. For frequency offsets closer to the line center the fraction of the emission
originating in the atmosphere increases. until in the line center only the atmosphere
effectively contributes to the observed intensity. Although the line center weighting
function extends to over 100 km, the main contribution comes from altitudes below
~70 km. The 2CO J(1 —0) rotational transition can therefore be used to probe the

vertical structure of the Martian atmosphere from 0 to roughly 70 km.

3.3.2 Spectral Line Inversion

The process of line inversion for atmospheric parameters. even at microwave
frequencies. is complicated. The radiative transfer equation can be forward modeled
explicitly. but the inverse process is generally ill-conditioned. in the sense that there
are a variety of temperature and absorber profile combinations which can produce
essentially indistinguishable spectra. However, given certain assumptions about at-
mospheric structure it is possible to numerically invert an observed spectral line for
a temperature or absorber abundance profile consistent with the measurements. For
observations of a single transition it is only possible to estimate one profile, but ob-
servations of two or three transitions (often including those of isotopes) can be used
to estimate both profiles (Lellouch et al. 1989, Clancy and Muhleman 1990).

From the analyses described in the introduction it is likely that the temporal
and spatial variability of CO on Mars is relatively modest. Therefore, in this work a
('O mixing ratio of 8 x 107*, constant with latitude. local time, and altitude. has
been adopted. This assumption allows the observed ('O spectra to be inverted for

local profiles of atmospheric temperature.
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Figure 3.13. Solution temperature profile (solid line with error bars) and best-fit spectra
for that profile. Dotted line is the input profile used to create the noisy spectra.

The CO lines obtained from the interferometric observations were inverted
using a least-squares line inversion algorithm to quantify the local temperature profiles
that best fit the observed spectra. Details of the least-squares inversion technique
and its application to millimeter CO spectroscopy are given in Gurwell ef al. (1995)
and an overview is presented in Appendix F. In summary. to determine the best-fit
temperature profile for a given spectrum. a model spectrum is first calculated using
a reference temperature profile. In addition. the analvtic partial derivatives of the
spectral flux with respect to changes in the temperature profile (Appendix B) for
each frequency channel are also calculated. The differences between the observed and

calculated spectrum are used along with the partial derivatives to estimate changes
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Figure 3.14. Solution temperature profile (solid line with error bars) and best-fit spectra
for that profile. Dotted line is the input profile used to create the noisy spectra.

in the temperature profile that will better fit the observations. The radiative transfer
equation is nonlinear, and it is necessary to iterate until a stable solution is reached.

Examples of numerical line inversions are given in Figs. 3.13 and 3.14. Model
spectra at 1 MHz and 62.5 kHz with added gaussian random noise typical of the
observed spectra were inverted; the derived temperature profiles and the true input
profiles are plotted. along with the noisy and best fit spectrum in each band. The
temperature was determined in 5 km steps from 0 to 100 km; the true resolution of
the inversion is roughly one scale height (about 10 km). Error bars represent the
formal error on the solution at each altitude determined from the covariance matrix

from the final iteration.
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The solution profiles provide good matches to the input profiles over most of
the atmosphere from 0-100 km. However, as can be seen in the formal errors the
sensitivity of the inversions are limited to below ~ 70 km. Above this altitude the
error estimates rapidly increase. The one region where solution profiles usually do
not provide good fits is near the surface. As has been pointed out by Clancy and
Muhleman (1990). the lowest scale height of the atmosphere is very difficult to sense
effectively. due to the limited vertical resolution and uncertainties in the radiative
properties of the surface.

Millimeter-wave whole-disk CO observations (e.g.. Clancy ef al. 1983, Clancy
et al. 1990) have typically been analyzed by scaling the line to continuum spectrum
by a model whole disk brightness temperature. Clancy et al. (1983) showed that for
whole-disk measurements of the CO line the large variation in surface temperatures
across the disk of Mars can be neglected as long as an accurate average surface
brightness temperature is utilized. However. for spatially resolved observations such
as those presented here the assumption of a single temperature for the surface will
not work since variations in surface temperature are resolved in the measurements,
and a more accurate approach is necessary.

One option is to use the absolute flux of each spectrum. However. absolute
flux calibration is typically uncertain to at least 5%. A 5% error in the flux translates
roughly to a 10-12 K uncertainty in the continuum temperature, which maps directly
to a 10-12 K uncertainty in the derived temperature profile. In addition this data
set was affected by antenna pointing errors which distort the absolute flux level as a
function of position in the map. A rough estimate of this effect led to an estimated
additional error of up to 12% for the afternoon edge of the disk, or about 25 K for
the continuum temperature.

A better method is to scale the line to continuum spectra by a model of the
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Figure 3.15. A map of model brightness temperatures at 2.6 mm for Mars at Ls = 37°;
units are Kelvin. Contours are plotted in increments of 20 K. Note the falloff in
emissivity at the limb. Martian north is at the top of the figure.

continuum brightness temperature, as for a whole disk spectrum. The model must
be fine enough such that variations of the continuum brightness temperature with
Jatitude and local time are resolved. The thermal model described by Rudy et al.
(1987) fits these criteria. This model was run for Ls = 37° and the appropriate
sub-earth and sub-solar data for early February 1993. The dielectric constant of the
Martian regolith was taken to be 2.5, and the radiative skindepth to be 10 wavelengths
(or 2.6 cm). The result was a map of the equivalent brightness temperature of the
Martian disk, shown in Fig. 3.15. Afternoon hours are significantly warmer than
morning hours; the contrast from morning to afternoon exceeds 60 K. The North

Polar Cap has a significant signature on the modeled millimeter brightness as well.
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Figure 3.16. A map of model flux at 2.6 mm for Mars at Ls = 37° convolved with a
4.2" FWHM clean beam; units are Jy/beam. Contours are plotted in increments
of 4 Jy/Beam and correspond roughly to increments of 5.2 K in beam averaged
brightness temperature.

Note the fall off of brightness temperature around the limb caused by the decrease in
surface emissivity at high emission angles.

The model brightness temperature map was convolved with a gaussian beam of
1.2" FWHM and converted to flux units: results are shown in Fig. 3.16. Convolution
vastly reduces the contrast between morning and afternoon. but it is still evident in
the peak contours, which are shifted toward the afternoon limb. The signature of the
polar cap has been reduced substantially and is evident only as a flattening of the
contours in the north. This map was used to scale the observed line to continuum

spectra to units of Jv/beam. appropriate for the line inversion algorithm.
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In addition to the continuum scaling, each spectrum was assigned a base at-
mospheric pressure. A map of the expected Martian surface pressure as a function of
latitude and longitude was calculated using a reference topography map (data avail-
able through the Atmospheres Node of the Planetary Data System archive; based
on photogrammetry of Viking Orbiter images and earth-based radar altimetry [Wu
1979]) and the mean surface pressure at the Viking 1 lander site for Lg = 37° (8.2
mbar). This map was averaged over 150° of longitude to account for Martian rotation
during the observations. The appropriate surface pressure for each beam was then
found by convolving a gaussian beam with the pressure map projected onto a disk

representing the Martian geometry at the time of the observations.

3.3.3 Atmospheric Temperature Profile Solutions

Solution profiles of atmospheric temperature were found from the observed
line to continuum spectra scaled by the model continuum flux. Stable solutions were
usually found within 5 to 6 iterations of the least-squares inversion algorithm. The
resulting profiles show remarkable variation with position on the disk of Mars.

Representative atmospheric temperature profile solutions derived from spectra
sampled along the Martian equator are presented in Fig. 3.17. For comparison, a
Viking reference temperature profile based on Viking 1 and 2 descent profiles is also
shown (Seiff and Kirk 1977, Seiff 1978). In addition, a temperature profile based on
whole disk millimeter-wave ('O measurements made in mid-January 1993 is provided
(R. T. Clancy. personal communication. 1993). The Viking reference and January
1993 profiles correspond to average conditions at low to mid-latitudes.

The most striking general feature of the solution profiles is that they are signif-
icantly cooler than the Viking reference profile at nearly all altitudes. The solutions
are at least 15-20 K cooler than the reference profile from roughly 15 to 50 km. In

particular the 5:40 AM solution is roughly 35 K cooler than the reference profile for
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Figure 3.17. Solution profiles of temperature from equatorial spectra centered near the
morning limb (5:40 AM), at the disk center (10:40 AM), and near the afternoon
limb (3:40 PM). The Viking reference profile (Seiff 1978) is significantly warmer
at most altitudes. The 10:40 AM and 3:40 PM solutions compare exceptionally
well to the profile based on whole disk millimeter-wave CO measurements from

January 1993.

altitudes less than about 50 km.
In the altitude range 0 to 50 km. the solutions at 10:40 AM and 3:40 PM are
exceptionally consistent with the temperature profile from January 1993, determined

from whole disk C'O observations taken approximately 20 days earlier than the in-
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terferometric observations. In the altitude range of 20 to 40 km they are virtually
identical. The sub-earth point for the January observations was near noon Martian
local time, and this measurement was therefore dominated by the average tempera-
ture at low to mid-latitudes and between 9 AM and 3 PM local time. The excellent
agreement between the late morning and afternoon profiles from February and the
average profile from January show that the Martian atmospheric temperature profile
was relatively stable between the two observation periods. The interferometric obser-
vations do suggest that the atmosphere from 50-60 km may have been 7-10 K cooler
in February than in January. but this is only marginally certain given the expected
error for the solution profiles.

Clancy and Muhleman (1990) have made periodic. long-term millimeter-wave
observations of CO on Mars in order to monitor variations in atmospheric structure
(see also Clancy et al. 1993, Clancy ef al. 1994). Generally, the average temperature
profiles they find fall into two categories: profiles that are roughly comparable to those
measured during the Viking era, and profiles that are distinctly cooler. The cooler
profiles are in good agreement with radiative-convective equilibrium calculations of
atmospheric temperature (Gierasch and Goody 1968, Pollack et al. 1979) below 30-
40 km. The radiative-convective equilibrium models are characterized by a lack of
aerosol heating: Pollack ef al. (1979) showed that Viking-era temperature profiles were
indicative of substantial heating by aerosols in the 10-50 km region. The implication
of the colder temperature profiles of Clancy et al. (1990). the January 1993 profile
and the solution profiles found in the work is that the Mars atmosphere was nearly
dust-free at these times.

The pre-dawn solution profile is approximately 12 K colder than the late morn-
ing and afternoon profiles at all altitudes. This is somewhat surprising. as diurnal

temperature variations above 5 km altitude are expected to be less than 10 K (Pollack
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et al. 1979, Seiff 1978). However, temperature retrievals from Mariner 9 IR observa-
tions of (O, do show significant diurnal variation. Santee and Crisp (1993) analyzed
Mariner 9 IRIS spectra from 1972 during relatively dust-free conditions (Lg ~ 345°,
well after the major dust storm of the Mariner 9 mission). They showed that diurnal
differences at low latitudes were 10-20 K in the 10 to 40 km altitude range at that
time, and diurnal differences exceeded 60 K in the lowest scale height. Hence the
12 K variation seen from pre-dawn to late morning in this data set seems plausible.
On the other hand. above 15 km all three equatorial solutions seem to be remark-
ably similar in structure: it could be argued that the 12 K difference is the result of
incorrect modeling of the Martian brightness temperature for early to mid-morning
local times. However, expected errors in the continuum modeling are roughly 5 K,
so much of this difference is probably real and points to warming of the atmosphere
from early to 111i(1-|11§1'ni11g local time.

The evolution from cold early morning to warmer late morning and after-
noon temperature profiles is shown most completely in Fig. 3.18, where the retrieved
temperature structure of the equatorial Mars atmosphere is given as a function of
local time and altitude. This contour plot was generated from solutions for equa-
torial spectra sampled every 0.5”, spaced much finer than the clean beam FWHM.
The plotted temperatures in some sense represent the true atmospheric temperature
structure along the equator convolved with the beamsize. Therefore it is important
to be cautious when examining the fine structure in this plot. However, some general
observations can be made.

The trend in Fig. 3.18, especially for altitudes above 15 km., is for gradual
warming of the entire atmosphere from dawn through the morning hours. Below 15
km the atmosphere appears to also warm from dawn through the morning hours.

and then begins to cool. From the figure it appears that maximum temperatures are
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Figure 3.18. A contour plot of the retrieved temperature structure along the equator as
a function of local time and altitude. Contours are spaced every 10 K, and the
dotted and dashed lines correspond to 150 K and 200 K, respectively. The mean
surface altitude relative to the 6.1 mbar reference level (0 km) is approximately
2.1 km along the equator. Solutions have been truncated below ~5 km.

reached before local noon. at roughly 11 AM local time. Caution is warranted here,
as the temperature in the lowest scale height is usually difficult to properly retrieve.
The exact local time of maximum temperatures is therefore uncertain.

While the retrieved temperature profiles show only modest variation with local
time. they do show significant variations of structure with latitude. Figure 3.19
presents solution profiles for three spectra centered at the sub-earth local time (10:40
AM) near the south pole, equator, and north pole. The Viking reference profile is
also plotted. and again we see that atmospheric temperatures for February 1993 are

significantly colder at all altitudes.
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Figure 3.19. Solution profiles of temperature from sub-earth local time (10:40 AM)
spectra centered near the south pole (—70°), at the disk center (+4° ), and near
the north pole (+78° ). The high latitude profiles are isothermal over a significant
range of altitude.

Relative to the low latitude solution. the profiles at high latitudes are distinctly
colder below approximately 30 km. Both high latitude temperature profiles are nearly
isothermal for significant altitude ranges. The southern profile in particular exhibits
less than 10 K variation from the surface to ~35 km. The northern profiles is isother-

mal from roughly 20 to 40 km. The effects of the isothermal southern profile can be
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easily seen in the line to continuum spectra near the southern pole (Figs. 3.10 and
3.11). These spectra were noted for extremely weak CO absorption features, which
imply little variation in the atmospheric temperature profile. The narrow absorption
cores of these spectra (see Fig. 3.11) are indicative of the significantly cooler upper
atmospheric temperatures found above ~ 40 km.

Both previous observational data and atmospheric modeling support the pres-
ence of nearly isothermal temperature profiles near the poles for particular ranges of
Ls. Analyses of Mariner 9 IRIS spectra from Ls ~ 345° (Santee 1993. Santee and
Crisp 1993) show that during late southern summer the northern mid- to high lati-
tudes exhibited nearly isothermal temperature to at least 40 km, while the southern
high latitudes showed a negative temperature gradient from the surface to roughly 15
to 20 km with isothermal regions above that. Temperature profiles from Mariner 9
IRIS spectra from mid-northern spring (Ls ~ 44°) were found to be roughly isother-
mal for southern mid- to high latitudes (Leovy 1982, based on data provided by B.
Conrath and the Mariner 9 IRIS team).

Martian atmospheric thermal forcing and dynamics have been modeled exten-
sively with the NASA Ames General Circulation Model (Pollack et al. 1990, Haberle
et al. 1993. Pollack ef al. 1993). For essentially any model dust opacity, the Ames
GCM calculates nearly isothermal temperature structure for mid- to high latitudes
in the fall/winter hemisphere. This compares very favorably with the observational
evidence described above. A model run for relatively low opacity and northern mid-
spring shows not only isothermal regions for the southern mid- to high latitudes but
an additional roughly isothermal region from the surface to 25 km for northern lat-
itudes above 70° (Haberle ef al. 1993). The February 1993 results of this work are
very similar for the southern high latitudes, exhibiting nearly isothermal behavior

to 40 km. The northern high latitude solutions are less well matched to the GCM
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results, with the February 1993 data indicating isothermal temperatures from 20 to
40 km, not from the surface to 20 km. These solution profiles do. however, compare
very well to the Mariner 9 IRIS results of Santee and Crisp (1993) for southern (i.e.,
summer ) hemisphere high latitudes for Ls ~ 345°.

Above 40 km the northern and equatorial temperature profiles are indistin-
guishable, but the southern profile is cooler by roughly 12 K. Again this is corrobo-
rated by both GCM modeling and observations. Both show that the coldest tempera-
tures in the atmosphere occur over the fall/winter polar region. From Fig. 3.2 we see
that the southern pole is in perpetual shadow for this Ls. while the northern pole re-
ceives essentially constant sunlight. Radiative warming of the surface and atmosphere
in the spring/summer polar regions produce significantly warmer temperatures below
20 km relative to the fall/winter polar regions, which receive minimal solar insolation.

The complex latitudinal variation of the Martian atmospheric temperature
profile with latitude is shown more fully in Fig. 3.20. where a contour plot of the tem-
perature structure for 10:40 AM is presented. The figure extends from —70° latitude
to +80° latitude, and clearly shows the striking variation of the temperature profile
from the southern high latitudes through the warm tropics to the northern high lati-
tudes. As with Fig. 3.18, caution is needed in interpreting fine scale variations in the
plot due to the coarse resolution of the observations.

The warmest temperatures retrieved are in the lowest scale height and centered
northward of the equator. This northward maximum is expected for two reasons.
First, the sub-solar latitude at this time was roughly 15° N and northern low latitudes
therefore receive the greatest direct insolation. Secondly, the topography of Mars is
lower on average in the northern hemisphere. The negative lapse rate of the lower
atmosphere (see Fig. 3.19 for example) means that on average the lower lying northern

hemisphere will experience slightly warmer temperatures for a given temperature
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Figure 3.20. A contour plot of the retrieved temperature structure along the sub-earth
local time (10:40 AM) as a function of latitude and altitude. Contours are spaced
every 10 K, and the dotted and dashed lines correspond to 150 K and 200 K,
respectively. Solutions have been truncated below ~5 km relative to the mean 6.1
mbar reference altitude.

profile referenced to the mean surface altitude.

The southern high latitudes are roughly isothermal to 40 km. with temperature
variations less than 20 K for latitudes poleward of ~ —55°. In contrast. the northern
high latitudes exhibit a falloff of temperature with altitude from the surface to about
20 km altitude. From roughly 40 to 60 km the atmosphere appears to be roughly
uniform with latitude. The very coldest regions are above 60 km in the southern
hemisphere.

Despite limited spatial resolution, these results show clearly that the latitudi-

nal variation of temperature below 70 km in February 1993 was qualitatively similar
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to the structure derived from Mariner 9 observations of CO; spectra and to detailed
GCM results (Leovy 1982, Santee 1993, Santee and Crisp 1993, Haberle et al. 1993).
The mean temperature, however, was significantly cooler than that found during the
Viking and Mariner 9 eras. indicating significantly less dust in February 1993 and
corroborating unpublished results from January 1993 CO measurements (Clancy et
al. 1990. R. T. Clancy, personal communication, 1995). Hence it appears that the
temperature structure versus latitude remains qualitatively the same under different
dust loading conditions, but that the absolute temperatures vary. This result has
been anticipated with the Ames GCM. which shows that the winter pole remains the

coldest part of the atmosphere under a variety of dust opacity conditions (Haberle et

al. 1993).

3.4. The Gradient Thermal Wind

Although the low spatial resolution prevents examination of the finer variations
of the temperature field, these measurements provide the first resolved observations of
the atmospheric temperature structure since the Viking era. The ability to retrieve the
average atmospheric temperature from independent local time and latitude regions is
of great importance for continued study of the Martian atmosphere and its response
to solar forcing and dust loading.

Meridional profiles of temperature (i.e.. as a function of latitude) are of par-
ticular interest because of the information they can provide on zonal winds (Zurek
et al. 1992). On a global and regional scale temperature, wind. and surface pressure
are closely related. Given observations of the temperature structure as a function of
pressure (or altitude) the variation of the so-called balance (or thermal) winds can be
computed. More precise details and derivations are available in review articles (e.g.,
Zurek et al. 1992) or textbooks (e.g.. Houghton 1986 or Holton 1992).

For a purely zonal flow that is steady and frictionless the primitive equations
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governing atmospheric motion on a rotating planet can be reduced to

i 1%
PR 4 i (3.5)
a a do

where u is the mean eastward zonal wind, a is the mean planetary radius, ¢ is the
latitude, f is the Coriolis parameter 2Qsin o, € is the angular rotation of the planet,
and @ is the geopotential:
b= / g dz. (3.6)
0
with ¢ the gravitational acceleration. Equation 3.5 is a differential form of the thermal
wind equation. The zonal flow described in Eq. 3.5 provides a three-way balance
between centrifugal. Coriolis, and meridional pressure gradient forces.
The derivative of the geopotential with respect to latitude is directly related
to the meridional temperature structure. Converting to pressure coordinates, defin-

ing a reference level p,, and using the hydrostatic equation the relative geopotential

P < !
=] R(g—r) . o (3.7)
Ps Ps 4 p! P

Here R is the gas constant for the atmosphere. The reference level is often taken as

derivative can be described by
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the surface. but can be any level where the pressure and geopotential are known (or
can be prescribed). If the surface is chosen as the reference level. it is usually assumed
that the derivative of the geopotential at the surface is zero unless other data can be
supplied. Note that this is equivalent to specifying that the zonal wind speed u is

zero at the reference level. In this case the thermal wind equation becomes

2 P !/
u(p) tano+fu(p)=_%] R(dT) . (3.8)
ps

a do /) i
Equation 3.8 is the gradient thermal wind equation: it clearly shows the dependence of
the mean zonal wind at pressure level p on the meridional temperature gradient. From

it mean zonal winds can be deduced if the mean meridional temperature structure of
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the atmosphere is known. The first term on the left hand side is due to centrifugal
acceleration of air parcels when curvature of the surface is important. and in some
cases it can be neglected (the resulting linear equation for u(p) is then called the
geostrophic thermal wind equation). However. for Mars neglect of this term may not
always be valid (Santee 1993).

The gradient thermal wind equation requires that the average temperature
structure be known. The thermal temperature profiles derived from the CO ob-
servations of February 1993 cover the observed disk of Mars, or most of the daylit
hemisphere. with a small crescent of the pre-dawn nightside. This data set cannot
provide the global mean meridional temperature structure for that time. However,
the mean meridional temperature can be approximated by an average of the observa-
tions at each latitude. This average will be biased since most nightside local times are
neglected. However. the dayside average can provide a rough estimate of the mean
structure, especially above 20 km where diurnal variations are expected to be less
than 20 K based on Mariner 9 IRIS measurements (Santee and Crisp 1993).

The average meridional structure of the atmosphere of Mars derived from the
February 1993 observations of ('O is shown in Fig. 3.21 as a function of pressure. Sim-
ilar caution about interpreting the finer structure (as with Figs. 3.18 and 3.20) applies
here as well. The structure is qualitatively similar to that shown in Fig. 3.20. but the
temperatures at nearly all heights are roughly 10 K cooler. The roughly isothermal
character at high southern latitudes is still evident, and the highest temperatures are
not surprisingly still found in the lowest part of the atmosphere near the equator.
Note. however, that above 0.3 mbar this reverses and a local temperature minimum
occurs near the equator at most altitudes.

The meridional temperature structure shown in Fig. 3.21 was used to derive

mean zonal circulation using the gradient thermal wind equation. The surface was
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Figure 3.21. The average meridional temperature structure of the Martian atmosphere
derived from the February 1993 interferometric observations of CO. The vertical
coordinate is logjopressure, and approximate altitude relative to the 6.1 mbar
reference level is given on the right axis.

chosen as the reference level and surface winds assumed to be zero. The resulting
zonal winds are presented in Fig. 3.22 as a function of latitude and pressure. The
wind field near the equator. where the Coriolis parameter approaches zero and zonal
winds are not well constrained by the thermal wind equation. has been omitted.
One of the characteristics of the thermal wind equation is that zonal winds
increase in strength with altitude in the presence of equator-to-pole temperature
gradients. This can be seen in the derived wind field. where both the northern and
southern hemispheres show the development of eastward jets. These jets are due to
the temperature drop from the equator to the pole in each hemisphere. Below roughly

0.3 mbar (20 km) the temperature drop is steeper in the southern hemisphere. so the



Section 3.4 83 Gradient Thermal Wind

T - - - ;

C 1o

e F ©
QL

O ~

- £

kv

-9 -

— + Q

0 L o

£ F 48 =

i E =

— -

go <

7] L | b

) o

I £

- =

r lo £

C o O

= E &

10 4
- 1 : i - ) L i i i 5 |O 3
-50 0 50
Latitude

Figure 3.22. The mean zonal wind inferred from the temperature structure of Fig. 3.21.
Velocities are in m s™', with positive (solid contours) indicating eastward winds
and negative (dashed contours) indicating westward winds.

jet is stronger in the south. These eastward zonal winds persist at nearly all altitudes.

The southern jet reaches a maximum speed of greater than 50 m s™' at roughly
the 0.3 mbar level. Below 0.3 mbar there is a strong negative equator-to-pole gradient
in temperature. allowing the jet to develop poleward of —15°. From about 0.3 to 0.01
mbar the temperature gradient becomes positive and zonal winds decrease in strength
with altitude in this region. Above 0.01 mbar the gradient again switches sign and
winds increase.

! near 0.2

The northern jet reaches a maximum speed of greater than 30 m s~
mbar. Below 0.2 mbar there is an equator-to-pole drop in temperature, similar but

not as steep as that for southern latitudes, allowing the jet to develop poleward of
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roughly 25° . Above that level the temperature gradient from equator-to-pole becomes
slightly positive, and unlike in the south appears to remain so to above the altitude
limit of the observations (~ 70 km). The northern jet therefore spans an extremely
broad range in altitude with nearly constant velocity.

At northern low latitudes above 0.1 mbar a westward (retrograde) zonal jet
develops, reaching a maximum velocity of —40m s~! above 0.01 mbar. This jet
i1s a response to the fairly steep positive equator-to-pole temperature gradient in
this region. The southern low latitudes also hint at retrograde zonal flow above 0.1
mbar. However, the dependence of the zonal wind on cot © means that the inferred
velocities are much more susceptible to small errors in the temperature gradient near
the equator. For this reason the presence of retrograde zonal flow near the equator is
only marginally certain.

There is observational evidence, however. that a retrograde zonal flow did
exist at these altitudes. Measurements of the (O .J(2 — 1) rotational transition
were made with IRAM 30-m radiotelescope on December 29, 1992 — January 2. 1993,
corresponding to Ls = 19° (Lellouch et al. 1993. Gillet and Lellouch 1994). The
antenna beam was 12.5” at FWHM while Mars was roughly 15”. so Mars was slightly
resolved. Doppler shifts of the CO absorption core were used to directly measure
circulation from roughly 45-55 km in the atmosphere. Surprisingly. these measure-
ments indicated strong retrograde zonal winds at nearly all latitudes (~ 120m s™!
at the equator). From Fig. 3.22. the 45-55 km range corresponds well to the inferred
retrograde zonal jet from the interferometric C'O observations. However, the inferred
jet is limited to low latitudes.

Assuming that the true mean zonal flow was roughly similar in early Jan-

uary and early February of 1992, there are two explanations that can reconcile the

inferred thermal winds with the measured zonal winds. It is possible that the mea-
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sured equator-to-pole temperature gradients of Fig. 3.21 are incorrect. perhaps due
to neglect of nightside temperatures or faulty continuum scaling near the poles. If the
mean meridional temperature structure at that time exhibited steep positive equator-
to-pole gradients in each hemisphere above 0.5 mbar, the result would be global retro-
grade zonal winds at these altitudes. Alternatively, however, it is quite possible that
a strong retrograde zonal flow at low northern latitudes could mask the presence of
prograde (eastward) zonal winds at mid latitudes. For the IRAM measurements the
sub-earth point was at roughly +10° latitude, near the peak of the retrograde zonal
flow in Fig. 3.22. Due to the large beam size of the IRAM measurements. only very
marginal latitudinal resolution was allowed. If the retrograde zonal flow at low lati-
tudes was very strong and the eastward jets weak. it is probable that the retrograde
zonal flow would dominate the measurements, even those at mid-latitudes. effectively
masking the eastward jets.

Zonal winds inferred from Mariner 9 IRIS observations of temperature for the
same season are qualitatively the same as these new results based on CO temperature
retrievals. Leovy (1982) calculated geostrophic winds based on the Mariner 9 results
that show several of the features of Fig. 3.22, including eastward zonal jets near 0.3~
0.5 bar in both the northern and southern hemispheres. with the southern jet being
stronger. However. for the Mariner 9 observations the peak velocity of the southern
jet is 120m s~! while the northern jet is much weaker at 30 m s~'. In addition. the
jets in both hemispheres are centered further from the equator than those in Fig.
3.22, near —50° and +60° .

Zonal winds inferred from the temperature calculations of the Ames Global
(Circulation Model for the same season are quite comparable to the Mariner 9 obser-
vations (Haberle 1993). For Ls = 44° the GCM calculates eastward zonal jets at mid-

1

to high latitudes in each hemisphere, with the southern jet approaching 100m s™" and
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the northern jet being relatively weak (~ 30m s™'). In addition. from approximately
1 to 0.1 mbar the northern low latitudes exhibit a retrograde zonal jet of roughly
—30m s~! maximum velocity.

The differences between the zonal wind field inferred from the 1993 CO tem-
perature retrievals and the Mariner 9 observations and Ames GCM calculations are
in part due to the much lower spatial resolution of the CO observations. However, the
qualitative results of eastward zonal jets in each hemisphere are fairly robust since
they depend on the mean equator-to-pole temperature gradient which is resolved
by these measurements. However, the finer details of the wind map are probably
in error. In particular, both the magnitude and location of peak zonal velocities
are highly uncertain. Because the gradient thermal wind is directly related to the
meridional temperature gradient. any smoothing or blurring of that gradient will al-
ter the inferred zonal wind. We conclude that there are equator to pole gradients in
each hemisphere evident in the data. and that the probable response of the Martian
atmosphere was eastward zonal jets in the middle atmosphere at the time of the ob-
servations. Despite the apparent corroboration of the retrograde zonal flow observed
at IRAM. at least at low latitudes. the identification of a retrograde zonal jet from

the thermal data is considered uncertain.

3.5. Conclusions

Interferometric observations of the '*CO J(1 — 0) rotational transition were
made with the Owens Valley Millimeter Array from February 6-13. 1993, during
Martian northern mid-spring (Ls = 37°). The interferometric data allowed mapping
of the CO emission-absorption feature with a spatial resolution of 4.2 when Mars
was 12.5” in diameter. The spectra exhibit differences in both local time and latitude
which were interpreted in terms of the local temperature structure of the surface and

atmosphere.
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The spectra were numerically inverted for localized profiles of temperature,
using a thermal model of the Martian regolith (Rudy et al. 1987) to calibrate the
continuum (i.e., surface) brightness temperature. For the inversions CO was assumed
to be vertically well-mixed and globally uniform with a mixing ratio of 8 x 107
The thermal structure revealed shows considerably variation with latitude. and some
variation with local time. All retrieved temperature profiles are distinctly cooler
(by roughly 20 K) than those observed during the Viking era (Seiff 1978). These
colder temperatures match extremely well a mean temperature profile determined
from whole disk CO observations roughly 20 days earlier (R. T. Clancy. personal
communication, 1995). These colder temperatures are indicative of a Martian atmo-
sphere which was nearly dust-free at the time of the observations (e.g.. Clancy et al.
1990).

Temperature profiles retrieved from high southern latitudes are essentially
isothermal from the surface to 40 km. Equatorial temperature profiles are warmest
near the surface and compare well with radiative-convective models of thermal struc-
ture (Gierasch and Goody 1968, Pollack et al. 1979) below 30-40 km. High northern
latitude profiles are cooler than equatorial profiles. The mean meridional tempera-
ture structure. while somewhat compromised by low latitudinal resolution, shows a
remarkable degree of similarity with both observations (temperature retrieved from
Mariner 9 IRIS spectra. Leovy 1982) and modeling (Ames General Circulation Model
results for relatively clear conditions. Haberle €f al. 1993).

The gradient thermal wind equation was used to calculate the mean zonal wind
field from the retrieved mean meridional temperature structure. Observed negative
equator-to-pole temperature gradients below 0.3 mbar lead to eastward (prograde)
zonal jets at low to mid-latitudes in both the northern and southern hemisphere. The

southern jet is stronger due to a steeper equator-to-pole gradient. While qualitatively
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similar to thermal winds based on Mariner 9 IRIS spectra and those calculated by the
Ames GCM. which both show a strong eastward zonal jet at southern latitudes and a
weaker eastward jet at northern latitudes, the exact location and peak velocity of the
jets compare poorly. This is probably due to the relatively low latitudinal resolution
of the interferometric observations.

In addition, there is some indication of a westward (retrograde) zonal jet at low
northern latitudes above 0.1 mbar. For low latitudes at least. this would appear to
corroborate zonal retrograde winds directly observed in early January 1993 (Lellouch
et al. 1993, Gillet and Lellouch 1994). However. the presence of this jet at such low
latitudes could be due to small errors in the retrieved mean meridional temperature
structure which were amplified by the Coriolis term in the gradient thermal wind
equation. The inference of this retrograde zonal jet is therefore tentative.

This experiment has shown the feasibility of obtaining high-quality disk re-
solved C'O spectra which can be used to address the thermal and dynamical structure
of the Martian atmosphere from the surface to roughly 70 km. It marks the first
resolved observations of atmospheric temperature since the Viking era, and while
the low resolution prohibited a detailed analysis., did provide a measurement of tem-
perature variations in both latitude and local time. Qualitatively. the latitudinal
variations compare favorably with observations and models. However. higher resolu-
tion observations would be even more beneficial by allowing a finer description of the
mean meridional temperature structure.

Continuous improvements in the Owens Vallev Millimeter Array and other
millimeter-wave facilities promise more accurate and detailed observations of the Mar-
tian atmosphere in coming vears. In particular. the growth of the Owens Valley Mil-
limeter Array to six antennas allows complete mapping in just one day, compared to

the three days used for this experiment. The additional antennas also allow for better
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constrained application of phase self-calibration. The opposition of Mars in March
1997 will provide an excellent opportunity to observe the northern hemisphere in
greater detail, and to more clearly define the mean meridional temperature structure

and zonal wind field.
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Chapter 4
Venus: Temporal Variations of the Mesosphere.

The Venus atmosphere is comprised of three regimes: the massive troposphere
with its strong retrograde zonal winds (surface to cloud tops), the thermosphere with
a remarkable diurnal temperature difference which drives a classic axisymmetric sub-
solar to anti-solar flow (above 120 km), and the mesosphere. The mesosphere is the
least studied portion of the Venus atmosphere, but is a region of interest because of
its role as the transition region between the primarily zonal tropospheric wind field
and the sub-solar to anti-solar thermospheric wind field.

Millimeter C'O lines offer an effective way to study the mesosphere of Venus.
Over the last 15 vears single dish observations have suggested that the mesosphere
exhibits dramatic changes in structure and dynamics on timescales of a few vears.
Heterodyne measurements with an interferometer allow characterization of the CO
distribution with unequaled spatial resolution, which in turn can be used to infer
the circulation of the mesosphere. Expansion of millimeter arrays in recent years
now allow for the complete mapping of Venus in a single track, allowing freedom to
schedule several runs during an observing season and thus measure changes in the
CO distribution on that timescale. This chapter details observations taken a month
apart in late 1994 which show that the mesosphere experienced moderate changes in
('O distribution over that time, with implications for variability of the mesospheric

circulation.

ABSTRACT Millimeter-wave heterodyne observations of the 2C'Q J(1 —0) rotational
transition from the mesosphere of Venus were made in early November and early
December 1994 with the Owens Valley Radio Observatory Millimeter Array. The

spatial resolution for each day was about 1000 km at the sub-earth point. The high
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quality C'O spectra were numerically inverted for profiles of the local CO mixing
ratio from 80 to 105 km, assuming a Pioneer Venus mean temperature profile for the
atmosphere. For each day the revealed CO distribution shows a nightside maximum
centered at low latitudes and shifted from the anti-solar point toward the morning
terminator. Both days show a clear latitudinal falloff in the O abundance. In
November the maximum was centered at roughly 2" local time at 100 km, while in
December the maximum was at roughly 4 —4.5" local time at 100 km. In addition, CO
abundances were slightly higher in November. The changes in the CO distribution
are examined in the context of the mesospheric circulation model of Clancy and
Muhleman (1985b). The increased shift away from the anti-solar point and decreased
CO abundance for the December observations both point toward increased zonal
and/or decreased sub-solar to anti-solar circulation within the mesosphere during the

month between observations.

4.1. Introduction

The atmosphere of Venus is conventionally divided into three regimes. The
massive troposphere ranges from the surface to the cloud tops (roughly 70 km) and
is the location of the poorly understood superrotating retrograde zonal winds. The
thermosphere (above 120 km) is characterized by an extreme diurnal temperature
difference (300 K to 120 K) which drives an axisymmetric sub-solar to anti-solar (SS-
AS) flow. The mesosphere (70 to 120 km) has long been the least well-known of the
three regions. because the extensive group of unmanned missions to Venus and most
ground based observations for the most part have been sensitive to the troposphere
of thermosphere, leaving the mesosphere relatively unmeasured.

This lack of information is unfortunate. The mesosphere is a transition region,
where the global circulation switches from the extreme zonal superrotation of the

troposphere to the SS-AS flow of the thermosphere. There are many unanswered
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questions concerning the circulation within the mesosphere. including the relative
levels of zonal, meridional. and SS-AS winds, how they extend into the mesosphere
and are maintained. and the variability of the circulation.

Until recently, dynamical studies of the mesosphere have been done primarily
through the use of circulation models. which generally assume cyclostrophic balance
and rely on latitudinal temperature gradients measured by Pioneer Venus descent
probes. the Pioneer Venus Orbiter Infrared Radiometer. and Pioneer Venus Orbiter
radio occultations. Most models found that during the Pioneer Venus era there was a
net positive poleward temperature gradient above 70 km. and a corresponding rapid
decrease in the retrograde zonal winds above the cloud tops (e.g.. Taylor et al. 1980).
On the other hand. Pioneer Venus descent probe measurements of temperature showed
little equator to pole gradient in the mesosphere. allowing zonal winds to remain above
100 m s~! from the cloud tops to roughly 95 km (Seiff ef al. 1980). In addition. radio
occultation measurements show that the equator to pole temperature gradient has
reversed on occasion and in principal this allows zonal winds in the mesosphere (see
Kliore and Mullen 1988).

Direct detection of circulation within the mesosphere can be accomplished
through measurements of Doppler shifts in the spectra of certain molecular species
using very high resolution observations. This method dates back almost 20 vears
(Betz et al. 1976). However. only in the last 10 vears have instrumental capabilities
improved enough to make these measurements reliable. Infrared heterodyne mea-
surements of ('O, were obtained in 1985. 1986. and 1987 (Goldstein et al. 1991).
The measurements sensed the 110£10 km region, and were best fit by a SS-AS flow
with terminator velocities of 120 m s™! and a superimposed zonal retrograde flow
of 25 m s~!. Very different results were found from millimeter interferometric mea-

surements of Doppler shifts in CO rotational lines made in 1988 (Shah et al. 1991).
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The observations were from the 99+12 km region. and were best fit by a strong 132

1

m s~! zonal flow. An upper limit of 40 m s™!

on SS-AS circulation was also deter-
mined. Most recently, single dish observations of Doppler shifts in 22CQ J(2—1) and
12C0O J(1 — 0) rotational spectra were made in 1991 with the IRAM 30-m antenna
(Lellouch et al. 1994) which found vet a third result for mesospheric winds. The group
reported that the mesospheric circulation in 1991 was composed of a superposition of
retrograde zonal and SS-AS flows of essentially equal strength which increased with
altitude (40 m s~ ! at 95 km and 90 m s~! at 105 km).

These results describe important variability in mesospheric circulation, and
suggest changes in the temperature structure of the mesosphere on similar timescales
as well. In support of this are whole disk observations of several CO millimeter lines
which allow the simultaneous retrieval of both the temperature and CO mixing ratio
profiles (Clancy and Muhleman 1991). Spectra obtained near inferior conjunctions in
1982, 1985. 1986, 1988, 1990 were used to determine the average CO profile from 75—
105 km and the average temperature profile from 85-100 km on the nightside of Venus.
The resulting temperature profiles from 1982 and 1990 were in good agreement with
Pioneer Venus observations from 1979. but the 1985, 1986, and to some extent the
1988 observations led to profiles that were 20-40 K warmer, similar to the anomalously
warm profile returned by the Venera 10 probe in 1975 (Avdueskiv ef al. 1983). In
addition to temperature variability these observations charted extreme variations of
the ('O abundance during 1985 and particularly in 1936.

Millimeter observations of carbon monoxide offer unique access to the meso-
sphere because the formation of these rotational transitions occurs almost completely
within the mesosphere. The lineshape characteristics of CO spectra contain informa-
tion on the vertical distribution of CO, which in turn can provide additional insight

to the dynamics of the mesosphere. Several past investigations have addressed the
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horizontal and vertical distribution of CO. The first detection of a millimeter tran-
sition in a planetary atmosphere (CO J(1 — 0), Kakar et al. 1975) showed that the
('O mixing ratio increases with altitude in the Venus mesosphere. Diurnal variability
was studied by Schloerb ¢f al. (1980) and Wilson ef al. (1981), who inferred from
whole disk spectra taken at different phase angles that CO was more abundant on
the nightside than the dayside above 95 km. and vice versa below 95 km.

A comprehensive study of all existing CO spectra of Venus available in 1985
was undertaken by Clancy and Muhleman (1985a.b). By careful analysis of spectra
taken from a variety of phase angles they determined that CO exhibited a maximum,
or bulge, on the nightside of Venus. The bulge is similar to nightside abundance
maxima of H. He, O, and NO detected in the thermosphere (Niemann ef al. 1980,
Brinton et al. 1979, Stewart and Barth 1979, Mayr et al. 1930, Keating ef al. 1980,
Bougher et al. 1990). The thermospheric abundance maxima all show shifts of varying
degree toward the morning terminator, which have been interpreted as due to 50-75
m s~ retrograde zonal winds at 150 km (Mayr et al. 1930. Schubert et al. 1930).
General circulation models. based on the original thermospheric models of Dickinson
and Ridley (1975. 1977) have been improved to include zonal winds which do pro-
duce shifts in nightside abundance maxima (Bougher et al. 1988). The millimeter
observations showed a similar shift in the mesospheric 'O maximum. After testing
photochemical-diffusive models, Clancy and Muhleman concluded that this shift was

! retrograde zonal flow in the mesosphere up to 90 km.

due to a 50 m s~

With the development of millimeter interferometers it has become possible
to map the CO lines, allowing measurements of the spatial variability of CO on
Venus. Interferometric observations of CO were performed at the Owens Valley Radio

Observatory (OVRO) Millimeter Array in 1936 (Muhleman ef al. 1987, Gurwell et

al. 1995) and 19838 (Shah et al. 1991, Shah 1992, Gurwell et al. 1995), and at the



Chapter 4 96 CO on Venus

Berkeley-Illinois-Maryland Array (BIMA) in 1987 (de Pater et al. 1987, 1991). The
BIMA observations provided a qualitative confirmation of the day-night asymmetry
above 95 km, but the spectra were of only modest signal-to-noise which did not permit
inversion of the line. The OVRO data were of sufficient quality to allow numerical
inversion for CCO mixing ratio profiles. which showed dramatic variation of the CO
abundance (Fig. 4.1). The 1986 results clearly showed a pronounced maximum in
('O abundance above 90 km on the nightside of Venus which was shifted to roughly
3.5" local time. In addition. the measurements characterized for the first time the
latitudinal variation of the CO mixing ratio. The 1986 data showed a distinct falloff in
abundance from equator to pole, while the 1988 observations showed little latitudinal
variation.

Carbon monoxide is a photolysis product created on the davside of Venus. The
direct recombination of CO with O to form ('O is spin forbidden. and therefore pro-
ceeds slowly except in the lower atmosphere. The stability of the atmosphere therefore
depends on efficient catalytic reactions involving hyvdroxyl and chlorine radicals to re-
cvcle CO and O back into CO; (e.g.. Yung and DeMore 1932); these radicals are main-
tained only on the dayside. Thus, CO production and loss occur almost exclusively
on the dayside of the planet. Observations of large nightside 'O abundances (Clancy
and Muhleman 1985a. 1991, Gurwell e al. 1995) indicate that carbon monoxide is
transported from the dayside to the nightside. Therefore. the spatial distribution of
('O has important implications for mesospheric circulation.

This chapter presents new interferometric observations of the 2C'O J{1 — 0)
rotational line from the mesosphere of Venus, obtained with the expanded OVRO
Millimeter Array, from November 8 and December 9. 1994. Improvements in the
OVRO Millimeter Array in the 6 vears since the last interferometric maps of CO

were obtained allow further assessment of the temporal and spatial variations of CO
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Figure 4.1. A map of the CO mixing ratio distribution at 95 km made from a synthesis

of observations taken in 1986 and 1988 with the OVRO Millimeter Array (Gurwell
et al. 1995). Contours are mixing ratio in units of 107,

in the mesosphere and their relationship to mesospheric dyvnamics. Recent discoveries
of hemispheric variability of the C'O abundance in the deep atmosphere (Collard et al.
1993) added further impetus for obtaining high quality maps of the CO distribution
in the mesosphere. The primary goal of these observations was to directly measure
mesospheric winds near 100 km: unfortunately. the reduction of the wind data has
proven to be extremely difficult and no results are available at this time. The sec-
ondary goal of these observations. which was achieved. was to investigate the spatial
distribution of C'O in the mesosphere in 1994. particularly to measure the location of
the 'O maximum. and to characterize changes in the distribution with time. While

whole disk measurements have been made from conjunction to conjunction. these
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TABLE 4.1

Parameters for the November 3. 1994 Observations of Venus

Reference Date 15.3" 8 November
Right Ascension 14 15
Declination —18° 07’
Geocentric Distance 0.27369 AU
Apparent Diameter 60.97"
Sub-earth Latitude +5.4°

Local Time 12:50 AM
Sub-solar Latitude +0.3°
North Pole Position Angle 19.6°
Svnthesized beam 5.5"
Resolution at sub-earth point ~1090 km

new observations offer for the first time independent maps of the CO distribution
on the timescale of a month. The results show that the mesospheric CO abundance
underwent moderate changes from November to December, 1994, reflecting changes

in the mesospheric circulation on that timescale.

4.2. Millimeter Observations and Data Reduction

Observations of Venus in the '?C'O .J(1 —0) rotational transition were obtained
with the OVRO Millimeter Array on November 8. 1994 and again on December 9.
1994. The OVRO Millimeter Array has been expanded since the Mars observations
of 1993. and currently consists of six 10.4-m diameter antennas. moveable to a suite
of fixed stations along T-shaped railroad tracks. Each day’s observations consisted of
a roughly 7.5 hour track of Venus, plus further calibration observations made before
Venus rose and after Venus set. Despite the unfavorable declination of Venus (—18°
in November and —12°? in December) the observations from each day were sufficient

to allow mapping of the ('O line with unprecedented spatial resolution and signal-to-
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Figure 4.2. The aspect of Venus on November 8, 1994. The + symbol designates the
sub-earth point. The solid line forming a slim crescent on the left marks the
morning terminator; nearly all of the observed disk is in Venus night. The circle
at lower right shows the size of the synthesized beam FWHM (5.5") relative to
Venus (60.97").

noise.

Tables 4.1 and 4.2 list some important characteristics of the Venus observations
for November 8 and December 9. respectively. Figures 4.2 and 4.3 show the aspect of
Venus and the relative size of the synthesized beam for each date. On November 8,
Venus had just past inferior conjunction and was very large (nearly 61” in diameter).
At that time the interferometer was in a relatively tight configuration allowing a
svnthesized beam of 5.5” at FWHM, or roughly 1090 km at the sub-earth point.
These observations were essentially limited to the nightside hemisphere (see Fig. 1.2).

On December 9 Venus was approaching greatest western elongation, allowing a good
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TABLE 4.2

Parameters for the December 9. 1994 Observations of Venus

Reference Date 14" 9 December
Right Ascension 140 99 5™
Declination —11° 4%
Geocentric Distance 0.41700 AU
Apparent Diameter 40.02"
Sub-earth Latitude —1.0°

Local Time 4:10 AM
Sub-solar Latitude —1.8°
North Pole Position Angle 19.0°
Synthesized beam 3.0%
Resolution at sub-earth point ~940 km

view of the morning terminator. and was 40” in diameter. The interferometer at
this time was in an extended configuration. providing a synthesized beam of 3.1” at
FWHM. or roughly 940 km at the sub-earth point. During each days track the size of
Venus changed slightly, and it was therefore necessary to normalize the (u, v) spacings
and observed visibility amplitudes to the reference times shown in Tables 4.1 and 4.2.

Superconductor-insulator-superconductor (SIS) receivers sensitive in the 80—
116 GHz range were used to receive the microwave signal from Venus. detected for
each antenna pair in two sidebands. The signals from each sideband were isolated
through phase switching of the local oscillator (LO) reference signal. For observation
of CO on Venus the upper sideband was centered on the *C'O .J(1 — 0) transition
frequency of 115.271204 GHz and receiver gains were optimized to favor this sideband
as much as possible to improve signal-to-noise. The transition frequency reference
was maintained in the Venus frame by computer control of the LO. The signal in

the upper sideband was detected in two correlator systems: a wideband analog cross-
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Figure 4.3. The aspect of Venus on December 9, 1994. The = symbol designates the
sub-earth point. The solid line forming a crescent on the left marks the morning
terminator; most of the observed disk is in Venus night. The circle at lower right
shows the size of the synthesized beam FWHM (3.1”) relative to Venus (40.02").

correlator (~1 GHz bandwidth) and a digital cross-correlator spectrometer. The
digital spectrometer was configured to simultaneously measure the C'O line at two
spectral resolutions: 1 MHz (total effective bandwidth 120 MHz) and 62.5 kHz (total
effective bandwidth 7.5 MHz). Each of the two bands were centered on the Venus
('O transition frequency. Padin et al. (1991) provides further details on the OVRO
interferometer and its capabilities.

The CO lineshape on Venus is usually confined within £50 MHz of the line
center (e.g.. Clancy and Muhleman 1991, Lellouch et al. 1994). Thus the 1 MHz res-

olution data allowed a measure of the Venus thermal continuum in the outer edges of
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the passband while measuring the full line shape. The inner line core was measured at
high resolution with the 62.5 kHz observations, providing ('O weighting functions in
the upper mesosphere. Instrumental and atmospheric variations affecting the obser-
vations of Venus were measured by observing standard sources as calibrators. Basic
parameters such as antenna positions and delays on signal lines were determined by
the OVRO staff before the observing runs in each month. These spectral line observa-
tions required careful calibration of the digital spectrometer passband. accomplished
through observations of a very high signal-to-noise. internal noise source to measure
channel to channel variations. followed by lengthy observations of 3C273 to correct
for low order trends in the noise source spectrum. During each track. phase and am-
plitude gain variations were monitored with periodic observations of the quasi-stellar
sources 1334-127 (both dates) and 1510-089 (December only). Due to the very large
size of Venus relative to the typical OVRO antenna primary beam (~ 60”). accurate
pointing of the array elements was crucial; the pointing of the individual antennas
was checked and updated roughly everv hour from observations of 3C279.

Initial calibration was performed using MMA. the OVRO software package for
reducing Millimeter Array data. This calibration included correction of phase and
amplitude drifts with time. calibration of the spectrometer passbands, and setting the
initial flux scale. The initial flux scale was set using observations of Uranus (a primary
calibrator) to estimate the flux of 1334-127. placing the visibility measurements from
all baselines on a common flux scale. The absolute flux scale for the (u.v) data was
determined from a comparison of the observed continuum visibilities to a model of the
Venus visibility function at 2.6 mm for the size and array configuration appropriate
for each day of observation (including primary beam weighting).

The Venus (u.v) data were self-calibrated and mapped using the NRAO As-

tronomical Image Processing System (AIPS) software package. Phase self-calibration
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Figure 4.4. The radiative transfer model continuum intensity (units of Planck brightness
temperature) as a function of apparent radius from the disk center, along with
curves for the model continuum multiplied by a model primary beam weighting
appropriate for the observations dates. The OVRO primary beam FWHM is 58+4-3";

|dn November Venus was 61” in diameter and in December Venus was 40” in
1lameter.

attempts to correct phase errors introduced by variations in the phase delay of the
atmosphere. an antenna based phenomenon (see Chapter 1 for a discussion of phase
self-calibration and its application). Self-calibration requires a strong source and a
model of the source structure. For Venus both these requirements were easily sat-
isfied. The basic model of the Venus disk was based on a radiative transfer model
of the Venus atmosphere at 2.6 mm providing the continuum intensity (see Section
3.3). In addition. the primary beam weighting of the disk was included as it seriously
affects the inferred brightness distribution (Fig. 4.4).

The real part of the phase self-calibrated continuum visibilities are presented
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Figure 4.5. The real part of the continuum visibilities for November 8, 1994.

in Figs. 4.5 (November 8) and 4.6 (December 9). Model visibility functions are also
plotted as solid lines. Note that these measurements are for all observed positiona
angles of Venus. For the November 8 conditions the model whole disk (i.e.. zero-
spacing) flux including primary beam effects is 6370 Jv, and for the December 9
conditions the model whole disk flux is 3600 Jy. reflecting the smaller size of Venus
“at that time. Note that the visibility data compare remarkably well to the model
visibility functions.
Maps of the skv brightness distribution are created through a process of nu-
merical Fourier transformation of the visibility data into image space and subsequent

deconvolution of the syvnthesized (“dirty”) beam. The brightness in the maps are
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Figure 4.6. The real part of the continuum visibilities for December 8, 1994.

given in units of Jy/beam: the map value at point (x.y) is essentially the flux that
would be measured with a single antenna with a beam FWHM equal to the clean
beam FWHM centered at that point. A more detailed description of the mapping
and deconvolution process is given in Chapter 1.

Maps of the 2.6 mm Venus continuum were produced from the phase self-
calibrated visibility data shown above. and are presented in Figs. 4.7 and 4.8 for
the November and December observations. respectively. Contours are spaced in 5%
intervals of the peak flux in each map. The synthesized beam for the November 8
observations was 5.5”. while for the December 9 observations the synthesized beam

was 3.1”. These maps have not been corrected for primary beam effects. The overall
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Figure 4.7. The continuum map derived from the visibilities measured on November 8,
1994. Contours are spaced every 5% of the map peak, or roughly 18 K.

differences between the maps are mostly due to the different size of Venus relative
to the primary beam size for the two observing dates. Thus the December 9 disk
appears to have a sharper edge than the November 8 disk.

The overall appearance of the maps are remarkable in that they deviate very
little from the radiative transfer model (weighted by the primary beam) of the 2.6
mm continuum thermal emission. Small differences do exist but the general shape of
each is that of a primary beam weighted disk, with minor deviations most probably
due to observation and mapping errors. The beam average brightness temperature
at the disk center in each map is ~360 K. so 5% contours correspond to 18 K steps

in temperature. Maps of the difference between the derived maps and the model
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Figure 4.8. The continuum map derived from the visibilities measured on December 9,
1994. Contours are spaced every 5% of the map peak, or roughly 18 K.

maps show that deviations for each date are significantly less than 10 K for most of
the observed disk. Maximum deviations are 18 K and 15 K for the November and
December maps. respectively. These maximum differences occur near the disk edge.
where the brightness falls off quickly with apparent radius and small errors can lead
to larger brightness differences.

These continuum results stand in sharp contrast to interferometric observa-
tions of Venus from 1987 reported by de Pater et al. (1991). They found a 10%
increase in the brightness temperature from day to night at 2.7 mm from observa-
tions made over two weeks with the BIMA interferometer (a three element array at

that time). They speculated that the brightness temperature differences were due to
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Figure 4.9. Line to continuum spectra at 1 MHz resolution for November 8, 1994. Spectra
are plotted every 6” on the 61" disk.

an additional unknown diurnally varying opacity source which raises the level of unit
optical depth to a higher (cooler) altitude on the dayside relative to the nightside.
However. it is unclear from their work if the brightness variation is real or an artifact
of phase errors in the visibility measurements. Since the major opacity source (see
Section 3.3) at 2.7 mm is carbon dioxide. which should have essentially no diurnal
variability in the deep atmosphere, it difficult to posit another opacity source which

could realistically cause such a large brightness temperature variation in the contin-
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Figure 4.10. Line to continuum spectra at 62.5 kHz resolution for November 8, 1994.
Spectra are plotted every 6” on the 61” disk.

uum. Additionally, any opacity source at these altitudes would be transported in the
superrotation of the atmosphere with a 1-6 dayv period. That the continuum maps
presented here show little variability is further evidence that the millimeter contin-
uum on Venus is highly uniform and that the variations seen by de Pater ef al. (1991)
are more likely due to measurement errors in phase.

The phase corrections found from self-calibration of the continuum channel

were applied to the spectral visibility data for each day of observation. The self-
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Figure 4.11. Line to continuum spectra at 1 MHz resolution for December 9, 1994.
Spectra are plotted every 3.2” on the 40" disk.

calibrated data for each channel were then independently mapped and the effects of
the dirty beam deconvolved in a manner similar to that used to map the continuum
channel. The resulting data set is composed of two spectral image cubes. one for the
1 MHz resolution data and one for the 62.5 kHz data.

Representative line to continuum spectra for each day of observation are pro-
vided in Figs. 4.9-4.12. Figures 4.9 and 4.10 correspond to the observations of Novem-

ber 8. 1994, and spectra are plotted every 6”; the disk of Venus was 61" in diameter
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Figure 4.12. Line to continuum spectra at 62.5 kHz resolution for December 9, 1994.
Spectra are plotted every 3.2" on the 40” disk.

and the synthesized beam was 5.5” at FWHM for this date. Figures 4.11 and 4.12
correspond to the observations of December 9. 1994, and spectra are plotted every
3.2"; the disk of Venus at that time had a diameter of 40" and the synthesized beam
FWHM was 3.2,

The spectra are fairly uniform, showing only marginal variation with position
on the disk. Line depths are deepest along the limbs for both days. which is probably

due to the longer path lengths associated with slanting ray paths in the atmosphere at
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the limbs. An exception to this is the relatively shallow linedepths of morning (left)
limb spectra seen in the 62.5 kHz spectra for December 9 (Fig. 4.12) when compared
with the nightside (right) limb spectra. This last feature suggests that in the upper
mesosphere (to which the C'O line core is most sensitive) there was less CO on the

dayside relative to the nightside on December 9.

4.3. Radiative Transfer Modeling

Radiative transfer near the ?C'O J(1—0) transition in the atmosphere of Venus
has been detailed in Gurwell et al. (1995). and Appendix A presents a discussion of
the general radiative transfer method. Highlights of the radiative transfer model are
presented below.

The basic parameters of the lower atmosphere are based on the radiative trans-
fer model of Muhleman ef al. (1979); the base of the atmosphere was adjusted to a
mean Venus radius of 6051.5 km. with a surface pressure and temperature of 93.8 bar
and 735 K. respectively. The radiative transfer model was comprised of a spherical
atmosphere extending from 30 to 150 km above the surface. with layers of 1-5 km
thickness. Basic temperature profiles above 85 km for the day and night atmospheres
were smoothed versions of profiles found by Pioneer Venus descent probes, which
introduced a temperature divergence above ~100 km (Seiff and Kirk 1932). These
temperature profiles are plotted in Fig. 4.13.

Opacity due to carbon monoxide was modeled using the spectroscopic param-
eters of Pickett. Poynter and Cohen (1992). The CO — ('O, collisional broadening
coefficient for the CO J(1 — 0) line was taken to be 3.3 GHz bar™' at 300 K, with a
temperature dependence of T-%7 (Varanasi 1975). The CO opacity for each model
frequency and atmospheric laver was found by integrating the CO absorption coetffi-
cient times the Voigt lineshape (convolution of Doppler and collisional broadening)

over the layer, as discussed in Clancy et al. (1983); a review is given in Appendix C.
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Figure 4.13. Day and night temperature profiles based on the radiative transfer model
of Muhleman et al. 1979 (below 85 km) and on Pioneer Venus descent probe
measurements (above 85 km). The profiles above 85 km have been smoothed to
remove transient wave structure.

At millimeter wavelengths the lower atmosphere of Venus is completely opaque
due to collisionally induced dipole absorption by ('O, and pressure broadened rota-
tional line absorption by SO,. These form a continuum opacity with essentially no
frequency dependence across the narrow spectral region of the 'O line. These con-

tinuum opacity sources prevent the escape of millimeter radiation from below about
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40 km in the atmosphere. The CO; absorption coefficient was calculated using the
expression presented by Ho et al. (1966). based on high temperature and pressure
laboratory measurements. The absorption due to SO, was calculated from the re-
lation presented by Janssen and Poynter (1981), who modeled the entire rotational
spectrum of sulfur dioxide in the Venus atmosphere. SO; was modeled as having
a constant mixing ratio below 40 km (the nominal model used 185 ppm based on
Pioneer Venus measurements: see Oyvama et al. 1980). and falling off rapidly above
that with a scale height of ~2 km (Zasova et al. 1993).

The algorithm modeled the integrated flux at each frequency step measured
by a gaussian beam of specified size and position on the disk of Venus (see Appendix
D). This was accomplished by integrating the intensity along many raypaths (x 100),
including limb geometries. The actual number of ravpaths depended on the size of
the beam relative to Venus and its location. The primary beam weighting was then
accounted for by multiplying these intensities by the primary beam function. The
results were interpolated and integrated to give the spectrum in units of flux density
per synthesized beam.

Figure 4.14 provides model area-normalized nadir weighting functions for sev-
eral frequencies near the C'O line center. The weighting functions were determined
using a standard CO mixing ratio profile and the Venus nightside temperature profile
from Fig. 4.14. The weighting functions each separate into two distinct peaks due to
the absorption characteristics of the atmosphere. The lower altitude peaks (below 70
km) reflect the continuum absorption and emission by 'O, and SO,. while the higher
altitude peaks are due to the resonant absorption of CO. Note that the relative size
of the peaks is a strong function of frequency. As frequency offset is increased from
the line center to the line wings, the contribution of cool mesospheric emission due

to C'O is lessened and the observed brightness becomes more and more dominated by
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Figure 4.14. Weighting function profiles for the CO J(1 — 0) line on Venus. Profiles are
given as a function of frequency offset Ar from the line center. The two distinct
peaks are due to CO absorption (above 70 km) and the continuum opacity sources
(below 70 km).

continuum emission from the warmer lower atmosphere.

As with the weighting functions on Mars, the peak of the weighting function
due to ('O changes with frequency. The peak altitudes range from about 80 km
(Av = +£20 MHz) to 104 km (line center) for a nadir raypath. The *CO J(1 — 0)

rotational transition can therefore be used to probe the vertical structure of the Venus
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atmosphere from roughly 80 to 105 km. However, unlike Mars, the CO line on Venus
is optically thin except in the very line center where the opacity is roughly unity.
Optically thin lines are most sensitive to absorber abundance, with the temperature
profile a less important factor (e.g., Clancy and Muhleman 1991. Lellouch et al. 1994).
Therefore, the CO J(1 —0) line is useful for measuring the mixing ratio profile of CO
in the mesosphere over this altitude range.

From Fig. 4.14. the contribution of the mesosphere to the brightness drops to
an extremely small fraction just 20 MHz away from the line center. In the line wings
the CO opacity is very small. and the sensitivity of the spectrum to CO changes
becomes small as well. For this reason it is difficult to accurately determine the CO
abundance below 80 km because it requires an extremely precise measurement of the
lineshape relative to the continuum. Between 80 and 90 km the sensitivity of the

lineshape to O abundance increases. and is best between 90 and 100 km.

4.4. Spectral Line Inversion

The CO lines obtained from the interferometric observations were analyzed
using a least-squares line inversion algorithm to quantify local CO mixing ratio profiles
that best fit the observed spectra. Details of the least-squares inversion technique and
its application to C'O spectroscopy on Venus are given in Gurwell e/ al. (1995) and
an overview is presented in Appendix F. In summary. to determine the best-fit CO
profile for a given spectrum. a model spectrum is first calculated using a standard
('O profile and assuming a local temperature profile. In addition. the analytic partial
derivatives of the spectral flux with respect to changes in the C'O mixing ratio profile
(Appendix B) for each frequency channel are also calculated. The differences between
the observed and calculated spectra are used along with the partial derivatives to
estimate changes in the CO profile that will better fit the observations. Since the

radiative transfer equation is nonlinear with respect to opacity it is necessary to
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Figure 4.15. Solution CO mixing ratio profile (solid line with error bars) and best-fit
spectra for that profile. Dotted line is the input profile used to create the noisy
spectra.

iterate until a stable solution is reached.

An example of a numerical line inversion is given in Fig. 4.15. Model spectra
at 1 MHz and 62.5 kHz with added noise typical of the observed spectra are shown
along with the true input C'O profile and the best fit solution profile. The solution
profile was determined in 5 km steps from 60 to 120 km: the true vertical resolution
1s about 5 km as well. Error bars represent the formal error on the solution at each
altitude determined from the covariance matrix of the final iteration.

The solution profile is very close to the input profile for all altitudes above 85
km. Below 85 km the solution diverges somewhat from the input profile. as expected

due to the difficulty in accurately measuring the line wing relative to continuum in
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the presence of noise. The formal errors are smallest in the altitude range of 85 to
100 km. and above 105 and below 80 km start to increase rapidly, showing that the
maximum sensitivity of these measurements is in the 85 to 100 km region of the
mesosphere.

In order to invert the observed lines for CO abundance profiles, the atmo-
spheric temperature profile must be provided. There is no way to independently re-
trieve the temperature and C'O profiles from the interferometric observations, because
they contain measurements of just one transition. This is somewhat problematic,
since long term observations of the Venus mesosphere have shown that on occasion
the temperature profile at low to mid-latitudes can be 20-40 K warmer than that
measured during the Pioneer Venus probe descents (Clancy and Muhleman 1991). In
addition. there are possibly equator to pole gradients in the temperature structure of
the mesosphere as well.

R. T. Clancy has made single dish observations of several transitions of CO
in the Venus mesosphere in November and December, 1994, from which simultaneous
disk average ('O and temperature profiles can be constructed. These measurements
are qualitatively similar to those made on several earlier observing runs and discussed
in depth in Clancy and Muhleman (1991). Based on inspection of these measurements
and comparison with observations obtained in other vears, he has concluded that
the low to mid-latitude average temperature profiles for these dates were consistent
with the Pioneer Venus descent probe measurements (personal communication. 1995).
The estimated error for these types of measurements is 10-15 K in the 85 to 105 km
range (Clancy and Muhleman 1991). Hence it is reasonably certain that the average
characteristics of the Venus mesosphere in late 1994. at least at low to mid-latitudes.
was similar to that found by the Pioneer Venus descent probes.

Equator to pole temperature gradients are usually not much more than 15 K.
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but have occasionally been greater (Seiff 1983). In addition. the gradient has from
time to time switched sign (Kliore and Mullen 1988). There is no way to determine
equator to pole gradients from these interferometric measurements or from the whole
disk measurements of Clancy. For this reason, we have made the assumption for pur-
poses of inversion of the spectral line data that no such gradients existed in November
or December, 1994. However, since moderate gradients most probably did exist (i.e..
supporting possible zonal winds through cyclostrophic balance, etc.) and the tem-
perature measurements of Clancy have significant uncertainties, it is important to
estimate errors associated with these assumptions about the temperature structure
of the atmosphere.

An indication of the sensitivity of the spectral line inversion to temperature is
shown in Fig. 4.16. A 1 MHz and 62.5 kHz pair of spectra from the disk center of the
December 9 data were inverted assuming different temperature profiles in the Venus
mesosphere. The solution profiles correspond to the Pioneer Venus night profile from
Fig. 1.13 (solid line), a profile 15 K warmer than the PV night profile above 80 km
(dashed line), and a profile 15 K cooler above 80 km (dotted line). The solutions all
retain the same general structure. Maximum differences of ~30% occur above 105
km, and are on average less than 15% below 100 km. The region near 95 km seems
to be particularly insensitive to temperature variations of this size. Note that the
range of deviation due to temperature shown here is generally larger than the formal
solution error estimates for altitudes above approximately 80 km. This means that
the true errors of the inversion solutions are dominated by the uncertainties in the
local temperature profile for each pixel location on the disk.

These results show that the inversions are relatively insensitive to variations
of up to 15 K in the temperature structure of the mesosphere. Due to uncertainties

in the actual local temperature profile as well as inversion uncertainties, the best
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Figure 4.16. Solution CO mixing ratio profiles for an observed 1 MHz and 62.5 kHz pair of
spectra from the December 9, 1994 data set. The solid line represents the solution
obtained when using a night profile (Fig. 4.13) based on Pioneer Venus descent
probe data (Seiff and Kirk 1982). The other solutions were obtained assuming
profiles 15 K warmer (dashed line) and 15 K cooler (dotted line).

estimate for the accuracy of the inversion solutions discussed below is about 15-25%
from 80 to 105 km. Above and below this range the CO solution profile is less well-
constrained. This relative insensitivity to moderate variations in the temperature
profile reflects the fact that the *CO J(1 — 0) transition is optically thin (except
in the line core). As mentioned above optically thin lines generally exhibit lessened
sensitivity to temperature and increased sensitivity to abundance.

The observed 1 MHz and 62.5 kHz spectra in each map pixel for each date of
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observation were inverted using the line inversion algorithm. For November essentially
all pixels corresponded to locations on the nightside of Venus. In December a majority
of pixels were on the nightside, but a significant fraction resided on the dayside of the
morning limb. For the numerical line inversions the local temperature profile assumed
was either the day or night profiles of Fig. 4.13. depending on the pixel location. Since
the divergence of these profiles is limited to above ~ 100 km, solutions for the CO
mixing ratio at altitude less than 100 km are unaffected by this choice of temperature
profile. Solutions do appreciably differ above 105 km due to this divergence. The
effects of the assumed diurnal temperature variation on the retrieved CO profiles is
therefore minimal in the range of maximum sensitivity (the 85 to 100 km region).
The numerical inversion of the observed spectral image cube led to another
cube, this one of the distribution of C'O in the mesosphere of Venus both horizontally
and vertically. Although the horizontal dimensions of this cube are in sky coordinates
(e.g.. RA and DEC), the position of each pixel on the disk can be mapped to the
appropriate local time and latitude for that location. The next two subsections present
maps of the derived CO mixing ratio as a function of local time and latitude at
altitudes of 90, 95, and 100 km. The altitudes were chosen because they are within
the 85 to 100 km range and are spaced at the approximate vertical resolution of the
observations. Therefore, these maps contain the most reliable information on the
vertical and horizontal variation of the CO mixing ratio within the mesosphere. The

maps represent solutions for well over 1000 pairs of spectra for each date.
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Figure 4.17. Map of the CO mixing ratio at 90 km altitude for November 8, 1994.
Contour labels give the mixing ratio in 100 ppm.

4.4.1 Maps of the CO Mixing Ratio: November 8, 1994

Maps of the CO mixing ratio derived from the interferometric observations
made on November 8, 1994, at altitudes of 90. 95. and 100 km are presented in
Figs. 4.17. 4.18, and 4.19, respectively. These maps represent 1305 different solution
profiles. Solutions were obtained everyv 1.5”, significantly finer than the synthesized
beam size of 5.5”. in order to more fully fill the map in local time-latitude space.
Map contours are in units of 100 ppm. and grey scale shows structure above 500 ppm
(mixing ratio of 5 x 107*). CO exhibits a local maximum on the nightside of Venus
at all three altitudes. with the peak CO mixing ratio increasing with altitude. The
position of the maximum varies from near 0" local time at 90 km to near 2! at 100

km. The latitude of the maximum appears to be consistently near +10°.
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Figure 4.18. Map of the CO mixing ratio at 95 km altitude for November 8, 1994.
Contour labels give the mixing ratio in 100 ppm.
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Figure 4.19. Map of the CO mixing ratio at 100 km altitude for November 8, 1994.
Contour labels give the mixing ratio in 100 ppm.



Chapter 4 124 CO on Venus

90.0 km
I T T
£ 1 -
[(e]
2
(= 5 -
3
o 1
L
=3
£ O g
=
o
=1
o
M - -
i
o
o 2 g
|
1 L = | 1 1

Local Time

Figure 4.20. Map of the CO mixing ratio at 90 km altitude for December 9, 1994. Contour
labels give the mixing ratio in 100 ppm.

4.4.2 Maps of the CO Mixing Ratio: December 9, 1994

Maps of the CO mixing ratio derived from the interferometric observations
made on December 9. 1994, at altitudes of 90. 95, and 100 km are presented in
Figs. 4.20. 4.21, and 4.22. respectively. These maps represent 1945 different solution
profiles. Solutions were obtained every 0.8”, significantly finer than the synthesized
beam size of 3.1”. in order to more fully fill the map in local time-latitude space.
Map contours are in units of 100 ppm. and grey scale shows structure above 500 ppm
(mixing ratio of 5 x 107%). ('O exhibits a local maximum on the nightside of Venus
at all three altitudes, with the peak ('O mixing ratio increasing with altitude. The
position of the maximum is near 4" local time at each altitude, but the maximum

latitude exhibits a slight northward variation, —30° to —10° from 90 to 100 km.
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Figure 4.21. Map of the CO mixing ratio at 95 km altitude for December 9, 1994. Contour
labels give the mixing ratio in 100 ppm.
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Figure 4.22. Map of the CO mixing ratio at 100 km altitude for December 9, 1994.
Contour labels give the mixing ratio in 100 ppm.
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4.5. The CO Distributions: Discussion

The distribution of carbon monoxide in the mesosphere of Venus shown in the
previous section exhibits significant variation in local time, latitude, and particularly
altitude. This section will explore the CO distribution for each date. and discuss
the retrieved structure in terms of a qualitative model of mesospheric circulation.
Variations between the two dates of observation are also seen, and lead to implications

about changes in the mesospheric circulation between the two dates.

4.5.1 Current Results
C'O Distribution on November 8. 1994.

All three of the maps of the CO distribution for November 8 show a clear
maximum on the Venus nightside. In addition, a map at 85 km (not reproduced
here) also shows a nightside maximum, although with lower contrast. The peak
mixing ratio rises from about 4 x 107 at 90 km to 9.5 x 107* at 100 km. a
factor of about two and one half. The contrast within each map (i.e., maximum over
minimum CO mixing ratio) is also about this size, although the 100 km map exhibits
a contrast of roughly 3.

The location of the maximum of the CO distribution shows some variability.
At 90 km the CO peak appears to be centered near the antisolar point (0" local time)
and slightly in the northern hemisphere. This slight northward offset is also evident
in the maps at 95 and 100 km. However, the peak mixing ratio appears to shift to

about 2" local time at these altitudes, most noticeably at 100 km.

('O Distribution on December 9. 199).

As with the November results, the maps of the CO distribution for December
show nightside maxima at all three altitudes. The peak mixing ratio rises from about
3 x 107" at 90 km to roughly 7 x 10~ at 100 km. a factor of about two and one

half. Contrasts within each map are between 2.5 and 3.
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The location of the CO maximum has changed considerably from the Novem-
ber results. In the 90 to 100 km range the CO peak occurs near 4" local time. The
peak is also centered at low southern latitudes. and appears to advance northward
slightly with altitude. from roughly —30° at 90 km to —10° at 100 km. In addition
the map at 100 km has a much less distinct maximum. with a few pockets of high
mixing ratios spread over a broader “bulge.” Also. an extension of high mixing ratios
spreads north to high latitudes between 3 and 4" local time, and second extension

appears to spread back toward the anti-solar point at low latitudes.

4.5.2 Comparison with Previous Observations

Relatively few resolved descriptions of the CO distribution from previous ob-
servations exist. The most extensive mapping comes from interferometric observations
of Venus from 1986 and 1938 (Muhleman ef al. 1987, Shah 1992, Gurwell et al. 1995).
A map of a synthesis of these previous observations was provided in the introduc-
tory section (Fig. 4.1). These results showed that in 1986 an anomalously large CO
maximum existed that was centered near 3.5" local time. The peak of this bulge rose
from 3 x 107* at 90 km to nearly 2 x 107* at 100 km. The contrast between high
latitudes and the CO maximum approached 20-30. and diurnal differences may have
been as large as 50-100. These 1986 results were independently confirmed through
single dish observations of several ('O rotational transitions (Clancy and Muhleman
1991). The 1988 results were of the evening terminator, and did not show but did not
exclude the existence of a post-midnight maximum. The 1988 results did measure
a remarkable increase in the CO mixing ratio by a factor of 5-8 across the evening
terminator.

The only other mapping of the mesospheric CO distribution is from 1991 single
dish observations of Venus made with the IRAM 30-m antenna (Lellouch ef al. 1994).

The large size of Venus at inferior conjunction (~ 60”) allowed very modest resolution
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of the planet (heam FWHM ~ 12 — 13" at 230 GHz). These results showed a CO
mixing ratio which increased regularly with altitude from 30 to 115 km, but at each
altitude the CO distribution was found to be uniform in latitude and local time.

Clearly, the results of the November 8 and December 9, 1994 observations are
different in several wavs from previous observations. While the current observations
do show nightside CO maxima. they are not nearly as large as the extreme “bulge”
seen in the 1986 interferometric mapping. The 1994 maps show significant contrast
between the peak mixing ratio and high latitude mixing ratios, which the 1991 IRAM
measurements did not detect. but the contrasts are not nearly as large as in 1986.
Neither of the maps show the evening terminator, so a direct comparison with the
1988 interferometric results is not possible.

These changes in the CO mixing ratio structure from different vears suggests
significant variation on timescales of a year or more in the processes controlling the CO
distribution on the nightside of Venus. The only clear observation that is consistent
with all single dish and interferometric observations is that C'O is more abundant on
the nightside relative to dayside in the upper mesosphere.

The reasons for the observed diurnal variation are not completely clear, but
efforts have been made to address these observations with a qualitative model of the
chemistry and dyvnamics of the mesosphere of Venus. Carbon monoxide is formed
in the photodissociation of ('O, and production is therefore limited to the dayside.
That the nightside has the higher abundance implies that circulation and/or further
chemistry play important roles in redistributing C'O. Clancy and Muhleman (1985b)
tested several chemical-dynamical models of the mesosphere of Venus. and determined
that photochemistry and diffusion alone cannot explain the global CO distribution.
They postulated that circulation in the mesosphere was the dominant force controlling

the CO distribution. In their model. a sub-solar to anti-solar (SS-AS) flow permeates
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the mesosphere, and a secondary zonal wind exists to varying altitudes as well.

In the absence of a zonal wind, the SS-AS flow transports CO produced on the
dayside upward to the upper mesosphere and across the terminators to the nightside.
Destruction of CO on the nightside is impeded by the lack of the radicals Cl and OH
(the direct recombination of CO and O is spin forbidden and proceeds very slowly).
The SS-AS flow converges at the antisolar point. i.e., 0" local time at the equator.
where downward subsidence occurs. A return flow is expected at lower altitudes. The
result is the development of a 'O maximum. or bulge. formed by the concentrating
effects of the converging circulation and centered at the stagnation point of the flow
(the anti-solar point).

The introduction of zonal retrograde wind to this model shifts the location
of the stagnation point (and the ('O maximum) from the anti-solar point towards
the morning terminator. The SS-AS flow can be approximatelv modeled as a linear
relation in solar zenith angle (Vss_as = Vr[l —[SZA/90 — 1|]. with V7 the maximum
terminator velocity of the flow), which provides a good fit to hydrodynamic models
(Bougher et al. 1988, Lellouch et al. 1994). The shift in local time of the stagnation
point in the presence of a secondary retrograde zonal flow of velocity V7 is given
roughly by ALT= 6" x Vz/Vy (Lellouch et al. 1994). If the zonal wind exceeds the
terminator velocity then the stagnation point disappears; in this case it is expected
that a weak 'O maximum could occur at the morning terminator. The presence of
zonal winds. in addition to precipitating a shift in the CO maximum. should reduce
diurnal contrasts by reducing the CO maximum.

In the context of this qualitative model, the previous observations suggest
large scale variations in the global circulation of the mesosphere of Venus. The 1936
observations. with a maximum near 3.3". imply a zonal wind speed a little more

than half of the SS-AS terminator speed from 90-100 km. The 1991 observations of
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a nearly uniform CO distribution indicate zonal winds equal to or greater than the
SS-AS terminator velocity.

Such long term variability in the mesospheric circulation has been measured
directly using heterodyne techniques. Infrared measurements of CO; near 110 km
were obtained in 1985, 1986, and 1987 (Goldstein ef al. 1991). The measurements
were best fit by a SS-AS flow with terminator velocities of 120 m s~ and a super-

imposed zonal retrograde flow of 25 m s™'.

In contrast. millimeter interferometric
measurements of Doppler shifts in CO rotational lines from near 99 km made in 1988
(Shah et al. 1991). The observations were best fit by a strong 132 m s~! zonal flow.

! on SS-AS circulation was also determined. Most recently,

An upper limit of 40 m s~
single dish observations of Doppler shifts in CO rotational spectra were made in 1991
with the IRAM 30-m antenna (Lellouch et al. 1994) which found vet a third result for
mesospheric winds. The mesospheric circulation in 1991 was apparently composed
of a superposition of retrograde zonal and SS-AS flows of essentially equal strength
which increased with altitude (40 m s~! at 95 km and 90 m s~! at 105 km).
Additional evidence for variable mesospheric and thermospheric zonal winds
comes from airglow measurements of NO (e.g.. Stewart and Barth 1979. Bougher et al.
1990) and O, (Allen et al. 1992, Bougher and Borucki 1994). The NO measurements
are most sensitive to the 115-120 km region, and typically show a maximum intensity
near the equator and shifted to roughly 2" local time in time averaged maps, implying
zonal winds of 40-60 m s~!. Individual images, however. show a strong variability in
the intensity and peak location of the NO airglow on timescales of an Earth day or less.
suggesting highly variable thermospheric circulation from day to day (Bougher et al.
1990). The average zonal wind speeds are higher than those found by Goldstein et al.
(1991). but are for a slightly higher altitude. Observations of O, visible nightglow and

IR emission show intensity distributions which are also sensitive tracers of horizontal
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winds, but in the altitude range of 90-130 km. The results show that in the time-
averaged sense, the Venus upper mesospheric zonal winds are typically weak. less

1

than 25 m s, consistent with a small offset of peak intensities from local midnight.

Occasionally, the upper mesosphere exhibits stronger zonal flow that can exceed 30-

! and produce a peak offset to 3" local time. Again. “snapshots™ of the IR

50 m s™
airglow show that the global wind system at these altitudes can vary greatly on the
timescale of hours (Allen et al. 1992, Bougher and Borucki 1994).

The current data sets from November 8 and December 9, 1994 imply that
zonal winds were significant at these times. The maps of the CO distribution from
November 8 show that the CO maximum is large (mixing ratio nearly 1 x 107 at
100 km) and centered near 2" local time. which suggests V7 & 3V at 95 and 100 km.
Interestingly. the map at 90 km shows that the bulge is somewhat stretched in local
time, with the peak near 0". suggesting that zonal winds were even lower at 90 km.
The stretched appearance of the bulge (best seen in the contour of 3 x 107*) may
be an indication of the zonal wind shear inferred between 90 and 95 km.

The December 9, 1994 results are somewhat different. The CO peak was
centered near 4-4.5" local time, which indicates zonal winds were stronger relative to
the SS-AS terminator velocity, with Vp = 1.4V at that time. This inferred increase
in the zonal winds relative to the SS-AS winds may also explain the slightly decreased
('O mixing ratio maximum seen at 90 and 100 km between November and December.
A decrease in the magnitude of the CO bulge is consistent with increasing zonal winds.
However, these observed differences are small enough to be considered marginal and
may only reflect minor errors in retrieval.

The direct measurements of mesospheric winds span the range of possible
mesospheric circulations for a two-component (SS-AS and zonal winds) system. The

observations of Goldstein ef al. (1991) are of very strong SS-AS winds and very weak
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zonal winds. The opposite endmember comes from the observations of Shah et al.
(1991), where zonal winds were very strong and 55-AS flow was very weak. The
JRAM measurements suggest a nearly exact balance of the two flows. and represents
the “middle ground”™ between the other observations. These measurements suggest
Jong term variability between extremes in the mesospheric circulation on yearly or
Jonger timescales.

The results of this work, which show CO maxima on the nightside. are consis-
tent with significant but secondary zonal winds. In this sense they reside somewhere
petween the wind fields measured by Goldstein et al. (1991) and Lellouch et al. (1994).
What is most significant, however, is that the CO maximum from December 9, 1994
is shifted significantly more toward the morning terminator than the bulge seen in
November 8, 1994. This suggests that zonal winds had increased and/or SS-AS winds
had decreased significantly over the intervening month between observations. This
is the first indication of variability in the CO distribution and inferred mesospheric
circulation on this smaller timescale.

One of the unresolved issues that the qualitative model does not address is
latitudinal variability of the CO maximum. Both the observations from November
and December 1994 and the 1986 observations (Gurwell et al. 1995) show that at
some altitudes the CO maximum is displaced from the equator. The reason for a
north-south imbalance is not understood. The axisvmmetric subsolar to antisolar
circulation which transports C'O from dayside to nightside is expected to converge on
the equator, since the subsolar point is always very near the equator. We note that
strong latitudinal asymmetries have been observed in observations of thermospheric
(z > 125 km) oxvgen (Alexander et al. 1993). the causes of which are still unknown.
It is unclear if CO north-south mesospheric asymmetry is related to the higher alti-

tude O asymmetry, but as more work is done on the Venus atmosphere it becomes
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increasingly clear that the mesosphere and thermosphere are more coupled than pre-
viously considered. and that a common factor relating asymmetries may eventually
be found. In addition, it has recently been reported that CO in the deep atmosphere
exhibits hemispherical variability as well, with the northern hemisphere exhibiting
more carbon monoxide than the southern hemisphere (Collard et al. 1993). These
asymmetries are most probably tied to dynamics, but what is causing variations in

the circulation is not known currently.

4.6. Conclusions

Interferometric observations of the *CO J(1 — 0) rotational transition from
the mesosphere of Venus were made on November 8, 1994 and December 9, 1994,
with the Owens Valley Millimeter Array. The interferometric data achieved very
high spatial resolution on the disk of Venus (approximately 1000 km at the sub-earth
point) for each date. The fully mapped spectral data are of high signal to noise, and
show little obvious variation with position on the disk beside deepening of the lines
near the limbs.

The spectra were numerically inverted for local profiles of the CO mixing ratio
over the altitude range of 85 to 105 km. Due to the single transition nature of the
experiment. the temperature profile of the mesosphere could not be simultaneously
determined as well. and instead a mean profile for the night and dav mesosphere was
adopted in order to allow inversion of the observed lines. The results show that for
each date the CO distribution exhibited a maximum. or bulge. on the nightside of
Venus centered at low latitudes and shifted toward the morning terminator.

In November. the CO distribution had a maximum near 0" local time at 90
km and near 2" local time at 95 and 100 km. The peak mixing ratio increased with
altitude from roughly 4 x 107" at 90 km to 9.5 x 10™* at 100 km, consistent

with previous single dish and interferometric studies of CO. The peak also appeared
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to center at +10° latitude. In December, the CO distribution was maximized near
4" Jocal time in the 90-100 km range. The peak mixing ratio also increased with
altitude, from 3 x 107* at 90 km to 7 x 10™* at 100 km. In contrast with the
November observations, the peak appeared to center at —30° latitude (90 km) and
advance northward to —10° at 100 km.

These results corroborate previous observations of a nightside CO maximum
in the Venus mesosphere (Muhleman ef al. 1987, Clancy and Muhleman 1991, Gur-
well et al. 1995). In the context of the qualitative model presented by Clancy and
Muhleman (1985a). these new interferometric observations are consistent with dom-
inant sub-solar to anti-solar flow in the mesosphere with a significant but secondary
superimposed zonal flow. Using an idealized parameterization of the SS-AS flow, the
('O maxima for each date, which correspond to stagnation points in the mesospheric
wind field, suggest SS-AS terminator winds which are roughly 3 and 1.4 times the
zonal wind speed for November and December. respectively. These results suggest
modest but significant changes in the relative strength of the zonal and/or SS-AS

circulation within the mesosphere on timescales of a month or less.
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Chapter 5

Millimeter Observations of Planetary Atmospheres:
Conclusions.

5.1. Summary

This thesis has brought together three distinct observing programs of car-
bon monoxide in planetary atmospheres. The observations shared many of the same
aspects, but each addressed a significant and specific set of questions about the at-
mospheres of these planets. I summarize the major findings of each chapter below.
Titan

Observations of the *CO J(1 — 0) rotational line from Titan's stratosphere
were obtained in October 1994 in an effort to measure the globally averaged abun-
dance of CO. The obtained spectrum clearly shows a strong emission feature which
is very consistent with a well-mixed vertical profile of CO, with a mixing ratio equal
to that found for the troposphere through ground-based IR observations (Lutz et al.
1983). Numerical inversion of the line shape using an updated radiative transfer code
was utilized to determine a best-fit stratospheric mixing ratioof 5+1 x 107> from
60-200 km. This result confirms the original millimeter-wave detection of strato-
spheric CO by Muhleman et al. (1984) and is very consistent with the tropospheric
IR results (feco = 6X3 x 107%), suggesting CO is well-mixed from the surface to
at least 200 km. This measurement is clearly irreconcilable with the CO spectrum
obtained by Marten et al. (1938). which set an upper limit on the stratospheric CO
mixing ratio of 4 x 107%. Due to the very long chemical lifetime of CO, it is not
possible that the abundance changed during the few vears between observations. The
ability to isolate the spectrum in each sideband with an interferometer, as well as the

extremely careful analysis of the spectrum. makes this new result very robust.
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Mars

Observations of the CO J(1 — 0) rotational line from Mars’ atmosphere
were obtained in February 1993 in an effort to measure the thermal structure of
the atmosphere from 0-70 km. These interferometric observations vielded a spatial
resolution of 4.2” when Mars was 12.5” in diameter, allowing us to modestly resolve
the temperature structure as a function of local time. latitude, and altitude. The line
to continuum spectra from the observations showed significant variability with local
time and latitude.

The observed spectra were inverted numerically for local thermal profiles from
0 to 70 km. assuming a constant CO mixing ratio. The derived low latitude temper-
ature was found to be approximately 20 K cooler than profiles from the Viking era.
This profile is well-matched by cooler profiles determined from whole disk measure-
ments of CO which suggest very little dust loading of the atmosphere at the time of
the observations (Clancy ef al. 1990). The revealed thermal structure shows strong
variation with latitude, and the results of this analysis compare well with profiles
derived from Mariner 9 IRIS observations (Leovy 1982, Santee and Crisp 1993) and
to thermal structure calculated from the Mars General Circulation Model (Haberle
et al. 1993).

The average thermal structure of the atmosphere as a function of latitude was
used to infer mean zonal winds, using the gradient thermal wind equation. These wind
results, while compromised by the relatively low spatial resolution of the observations.
do qualitatively match inferred zonal winds from the Mariner 9 IRIS observations and

calculated winds from the GCM modeling of the thermal structure.

Venus

Observations of the '*C'O J(1—0) rotational line from the mesosphere of Venus

were obtained on November 8, 1994 and again on December 9, 1994. The measure-
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ments were made in an effort to monitor the distribution of CO in the mesosphere.
which is known to exhibit variations on timescales of a vear or longer. These obser-
vations achieved a spatial resolution of roughly 1000 km at the sub-earth point on
each date.

The high quality spectra obtained were numerically inverted for local profiles
of the ('O mixing ratio in the altitude range of 85 to 105 km. A mean mesospheric
temperature profile from Pioneer Venus descent probe measurements was assumed:
possible variations of the mesospheric temperature are not a major source of error for
the inversion process.

For each day the revealed CO distribution shows a nightside maximum cen-
tered at low latitudes and shifted from the anti-solar point toward the morning ter-
minator. Both days clearly show a fall-off in the CO abundance from the equator
toward high latitudes. In November the peak of the CO maximum was shifted to
roughly 2% local time above 95 km. while in December the shift was even larger. to
roughly 4-4.5" local time in the 90 to 100 km range. In addition., CO abundances
were slightly higher in November.

The changes in the C'O distribution between November and December, exam-
ined in the context of a qualitative model of the mesospheric circulation. suggests
that zonal winds were significant for both periods. and that the ratio of the sub-solar
to anti-solar terminator wind speed to the zonal wind speed decreased by a factor
of roughly two over the month between observations. These measurements offer the

first evidence for mesospheric variability from CO observations on this timescale.

5.2. Future Opportunities
The last two decades have seen an explosion in the technology that underlies
all astronomical observations at millimeter wavelengths. It is certain that this trend

will continue. Perhaps the place where innovation and expansion will be noticed the
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most is in the continued improvement of the existing millimeter interferometers. such
as at OVRO., and in the development of the Smithsonian Submillimeter Array (SMA)
and the NRAO Millimeter Array (MMA).

For planetary observations in particular, the expansion of interferometers to
many elements is particularly useful. First, the increased number of antennas allows
for faster filling of the (u.v) plane. and allows mapping of sources in a single track
or less. Second, the increased number of antennas allows for more accurate and
constrained application of phase self-calibration. Since planets can be well-modeled,
they provide excellent candidates for the use of self-calibration.

Millimeter spectroscopy of CO allows for ground-based long term monitoring
of the planets. Venus and Mars are particularly well-suited due to the strong C'O
lines they exhibit. As space missions become less frequent and more limited in scope.
the ability to measure and observe the thermal and dynamical structure of these
planets becomes even more valuable, especially for detecting and quantifyving long

term variations in their states.
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Appendix A: Radiative Transfer Development

This appendix is intended as an introduction to a general radiative transfer
method I have used for modeling planetary atmospheres. The fundamental equation
of radiative transfer relates the change in intensity [, along a particular ray path s

to the local absorption coefficient %, and the local volume emission j,:

1 df, ”
_( — _]v_’_']_.

k, ds ky

(A.1)

In microwave radiative transfer atmospheres are assumed to be nonscattering and in
local thermodynamic equilibrium (LTE). For these conditions the ratio j, /k, is equal
to the Planck blackbody intensity B, for the local temperature T. At centimeter
wavelengths it is possible to use the Rayleigh-Jeans approximation for the blackbody.
which is strictly linear in T'; at millimeter wavelengths however this approximation
starts to break down, especially for the cold temperatures of the Mars upper atmo-
sphere and for Titan. Equation A.l is a linear first order differential equation with

the solution (e.g., Chandrasekhar 1950):
I(so) = L(0)e~ o *ds 4 / k,(s)B,(T(s))e " wds'gs. (A.2)
0

Equation A.2 can describe radiation from a stratified planetary atmosphere by setting
1,(0) equal to the upward intensity at the surface along the ray path; a logical choice
for this term is =B, (7). where = is the surface emissivity at frequency v in the
direction of the ray path and T} is the surface temperature. Carryving the integration

to the top of the atmosphere and converting to the vertical coordinate z:
L(o) = eB,(To)e o *otzln 4 / ko (2)Bo(T(2))e = W' gz (A3)
0

where y = dz/ds. This equation neglects atmospheric radiation that is reflected off
the surface into the ray path, which can be important for thin atmospheres (Mars
and Triton are examples), and is not well formulated to accommodate limb sounds.

A full treatment is given below.
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The numerical calculation of I, over =z is accomplished by integrating the
absorption coefficient over altitude intervals Az, holding parameters such as absorber
volume mixing ratios and temperature constant through each of the layers. The result
is a discrete form of the radiative transfer equation (e.g.. Clancy et al. 1983):

N 4
I, = eB(To)eTm a4 3" B(T;) (1 — em37/m) " Emn 47/ (A1)
i=1
where T; = temperature of layer i. N = number of lavers, and Ar; = f k. (2)dz =
opacity of laver i due to all absorbing species. For a plane parallel atmosphere the
geometric factor y; is the cosine of the incidence angle; for a spherical shell atmosphere
(see Fig. A.1)

1 As;
[ Az;

)1/2

= (a’cos’d; + 2a; + 1 — a;cose;, (A.5)

where a; = r;/Az; and o; is the angle of the ray path from the local normal.

The intensity as described in Eq. A.4 can be thought of as the sum of a
surface brightness (reduced by atmospheric absorption) plus a weighted average of
the atmospheric profile of B,(7;). The discrete weighting function describing the

atmospheric contribution is
N
n' - (1 o f—Ar./.u-,) 6—'}:]:'“ Ay fpy (&6)
such that the atmospheric intensity term is simply
N
I, (atmosphere) = Z B, (T:)W;. (A.7T)
t=1

The structure of the weighting function shows where the majority of the observed
radiation originates. W, can be a strong function of frequency. especially near resonant
transitions such as the rotational lines observable in the microwave spectrum. For
this reason observations at different frequencies usually probe different regions of the

planetary atmosphere.
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Figure A.1. Schematic representation of a spherical model atmosphere, showing the
geometry of a surface intercepting ray path and a limb sound ray path.

Planetary surfaces are modeled as smooth isothermal dielectric spheres. The
properties of smooth dielectric boundaries are well known: for circular polarization

we take the scalar average of the Fresnel perpendicular and parallel reflectivities:

9 2

2 2
2 i - n
2 _ sin*0O — cos® 2 —5in%0 — —c0sO

1 " 1 n, ,
R = - : + = (A.8)
- n3 2 ‘ n?
— — 5in’O + cosO® : _sin?O + f—.;cos@

n

a

where O is the incidence angle measured from normal. and n, and n, are the indices
of refraction of the surface and the lower atmosphere. respectively. The surface emis-
sivity ¢ is then | — R. In nearly all cases n, is essentially unity (the deep atmospheres

of Venus and the giant planets are exceptions). The surface index of refraction is
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given in terms of the dielectric constant (n, = ,/€;), assuming that the magnetic
permeability is unity.

A general discrete radiative transfer equation which introduces reflected at-
mospheric emission for surface intercepting rays and accommodates limb sounding
geometries is developed next. Figure A.1 is useful for understanding the somewhat

complex notation. Taking B; = B,(T1;):

Ly = {1~ RM-1)3}11—16‘_2;}"\7‘/“'

N
N A
+ Y Bi(1— eman/m) e Lominn A7l (A.9)
=M
)\'- N =
kY RM—] Z B. (l N 6—:_\1-,/#,) 6—(23\5‘! ATJ/”]"’EJ:;I ATJ/UJ).
i=M

Here M refers to the lowest atmospheric layer the ray passes through. For a ray that
hits the surface M = 1: for a limb sound. the chosen ray must have a tangent point
at the boundary of any two layers, and M is the index for the higher of these two
layers. If M = 1. then Rj;_; is the surface reflectivity from Eq. A.8: if M > 1. then
Ry = 1.

For numerical convenience. define Atyy_y = —In Ry_1. B_; = B;. Ar_; = A1,
and p_; = p;. The optical depth is defined as

N AT i>M—1

oy = T > ’ (A.10)
TM—1 + Do AT 1 1 < —-M

and is essentially the sum of all the opacities “above™ a layer to the top of the

atmosphere along the path. Using this notation Eq. A.9 is transformed to

N -
= Y, B{l-etmgem 4 % Bl - i)™, (A.11)
i=M—1 i=—N

Appendix B: Partial Derivatives of the Radiative Transfer Equation
For the numerical line inversion algorithms I developed. it is necessary to know

the partial derivative of the radiative transfer equation with respect to the variable
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to be solved for. The focus of inverting solitary lines falls into two categories: either
estimating the atmospheric temperature profile using “known”™ absorber profiles. or
estimating the abundance profile of an absorbing species using a “known” temperature
profile. In either case the sensitivity of the observed intensity to changes in the profile
1s contained within the partial derivative. An earlier version of the following treatment

1s given in Gurwell ef al. (1995).

eThe Derivative with Respect to Temperature (Simple Form)

Temperature affects the observed intensity in two ways. First. the Planck
blackbody intensity B is a function of temperature. Since even at millimeter wave-
lengths the Planck function is nearly linear with temperature, this has a nearly linear
effect on the total intensity: by increasing the temperature within a layer vou will
have a nearly linear increase in the observed intensity. A more subtle effect. however.
is that in general the absorption coefficient of absorbing species is also a function of
temperature. In this case the effect can be very nonlinear.

In the Simple Form, I ignore the temperature dependence of the absorption
coefficient of the absorbing species when determining the derivatives at each itera-
tive step. Since temperature adjustments between iterations are usually small, this
approximation is usually not serious. This will add more iterations to the inversion
process. since the partial derivatives will not be strictly correct. For a particular layer
k. the derivative of the Planck brightness with respect to the layer temperature is

dB,. By =
— = —Al—l‘_ (B.1)
([T;\- Ti\- 1 — e

where z;. = hv/kgTi. The derivative of [, with respect to By is easily found using

Eq. A.11. and using the chain rule we form the derivative of the intensity with respect

to the temperature within isothermal layer k:

L -— B ax . - =
3—Tk[81mpleForm] = ﬁ%(l—ﬁ Areltk (e7™ 4 e+, (B.2)
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Note that this is only valid for £ > M. Obviously. a limb sounding ray with a high
tangent altitude is insensitive to the temperature of the lower atmosphere. and the

derivative is zero.

e The Derivative with Respect to Opacity

The partial derivative of the total intensity with respect to the opacity within a
layer is important for inversion of lines for species abundance. Usually, the absorption
coefficient for a resonant line is directly proportional to the number density of the
absorber and hence is also proportional to the volume mixing ratio of that species.
In this case the derivative of the opacity A7 for laver & with respect to the mixing

ratio f! of absorber a is
oA, At
of¢ K

where A7 1s the opacity of laver k due only to species a. The difficult aspect is

(B.3)

taking the derivative of Eq. A.11 with respect to the laver opacity. For compactness.

I introduce the discrete function o,,:

Z‘\___m B; (1 — e an/m) e m>M-—1
Om = (B.4)
om—1+ Z;‘,{ B; (1 — e=An/im) ¢ m < —M.

This is very analogous to Eq. A.11; in fact. [, = o_x. The complete partial derivative

of Eq. A.11 with respect to the opacity within layer & 1is

al,
,U-).- (')AT;‘.

= Bk (f_.rk_I +f_r_k_l) + T} + o — 21[,. (BS)

The full partial derivative with respect to the mixing ratio of species a in layer £ is

then obtained through the chain rule. using Eq. B.3 and Eq. B.5.

eThe Derivative with Respect to Temperature (Full Form)
For full accuracy in the partial derivative of the intensity with respect to the
temperature within layer k. it is necessary to include the temperature dependence

of the absorption coefficient of the absorbing species within that layer. In general,
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the temperature sensitivity of the absorption coefficient depends on the particular
species and transition. [ will not go into the details here, but assume that we can
determine dA7;/dT;. Then the full partial derivative of the intensity with respect to
the temperature of laver k is

al,
ITy

OL, HAT,Q-
BAT;; C)TA ’

[Full Form] = g—;{[Simple Form| + (B.6)
Appendix C: Integration of Opacity over a Layer

For the discrete radiative transfer equation and its partial derivatives discussed
in the preceding appendices it is necessary to know Ar,. the opacity of (each) layer
. For the current work there are two different forms of absorption modeled: indi-
vidual rotational resonant line absorption and induced dipole absorption. The model

formulation for these absorption types are different and discussed below.

elndividual Lines

For the following section | am presenting a formulation for opacity first de-
scribed in Clancy et al. (1983). For more information on lineshapes and absorption
coefficients see Waters (1976) and references therein. To model the absorption due to
individual lines. note that the absorption coefficient can be formulated as the product
of a line strength per molecule S(z) times the local absorber number density N?%(z)
times an area normalized lineshape n{v.z). The line strength is generally depen-
dent on the local temperature. The lineshape is generally dependent on the local
temperature and pressure.

For individual lines absorption is distributed in frequency about the line center
vy due to Doppler (thermal motion) broadening and collisional (or pressure) broad-
ening. The lineshape associated with pure Doppler broadening is gaussian, while for
moderate pressures (less than a few bars) pure collisional broadening is well modeled

as a Lorentzian. The Voigt function describes the lineshape when both Doppler and
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collisional broadening are evident and is the convolution of the collisional Lorentzian

with the Doppler gaussian lineshapes:

= 1 CpP 1 LT
PlE)) = — ‘ W/Cp) gy, ).
W) = [ s dy.(C1)

Here ('p=collisional broadening constant [Hz/dyne/cm?]. P=pressure [dyne/cm?],
and C('p=Doppler broadening constant= 3.851 x 10'71/0\/% (m, 1s the molecular
weight of the absorbing species).

For the integration of the absorption coefficient over layer : we assume a con-
stant temperature 71, absorber mixing ratio f? and local gravitational acceleration

gi, the ideal gas law, and an atmosphere in hydrostatic equilibrium:
N(z) = fip(z)Ao/m (C.2a)

dP(z) = —pl(z)g(z)d=. (C.2b)

where 77 is the mean molecular weight within the layer and Ag is Avagadro’s number.

The integration over the layer is then straightforward:

zi Az
Are) = / S(z)N*(z)n(v, z)dz
S:ftAo [P2
=5 ‘fi_’*"/ n(v. P)dP

B vln Cp/ / P e—ln 2(y/f'13)2dp di

= 2, 2 p2 y
=120, (v—vo—y) +CpP

B Fg\/ln 2 / I (v—wu—y)* +CoPE

N (v — o —y)* + CLPS

e~In 2W/CoY gy (C.3)

where F; = S;f? Ag/g:m, and Pp and Pr are the pressures at the bottom and top of
the layer. respectively. The remaining integral is evaluated numerically. This rather
complex formula is very useful because it allows for fairly thick atmospheric lavers

(where AP/P can be large).
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eCollision Induced Dipole Absorption

The major species of most planetary atmospheres (N,, CO,. and H,) have no
permanent dipole moments, and therefore individual molecules of these species have
no pure rotational lines. However. collisions between molecules can induce dipole
moments, briefly allowing rotational transitions. The short duration of the interaction
means that the broadening width is very large (on the order of 300 to 1000 GHz or
more), such that all the transitions are blended into a “continuum”™ absorption. For
more information on collision induced dipole absorption see Rosenkranz (1993) and
references therein.

Unlike individual lines as discussed in the preceding section. induced dipole
absorption involves collisions and is proportional to the product of the number den-
sities (i.e., o« NZ for like molecules or N, N}, for unlike molecules). In the microwave

region a general empirical formula for collision induced dipole absorption is
ky = Capf 0PV (C.4)

with f* and f" the volume mixing ratios of species @ and b. (', 5 is a proportionality
constant for the interaction of @ and b. § = 300/7, and x is an empirically determined
exponent for the temperature dependence.

Proceeding as in the previous section, we integrate the absorption coefficient
over a layver by holding temperature and mixing ratios constant and assuming a hy-

drostatic atmosphere. The resulting layer opacity is

PP
Anlv) = Copftfi0H, (B—)Z) v (C.5)
where H; = RT;/m.g; is the local scale height of the atmosphere. Due to the P?
dependence. induced dipole absorption is usually only important in high pressure

regimes. Particular examples include the tropospheres of Titan (N2 — N;). Venus

(CO; — CO;) and the giant planets (H; — Hy and H,—He).
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Appendix D: Beam Weighting—Convolution with a 2-D Gaussian

The final step in producing a cleaned map of the source from the observed
visibilities is the convolution of the derived source structure with a clean beam. The
clean beam is a circularly symmetric gaussian shape with a FWHM that approximates
the “true” resolution. or width. of the dirty beam. This convolution means that the
flux value at any pixel in the map is equal to the integral of the intensity of the entire
sky weighted by a 2-D gaussian centered at that pixel. To directly compare model
results with the maps. a similar convolution of the model intensities with a clean
beam must be done.

The radiative transfer model assumes a spherically symmetric planetary atmo-
sphere for purposes of calculating the intensity I,. Therefore, the calculated intensity
depends only on the apparent radius r of the ray path from the disk center on the
sky. Given enough radial steps, [,(r) can be approximated by a series of constant
intensity annuli.

Figure D.l presents the geometry for beam weighting. Consider a gaussian
beam at apparent radius R from the disk center. The gaussian falloff from the beam
center is shown by the dotted lines at 30. 60. 40, and 20% of the peak value. We
wish to determine the beam weighted contribution of the average intensity /,(a. b) of
the annulus bounded by r, and r; to the flux measured at K. A gaussian beam of

half-width at half-maximum HWHM is described by the function
”’(p) - f—ln 2 pz/H\VHI\IZ. (D.l)
Using the law of cosines this becomes

W(r,0) = ¢~ln 2 (R‘)+r2—2R'rc05€)/HW‘HMQ- (D.2)

The contribution to the flux is then

F(rs, vy, B) = ILia,b) / / r.0)r dr do
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Figure D.1. Geometry associated with gaussian beam weighting.

= 2zl,(a.b) /‘Tb rein 2 (R2+r3)/mex-12]0 (M) dr (D.3)

- HWHM*
where Iy(z) is the modified Bessel function of order zero (see Press ef al. 1992, p.
229). The remaining integral can be solved numerically. The total flux measured at
R is the sum of the contributions from all annuli. In practice, the calculated intensity

changes only slowly in radius until near the planetary disk edge. Hence large steps

can be utilized near the disk center and finer steps near the disk edge.

Appendix E: Channel Weighting—Convolution with Instrument Functions
Spectra can be measured directly in the frequency domain (filterbank spec-
trometers) or in the time domain and then converted to the frequency domain (cor-

relator spectrometers). In either case, the effect is to convolve an instrument (or
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channel) function with the “true” spectrum and sample the result at the channel
locations in frequency space. Hence the spectral flux density measured in a channel
is the average “true” spectrum weighted by the instrument function centered at that
channel.

For a lineshape that is broad compared with the channel width. convolution
has little impact (i.e.. the smearing effect is limited). This is true for many applica-
tions. However, on occasion the lineshape will be narrow compared with the channel
width and the convolution will produce a much broader feature. and depending on
the instrument function may exhibit “ringing”. Here [ will discuss three simplified
instrument functions, and the convolution of these functions with a canonical line-

shape.

eUniform Spectral Sampling
The simplest instrument function is a square or box channel in frequency space.
This could be used as an approximation to the instrument function of a filterbank
channel. The functional form in frequency is a channel of width Ar and uniform
height A:
Wg(v) = A vV —Av/2 < v < V4 Ar/2. (E.1)
The integral of Wg(r) is normalized for A = 1/Av. This is a “perfect” channel in

the sense that it has no sidelobes in spectral space.

eUniform Time Sampling

Instead of directly measuring the spectrum. it is possible to measure the cor-
relation of the incoming signal as a function of time offset. or lag, {. The Fourier
transform of this time correlation function for infinite # is the spectrum (e.g., Thomp-
son et al. 1986). However. in practice { is limited to a certain range. equivalent to
multiplying the true time correlation function by a window function. This window

function alters the spectrum observed. Consider a uniformly sampled time window
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from —T'/2 to T /2 with uniform weight. This could be used as an approximation to
the instrument function in the time domain for a digital correlator spectrometer. The

Fourier transform of this window is the instrument function in the frequency domain:

T2 1
Wy (v) = / =™t = Tsinc(7vT) = —sinc L4 ) (E.2)
-T/2 Av Av

Note that the area under Wi (v) is unity. The usual sample spacing (i.e.. channel
spacing) is Av = 1/T. placing the peak of one sinc function at the first null of the
adjacent sinc functions. The FWHM of the sinc function is ~ 1.2/T', wider than the

channel spacing. The first sidelobe level is at —21.7% of the peak.

eNon-Uniform Time Sampling—Hanning Weighting

The large sidelobes of Wi (r) are caused by the sharp drop in the sampling
window at +7/2. As can be expected from Fourier theory the sidelobe levels can
be reduced by smoothing the edges of the sampled time window by non-uniform
weighting. Consider a time window that is tapered such that the sampling weight
falls smoothly to zero at =7 /2. The most widely used weighting is Hanning tapering:

2rt

Fpft) = l) [1 + cos (T)] lt| < T/2. (E.3)

The instrument function in the frequency domain is the Fourier transform of fy(t).

which is the weighted sum of three sinc functions:

Wy (v) = I Ixv - 1 [ 2rv W, 27w+¢] (E.A)
g ) = Ausmc Au 53, sine A" sine i T - :

Again. this function is area-normalized. The FWHM for the Hanning functions is

~ 2/T and equal to the sampling spacing Av. The first sidelobe level is at only
-2.7% of the peak. With Hanning weighting we get the expected results of much

reduced sidelobes at the expense of lowered spectral resolution.
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eConvolution with Instrument Functions

Model spectral lineshapes can often be approximated to high accuracy by the
sum of a baseline. a slope and a Lorentzian lineshape or series of Lorentzian lineshapes.
This is particularly true for planetary spectroscopy where the absorption coefficient
lineshapes are dominated by collisional broadening (which is Lorentzian at moderate
pressures, see Appendix (). Since it is a linear operation, the convolution of such a
compound lineshape is equivalent to the sum of the convolutions of each member.

Convolution of a first order polynomial in v (a baseline plus slope) with any
even. area normalized instrument function (such as the three above) will have no
effect on the polynomial. For the compound lineshape discussed above, therefore, we
need general formulae for the convolution of a Lorentzian with applicable instrument
functions.

Consider a Lorentzian lineshape n(r) with a peak value A and FWHM of
2v; v may be termed the line broadening parameter, particularly when dealing with

collisionally broadened lines. The approximate response of a spectrometer with nor-

malized square (box) channels to this Lorentzian is

A v+Av/2 ard

Wg(v)@n( = — —J-'—;d !
HR ’i(/) Av v—Av/2 AI-)'*'V'- .

X 9 2
— e [tan'l (M) — tan (ﬂ)] . (E.5)
Av i L

Here and below I am using the symbol © to denote the convolution of two functions.

An equivalent expression, found through use of the convolution theorem (outlined

below). is

We(v)@n(rv) = 74 [tan'l( - ,,A"AU 2) + S-} (E.6)
T4+ v — (Av/2

where

o
I

1 if 242 - (Av/2)? <.
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For the more complicated instrument functions, such as Wi:(v) and Wy (r). we make
fortunate use of the famous Convolution Theorem (e.g.. Bracewell 1965); the Fourier
transform of the convolution of two functions is equivalent to the product of the

Fourier transforms of the functions:
F[Wu(v) @n(v)] = F[Wulr)] x Fn(r). (E.8)

Therefore the convolution of two functions is the inverse Fourier transform of the
product of the Fourier transforms of each function.

For the convolution of a Lorentzian with Wi (v) we first recall that the Fourier
transform of Wi-(r) is a uniformly sampled time window. The Fourier transform of
a Lorentzian is an exponential function:

oe} 2

> ‘
¥ .z ) (27wt) -

F =4 ] ey =2a2.4/ T dy = myAe™ M. (B9
[ (v)] /;x ,}2+V2 < 4 / 4 -r2+"2 v =TyAE (E.9)

To find the convolution of the sinc with the Lorentzian, we take the inverse transform
of the product of the above results, which is just the exponential limited to |t| <

1/2Avp:

1/2Av )
”"U(V) ® n (I/) — W‘)AV/‘ 6—'271"*.|t| €+127wtdt
—-1/2Av

1/2Av
= '27.”*,..4/ e eos (2rpt) dt
0

a2 —7v/Av _
a1 (T~ cos (P ,
= ..LlA;z P (l + - [u sin (Ar/) ) cos (Au)]) . (E.10)

In the limit that the Lorentzian is much broader than the sinc FWHM (i.e.. 77 /Av >

1) the convolution results in the initial Lorentzian as expected.
To determine the convolution of a Lorentzian with Hanning weighted channels

we proceed in a similar manner. Here it is useful to introduce the function

_ a? i L . oz T
=la, B,2) = 02—_{_:2(14- E [: sin (7) — a cos (—3)] " (E.11)
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Line to Continuum Ratio

v—v, [MHz]

Figure E.1.  Convolution of a spectral feature with box, sinc, and Hanning weighted
instrument functions.

The convolution of sinc channel with a Lorentzian is then simply A=(~,Awv.v). For

Hanning weighted channels the convolution is

g | A
Wy(v) @ nlv) =4 {3: (‘;. —)V u)

1: A Av Av 1: A Av Ay
TP T T e\t

The effects of instrument functions on the measured spectrum are particularly

(E.12)

important for the observations of Venus reported in this work. Venus exhibits a
particularly narrow line (compared to Mars, for example). A model spectral line
similar to the line seen on Venus in late 1994 is presented as the solid line in Fig. E.1:
the model consist of a baseline plus four Lorentzians of varying . Convolution of this

spectrum with instrument functions of 1 MHz channel spacing are also presented: box
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channels (dotted line), sinc channels (dashed line), and Hanning weighted channels
(dot—dash line). The solid line is based upon measurements at 62.5 kHz resolution.
Also plotted as points are the measured spectrum values at Ay = 1 MHz obtained

simultaneously using sinc channels.

Appendix F: Line Inversion

The following is an extension of work presented in Gurwell et al. (1995) and
Muhleman and Clancy (1993). The method used to invert spectra from the observa-
tions detailed in this work is a simple iterative constrained least-squares procedure.
It can be configured to determine either an abundance profile or a temperature pro-
file for a single observed spectrum. and for two or more spectral transitions which
contain complimentary information (such CO J(1 — 0) and CO J(2 — 1) in the
Venus mesosphere) can be used to determine both profiles simultaneously.

We proceed as follows. Using the geometry appropriate for the spectral line
to be inverted, a model spectrum is calculated using an initial guess for the profile
we wish to derive. The other profile (either temperature or mixing ratio) must be
specified a priori. This model spectrum is subtracted from the observed spectrum,
leaving a residual R, at each frequency. These residuals are considered to be due to
differences between the model profile and the “true” profile to be retrieved, along with
components of noise. Appropriate changes in the model profile will result in a model
spectrum which provides a better fit to the observed data and therefore reduces the
residuals.

For a stratified atmosphere, the intensity along a given raypath is described
in Eq. A.11 (Appendix A). For the model atmosphere let the value of the parameter
to be retrieved (either temperature or mixing ratio) in layer ¢ be denoted by z;; the
continuous vertical profile is then approximated by the n discrete values of # which

are constant within each laver. A linearized equation for each observed frequency of
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the spectrum can be constructed of the form

R, = I,[obs] — I,[mod] = (;?/Ar;. (F.1)
o il

Here Az, is an estimate of the change in the parameter that is required to reduce
the residual at that frequency to zero. The partial derivative of the discrete radiative
transfer equation is presented in analytic form in Appendix B.

Obviously, the set of equations (one for each observed frequency) can be
thought of in terms of a vector equation, where a vector of residuals is equal to

an array of partial derivatives times a vector of best fit changes to the vector x:

R = AAg. (F.2)
As long as the observed frequencies outnumber the model atmospheric layers. the
system of equations is overdetermined and a least-squares minimization technique
can be employed to find the best fit changes to the parameter x in each laver. Using

basic matrix inversion theory.
Ar = (ATA)'ATR (F.3)

where AT is the transpose of A.

The radiative transfer equation is very nonlinear with respect to either tem-
perature or absorber abundance. This nonlinearity demands that any inversion of
the sort presented above be iterative. An updated profile is determined from the
previous profile and the best fit changes found from Eq. F.3. and a next generation
model spectrum is then calculated. Residuals are then determined as outlined above,
and the cycle is repeated until convergence to a best-fit solution profile is reached.
Convergence may be defined in several ways., but for the current work it was defined
as the point where the sum of the squares of the residuals from the current iteration

differed from that of the previous iteration by no more than 1 part in 10?, which is in
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practice a very stringent convergence requirement, demanding several iterations on
average to be satisfied.

The reduction of the radiative transfer equation into a set of linear equations
can be highly ill-conditioned, and when observational noise is present the reduction is
often mathematically improper (Chahine 1972). This becomes evident when spectra
are directly inverted using Eq. F.3, particularly when the number of atmospheric
lavers is more than a small fraction of the number of observed frequencies. This
problem can be qualitatively seen for the case where an atmospheric layer is not
well sensed by the set of observed frequencies (i.e., the weighting functions for the
observed line are small within that layer). The above matrix inversion technique
becomes overly sensitive to noise in this case and the retrieved parameter profile can
exhibit extreme fluctuations which do not represent the true atmospheric profile but
do fit the observations.

The use of constraints in the inversion process can help overcome some of the
inherent instability in the linearization of the radiative transfer equation. Constraints
provide a prior: information on the profile structure. and are implemented by adding
equations of condition the the set of linearized residual equations. These equations
of condition are often termed smoothness or continuity constraints.

For the work reported in this thesis, two continuity constraints were used
depending on the particulars of the inversion. The equations of condition were either
zeroth-order or first-order constraints on the smoothness of the profile. A zeroth-order

constraint weights the solution profile to be a constant with altitude, or

Ty B iyt (F.4)

where o is some tolerance on deviation from the constraint. In an iterative matrix

inversion procedure, the constraint is implemented through the addition of n—1 linear
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equations of the form

Iy — Tig1 - Al‘l‘_}.l = .A;T,‘ (F 3)

a g

The value of the tolerance o can in practice only be determined through trial and
error. This constraint, when correctly weighted, allows for an accurate determination
of the retrieved profile for the region of the atmosphere where weighting functions
are significant. For regions that are not well-sensed by the observations the solution
profile will tend toward a constant value.

A first-order constraint weights the first derivative of the profile with respect

to altitude (i.e.. its slope) to be a constant. or

x; — &y Ep — Ej—
Bl T L ST (F.6)

Zi+1 — S ~i T ~i—1
Again, o represents some tolerance (to be determined through trial and error). In
an iterative matrix inversion procedure, the constraint is implemented through the

addition of n — 2 linear equations of the form

Ty — 200+ &g I Dtrpq + 282, — Dy

(F.7)

a a

where the assumption that the model atmosphere is comprised of uniformly thick
lavers has been made. Again, for a proper tolerance, this constraint will allow for
an accurate determination of the profile in the region where weighting functions are

significant.
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