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ABSTRACT

This thesis describes the analysis of some of the smaller
scale f‘eatures'/in Saturn's atmosphere, using data returned by
the Voyager spacecraft. It is shown that despite the great
differences in scale and composition, these features resemble
flows which occur in both the Earth's atmosphere and the

laboratory.

The first feature described is a small custer of clouds
in the northern hemisphere, the flow around which appears
similar to the Karman vortex streets which occur when fluid
flows past a solid obstacle. This similarity is emphasised
by the vorticity measurements which show the expected structure
for this type of feature. Due to the lack of solid objects
in Saturn's atmosphere, this feature must be produced by a
di fferent process, and for this reason the vorticity budget
is examined. It is suggested that the formation mechanism
of the Saturnian feature could also be important for the

features seen on the Earth.

The other feature considered in detail is a dark, oscillatory
band, which occurs in the centre of a lighter zone, in Saturn's
midlatitudes. The horizontal structure and wavelength of this
are examined using two sets of images, whilst a third multispectral
set is used to constrain its vertical structure. As a result of
these measurements, it is suggested that the feature could be
produced by a baroclinic instability , and a model of this type
of flov is developed. This can produce disturbances with the
observed wavelength which fit the wvertical constraints supplied
by the multispectral images.
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CHAPTER 1

INTRODUCTION

The existence of Saturn has been known for thousands of years,
and, until the discovery in 1781 of Uranus by Herschel, it was the
most distant planet known. It was not until 1610 that the first
telescopic observations were made by Galileo. He first observed
the rings, but interpreted them as being associated satellites, and
was puzzled when some years later they had disappeared. It remained
for Huygens to show tﬁat the observations could be explained by a
ring which appeared to change as its orientation altered relative to
the observer. It was discovered by Cassini in the 1670's that
there were actually two rings (the A and B rings), the gap between
these being known as the Cassini division. Over the years other
rings and divisions Have been reported with varying degrees of
ceftainty. In 1973 the suggested ring structure contaired the A,
B, C and D rings with the possibility of additional material (outside
the A ring). By 1980, using the Pioneer results, prior to the
Voyager 1 Saturn encounter, three more rings (E, F, and G), had been
added. However, with the arrival of Voyager I in late 1980 it was
found that none of the ring systems were continuous, but that they
all showed variations down to the smallest resolvable scales. This
was demonstrated even better by the photopolarimeter instrument on
Voyager 2 which shoved that this structure was still present at
scales of 100 m. It is thought that these local variations are due
to resonances and spiral density waves set up through interactions

with the satellites.



Other unexpected features were also observed in the rings, including
the spokes in the B-ring and the 'braided' F ring, which are thought
to be caused by electrostatic levitation and sheperding satellites
respectively.

A similar dramatic increase was obtained in the information
about the Saturnian satellites. The first to be discovered was
Titan which was seen by Huygens in 1655. This was followed in 1671
by Cassini's discovery of Iapetus, and subsequently, in 1672 and 1674
of Fhea, Dione and Tethys. This list increased until in 1973 there
were ten (Dione, Enceladus, Hyperion, Iapetus, Janus, Mimas, Phoebe.
Fhea, Tethys and Titan). Since 1973, using a combination of Earth
-bound, Pioneer and Voyager measurements, several more have been
found. In particular, it was discovered that Janus is in fact two
satellites sharing an orbit, which are expected to exchange positions
about every four years. Small satellites also occupy Lagrange
points of Dione (1980S6) and Tethys (198513 leading.and 1980S25
trailing). Whilst other satellites interact with the rings, in
particular the F ring sheperds 1980526 and 1980S27.

Of all the satellites _discovered only one, Titan, has an
atmos phere. This was known, from spectroscopic measurements, to
contain methane (CHy). Although Voyager measurements confirmed
this, it was founa to be only a minor constituent, the bulk of the
atmosphere being composed of Nitrogen. Infrared and radio
measurements showed that the surface pressure was 1.6 bars and the
temperature v93K. Several other minar constituents of Titan's
atmos phere have been discovered including Hydrogen Cyanide ( HCN ).
This is interesting since it is known to be an mportant intermediary

involved in the production of amino acids.



Many of the other major satellites of Saturn have been observed
to have water ice or frost on their surfaces. When combined with
their low densities this suggests that water or water ice may be the
main constituents. These satellites show several different types
of terrain including large craters and sinuous ridges. Although
many of the surfaces are heavily cratered, parts of Enceladus appear
geologically young, possibily because of heat produced through tidal
forcing by Dione. Images of Tethys showed a large (4000 km) impact
crater; there is also. a trough approximately 100 km wide circling
three quarters of the planet. This may be associated with the
crater or could be caused by freezing of the interior producing
expansion of the surface. The other satellites show a variety of
other features including ;1 spectacularly large impact crater on Mimas.

Because of its subtle colouring and- lack. of resolvable features,
early observations of Saturn were often limited to the positions of
the belt-zone interfaces. The first attempts to obtain a rotation-
period for the planet were made by Herschel, who found the time

interval between similar appearances of the belts. This technique
produced a rotation period of 10hr lém O.&4s. Subsequenﬁ measurements
were usually based upon the rotation period of spots, including one
discovered by the comedian Will Hay in 1933. towever , the lack of
sufficiently distinguishable features meant that very few measurements
were obtained in this way, and those that were, usually applied to
the equatorial region. It is because of this lack of reliable
measurements that the information supplied by the Voyager spacecraft
is so valuable.

The great distance of the outer planets means that, even with
the thrust provided by modern rockets, it takes a long time for a
spacecraft to reach them. However this can be significantly reduced'
if the spacecraft can pass close to, and be accelerated by, an

intermediate planet. An ideal situation for this type of trajectory



occurred in 1977 when the alignment of the planets was such that a
spacecraft could be launched from the Earth to Neptune. This would
be accelerated by Jupiter, Saturn and Uranus. In 1960 a mission
called the Grand Tour was proposed which would accomplish this. Due
to financial constraints this was turned down, hovever it was
replaced by two simpler spacecraft (Voyager 1 and 2, described in more
detail in chapter 2), which would fly by Jupiter and Saturn. In
addition the trajectary of \byager 2 was arranged so that it could be
continued on to Uranus and Neptune.

The two Saturn encounters returned considerable amounts of data,
including 35000 images, all of which will take years to analyse.
However , it is possible that this will still not decisively answer
such basic questions as the driving mechanism of the zonal fl'avs.
Although this thesis does not attempt to answer this, some of the
possibilities are mentioned in chapter 4.

In addition to the horizontal structure derived from the images,
the Voyager instruments provide details of the atmospheric composition
and temperature structure, and some of the results are shown in
chapter 5. These range from globally integrated albedo measurements
to local temperature variations, and cover a pressure range of 103
to 25x10”7 mb. From the way in which the temperature varies with
messure, parameters such as the buoyancy frequency are calculated.
The more detailed temperature measurements are used to determine the
local vertical shear from the thermal wind equation.

Chapter 6 describes one of the small scale features studied in
detail. This consists of a cluster of clouds to the east of a dark
spot at appraximately 40° N, The visual appearance of this resembles
a Karman vartex street, and this similarity is also present in the
derived vorticity distribution. This type of feature is normally only
observed when fluid flows past a solid object. Since there are

no local solid objects, this shovs that some other type of flow must
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be producing very similar results.

The other feature considered in detail is a wavelike disturbance
centered at 47.5° N which is described in chapter 7. From the
available images the mean zonal wavelength is estimated, whilst the
way in which the features' appearance changes through different filters
provides constraints upon the vertical structure. The thermal wind
shear at this latitude is known from the calculations of chapter 5.
These observations sugygested that the feature could be produced by
a baroclinic instability : This idea was tested by solving the
differential equation associated with this process numerically, and
comparing the results with the observed feature. It was found that
using a vertical shear profile based upon that. obtained from the
thermal wind equation,.disturbances with a dominant wavenumber close
to that measured could be produced. These also fit the constraints
imposed by the multispectral imagesf

A large part of the work described in this thesis was carried
out on a computer. In addition to the standard routinres used,
other programs were specially written or modified. A brief
description of these is given in appendix 1. The second appendix

describes in greater detail the formulation of the numerical

models used in chapter 7.
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CHAPTER 2

VOYAGER MISSION AND INSTRUMENTATION

2.1 INTRODUCTION

As almost all the data used in this thesis originates from the
Voyager mission it is necessary to describe the spa;ecraft and some of
the instruments involved. This has been done because many of the
features of the spacecraft, their trajectories, and instruments have
a great influence on the nature of the data received, and hence

restrict the number and type of images of any particular feature.

2.2 TRAJECTORY

The trajectories of the Voyager spacecraft were designed around
certain objectives for the mission as a whole, ( see Kohlhase and
Penzo 1977 ). Among these were the requirements that there should be
a close encounter with Titan and an Earth occultation of the Saturnian
rings. If, as happened, both these objectives were achieved by
Voyager 1 then the Voyager 2 trajectory would be altered so that the
gravity assist provided by Saturn would send the spacecraft on to a
Uranus encounter in 1986. |

The effect of these decisions on the Saturn encounter can be seen
in fig. 2.1. The Voyager 1 spacecraft flew in below the ring plane,
under the planet, and up out of the plane of the ecliptic. The

Voyager 2 encounter was slower and more orientated towards the
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northern hemisphere, flying down through the ring plane after closest

approach.

2.3 VOYAGER - INTRODUCTION

A schematic diagram showing the main features of the Voyager
spacecraft is given in fig. 2.2, whilst fig. 2.1 shows the trajectories.

The spacecraft are three axis stabilized which means that they
attempt to remain in a stable attitude by maintaining their position
relative to fixed objects such as the sun and stars rather than by
spinning rapidly about their axis, like Pioneer. This does however
have the disadvantage that the spacecraft has a small residual rocking
motion which can lead to problems when trying to accurately 'navigate'
images.

Most of the instruments used for the atmospheric observations are
mounted on the scan platform, which has two degrees of freedom
relative to the rest of the spacecraft. This can be pointed with an
accuracy of 2.5 mr per axis 30 , although the resultant position
can be measured to an accuracy of 1.5 mr 30 ., The available slew
rates range from 0.096 - 17.45 mrad/sec, Mounted upon the scan platform
are the narrow and wide angle cameras comprising the imaging
sub-system ( ISS ), the infra-red radiometer and spectrometer (IRILS),
the. photopolarimeter spectrometer ( PPS ) and the ultraviolet
spectrometer (UVS ). All these instrgments are bore sighted so that
they all observe the same part of the planet at one tihe, although at
differing resolutions ( see fig 2.3 for comparison ). It was due to
a problem in the scan plgtform that most of the high resolution
coverage of Saturn's southern hemisphere by Voyager 2 was lost. For
this reason most of the images considered will be of the Northern

hemisphere.



One of the major requirements of the imaging experiment is a high
bandwidth communications link, This is provided by the spacecrafts'
X-band (8.4 GHz) transmitter which can cope with the maximum data
rate of 115.2 kbps. This means that, despite the great distances
involved, it is possible to send down an image every few minutes.
Although it is not used for imaging data an S-band (2.1 Ghz)
transmitter is also available and can be used for the lower cruise
science and engineering data rates. In addition to providing the
telemetry and communications links necessary the signai can also be
used to determine the spacecrafts' trajectory accurately, and to

probe the structure of objects between the spacecraft and the Earth.

2.3.1 VOYAGER - IMAGING SUB-SYSTEM ( ISS )

The Voyager imaging science subsystem was designed to satisfy a
number of specific objectives as stated by Smith et. al. (1977).
It consists of two bore sighted cameras one with a focal length of
~ 1.5m, and the other of ~ 0.2m. Both cameras have a selection of
exposure times, filters and image readout times. In addition to
using the cameras independently it is possible to shutter both
simultaneously, leading to a pair of images with different scales but
Videntical planet-camera transformations, this can be very useful as
will be described later (see section 3.6.3).

Each camera has a filter wheel in front of it, giving a choice
of clear, violet, blue, orange, green and ultraviolet for the
narrow angle, with the wide angle having a Sodium and two methane
filters instead of the UV. The spectral performance of the various
camera-filter combinations and the radiometric performance of the
cameras was examined by Benesh and Jepsen (1978) and Danielson et.
al. (1981). 1In addition to this a grid of small dots called reseaux
marks were painted onto the faceplate of the cameras at precisely

measured locations. This allows the geometric effects introduced in
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the system to be estimated.
The outputs from the cameras are amplified and digitised to
produce an image 800 pixels (see section 3.2) square and with a DN
range of 0-255. Because of the difficulty of estimating the exposure
time required for different geometries it sometimes happens that the
image is either partly saturated or has a maximum DN of much less than

255.

2.3.1.1 \/OYAGER IMAGING SEQUENCE - GENERAL -

In order to understand the imaging sequences that are used it is
necessary to understand the constraints under which they are
constructed.

The first and most important of these is the great distance
separating the spacecraft from the ground. This defines the maximum
data rate which can be used to obtain a given signal to noise ratio at
the ground. This data rate has to be shared between all the instruments
and telemetry signals, in particular the plasma wave and plane-
tary radio astronomy equipment which make demands comparable to
that of the imaging sub-system (ISS) on the available data rate (see
Kohlhase and Penzo 1977). Although it is possible for images to be
recorded on the tape recorder for later playback this is usually only
done around the near encounter period when the data aquisition rate
nears its maximum. )

There are two main ways in which the data rate requirements for
the ISS may be reduced; changing the rate at which the images are
read out of the camera or only reading out part of a frame. The
second alternative means that more images can be returned but
imposes more stringent pointing requirements.

A second important constraint imposed by the presence of the

other instruments is the control of the spacecraft attitude and the

scan platform. The spacecraft attitude is occasionally changed,



either when a trajectory correction manoeuvre is being carried out,
or to enable one of the instruments to scan a particular part of the
sky. Since all the instruments mounted on the scan platform
(ISS,IRIS,PPS and UVS) are bore sighted, pointing requirements for
the imaging system must be compatible with those of the other

instruments.

2.3.1.2 VOYAGER IMAGING SEQUENCE - INTERNAL CONSTRAINTS -

Because of the time required to change the pointing of the
cameras and the nymber of objects to be observed, the imaging
sequence is divided into sets of images. For example a scan across
one of the rings, or a high resolution mosaic of a satellite. Apart
from the images specifically intended for atmospheric studies few are
of relevance, an exception>to this being the WA ring scans which
sometimes include part of the planet, although the centre is usually
over-exposed..

Most of the planetary imaging takes the form of general scans of
a part of the planet, for instance the equatorial region. The
exceptions to this are a few images targeted for a particular feature,
such as Anne's spot in the southern hemisphere (see Smith et. al.
1981), or one of the brown spots.

Once a particular location is decided upon this still leaves the
decision as to the particular mix of WA to NA images and the filters
to be used. Whilst the NA images are at a higher resolution, they
are less likely to contain much of the planets limb which may be
required for pre-processing (see section 3.6.3). This problem can
be avoided by taking simultaneous narrow/wide images, but this
effectively halves the nﬁmber of images obtained. These
contradictory requirements frequently result in a mixture of NA only
frames and simultaneous NA and WA frames. Around encounter when the

resolution is highest,use is also made of WA only frames.
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Another possible choice is which filter should be used. Some
features appear differently through certain filters, whilst others
seem unchanged. Also some of the filters, because of the spectral
response of‘the.camera need longer exposure times, and are therefore
more liable to be smeared. All these considerations influence the
possible choice of filters, and the range of filters through which
each feature will be observed. As always a compromise is reached,
some parts of the planet are imaged in several filters whilst
other parts are only observed in one or two. For instance a large
nunber of Voyager 2 Saturn observations were made using only
green filter NA frames, but with accompanying WA frames taken

through many different filters.

2.3.1.3 IMAGE SELECTION -

As might be expected the selection of images of a particular
feature depends on the use to which they are to be put: the process
is summarized in fig. 2.4. The major decision involved is whether or
not the navigation information is required (this is needed if the
images are to be map-projected or used for‘cloud tracking). If this
is the case, then a curve must be fitted to the limb of the planet
(see section 3.6.3) and for this to be done successfully a large
section of the limb must be visible. If there is an image of the
required feature where this condition is satisfied then there should
be no problems. However, a week or so before encounter the planet
fiils the NA field of view so that only images with simultaneous WA
images can be navigated. If this is not available, or if the planet
also fills the WA then the only way the required information can be
obtained is by attempting to fit a grid to the belt-zone interfaces,
this is however an unreliable process. Because of these problems the
images used are frequently not those at the highest resolution, but

those which can be navigated.
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Other factors which influence the image selection process are;

considerations about which filter is required, the time period in
which an image must lie, and whether a single image or a set of
images is needed. Examples of these type of requirements might be
when one wishes to examine the evolution with time of a feature, or
examine its appearance in several filters at one time. The overall
effect of all these criteria along with the requirement for
simultaneous navigation information, and the (sometimes unusual)

imaging sequence can severly restrict the number of images available.

2.3.2 INFRA-RED INTERFEROMETER SPECTROMETER ( IRIS )

The infra-red instrument is described by Hanel et. al. (1977).
It consists of an IR interferometer covering the range 200-4000 cm !,
and a radiometer operating over the range 5000-25000 cm '. Both
these instruments share a telescope with a field of view of 0.25deg
( approx. 4.4 mrad, see fig. 2.3).

The spectra produced by this instrument can be used to identify
some of the constituents of the atmosphere, and to produce a
temperature - pressure profile for that part of the atmosphere

responsible for the majority of the observed IR radiation ( approx.

1-1000 mb ) .

2.3.2.1 IRLS INSTRUMENT - CALIBRATION -

The calibration techniques used for the IRIS instrument are
described in detail in Hanel et. al. ( 1980a ), and Hanel et. al.
(1980b). Briefly, the process can be divided into two parts.
Firstly the data received is in the form of itensity against mirror
displacement, and these must first be aligned with a reference
spectrum and symmetrized, so that they may be cosine transformed to .

produce intensity as a function of wavenumber.
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The second stage consists of calibrating the spectrum obtained.
This is done with the use of deep space spectra, and the knowledge
that the instrument is maintained at a constant temperature of
200.0 * 0.1 K. The incident irradiance I(v) at the wavenumber v
can be obtained from the measured irradiance C,(v) by

I(v) = Cy(v) -~ Ci(v) _BA(T)
: Cz(\))l XV

( from Hanel et. al. 1980a ), where C,(v) is the measured deep
space spectra, and Bv(T) is the Planck function associated with the
instrument temperature. In order to compensate for drift in the
instrument the value C;(v) is estimated by interpolating between
spectra taken before and after the observation C;(v). Several
possible forms of erfor are considered by Hanel ( 1980a and 1980b ),
these are temporary temperature gradients set up in the instrument by
differing sun angle effects, errors in Bv due to drift in the
thermistors, and noise in the detector. In addition there is an
error associated with the uncertainty of the instrument pointing

( 1.5 mrad 30) when compared to the IRIS field of view so that it

is not always certain which part of the planet is being observed.

2.3.2.2 IRIS - INVERSION TECHNIQUE

The inversion method used to obtain temperature measurements is
described by Hanel et. al. ( 1977 ) and Gautier and Courtin ( 1979 ).
This technique, whilst extremely useful, has certain characteristics
which one should be aware of.
The method uses the parts of the brightness spectra corresponding
to the absorption band of a suitable atmospheric constituent, which
is assumed to have a known ( assumed uniform ) mixing ratio, and to
be in thermodynamic equilibrium with its surroundings. If all the

required information is available then the optical depth as a function
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of frequency may be evaluated. Since the absorption coefficient
changes with frequency the optical depth at a particular pressure
level will also change, and from measurements of the intensity over a
range of frequencies a profile of temperature as a function of
pressure may be derived.

The 6ain.factors which limit the vertical resolution obtained by
this method are listed by Gautier and Courtin ( 1979 ). They include
the limited spectral resolution of the instrument, the signal to
noise ratio of the spectrum used, and the change of absorption with
pressure of the appropriate material.

During the Voyager 1 Saturn encounter the wavenumber range
200-600 cm~ ! ( where H, absorption is dominant ) was used to construct
the temperature profile between 70 and 700 mb ( Hanel et. al.

1981 ), whilst the CHy band at approximately 1304 cm™ ! was used to
examine the region around lmb. However, as noted by Hanel et. al.

( 1980b ), the Voyager 2 IRLIS instrument was slightly misaligned,
and did not allow the retrieval of stratospheric temperatures.

One of the most worrying assumptions made for the IRLS analysis
is that described by Conrath and Pirraglia ( 1983 ). In this it is
assumed that the observed opacity is due only to hydrogen, and the
possible effects of clouds and hazes have been ignored. Although the
temperature measurements at the 150 mb level appear to correlate
well with the observed velocity profile this is less apparent at lbwer
levels, and it is possible -that this is due to the omission of cloud
effects from the model. -

In addition to the inversion procedure, errors may arise in
assigning the latitude to which a particular temperature measurement
corresponds ( see section 3.4.3 ). This effect is estimated by
Pirraglia et. al. ( 1981 ) to give rise to a 30 error of 1-3

degrees of latitude.
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2.3.3 ULTRA-VIOLET SPECTROMETER ( UVS )

Another instrument mounted on the scan platform is the
ultra-violet spectrometer ( UVS ) operating over the wavelength range
500-1700 X . This instrument, which is described in detail by
Broadfoot et. al. ( 1977 ), is used for upper atmosphere
observations, and can be operated in two modes. In the first of
these the instrument observes extended sources through a slit ~0.1° by
0.87° , this is mainly used to observe emissions from H atoms and
molecules excited by solar radiation, or magnetospheric effects.

From these spectra the composition of the atmosphere and its
interactions with the magnetosphere can be inferred.

The secondway in which the UVS can operate is in occultation
mode when the UVS instrument is aimed at a point source ( ie a star )
at a time when the spacecrafts' trajectory causes the spacecraft-
star line to bé gradually obscured by the planetary atmosphere.

While this is happening the received spectra are sampled rapidly

( approximately every 0.3 s ) so that when combined with the trajectory
information the transmission as a function of frequency is known for a
range of heights. Through comparison of thiérwith the absorption due’
to a column of gas of known temperature and pressure, information about
the camposition and temperature over a range of heights can be
determined. A more detailed explanation of the data analysis technique
used is given by Festou et. al. ( 1981 ).

Because of the relatively low flux from the star being observed,
and the rapid sampling rate, the signal to noise ratio for this type of
observation is quite low. This leads to a rapid fall off of signal
with increasing depth, and because of this the pressure levels
sounded by this instrument are considerably less than those of the
IRIS and radio experiments. For example the Saturn UVS temperature
profile ( see Festou and Atreya 1982 ) covers the 107% - 10719 bar

range.
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2.3.4 PHOTOPOLARIMETER SPECTROMETER ( PPS )

Another of the scan platform mounted instrumenté is the
photopolarimeter spectrometer ( PPS ), which measures the intensity
and polarization of the incident radiation at different wavelengths.
The instrument is described in detail by Lillie et. al. ( 1977 ).

It has a variety of filters covering the 2350 - 7500 X range with a
selection of aperture sizes and linearly polarized filters. |
Unfortunately the Voyager 1 PPS instrument was not working during the
Satrun encounter ( Stone and Miner 1981 ). The Voyager 2 instrument
also had problems ( Lane et. al. 1982 ) resulting in a restricted
operational mode with observations only at 2640 X and 7500 R each
through two orthogonal linear polarizations. Because of this the
amount but not the direction of polarization could be determined.

The main use of the PPS, at least from the atmospheres point of
view, is in the study of light scattered by the planetary atmosphere,
and the way in which this information can.be used to detemmine the
structure of clouds and hazes. One of the most valuable contributions
to this is the way in which the intensity of the scattered light
varies as a function of phase angle ( the angle between the incident
and scattered radiation ), which can constrain the types of particle

used in cloud models.

2.4 RADIO SCIENCE

All the information returned by the spacecraft is encoded, and
transmitted down the S-band and X-band ( 2.3 and 8.4 GHz respectively )
radio links, the S-band link is also used to send commands up
to the spacecraft. In addition however to its use as a
communications link the transmissions also provide information about
the spacecrafts' position, and about the medium between the

spacecraft and the ground station ( see Edelson et. al. 1979 ).



When the spacecraft passes behind the planet as observed from the
Earth the radio signals are refracted through the atmosphere, and
this affects the received signal. From this and the spacecraft
trajectory information a profile of refractive index against height
can be produced (see Eschleman et. al. 1977 for details). Using
this in conjunction with an estimate of the atmospheric composition
and the temperature at some level (from, for instance, the IRIS
measurements) a temperature-pressure profile may be constructed.

The atmospheric levels for which this technique can be used
extend from the minimum detectable depth of penetration down to
the levei at which absorption reduces the received signal to the
noise level. This limits the temperature data to approximately

the 1-1000 mb range, similar to that of the IRIS instrument.
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FIGURE CAPTIONS - CHAPTER 2

Figure 2.1

This showvs equatorial and polar views of the Voyager 1 and 2
encounters with Saturn. The times are in hours from closest
approach to Saturn. The satellites are shown at their points of

closest approach.

Figure 2.2

This figure shovs some of the main components of the Voyager
spacecraft. Most of the measurements described in this thesis are
derived from the imaging and infrared instruments. These are both

mounted on the scan platform shown at the top of the figure.

Figure 2.3

This figure shows the size of the field of view of the narrow-
angle (NA) camera, the tick marks represent intervals of 100 pixels.
The box labelled WA demonstrates the size of the central 100 pixels of
the w'ide-angle camera. Tthe field of view appropriate to a single
infrared spectrum is indicated by circle labelled IRIS. The
boxes labelled SK and SP indicate the 1.5 sigma limits of the
azimuth and elevation axis within which the scan platform can be

positioned (SP) and to which the resulting position is known (SK).

Figure 2.4

This figure demonstrates the way in which the various
requirements for selecting an image interact. In particular it
should be noted that the requirement that the resulting images
be navigable, constrains both the choice of camera and the time

period in which the images were taken.
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CHAPTER 3
IMAGE PROCESSING AND MEASUREMENT

.

3.1 INTRODUCTION

Most of the data used in this thesis has been derived from
Voyager images, and the aim of this section is to describe in more
detail the structure of these images, and the ways in which they are
processed in order to make various types of measurements.

The first part considers the format of the images, and then
describes in general terms the hardware and software of the IPIPS
system upon which most of the processing was performed. I then
describe the various measurement techniques used. Some of these
require the images to be free of certain types of distortion, the
methods used to achieve this, and to enhance the. images, are

considered in the final part.

3.2. IMAGE PROCESSING - DEFINITIONS

The pictures taken by the Voyager spacecraft are encoded and
transmitted in the form of digital images. This is done by dividing
each picture into a large number of identically sized square elements
called pixels. The average intensity within each pixel is quantised
and represented by a DN (Digital Number) level greater than or
equal to zero. The pixels within each image are identified by a line

and sample number measured downward, and to the right respectively,
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with the top left pixel being at line one, sample one.

The images produced by the Voyager cameras are 800 pixels square,
and are encoded in binary form as eight bits, giving a DN range of
0 to 255. Thus each image requires approximately 0.6 Mbytes (one
byte is eight bits). So that each image produced by the spacecraft
can be uniquely identified it has associated with it a reference
number, this is generated by the Flight Data System on board the
spacecraft, and is called the FDS number. There is also another
reference number called the picture number, which is added at a later
stage in the processing. In addition each image has attached to it a
label which contains details of the processing which has been

performed on it, and is updated every time it is altered in any way.

3.3.1 IPIPS - HARDWARE

Nearly all the processing described in this thesis, was
performed on the Interactive Planetary Image Processing System (IPIPS)
which now forms part ot the Imperial College Atmospheric Physics
group. This system is built around a VAX 11/780 (with associated
magnetic tape and disk drives), and an interactive image processing
device made by International Imaging Systems (the IIS).

The VAX is the centre of the system, it is used to copy images
to and from tape and the IIS and for batch (as opposed to
interactive) processing of images. It is also the host machine for
a multiplicity of other tasks, including running the VICAR image
processing system. the RSGl4 data-base system; and the CORE standard
graphics system. The VAX has 3 Mbytes of main memory, and is a
paged machine. This means that the operating system divides a
requested amount of memory into 'pages', and arranges these so that

the most frequently used are stored in main memory, with the
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remainder located in disk. Because: of this large images can, if
scanned in an appropriate way, be processed nearly as efficiently as
small images.

Most of the interactive image processing is carfied out on the
ITS. This consists of six image planes, each 512 pixels square,
and each having a look up table allowing a mapping to be set up
between the input and output DN values (see Adams and Driscoll 1979
for a more detailed description of the IIS architecture). The whole
system is refreshed at standard video rates, and the outputs of ~one
or more channels may be displayed on a colour monitor. The advantage
of using the IIS is that it is possible to interact with it directly
through a tracker ball, enabling the parameters associated with a
program to be continuously altered until an optimal result is produced.

This produces more acceptable results than the trial and error approach

which must be adopted when running batch processes on the Vax. One of
the uses of the IIS is the production of movies, this can be done by
displaying each channel in succession, giving a limit of six frames,
or by splitting each frame into quarters giving a maximum of 24 frames,
each 256 pixels square. One of the problems associated with the
“use of the IIS is that it fails to compensate for the shape of
standard video monitors which have an aspect ratio of ~ 3:2, leading
to pixels being imaged as rectangles. This.effect can be avoided by
previously contracting the image by the required amount in the sample
direction, but this is not usually done unless there is some special

reason.

3.3.2 IPIPS - SOFTWARE

The image processing system used is the VICAR (Video Image
Communication And Retrieval) system. This was originally developed
by J.P.L. (see Castleman 1979) to run on an IBM 360, and has been

converted (Lawden and Pearce 1980) to enable it to be used on a VAX.



This system contains all the subroutines needed to read and write
to a standard image format, and a large number of image processing
programs, to these have been added routines associated with the IIS
and PPL as well as numerous other programs (for instance the cloud
tracking program).

Associated with some of the image processing is the requirement
to store large tables of data (for example the wind velocity
measurements), which are held in a format associated with the RSGl&4
data-base system. This hblds both numeric and character data in a
compact form, and has programs suitable for sorting, searching,
averaging, plotting etc.

The other major software packages are concerned with the graphics
system, which comprises the Washington University implementation of
the CORE graphics standard.. This is used by application programs
contained in the NCAR (National Centre for Atmospheric Research)

graphics package.

3.4 IMAGE MEASUREMENT - INTRODUCTION

This section considers the various measurement techniques which
are available for Yoyager images, as well as the coordinate systems
in which the results are expressed. Difficulties occur when making
certain kinds of measurements which do not occur in the case of the
Earth. These are mainly due to the planets significant oblateness,
and the lack of a fixed visible surface. The main effect of this is
the requirement that it must be possible to specify positions
absolutely, rather than relative to some other visible feature, this
in turn imposes requirements on the acéuracy of the navigation
information. The reliability of this data is also mentioned, as is

the use of power spectra, cloud tracking and movies.
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3.4,1 POSITION MEASUREMENTS

In order to define the position of a point on a planet it is
necessary to specify a coordinate system, which should rotate about
its axis with an appropriate period. It is then required that one
be able to translate from image space into this system. This in turn
calls for a knowledge of certain parameters which specify the
orientation and position of the camera relative to the object being

viewed.

3.4.1.1 LATITUDE-LONGITUDE COORDINATE SYSTEMS

For most purposes it is sufficient to represent Saturn as an
oblate spheroid of polar radius 54456 km and oblateness 0.903 . This
can lead to ambiguity in the definition of a latitude coordinate, the
main alternatives being shown in fig 3.2 . Of these the most used are
the planetocentric latitude ec corresponding to the angle subtended by a
line passing through the planet centre, and the planetodetic ( sometimes
called the planetographic ) latitude Sd which refers to the angle
subtended by the local normal to the surface. On a spheroid of

equatorial radius Re and polar radius Rp these are related by

2

tan(ed) = X tan(ec) (3.1)

R
p

Of these two forms the most convenient is ed which gives rise to
simpler definitions of the Coriolis parameter, which depends on the
angle between the axis of rotation and the local vertical.

The definition of a longitude system ( for a given reference
point ) is straightforward except for the arbitrary decision as to
whether it should increase in an easterly or westerly direction, the
general convention is that it should increase towards the west, but

this is not always used.
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For measurement purposes it is often more convenient to transfer
fran the latitude-longitude system into a cartesian system, wifh the
displacements measured in metres, and the z axis as the local
normal. This tranformation can be written as :-

§x = -a S\ (3.2) Sy =r &6 (3.3)
where a is the distance from the axis of rotation and r is the radius
of curvature ( note the minus sign showing that increasing x values
correspond to decreasing west longitude ). In the case of the Earth
a and r can be replaced by the spherical approximations :-

a = R cos(8) (3.4) r =R (3.5)

( where R is the radius ) but due to the oblateness of Saturn this can

not be done and instead we use the formula for an elipsoid, where
the distance a is given by :-
R2
2 2 2
( RZ + Rp tan®@ , )

and the local radius of curvature is given by ( Jackson 1981 )
3
r =R, (1-e?) (l-e?sin®9 )" (3.7)

where e is the eccentricity defined by

R 2
ez - l - ___R_ (3.8)

Table 3.1 shows the values of some of these quantities for a range
of latitudes, as well as the Coriolis parameter

f =2Q sin ed (3.9)

and the value of B, which is given by

df df ded 28 cos Gd
dy ded dy r

where Q is the rotation rate,
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PLANETODETIC
LATI TUDE

degrees

0.0

5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
45.0
50.0
55.0
60.0
65.0
70.0
75.0
80.0
85.0
90.0

PLANETOCENTRIC
LATI TUDE

degrees

0.00
4,08
8.18
12.32
16 .53
20. 82
25.21
29.72
34.38
39.19
44,18
49,35
54.70
60.24
65.95
71.81
77.80
83.88
90.00

LATI TUDINAL
SCALE

km/deg

858.1
860.0
865 .4
874.3
886.7
02.4
21.2
2.7
966 .6
992.3
1019.2
1046 .4
1073.1
1098.2
1120.7
1139.4
1153.6
1162.5
1165.5

L ONGI TUDINAL
SCALE

km/deg

1052.4
1049.1
1039.3
1022.9
999.8
969.9
933.2
889.5
838.8
7681.1
716.4
644,9
566.9
482.9
393.4
299.4
201.7
101.5
0.0

Table 34

CORIOLIS PARAMETER
f

rad/sec x 1073

0.000
0.029
0.057
0.085
0.112
0.138
0.164
0.188
0.211
0.232
0.251
0.268
0.284
0.297
0.308
0.316
0.323
0.326
0.328

BETA

rad/sec/m.x 101}

0. 666
0.662
0.651
0.632
0.606
0.574
0.537
0.497
0.453
0.407
0.361
0.313
0.266
0.220
0.174
0.130
0.086
0.043
0.000

S¢g
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3.4.1.,2 ROTATION PERIOD AND REFERENCE LONGITUDE -

In order to have a useful longitude system, it should co-rotate
with some part of the planet, in the case of the Earth this is done
by tying it to the surface. For the outer planets, where a surface
(if present) is not visible, a solution is less apparent. Attempts
have been made to use the rotation rate of particular feature (eg the
Jovian red spot) but these can produce problems when this changes
slowly with time, and have no. obvious meterological significance.

The solution usually adopted is to use the characteristic 'radio
rotation period' of the planet. In the case of Saturn the radio
emissions used are in the kilometre range, and are described by
Warwick et. al., (198l) and Kaiser et. al. (1981). From
observations of this radiation over a period of 267 days in 1980 Desch
and Kaiser (1981) obtained a rotation period of 10hr 3%min 24sec
*+ 7sec. Another determination of the rotation period was
made by Carr et. al. (1981) over a range of frequencies, in two
one month periods with.a seven mopth separation, leading to a
value of 10hr 39min 22 sec. The accuracy of this was questioned by
Kaiser and Desch (1982) , who also pointed out a discrepancy in the
calculations, this led to a revised value of 10hr 3%min 2lsec (Carr
et. al. 1982), although it was stated that the original value
given by Desch and Kaiser was probably more accurate.

In addition to a rotation period the definition of a longitude
system requires an arbitrary point to be defined as longitude zero,
this was also provided by Desch and Kaiser. However as explained by
Sergeyevsky and Van-Allen (1982), although the definition of
longitude used by J.P.L. uses the Desch and Kaiser rotation period,
there is a discrepancy of 222.2044 deg between the two systems owing

to differing definitions of zero longitude.
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3.4.1.3 IMAGE NAVIGATION -

Once the latitude - lonéitude system for the planet has been
defined this leaves the problem of transforming the position of a
point observed in an image into this system.

-We will neglect for the moment effects introduced by deficiencies
in the camera system, and assume that we have an undistorted image.
These assumptions are justified by the preprocessing performed (see
section 3.6).

Under these circumstances the situation is similar to that shown
in fig 3.1; the requirement is to determine the position of the point
P, observed at a certain line and sample within the image in terms of
the latitude (0) and longitude ()) of the corresponding point P' on
the planet. The transformation may be split into two part; : a
rotational part, and a translétional part.

The rotational part depends upon three angles: the sub-
spacecraft latitude (this can be defined in several different
ways which has led to confusion (see fig 3.2), however since all
the possible definitions are inter-convertible the precise form used
is not important as long as one is consistent); the sub-spacecraft
longitude, which is the longitude of a line joining the centre of the
planet to the spacecraft; and the north angle which is the angle
between the projection of the rotation axis in the image and a
reference. direction (usually the direction of decreasing line number,
but as with the sub-spacecraft latitude differences exist in the
definition of this reference direction, and whether the angle is
measured in a clockwise or anti-clockwise direction). Using these
three angles a rotation matrix can be defined in which the spacecraft is
positioned relative to the planet so that the sub-spacecraft latitude,

longitude and the north angle are all zero.



The remaining part of the transformation depends only on the
scale and orientation of the image plane relative to the centre of the
planet. The size of the planet projected into the image plane can be
determined from the range of the spacecraft from the planet, and some
parameters characterizing the camera system (note ﬁhat these
parameters correspond to the 'ideal' image produced as a result of the
preprocessing, which is not identical to the image as read out from
the cameras). The two remaining pieces of information which are
required are the sub-spacecraft‘line and sample, corresponding to the
location of the centre of the planet in the image plane. Using all
this information enables one to convert from a line and sample in the
image to latitude and longitude on a spheroid with zero sub-spacecraft
latitude, longitude and north angle.

Assuming that all the required information is available to
sufficiént accuracy a latitude and longitude can now be ascribed to
any part of the planet appearing in the image. A more detailed
description of this process and its inverse is given by Elliot and

Schwartz (1977).

3.4.1.4 DERIVATION OF NAVIGATION PARAMETERS -

The sub-spacecraft latitude and longitude, north angle, and the
range are fixed as a function of time once the trajectory and
spacecraft attitude is defined. The Qalues of these variables,
along with other information are listed for each image, and are made
available to experimenters as the SEDR (Supplementary Experimental
Data Record) data. The first issue of this is based upon the
expected trajectory, and is referred to as the predict SEDR. Due to
inaccuracies in the knowledge of the precise spacecraft-planet
geometry, the planetary mass and the perturbing effects of satellites,
the actual trajectory will differ from that predicted. The position

of the spacecraft however, can be accurately determined from an
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analysis of the returned radio signal (Edelson et. al. 1979 claim the
one sigma error in the range for the Voyager 1 Jupiter encounter to be
10 m), whilst other parameters, such as the north angle can be
determined from the spacecraft arientation (obtained from the sun and
star sensors). From these measurements a second, more appropriate,
set of SEDR data is produced.

However inconsistencies occasionally appear, sometimes leading
to a regeneration of the SEDR data, so that it is difficult to
specify any particular set as being totally correct.

The two remaining parameters, the sub-spacecraft line and sample,
present more of a problem, this is due partly to the spacecraft
wobble, but mainly to the lack of accuracy in the measurement of the
scan platform position (Jepsen et. al. 1980). The accuracy with
which the scan platform elevation and azimuth angles can be determined
is given (Kohlhase and Penzo 1977) as 1.5 mrad 30 per axis, so that
there is a 99.75% chance that the actual angle lies within 1.5 mrad
of the measured angle (this is greater than the maximum accuracy of
2.5 mrad 30 per axis with which the scan platform can be commanded to
move). The angle subtended by one scan line of the narrow angle
camera is given by Smith et. al. (1977) as 9.25 urad, so that
the 30 error in the scan platfofm corresponds to an uncertainty of
about 162 pixels in the image. Because of these‘problems the values
of the sub-spacecraft line and sample are obtained from the images
themselves (see section 3.6.3) rather than as an independently

measured quantity.

3.4.2 VELOCITY MEASUREMENTS - METHOD

Measurements are made of the velocity of features by observing
the change in latitude and longitude of a point, and using equations
3.2 and 3.3 along with the time interval to compute the zonal and

meridional velocity components.
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Problems arose with this when it was not originally reélized
(Yagi 198l) that the variable r represented the local radius of
curvature, not the distance from the centre of the planet, this was
later corrected. Another difficulty arises , due to the change of r
over finite latitude intervals (see equation 3.7). This was
considered by Barrey 1982, who compared values of meridional velocity
v calculated using the value of r at the midpoint with those produced
using the first three terms of a series expansion of v in terms of

latitude, and. showed the differences to be unimportant.

3.4.2.1 VELOCITY MEASUREMENTS - INHERENT DIFFICULTIES -

The main assumption upon which cloud tracking is based is that
one can accurately follow the motions of individual cloud targets,
and that the motion of these will represent the velocity of the local
flow.

The problem of accurate feature identification is exacerbated on
Saturn by the lack of easily identifiable targets, as compared to the
Jovian atmosphere. Also as observed by Ingersoll et. al. (1981)
for the Jovian case,the difference in contrast and texture betweén
different regions of the planet leads to measurements being much
easier to make on some parts of the sgrface than on others.

The selection of trackable features from an image is a process
which is very dependant on the individual, different people will pick
different points and get slightly different results. In most cases
the problem lies not in finding a definite feature in one frame, but
in specifying the corresponding.location in another frame. Because
of these difficulties it has often been found helpful to have the
cloud tracking performed by two people working together rather than

just one individual.
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Assuming that individual features can be tracked this leads to

the discussion as to which types of features will yield the most

pertinent results. The 'ideal' feature would occur at a known height,

would not change shape or orientation, and would move passively

along with the local flow. In practice the tracers used are clouds
which are at an unknown height, and quite frequently disappear, or
undergo considerable change of shape in only one rotation period. In
some cases it is possible that a feature is only being advected by the
local flow, however at other times there are so few available
features, that the suspicion is raised that any object which stands
out sufficiently from its surroundings to be trackable is probably
interacting with them in some way.

Once the velocity at which objects appear to move has been
determined, the question is raised as to what precisely has been
measured. In general, because of the lack of any other reasonable
assumptions, it is assumed that all these motions occur at the same
height (or pressure) level. This may not be unreasonable since
velocity profiles obtained by tracking,images made through the green
filter have been compared with, and found to be nearly identical to,
similar profiles constructed from images made using the violet filter,
and hence probably corresponding to a different height.

One of the other possibilities is that the measurements
correspond not to a material velocity, but to the phase speed of a
propagating wave. In this respect it is pointed out by Mitchell
(1982) that, at least in the Jovian case,measurements have been made
from features over a wide range of spatial scales, without observing

the velocity obtained to be a function of size as would be expected

from some kind of dispersive wave.
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3.4.3 EFFECT OF ERRORS IN THE NAVIGATION DATA

Most of the errors in the past have been due to different
interpretations of some of the quantities present in the SEDR data,
it is hoped that these problems have all been corrected now., Apart
from some form of systematic error, it appears unlikely that the SEDR
data should be much out (these quantities change quite slowly with
time, and any abrupt change would be noticed). The use of Curve
fitting (see section 3.6.3) to obtain the sub-spacecraft line and
sample seems reliable, but produces results which vary of the order
of 0.5 -1 pixels, which, if the image is a wide angle and is used
to navigate a simultaneous narrow angle can lead to errors of Vv 6
pixels. Other possible sources of error are in the camera parameters,
although these have been carefully calibrated (Danielson et. al.
1981,4Benesh'and Jepsen 1978), and in the polar and equatorial
radii, which is perhaps more likely.

The inverse perspective projection procedure is highly nonlinear,
and the effect of an error in any one of the input parameters is
hard to determine, and of doubtful use, since this would depend upon
all the other parameters as well as the part of the image being
considered. The reliability of the results can only really be tested
by comparing results produced from different images with different
navigation data. When this has been done by comparing velocity
measurements, of the latitude of different features these seem to
be self consistent. However these measurements are usually made when
the relevant feature is near the centre of the planet in the image,
and this is when the rate of change of latitude (or longitude) with
displacement (measured in pixels), is a minimum. It is probable that
discrepancies are more apparent nearer to the limb of the planet,
and this may give rise to difficulties when points in this region

are used.



The effect of errors on velocity measurements is further
complicated by the subtraction of the two positions, which will tend
to lessen the effects of some errors. This effect was considered by
Ingersoll et. al. (1981) when he estimated the error in velocity
measurements to be given by the resolution (defined as the distance
in km between adjacent pixels) divided by the time separation.

The other major sources of error in velocity measurements are due
to feature misidentification and to the upper limit imposed on
‘position measurements by the finite size of each pixel. The first
effect will tend to increase with increasing time difference, as slow
changes occur in the shape of the feature, the second will become
more important as the displacement, (measured in pixels) becomes
smaller, which will happen when the time interval decreases.‘ Thus
there will come a point at which making measurements from image pairs
with decreasing time separation will cease to yield an increasing

velocity resolution.

3.4.4 PRODUCTION AND USE OF MOVIES

In many cases the amount of quantitative information in terms of
velocity measurements which can be obtained from a set of images is
small, due mainly to the difficulty of finding suitable clodd tracers.

It is partly because of this that movies are made, these consist
of a sequence of at least two (although three is a much more
acceptable minimum) images of about the same scale and orientation,
displayed in succession. Raw images are not usually suitable for
this due to the change of perspective. Because of this map-projected
images are often used. With these it is sometimes advisable to shift
the images in order to compensate for a uniform zonal velocity so that

the,of ten more interesting, small scale motions are more easily

visible.
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The main objective in producing these movies is to enable one to
obtain a qualitative idea of what is happening. They make it much
easier to perceive cloud motions, even though these may not be
sufficiently sharp for it to be possible to track them accurately,

and detemmine their velocity. Thus while not directly producing any

quantitative results they can be very useful in observing the general

flow pattern, and deciding what, if any, other forms of analysis

might prove useful.

3.4.5 OTHER MEASUREMENT TECHNIQUES

In addition to the methods already mentioned, there are other
means by which information may be extracted from images.

Since thé.images can be radiometrically decalibrated (see
section 3.6.1) the DN level of each pixel should be directly
proportional to the energy flux incident on it. éecause of this
graphs of DN level against latitude or longitude may give some useful
information about cloud heights or structure.

Information about spatially periodic structures, such as their
dominant wavelength may be obtained by finding their power spectra.
Although data in the low (v <5) order part of the spectrum is likely
to be contaminated by sun-angle and mosaicing effects, whilst it is
possible for the reqular spacing of the reseaux to affect higher
wavenumber oscillations.

Other techniques‘may also be used, for example the divergence

method used by Hunt et. al. (1982) to estimate the vertical

velocity.
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3.5 IMAGES - PRODUCTION OF HARDCOPY

In order to produce photographic copies of the images, two
devices were used, a Videoprint 5000 at Queen Elizabeth College, and
an Optronics at the Rutherford Laboratory. The former displays the
images on a c.r.t. screen and automatically takes a photo with a
sufficently long exposure to eliminate effects due to the raster.
The latter works by scanning a variable intensity light source over
a rotating drum covered with a piece of film.

The aim of both these devices is to produce a linear relationship
between the dn level of each pixel, and the intensity of the
corresponding location on the photograph produced. In addition, in
order to correctly represent the shape of objects observed by the
Voyager cameras, which produce sqdare images, each pixel must be

represented by a square.

3.6 IMAGE PRE-PROCESSING AND RESTORATION

This is separated from image enhancement, because it is
concerned only with the removal of effects introduced at the various
stages between the visible appearance of the cloud tops, and the
received image. These can be split into different categories;
distortions introduced by the camera, errors due to the transmission,
and also included under this heading are effects due to the changing
viewing geometry, and sun-angle effects, In addition the process by
which the sub-spacecraft line and sample (see section 3.6.3) are
derived from the image is explained. These processes are summarised
in figs 3.3 and 3.4, with their effect on a sample image being shown
in fig.3.5.

Before discussing the pre-processing in greater detail, it is

perhaps useful to consider the different uses to which images are put,

and the differing requirements which these impose. These can be



illustrated by three different cases, these are: when an image is
to be examined to see if it holds any objects of interest; when one
or more images are to be used for position or velocity measurements;
and where a set of images are to be compared, perhaps in the form of
a movie,

Just for observation purposes the raw images are often sufficient,
sometimes coupled with the use of ISTRETCH*fo enhance different
sections of the image. However, the presence of noise spikes can be
disturbing to the eye, and it is sometimes desirable to remove these.

For making measurements, it is necessaryr(as described in section
3.4,1.3) to be able to transform from image space to a position on
the'planet. To do this the geometric distortions introduced in the
camera must be compensated for. In addition, it is necessary to
determine the sub-spacecraft line and sample for each image. If any
determinations of intensity variations across the image are to be made,
then it is also required that the changes in the intensity scale
across the image are compensated for. For the production of movies
(and other image comparisons) small differences are easier to detect
if the images have been map-projected to compensate for the changing
viewing geometry. Also flashing effects due to one or more of the
frames containing reseaux or data dropouts can be disconcerting, and
should be removed if possi He.

The various types of distortion will now be considered in more

detail, along with the way in which they are compensated.

3.6.1 CAMERA DISTORTIONS

These can be divided into two types, those which alter the
position of a pixel (geometric effects), and those which affect the

DN value contained in a pixel (radiometric effects).

* see section 3.7

46



47

In order to help evaluate the geometric distortion introduced by
the cameras, a field of small dots called reseaux have been painted
on the camera faceplate, and their positions accurately measured
(Danielson et. al. 1981). The relative position of these reseaux
are changed by their path through the optics, and the electron optics
of the camera, giving a slightly altered pattern in the resulting
image. Using the expected locations the VICAR program RESLOC (see
Jepsen et. al. 1980) searches for each reseau, using convolution
techniques to determine the position accurately. From the shift in
position of each reseau an estimate can be made of the amount by which
each pixel has been moved. Using this information the program GEOMA
is used to deliberately warp the image in order to compensate for the
geometric distortion introduced. This is the process responsible for
the small amount of pincushion distortion visible in fig. 3.5 4. Once
all the reseaux have been located, they are no longer required, and
are usually cosmeticly removed by interpolating over adjacent bixels.

The radiometric effects can be approximately divided into two
parts. There is a nonlinear relationship between the incident and
observed DN level, which varies across the image, and is dependant
on the optics, filter, and the camera used. There is also a dark
current effect, this is cumulative with time, and depends upon the
exposure period, and the rate at which the image is read out of the
camera.

Thus the radiometric decalibration consists of subtracting an
appropriate dark current image (these'are taken at intervals), and
then correcting the nonlinearities. This is done using calibration
files (see Jepsen et. al. 1980, Danielson et. al. 1981, Benesh and
Jepsen 1978), which for each camera-filter coﬁbination provide a
table of actual DN values against those measured by the camera, for
each pixel in the image. By interpolating between these values a

continuous mapping between input, and output DN can be constructed,
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and used to compensate for the nonlinearities. The complete
radiometric decalibration process is performed by the VICAR
protram FICOR, when provided with the correct data files.

In addition to the geometric and radiometric effects, the
cameras also give rise to other featdres in the‘images. For example
the presence of errors in the vidicon gives rise to small black and
white 'camera blemishes' in the images. The positions of these are
known, and because of this they can easily be removed, this can be
done by RESARR at the same time as the reseau removal. Another form
of camera artefact is the appearance of dust rings in an image.
These are caused by out of focus dust particles, and appear as dark
haloes about 50 pixels across. It is possible to distinguish these
from real image features by the fact that they remain approximately
fixed in one position in the images, rather than moving with the

planet.

3.6.2 TRANSMISSION ERRORS

Although the telecommunications from Voyager sténd a good chance
of being received (Edelson et. al. 1979 give a figure of 98% for
the voyager 1 Jupiter encounter) errors still occur, one of the main
problems being rain over the receiver in Spain. This appears in the
images as either a random 'salt and pepper' pattern, or as missing
lines, or parts of lines. This effect, while disturbing to look at
is not difficult to detect, and can be removed by interpolating over
adjacent pixels or lines using the VICAR program ADESPIKE. It is
because of this inherent redundancy that the imaging data has an
acceptable bit error rate of 5x10 3(Edelson et. al. 1979),
approximately two orders of magnitude greater than that of the other

instruments, and equivalent to 3000 single bit errors per frame
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3.6.3 DERIVATION OF THE SUB-SPACECRAFT LINE AND SAMPLE

,As explained in section 3.4.1.3 and 3.4.1.%4, for navigation
purposes, it is necessary to know the sub-spacecraft line and sample
to a greater accuracy than is obtainable from the SEDR data. In
order to determine these quantities to sufficient accuracy it is
necessary to use the image itself.

Since the rest of the navigation data is known, the problem of
determining the sub-spacecraft line and sample reduces to that of
fitting an ellipse of known size and orientation to the limb of the
planet (or that part of it which appears. in the image). In order
to do this accurately a reasonable amount of the limb (Jepsen et.
al. 1980 estimate at least 20 degrees) must be in the field of view,
better results will be 6btained if more is visible. It is partly
because of this that simultaneous narrow-wide exposures are made :
more of the limb is normally visible in the wide angle, enabling a
better fit to be made. From this, and knowing the fixed relation-
ship between the cameras, the location of the planets centre
relative to the narrow angle camera can be found.

This whole process is carried out by the VICAR program FARENC,
which must be supplied with an image, and a list of parameters. The
first thing the program does is to go through the image searching for
edges, which may be limb poiﬁts. The presence of the rings around
Saturn cag lead to erroneous results, and this is avoided by
specifying the corners of a box which just surrounds the edge of the
planet, and ignoring points outside this. Using the possible limb
points obtained the program fits the calculated ellipse to them, it
then throws qut points more than a certain distance from this, and
repeats this operation, until the required accuracy is obtained. In
order to use only the limb points, and not the less accurate
terminator points, the program also needs to know the sub-solar

latitude and longitude, as given in the SEDR.
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Many of the suppliedvparameters are used by the program to
determine whether a particular change in DN level constitutes a
possible limb point, while others specify the conditions under which
points may be eliminated during the recursive curve fitting procedure,
and the maximum permissablé 'error' (defined in temms of the
standard deviation of the distance separating the remaining points
from the fitted curve) of the result. The effect of this plethora
of free parameters on the result is difficult to estimate, tightening
up the maximum acceptable error will tend to reduce the number of
erroneous limb points included, but will also remove some of the
genuine points. There comes a time, when it is more important to
keep a range of points evenly distributed around the limb, than to
delete one or two spurious points close to, but not on the limb.
However the parameter settings needed to achieve this are unknown,
and probably vary from image to image. Because of this there remains
a small uncertainty of ~ 0.5-1 pixels in the location of the planets
centre. Since the location of features can seldom be specified to
sub-pixel accuracy, this uncertainty is seldom important. An
exception to this is when a wide angle image is being used to navigate

a narrow angle image, which may lead to an error of ~ 6 pixels.

3.6.4 VIEWING GEOMETRY EFFECTS - MAP PROJECTION

As the planet rotates, features move across the camera}s field
of view, with an associated change in perspective. The main aim of
map projection is to eliminate this problem by mapping each point on
the three dimensional surface of a spheroid to some fixed point in a
two dimensional image. This can obviously be done in an infinite
number of ways, and different methods are usually deveioped in order
to display some useful feature, or to preserve some specific property,
For example to preserve distance and direction from one point, to

maintain relative areas, or a special class called conformal



projections, in which the scale, although a function of position,is
not dependant on direction. Hence in a conformal projection the
angle between any two lines will be correct.

The normal method (called the direct method by Elliot and
Schwartz 1977) of map-projection consists of defining the position in
the projection corresponding to a given latitude and longitude.
Using this information, a latitude - longitude grid can be drawn on
the map. In the image processing case, however the technique used
is somewhat differeﬁt. The program scans the output image, and for
each pixel it calculates the corresponding latitude and longitude.
Using this, and the navigation information (see 3.4.1.3) the
associated location in the input image can be found. The DN level at
this position is estimated by taking either the DN level of the
nearest pixel, or interpolating over the values of the four
surrounding pixels.

Thus in order to use this method one needs to know the inverse
(i.e. line and sample to latitude and longitude) equations for the
desired projection, and the direct equations for the input
perspective image (th;s is the process described in 3.6.1.3). In
addition, unlike the Earth, in the Saturnian case the effects of the
planets oblateness can not be ignored. Hence the problem becomes
that of determining the inverse equations for the required,
projection on a spheroid.

Although it would be possible to extend many of the standard
projections to include the case of a spheroid, a more general method
is obviously to be desired. This is provided by both Jackson (1981)
and Elliot and Schwartz (1977), who consider the conformal

projection of a spheroid onto a sphere. This can be performed by

mapping the point (8,,A) on the spheroid onto the point (8,,sA) on the

sphere. The latitude eco’ is called the conformal latitude, and is
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defined ( Elliot and Schwartz 1977 ) by :-

T 8, T8y ) [1-esing, e/2
tan| — + — | = tan| — + — (3.11)
4 2 4 2 1+ € sin Sd

Thus any conformal projection on a sphere can be used for the
spheroidal case by replacing the latitude in the defining equation by
the conformal latitude. Unfortunately this method requires the
evaluation of the planetodetic latitude 64 in terms of the conformal
latitude ec..o, and it is not possible to use equation 3.1l to

explicitly define 6 This problem is solved by Elliot and Schwartz

q°
1977, who use a successive appraximation technique, which allows ed
to be determined iteratively to within a given tolerance.

One of the advantages of the map-projection process is the need
to wark temporarily in latitude longitude space, which is often
convenient. For example due to the planets curvature the effect of
limb darkening is present in the images (this may be less apparent at
sane wavelengths due to effects caused by the greater path length
covered by rays near the limb of the planet), this can be partially
compensated for by dividing the received intensity by cos (es), where
95 is the angle between a line joining the sun to the planet's centre,
and the local normal to the surface. This correction is most
conveniently carried out during the map projection process, when GS
may be easily calculated from the local latitude and longitude, and
the sub-salar latitude and longitude (contained in the SEDR data).

Thé aldvantage of map-projected images is the simple geametry.
Hovever this is f‘ixed‘to the radio-rotation period, and when
producing movies the effect of this is often to produce a rapid drift
of the relevant features across the screen, which frequently masks
the effect of any changes in the local structure of the feature itself.
The simple solution to this is to alter the 'special longitude'
parameter of the map projection program by an amount dependent on the

local zonal velocity and the time separation of the images, forcing
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the feature to remain apparently stationary, although features to

the north and south will still drift past.

3.7 IMAGE ENHANCEMENT

This is a rather vague title, but is meant to refer to processes
which in some way bring out various features of an image, rather than
just remove the distortions introduced at another stage. Which of
the various possible enhancement techniques is used will depend on
what features one wishes to bring out.

In many cases the precise effect required is not known, one may
just Qish to check to see if there is anything interesting in the
image. In this case one of the better methods is also one of the
simplest. This is an IIS program called ISTRETCH in which the input
DN level x is mapped to the output DN level y by a simple
transformation of the type,

y =mx +C
with m and c being linked to the position of the tracker ball.
This is equivalent to simultaneously altering the brightness and the
contrast. The main advantage of this method is that the cursor can
be moved around, emphasizing different parts of the image, until
sane form of optimal result is obtained. Because of the simple
nature of the transformation, its effect on other measurements, such
as graphs of DN against line number, or power spectra can be easily
visualized, this is not usually the case for more complex methods.

Another enhancement method is histogram equalization, the effect
of which is to modify the image so that, over a specified area, a
histogram of frequency of occurrence against DN level will be a
horizontal line. This means that the contrast will be increased when
there are many pixels containing similar DN values, and decreased
where there are few. Whilst more complex than the ISTRETCH routine,

the result bears a less apparent relationship to the original image,
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and is generally less helpful. In addition, for Voyager images the
routine attempts to compensate for the effects of limb darkening
across the image which can tend to obliterate some of the more
important detail.

More complex arithmetic, and logical operations can be performed
on one or two images using the VICAR batch program (both the previous
programs use the IIS) F2, which allows almost any FORTRAN expression
to be entered. For example

"((IN1.GT.20).AND.(IN2,GT.20))x((IN1+IN2)/2)"
will produce the mean of the two input images in the areas where both
have a DN value greater than 20. Apart from its flexibility F2 is
often used when several images need to be treated in an identical
manner ; For example when making movies or mosaics it is important
that there are no rapid changes in intensity between images.

All the routines described so far have aetermined the resultant
DN of a pixel solely from the ariginal DN of that pixel, an exception
to this is the program TFILT. This can be used both as a high-pass
and low-pass filter, but has been found to be most useful in its
capacity as a scene dependent filter. In this form it passes a box
of a specified size across the image, and calculates the mean value
of the pixels enclosed by this. It then alters the brightness and
contrast, so that, in its simpleét form the output DN corresponds to
the deviation of the input DN from the mean, expressed as a fraction
of the mean. For ordinary perspective images the effects produced by
this process can be somewhat peculiar, especially near the limb of
the planet, close to the rings, or the ring shadow. However, on
map-projected images this program can be very useful and, for an
appropriately sized box, will bring out details in the image at the
expense of limb darkening, or the differing albedo of the belts and

Z0ones.
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FIGURE CAPTIONS - CHAPTER 3

Figure 3.1
This figure (from Castleman 1979) shows the relationship

between a point P' at latitude-longitude ( A,¢ ) on the surface,
and its image P at lire-sample (-y,x). A useful intermediary between
these two systems is the planet centred Cartesian coordinate system
x',y',z'. This is related to the (x,y) system of the camera by a

rotation matrix, and the position vector s.

Figure 3.2

The difference between some of the different definitions of
latitude is illustrated by this figure. For a point P on the
surface of an ellipsoid the two main altematives are the angle
8¢c (planetocentric latitude) subtended by a line passing through P
and the planets centre C, and the angle 6d (planetodetic latitude)
of a line passing through P, and normal to the surface. The con-
formal latitude mentioned in section 3.6.4 has no simple geametric
reresentation and is not showvn. For a point S not on the surface
(such as the spacecraft) the possible definitions of latitude are
even greater. In addition to the planetocentric and planetodetic
latitude of a line joining the planets centre C to the spacecraft,
another form sometimes used (and occasionally confused with 6d -
see section 3.4.1.3) is the angle 63 of a line passing through S,

and normal to the surface.
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Figure 3.3

This shows the sequence in which the various pre-processing
operations are carried out. The only part of the process which
varies is the radiometric decallibration which requires the selection
of an apmopriate callibration file and a dark current image.
The choice of the dark current image is somewhat arbitrary, and usually
the one which is separated by the smallest time interval from the

image being pre-processed is used.

Figure 3.4
In addition to the SEDR data, for navigation purposes the

sub-spacecraft line and sample are required. These are derived by
the program FARENC which fits an ellipse of known size and orienta-
tion to the part of the planets limb visible in the image. Because
of the difficulty in determining the position of the limb accurately
it may be required that the program is used more than once with

different parameters to abtain satisfactory results.

Figure 3.5

This figure demonstrates the effects of the various stages of
preprocessing. The initial image (1) is radiometrically corrected
to remove the nonlinear camera response (2). The reseaux marks are
located and then removed (3) and the image is geometrically
carected (4#). (this has introduced the apparent pincushion distor-

tion). A similar image pre-processed by J.P.L. is shown in (5).
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3. Reseaux marks removed.

4. Geometrically corrected Image.

5.J.PL. Processed Image.
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CHAPTER &

MODELS OF THE LARGE SCALE FLOW

4.1 INTRODUCTION

One of the basic challenges of the planetary atmospheres program
is the development of a realistic large scale circulation model of the
outer planets. The main fequirement is that a model should be able
to produce (or at least maintain) the observed multiple jet
structure at the cloud tops, and the associated belt-zone pattefn.

One of‘the main problems associated with the development of mean
flow models lies in the lack of data concerning the intermediate
regions of Jupiter and Saturn. From observations of the moment of
inertia, gravity field, and radio emission,information about the
structure of the deep interior can be derived. Surface observations
give the cloud top velocity structure and temperature structure.
However there‘are no direct measurements of the flow at intermediate
levels.

Possibly because of this the models used can be divided into -
approximately two types; deep models which emphasize the role played
by the deep internal heat source, and shallow models driven by ﬁhe
latitudinal temperature gradient maintained by solar heating. The
relative importance of these two effects is expressed by Stone (1976)

in terms of the Richardson number Ri, which can be defined as

. _ g _d/dz
R = & Tdu/dz)? (1)
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For Ri<0 the atmosphere is statically unstable and convection is
expected to dominate, whilst for Ri>0 the atmosphere is statically
stable. However for Ri>0 it is possible for instabilities to |
develop in the vertical shear with its associated horizontal
temperature gradient. In addition to these two forms of instability
there is the possibility of phenomena involving spatially dependent
radiative and latent heat effects caused by the presence of clouds.

Unfortunately the value of RL below the clouds is unknown,
although, unless radiative transfer daminates, convection must
surely take place samewhere in ordér to transfer the internally
generated heat.

Although there are many different models of the zonal flow,
there are certain dynamical constraints which limit the permissable
flow patterns. A good example of this is the barotropic stability
criterion for flow on the Earths surface, although a different form

of this condition may be important in deep atmospheres.

4.2 CLASSICAL MODELS

A simple model of the Jovian circulation is provided by Hess and
Panofsky (1951). Using the limited velocity data available to them
they found that the dark belts were regions of cyclonic shear, and
that the lighter zones corresponded to anticyclonic shear. From this
they surmised that the zones were regions of high pressure, giving
rise to divergence and hence ascent, the lighter colour being due to
ammonia condensing out.

A different approach was folloved by Ingersoll and Cuzzi (1969).
They assumed that the velocity measurements obtained were produced
by the differing vertical shears brought about by latitudinal
temperature gradients. This was modelled by assuming a fixed

temperature difference between belts and zones and a fixed depth



between the observed cloud tops and a uniformly rotating lower
boundary. By using the observed belt and zone widths they were able
to estimate the velocity, obtaining values which agreed well with the
observations.

The difficulty with both the Hess and Panofsky and Ingersoll and
Cuzzi models is that they provide no explanation for the implied
temperature structure, although the Ingersoll and Cuzzi paper does
conclude that this must be produced either by internal heating or some

form of preferential absorption by the zones.

4,3 CONVECTIVE MODELS

Same of the simplest types of model which are capable of
producing the type of large scale motions observed on Jupiter and
Saturh, are those driven by convection. Although convection can
give rise to large séale flow patterns, for example Bénard convection,
it is considerably restrained on the outer planets by the rapid
rotation rate. This is demonstrated by Chandrasekhar (1981),
where he shows that an ideal fluid will always be stable against
thermal convection in the absence of viscosity.

The convective models used can be divided into two types, deep
and shallow, depending on the relative importance of the underlying
vertical structure and the rotation rate.

The case in which rotational effects dominate is considered by
Williams and Robinson (1973). Their numerical model is of a
shallow (20 - 500 km ) layer bounded above and below by spherical
surfaces at different temperatures, with induced motions inifially
being assumed to & axisymmetric. The vertical temperature gradient
sets up a series of cells (analogous with Bénard convection),
giviné rise to alternately rising and falling motion as one moves away
from the equator. The main effect of rotation is to restrict these

cells to lower latitudes, and to induce a zonal motion through the
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Coriolis force. The results produced by this model appear to agree
with the observed Jovian velocity profile, with the characteristic
pattern of alternating jets diminishing away from the equator.

One of the less satisfactory aspects of this model is the way

in which the large scale flow depends upon the much smaller scale
motions providing the eddy viscosity. This is parameterised

using mixing length theory, in one case the mixing length
corresponding to approximately half the width of the equétorial jet.

In order to test their assumption that the large scale motion is
axisymmetric Williams and Robinson use a 3-D version of their model to
which they add random perturbations. The effect of this is to
superimpose a slowly growing three dimensional cell structure on the
asymmetric flow. This suggests that the parameter range lies close
to the transition from two to three dimensional motion.

The case of deep convection has been considered by Busse (1976),
who argues. that the presence of rotation will attempt to limit the
fluid to two dimensional motion perpendicular to the axis of rotation
in accordance with the Proudman - Taylor theorem (see, for example
Tritton 1977). For a fluid filled sphere of radius R he states that
convection will initially occur at a distance of approximately R/2
from the axis of rotation and will take the form of long rolls of
fluid aliéned parallel to the axis. As the applied temperature
gradient increasesthe;e may grow until they occupy ~ the whole sphere.

However for Jupiter and Saturn this process will be interrupted by
the presence of the molecular hydrogen to metallic hydrogen transition,
which will inhibit the formation of convective rolls passing nearer
to the axis of rotation. The effect of this will be to decouple the
Northern and Southern hemipheres, at (planetocentric) latitudes
greater than that defined by

cos(B) = ri/R (4.2)

where ri is the radius of the metallic hydrogen transition.



For Jupiter this corresponds to latitude of ~ 45.0 deg (Busse 1976)
which is approximately where the velocity profile ceases to be
symmetric. For Saturn this should happen at ~ 65.0 deg, which also
appears to be approximately correct.

- In addition, as shown by Busse (1970) the change in depth of
the system as one moves away from the axis of rotation should cause
the rolls to drift in a manner corresponding to the motion of Rossby
waves on a sphere.

The observed zonal ﬁotions at the surface are assumed to be
driven by the eddy stresses set up by the convective rolls, but it is
suggested that the non axisymmetric motions are not observed because
of the smaller scale height near the surface.

The interaction between a zonal flow, and the convective rolls
is considered by Ingersoll and Pollard (1982). They conclude that
differential rotation could extend down into the planet without being
disrupted by convection, althodbh this would decrease the efficiency
of the convection, giving an increased (superadiabatic) vertical
tenperature gradient. Because of this the zonal velocity will not be
independent of the distance parallel to the rotation axis, as would
be the case in a purely adiabatic atmosphere. Instead it may vary

with a scale comparable with the planetary radius.

4.,3.1 MAYR AND HARRIS'S MODEL

A different explanation of the differential rotation and equatorial

superotation observed on Jupiter and Saturn is given by Mayr and
Harris (1981). They note that the zonal velocity at the equator is
actually a minimum, the maximum value being attained, on Jupiter,

at approximately * 7 deg. Hence it is possible to drive the
circulation at the equator by horizontal momentum diffusion from the
north and south. The problem then becomes the supply of momentum to

these near equatorial jets.
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Their model provides this acceleration of the equatorial region
through the interaction of a solar driven meridional circulation,with
the vertical temperature profile. It is assumed that due to the
presence of an internal heat source the troposphere is statically
unstable, whilst higher up, especially near the equator, solar
heating makes the atmosphere statically stable. The effect of this
is that the vertical motion produced in the equatorial region by the
mean meridional circulation will tend to heat up the middle atmosphere
and cool the upper atmosphere. This in turn leads, through the
thermal wind equation, to an acceleration of the equatorial region in
: the middle atmosphere, with a corresponding retardation at greater
heights.

In order to produce a more detailed comparison with observations
Mayr and Harris decompose the velocity and temperature fields into
spherical harmonics, which are coupled through the presence of the
Corioli:s force and dissipative effects. By numerically solving the
equations associated with this model, and using parameters
representative of Jupiter they produce as results plots of velocity
and temperature as a function of latitude and height. These show a
pair of broad wesferly jets centered at approximately 30 deg. N and S
in the highest region replaced by a narrow equatorial jet limited to
v 15%° N and S lower down, at intermediate levels the zonal velocity
takes on a multiple jet structure resembling the Jovian circulation.
The main discrepancy between their results and the observed flow
pattern is that the maximum velocity is about 5 ms™!, but it is
suggested that this indicates too large a value for the eddy diffusion
coefficients.

This model is examined further by Mayr et. al. (1982) who
consider the growth of hurricane type disturbances in an atmosphere
which is statically stable at the top, but unstable lower down.

Their disturbances consist of upward motion in the unstable regions
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which gives rise to a pressure minimum, and hence cyclonic rotation
at its base. However above this the local temperature increase
caused by the higher temperature material moving up from below
produces an increase in pressure and hence anticyclonic rotation. At
higher levels where the atmosphereAis statically stable a secondary
circulation is set up with descending motion in the centre and
cyclonic rotation.

This explanation is applied to the great red spot which IRLS
measu;ements.show to be at approximately the same temperature as its
surroundings at the 1 bar level, but significantly cooler higher up.
This is interpreted in terms of the model by placing the transition
region between the primary (upward) and secondary (downward)
circulation at the 1 bar level, with the higher measurements seeing
the secondary circulations with 1its cool centre.

The connection between the individual hurricane like systems and
the global circulation is provided through the static stability. The
main effect of the large scale circulation is to produce ascent near
the equator with regions of descent at higher latitudes, hence
increasing the static stability near the equator and decreasing it to
the north and south. This suggests that the hurricane type
disturbances should be more common in mid latitudes (ie. regions of
descent) than on the equator. The more detailed multiple cell
circulation deduced by their numerical model (Mayr et. al. 1982)
leads them to suggest that there should be latitudes in which
hurricane type disturbances are common, separated by latitude bands
in which hurricanes are rare, a fact which seems to be confirmed by

the Voyager observations.
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4.4 RADIATIVE - CONVECTIVE INSTABILITY

‘ A possible explanation for the large scale banded structure in terms
of the interaction between dynamical processes and the radiative flux
is provided by Gierasch et. al. (1973) and Gierasch (1973). In the
foarmer this is modeled by a cloud layer with varying temperature and
emissivity, whilst the latter uses a changing vapour concentration.

Gierasch et.‘ al. 1973 consider the effect of a cloud layer of
varying temperature and emissivity on both inertia-gravity and Rossby
waves as well as an axisymmetric mode. They find that under
particular circumstances it is possible for any of these modes to grow.
By assuming that the growth of a particular mode will cease due to
finite amplitude effects, when the vertical displacement exceeds a
certain value they show that the axisymmetric mode is expected to
dominate. Basing their parameters on the model produced by Lewis
(1969) they obtain estimates for the width of the most rapidly growing
mode which compare reasonably with the observed belt-zone separation.

The different relationship between the verti.cal motion and the
heat generation terms used by Gierasch (1973) results in the loss of
the unstable gravity waves, present in the model of Gierasch et. al.
(1973). This also leads to Rossby wave type solutions being damped
out, although it is suggested that in this case friction may be more
important. However he shows that there is a mode, which is
independent of wavenumber, W_hich will grov at approximately the same
rate as the axisymmetric mode. By assuming that the wave amplitude
is limited not by finite amplitude effects, but by horizontal
friction he produces an estimate for the band-zone wavelength,
which is much less than that observed. A more realistic value is
obtained by considering the solution on an equatorial R- plane.

This also gives a solution for the non-symmetric mode which has a much

smaller horizontal scale, because of this the effects of friction are
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probably more important, and this is suggested as the reason why
these modes are not apparent.

A model in which condensation provides the mechanism responsible
for maintaining the belt-zone structure is given by Barcilon and
Gierasch (1970). This consists of a single cloud layer (assumed
to be water), with a free surface higher up. The lowest order form
of this model simply relates the temperature gradient maintained by
the clouds, to the thermal wind equation. However the presence of
the Ekman layer provided by the free surface generates a higher order
meridional flow term. Assuming that the clouds act so as to
screen radiation from below (otherwise this type of oscillation will
not occur), the outgoing energy flux can be approximated by a linear
function of cloud top temperature, from this a differential equation
for the potential temperature can be derived. It is then shown that
this has solutions which are oscillatory functions of the northward
distance y. The mechanism responsible for providing the initial
(zonal) flow required by the model is not described, although it is
suggested that the symmetric instabilities considered by Stone (1966

see section 4.5.4) could he responsible.

4.5 BAROCLINIC MODELS
4,5.1 THE RHINES PARAMETER

This corresponds to a wavenumber (and hence length) scale kB given by:

- B
K o= 3 (4.3)

where U is a representative velocity scale. It arises from a
consideration of the wavenumber at which 2-d turbulence ( dominant for

k>kB ) and Rossby wave propagation ( important for k<k, )
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are equally important.

The effect‘of 2-D turbulence on the energy spectrum E(k) is
constrained ( in the absence of viscosity ) because both the energy
E(k) and the enstrophy ( see for example Pedlosky 1979 ) k2E(k) must
be conserved. This means that if all the energy was initially
concentrated at wavenumber kg, no more than a quarter can ever be
transferred to twice this wavenumber. Since viscosity will be
effective over smaller scales, an initially random eddy field will
evolve until most of its energy is concentrated in the lower

wavenumber range ( see fig. 4.1 ).

On the surface of a rotating sphere this behaviour is modified by

the presence of the beta effect, which allows Rossby waves to
propagate. It is possible for Rossby waves via non-linear
interactions to transfer energy to_smaller wavenumbers. However an
investigation by Rhines (1975) of some of the various techniques by
which this may occur led to the conclusion that this was not very
efficient.

The net effect of these two mechanisms on an initially random
field of eddies is that the eddies will gradually increase in size
until their time scale is appropriate to Rossby wave propagation.

- These waves will have the effect of dispersing the energy over a
larger area whilst, because of inefficiency of the nén—linear
interactions, concentrating it in wavenumber space, and giving rise
to a peak in the energy spectrum, see fig. 4.1. The position of this
peak was estimated py Rhines (1973) from the wavenumber kB at

which the two processes have the same time scale, to be that given by

equation &4.3.
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4.5.2 WILLIAMS'S MODEL 1

One of the shallow layer models is that of Williams (1978),

which uses & primarily barotropic formulation. Allowance is

made for baroclinic terms by forcing it in a way which simulates
baroclinic effects. The components of this forcing field have a
random phase, but are constrained to lie within a specified rectangle
in wavenumber space. In the case of the Earth this forcing is
further restricted to take place only in the mid-latitudes.

The evolutioh of. the stream function and zonal velocity profile
of one of Williams's Jovian simulations is shown in Fig. 4.2. It can
be seen from this that the initial eddies rapidly combine to give rise
to an almost axisymmetric state. This growth in the scale of the
disturbance is thought to e halted by the Rhines effect (see section
4,5.1). This supposition is supported by the K.E. spectra (see
Fig. 4.3) of the stages through which the model passes. These show
that the energy whilst initially concentrated at the wavenumber

associated with the forcing ( k, = 7 ) broadens out fairly rapidly
until it reaches the wavenumber ( kx = 5‘) associated with the Rhines

effect. At this point the transfer of energy to smaller wavenumbers
is delayed, with the energy associated with the very low wavenumber
range increasing Slowly to an almost constant value.

As can be seen from Fig. 4.2. this model does not produce the
equatorial jet characteristic of the Jovian circulation. This was
however produced in another of Williams's models by increasing the
amplitude of the forcing close to the equator, which gave rise to an
equatarial jet whilst maintaining the pattern of zonal jets to the

north and south,
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4,5.3 WILLIAMS'S MODEL 2

Another, more realistic, model has been developed by Williams (1979)
in his attempt to explain the observed zonql flow in temms of a
shallow layer. This differs from the previous (Williams 1978)

model in that the baroclinic eddies are created within the model from
the imposed equator to pole temperature gradient, rather than being
simulated statistically.

The main results of Williams's model are presented in terms of
its evolution from an initial state over a period equivalent to

several years; this development takes place in several stages.

In the initial stage the model possesses a weak, unstable
axisymmetric flow resembling a Hadley cell. In this state baroclinic
eddies start to appear, and give rise to a non-axisymmetric flow in
the form of weak easterly and westerly jets.' These increase in
strength as the eddies begin to move towards latitudes with their own
absolute vorticity (see Kuo 1951 ). Initially the zonal jets are
quite narrow, but they coalesce into wider jets, until, at the end
of a year, there are approximately five eastward, and five westward
jets, each about 10" km in width, and with a velocity scale of 25

ms . A size which suggests that the transition to larger scales may

1
have been halted by the Rhines effect (see 4.5.1) which for U=25 ms~

and the value used for beta gives a length scale of ~ l.leO“ km .
After this initial period of activity the model remains in an
almost steady state for ~ 900 days without much change the flow being
dominated by the alternating zonal jets. The eddy activity appears
to be limited to neutral baroclinic waves forced by the smaller scale
turbulence, and baroclinically unstable waves which grow within the
westerly jets thus reducing the local temperature gradient. The lack
of activity during this stage results in the mean zonal velocity
decresing whilst the pole to equator temperature increases due to the

imposed heating.
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This quiescent phase is abruptly temminated by the sudden breakup
of the northernmost jet into smaller scale disturbances, closely
followed by the other jets. The effect of this is to produce four
zonal jets, each with a maximum velocity of the order of ~130 ms'1 ’
once again in agreement with the Rhines effect.

After this period the flow begins to settle down, this time to a
state in which there are four strong westerly jets and two major
easterly ones. The calculation was terminated at this point due to
the thermal inbalance resulting from the neéessity of using a
sufficiently high heating rate to avoid computational instability.

In an attempt to examine the final state of such a model Williams
includes some results from similar models with a reduced resolution
which were allowed to continue for a greater period. The fesults
from these appeared to indicate that, certainly if a lower heating
rate was used, the model would equilibrate after some years although
possibly with some periodic behaviour with a period in the range 3 -7
years. One of the other interesting points is the suggestion, based
upon the similarity between Jupiter's observed structure and the
models streamfunction that the clouds might be the result of
horizontal pressure variations rather than convective clouds resulting

from vertical motion.

4,5.4 STONE'S SYMMETRIC INSTABILITY

/
An interesting contrast to Williams baroclinic model is presented by
Stone (1966), who considers the form of baroclinically unstable
waves in a model similar to that used by Eady (1949). The
important difference between these two is that whereas Eady assumed
that the Richardson number Ri >> 1, Stone assuned_that Ri ~ 0(1),
corresponding to a flow with a lower static stability or increased
vertical shear. The effect of this is that although the conventional

Eady type of baroclinic instability is still present it is dominated



by another form of instability.

This alternate form of baroclinic instability consists of long
rolls of fluid, with their axis aligned with the zonal flow, and
the sides of the rolls sloping in the meridional direction.

Because of this symmetry about the axis they are termed symmetric
instabilities. When the growth rate was examined as a function of A

( the meridional wavenumber ) it was found that the most unstable waves
were associated with A = », although all waves with A greater

than A = n/(l-Ri)% were unstable.

A more defailed study of the variation of the least stable
disturbance as a function of Ri was given by Stone ( 1970 ), who
showed that the symmetric instability would dominate when
0.25 < Ri < 0.95 . The ranges of RL over which various types of

instability can occur are summarized below.

Type of instability Range of Ri
Kelvin-Helmholtz RL < 0.25
symmetric baroclinic 0< R <1
Eady baroclinic 0.84 < Ri

It was suggested by Gierasch and Stone ( 1968 ) that the
.symmetric instability would transfer momentum equatorward, and hence
could possibly explain both the axisymmetric banded structure and
the equatorial jet observed on Jupiter. However this point was
considered in mare detail by Stone ( 1972 ), who showed that the
equ;torial acceleration could only occur if Ri < 1/3, which contradicts
the observation of some asymmetric features ( he also replies to Hide's
1970 query, agreeing that this model could not provide the required
equatorial acceleration relative to the underlying surface ). As
a result of these difficulties they are led to conclude that it is
unlikely that symmetric instabilities are responsible for the Jovian

circulation.
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A similar conclusion was reached by Walton ( 1975 ) who included
the effects of friction, and found that the instability occured at
a finite wavenumber. However under these conditions the transfer
of mamentum is towards the pole; and hence would be unable to

support an equatorial jet.

4,6 BAROTROPIC INSTABILITY CRI TERTA

One of the conditions which limit the possible range of velocity
profiles in a shallow atmosphere is thé barotropic instability
criterion, based upon a consideration of the rate of change of
horizontal shear with latitude. This type of instability was first
dsicussed by Rayleigh, who considered the flow in a cylindrical system
where the angular velocity Q was a function of the radius r. He showed

that the system is stable if:

4%, (4.4)
( this is called the Rayleigh criterion, see for example
Chandrasekhar 1981 ), otherwise it is possible for small latitudinal
displacements to grov, and extract energy fram the basic flow.

The equivalent condition for flow in a shallow surface layer over
a sphere is more complex. However a necessary ( but not sufficient )

condition for the flov on a R-plane to be unstable is that

d?u _

is satisfied somewhere ( see Hblton 1979 ), with B given by:

B = (df/dy)eo (4.6)

A different form of equation (4.5) is developed by Ingersoll
and Pollard ( 1982 ) who consider flows in a rotating adiabatic fluid
filled sphere of the form u = u(r), where r is the distance fram the

axis. They conclude that the flow could be unstable if B - Up = 0
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somewhere, where

2 Q

B(r) = =~

Q.|Q.
27 k=<9

+h
M = [ p dz (4.7)
-h

with z being the distance parallel to the axis and h(r) corresponding
to the outer boundary of the sphere.

The possible relevance of these two farms of instability to the
circulation of the outer planets has been considered by Ingersoll and
Pollard ( 1982 ) from which fig. 4.4 was taken. This shows the value
of d?u/dy? for Saturn evaluated from the Voyager velocity profile
compared with 8 ( on the right ) and B sin2g ( evaluated assuming a
particular internal structure ) on the left. It can be seen that
the conventional condition is violated at a considerable number of
latitudes in comparison with the second condition. This suggests that
the limiting effect of B rather than B8 on dzu/ayz could be more

relevant in this case.

4,7 HIDE'S CONDITION FOR THE PRESENCE OF A SUPEROTATING EQUATORIAL
JET

One of the problems associated with many of the models of the
zonal flow is producing the equatorial jet. It has been pointed
out by Hide ( 1970 ) that it is not possible to do this with an
axisymmetric geostrophic model. This follows from the* fact that to
transfer momentum equatorward requires meridional motions which in
turn imply a pressure field which varies with longitude. This is
absent in axisymmetric motions.

The power of this limitation is somewhat restricted however,
since same of the apparently axisymmetric models ( such as that of
-Williams and Robinson 1973 ) in fact employ friction, giving rise to

small scale non-axisymmetric motions.
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4,8 OBSERVATIONAL EVIDENCE

An attempt to obtain information about the depth of the zonal
flov was provided by Smith et. al. (1982), in the form of fig. &.5.
This was. obtained using the geostrophic wind equation (Holton 1979)
which relates the zonal velocity u to the geopotential height ¢
(for a constant value of g this is proportional to the geometric height),
and is given by

_ -1 do -

From this equation, and the observed wind profiles Smith et. al.

were able to determine the change with latitude of the thickness of a
layer separating the cloud tops from a lower constant pressure surface
rotating with the radio rotation period (see section 3.4.1.2). Now
the thickness (in geopotential unifs) of a layer extending from a
pressure level p, to a pressure level py, and with a mean temperature

T is given by (Holton 1979)

Po
dd = J R T(p) dln(p) (4.9)
P1

Taking the observed equator to pole temperature difference to be 1- 2K,
and assuming an approximately constant composition (i.e. constant R),
they argue that if the observed change in & 1is not to be exceeded,
the observed motions must penetrate down to at least the 2000 K
level, carresponding to a pressure level of approximately p = 10*
bars.

It has been pointed out by Allison and Stone (1983) that this
analysis depends strongly on the condition of the assumed boundaries.
In particular the lower boundary is assumed to camprise a constant

pressure layer, rotating with the radio rotation period, and to be

in hydrostatic equilibrium. It was also pointed out that the 1- 2K



temperature drop measured corresponded to a level well above the cloud
deck, and may not be relevant. In view of these limitations it was
suggested that it was still not possible to rule out models with
shallow surface layers{

One of the other arguments used in favour of the deeper models is
the apparent permanence of the zonal velocity. Although this is more
apparent in the case of Jupiter, for which more historical data is
available their also exist observations of saturn, including
same by Herséhel in (1794). Some of these measurements are
summarized by Lavega (1982), and appear to be approximately
consistent with the Voyager observations, with an equatorial jet of ~
400 ms'l . It should be noted that whilst the velocity profile may
demonstrate long term stability, the pattern of belts and zones seems
to undergo fairly rapid fluctuations. For example the lighter region
observed between 23-360 N. during the Voyager 1 encounter darkened
at some time in the intervening months, until it was observed by
Voyager 2 (Smith et. al. 1982) to be approximately the same albedo

as the dark belt running from 36 N to 42 N,

4.8.1 CORRELATION ANALYSIS

In an attempt to model the different scale processes present in
the atmosphere, one approach is to split the observed motions into
two parts, a zonally averaged contribution and an eddy contribution.
Thus the observed zonal velocity u is written

u=u+ u' : (4.10)
with the bar signifying the longitudinally averaged part and the dash
the eddy canpoqent. Similar decompostions may be performed on the
meridional velocity v, and the temperature field T. Using this
parameterization the kinetic energy and the available potential energy

can be broken up into mean and eddy parts, Beebe et. al. (1980),



give the conversion from eddy kinetic energy K' to mean kinetic energy

Kby :

KK} = & [%J ) ) (4.11)
where N is the number of velocity measurements considered. This
correlation has been evaluated for Jupiter by Beebe et. al. 1980 and
Ingersoll et. al. 198l. In both cases the value is positive, and

it is estimated that if the results applied to a layer 2.5 bar in a
thickness (equivalent to a mass of 10“ kgm'z) then the eddies

would supply sufficient energy to replace the zonal mean kinetic
energy in approximately 2-4 months. '

This type of analysis requires a reasonably large number of
velocity measurements, and for this reason is more difficult on
Saturn. However it has been tried by Beebe et. al. (1982), who
obtained a correlation coefficient of 0.5 (or 0.7 if the measurements
were weighted by the number of measurements in each latitude bin),
and concluded that as in the Jlévian case the eddies were efficiently
feeding energy into the zonal wind.

One of the most worrying features of this approach is the
scomewhat subjective process by which features are selected for
measurement, and the way in which fhe global results vary depends
upon the procedure used to remove ‘'incorrect’ measuremeﬁts, as well
as being significantly influenced by certain large scale features.

In addition, when this type of study was carried out on a numerical
model of a stable eddy (P. Read, private communication), it was
found that although it appeared that energy was being transferred
between the various mean and eddy components this was being done in
such a way as to leave the total mean and eddy parts the same. These

difficulties, along with the fact that the velocity can only be

determined at the cloud tops, gives rise to same doubt of the
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significance of the results obtained using this method.

4.9 SUMMARY

It is unlikely that any of the models described precisely represent
the actual flow. For example all the models either ignore the large
scale albedo variations, or produce tham as an integral part of the
zonal velocity profile. Neither of these approaches explains how it
is possible for whole latitude bands to became lighter or darker
without corresponding changes in the zonal velocity profile. In this
section. I will attempt to compare some of the advantages and
disadvantages of the different types of model.

’ Convective models (Busse, Williams and Robinson, Mayr et. al.)
all suffer from the fact that convection is a small scale phenomena.
This remains true even when individual convective cells combine to
form large scale flow patterns, for example Bénard convection. For
this reason convective models are very dependant upon the
parameterization of the small scale viscosity. As was pointed out By
Stone (1976) this is a particular difficulty in the model of
Williams and Robinson with its large mixing length. He also doubted
the dominance of their symmetric flow regime over cells aligned
parallel to the rotation axis. This was explained for the model used
by Mayr and Harris through‘the interaction of solar heating near the
equator with the statically unstable atmosphere brought about by the
internal heating. Although this model can produce a multiple jet
structure, this is very dependent upon the cloud top height, and its
change with altitude does not appzar to agree with the Conrath and
Pirraglia (1983) temperature measurements, which indicate a
decrease of velocity with height outside the equatorial region.
Because it is mainly confined to the lower levels,
the deep convection model proposed by Busse (1976) is not expected

to have any easily recognisable signature at the cloud tops, except
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perhaps for the depth of the flow inferred by Smith et. al. (1932).
It does however require that the flow be approximately identical in
both hemispheres below a certain (approximately known) latitude,
which does appear to be the case (R. Beebe, private communication).

The baroclinic instability models have the advantage that they
have an intrinisic length scale (the Rossby radius of déformation,
see for example Pedlosky 1979) and are therefore less dependant upon
the unmeasurable small scale structure. The type of instabilities
considered by Stone (1966) seem to be severly restricted by the
limited range of Richardson number over which they operate. There
also appears to be difficulties in providing the equatorial mamentum
transport needed to sustain the equatorial jet.

The baroclinic instability model provided Williams (1979)
appears to agree reasonably well with the observed flow pattern. It
is however unfortunate that in addition to the assumption of static
stability it uses a rigid lower boundary. The importance of
this assumption was demonstrated by Gierasch et. al. (1979) who
considered the effect of an infinite adiabatic lower boundary. This
model gave growth rates smaller than those for a rigid lower boundary.
It would be interesting to know to what extent the results of Williams
(1979) depend upon the presence of the rigid lower boundary.

The conditionally unstable models provided by Gierasch (1973)
and Gierasch et. al. (1973) are made somewhat unsatisfactory by
the way in which the dominance of the axisymmetric mode depends upon
the importance of frictional or finite amplitude effects. For the
model of Barcilon and Gierasch (1970) there isithe additonal
difficulty that it requires an initial zonal flow for the mechanism to
work. It has also been mentioned by Williams and Robinson (1973)
that conditional instability models should have the upward branch of

each cell considerably (a factor of about 5) narrower than the
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downward branch, an asymmetry which is not observed on Jupiter and
Saturn,

| In conclusion whilst shallow conventional baroclinically unstable
models such as those of Williams appear to reproduce the observed
zonal flow pattern, and may not conflict with the observed wind and
temperature measurements (see Allison and Stone 1983). The deep
convective models of Busse could be important at lower levels and

seem to account for the observed north-south asymmetry.
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FIGURE CAPTIONS - CHAPIER &

Figure 4.1
These figures, taken from Rhines (1975), illustrate the effect

of beta upon the growth of two-dimensional turbulence.

Figures A and B shov how the streamlines at a particular latitude
change with time. It can be seen from fig A, which shows the pure
turbulence ( B = 0 ) case, that the eddies, which are initially
small, grow with time. The effect of 8 # 0, is shown in fig B,
where the same initial conditions give rise to westward propagating
Rossby waves. It is clear that B # O reduces the rate at which
the eddies merge. This is also apparent in f“ig.C which shows how

the energy spectra of A (continuous lines) and B change with time.

Figure 4.2
This figure shows the results obtained by Williams (1978)

from his Barotropic model of Jovian turbulence. The plots show
contours of the streamfunction (negative values are shaded) at

(a) 4.6, (b) 23.0, (c) 46.0, (d) 73.3, (e) 161, and (f) 294.4 days.
The graphs to the right hand side of each plot show the variation

of the associated mean flow with latitude.

Figure 4.3

This showvs the kinetic energy spectrum given by Williams
(1978) for the model which produced the streamfunctions shown in
fig 4.2. These correspond to the state of the model after (a)4.6,

(b) 13, (c) 23, (d) 46, (e) 74, and (f) 294 days.
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Figure 4.4
This figure, taken from Ingersoll and Pollard (1982),

indicates the constraints imposed upon the zonal flow by the deep
and shallow barotropic stability criteria. The left hand curves
show the zonal velocity as a function of latitude (continuous
line), and its reflection about the equator (dashed lire). The
graph on the right shows the second derivative of the zonal flow
with respect to latitude, with the limiting effects of B sin 26
on the left and B on the right. These are described in greater

detail in section 4.6.

Figure 4.5
This figure is derived by Smith et. al. (1982) from

. measurements of the zonal flow at the cloud tops, and the observed
equator to pole temperature gradient. Using these in the thermal
wind equation they are able to estimate how the thickness of a
layer separating the observed cloud tops, from a lover constant
pressure layer of no motion, varies with latitude. This is ex-
pressed in fig 4.5 as a proportion of the depth of an adiabatic

layer encompassing a temperature change of 200 K.
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CHAPTER 5

TEMPERATURE AND COMPOSITION VARIATIONS

5.1 INTRODUCTION

Impartant parameters of any atmospheric model are likely to
include estimates of the temperature and composition of the atmosphere.

This chapter explains the measurements available, and the way in
which they constrain the various model atmospheres which have been
produced.

The major constituents of Saturn have been inferred over the
years until a reasonably detailed picture of the interiaor has been
produced. The structure of some current models, and the constraints
upon them are explained in the first part of this chapter. 1In
addition to the major components there are a number of minor
constituénts, with those responsible for producing the various cloud
layers being particularly important, and these are described next.
Following this 'thvere is a discussion of the non-equilibrium components
which are included to produce the observed spectra, particularly in
the ultraviolet and infrared. |

In addition to deriving the globally intergrated equivalent
temperature, the infrared (and radio science) experiments can also
provide informai?ion about the way in which the temperature changes as
a function of height. The available temperature-pressure profiles,

as well as same of the quantities derived from them are described in
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sections 5.4 - 5.6. After this the results from the UVS instrument,
which determines the temperature at a much higher level, are
described.

There are also available measurements of the latitudinal
temperature gradient. These, along with the methods used to
calculate the thermal wind from them, are described in the final

sections.

5.1.1 INTERIORS

Some of the earlier models of the Jovian and Saturnian interiors
are summarised by Hubbard and Smoluchowski (1973) and by Slattery
(1977). These nearly all contain hydrogen as their main constituwent,
with differing amounts of other components. One of the major
difficulties with these models is the uncertainty in the behaviour of
hydrogen at high pressures. It is expected that, as the pressure
increases, hydrogen will enter a state in which it behaves as an
electrically conducting fluid. However the pressure at which this
phase change takes place, and the precise nature of the transition
are not well known. In addition to hydrogen as the major constituent,
some of the later models mentioned by Hibbard and Smolochowski
include helium, and use a higher density central core in order to
match the observed gravitational moments.

The Saturn model described by Slattery (1977) involved the use
of several different sources of data to estimate the H-He equation of
state, and reduced the gap over which this was interpolated to an
order of magnitude in the density. Using this, along with the
observed gravitatioal moments, cloud-top temperature, and estimated
rotation period, he describes two different models. These have a

central core of heavy elements with a density of 10 or 15 g cm™3
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extending out to a pressure of v 9 - 10.5 Mbar (corresponding to
11.25 - 13.4 x 103 km), this is surrounded by a metallic hydrogen
region, extending out to about 3.2 Mbar (28 x 103 km from the centre),
above which is a molecular H-He mixture extending up to the

visible surface.

A slightly different model is suggested by Hubbard 1981, in.
which the central core is differentiated into an inner rock part, and
an outer ice part in approximately solar propartions. This puts the
core / H-He boundary at ~ 7 Mbar, with the metallic hydrogen regi on
terminating nearer 4 Mbar.

An alternative method for estimating the size of the conducting
core is provided by Hide (1981). By considering the number of
magnetic flux lines N passing through a general surface S, he shows
that, assuming that cwmic losses are small, N will be constant when
S is a material surface rotating with the conducting core (ie at the.
radio rotation period). Thus the radius of the conducting care can
be found by extrapolating the dbserved field components down until N
is appraximately constant. The problem with this method lies in the
high spatial and temporal resolution of the magnetic field measurements
required. However the magnetometer measurements obtained from the
Pioneer 10 and 11 encounters with Jupiter enabled this technique to
be used. This estimated the core radius to be 70% of the observed
radius, in good agreement with other calculations.

Difficulties have arisen with models of the Saturnian interior,
since it has become apparent from satellite observations (Hanel et.
al. 1981, Ingersoll et. al. 1980, see section 5.1.2) that the heat
emitted by Saturn seems to be in excess of that which would be
expected purely by cooling from an initial high temperature state.

A possible solution to this prablem is considered by Stevenson
(1980), who suggests that the deficiency might be supplied by

gravitational separation of the helium from the hydrogen.
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A mechanism for this is described by Stevenson and Salpeter (1977),
which takes the form of the helium becoming insoluble in the
surrounding hydrogen? and farming droplets at ~ 2 Mbar. These droplets
fall, releasing erergy, into the metallic hydrogen layer where they
dissolve in the warmer fluid. The effect of this process on the
atmosphere is to enrich the lower part of the metallic hydrogen layer
in helium, while depleting the surface layers, the two being separated
by the upper part of the metallic hydrogen region which is expected
to be inhomogeneous . |

Support for this idea is provided by the Voyager 1 IRIS
observations of Saturn (Hanel et. al. 1981), which determined the
H mass fraction Y of the atmosphere as Y = 0.11. This is
significantly different from the value of Y = 0.19 * 0.05 given for
Jupiter, and Hanel et. al. estimate that this difference could be

accounted for by gravitational depletion of helium in the surface layers.

5.1.2 Q.OBAL ENERGY BALANCE OF SATURN

Measurements of the albedo, and effective temperature of Saturn are
useful because they can be combirned to estimate the erergy balance
(radiated power / received power), w‘hich in turn is important for
constructing models of the interior (see section 5.1.1).

Ground -based observations (see summary by Hanel et. al. 1983) give
quite large values for the erergy balance, for example Gautier and
Courtin (1979) derived a value of 2.6 + 0.9 . These appeared to be
confirmed by the Pioneer results (Orton and Ingersoll 1980) which
gave 2.8 * 0.9 . However from an analysis of the Voyager 1 IRLS
measurements, and including the effects of light scattered and
absorbed by the rirgs, Hanel et. al. (1983) derived an erergy

balance valwe of 1.78 +* 0.09 .
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5.2 ATMOSPHERIC COMPOSITION - EQUILIBRIUM MODELS
Since most observations, and in particular zonal velocity
measurements, refer to the cloud tops, it is obviously important to
know the height and composition of these clouds. Useful estimates of
these are provided by the model of Weidenschilling and Lewis (1973)
who assumed a solar composition atmosphere, including HzO, CHs, NH;
and H,S. Starting from the bottom level their calculation proceeded
in steps, moving up along a wet adiabét until the vapour pressure of
one (or mare) of the constituents exceeded its saturated vapour
pressure. When this occurred the relevant constituent was assumed to
condense out until the vapour pressure equaled the saturated vapour
pressure, when the upwards calculation was resumed. Once a
particular component had cmdeﬁsed it was assumed to remain at the
same level. The results they obtained by applying this method to
Saturn are shown in fig. 5.1 . This shows an upper level solid NH;
cloud above an ammonium hydrosulphide (NH4SH) _cloud, which in turn
lies over a cloud composed of water ice at the top with aqueous NH
solution lower down. One of the disadvantages of this type of model
is the assumption that there are sufficient condensation nuclei
present to avoid supersaturation, which will place the clouds at the
lowest possible level.
A mofe detailed model of cloud growth and decay processes on Jupiter is

provided by Rossow (1978), who considers the significance of
various microphysical effects acting upon particles of different sizes.
From this he concludes that it is probable that all three cloud
layers could produce precipitation with a mean particle radius > 10 um

(> 100 um for the ammonia-water cloud) in a time period of ~ 10%s .
The main processes responsible for the growth and removal of these
medium sized particles (10 - 100 um) are gravitationally induced
collisions and precipitation. The smaller values of g for the

Saturnian case will probably not make much difference, with the
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medium sized particles just growing slightly slower but attaining
marginally larger radii before removal.

The presence of ammonia gas in the Saturnian atmosphere has been
confirmed by the Voyager 1 IRIS measurements (Hanel et. al. 1981).

However, owing partly to the absence of the expected strong
absarption at 3 ym, the detection of ammonia ice is less certain.

Its presence has been inferred by Slobodkin et. al. (1978) who
canpared reflection spectra of ammonia frosts formed at different
rates with those of gaseous ammonia. It was found that the
difference in position of the absorption lines (shifting from A3 to ~
3.3 um) could account far the difference between Jovian and

Saturnian spectra provided the ammonia was gaseous in the former and
salid in the latter.

A different approach was adopted by Orton (1983), who modeled
the effect of ammonia ice particles (assumed to be spherical with
radii based on the calculations of Rossow, 1978 for the Jovian clouds:
this partially suppresses the strong ammonia absprption features)
in an atmosphere with the Voyager 2 radio science temperature profile..

He then altered the particle scale height Hp and the top of the
ammonia cloud deck, and canpared the results with Pioneer infrared
measurements made at 20 and 45 um over the equator and-at 159 S.

The best equatorial results for the 45 pym measurements place the
cloud top at 100 mb and with a scale height equal to the local scale
height, while at 15° S the cloud must be lower (cloud top at 400

mb) or fall off more rapidly with height (scale height equal to 0.15
the local scale height). Unfortunately none of the cloud models
considered fit the 20 um observations which are consistently too
bright (more so at 15° S than at the equator). It is suggested

that this could be due to a stratospheric aerosol.
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A different method was used by Apt and Singer (1982) who used
Earth based observations of the equator and the south equatorial belt
(SEB approximately 15-20° S) at 0.6 - 2.5 um. By altering
their model to fit the observations they obtained methane abundances
of 37 and 30 m am over the SEB and equator respectively. For their
methane mixing ratio of 7x10”* this gave a pressure level of 425 mb
for the tops of the equatorial clouds, and 530 mb for those over the
SEB. Using different data and a simpler model West (1983) was able
to deduce methane abundances over the equator and north temperate
region (NTR, approx 27 - 34° N) of 37 #3 and 39 m am respectively.
Taking the methane mixing ratio to be 2x1073% (derived by Courtin
et. al. 1982 from the Voyager 1 IRLS spectrum) they convert these

to a cloud-top pressure level of 170 - 190 mb.

5.3 ATMOSPHERIC COMPOSITION, - NON-EQUILIBRIUM COMPONENTS

In addition to the atmospheric. constituents mentioned so far, it is
necessary , due to the failure of simple models with a layer of clear
gas over an ammonia cloud deck, to include other components. The
discrepancies include the excessive darkening observed during an
eclipse of Titan by Saturn (D.A. Smith et. al. 198la ), the
unusually low albedo of Jupiter in the UV (Axel 1972), and the
moblem of explaining the cloud colouration, since NH;,NH,SH and
H,0 are colourless (West, private communication).

For a simple model the albedo of Saturn in the UV would be
expected to be high due to Rayleigh scattering by the hydrogen
molecules. This should increase as A~ * (where )\ is the
wavelength). However instead the observed albedo decreases
(see, for example, Macy 1977). A similar problem exists for the
Jovian case, and a possible solution to this was given by Axel - (1972)
who proposed the existence of a layer of small absorbing particles

well above the ammonia clouds. This is consistent with the results



of D.A. Smith et. al.(198la) for Saturn, who required an

absorbing stratospheric aerosal (optical depth 0.4 * 8:8'2‘

’

at 2640 X) to extend up to at least 20 km and more probably 35 - 75 km
above the 74 mb tropopause. An upper limit to the aerosol
distribution is provided by the UV limb brightening which requires the
presence of a layer of clear, Rayleigh scattering gas above the
absorber.

Various types of non-equilibrium processes capable of producing
aérosols at the required level in the Jovian atmosphere are described
by Prinmn and Owen (1976), including the effects of vertical
advection and sunlight induced photochemical reactions. The
relevance of the various materials produced to the UV scattering and
cloud colour observations is discussed by Macy (1977). The
suggested components include red phosphorus (derived from phosphine),
hydrazine, methane and sulphur compounds (derived from Hydrogen
Sulphide) as well as various organic products. Both methane and
hydrazine compounds are considered by Macy (1977) to be unlikely.

The possible range of hydrocarbons is large and has been investigated
by Scattergood and Owen (1977) who found that the UV absorbing

campounds could be produced from proton-irradiation of a CH, and H,

mixture. However all these products are colourless unless nitrogen or
sul phur are included. The main difficulty associated With the
identification of the aerosol with the photochemical dissociation
products of phosphine (PH;) or hydrogen sulphide (H,S) lies in the
fact that both these chemicals are expected to be stable only at lower
levels. It is suggested by Macy (1977) that this could be overcome

by rapid (< 10%s) vertical transport. That some such
disequilibration process must be at work is demonstrated by the
infrared identification of PH; (Hanel at. al. 1981) the

distribution of which appears, from models of the UV spectra, (Moore

1983), to be similar to that of the aerosal.
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A model of Saturn's atmosphere containing Axel dust is provided
by Podolak and Danielson (1977), who used a uniform distribution of
particles with sizes 0 - 0.1 um. By changing other parameters they
found that the dbservations were most accurately reproduced by using 7
km-am of H, over 28 km-am of H, mixed with dust with an underlying,
optically thick, cloud layer. A similar model is used by Macy
(1977), who uses different parameters for the equatorial and
temperate regions. At the equator he uses 19 km-am of H; extending
down to 0.2 atm over a layer containing 23 km-am of H, with absorbing
particles going down to 0.4 atm, with the lower haze layer being 32
km-am thick with the bottom at 1.1 atm. The temperate model is
similar, with the abundances being 27, 15 and 52 km-am with the
associated pressure le\(els at the bottom of each layer being 0.3,

0.4 and 1.1 atm.

’ Although the use of one type of aerosol to account far both
the colouration and UV observations has the advantages of
simplicity it may be incorrect. Bergstralh et. al. (1981)
suggest the presence of a second aerosol with a maximum single
scattering albedo at 4800 A tailing off to a minimum near

6000 A. From the PPS data West et. al. ( 1983 ) deduce the
presence of , in addition to the stratospheric component,

two additional aerosal layers one at high altitude ( < 10:

mb ) over the poles, and another mixed in with the

tropospheric cloud.
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5.4 TEMPERATURE-PRESSURE PROFILES AVAILABLE

There are several temperature-pressure profiles available, derived
from different instruments on different spacecraft, they are

summarised in the table below.

INSTRIMENT SPACECRAFT LATITUDE  REFERENCE PRESSURE

RANGE (mb)
RS VGR2 3. S = Tyler et. al. 1982 1-1000
RS VGR2 36.5 N Tyler et. al. 1982 1-1000
IRIS VGRL 13 N Harel et. al. 1981 1-1000
IRIS VGRL 22 N Hanel et. al. 1981 1-1000
IRIS VGR2 78 N Hanel et. al. 198 50-500
IRIS VGR2 70 S Hanel et. al. 1982 50-500
RS ~ VGR1 76 S Tyler et. al. 1981 1-1000

IRIS - Infra-red imaging spectrometer

RS - Radio Science

There are hovever reasons for believing that some of these profiles

are more accurate than others. Because of the differing geometry the
radio occultation results from the Voyager 1 encounter are thought by
Tyler et. al. (1982) to be less reliable than those from the Voyager 2
encounter. For this reason the Voyager 1 .profiles were not used.

The pressure range of the Voyager 2 IRIS profiles is restricted

because of a misalignment in the instrument which caused a reduction

in the signal to noise ratio at certain wavenuml?ers (see section 2.3.2).
In figures 5.2 and 5.3 I show the six temperature pressure profiles
considered. These are the result of fitting polynomials through points
taken from the references given above. It can be seen from these figures

that the temperatures derived from the IRLS measurements are distinctly



different from the radio occultation results, particularly around the
tropopause. This could well be due to the neglect of cloud opacity
effects (see section 2.3.2.3) in the IRLS temperature inversion, a
possibility which was considered by Orton (1983) in his investigation

of the structure of the ammonia clouds.

5.5 CALCULATION OF THE HELIGHT FROM A TEMPERATURE-PRESSURE PROFILE

We assume that the atmosphere is in balance, and use the

hydrostatic equation

= -0g (S.l)

aja
Nl

in conjunction with the ideal gas equation

o= (5.2)

to obtain

dp _ -pg =R, T
0 RT ie dz = 3 x pdp (5.3)

If we change the variable to q =ln (p), and integrate from a
location with pressure p, and height z o to the point pi, z1 then we

obtain

In(py)
R J

In(po)

T(q) dq (5.4)

where we have assumed a constant composition, and acceleration due to
gravity.

The method used is very simple. A polynomial of a specified
Mggggg is fitted to the temperature-pressure points provided, using
the NAG (National Algorithms Group) subroutines, and then
integrated. The values at 1n(p,) are then subtracted from the values
at In(po) and multiplied by R/g to obtain the height. The change of
variable to ln(p) is performed because this form is more amenable to

the form of polynomial used for the curve fitting.
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The constant R is the specific gas constant, and is given by the
universal gas constant R¥
R* = 8.3144 kI mol™! K™?
divided by M, the harmonic mean of the moiecular weights of the gases
present. This is defined for a mixture of 2 gases ( McIntosh and
Thom 1978 ) as
ml + m2 ml/m2 + 1

ml m2 ml 1 1

NI * M2 m MLt MZ

where ml and m2 are the masses of the two gases present, and Ml and
M2 are their respective molecular weights. For the outer planets we
can take Hand. He as being the major constituents, and for these we
have

M1

4.003

M (He )

M2 M (Hy ) 2.016

To determine the value of M we require the helium mass fraction
Yy = ml/m2. This is given by Harel et. al. (198l1) as
Yy = 0.19 * 0.05
for Jupiter, and
Yy = 0.11
for Saturn. Using these values along with M1 and M2 in equation 5.5

we obtain

=<
1l

2.19 gmol™?
for Jupiter,'and

M =2.12 g mol™?

for the Saturnian case, the latter giving a value for the specific
gas constant R, of

R=3%22 JK?!kg™?
The value of g to be used in equation 5.4 should be different for each

of the mpofiles used, because of the different latitudes to which
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they correspond. However for the purposes of comparison I have used

an average value of 9.5ms 2 .

5.6 PARAMETERS DERLVED FROM THE T-P PROFILES

By using the procedure described above the value of Z(p) was evaluated
for the six temperature-pressure profiles shown in figs 5.2 and 5.3,
the results for four of these profiles are plotted in 5.4. The

zero height . level has been defined to be at 700 mb, the level below
which an adiabat was assumed for the IRIS inversion (Hanel et. al.
1981 ). The stability of an atmosphere to vertical movements can be
measured by the Brunt-Vaisala frequency (also called the buoyancy

frequency ) N, defined by

2 - 9
v - g

Q.

Q.

ZT+€5] (5.6)

where Cp is the specific heat at constant pressure, The value of N
is the frequency with which a parcel of gas would oscillate if
displaced vertically from its equilibrium position. If N2 is
negativé this indicates that the atmosphere is statically unstable,
and that a parcel of gas will accelerate away from its initial
position.

The value of N? as a function of pressure are shown in fig 5.5.
It can be seen that the atmosphere is most stable at 20 - 40 mb,
above the tropopause which is at 60 - 90 mb. Although, due to the
difficulty in assigning an error to the T-P profiles, there are no
errors shown in fig 5.5, Their effect can be estimated by comparing
" the different curves in figs 5.2 and 5.5. At higher pressure levels
( ~ 600mb ) the value of N2 is determined by the small departures of
T(p) fram an adiabat. Because of this the fact that N2 < 0 for

sane of the profiles may be due to small errors in the temperature
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profile, rather than a statically unstable atmosphere.
Another useful quantity is the density scale height h. This is

defined as

-1 _=1 dp _ d (1n p)
== 3 = = (5.7)

Using the ideal gas equation = p = p/RT this becomes

Rt = 'g—zln {ﬁEfJ (5.8)

since, having T(p), we have produced Z(p) it is not difficult to
evaluate h='., The value of h as a function of height is shawn if fig
5.6.

Another quantity which is relevant when considering the possible
flow regimes, and one of the few characteristic parameters which can
be evaluated with any degree of reliability (at least for the 1-1000
mb region) is the Richardson number, Ri. This can be defined as

. g _38/z N2 '
R =5 Taul32)? = (3u/32)7 (5.9)

where 6 is the potential temperature.
The following table (taken from Stone 1966) describes the types of
flow likely to be impartant for different values of Ri. Some of
these regimes are described in more detail in chapter &4.
RAR < =2 Free convection
2 < Ri < 1/4 Forced convection (Kelvin-Helmholtz instability)
1/6 < RL < 1 Symmetric baroclinic instability
1 < RL < 1000 Conventional baroclinic instability

1000 < Ri Hadley cell
It should be noted that some of these transitions are more accurately

known than others.
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The only unknown quantity involved in the estimation of Ri is the
vertical shear ju/3z. Although this can be evaluated via the thermal
wind equation from the latitudinal temperature gradient, this will be
a function of height and latitude. Instead, since the values of Ri
closer to zero are of more interest, I have chosen to use an

unnaturally high value of

g—; = -0.5ms™ ! km™! = 0.5 x 1073 71

Using this to calculate Ri I obtained fig 5.7, from which it can be
seen that 1000 > Ri > 1, and hence that baroclinic instability may

be impartant, at this level.

5.7 UPPER ATMOSPHERE TEMPERATURE

The temperature in the upper atmosphere can be estimated from the
variation with time of the spectra returned by the UVS during‘a
stellar occultation. The analysis of the occultation of delta
Scorpii by Saturn, observed by Voyager 2 is described by Festou and
Atreya (1982) whose results are shown in fig 5.8. Above v 1540 km
(relative to the 1 bar level) they found that their data could be
modelled reasonably well by assuming an isothermal atmosphere at a
temperature of 800 + 133 K . Below 1540 km the isothermal
assumption breaks down and is replaced by a model containing a linear
increase in temperature with height. This gives a good fit to the 939
- 1023 A observations providing a lapse rate of 1.25 % §35 K km™?
is used . \ The lowest level probed by this technique, which
relies on modelling the molecular hydrogen absorption, is ~ 1000 km
where hydrocarbon absarption may become important. The temperature
between this region and the highest level reached by the IRLS and

radio occultation measurements is unavailable., Hovever because the
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temperature at each end of this gap is approximately the same the
intervening region was ‘modelled by Festou and Atreya (1983) as being

isothermal.

5.8 EVALUATION OF u,3u/3z AND N2 AS FUNCTIONS OF LATI TUDE AND HELGHT

This section describes the calculation of various parameters as a
function of height. The procedure is based upon the thermal wind
equation which, for an ideal gas in hydrostatic equilibrium can

be written (Gill, 198).

D

du

= =TT [%%) (5.10)
The use of this to obtain 3u/3z as a function of height for a
particular latitude requires: the variation of T with latitude as

a function of pressure; estimates of f and g and 36/3y at the
appropriate latitude; and the height as a function of mressure.

The two Saturnian T (p,8) profiles available fof this type of
analysis are those given by Pirraglia et. al. (198l), see fig 5.9
and Conrath and Pirraglia (1983), see fig 5.10. The first, derived
from Voyager 1 IRIS observations, applies only to the northern
hemisphere, covering latitudes 0 - 70° N and pressure levels 150-
730 mb. The second includes the Southern hemisphere, extending from
0° S to v 80% N (not continuously), but only at 150, 290, |
and 730 mb. Because of the better pressure range most of my
calculations were performed using the \oyager 1 mrofile.

The temperature gradient data was obtained from figs 5.9 and 5.10
by drawing a grid over these, and estimating the temperature
perturbation at each point. In addition to the errors generated by
this process there is also a problem with the accuracy of the
navigation, which was estimated by Pirraglia et. al. (198l) to

give a 3 gerror of 1 - 39, For comparison between IRLS
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measurements and velocity profiles Conrath and Pirraglia (19835
showed that, north-of 30°%, the thermal wind shear correlated with
the velocity profile to within the pointing uncertainty.

It can be seen from fig 5.10 that the temperature structure at 150
mb is composed of a small scale part, approximately symmetric about
the equator, superimposed upon:a gradual increase in temperature
t.owards the south pole. This large scale asymmetry is interpreted by
Conrath and Pirraglia (1983) as being caused by seasonal effects.

The large scale structure observed in the 730 mb profile may ke due to
absorption by intervening particles and hazes, rather than an actual
temperature change.

In addition to the latitudinal temperature gradient, the terﬁperature-
pressure profile is also needed to determine the height. This is
normally approximated by one of the profiles described in section 5.4
but using the value of g at the required latitude. The inconsis-
tencies arising from this apmroximation can be estimated from figs 5.2
and 5.3, and are unlikely to be large caompared with the errors in
estimating 97/36.

The other quantities required for the evaluation of 3u/3z (z)
from equation 5.10, such as f and g are calculated as a function of
latitude using the methods described in se_ctions 3.4.1.1 and 5.8.1.

Assuming that the temperature data iS available the therrﬁal wind
shear can be found using a combination of specially written routines
and standard database programs. The procedure used is as follows.
Given a T(p) mrofile, and assuming g=9.5 ms~2 the program described in
section 5.5 was run to produce a file containing temperature-pressure-
height data. This is then differentiated to obtain 3T/3z and inter-
polated to give a pressure resolution identical to that of the
temperature gradient data with which it is merged. After sorting this
is then merged with the file produced by DIMEN (which produced the
results of table 3.1) which has been interpolated to 0.5° intervals.

~Now that the value of g is known for each latitude the height and 37/3z
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values are corrected by multiplying by 9.5/g. The file is now sorted
by pressure and subsorted by latitude and the value of 3u/3z computed
from the thermal wind equation. After re-sorting on latitu@e and
subsorting on pressure the value of 32u/3z2 can also be obtained.
The value of 3u/3z as a function of pressure for a range of latitudes,

obtained using this method is shown in fig 5.11.

5.8.1 EVALUATION OF THE ACCELERATION DUE TO GRAVITY g

In order to produce, using the thermal wind equation, an estimate of
the vertical s.hear from the latitudinal temperature gradient it is
necessary to use an appropriate value for g. For the Earth the
variation of g with latitude is usually ignored. Hovever for Saturn
which is larger and rotates more rapidly, g varies over approximately
9 - 11.8 ms~2 which could produce significant errors in 3u/3z . The
formula which provides g as a function of latitude is normally
expressed in terms of a series of spherical harmonics Pn (u = sin

8 ), where Pn is the Legendre polynomial of order n and 6 is the
planetocentric latitude. If we let G be the gravitational

constant, M the planetary mass, r the distance from the planets
centre, a the equatorial radius and w the rotation rate, and

definre

_ w?a?

a = Gm-

(5.11)

then thevradial and transverse components of g, including the effects
of rotation, are given by (Anderson 1976)
-GM P R a 21 2 a 3
g, == |1 ) (14213, ;] Py () -39 [i‘:] (1-P, (1)) (5.12)
i=0

and

_ -GM 2i 3
9 = 7 cos(6) { . OJZi [IaT] P3; (u) + %q [%J P5 (1) J (5.13)
i

It ~18



From these g can be evaluated using

1 L
g=(gZ+g3)° Y (5.14)

The coefficients Ji in equations 5.12 and 5.13 are called the
gravitational harmonics , and must be determined for the object

of interest. The vlalues used for J, and Jy are those determined by
Null et. al. (1976) from an analysis of doppler tracking during

the Pioneer Saturn encounter, combined with ground based observations
of the motion of the Saturnian satellites. The values used were

J, = 16479x107®

]

Jy, = -941x1078
A value far Jg is also provided , but this is probably significantly
affected by the differential rotation, see Hubbard ( 1982 ). The
mass M used is taken from Goody and Walker ( 1972 ), and is

M = 5690x10%3 kg

The valwes of a and w used were those given in chapter 3.
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FIGURE CAPTIONS - CHAPTER 5

Figure 5.1

These figures show the nominal atmospheric models produced
by Wiedenschilling and Lewis (1973) for the Jovian and Saturnian
atmosphere. Figure A shows the model for Jupiter. The solid
lires give the cloud density, whilst the dashed lines show how the
amount of different compounds present in the overlying atmosphere
changes with height. The results of similar calculations for
Saturn are shown in B. The two parts of the lower cloud layer

correspond to water-ice, and aqueous NHj.

Figure 5.2

- This figure shows some of the temperature-pressure profiles

described in the text. They are:

radio profile at 31 S
- - - - radio profile at 36 N
—~ — —' IRIS profile at 13 N

-+ -+ - IRIS profile at 22 S

Figure 5.3
Thi§ figure shows some of the other temperature -gressure
profiles mentioned in the fext. They are:
— IRIS profile at 78 N
------ IRIS profile at 70 S
The reduced preésure range of these two profiles is caused by

the restricted operation of the Voyager 2 IRLIS instrument.
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Figure 5.4 - 5.7

These figures shov hov various values derived from the

temperature -pressure profiles shovn in fig 5.2 vary with pressure.

5.4 - This shows the calculated height
5.5 - This shows the Brunt-\Vaisaila

( bouyancy ) frequency

5.6

This shows the density scale height

5.7 This shows the Richardson number

The four different curves shown in each of these figures

coarrespond to the four temperature profiles of fig 5.2.

Figure 5.8

The two continuous curves above the 10™° bar level in this
figure, taken from Festou and Atreya (1982), show the temperature,
and the number density of H,, retrieved from the UVS observations
of the §-Sco occultation. The values below 10~ 3 bars are derived
from the infrared and radio measurements, the dashed line shows
an interpolation between the two sets of data. Also shovn is the
UVS derived CHy number density, and the IRLS measurements of the
He number density. The heights shown a.re relative to a zero level

at 400 mb, approximately the location of the ammonia cloud tops.
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Figure 5.9

These figures show the differencies (in Kelvin) from the
latitudinal mean temperature as a function of pressure, obtained
by Pirraglia et. al. (1981). The shaded region along the top
of gach‘figure indicates the approximate position of the vlarge
scale (belt-zone) albedo variations. The Voyager 1 results for
Saturn's northern hemisphere are shown in (a), whilst (b) and
(c) show the Voyager 1 measurements for the northern and southern

hemis pheres of Jupiter.

Figure 5.10

This figure shovs the latitudinal variation of the temperature
at certain pressures levels, as derived by Conrath and Pirigalia
(1983) from the Voyager 1 and 2 IRIS measurements. The dashed line
shows the 150 mb results for the northern hemisphere reflected

about the equator to emphasize the large scale assymetry.

Figure 5.11

Using the latitudinal temperature gradient derived from figure
5.9, in combination with a temperature-pressure profile, and
estimating other quantities, I derived the thermal wind shear.
This procedure is described in more detail in section 5.8. The
figure shows how the derived values vary with latitude and pressure.

The latitudes shown are planetodetic.
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CHAPTER 6

A SATURNIAN FEATURE RESEMB_ING A VORTEX STREET

6.1 INTRODUCTION

This chapter describes the analysis of a feature in the northern
hemisphere of Saturn. The first section includes a description of
the four images which were used for this study. This is folloved by
the results obtained from the measurement techniques used, including
both the position and velocity of different parts of the feature.
From these a streamline pattern has been obtained which is described
subsequently along with' the vorticity values derived from it, which
show an apparent periodicity with longitude.

Various_aspects of the observed feature :closely resemble the flow
patterns observed in a Karman vortex street, a type of flow observed
in laboratory experiments, which is then described. This is
followed by a consideration of the way in which this type of flow will
be modified by the presence of other effects, such as stratification
and rotation, which are likely to be important on Saturn. A
possible intermediary between laboratory experiments and the Saturnian
feature is seen in the Earth's atmosphere. This consists of a flow
pattern, similar to that of a Karmén Vortex street, which occurs in
the lee of islands, and is described in the next section. The finql
part of this chapter discusses the relevance of Karman vortex streets

to the flow observed on Saturn, and the necessary differencies
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between the Saturnian and laboratory features.

6.1.1 SET OF IMAGES USED FOR THLS STUDY

The measurements used in this study were derived from a set of four
green images, separated by approximately one rotation period, taken
5-6 days before closest approach with a resolution of appraximately 59
- 42 km/pixel. For ease of comparison these have all been map
projected to cylindrical projections with a common scale of 25 km/pixel
( at the equator ) and with the longitude of the first sample
increasing from 62.0 to 64.4 (carresponding to 18 m/s ) to remove the
overall drift. All four images are shown in fig é.la, while fig 6.2
shows an enlarged version of the first image incorporating a

latitude -longitude grid.

When map projecting these images I used the subspacecraft
latitude given by J.P.L. in the SEDR data. However, by comparison
with subsequent issues of the SEDR it has become apparent that this
was the planetodetic rather than planetocentric sub-spacecraft
latitude, and hence the sub-spacecraft latitude used in the map
projections was out by v 2.5%°. The main effect of this error is that
the latitudes shown in figs 6.1 and 6.2 are ~ 2.5° larger than they
should be, thus the centre of the feature should be at 6¢c ~ 349 or
6d v 40°. For the sake of comparison all the figs use the
incorrect latitude, but this has been taken into account in deriving

the latitudinally dependent scale factors which are, at latitude 6d =40°.

latitudinal scale 0.9666 x 10° m/deg
longitudinal scale 0.8388 x 10°% m/deg
degrees of longitude/hr 233.0 m/s

The longitudinally dependent latitudinal shift produced by the use of"
the incorrect subspacecraft latitude will also produce errors in the

calculated meridional velocity. This effect has been estimated and



found to produce a maximum error of 2 m/s for all the image pairs,
reducing to 0.4 m/s for the first pair. This error cannot
therefore have produced the large meridional velocities observed
in fig 6.lb.

It can be seen, from fig 6.2, that the feature consists
of a dark spot ~ 1% in size, with bright patches of cloud to
the east and southeast, leading to a large circular cloud v 5% to
.the east and finally se\;eral vague patches of cloud. The flow
can-» be séen in mare detail -in‘ a movie constructed .using- all four
of the frames shown iﬁ fig 6.la. from this it becomes clear
that the feature centered at v~ 56° W is rotating in a clockwise
direction. It also appears that the cloud to the south .east of
the dark spot is rotating anticlockwise, as is a patch of clouds at
v 53%°W. This is confirmed by the vorticity measurements given
in section 6.1.4.

From the images shown in figs 6.la and 6.2 it appears that

the dark spot and the white clouds are all part of the same featuce,

Hovever this may not necessarily be correct. By using a sequence
of images taken over about 40 rotation periods Sramovsky et. al.

( 1983 ) show that the bright patches of cloud form initially.

to the east of the dark spot, groving gradually until they appear
as shown in fig 6.2 Because of the lower resolution of these
earlier images _it is difficult to see the evolution of the feature.
Hovever it seems that the fairly complex pattern seen in fig 6.2
only appears in the clouds close to the dark spot. Thus it is
possible that the clouds are just acting as a tracer for the flow
in the vicinity of the dark spot which would not otherwise be
visible. An alternative, but perhaps less likely, explanation

is that the pattern is entirely associated with the clouds, and

that the positioning of the dark spot is coincidental.
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6.1.2 POSITION MEASUREMENTS

In an attempt to elicit mare information from the images,

measurements were made of the position of several points. These
included the edé;es of the dark spot and the approximate centres of

the first three vortices which were estimated using the movie sequence.
Using this technique for all four images produced the values given

below far the various distances shown schematically in fig 6.3.

quantity mean standard error
dl 1750 105
&2 1560 150
hl 830 195
h2 680 . 115
al 2430 105
a2 2640 150

'lherAe are certain reservations about these figures. The values
of dl and d2 correspond to the visible edge of the spot; However ,
since this is surrounded by clouds, and may be rotating, the
significance of these estimates is uncertain except to provide a
reasonable lower limit. The values far h and a depend upon a
subjective estimate of the centres of rotation, and hence the erroars
given may be more representative of my ability to repeatedly locate a
certain point, rather than a true estimate of the difference between
the measured and actual values.

It is also possible to use these measurements to estimate the
velocity of the vortices relative to the dark spot. Fig 6.4 shows
the estimates of the longitude of the two edges of the spot ( L and R )
and the centres of the vartices (1, 2, and 3 ) as a function of time.

In each case the position in the first image has been subtracted

so that all the curves pass through the origin.- By fitting straight
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lines to these sets one obtains, for the left and right hand sides

of the spot :- .

UL = 0.105 deg hr™! = 24.46 ms!
and

U = 0.08 deg hr™! = 18.64 ms *

while, averaging the values for the three vortices gives :-

Uv = 0.0773 deg hr'* = 18.01 ms?

so that the drift rate away from the left hand side of the spot is

Ue Ul - Uv = 6.43 ms !

.

ar, for the right hand side
e = U - U = 0.63ms!

There are a few points about this calculation which should be made

clear. Although the correlation coefficients for the fitted lines

are quite high ( all above 0.96 ) it can be seen from fig 6.4 that the

largest contribution to the drift rate Ue is due to the movement which

takes place between the first and second images. If the first image

was not used Ue would be smaller or, even perhaps‘, regative. This

can not hovever be dismissed as navigation error which would tend to

produce translations rather than changes of scale and is

consequently. ~ unable to influence the relative velocity of two

objects. It is perhaps safest to interpret the results of fig 6.4

as showing that a longitudinal drift rate of 0(1) m/s is possible but

by no means certain. This could well be influenced by the small ~1

pixel displacements to which this velocity corresponds.

6.1.3 VELOCITY MEASUREMENTS

From the four ima‘ges availablé it was possible, using the methods
described in section 3.4.2, to produce three sets of velocity
measurements. These are shown in vector form in fig 6.l1b, with the
origin of each vectar corresponding to the location of the relevant

feature in the earlier of the two frames used to determine the



velocity. It can be seen that the last two sets of measurements both
shov opposed large meridional drif;ts, probably caused by navigation
errars, superimposed on the smaller scale structure. Partially
because of this, but mainly due to the much better spatial coverage,
the first set of measurements was used for all subsequent analysis.
Fig 6.2 shows the first image of the pair of images from which these
were obtained.

From the vectors shown in fig 6.1b'it is difficult to observe
much structure in the flovw. towever it is possible, using a
technique described by Saucier (1955), to display this information
in a more convenient form. The first stage of this requires the
separation of each velocity measurement into a speed with an
associated angle, each of which can be plotted on a latitude-
longitude grid. From these it is possible to estimate the positim
of contours of equal speed (isotachs) and angle (isogons). These
are shown in figs 6.5 and 6.6. By constructing lines which intersect
each isogon at the appropriate angle it is possible to derive a
streamline pattern, and this is shown in fig 6.7. It should be
noted that although this type of analysis may sound unduly subjective
it was carried out independently by Dr. Green who arrived at almost
identical results. It can be clearly seen from fig 6.7 that the flow

pattern shows an oscillatory behaviour, with a longitudinal

wavelength of v 5.2% + 0.1° corresponding to a distance of 4360 * 80km,

lowver than.the value of 5070 km obtained in section 6.1.2 .

It is possible, using figs 6.5, 6.6 and 6.7, to obtain an
estimate of the vorticity. If we consider an area bounded upon two
sides by streamlines and define s to be the co-ordinate parallel to
the streamlines, n the co-ordinate narmal to the streamlines, ¢ the
vélocity at the centre (obtained from fig 6.7), and o the angle,

then the vorticity ¢ is approximated by
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_k , oo
g = T C (6.1)

as given by Saucier (1955), but with a change in the sign of the

last term since I have assumed that positive angles are measured in
a counter clockwise direction. By using this technique the vorticity
was calculated for the boxes labelled A - G in fig 6.7, details

of the calculation being given bel owv.

bax shear curvature sum varticity
term ) term z :
ac/dn c 3a/ds - . x 1075 71

A 0.4 9367 .5367 977

B -0.3895 -0.5387 -0.9282 -1.69

C 0.2667 -0.7208 -0.4541 -0.827

D 0.6154 0.3902 1.0056 1.83

E 0.0 -0. 5485 -0.5485 -0.998

F : 0.4706 -0.8685 -0.8685 -0.724

G 0.4 0.2240 -0.76 -0.320

The results are shown as a function of longitude in fig 6.8 where,
once again, some oscillatory behaviour can be seen. By comparing
this with the original image shown.in fig 6.2 it can be seen that,
the large area of negative vorticity at a longitude of appraximately
56.5° carresponds to the large, apparently rotating, cloud seen

in the images. A grarh of vorticity against latitude was also

plotted, but did not show any obvious structure.
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6.1.4 VWRTICITY BUDET

In this section I consider some of the possible sources for the
vorticity shown in fig 6.8. 'The important features of the vorticity
distribution observed are the magnitude, regular zonal separati on,
and the latitudinal displacement, with the cyclonic vortices to the
south. The equation governing the vertical component of the relative
vorticity ¢z of a " - .. flov on the surface of a sphere is

( Holton 1979 ).

T, &, ., &, ., du , Bv
at*”ax“’ay*w + (g +°f) +

oz X oy
. (6.2)
W 3v _ow du df _ 1 (30 3p _3p 3p
*[axaz'ayazJ+de‘BT[axay ayax}

The simplest way in which the vorticity can be changed is by

horizontal or vertical advection. Unfortunately , because of the

lack of observable features, no measuremenfs of u directly

upstream of the feature have been obtained. However from the zonal
velocity profiles available it is apparent that 3u/ay ~ O- at this
latitude, going from -1.6 x 1075 at 6d = 37° to 0.4 x 107% at o6d = 43°,
This is of the same magnitude as the variations in flg 6.8, but varying
as a function of y rather than x. Due to an insufficient knowledge of
the quantities involved, the values of the other advection terms, the
divergence term, and the term on the right representing the

generation of vorticity by pressure-density solenoids cannot be
estimated.

It is, however, possible to estimate the size of the term
representing the generation of a vertical vorticity component through
the interaction of the horizontal ccmponehts. The value of 3u/dz is
knovn from the thermal wind equation to be ~ 0.15 x 1073 s~! at 40°N
and 150-700 mb (see section 5.8). The value of 3w/dy is not known,
but measurements of the divergence at this latitude have yielded, for
certain features, a vertical velocity w ~ 0 (1) ms™! ( Hunt et. al.

1982 ) which, using a representative length scale L ~ 0 (10%) m gives
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uow -9 g-2
5y * 0.15%107%s (6.3)

This appears to be véry small, if however we assume that the vertical
velocity is caused by the dark spot passing through the surrounding
flov at = 2 m s~ ! then this effect will act over 5 x 10° s mroducing
a change in ¢ of 7.5 x107° s "' . One important point to remember
when considering this term is that the presence of a non-zero
vertical velocity will mroduce, at some level, an associated
convergence or divergence. This.in turn will alter the vorticity
according to the neglected 5th term in Eqn 6.2. The final term in
equation 6.2 which can be evaluated lS that due to the beta effect,
at 6d = 40°% df/dy = B = 0.45 x 107! s™! @71, so that, using
v=2ms!and L = 10% mwe. obtain Vg =-0.45 x 1075 s71,

We have considered some of the possible sources of the vorticity
seen in fig 6.8. All the possibilities considered are capable of
producing changes of at least the required magnitude, although the
largest required the use of a value for w which is more probably a
maximum rather than average value and, even if present, may not
necessarily be upvard. There is,hovever,no obvious way in which any
of these mechanisms could produce the distinct periodicity observed
in fig 6.8.

In addition to the longitudinal separation there is a distinct
of fset between the vortices of different signs. With the clockwise
vortices appearing to the north of the anticlockwise ones. To
produce this via the beta effect requires the meridional velocity to
be positive to the north and negative to the south, as would happen
if the flow was passing around the spot. For the tilting term to mroduce the

same effect; the vertical velocity must reach a maximum at the latitude



midway between the rows of vortices. Although both these
alternatives are possible it should be remembered that the meridional
shear changes sign at approximately this latitude, and that this
would tend to give rise to the type of latitudinal offsets observed

through the vortex separation process described by Kuo (1969).

6.2 KARMAN VORTEX STREETS

It is apparent from the preceading discussion that the feature has a
fairly well defined structure of alternating vortices. Associated
with this there is an oscillatory cloud pattern to the east of a
darker spot. These are also characteristic of Karman vortex streets,
a type of flow which is observed in the laboratory when fluid flows
past a solid obstacle. A comparison between the visual aspects of
this type of flow and the Saturnian feature is shown in fig 6.9.

Between the flov observed in the laboratory and the features
observed on Saturn there is a change in length scale of at least 108
( it would be more relevant, as described in section 6.2.1, to compare
the Reynolds numbers but this cannot be done since the viscosity v 1is
unknown ). Howvever this type of flow re.gime is also thought to be
responsible for the cloud pattern seen behind islands on the Earth at
intermediate length scales of 10 km ( the Reynolds number is also
uncertain in this case because of the difficulty in estimating the
value of the eddy viscosity ). In the case of the Earth however
other effects such as the presence of stratification and rotation can
become important and may modify the flow observed.

The following sections describe both the atmospheric and
laboratory observations of Karman vortex streets, including the
changes introduced by rotation and stratification, both of which may

be important on Saturn.
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6.2.1 FLOW PAST AN INFINITE CYLINDER

If we consider a fluid with density p, viscosity v, and
undisturbed velocity Uo, flowing past an infinite cylinder of
diameter bd, then it should be possible to characterize the results
as a function of only the Reynolds number Re. This dimensionless
parameter gives an idea of the relative importance of irertial and

viscous effects and is given by :

e - 2Ud (6.4)

For Re << 1 viscous effects predominate, and the flov is
approximately symmetric with the flow upstream being a mirror image of
the flow dovnstream. As Re increases it might be expected that the
flow would tend towards an inviscid solution., It is however well
known (see for example Batchelor 1967) that this is not necessarily
true. The presence of the 'no slip' condition at the solid
boundaries still prgduces viscous effects, and these manifest
themselves in the form of boundary layers which become thinner with
increasing values of Re. When Re v~ 5 the boundary layer separates
from the cylinder to enclose two counter -rotating eddies. As the
Rey nolds number increases these eddies grow until, at Re n 40 the
wake downstream of the eddies becames unstable showing a regular
oscillatory behaviour, which becames more apparent with J./ncreasing
distance from the obstacle. With increases in Re the wake becomes
oscillatory soon after leaving the cylinder, developing into
regularly spaced vartices until, at Re ~ 100, the two stationary
eddies behind the dbstacle have been replaced by vortices of
alternatimj signs being shed reqularly from each side of the cylinder.
This leads to two, approximately parallel, rovs of vortices.

Those in one row having the opposite sign to, and being midway

between, those in the other row. This type of flow is called a
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Karman vortex street.

The evolution of this with increasing Reynolds number is
considered by Berger and Wille (1972) and Tritton (1977). At Re ~ 200
the vortices are shed less regularly, but reappear at Re ~ 400
when the stability increa:ses, due to the inclusion of turbulent fluid
in the vortices.

At Re = 3x10° the boundary layer, which has remained laminar
prior to separation becomes turbulent soon after leaving the surface.
Because of the greater ability of a turbulent boundary layer to
withstand shear the boundary layer can now re-attach to the sides of
the cylinder, to finally undergo turbulent separation. Since the
final separation paint is closer to the rear of the cylinder than the
laminar separation point would be if the tra;msition to turbulence had
not occurred, the width of the wake is reduced. This reduces the.
drag, but the rather complex flow also decreases the regularity with
which the vortices are shed. However at still higher values of Re
( > 7x10% ) the periodicity again becomes more apparent, and the
drag cocefficient increases ( Roshko 1961 ). This is attributed to
the boundary layer being turbulent when initial separation occurs,

eliminating the poessibility of boundary layer re -attachment.

6.2.2 THE VORTEX SPACING RATIO b/a

One of the values often measured when vortex streets are dbserved is
the vartex spacing ratio. This is given by b/a, where b is the
distance separating the two rows of vortices, and a is the distance
between two adjacent vortices in the same row. The first attempt to
evaluate this ratio analytically was that of Karman (see, for
example, Milne-Thomson 1938). By considering the motion of two
infinite, parallel, rows of point vortices it is shown that a
necessary condition for this arrangement to be stable to small

perturbations is that
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cosh [Ea—b] = /2 e %= 0.281 (6.5)

However, it has since been shown that, if higher order approximations
are used, this configuration is also unstable. Another feature of
this analysis was considered by Saffman and Schatzman (1982) who
shoved numerically that, for vortices of a finite size, this
arrangement was stable (to first order) over a range of values for
b/a centered around 0.281. The susceptability of a vartex street
to higher arder disturbances causes Bearman (1967) to suspect the
Karman condition. Instead he prefers the approach of Kronauer who
suggests that the street will configure itself so as to minimise the
drag coefficient Cd. That is, for a given undisturbed flow velocity
Uo and street velocity (relative to the undisturbed flow) Us, the
value of b/a will be that for which Cd = Cds where :-

90ds ] - 0 (6.6)
[aZb;ai Us/Uo=const

By evaluating Cds for various values of b/a and Us/Uo, Bearman (1967)
produces a graph showing the expected variation, of b/a with Us/Uo.
His measurements showed that a increased with distance from the
obstacle but, as he was unable to measure b, the value of b/a is

uncertain.
6.2.3 THE EFFECTS OF ROTATION

The presence of rotation can often have a strong modifying effect
on flow regimes. These include the restrictions imposed on flow
parallel to the axis by the Taylor Proudman theorem, and the
occurrence of Ekman layers with the associated Ekman suction
effects produced near surfaces. To characterise the importance
of rotation and viscous effects the Rossby number and the Ekman

number Ek are used.



These can be defined as

_ V

where omega is the local rotation rate. The Reynolds number Re is
\
related to these by

_ Ro ‘
Re - ‘E—k (609)

The change in the flow past a cylinder caused by rotation was examined
by Boyer (1970). He found that the flow was basically similar to
the non-rotating case described in section 6.2.1. As the Reynolds

- number increased an initially fully attached flow evolved to the form
with two attached eddies, and finally to vortices being shed from the
sides of the cylinder. However the main difference between this,

and the non-rotating flow lies in the Reynolds numbers at which these
transitions occur, for Ro v 0.1 the eddy shedding regime occurs only
for Re > 1000, considerably larger than that required for the
conventional case. Another effect observed was the increased size of
eddies with the same sign as the rotation over those with the opposite
sign. This was confirmed by Boyer and Kmetz (1982), who also
considered the impartance of the rotationally induced Ekman layers

on the.shed vortices. They found that, due to Ekman suction at the
boundaries. the vartices would decay with an e folding time T,

given by:-

_ Ro H ,
To - U 2 Ek 2 (6'10)

where H is the height. It was also mentioned that these effects
tended to concentrate the dye used into the cyclonic vortices,

making them appear stronger.
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The beta effect ( Holton 1979 ) caused by the change in the
Coriolis parameter with latitude can also have an effect upon large
scale dynamics, introducing an asymmetry between prograde and retrograde
flows. The effect of beta upon the separation of flow around a
cylinder was considered by Merkine ( 1980 ) who found that although
there was can/paratively little change for the retrograde flows, prograde
flows produced thinner boundary layers which separated closer to the
rear stagnation point. The parameter restrictions used to obtain this
result were criticised by Boyer and.Davies ( 1982 ) who used a rotating
water channel with sloping upper and lower surfaces to-simulate B # O.
By measuring the length of the separation bubble they obtained similar
results for the prograde flows, but found that retrograde flows
separated earlier than flows with' 8 = 0. In addition they found that
the prograde 8 # O results included a slightly oscillatory flow

downstream consistent with the structure of a stationary Rossby wave.
6.2.,4 THE EFFECTS OF STRATIFICATION

The possible effects of the stratification on the formation of vartex
str‘eéts behind islands has been considered by several people, see,

for example, Berger and Wille (1972). Ruscher and Deardorff (1982)
were unable to produce a vortex street in their numerical model

unless they allowed the top of the mountain to penetrate the overlying
inversion layer. The impartance of stratification effects can be
estimated using the Froude number Fr, defined by :-

U

Fr = WA

(6.11)

where N is the Brunt-Vaisaila frequency and U and H are a
characteristic velocity and heights For Fr >> 1 the flow is a

slightly perturbed version of the homogenous flow. The flow for Fr < 1



139

was examined by Brighton (1978) who, extending a previous analysis .
by Drazin, found that the flow was appraximately two-dimensional
further than U/N from the ends of the obstacle. This analysis also
shoved that rotational effects could be neglected unless Ro < Fr.
These results were tested in the laboratory for the flow past various
objects. It was found that within a distance U/N of the top of the
obstacle the flow gave rise to lee waves, and that these tended to
interact with the flow past the object to gererate features called

" cowhorn eddies. Baldw U/N from the top the flow appeared to pdss
mainly around the dbstacle, with separation occurring at the rear,

producing a pattern of vortices resembling a classical vortex street.

6.3 ATMOSPHERIC WAKES IN THE LEE OF ISLANDS

Since the advent of space-borne cameras there have been several
observations of periodic phenomena occurring in the wake of islands
including Madeira and the Canary Islands (Hubert and Krueger 1962), Jan
Mayen Island in the North Sea (Scorer 1978) and Cheju-do, Republic
of Korea (Ruscher and Deardorff 1982). In all these cases the
cloud patterns observed show tight spirals and/or sweeping circular
wakes.

An early interpretation of these patterns by Hubert and Krueger
(1962) suggested that their appraximately cycloidal nature could be
caused by inertial oscilllations set up by the pressure differnce
between the wake and the undisturbed flow. For the more complex
patterns observed it was suggested that vortex shedding caused by
gravity waves in the lee of the island could be important.

However most of the more recent papers concentrate on the
similarity between the observed features and the Karman vortex

streets observed in the laboratory, and around man made objects in the
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atmosphere and ocean. One of the obvious criticisms of such an
identification lies in the clear difference between an infinite
cylinder and an appraximately conical island with an angle of ~ 5-200 '

These difficulties were considered by Berger and Wille (1972)
who discussed a previous analysis by Moll (1971) suggesting that the
mesence of stratification or possibily, Taylor columns could be
important. Whilst his analysis denonstrated that the atmosphere. was
stably stratified when the vartex street was seen it is suggested that
the effect of Taylar columns could be important, particularly if the
length scale used 'in the definition. of the Rossby and Ekman numbers
corresponds to the width of the wake rather than that of the obstacle.
They - conclude that although it is poessible that the feature
is a classical vortex street, it is possible that other effects are
also important.

An attempt to estimate the effect of the shape of the island upon
the vortex shedding characteristics was carried out by Trischka (1980).
In this study he assumed that the shedding period was independent
of the Reynolds number , and compared, using different shaped cores,
laboratory results with the observed periods of vortices shed from
various volcances. This gave. reasonable answers for three of the
cases studied, but the others produced vartex shedding periods less
than half those observed- This was attributed to the apparent size of
the obstacle be}.rg increased by stratification.

A different approach was adopted by Ruscher and Deardorff (1982)
who used a two dimensional numerical model of the planetary boundary
layer to study the flow past Chejo-do. This model consisted of a
mixed layer of variable depth and Re ~ 390 (caused by the eddy
viscosity rather than molecular viscosity) passing over and around
the island, and being confined below an inversion layer with a

constant change in potential temperature. They found that if the



bottom of the inversion layer was at, or above, the top of the
island ( ~ 2 km ) then, although sinusoidal oscillations were
observed in the wake, no vortices were shed, When the top of the
mixed layer was reduced to 890 m in accordance with the observations
vartices were shed from behind the island. The spacing ratio

and the vortex shedding period derived from these results agreed
well with the values observed, suggesting that their model contains
all the processes vital to the formation of these features, and that
vertical stratification, whilst it may be impartant in some cases,

is: not essential.
6.4  VALUES OF CHARACTERLISTIC PARAMETERS FOR SATURN

An estimate of the relative impartance of different effects can be
obtained from the values of certain characteristic parameters. One

of the most useful of these is the Reynolds number Re, but this

cannot be calculated because no value far the viscosity ( or even the

relative importance of eddy and molecular viscosity ) is available.
However other parameters can be estimated, to do this we estimate a
characteristic length of 10® m, a velocity U of 5 m~! and a depth
Dof 4 x10%m ( ap;rcximatély one scale height ). The buoyancy
frequency N is estimated from fig 5.5 to be N~ 5 x 1073 s~! whilst
values of the Coriolis parameter f and the beta parameter can be
cbtainred from table 3.1 to give :-

f 0.21 x 1073

beta = 0.45 x 1071!
Using these values we obtain estimates for the Rossby and Froude
numbers Ro and Fr as well as the dimensionless beta parameter B3e

(introduced by Merkine 1980) of
- _U _
Ro = e 0.

U

Fr = 5

0. ®5

=z
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This suggests that, for the Saturnian feature, the presence of rotation,
stratification and the beta-effect may all play an important part, and
should not be neglected.

The value of the vortex spacing ratio described in section 6.2.2
can be éstim_ated, from the values given in 6.1.3 for a and the value
given in 6.1.2 fa b to be

b/a = 750/4160 = 0. 16

This is smaller than the value of 0.281 normally assumed, see
section 6.2.2, whilst the values measured for the Earth tend to be
larger.

‘ Hovever b is difficult to estimate, and the values narmally quoted
far b usually correspond to the flov some way downstream rather than
immediately behind the obstacle. Hence the value of b/a cannot
reasonably be used to indicate that the flow is a Karman vartex street
but shows that whatever the initial causes the characteristics are
similar.

One interesting possiblity is that the relationship given in
section 6.2.3 for the decay rate of an individual vortex could be used
fé derive an effective viscosity. The relevance of applying this
condition, which ‘is derived from the Ekman suction at a solid surface
is not clear, but it could provide a useful lower limit for the
viscosity. If we assume that the vortices have decayed by a factor
of e between the dark spot and the point at which they begin to become
indistinguishable, i.e. over a length of :-

L ~10" m
which has been covered at a velocity of
U=2ms?

then the lifetime is appraximately



T = L/U = 5x10° s
and the Rossby number is

_ YU 103
Ro-ﬂ_-lo

It is difficult to estimate an appropriate height, hovever if we use

the value of the pressure scale height, and take ~
H=5x 10" m

then, using equation 6.10°'we obtain

_1 R0H2.~ =11
Ek-z-[ﬁ] =10

Using equation 6.9 we can derive a Reynolds number of

Ro

- 10 _ 108
= T 10

Re

It should be noted that this estimate is only correct in the presence
of horizontal boundaries. However it only describes the decay of
individual vortices, and is not restricted to any particular

formation process.

6.5 RELEVANCE OF KARMAN VWORTEX STREETS TO SATURN

Since it is not clear whether the features observed in the Earth's
atmosphere, in the lee of islands, are Karman vortex streets, it is
not surprising that the case for Saturn is even less clear. The
most obvious difference between the laboratory experiments and the
Saturnian atmosphere lies in the absence of a solid object.

Since the flow of an inviscid fluid is constrained by Kelvin's -
circulation theorem (see, for example, Batchelor 1967), which
‘requires_ the circulation around a closed curve to remain constant,
the inability to generate vorticity at a solid boundary is

obviously important.
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It appears, howvever, that it may be possible to produce the vorticity
required for vortex street formation in the boundary layers associated
with Taylor columns (see, for example, Tritton 1977).

These occur when a fluid is rotating sufficiently rapidly for the
motion to become almost entirely two-dimensional, and the effect of an
obstruction at one level extends throughout the fluid parallel to the
rotation axis. An experiment in which vortex shedding was observed to
occur behind Taylor columns was described by Takematsu and Kita (1978).
It is interesting to note that they observed symmetric pairs of vartices,
similar to those seen by Brighton (1978), close to the top of an obstacle
in a non-rotating flow, suggesting that the Taylor column may be only
partially blocking the flow.

Although Taylor cplumns may be capable of producing vortex streets,
they still require the presence of a solid surface at some level and
are hence unlikely to occur. An alternative possibilty is that,
although the flow is similar to a Karman vortex street, the varticity
is being produced by some other mechanism. An example of this is an
expefiment by Ibbetson (private communication) in which a jet of fluid
was introduced into a steady flow and produced a pattern similar to a
vartex street. In this instance the vorticity was derived fron the
fluid entering the fiow, and was larger than that which would have been
produced if the incoming fluid had been acting like a solid surface..
Since it is known that several otf\er sources of varticity are present,
(see section 6.1.4), it is possible that the Saturnian feature is
another example of this. And that the varticity, although produced
by a mechanism different to that associated with classical vortex
streets, is supplied in such a way as to produce a similar effect.

Since many of the results associated with Karman vartex streets apply
to any flow containing parallel rows of opposed vortices, it should

be possible to apply the same methods to the observed feature.
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One of the most valuable results of this analysis is that the
observations show that it is possible to produce a feature, with all
the ex pected characteristics of a Karman vortex street, in the absence
of an adjacent solid surface. The same mechanism may partially account
for the flow observed on.the Earth, where the measured vartex shedding

period appears to indicate an obstacle larger than that present.
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FIGURE CAPTIONS - CHAPTER 6

Figure 6.1

This figure shows the four images; that were used to examine
the structure of the 'vortex street' feature. Each of the images
are separated by approximately one rotation period. From these,
three sets of velocity vectors were obtained, and are shown below
the appropriate image pair. The origin of each vector shows the
position of the point being measured in the first image of each
pair. The latitudes shown are planetodetic, whilst the longitudes

increase towards the east.

Figure 6.2

This is an enlargement of the first image of fig 6.1 a,

overlaid with a planetocentric latitude, west longitude grid.

Figure 6.3

This figure shows a schematic diagram of one of the images

.

of fig 6.1 a to indicate the meaning of the measurements described
in the text. The crosses correspond to the estimated centres of

rotation of different parts of the feature.

Figure 6.4
This figure shows how the longitude of the left and right

hand (L and R) sides of the dark spot, and the estimated position.
of the centres of rotation indicated in fig 6.3 (1,2 and 3) change
with time. The lines join the position measurements for each

feature in each of the four images.
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Figure 6.5
This figure shows the isotachs (lines of equal speed) obtained

from the first set of velocity vectors shawn in fig 6.1 b. Those

shown vary from 18 ms-!

at the north and south extremes, through 20
and 22 ms~! to 25 ms-! at the central contour on the left. The
points indicate the positions at which the original velocity measure-

ments were made.

Figure 6.6

This is similar to fig 6.5, but shows the isogons (lines of equal
direction ) obtained from the first set of velocity vectors shown
in fig 6.1 b. The contours correspond to 10° intervals, varying

from 200%(lat 41, long 54.5) to 140°(lat 40.5, long 57).

Figure 6.7

From fig 6.6 this figure was produced showing the streamlines,
which indicate the direction of the flow at every point. The
boxes A-G showv the locations at which the velocity data was suf ficiently

detailed to enable the calculation of the vorticity.

Figure 6.8

By using the streamlines shown in fig 6.7 in conjunction with
the isotachs of fig 6.5 the vorticity at'the locations A-G in fig 6.7
was calculated. This figure shows the results of the calculation ’
as & function of longitude. The horizontal line shows the relative
vorticity produced through the beta effect by a latitudinal

displacement of 106 m.
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Figure 6.9

This figure shows a comparison between the Saturnian feature,
and a laboratory flow. The Saturnian image is one of those used
in the production of fig 6.1. The lower image comes from A.M.Lippisch
(1958), and shows a high speed picture of the development of a
Karman vortex street behind a circular cylinder. The flow is
visualized by means of smoke introduced into the flow upstream

of the obstacle.
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CHAPTER 7
RIBBON FEATURE

7.1 INTRODUCTION

This chapter describes the analysis and modelling of a feature which
encircles the planet between 45 and 50 deg N. The feature consists

of a light band, along the centre of which runs a darker stripe which
varies periodically with longitude. Three sets of images were

selected to study different aspects of this feature. The first waS a
high resolution set used to examine the detailed structure, and to

make cloud tracked wind measurements., Because of the high resolution
this shoved only a small longitude range. In order to study the
periodicity another set of images were used which covered the full 360
deg longitude range. Initially fourier transform techniques were

used to find the wavelength from this. However, as explained in

section 7.3;2 , this proved difficult and an alternative method was used.
A third set of five images with a small time separation, but taken
through five different NA filters, was used to examine the appearance

at different wavelengths. The use of these, particularly the UV

image, to constrain the vertical struéture is described in section 7.4.3.
As is explained in section 7.5 the results of these investigations,

in cambination with the latitudinal temperatureb gradient obtained in
chapter 5, suggest that the feature could be produced by a baroclinic

instability.
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The second part of this chapter considers this possibility in
greater detail and attemps to model the process. The equations and
boundary conditions used are described in section 7.6 and 7.6.1 followed
by the necessary conditions for instability. As explained in section
7.6.2 these require the value of the vertical wind shear. This is
available from the latitudinal temperature gradient, but only up to
150 mb. The value above this level is estimated by approximating the
observations with different curves, and extrapolating these to higher
levels. Using this technique it is found that all the models satisfy
the necessary condifions for instability. In arder to investigate
the structure and growth rates of the disturbances, two numerical
models were produced which attempted to solve the relevant equations
for specified wind shear profiles. The results of the various
different models are described in the final section of this chapter,
and are compared with the measurements derived in the first part of
the chapter. It is found that the model used agrees well with the
observations. The diffenenées can bé accounted for by the omission
of such possibilities as frontal effects, together with the lack of

knowledge of the thermal wind shear at higher levels.

7.2 HIGH RESOLUTION IMAGES

This is a set of six green filter images, composed of three pairs

taken on consecutive rotation periods three to four days before encounter.
Since the WA image nearly fills the field of view these are almost the
highest resolution, navigable, images of the ribbon feature.

The results of map-projecting, filtering, and joining the image pairs
together is shown in figs 7.la,b and c¢. It can be seen from these

that the feature consists of a light zone containing a darker band

showing a distinct north-south oscillation with longitude. This darker
stripe appears fairly smooth except for one region where there is a

local kink associated with some bright clouds. This, as will be
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described in section 7.3, is one of several places in which this occurs.
To the north of the dark stripe there are a few elongated white clouds
which, when the images are displayed sequentially in the foarm of a movie,
can be seen to be rofating anticlockwise. It also appears from the
images as if the circulation to the south of the wave is clockwise,

but this cannot be confirmed. These images were originally intended
for cloud tracking but they were found to contain almost no suitable
features. The results obtained only confirmed that the feature is
located in an eastward (westerly) jet movingv at v 120 ms-1, although

it is not clear whether this is a material or phase speed. The
meridional velocity also showed a lot of variation but had an average
speed of v 5 msT!.

However it was possible to determine from these images the width
of the zone as 5% = 5 x 10% km and an estimate of the meridional
wavelength. If we assume that the feature extends from the elongated
white clouds in the north to the bottom of the darker parts of the

wave to the south, this gives a wavelength of 9 x 10° km.

7.3 PRODUCTION OF THE MOSAIC USED TO DETERMINE THE WAVELENGTH

In order to produce a mosaic showing all 360° of lomgitude it is
necessary to use several images, taken over at least one rotation
period. Five images (taken about a week before closest approach)
with a separation of about two hours were used to provide  the full
coverage at a reasonable resolution. Each of these images was
map-projected to produce 5 overlapping cylindrical projections,
all with a scale of 52 km/pix at the equator.

Several methods were tried to produce a single large mosaic from
the five component parts. Howe\(er it was found that the most
acceptable results were obtained by simply taking the maximum

brightness at each point. Finally, to show up the small scale

structure better, the space variant filter program TFILT (see



section 3.7) was used.

Although the cylindrical projection mosaic was used for all the
measurements, it is more convenient to present the resulting image in
the form of a polar stereographic projection. This is shown in fig
7.2. This was produced in a similar way to the cylindrical
projection, with the addition of a latitude-longitude grid (using
the program DMMAPGRID).

It should be mentioned that when producing the map-projection no
allovance was made for the change in longitude produced by the zonal
flow. However the longitudinal displacement produced by a 100 ms™?!
jet in 10 hours would be ~ 72 pixels, approximately 1% of the '

total length.

It is clear from fig 7.2 that the feature extends around the whale

planet and showvs a distinct oscillatory structure. In a few places
( ~ 40%, 1759, 355° ) white patches of cloud seem to be associated
with local 'kinks' in the wavelike pattern. One of these was shown

in the higher resolution images described in the previous section.

7.3.1 PRODUCTION OF THE LINE-SAMALE DATASET R

The next stage was to convert the structure of the feature into a
quantitative form so that it could be used.for further analysis.

This was done by dividing the cylindrical projection into fourteen,
512 pixel long sections and displaying these, one at a time, on the
IIS. Using the cursor a series of points lying along one side of the
dark band were identified, and the 400 lire -sample coardinates
obtained were saved in the data-base. Although the data set produced
is fairly reliable there are some locations at which the edges of the
feature are not very clear, leading to possible spurious points.
Another problem is caused by the occasional white patches of cloud

which make the identification of the edges of the dark band less
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reliable. However, bearing these limitations in mind, the resulting
set of points is shown in fig 7.3. The sample number S in fig 7.3 can
be related to the west longitude ) shown in fig 7.2 by: .

S

A = 360 - 50.55

(7.1)

7.3.2 FOURIER TRANSFORM ANALYSIS

Figure 7.4 shows the result of Fourier transforming (after interpolating
to obtain a more convenient number of points) the data shown in fig 7.3.
The difficulty with this teéhnique lies in estimating the significance
of the results obtained. Should the individual peaks be considered,
or\is only the large scale structure of significance ?

Two of the terms which are almost certainly real are the
components of wavenumbers zero and ore (both too large to be shown in
fig 7.4). The zero frequency part corresponds to the location of lire
zero in the measurement process. The wavenumber one comporent is
more interesting and is almost certianly due to a navigation error.
The effect of this error appears in fig 7.2 as a displacement between
the centre of the grid and the location of the north pole. The
effect of subtracting the wavenumber zero and one comporents from the
ariginal data-set is shown by the dotted line in fig 7.5.

The impartance of the other components is more difficult to
assess. ‘- However an attempt has been made to estimate the importance
of the two components (wavenumbers 8 and 20) with the largest
amplitude. The continuous line in fig 7.5 shovs the result of adding
these two terms with the appropriate amplitudes and phases. it can
be seen that these components seem to be strongly influenced by the
largest peaks, with 5 out of 7 of the largest peaks corresponding to
extrema in the continuous curve. Since all four of the largest peaks
correspond to longitudes (n59°, 173%, 350° and 356°) at which the

anomal ous white clouds are located (see fig 7.2) both the relevance
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and measurement errar of these peaks are questionable.
Because of this difficulty in assessing the importance of the
-smaller scale structure in fig 7.4 it is probably safer to interpret

this as showing just a broad peak falling off at wavenumbers ~ 4055,

7.3.3 ALTERMATE DERLVATION OF THE WAVELENGTH

Because of the difficulties experienced with the Fourier transfam
analysis, it was decided to use a differént approach to estimate the
wavelength. This consisted of éinding all the extrema and taking the
wavelength to be twice the average separation. This method had the:
advantage that it is f’éirly easy to check the results, and to see how
they are affected by various parts of the data.

In order to use this method the data was interpolated to obtain a
uniform 10 pixel spacing, and then the prog'ram MAXFIND was used to
find the maximum and minimum valuves and their Separation. This
produced the distribution shown in fig 7.6 (the dashed line) which has
a mean separation of é4.4 * 4.1 pixels.

It can be seen from fig 7.6 that the distribution shows a distinct
bimodal structure. From a comparison with fig 7.3 it appeared that the
peak around 10-20 pixels could be caused by the small scale 'noise' in
the data rather than the larger amplitude components. In an attempt.
to remove this effect the program was altered so that it ignored all
the pairs of maxima and minima separated by less than three pixels in
the line direction. This produced the distribution shown in fig 7.6
by the continuous lirne. It can be seen from this that most of the small
sample separations were associated with small line separations and
have been removed. This has slightly reduced the size of the 60-100
pixel peak and created a couple of subsidiary maxima at ~ 170 and
200 pixels. From an exahimtion of the measurements it appeared that

these were created when two (or three) peaks with a separation in the

60-100 pixel range had an intermediate peak removed. This produced
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'ech‘oes' of the main distribution occuring at two and three times the
average spacing. For this reason all the values outside the main peak
(30-130) pixels were rejected resulting in a mean separation of

76.5 * 3.5 pixels
The longitudinal scale of the map projection is 20.25 pix/deg .
Combining this with the longitudinal scale at this latitude (at
8d = 47° this is 756 x 10° m/deg), and the factar of two needed to
convert the separation between adjacent extrema to a wavelength gives

5710 % 260 km
or alternatively, expressed as a longitudinal wavenumber we have

k =1.1 + 0.05 x 1072 km™?

X

7.4 MUWTISPECTRAL CHARACTERISTICS

This study is based upon a set of images taken through five different
marrov angle filters with the effective wavelengths shown below (from
Smith et. al. 1977).

filter effective wavelength

( Angstfoms )

Orange 5910
Green 5660
Blue 479
Violet 4160
Ultraviolet 3460

These pictures were taken sequentially with a time separation
of about 5 minutes, 11 days before closest approach. They were then
map-projected to a common scale of 50 km/pixel, and four of them are

shown in figs. 7.7 a,b,c and d.



It can be seen from these figures that in most of the filters the
feature appears approximately the same: a light band with an
oscillatory dark stripe down the centre. The violet image is
- slightly different, with the southern part appearing a little
brighter than the northern part. The filter which produces obviously
different results is the ultraviolet (see fig 7.7d) in which the
oscillatary pattern, instead of being superimposed upon the lighter
band, acts as a division between the lighter (northern) and darker
parts. This abrupt change between the violet and UV images (over a
comparatively small wavelength range - not much larger than that
between the blue and violet filters) is particularly interesting.
This is because the UV is sensitive to the higher. parts of the
atmosphere and normally shows little variation over the planet,
indicating that this feature extends unusually high into the

atmosphere .

7.4.1 MULTISFECTRAL CHARACTERISTICS - QUANTITATIVE RESWTS.

Since the images have been radiometrically decallibrated (see section
3.6.1) the DN level is proportional to the incident flux. This means
that the intensity change from north to south across the feature can
be estimated from a graph of DN against line number produced from the
images shown in fig 7.7. In order to remove some of the noise,

the graph shown in fig 7.8a shows the mean DN value, averaged over 5
samples, as a function of line number for the violet image.

By using the same method for all five images it became apparent
that all the filters (except the UV) broduced similar results to
those shown in fig 7.8a, with a fairly regular fall off of intensity
with increasing latitude (ie decreasing line number). It was
realized that 'limb-darkening' due to the changing sun-angle could
partially account for this. The approximate size of this effect was

investigated by altering the map-projection program (see section 3.6.4)
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so that the DN value at each point was divided by the cosine of the
angle between the incident solar radiation and the local normal to the
surface. This produced the graph shown in fig 7.8b. It can be seen
that this is closer to the structure seen in the ariginal images, with
a darker region between the two lighter regions.

Although this method indicates the impartance of geometric effects
it is difficult, without constructing a detailed model of the scattering
processes involved, to compensate for this type of effect. Because of
this a more empirical approach was adopted. The image taken through
the green filter, as can be seen from fig 7.7, appears to be very nearly
unif arm apart from the dark band. It was decided to assume that this
image was uniform, and to 'remove' the geometric effects from the other
images by dividing by this image. It should be stressed that this is
only an assumption, and that it fails to compensate for the changing
spacecraft-planet geometry, or for the change in the scattering properties
as a function of wavenumber.

When dividing some of the images by the green image it became
apparent that there was a latitudinal offset between some of them,
presumably caused by errars in the navigation parameters. These were
compensated for by comparing graphs of DN against line number, like
that shown in fig 7.8b, and introducing offsets in the line direction
until the positions of carresponding features overlapped.

Unfortunately , due to the very different appearance, it Was impossible
to carry out this procedure for the UV image which was assumed to be
correctly aligned.

The result of shifting the images, dividing by the green image,
multiplying by 128, and plotting graphs of DN against line number is
shown in figs 7.9a, b, ¢, and d. In order to reduce the possibility
of introducing spurious results during the division process, due to
local features being more apparent in some filters than others, these

graphs correspond to averages over a large number of samples



It can be seen from these figures that although variations exist
between the north and south sides of the feature at different
wave lengths they are small (approximately 3%) except in the
ultraviolet which shows the north side to be significantly brighter
than the south side.

Since the line numbers of the top and bottom part of the feature
are known, fig 7.9d was used to find the change in UV intensity across
the feature. The DN \\/alue derived for the south part of the feature
is ~ 35.6, whilst that for the north part is ~ 42.0 giving an
increase of v 18%. The errar in this quantity is difficult tov
estimate but is likely to arise mainly from the division by the green
image. An estimate of this error can be obtained by using instead
the orange or blue images. This gives the ratio of the UV emission
from the northern part of thé feature to that of the southern part as

~ 1.18 £ 0.2,

7.4.2 ESTIMATES OF THE HEIGHT OF THE FEATURE FROM THE UV FLUX

At UV wavelengths the A" Rayleigh scattering behaviour of

hydrogen molecules becomes important, because of this measurements
made in the UV provide information about the vertical structure of the
atmosphere. Although the Voyager UV filter is at the long wavelength
end of the UV it is still possible to use the observed change in
emmision across the feature to place a lowver limit on the height at
which the albedo change observed in fig 7.7d can occur. '

A simple model consists of a non-absorbing layer of hydrogen
of optical depth T over a base layer with a single scattering albedo
of w. Incoming radiation which passes through the hydrogen layer,
is scattered from the bottom, and re-emerges from the top will have
an intensity me"éT times the incident intensity. As the

thickness of the overlying hydrogen layer is increased there comes a

point at which, even if w changes from 0 to 1, the observed
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intensity change across the feature cannot be reproduced. This

will occur at an optical depth 1, for v_vhich

e™2T = 42'045 35'5 = 0.152 (7.2)

Which gives 1, = 0.942. The optical depth due to Rayleigh

scattering of an atmosphere with a 94% hydrogen - 6% helium mixture
at a wavelength X (in um ) corresponds to a pressure level P (in
bars) given by (West et. al. 1983)

T = 0.0244(1+0.016172) P A" (7.3)
At the effective wévelength of the voyager UV filter, A = 0.346 um
this gives T = 1.93xP. Using T = 1, this gives the pressure of
the deepest layer at which thé dbserved intensity change cauld

be produced as ~ 49 mb.-

7.4.3 UV QONTRAST - MORE ADVANCED MODEL

Because of the'inadequacies of the simple model, particularly the
omission of absorption due to a stratospheric aerosol, a mare complex
model was used. This was one of the models used by Moore (1983) to
model the glcbally averaged UV albedo observed by the (International
Ultraviolet Explarer) IUE satellite. Her results for part of the
longer wavelength rarge are shovn in fig 7.10 a and b. The model used

for this contained 3 km-am of molecular hydrogen over a mixed layer

containing 15 km-am of hydrogen and a pure absarber which had an optical

depth of 0.5 at 3100 A. Below this, at a pressure of 172mb, there was
a layer with a (frequency independent) single scattering albedo w.
The absorber used is presumed to be some form of Axel dust (see

section 5.3 ) and to absarb as A~! on A°%, as shown in

figs 7.10 a and b. The model. preferred by Moore (1983) used the

A'? absaorber, with w in the ramge 0.98-0.995.
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The effect of using the same model to gererate the geometric
albedo at both 3100 A and 3460 A as a function of the albedo of the
base layer is s.hown in fig 7.11, from which it can be seen that, due to
the \™* behaviour of Rayleigh scattering, the value at 3460 A
is more sensitive changes in w than that at 3100A. Although fig
7.11 shows that the change in albedo with w this is not an appropriate
quantity to compare with the change in intensity described in section
7.4.1, This is because the albedo calculated is integrated over fhe
whole disk, whilst the measurements carrespond to a small area.

This is important since changes in the angle of incidence alter the:
optical path length between constant height surfaces, and hence the
scattering properties. (This is different to the limb darkening
effect described in section 7.4.1, which will also change the observed
albedo with latitude, but only by a frequency indep:?ndent scale
factor.) '

Figure 7.12 shows the log of the ratio of the ingoing and outgoing
fluxes as a function of w at a distance of ~ 0.75 radii from the
centre of the disk. Also shavn is the dbserved intensity change
across the feature derived in section 7.4.1. It can be seen from this
figure that if the maximum possible base albedo of 1.0 corresponds to
the brighter (northern) side of the feature then the observed change
could be reproduced by reducing w to v~ 0.984. Howvever if the maximum
value of w used is 0.995 (the 1arge§t value that closely fits the |
globally averaged values shown in fig 7.10b) then a very large change
of w must occur across the feature. Since there are some parts of
the planet which appear in the UV filter to show greater extremes of
intensity than those found in the ribbon feature it seems unlikely
(assuming that the value of w can be taken to be approximately
frequency independent) that the range of w should much exceed that of
0. 98-0.995 required by the globally averaged observations. These

results suggest that, it may just be possible to reproduce the



170

observed intensity change across the feature by altering the albedo of
the base layer. However to be certain of remaining within the
constraints imposed by the globally integrated albedo measurements at
least some of the latitudinal change in intensity must occur higher
than the base layer, possibly caused by local variations in the
optical depth of the aerosol present.

Since the pressure level at the base of this model is ~ 170mb
these results show that the process producing the observed feature
must still have a reasonable amplitude at this height.

In addition to providing a lover limit to the vertical extension
of this feature, the images shown in figs 7.7 a,b,c and d provide a
further constraint upon the feature’s structure. This arises from the
observation that although the visual appearance changes between the
green and UV images the variation with longitude is nearly
identical with no apparent phase shift. This is interesting since
the longer wavelengths are prabably being reflected from the top of
the ammonia clouds at around (see section 5.2) 400 mb. Hence the
" pattern at longer wavelengths will be caused by ammonia condensing out,
probably due to vertical motion. The UV contrast is due to either
the very top of the ammonia clouds ar to vertical displacement of the
stratospheric aerosol. So that to account for the longitudinal
similarity of the UV and other imaées it is necessary to have a very
small phase change in the vertical velocity field between ~ 170 and

~ 400 mb .

7.5 POSSIALE TYPES OF INSTABILITY

The feature, as is apparent from fig 7.2 and was shovn in section 7.3.3
has a fairly reqular structure. However it seems unlikely that it is
just a stationary cloud pattern since there is, as shown in section
7.4.3 little longitudinal variation with height while fig 5.11 shows

that this region has a large vertical shear. Because of this it seems



171

reasonable to assume that the feature is some kind of wave. This
could be either a reponse to some external forcing or might be
gererated internally by some form of instability. From the
wavelength given above, assuming that the zomal flov is ~ 120 ms ?

and using the rotation period given in section 3.4.1.2 it is possible
to estimate the period required for the entire pattern to rotatg about
the axis as 10hr 29 min. This is less than the rotation period of
any of the satellites (see Smii:h et. al. 1981). It also seems unlikelv
_that this extermal fercing could produce- the feature over the small
latitude range observed without producing similar effects elsewhere.
Because of this it was decided to examine -the possible types of
instability which could occur.

There are many types of instability which can arise in a fluid.
However it is possible to restrict those which need to be considered
by an examination of various dimensionless parameters. For
disturbances due to the latitudinal temperature gradient, or
equivalently the vertical shear, a convenient parameter is the
Richardson number Ri described in section 4.2. The value of Ri, which
can be estimated from fig 5.7, (which uses 3u/d3z = -5 x 10™% s7¢,

a value close to the largest value observed, see fig 5.11) is
significantly greater than one, suggesting that a conventiamnal
(rather than symtﬁetric) baroc¢linic instability could occur.

Another possibility is a barotropic instability which derives its
energy from the horizontal shear of the flow. There are, as
described in section 4.6 two possible types of barotropic instability
with the associated conditions for instability shown in fig 4.4. It
can be seen from this that the jet at ~ 47°% N could be
conventionally (shallow flow) unstable at the edges, ar unstable at
the centre due to the alternate (deep flow) condition produced by

Ingersoll and Pollard (1982).



The structure of such an instability cammot be determined due to
the lack of information about the flows in the deep interior. It is
also not apparent for this type of disturbance what the length scale
associated with the largest growth rate is, although it is expected
to be quite small. And there is some doubt as to whether this type
of disturbance would be seen at the surface or if, as suggested by
Busse (1976) for the convective cells driving this model, it would
be restricted to the lower levels. - This is particularly relevant for
this feature since, as shown by the abrupt change in the UV albedo
(see section 7.4.3), it extends unusually high into the atmosphere.

The relative importance of (shallow) barotropic and baroclinic
instability can be estimated ly comparing the observed length scale L
with the internal Rossby radius of deformation Ld, given by

(Pedlosky 1979)

Ld = ¥) (7.4)

where D is a remresentative depth scale. If we use

N2 x5 x107° s™2 (see fig 5.5)
D =4 x10* m (the pressure scale height)
f =0.25 x 107® s7! rad/sec
then we obtain
Ld = 1.1 x 10% km

In gereral length scales less than Ld will be associated with
barotropic instability while length scales as large or greater than Ld
correspond to baroclinic instability. The observed length scale is
larger than Ld suggesting that barotropic instability is unlikely to
be the cause. This seems reasonable since the horizontal shear from
which this type of flow obtains its erergy is smallest at the centre

of the feature.
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Another length scale of interest is the Rhines parameter (see
section 4.5.1) which provides an approximate upper limit to the size to -
which baroclinic (and other) eddies can easily grow. This is given
by

1
27

LB=T<§=ZTT [2—'} (7.5)

<
At the apm‘opri‘a‘te latitude B =~ 0.4 x 107*! . However the value of U
which should be used is less apparent. The meridional velocity ‘
associated with the eddies in the wave is v 5 ms~™! whilst the mean
zonal flow at this TIatitude is greater than 100 ms~}.. Hovever it is
apparent from Phines (1973) that the important quantity is the time
scale associated with the eddy motion when compared with the freguency
of a Rossby wave of the same scale. Because of this it seems more
reasonable to use U~ 5ms~! in equation 7.5. This gives a length scale
of
LB = 10* km

It is apparent from the preceding discussion that the feature
observed has a wavelength between the size with which (baroclinic)
eddies are expected to farm and the maximum scale to which they are
expected to grov. This should not perhaps be to surprising since the
latitude at which the ribbon feature is seen shovs the strongest
latitudinal temperature gradient (see fig 5.10), and is
consequently the latitude at which there is the maximum potential
energy available to baroclinic effects.

It should be realized that the above list of possibilities is not
conclusive . In particular there may be various types of radiative
instabilities associated with the abrupt albedo change (particularly

in the UV) across the feature.



7.6 BAROQLINIC INSTABILITY THEORY

The energy driving a baroclinic instability lies in the reservoir of
available potential energy which must accampany a latitudinal
temperature gradient. It can be shown (Hide and Mason 1975, Green
1981) that potential energy is released from this if particles of
fluid are exchanged along paths which lie between the horizontal, and
surfaces of constant potential temperature.

The equations used to examine this type of instability use the
hydrostatic quasi -geostrophic beta-plane approkximations, as derived,
for example, by Holton (1979). The use of the quasi-geostrophic
system can be justified by the size of the Rossby number which,
taking Un 100 ms~!, L =5 x 10 m, and, f ~ 0.24 x 1073 s7! is:

Ro = U/fL = 0.08 (7.6)
indicating the importance of geostrophic flov. In addition the
Richardson number (see section 4.i and fig 5.7) is large so that the
direct effects of vertical shear and convection can be neglected.

Although vertical accelerations, neglected in the hydrostatic
approximation, can not be directly measured they can bé estimated
from the vertical velocity defived by Hunt et. al. (1982). If we
use the value W = 1 ms ! and take ore rotation period as an estimate
of the characteristic time period then this gives a value considerably
(v 10%) smaller than the value of p g due to the effects of
gravity.

The various nonlirear curvature terms encountered in the
devel opment of the quasi-geostrophic system (see, for example,

Holton chapter 2) are normally neglected. However the size

of these terms was checked by estimating the values of u,v,f etc.

at the latitude of the ribbon feature. It was found that all but one
of the neglected tefms were smaller than the retained terms. The
exception was the u? tan (8) /a term in the equation containing the

y component of the momentum, which was close to the size of the
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meridional acceleration (dv/dy) term. However the terms containing
u? are caused by the zonal .flow producing a centrifugal force away from
the axis. If the surface of the planet is assumed to lie on an
equipotential, then the effect of this term will be to distart the surface
shape. This effect was considered by Hubbard (1982) who showed that the
'pr:esence of differential rotation produced a 'bulge' 8 km high at 45 deg N.
Thus the main effect of this term will be to alter the value of g and also,
due to the changed surface slope, the plaretodetic latitude. Havever
these effects will be small in comparision with the changes of g, f, and
beta which will occur over the finite latitudinal width of the feature
being considered.

The appropriate equations expressed in isobaric coordinates, are

given by Holton (1979) as

3 [=2®) _ _y . -39
3t [ 3p) =Yy [ ap] tow (7.7)
and

sV T () -y T (7.8)

where sigma is a static stability parameter defined by

_ =126 (7.9)
O = 06 3p
and
g = V?9/f, (7.10) Vy = k% vo/f, (7.11)
with

o] - Ceopotential

w - Dp/Dt

f - coriolis parameter

S - potential temperature
If we now indicate the dimensional variables with *'s, and estimate
the characteristic length, velocity and pressure tobe L, U, and Po

respectively we can define non-dimensional variables by:



176

x*,y*,p* = Lx,Lly,Pgp
u*,v* = Uu,Uv
t* = (L/U)t

w* = (PeU/L)w

o* = f,oULd
g* = (U/L)g
B* = (U/L?) B
o¥ = Hllg—izo

after differentiating equation 7.7 , and using this to eliminate

w from equation 7.8 we obtain :

Dz 3 ;D_[@]
ot * V¢ "3 (Roo D | 3p

J = 0 (7.12)
where Ro is the Rossby number. We now split ¢ into a mean part &
and a perturbation part, where the perturbation part is-assumed to
vary sinusoidally with x,y and t , with the associated wavenl.n;bers
kx and ky and a phase velocity c, this can be written

d(x 4y ,pst) = By ,p) + d(plexp(i(ke(x-ct)+kyy)) (7.13)
By using equation 7.13 in 7.12 , and neglecting all terms of second

order o less, we dbtain:

(U-c)[g[acb/ag] - (2 k)%)cb] . {s-a‘yy-a_IaE/aE”¢, = 0 (7.4)
ap{Ro o ' op( Fo ©

where u(y,p) is the zonal.flov produced by the mean part of 9.
Although originally derived in pressure coardinates it was found that
it was mare convenient to wark in heoght coordinates. This can be dore
by using the definition of o, and the hydrostatic equation to

roduce (this time given, for convenience, in dimensional units)

(uc)f2 a__ 9‘ 39/9z |- (I& + kj o] + [B-Tyy-F2 3 [pdl/3z))o= O (7.15)
p dz( N o az( NZ? :
and it was the equivalent, dimensionless form of this which was

used in the numerical solutions.
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7. 6. 1 BOUNDARY CONDI TIONS

In addition to equation 7.15 it is necessary to specify appropriate
boundary conditions to find a solution. The simplest type of baroclinic
instability model is that of Eady (see, for example, Gill 1982) in which
the flaw is confined between horizontal boundaries. This is equivalent to

setting the vertical velocity w to be zero at the boundaries, and requires

that
(G<) 3 -~ ¢ 30 = O (7.16)
9z 9z

Although the use of the w=0 condition has produced useful results
for the Earth it seems unrealistic, (in the absence of a rigid boundary),
to use it far the outer planets. This problem was considered by Gierash
et al (1979) who used a two layer model. By altering the depth and
static stability of the lower layer they showved that an infinite
adiabatic region could be simuléted by using § = 0 as the lower boundary
condition.

Neither the w = O nor the 6 = 0 condition are entirely realistic
representations of the Saturnian situation. However the §.= 0 condition
is probably much more applicable than the assumption of a rigid lowef
boundary in the atmosphere.

Because we assume that the temperature is constant at the boundary
whilst the vertical shear is non-zero ,the surface at which the lower
boundary condition is applied will not be horizontal. However, as
mentioned by Gierash et al (1979), this slope is of the order of the

Rossby number, and is normally reglected.

7. 6. 2 NECESSARY CONDITIONS FOR INSTABILTY
Although there is no general solution to equation 7.15 it is possible
to derive from it conditions which must be satisfied if the flo is

to be unstable. This type of analysis was ariginally developed by



178

Charney and Stern (1962), hovever for the Saturnian situation it is more
el.al.

convenient to use it in the form derived by Gill;(1974) for oceanic flows.

This is obtained from equation 7.15 by multiplying by ¢* (the complex

conjugate of ¢ ), integrating from a bottom layer at z, to the top at z,

~and then taking the complex part of the result. If, for simplicity, we

assume u=u(z) and define

_ £f2 3 (p oU/az
then we obtain
2 Z2 2
I"‘D:_[ o* 20 + of J Ly dz = 0 (7.18)
z Z, .
Now at the boundaries we use the conditions w(z,) = 0 and ¢(z;) = 0,
this gives :- X , ,
Im[f2 0% 30 | _ci £f2 [o]2 2T
[NT 2z |- W Tu<]? & - 719
- Zs .
which, upon substitution in equation 7.18 gives
2 2
{ ‘,‘J—erd) :I f cb Qy dz} = 0 (7.20)
Z2

For the fluid to become barocllnical_ly unstable we require that ci > 0,
and hence the quantity inside the brackets must be zero. Thus for
instability to occur it is necessary that either 3U(z.)/3z  and Qy have
the opposite sign ar that Qy changes sign between z; and z, .
The use of the ¢ = 0 rather than the w = 0 condition at the lower
boundary has - removed a term containing 3U(z,)/3z from
equation 7.20. If this is retainred then equation 7.20 is identical to
the result produced by Gilgﬁa(/{.w?@), and will allow instabilities to
occur even if Qy = 0 (as originally considered by Eady).

The significant part played by the boundary conditions in
determining whether the flow is to be unstable is important since the

use of the w = 0 condition is unlikely to be realistic. The effect of

horizontal boundaries was considered by Holton (1975) far the



179

stratosphere.le used Qy=0 and shaved that ifthe meridional heat flux was
zero at the boundaries then it must be zero everywhere. This follows
from the fact that, if the boundaries are parallel to the isentropes
there is no requirement for meridional flows to cross the isentropes,
so that meridional heat flux will be zero. However if the horizontal
boundaries do not lie on an isentrope then the flov is constraired, at -
least close to the edges, to cross the isentropes. This gives the

possibility of a non-zero meridional heat flux.

7. 7 BAROCLINIC INSTABILITY - SUMMARY

As shovn in the previous section the presence of available potential

energy does not necessarily mean that baroclinic instabilities will grow.
There have however, been many analyses of flows in which this does occur,
with different assumptions and boundary conditions. This section describes
some of these and the way in which they. satisfy the necessary conditions

far instability described in section 7.6.2.

The simplest models assume a constant vertical shear, constant static
stability, and an infinite density scale height. One of these is that
due to Eady, see, for example, Gill (1982). In this the-mean flow is
assumed to be confined between two harinntal boundaries on an f-plane
(B =0). 1Inthis case the flow is unstable because of the two
boundaries, but has a short wave cut-off after which flow becomes stable.
The émplitude of the temperature, pressure and vertical velocity fields
produced reach a maximum at, and are symmetric about,the mid-level.

This is the level at which the phase speed of the wave equals the
velocity of the mean flov and is called the steering level. The
structure of this disturbance has the lines of constant phase varying
with height, with the pressure field at the top lagging 90 degrees

behind that at the bottom surface.
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A similar, but beta plane model, without the upper boundary was
considered by Charney, and is described in Gill (1982). In arder for
this to be unstable it is necessary that Qy > 0 (assuming a negative
equator to pole temperature gradient), which will occur when beta is
greater than zero. Unlike the Eady wave this has no shortwave cut-off.
The flaw produced by these conditions has the greatest meridional heat
flux close to the boundary, with the amplitude of the disturbance
decreasing with height.

A more complex case with both a rigid upper boundary and B # 0 ,
was considered by Green (1960). ~In this, it was shown that, as beta
increased, the instability became concentrated nearer the lower boundary .
He also studied flows with a finite density scale height, and found that
this lowered the steering level, and made the short waves unstable even
ifg=0.

" Far flows in which the zonal velocity varies nonlinearly with
height it is possible, as explained in section 7.6.2, for the flow to
become unstable regardless of the conditizps at the boundaries. This
more general case was considered by Giff)(i974) who evaluated the growth
rates and energy conversion rates of oceanic flows with different vertical
shear profiles. Far the flows in which Qy did not change sign it was
found that, similar to the Charney case, the disturbance was associated
with a boundary, at which the maximum energy conversion rate occured.
However , when Qy was allowed to change sign, the rate of energy conversion
developed a second maximum away from the boundary. An extreme example
of this occurred when Qy changed sign but 3G / 9z = 0 at the top, This
produced a disturbance which was associated only with the change in sign
of Qy, the energy conversion rate becoming zero at the upper boundary.

Far the outer planets the nature of the lower boundary is uncertain.
This problem was considered by Gierash et. al. (1979) who used a two

layer model with a constant static static stability in each
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layer and a constant value of 3U/3z in the upper layer and G = 0 in the
lover layer. The boundary conditions used were that w = 0 at the top
and bottom. In addition it was assumed that 8 = 0, ie Qy = 0.  They
found that if the static stability of the lower layer was zero then, as
the depth of the lover le;yer increased, the boundary condition at the
interface approached ¢ = 0. They also found that as the depth of the
lower layer increased, the growth rate of the fastest growing disturbance
decreased. This seems reasonable since, as shown in section 7.6.2, if
Qy = 0 instability cannot occur with the ¢ = 0 lower boundary condition.

Since the disturbances they examined penetrated deep into the
atmosphere, Gierash et. al. (1979) also considered the possible changes
caused by a non-hydrostatic lover layer. They found that this led to
similar growth rates, but with a different wavelength dependance.
However, since they assumed a constant density lover layer, and because
their model is only wunstable because of the presence of thew = 0
condition at both the upper and lower boundaries ,the significance of
these results is questionable.

Another version of this problem was considered by Conrath et. al.
(1981), who also used the ¢ = 0 lower boundary condition. Howvever ,
because of the particular way in which the Rossby radius of deformation
and vertical shear were assumed to vary with height, their mcdel had
Qy = B. Since they also assumed that the zonal velocity was zero at
the bottom, and changed linearly with height they found that, using a
form of the condition for instability given in section 7.6.2, only
westward currents could be unstable.

However , as was suggested by Mitchell (.1982), it can be seen
from section 7..6.2 that the important quantity for determining
instability is not U but 3T/3z and if, as appears to be indicated by
the IRIS results, u tends tovards zero with increasing height, it will

be the eastard jets which are unstable. Even with this alteration there is



uncertainty in the relevance of the results due to the restrictions
placed by anrath et. al. (1981) on the zonal velocity and the static
stability. It is because of the particular form of these used that
their results depend so strongly on the conditions at the boundaries.
The only general way in which the stability of any particular case can
be examired is by evaluating Qy as a function of height and comparing
this with aﬁ/ai at the boundaries as described in section 7.6.2.

This type of ap;roac?r} v;vlas used by Holton (1975) for the Earth's
stratosphere and Gi_lAl:l(i97l&) far the oceans.

The various analytical and numerical models discussed produce a
detailed insight into the way in which baroclinic instabilities can
occur. However they assume that the distubances considered are of
small amplitude and often neglect second order effects such as -
frontogenesis. It is partially because of this that the_rgsults of
laboratory experiments are important. Fig 7.13 shows the results of
some of the experiments described by Hide and Mason (1975). These
show that the flow, although having the oscillatory structure that
wo@d be expected from the simple theory, also shows a distinct
jet-stream structure. In addition fo this it can be seen that at high
rotation rates the flow breaks down, and becomes irregular, whilst
at very low rotation rates the flow is axisymmetric. Another
interesting result from this type of experiment concerns the existence
of 'vacillations', in which the wave patterns undergo regular changes
in amplitude, wavenumber, or shape, with a period approximately

20-100 times the rotation period.

7. 8 NUWERICAL SOLUTION OF THE EQUATION
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Equation 7.15 along with the two boundary conditions constitutes a second

order differential equation in ¢ containing a complex eigenvalue c.
One approach to solving this is to rewrite the equation so that all

the terms multiplied by ¢ are on one side and then, use the
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difference operators

do . o(zn+dz) - ¢(zn-dz)
[ HE'} * 7 dz (7.21)
zn
and
d2¢ . o(zn+dz) 2d(zn) + d(zn-dz)
& ]Zn- dz* (7.22)

Equation 7.15 can then be approximated at the points z=zn n=0,N by N
simultaneous equations containing the N values of ¢ plus ¢, and
& N4l Inclﬁsio_n of the boundary conditions described in section 7.6.1
makes the set soluble, and equation 7.15 is reduced to the
approximation

Ax = cx (7.23)
where A is a non-symmetric tridiagonal matrix
, X is an Nx1 column matrix containing the value of ¢&(zn) and c is
the complex velocity. This is a standard eigenvector/eigenvalue
problem, and the NAG program FO2AGP was used.to find the N solutions.
The solution of greatest interest is that with the maximum grovth rate, ie
the largest imaginary part of c.

This method worked well with the simpler, Eady type, models and
had the advantage that no prior knowledge of the solution was required.
Howvever it was found that it moduced discre pancies when trying to
obtain solutions with aajmore detailed vertical structure, such as
those produced by Giffl(i974). Although this could probably be
solved by increasing the vertical resolution, this would be inefficient
because the time required to solve the NxN system of equations
increases apmraximately as N?® (the largest value of N which it was
convenient to use was 100 which took apmpraximately 15 minutes of CPU
time and generated ~ 10° page faults ).

It was becauée of these difficulties that an alternative method

ws used. If we substitute

g = & (7.24)



in equation 7.15 we obtain a system of four first order differential
equations, with the associated boundary conditions being derived from
those described in section 7.6.1, and the velocity c being an unknown
eigenvalue. One of the ways in which this type of problem can be
solved is by a technique known as the 'shooting method'. This
assumes a value for the unknown parameters at one boundary and
integrates (using for example Runge-Kutta or predictor correctar
methods) to the other boundary. From the difference between the
supplied boundary conditions and the values obtained a better estimate
of the parameters can be made. If this process converges it can be
used to obtain the values cf the unknown parameters to a specified
accuracy . This type of method is used by the NAG routine D02 HBF
which was used to solve this moblem. In this case there were four
unknown parameters, the real and complex parts of ¢(z,) and c.
Initial estimates of these were obtained from the results of the
origimal program. This technique of using two different methods,
one to find the inital estimate and the other to refine the solution

worked very well.

7. 8. 1 CALCUWATION OF THE HORIZONTAL AND VERTICAL  VELOCITY

Once ¢ and $(z) is known it is possible to calculate the values of
u, v, and w as a function of height. The values of the geostrophic
components u and v of the horizontal velocity follow from the
definitions :-

3%
x

u= =130 ¢ vV =

(7.26)

h|

which, when combined with the definition of &, and taking only the

perturbation part gives

u = -iky ¢(z) exp (i(kg(x-ct) + kyy) (7.27)
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and

v = +ikx ¢(z) exp (i(kx(x-ct)+kyy) (7.28)
f

The derivation of the vertical velocity w is slightly more
complex . However equation 7.7 gives w in terms of 39/3p and using
the definition of ¢ in this it can be shown that :- |
N W= _-1].'%'{ (ik, exp (i(kx(x-ct)+kyy)) [(G-c)& - d)_aEJ } (7.29)

N oz oz

Since a baroclinic instability grows by releasing the available
potential enerqgy of the flow, it is obviously i.nteresting to know how
this conversion varies as a function of height. An expression for
the rate of change of the perturbation energy can be derived from
equation 7.12 by substituting

d = T y,p) + O &,y,pst) (7.30)

After neglecting all second order terms, multiplying by ', and
integrating over a volume, a rather complex integral is obtained.
This is simplified by the assumptions that, the disturbance is
periodic in the x direction, the meridional velocity v is zero at
the latitudional boundarie_s, and that the vertical velocity w is zero
~at the top whilst ¢ = O (and hence ¢' = 0), at the lower boundary.
(Apart from the different lover boundary condition this case is
equivalent to that considered by Pedlosky 1979). Now the energy E

per unit mass of the perturbation is (see, for example, Gi1l 1974).

E=1(u +v2 + 1 (39)2) (7.31)
7 | w3

Substitution of this into the result of the integration described
above gives the average rate of change of E over a cycle to be the

average value of

f - uv3u (7.32)

3¢ 3u
9z 9z oy

<

where the first term represents the release of énergy by baroclinic
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processes while the second is due to barotropic instabilities (see
section 4.6), obtaining energy from the horizontal shear of the mean
flow. If we set du/dy = O and use the expression for ¢ given in 7.13,

then, writing ¢ in the form

o = Aet® (7.33)
we obtain, for the rate of change of erergy over a cycle
1 ke A%2(z) d6 duexp (2 kg cj t) (7.34)

2N% dz 3z
et. ol.
This is identical to the results obtained by GillA(1974) although he
used a different lower boundary condition. (For computational

convenience the density p in this equation was appraximated in the

calculation by using a constant density scale height).

7. 8. 2 VERTICAL SHEAR PROFILE
The profile of du/dz, upon which the values used were based was that
shown in fig 5.11 corresponding fo the planetodetic latitude 45 deg N.
This may appear unreasonable since the ribbon feature , as can be
seen from fig 7.2, is centered at approximately 47.5 deg. N, However
there ar;e several reasons for believing this profile to be more
relevant. Firstly the temperature values to derive fig 5.11 were
taken from the Voyager 1 results shown in fig 5.9. These have a
better height resolution than those of fig 5.11 which contains both
the Voyager 1 and 2 results. Hovever it can be seen from fig 5.11
that at 150 mb the greatest latitudinal temperature gradient is at
approximately 47.5 deg, N. In addition it has ’been demonstrated
by Piragglia et. al. (1981) that the thermal wind shear at 150 mb is
closely correlated with the observed zonal velocity, which is greatest
close to the centre of the ribbon feature.

If we assume that the profile at 47.5 deg. N is appropriate, there
still remains the difficulty of th;e restricted pressure range over

which this is avajlable. It can be seen from fig 5.11 that 3u/3z



varies linearly with log (p), (and hence height, see fig 5.4) over the
150-400 mb range whilst below 400 mb it is approximately constant.
towever it is at about the 300-400 mb level that the thermal wind
ceases to be correlated with the zonal wind profile, and it is
suggested by Conrath and Piragglia (1983) that this is due to the
presence of clouds and hazes which are ignored in the IRLS temperature
inversion (see section 2.3.2.2). For this reason a straightforward
way of extending the profile of 3u/3z is to assume that the lirnear
behaviour observed over the 150-400 mb range can be extrapolated to
other pressure levels. A comparison between this and the measured
values is shown in fig 7.14.

The assumption of a linear behaviour, whilst convenient for the
initial estimates of the structure is unrealistic. An example of one
of the somewhat extreme effects introduced by this is that if the
zonal velocity was zero at the bottom (700 mb) then 200 km higher up
there'would be a 225 m/; westward flov. Another effect of these
large vertical shears is that high in the atmosphere the Richardson
number becomes smaller so that either symmetric instabilities or
Kelvin-Helmholtz instabilities could become important.

Because of these difficulties a slightly more complex model of
du/3z was adopted. The vertical wind shears derived by Conrath and
Piragglia (1983) show that the zonal winds tend towards a state of
uniform rotation with height. For this reason it was decided that
a more realistic model of 3u/3z would decrease ex ponentia'lly with
height. In order to use this while still maintaining 32%u/3z2
decreasing close to the bottorg (assuming that at least part of the
structure below 400 mb is realistic) a quadratic rather than linear
increase with height was used, This led to the model

u

E = ( AZ2 - B ) e-cz

(7.35)

where A,B and C are parameters.
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In order to consider as wide a range of parameters as possible
without departing to much from the observations, six profiles of
du/9z were used. These are shown in fig 7.14 and are, the original
measurements shown in fig 5.11 approximated by cubic splines, the
linear model discussed earlier, and four profiles of the type described
by equation 7.35.

The stability characteristics of the various profiles of 3u/3z
can be examined using fig 7.15 which shows Qy as a function of height
- (assuming the same values for N2 and h™! as described in section 7.8.3).
It can be seen from this figure that all but one of the profiles used
causes Qy to change sign with height, and hence could be unstable
without the presence of a horizontal boundary. The exception to this
is the profile produced by fitting cubic splines to the points shO\;'n
in fig 5.11, v-vhich gives Qy>0. Hwever since 3u/3z<0 at the upper
limit of the curve,it is still possible for instability to be
associated with the boundary, in a manner similar to that suégested
by Conrath et. al. (1981).

One of the interesting characteristics of the profiles of Ju/dz
of the type descfibéd by equation 7.35 is the possibility of multiple
sign changes in Qy. It was particularly to study the effects
introduced by this that the profiles C,E and F were used. As can
be seen from figs 7.14 and 7.15 these have a similar shape, but the
last two have a sufficiently rapid fall off with height to cause Qy to
change sign a second time at around 105 km. It is apparent from fig 7.14
that these profiles, although qualitatively similar, do not follow
closely the measured values. This was done deliberately to avoid

producing disturbances associated mainly with the upper boundary.
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7.8.3 PARAMETERS USED IN MODEL

In order to use the profiles of Ju/3z considered in section 7.8.2 to
produce saolutions for & and c it is necessary to specify various
other quantities including the value of N2 and the density scale
height as a function of height. The value of N2 used was that
obtained from the radio science profile corresponding to 36° N,
shown in fig 5.5, but a small value (less than the difference between
the profiles) was added to make N2 (Z,) >0. This is not unreasonable
considering the uncertainty in the value of N2 at this level. The
density scale héight was assumed to be a constant ~ 40 km.

In addition the program required the values of f and beta which
were obtained from the preram which mroduced the values shown in
table 3.1. The final piece of information required is the nature of
the lover boundary conditioh, in all the cases considered this was
the & = 0 condition discussed in section 7.6.1.

In order not to comnlicate unnecessarilv’ the results, most of
the calculations made assumed a meridioﬁal wavenumber of zero. This
changes slightly the longtudinal wavenumber and structure of the least
stable disturbance. This effect is considered in more detail far

some of the profiles used, in the next section.

7.8.4 NUMERTICAL RESW TS

Figure 7.16 shavs the result of calculating the growth rate kx Ci as a
function of wavenumber for the 3u/dz profile labelled A in fig 7.14.
For convenience the wavenumber has been scaled by a factor of 107,
thus the measured wavelength of 5710 km derived in section 7.3.3 will
correspond to a wavenumber of v 11 on this scale. The growth rate is

—

the reciprocal of the time required for the amplitude of a

perturbation to increase by a factor of e, Thus a feature with a

growth rate 1.7 x 10® will increase by a factor of e in one week.



It can be seen from fig 7.16 that the most rapidly growing disturbance
has a dimensionless wavenumber of 23.75 corresponding to a wavelength
of ~ 2650 km.

It is interesting to examire the structure of this least stable
disturbance in greater detail, and fig 7.17 shows the associated rate
of erergy conversion. It can be seen that this increases rapidly
towards the upper boundary where it is greatest. This seems
reasonable since, as mentioned in section 7.8.2, this configuration
is only unstable because of the upper boundary condition.

Although useful it is difficult to estimate the significance of
these results because of their dependance on the upper boundary
condition., 1his. leads to the model based upon the 3u/3z = constant
profile (labelled B in figure 7.14) described in sectiomn 7..8.2. As
can be seen from fig 7.15 this has Qy changing sign at ~ 60 km,
and can hence be unstable regardless of the flov at the upper
boundaries. 'I:he growth rates as a function of wavenumber, with the
upper boundary being placed at various levels between 75 and 200 km
above the lowver boundary, are shown in fig 7.18. From this it can be
see that increasing the height of the upper boundary reduces the
grovth rate of the least stable disturbance and increases its
wavelength from 7 x 102 km to 25 x 103 km. Figure 7.19 shows the
energy conversion rates associated with these disturbances (the x
axis is not the same for all the curves, an arbitrary scaling factor
has been used to make them all fit). It can be seen from this that
initially the maximum is associated with the upper boundary but that
when this i‘s moved up to 200 km the maximum energy conversion rate
occurs at 65 km. This is close to the height at which Qy changes
sign, suggesting that in this case the instability is being generated
within the fluid rather than being influenced by the boundary

conditions.
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The visible appearance of the feature in the images is assumed to
be due to the presence of ammonia clouds. Since these clouds are
probably produced by condensation due to vertical displaceﬁents it is
useful to consider the vertical velocity field generated by the model.
The amplitude of the vertical velocity is shown in fig 7.20, from
which it can be seen that the maximum seems to be associated with the
upper boundary. In addition to the amplitude, the vertical velocity
also has a phase. This is not shown, but the phase change between
the top and the bottom levels alters from 13° to 8% as the location
of the upper boundary is increased.

A more convincing demonstration that the disturbances can be
independent of the upper boundary is provided by the profile of 3u/3z
labelled C in fig 7.14. The curves of growvth rate against wavenumber
are shown in fig 7.21,whilst fig 7.22 shows the energy conversion rate
as a function of height. It can be seen from this that the maximum
conversion rate is initially associated with the upper boundary when
this is at 75 km. ‘towever when the top is moved up to 95 km a
secondary maximum appears at 34 km. As the vheight of the upper
boundary is increased this grows, until, when the top is at 200 km,
the maximum at 30 km dominates.

- The suggestion that this indicates that the effect of the upper
boundary has ceased to be impartant is further illustrated by fig 7.21.
From this it can be seen that the growth rate drops by approximately
a factor of 3 when the height of the upper boundary is increased from
100 to 200 km. This is considerably less than the change in the
previous profile as can be seen from a comparison with fig 7.18.

The amplitude of the vertical velocity associated with this
disturbance is shown in fig 7.23. From this it can be seen that the
maximum vertical velocity still appears to be linked with the position
of the upper boundary but that it is possible that this behaviour is

becoming less pronounced. The phase information associated with fig
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7.23 is not shown, but the phase change between the upper and lower
boundaries of the models decreases from 4.5° when the top is at
75 km to 0.55% when the upper boundary is at 200 km.

Figure 7.24 shows the growth rates associated with the profile
labelled D in fig 7.14. They show a considerable variation with the
height of the upper boundary suygesting that, unlike the previous
case, they are strongly dependent upon this. This conclusion is
strengthened by fig 7.25 which shovs that in all cases the maximum
energy conversion rate occurs at the upper boundary. Hwever when
the top of the model is at 120 km a second maximum appears at ~ 55 km,
appraximately the same height as that at which Qy=0, as can be seen
from fig 7.15. The vertical velocity associated with this profile of
3u/9z is not shown but has a similar structure to that shown in fig 7.20

It is apparent that all the results discussed so far which appear
to be independent of the upper boundary have very small growth rates
(they increase by a factor of e in about three years). These are
associated with wavenumbers approximately a factor of 4 or 5 larger
than those observed. Disturbances with more realistic growth rates
and wavenumbers have been produced, but only when the upper boundary
is at ~ 100 km or below.

Although the presence of an upper boundary is unrealistic, it is
possible that some other process is producing a similaf effect. In
addition to the boundary conditions, the necessary conditions for
instability discussed in section 7.6.2 included the quantity Qy. In
particular instability could occur either when the boundary conditions
were related in a particular way or when Qy changed sign. Because of
this it was thought possible that a second change in the sign of Qy
could produce similar results to the presence of an upper boundary.

To test this possibility the profile labelled E in fig 7.14 was< used,

- J
This is similar to profile C but produces two sign changes in Qy, one
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at v 30 km and the other around 100 km.

The way in which the growth rate varies as a function of
wavenumber for this model (with the upper boundary at 200 km) is
shown in fig 7.26. It can be seen from this that the most unstable
disturbance has a growth rate of v 2 x 1077 s~! for a wavenumber of
n 5.5. These values are similar to those obtained for; other profiles
of 3u/3z with anunnaturally 1oy upper boundary. However fig 7.27 shows
the energy conversion rate as a function of height for this disturbance.
From this it is clear that the disturbance is most active at around 25
km, rather than close to the upper boundary. The modulus of the
vertical velocity associated with this disturbance is shown in fig 7.28
where it can be seen that the maximum occurs at about 55 km. The
variation of the phase of the vertical velocity with height is not
shown, but alters by ~ 3° between the base and the 150 km level.

The second curve in fig 7.26 shovs the growth rates associated
with the profile of 3u/oz labelled F in fig 7.14. This has a structure
similar to that of profile E. The growvth rate of the least stable
disturbance is slightiy less, and is nov associated with a wavenumber
of v 8.5,

One of the assumptions which has not been considered in any of
the results discussed so far is the effect of a non-zero meridional
wavenumber ky. This is partially because of the difficulty in
obtaining a reliable value for this. *Hozvever fig 7.29 shows how the
growth rates for profiles E and F alter if we use the value of ky
derived in section 7.2. It can be seen that the growth rates are
slightly smaller (the minimum e folding times are 110 and 135 days).
Also charged is the wavenumber of the least stable disturbance,
which is now kx ~ 5 and 1l.

One of the quantities which has not been mentioned for the
profile considered is the phase velocity cr. In most cases this had

an absolute value less than 1 ms 'but was larger in the results
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! when the upper

concerning mrofile B, reaching a maximum of 5 ms~
boundary is at 75 km. These values are sufficiently small that they
would rot be distinguishable from the mean flow using the methods

mentioned in section 7.2.

7.8.5 COMPARLSON OF MODEL RESWTS WITH THE OBSERVATIONS

Bef ore discussing the results of the model in greater detail the
measurements of the feature made in the first part of this chapter
will be briefly reviewed. One of the most reliable measurements is
that of the longitudinal wavelemgth which was given in section 7.3.3 as
5710 * 260 km corresponding to a wavenumber of 1.1 x 1073 km-!, The.
latitudinal wavenumber is less certain but is estimated in section
7.2 tobe 7 x1077 mi.

Dwe to thé lack of trackable features not associated with the
wave pattern it is not possible to differentiate reliably between the
phase speed of the wave and the velocity of the mean zonal flow.
However the growth rate, and hence the imaginary part of the rhase
speed are bounded by the measurements of Sromovsky et. al. ( 1983 )
who found that the shape of the feature did not change appreciably
over two days.

The vertical structure is also uncertain. However the results
of section 7.4.3 swgest that the feature must penetrate up to at least
the 170 mb level. In addition, if the visual paftern is caused by
vertical motions then the vertical velocity field must have an almost
constant phase between 170 mb and the level of the ammonia clouds.

These conditions are satisfied by all the vertical velocity
fields produced by‘the model, which reached a maximum around or above
the 170mb level. The phase change assoc.iated with this is
sufficiently small (see previous section) to agree with the

multispectral images. .
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The initial, simpler, profiles (A,B,C and D) considered were
capable of producing unstable disturbances which appeared to be
inde pendent of the upper boundary. However these had a wavenumber of
appr&imately 2-2.5 associated with the maximum grovth rate of about
107® s7'. These imply -a wave of wavelength = 25 - 31 x 10° km which
will grov by a factor of e in 165 weeks, ie appraximately three years.

However , as was shown in section 7.8.4, more realistic values for
these quantities can be obtained if profiles of 3u/3z which produce a
second sign change in Qy are used. The profiles of this type
considered had maximum growth rates of =~ 13 and 21 x 1078 s™! at
wavenumbers of 5.5 and 8.5 respectively. However these valués
assumed a meridional wavelength of zero. If instead the value
derived in section 7.2 far ky is used the growth rate changes to
= 1077 s7! (115 days), and is associated with wavenumbers 5 and
11. This last value is identical to that derived in section 7.3.3
from the images.

It is apparent from fig 7.14 that the profile of 3u/3z used to
obtain this result, although similar to the origimal measurements,
was placed slightly lower. This was done to avoid producing
disturbances which were associated mainly with the upper boundary.
It appears from the results discussed in section 7.8.4 that the
characteristics of the disturbances produced are strongly influenced
by the changing sign of Qy, ra.ther than by the detailed structure of
du/3z. For this reason it is expected that the shift in height of
the profile labelled F in fig 7.14 will not significantly alter the
structure or wavenumber of the least stable disturbance.

One of the obvious differences between the observations and the
model results lies in the change of intensity across the feature.

The model assumes that all the fields vary sinusoidally , whilst the
images (for example fig 7.1) shov a more abrupt change. A similar

discrepancy occurs on the Earth where quasi-geostrophic models of the
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type used here can predict the large scale cyclones and anticyclones,
but are unable to produce the smaller bands of cloud. However it has
been shown by Hoskins (1982) that when certain ageostrophic effects
are included in these models. frontogenesis can occur, leading to an
_intensification of the local vertical velocity and the possibility of
producing bands of cloud. Although the absence of horizontal
boaundaries on Saturn may restrict this process somewhat, it is still
expected to be important. Thus the disturbances produced by the
model, although initially smooth, would be expected to become mare
abrupt, similar to those observed.

The region around 45% N on Saturn is the only feature for
which the possibility of baroclinic instability has been considered in
detail. However there are several other locations on both Jupiter
and Saturn where this process could also be important. A good
example of one of these is provided by fig 7.30 which contains a
mosaic showing the north polar region of Saturn. It is apparent from
this that there is a feature with a strong wavenumber six component
at 80° N. A comparison with fig 7.13 shows it to be very similar to
features observed in the laboratory which are known to be
baroclinically generated. Unfortunately, as is apparent from fig
5.10, measurement5 of the latitudinal temperature gradient are not
available at this latitude, making the vertical wind shear uncértain.

This chapter has considered the use of a model of a baroclinically
unstable disturbance to explain a wavelike feature in Saturn's
atmosphere. Using a temperature structure based upon the IRLS
measurements, it was shovn that a feature with the observed
wavelength could be produced. The vertical structure of this
mode lled wave satisfies the constraints imposed by the multispectral
images. It is suggested that the same process may also occur on

other parts of Jupiter and Saturn.
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FIGURE CAPTIONS - CHAPTER 7

Figure 7.la-c

These figures show the high resolution images of the ribbon
feature. The three separate parts-a, b and ¢ were taken between
3 and 4 days befare closest approach, and are each separated by
one rotation period. Each image is derived from two ariginal |
images which were map-pro jected to produce two cylind‘rical projec-
tions with a scale of 22 km/pix. These were then joined together,
and filtered using the mogram TFILT to enhance the small scale
structure. For convenience the resulting images were stretched
in the line direction and divided into two parts in oarder to produce
the figures shavn. There is some overlap between the two marts.

The first two images (a and b) were pre-processed at JRL
and still contain the original reseaux marks. These have been
removed in ¢, but the camera blemishes (small black and white dots)
still remain. All of the images show a pair of dust rings, which
appear as dark haloes.

The rapid eastward motion of the feature is apparent from

this sequence of images which are fixed to the radio-rotation period.
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Figure 7.2

This shuvs' a mosaic of the northern hemisphere with an
associated latitude -longitude grid (planetdcentric latitude, west
longitude).

This was constructed from five images taken at approximately
two hour intervals. These were individually pre-processed, and were
then map-projected to produce five polar stereographic map-projec-
tions centered on the north pole, and with a scale of 164
km/pix. These were then combined by taking the maximum DN level
at each point. The resulting image was then filtered using TILT
to enhance the smaller scale features, and the program ADESPLKE
was used to remove the bright streaks associated with the edge of
the image. After thi\s the grid was generated and added in.

The filtering has not completely removed the shading across
the images, resulting in the starfish pattern radiating from the
centre. Also apparent a.re the du;t rings which were seen in fig 7.1,
and the camera blemishes. The slight mis-centering apparent is
m obably due to errors in the navigation parameters, and is mentioned

further in section 7.3.2.

Figure 7.3

By producing an equivalent cylindrical version of the mosaic
shown in fig 7.2, and tracing along one side of the ribbon feature,
the 400 measurements upon which this figure is based were produced.
The line direction corresponds to the latitudinal displacement while
the sample number varies with longitude. The relationship between

the sample number of fig 7.3 and the west longitude of fig 7.2 is:-

S

A = 360 - 5075
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Figure 7.4
This was produced by interpolating the data shown in fig 7._3 to

mroduce a regular spacing, and then Fourier transforming the result.
The wavenumbers shown are dimensionless, and correspond to the
interval of fig 7.3. In order to show up the higher wavenumber
components the zero and one wavenumber components have been allowed

to go off the scale.

Figure 7.5
The dotted line shows the same data as fig 7.3, but after the

removal of the wavenumber zero and one components. The continuous
line demonstrates the sum of the two components with the greatest

amplitude (wavenumbers 8 and 20, see fig 7.4).

Figure 7.6

The dashed line shows a histogram of the separation between
ad jacent maxima and minima of the curve in fig 7.3. The continuous
line is similar but shows the effect of removing all the peaks

separated by less than 3 pixels in the line direction.

Figure 7.7 a-d

These show the varying appearance of the ribbon feature in
different filters. They were taken within a few minutes of each
other, 11 days befare encounter, and have been map projected to a
common scale of 50 km/pix at the equator. The appropriate filters
are a) green, b) blue, c) violet and d) UV. The orange image is
not shown but is very similar to the green image. The aspect ratio
of the images has been altered to enable them to fit the page size.
The boxes in 7.7 a) show the areas from which some of the graphs below
were obtained. In order to preserve the large scale albedo
variations these figures have not been filtered., This is responsible

for the lack of contrast in figs 7.7 a and b.
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Figure 7.8a

This shows how the intensity seen through the violet filter
varies with line number (averaged over 5 samples, the area of the
smaller box shown in fig 7.7a). Fig 7.8b shows how this changes

when an attempt is made to remove the limb darkening.

Figure 7.9 a-d )

These shov how the intensity of the ribbon feature varies with
line number (and hence latitude) at different wavelengths. The
images concerned were all previously divided by the green image as
explained in section 7.4.1 to reduce the effects of the changing
sun-angle. The relevant filters are a) orange, b) blue, c) violet,
and d) UV. In order to avoid being unduly influenced by loéal
featmes, these graphs correspond to averages over 695 samples, the

size of the larger box in fig 7.7 a.

Fi.gure 7.10

This figure from Mooare (1983) shows how various forms of the
atmospheric model described in the text compare with observations of
the UV albedo. The albedo measurements shown are globally
integrated IUE results. The model uses 3 km-am of H, over a 15
km-am layer containing an absorbing aerosol with an optical depth of
0.5 at 3100 A. Below this is a single scattering base layer of
albedo w. The curves in a) use the aerosol with )\ ~! behaviour,
whilst those in b) show the preferred A ~2 behaviour.

The different curves in a) and b) demonstrate the effect of changing

the base albedo of the model. The values shown are :-

A w = 1.0
B w = 0.98
C w = 0.99

D w = 0.99
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The discrepancy between the model and the observations
shortward of 2300 A is accounted for by Moore (1983) using
phosphine absorption. However this has a negligible effect at

the wavelengths of the Voyager UV filter.

Figure 7.11
This shows how the results of the model which produced fig 7.10

change between 3100 and 3460 A (the wavelength of the Voyager UV
filter). This is shown as a function of the albedo of the base

layer.

Figure 7.12
This is similar to fig 7.11, but shows the log of the ratio of

the ingoing and outgoing fluxes at 0.75radii from the planets centre.

Figure 7.13
This figure, taken from Hide and Mason (1975), shows the

flow near the top of a rotating fluid annulus. The inner boundary
is being maintained at a temperature 9 K cooler than the outer
boundary. The only parameter changing is the rotation rate, which
was (in rads/sec) a) 0.41, b) 1.07, c) 1.21, d) 3.22, e) 3.91 and
f) 6.4. It can be seen that the flow is initially axisymmetric,
but with increasing rotation rate an oscillatory behaviour becomes
" apparent. The dominant wavenumber of this increases with the

rotation rate until, eventually, the flow becomes iregular.
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Figure 7.14

This shows the various models used for the variation of the
thermal wind shear with height.  The dashed line shows a cubic
spline fit to the values given for 45° N in fig 5.11. The curve B
is a straight line fit to the dbservations.  The other curves
represent different approximations to the measurements of the type

given by equation 7.35, and. are described further in the text.

Figure 7.15
This shovs howv the function Qy, defined in section 7.6.2 varies
with height. This has been evaluated using the curves shown in fig

7.11 along with estimates of N? and the density scale height.

Figure 7.16
This figure shows how the gi‘owth rates calculated by the model

vary with wavenember, for the profile of 3u/3z labelled A in fig
7.14.  The x axis represents a dimensionless form of the wavenember,
which is a factor of 107 larger than the value in m~%. The crosses
represent the results of the model, while the lines show the result
of interpolating between these using cubic splines. The dashed
line shows the results produced by the finite difference model
(INSTAB3, see section 7.8), whilst the continuous line was derived
from the iterative model (INSTAB4) which is known to produce more

accurate results, see section 7.8.

Figure 7.17

This shows the average rate at which the least stable
disturbance (i.e. the one with the greatest growth rate in fig 7.16)
releases available potential energy. It can be seen that this is

greatest at the upper boundary at 58 km.
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This is similar to fig 7.16, but shovs instead the growth rate
as a function of wavenember for the profile labelled B in fig 7.14.
The different curves indicaté hav this alters as the height of the
upper boundary is changed from 75 to 200 km. Unlike fig 7.16,

only the results of the iterative mrogram (INSTAB4), are shown.

Figure 7.19

This shovs how the energy conversion rate of the least stable
disturbances of fig 7.18 vary with height. Again the numbers
indicate the height of the upper boundary. Because the amplitude
of the disturbances changes with time there is no absolute sc&ling,
the x axes of the various graphs being scaled differently to make

them fit.

Figure 7.20

This is similar to fig 7.19, but shows instead how the vertical
velocity of the various disturbances varies with height. Again
the x axis is shown for convenience, only the zero position being

common to all the plots.

Figure 7.21
This is the same as fig 7.18, but for the profile labelled

Cin fig 7.14.

Figure 7.22
This/ is the same as fig 7.19, but for the profile labelled

Cin fig 7.14.

Figure 7.23
This is the same as fig 7.20, but for the profile labelled
Cin fig 7.14.
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Figure 7.24
This is the same as fig 7.18, but for the profile labelled

D in fig 7.14.

Figure 7.25
This is the same as fig 7.19, but for the profile labelled

D in fig 7.14.

Figure 7.26
This shovs hov the growth rates of the profiles labelled

E and F in fig 7.14 vary with wavenember.

Figure 7.27
This is similar to fig 7.19, but for the profile labelled E
in fig 7.14.

Figure 7.28
This is similar to fig 7.20, but for the profile labelled
Ein fig 7.14.

Figure 7.29
This shows hov the grozvth rates of fig 7.26 change for a non

zero meridional wavenumber. The value used was ky = 7 x 1077
in section 7.2. On the dimensionless wavenumber scale used

here, this corresponds to Ky=7.

Figuret 7.30 -

This shovs a mosaic similar to that of fig 7.2, but for
higher latitudes. This is derived from four images which
were projected to produce a polar orthographic projection.
The superimposed grid shows the planetodetic latitude and

the west longitude.
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fig. 7.2
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fig. 7.7 a.b
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fig. 7.30



CHAPTER 8
DIS CUSSION

The aim of this thesis is, as indicated in the introduction, to
investigate the structure and causes of a sample of the small scale
features observed in Satum's atmosthere by the Voyager spacecraft.
In particular a localised cloud feature at 40° N, and a wavelike
feature encircling the planet at 479 N, were discussed in detail
in chapters 6 and 7. However, in order to understand the
limitations of the data it is necessary to discuss the constraints
impoéed by the spacecraft and its instruments, which were described
in chapter 2, and the effects of the various image processing and
restoration techniques, which were considered in chapter 3. The
small scale features cc;nsidered exist in a large scale flow, which

has been measured by cloud tracking but is not fully understood, and

some of the ideas about its formation and structure were described in

chapter 4. It is also useful to have an estimate of the atmospheric
temperature and its variation with height. These are mainly derived
from inf rared measurements and were discussed in chapter 5. From
these other useful quantities were calculated, in particular the
buoyancy (or Brunt-Vaisala) frequency, which is shwn in fig 5.5.
In addition to the average vertical temperature p::ofiles there are
also, over a limited pressure range, measurements of the structure
of the horizontal temperature field. From these, using the thermal

wind equation, the vertical shear of the zonal flov was calculated
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and the results obtained for a range of latitudes in the Northern
hemis phere are given at the end of chapter 5.

Chapter 6 contains the analysis of the first of the two features
considered in detail, which is a 10" km long, cluster of white
clouds to the east of a dark, = 10% km diameter spot. The feature is -
located at the maximum of a westward (easterly) jet centred at
appraximately 40° N North. For this analysis four images were
selected and measured to produce streamlines. From these the vorticity
was calculated at several locations, and when plotted as a function
of longitude, showved a distinctly periodic behaviour (fig. 6.8).

Both the appearance and the derived structure of the flov show a
strong resemblance to the Karman vartex streets observed in the
laboratory, and to similar features seen in the Earth's atmos phere.
Karman vartex streets are periodic features produced when fluid passes
around a solid obstacle. Althowh their characteristics are altered
by the mesence of such effects as stratification and rotation, this
type of flow still requires the presence of a solid body. This is
unlikely to occur upon Saturn.

This requirement for a solid surface follows from Kelvin's
theorem, which states that in an invi;cid, barotropic fluid the
absolute circulation of a fluid element is conserved. In the
laboratary case of a unifarm incompressible flow this implies that the
vorticity observed is produced in the boundary layer surrounding the
solid surface.

Since regions of altermating vorticity were measured for the
Saturnian feature, some other vorticity generation mechanism must be
mimicing the production of vorticity, by boundary layers, in the
laboratory studies. The feature seen on Saturn is located in a
baroclinic fluid which is known (from cloud tracked wind measurements
and the thermal wind shear results) to possess both horizontal and

vertical shear; also the beta-effect will, in the mesence of
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meridional motion, produce relative varticity (see section 6.1.4).
One example of a mechanism which is capable of generating the observed
harizontal vorticity is the twisting or filting term in the potential
vorticity equation. As shown in section 6.l.4 this can produce a
significant hoarizontal vorticity component through the combination of
the vertical shear and the vertical motion ex pected to be associated
with the dark spot.

The moduction of a feature which resembles a vortex street, but
is formed in é different way is not unknown. Examples have been
reparted in the labaratory behind water jets introduced into chanrels
(private communication, see section 6.4). The observation of a
Saturn’ian feature similar to a Karman vortex street, but without the
associated solid object, may be relevant to the featL;es seen in the
Earth's atmosphere. In particular it could explain why the features
observed can appear larger than would be expected from the size of the
obstacle alore.

The second feature considered in detail is a 5° wide zone of

~ clouds centred at 47.5° N, moving east at 120 ms™?

, and containing

' a darker 'ribbon! feature 10% km wide with an approximately periodic
longitudinal structure. A mosaic showing the full 360° of the
feature was produced from a set of lov resolution images so that an
estimate of its longitudinal wavelength could be made (figure 7.2)..
Initially this was attempted using a Fourier transform technique, but
since this (as was shown in section 7.3.2) was unduly influenced by
some of the larger, and less reliable, peaks a different approach
was adopted. A program was written which removed all the peaks
separated by less than three pixels in the line direction and then
found the mean separation of adjacent peaks. This gave a
longitudinal wavelength of 5710 * 260 km. A second set of higher

resolution images of this feature were made into a movie loop which

demonstrated that it appears to have a cyclonic circulation to the



north and an anticyclonic circulation to the south.

A third set of images was used to examine the multis pe(':tral
characteristics. These shov that in most of the filters the feature
takes the form of a dark band near the centre of a bright zore.
Hovever in the UV (3460A) filter this is replaced by an abrupt
change in the relative intensity betwéen the northern (lighter) and
southern parts of the feature. At these wavelengths it is (apart
from a few small spots) the only non-éxisymmetric feature seen in the
northern hemisphere. Because of this sudden transition the vertical
structure of the feature was examined with a model normally used for
globally averaged albedo measurements. By altering this until the
observed albedo variation. was produced it was shown in section 7.4.3
that, unless one goes considerably outside the parameter range
required by the globally integrated shorter wavelength data, the
feature must extend up to at least 170 mb. An additonal constraint
imposed by the longitudinal similarity of the UV and other images is
that, assuming the observed brightress variations are the result of
vertical displacements, the phase of the vertical velocity camot
change significantly between 170 mb and the top of the ammonia clouds
( ~ 400 mb, see section 5.2 ).

The observed structure resembles that of a baroclinic instability
(sometimes referred to as sloping convection) which, like the
vortex street feature, occurs in both the Earth's atmosphere and
laboratary experiments. This type of flow takes place when the
imposed conditions are such that it is possible for a disturbance to
extract energy from a latitudinal temperature gradient. When this
happens fluid on the warmer side of the flav is exchanged with higher
fluid on the cool side., This process is known to be important in the
Earth's atmos phere and has been the subject of many analytical and
rumerical studies. However the conditions for instability involve

the boundary conditions and often require the presence of a rigid
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lover boundary which is not mesent on Saturn. This diffic_ulty was
considered by Gierash et. al. (1979) who produced a more

appropriate lower boundary condition. Using this I solved the

quasi -geostrophic potential vorticity equation for a sinusoidal
perturbation numerically,to detemine the structure of the Saturnian
disturbance.. Two different methods of doing this were developed,

and these are described in section 7.8. When supplied with the
static stability and the vertical wind shear (both evaluated using
the methods described in chapter 5) they provided the geopotential as
a function of height, as well as the growth rate and phase speed.

The main difficulty in using this model to predict the structure
of a Saturnian instability was the limi ted (150 - 700 mb ) range over
which the latitudinal temperature gradient, and hence the thermal
wind shear, was known. This is unfortunate since the types of
solution obtained depend upon this, particularly through the sign of
the quantity Qy. In order to obtain useful solutions curves were
fitted to that part of the data available and then extrapolated to
greater heights. The parameters used in these curves were chosen to
bracket the likely behaviour, and can be divided into groups
depending upon the way in which they satisfy the necessary conditions
for instability. The simplest of these used a cubic spline fit to
the thermal wind values available, and was only unstable because of
the presence of an upper boundary. The second used a straight line
fit to the data and satisfied the conditions for instability by a
change in the sign of Qy. The other profiles used were all based
upon equation 7.35 but with differing parameters. These all produced
at least ore sign change in Qy, and hence satisfied the necessary
conditions for instability. Some altered sufficiently rapidly to

cause Qy to change sign a second time.



Since all the profiles of 3u/dz tested were found to be
potentially unstable the numerical models were used to examine the
structure and growth rates of the disturbances produced. These were
then compared with the observations of the Saturnian feature described
earlier. It was found that (as described in section 7.8.4) the
vertical velocity fields produced extended high into the atmosphere,
above the 170 mb level required by the UV measurements, and _with a
sufficiently small rhase change to account for the similarity between
the UV and the other images. The simpler profiles of 3u/3z (ie
excluding those with multiple sign changes in Qy) can also rem oduce
the observed longitudinal wavelength and a plausible_ growth rate ( =
one month) but only with an unreasonably lov upper boundary. When
this is raised to a level at which it ceases to be very important,
the growth rates become very small, whilst the longitudinal
wavelength increases to about five times that observed.

Hovever the effect of an artificially low upper boundary appears
to be similar to that of an additonal sign change in Qy. This |
supposition was examined using the profiles labelled E and F in fig
7.14. It was shown in section 7.8.4 that using these it was possible
to produce a disturbance which, when the measured meridional wawelength
was taken into account, produced a least stable disturbance with a
wavelength very close to that observed.

A major difference between the model results and the observed
feature lies in the cloud patterns, which rather than varying
sinusoidally like those of the model, show an abrupt change in
intensity across the feature. However a similar effect occurs in
models of the Earth's atmos phere, where simple quasi-geostrophic
models can predict the observed cyclones and anticyclones but are
unable to reproduce the various frontal and jet stream features
asspciated. with them. It is expected that the inclusion of mare

complex effects in the model (in particular advection by the
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ageostomié wind) would lead to the growth of fronts. The large
gradients of vertical velocity associated with these are likely to
intensify the changes in cloud density, producing abrupt intensity
changes similar to those observed.

In conclusion it is clear that the model used is capable of
producing disturbances similar to those seen. In pari:icular, using
profiles of,the vertical shear based upon the measured values,
perturbations with the observed wavenumber can be produced.
Unfortunately , due to the absence of measurements of the latitudinal
temperature gradient above 150 mb, the detailed structure of the
disturbances cannot be safely predicted. However they lie high
enough in the atmosphere to satisfy the observed UV variations, and
have a suffit;iently small variation with height to account for the
longitudinal similarity of the UV and longer wavelength images.

Thus the only differences between the model and the observed
feature are those which can be ascribed to either known deficiencies
of this type of model, or insufficient knowledge of the horizontal
temperature gradient. It has been shown that for all the extensions
of the temperature gradient profile considered this region was
baroclinically unstable. It seems unlikely that any other model of
this feature could produce the observed results with the same accuracy.

Also shown, near the end of chapter 7, is another feature at
approximately 80° N. Unfortunately no thermal wind data was
available at this latitude, and so it could not be' mode lled reliably .
Ht;wever it can be seen that it is very similar to the laboratary
flows observed by Hide and Mason (1975) which are known to be caused
by baroclinic instability.

In conclusion ;;Lt can be stated that in this thesis two small
scale features have been examined in some detail. Both of them.are'
similar to laboratory and atmospheric flows but differ in important

ways. The lack of a solid obstacle in one and a rigid lover boundary
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in the other‘. However both seem to contain, as far as can be told,
all the important features of their Earthbound counterparts. It is
probable that a further examination of these and other features,
along with a comparison with those seen on the Earth, will produce a
better understanding of the conditions needed for their formation.
In particular this should provide information about the effects of the
Earth's surface upon atmospheric flows.

One of the interesting aspects of this study is the way in which
the data. from different wavelength instruments is complimentary. A
good example of this is provided by the feature examined in chapter 7.
The visual images provided details of the horizontal flow, whilst
the change with wavelength (particularly in the UV) constrained the
vertical structure. The longer wavelength IR results provided
information about the local temperature distribution, and hence
possible driving mechanisms. Hovever one of the points demonstrated.
by this study is the way in which both good spatial and spectral
resolution is required. Higher spatial resolution of the temperature
field would have made the estimates of the thermal wind shear more
accurate, whilst if the images had covered a greater wavelength range
(even at reduced spatial resolution) a mare reliable determination
of the vertical structure could have been made. It is hoped that
future planetary atmospheres missions will be able to provide

this more detailed coverage.
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APPENDIX 1 - PROGRAMS USED

Many different programs and subroutines were used in the studies
described in this thesis. In addition to the standard software
packages mentioned in section 3.3.2, there were the programs
referred to in section 3.6.1, required to pre-process the images.
The list below gives a brief description of those programs which
I wrote or modified, and which were used in the production of this
thesis. Some of these, like F2, were only modified, whilst |
others, such as INSTAB3 and 4, were written from scratch.

However the majority were mainly purpose written, but include
sections of code taken from other programs where this was more
convenient, as mentioned in the individual cases. Next to the
names , the length of each program is given in lines (including

comments).

DQMAPGRID - 361 lines

This uses the projection routines of the subroutine TRANSF R
in conjunction with the CORE graphics package to produce grids
complete with latitude-longitude numbering. The use of TRANSFRM
means that perspective, polar orthographic and stereographic,
and cylindrical grids can b‘e produced. Whilst the use of CORE
implies that these can be displayed on the IIS, overlaid on images,

or plotted, without altering the program.

DIMEN - 7191 lires
Because of the significant oblateness it is unreasonable to

approximate Saturn by a sphere. This makes the calculation of

various quantities non-trivial. This program calculates the

planetocentric and planetodetic latitude, the latitudinal and

longitudinal scales and the values of f.B, and g at 1° intervals.

The value of g is obtained from the subroutine GRAVIT.
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F2 - 90L lires

This is a VICAR program written by JPL to run on an IBM
machine. In order to use it on the VAX it was necessary to
reverse the order in which it was assumed that bytes were- packed
in a 16 bit halfword, and replace the sections of IBY assembler
with FORTRAN function calls. In the process parts of the program
wére unravelled and commented.

The program has been used many times, in particular it has been
used to mosaic together figs 7;2 and 7.30, by finding the maximum

DN at each point.

FINDIN - 559 lines

This subroutine was used by INSTAB3 and INSTAB4 to provide
values, and derivatives with respect to height, of N? and u .
The values for N? were obtaired by using a NAG routine to perform
a cubic splivne fit to the values supplied. This was then
- differentiated to provide the rate of change with height.
The problem for u was more complex, with several different
approximations being used. There was a similar version of the
cwic spline method used for N2, Another set of routines was
written which could evaluate different polynomial approximations,
whilst a third used the form of equation 7.35. In addition to
these there were routi}res capable of evaluating the profiles used
by Green (1960), Gill et. al. (1974), Conrath et. al. (1981), and

others which were used for testing INSTAB3 and INSTABA4.

GRAVI T - 85 lines

This subroutine was written to determine the effective
(including centrifugal terms), acceleration due to gravity g, at

different latitudes. It uses the value of the planetary mass,

the rotation rate, and the mean gravitational harmonics J2, J&



and J6 to evaluate g at a given latitude, from the expressions

given in section 5.8.1.

INSTAB3 - 328 lines

This is the program referred to in section 7.8, which was used
to estimate the solutions of the eigenvalue-eigenvector problem of
equation 7.23. The solutions are found by the NAG program FO2AGP,
most of the code in INSTAB3 being associated with reading in the
values to be used, and using these to set up the associated matrices.

Once the solutions have been found, the one with the largest
growth rate is selected and the details of this are printed out. One
of the largest sections of the code is associated with the formula
used for the zonal flow u and its derivatives with respect to height.

This is done using the subroutine FINDIN described earlier.

INS TABA4 - 540 lires

This attempts to solve the same problem as INSTAB3 but in a
different way. This uses the NAG routine DRHBF, which attempts
to solve a set of differential equations with unknown parameters
subject to specified boundary conditions. As with INSTAB3 most of
the code is associated with the input of various values, and usiné
these to formulate the problem in the manner required by D02 HBF.
Again the subroutine FINDIN is used to evaluate the formula for

the zonal wind and its derivatives.

LINELN - 172 lires

In order to quantify the position of the ribbon feature, as
described in section 7.3.1, it was necessary to be able to locate
the edge of the feature, and save the results in the database.
This program allows the user to draw a line joining a sequence of
points on the IIS, and saves the resulting locations in an RSGl&4

database file.
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MAP - 613 lires

This program uses the subroutine TRANSFRM to produce map
-projections. It can either perform the operation intermally,
(one pixel at a time), or can produce a dataset approximating the
transformations in a format suitable for the program GEOM. This
routine also has a third mode of operation in which it can be used
to test the projection routines present in TRANSFRM.  Some of the
1/0 routires contaiﬁ_ed in this program are slight modifications of
those written by R. Gorley as part of a registration program.

The map-projection program, with its associated subroutine
TRANSFRM, was essential to many of the studies described in this

thesis, and was used in the production of all the images shown.

PTOZ - 211 lires

This pfogram carries out the procedure described in section
5.5 to derive the height from a temperature-pressure profile.
The procedure used is to call one of the NAG routines to fit a
curve to the data and integrate it. The program also requires
as input parameters, the specific gas constant, and a value for

the acceleration due to gravity.

_R_FF_‘I;l_; - 306 lires

This is derived from a Fourier transform which forms part
of the IPIPS VICAR software. It reads in a file in the RSGl4
database format, and produces an output file containing the
amplitude and phase of its Fourier components. This program

was used to obtain the Fourier transform of the ribbon feature

described in section 7.3.2.
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TRANSFRY - 1491 lines

This subroutine, which was originally part of the program
MAP, contains thé calculations necessary to produce map-projections.
The perspective transformation is based upon code originating at
J PL, but was altered to improve the spéed of operation. The
subroutine is capable of producing Mercator, Polar orthographic
and Stereographic projections, and can read in as inputs,
perspective, polar orthographic and stereographic mrojections.
The addition of code written by M. Dalton has also made available

the possibility of reading and writing various types of cylindrical

projections.

VG RAPH - 215 lires

This program will produce a graph of DN against line or
sample number. It works on a subset of an image and can, if
required, average the result in the sample (or line) direction.
The graph is produced by calling the NCAR graphics package.

It was this program which produced figures 7.8 and 7.9.
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APPENDIX 2 DERIVATION OF THE NWMERI CAL MODELS

This appendix explains in more detail the derivation of the
numerical model used in chapter 7. As described in section 7.6, a
hydrostatic quasi-geostrophic form of the potential vorticity equation
was used, based upon that given by Holton (1979, chapter 6). The
use of these approximations is justified by the small Rossby number,
and the large Richardson number. The coordinate system used is the
normal x,y ,z system, with the z axis normal to the 'surface'.
Hovever, due to the oblateness of Saturn the angle between the z
axis and the equatorial plane (the planetodetic latitude), is
significantly larger than the angle subtended by a line joining the
surface to the planets centre (the planetocentric latitude).  Thus
the formula for f,B8 etc., require the planetodetic latitude (this
is discussed in section 3.4.1.1.). The situation is further
complicated by the presence of the mean zonal flow which, at the
1 atitude of the ribbon feature, is sufficiently great to produce
a meridional acceleration which will slightly distort the surface.
Hawever, this effect is small in\ comparision with the use of the
beta-plane appraximation, which assumes that f and B are the same

over the whole 5° latitude s‘pan.



-

253

We define various non-dimensional variables ( without an * ) by
using a characteristic length, velocity and pressure ( L, U and P, ),

along with the local coriolis parameter f, to give

P = L%L;»P-F
v = Uw, Uv

t* (L/uU)t

W (peU/L) w
¢ /juz. g

Now from Holton ( 1979 ) we have

28 L v () f) = o Qe

il S (A2.1)

if we use

- (A2.2)
Dt" 9y Ip*
To convert to the dimensionless system we use

§3*=£§} D 2 LLD v, 2

T — )+ g =

L Dt ot >z 2y



to obtain

we also have

and

where we have defined

= U
PP 5 F

Using these results the dimensionless for of A2.2 is

-9—& + V,,B = —’ 3_“" = O
Dt Ro 9)9

where Ro = U/f L is the Rossby number.

Now also from Holton ( 1979 ) we obtain

2 (ii) N x;.y(-_»_f_‘) = oWt
it | 9p* ap*

where o is a static stability parameter defined by

or = "1 26°
pre” of

or, in a dimensionless form
c =_p o
WwL 4.

using the same technique that was used for A2.1, A2.4 becomes

(A2.3)

(A2.4)

(A2.5)
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dividing this by Ro, and differentiating with respect to pressure

this becomes

_i( ] D(‘BI)) =1 2w
QP R,oc Dt af Re 3/3
which can be used to eliminate w from A2.3, to give

-E—).r.}+\’;/3‘9( / D(_Bé-))=o (A2.6)
Dt dp\R.,0c DT\ dp

Now we split the geopotential ¢ into mean and perturbation parts

of the form
&Ekg(z- ‘t)" h, y]

& (2y,p,t) = ?(9,/’) +2(p) e (A2.7)
where & describes a mean flow given by

uly,p) = 722
oy

using A2.7 we obtain

D .3, w2 iy &i[k,(z-ctwk,y] (k
Dt 2t oz

2 - I‘Ja—) (A2.8)

7-.?_; DI

after substituting A2.7 and A2.8 in A2.6, using the definitions

of gg and vg, and neglecting second order terms, we obtain

(E-c)[(&) - (hf*/a;)ﬁ}.,.[ﬁ-ﬁ,,-(_a_;)];(:O (42.9)
9/p Roaf

Although this is given in pressure coordinates, it was more
convenient to work in height coordinates. Equation A2.9 can be

converted to this system by using the hydrostatic equation :
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whilst the static stability parameter o can be defined in terms

of the buoyancy frequency N, to give
2 2
R.c = ( p. N )
L¢rg
using these equations A2.9 becomes

(a-e) [%171_ (,LNg) (k,f*k;)ﬁ]

+ [/? - Uy - Li{z_'_(,ﬂ az) ]p’ =0 (A2.10)
D* A U N*/;

In addition to this we require the boundary conditions.
For the w=0 condition we obtain ( by substituting A2.7 and A2.8

in A2.5, and converting to height coordinates)

(T-¢c) 2 - 722 = 0O (A2.11)
2z 22

One approach to solving A2.10 and A2.11 is to use the finite

difference approximations

A ~ F(z+952) -~ & (z-52)
2z 2 %2

and

Vo~ H(2252) - 2p(z) + o (2- 5z)
72" 52

substituting these into A2.10 and A2.11, and separating out all

the terms involving ¢, gives (using the definition of the density

scale height h, given in section 5.6 )



(u‘[‘ ., BLY (1 -1 M‘)),(z.sz) . (ELT - mlf (-_l_-_l V) # (2-52)
. h N"'- 92z 0z

D'N'§z2 282 D*N* D*N'Sz2  28:D'N*\ h N?
+(F‘V»“%1:(“u —(., - __N’))-u(k‘+k)~2___éi£ #(2) =
D*N h N 2z D*N*$2

{te <ok

-1
D*N*$z 2$2b*N* (A N* D*N*$2 2 62D*N*\h N2z

- [ 202« (kD + k;)]ﬁ/(z)
D*N*$2

for A2.10, whilst A2.11 becomes

___{L)wz -$2) ,,{p , -_L:_L‘(uu+uz(:l_-_l__9_f\l_1))-u(k:¢.k’~) - 2ult g
(Dwsz % LNz ’ z

*281113(_[;1[_ +_J—IL_(J_-_L B_&l))} 2 (2)
D*N 192 252D*N*\ ) N? 2z

c)((_zgz_;);r (2-52) _ (__2_1-_£__ . (ke /z;)) ;ﬂz)}

D*N* 82 D*N*§z

The ®=0 boundary condition follows trivially from A2.12

(A2.12)

31\_/)))@’(2+$z) (Lz‘ - L (1-_1__9,@‘)),6(2-52)

(A2 .13)

LSs?
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An alternmate approach to solving A2.10is to split ¢ and c into

real and imaginary parts, ie
N ALY £ C=c. +tc

using these A2.10can be written

2o (" - L DN‘);:, - DN (Kt k) o
k Na« >z L:./a

[D N (B-uyy (u,, +("_l_ -_?_E‘) uz)] X (A2.14)
A h 2z |

(g (W-c.) =picd) + L ((w-celos +c: o) = 0
[u-¢.)* + ¢}

Now if we define

6 =22 (A2.15) then 26 . 2
2= 2z 0=z*

using these, the real part of A2.14becomes

Re(6,) *(-_r_ -1 2N ) Re(8) - + k) Re (p)
h N 22 ;
(A2.16)
+[ D*N* (B-u,,) (u.n +(: SN 2N )] ((u-co)Relg) -c: In ) _ o
L4 (w-c.)*+ ¢t
whilst the imaginary part gives
w (6,) +(1 -Lzy_*) Ln(6) - D'N* (ki+ k}) In (2)
h Nz N
(A2.17)

Al h N*3z (u-¢,)* + c?

Equations A2.15, A2.16 and A2.17 are four, first arder differential

equations for the real and imaginary parts of ¢ and 6, and can be

+I DN (B-uy,) - (un*("_‘LMf) u’z)] [u-c)In ) cc Reloll - 0

appraximated using the NAG routine DO2HBF, as described in section 7.8 .
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Dynamical features in the
northern hemisphere of
Saturn from Voyager 1 images
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Results of the analysis of Voyager measurements of divergence
and inferred vertical velocity of convective cloud features in
the northern hemisphere of Saturn are presented here. The
winds in this region have been measured by tracking the cloud
elements observed in sequences of images. The derived zonal
winds imply that these convective features reside at the
maximum of strong easterly jets centred at 41° N planetocentric
latitude and that the jet is barotropically unstable. The diver-
gences-and local dynamics of the Saturn features are found to
differ from those of the jovian equatorial plumes.

During the encounter of Saturn by Voyager 1, Smith er al.
reported observations of distinct cloud features occurring in
the northern hemisphere of the planet’s atmosphere. In the
region bounded by 35-42° N, several bright V-shaped features
have been seen, while at ~29°N, a distinct cloud oval is
apparent (Fig. 1, feature 3.) (All latitudes in this article are
planetocentric.) The large spot is particularly evident in the UV
images and was seen to persist throughout the Voyager 1
observational period from 24 August to 10 November 1980.
The V-shaped features varied greatly in shape during the
observation period but persisted in their longitudinal distribu-
tion as they drifted in an easterly jet centred at 41°N. The
changes in the visible appearance of these features suggests
that they are convective clouds where the rapid variations in
the shape and structure of these cloud systems is associated
with local vertical motions. There is no evidence from the IR
observation of Hanel er al.” that these features affect the tem-
perature structure of the upper troposphere. However, the IRIS
field of view is large compared with the visible cloud structures
observed by the imaging system®. The IRIS instrument essen-

Fig. 1

tially measures the average temperature for the total region
seen in the imaging frame. Indeed, any upper atmosphere
aerosol layers present would further reduce any possible tem-
perature contrasts.

In the atmosphere of Jupiter. we have shown that the
equatorial plumes are convective cloud structures®* and their
meteorological characteristics have been estimated by pro-
cedures developed using the University College London (UCL)
Interactive Planetary Image Processing System®. We apply these
techniques for the analysis of the Saturn observations and
present here the first measurements of divergence of saturnian
cloud systems. Using this information, we then calculate the
vertical velocities which relate to the observed changes in the
cloud structures. In addition. we measure the wind speeds of
the clouds in the latitude band 30—45°N and estimate the
stability of the flow for the period of the observations. These
new measurements provide valuable insight into the variations
of the cloud structures and through comparison with our jovian
studies® this will provide information on the differences in the
observed meteorologies.

For this study, a series of blue filter narrow angle images of
Saturn was used. The observations were made for the period
3-8 November 1980 when the spatial resolution varied between
120 and 60 km pixel .

The images were first radiometrically decalibrated at the Jet
Propulsion Laboratory (JPL) using the standard procedures”.
To provide an accurate navigation of the images that transforms
the line and sample system into a planetocentric latitude /longi-
tude coordinate system, two independent procedures were used.
At JPL, the method used simultaneous wide and narrow angle
frames to locate the centre of the planet from which the sub-
sequent transformation is then determined’. An interactive
procedure, developed at UCL, uses a ‘least-squares’ minimiz-
ation method to fit an ellipse to the image, constrained by the
spacecraft navigation and camera data. We have shown elsc-
where® that both of these methods produce similar results
although the error in determining the position of the centre of
the planet becomes greater than 1 pixel when 20% or less of
the planet’s limb is available (see ref. 7).

Measurements of vejocities of the upper clouds in the Saturn
atmosphere have been made by interactively tracking individual
features observed in the images. The techniques have been
shown® to be accurate to within +3ms ' in zonal and
meridional winds at a spatigl resolution of 60 km pixel " and

Sequence of eight blue Mercator n..row angle images of the mid-latitudes of Saturn. The dates and times of the images are: 15:05:22.

3 November 1980; 11:57:22, 4 November 1980: 22:11:46. 4 November 1980; 08:25:22, 5 November 1980, 20:46:58, S November
1980:17:22:10,. 6 November 1980); 12:08.34. 8 November 1980: 22:24:34, & November 1980.



~

produce results that compare favourably with other schemes'.
The velocities are measured relative to the SYSTEM III radio
period of 10 h 39.4 min (ref. 8) using images separated by time
intervals of 10-20 h. Considerable contrast enhancement of the
image was first necessary to show clearly the cloud elements
to be tracked.

The measurements of the divergence of the V-shaped clouds
were made by the procedures set out in ref. 4. The sequence
of 10 blue narrow angle images were first map projected into
a Mercator format centred at 41° N using a single pixel interpo-
lation scheme developed at UCL". Then, the divergence of
these features was estimated from the changing cloud areas.
We estimate the area of the convectively active region from
the assumption that the brightness in the cloud system, which
we have previously shown™”'" to be a reliable approach.

If we now assume that the vertical motion in the layer of
outflow takes place over a vertical scale D, then the vertical
velocity required to produce the observed divergence field is:

W-<DdivV oD

We estimate D as the scale height of the atmosphere at the
cloud top, which will then enable an estimate to be made of
the vertical motions associated with these cloud systems.

Figure 1 shows the variation in the V-shaped cloud structures
for the period 15:05:22, 3 November to 22:24:34, 8 Novem-
ber 1980. All times are GMT at the spacecraft. This time
sequence clearly indicates the large morphological change in
the convective cloud structures. At the edge of feature 2,
considerable developments in the clouds become apparent in
the final three images of the sequence. Figure 1 shows less
noticeable changes during this time.

The third main cloud feature seen in Fig. | is the UV spot.
The prominence of this feature at short wavelengths is con-
sistent with it being higher than its surrounding clouds. A well
defined flow pattern can be seen to the west of this feature in
Fig. 1, which is morphologically similar to the “turbulent’ regions
to the west of the Great Red Spot and White Ovals on Jupiter.

In Fig. 2, we summarize the basic characteristics of the
motions in the mid-latitude region bounded by 30-50° N. The
mean zonal velocity is shown in Fig. 2a. a strong easterly jet
is situated at 41° N which corresponds to the apex of the V
features. We find also that the strongest shear occurs along the
southern edge of this jet. The small inflection in the zonal
velocity profile at 42—43° N is associated with small changes in
the cloud morphologies.

To discuss the significance of these results and the stability
of the flow, we estimate &, d’fd/dy’, and their associated
errors, using the procedures set out in ref. 11. The measured
zonal flow is composed of contributions from the mean flow,
the eddies and errors which arise from effects of spacecraft
navigation, preprocessing of the data and uncertainties in the
identification of individual features. Following the procedures
of Ingersoll er al.'', we estimate the error in i, o) as
+5ms". We compute di/dy at latitudinal position v, by:

(d*a/dy™), = (fyes =200, + i, -2)/ AV

where Ay, =y, .1 = Vao1. _

Then the error in d*ii/dy® is ~ £ V6a(id)/ Ay (ref. 11).

The stability of the retrograde jet may be investigated by
examining the barotropic stability condition for a zonal velocity
i (see, for example, ref. 12), given by:

g —d*a/dy*=0

where B =(2Q/r).cos 4, Q1 is the planetary rotation, r the
planetary radius (local radius or curvature), 8 the planetodetic
latitude and y the northerly direction. In Fig. 25, we have
superimposed the value of 8 with d*ii/dy?, while the additional
curves illustrate the errors in d*i/dy® estimated by the pro-
cedures set out above. We see that the flow between 40 and
41.5° N is barotropically unstable in more stringent conditions.
The figure further suggests that the region extending to 37° N
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Fig. 2 The dynamical properties of the region 30-30° N derived

in this study. a, The zonal wind @ is shown with 1o r.m.s. values.

b, The curve for d>ri/dyv°, together with the value of 3 at 41°N.

The central curve is the variation of d:z?/dy:. The curves at the

left and right show the variation in d*ii/dy? when the errors are
taken tnto account.

is close to being unstable in these conditions. The V-cloud
features reside in the centre of the unstable region, which is
also the maximum in the easterly jet. The stable region of the
flow lies outside the latitudes of 37—42° N.

Figure 3 shows the divergence of these active regions. There
is little change in the characteristics of the UV spot, which is
apparent from the image sequence seen in Fig. 1. The changes
in area shown in Fig. 2 for the convective features were used
to determine the 90° of maximum brightness threshold con-
tour using the procedures described in ref. 4. These variations
in area of the active clouds may then be used to estimate the
divergence of the features which are shown in Fig. 3. As
expected. feature 2 is the most active, with values reaching
~5x10"7s"". The other convective feature is less active. with
amaximum value of 3x 107 s™'. A negative divergence implies
the dissipation of the cloud feature.

Comparing the results with those of our study® of the jovian
equatorial plumes, we find that the divergences are much
stronger for the saturnian features. The largest Saturn values
are more than three times greater than those associated with
the most active jovian plume. Assuming that the anvil expansion
we are measuring takes place at ~500 mbar level® over a depth
of a density scale height of 40 km (ref. 13), then the divergence
maxima imply vertical motions of ~2 ms™".

On Jupiter, these large scale motions are propagated
throughout the troposphere’. Although the saturnian vertical
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Fig. 3 Measurements of divergence of cloud features in the
northern hemisphere of Saturn for 150 h. commencing at 00 h. 3
November 1980. The convective clouds are features 1 (— - —):
feature 2 « ):- -+, the UV spot.

motions are apparently stronger, the IR observations do not
suggest any large scale perturbations in the temperature struc-
ture in a horizontal or vertical direction. It is possible that the
larger aerosol lavers in the troposphere of Saturn provide
sufficient opacity to diminish the temperature contrasts. Fur-
thermore, the IRIS observations are essentially the average
response for the narrow angle field of view, so that these small
scale convective clouds mayv not produce a sufficiently large
signature to be noticeable.

The present estimates of larger vertical motions in the atmos-
phere of Saturn compared with Jupiter are consistent with the
differences in the zonal velocity and internal structure of the
two planets. The internal heat source on Saturn supplies
approximatelv twice as much energy to the atmosphere as solar
heating”. This situation. together with the smaller gravity. which
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then leads to a larger atmospheric scale height on Saturn, is
consistent with the larger convective motions discussed above.

From these first estimates of divergence and vertical motions
of cloud features observed in the northern hemisphere of Saturn
we find that the associated flows of the convective clouds are
stronger than the similar cloud features observed in the atmos-
phere of Jupiter. The vertical velocities we estimate for these
motions are of a similar magnitude to large scale terrestrial
convective storms (see, for example, ref. 9), although on Saturn
these storms occupy a considerably greater spatial scale.

We find that the Saturn convective cloud features are situated
in the maximum of the easterly jet which corresponds to a
barotropically unstable region of the atmosphere (Fig. 2). It is
possible that these mesoscale cloud features are generated by
large scale convergence in the deep cloud layers beneath the
visible surface of the planet. These stronger motions are con-
sistent with the differences in the structures of Saturn and
Jupiter.

We thank Glenn Garneau, Eric Korsmo and Gary Yagi at
JPL for assistance. This work 1s supported by the Science and
Engineering Research Council.
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SOME DYNAMICAL PROPERTIES OF VORTEX STREETS IN SATURN'S ATMOSPHERE FROM ANALYSES OF VOYAGER IMAGES
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Abstract. We present the first observations
of a vortex street in an atmosphere other than
that of the Earth made from a sequence of images
of Saturn taken by Voyager 2 in August 1981, The
analysis of these images shows that the feature
sits at the maximum of the westward jet and sug-
gests that it may be produced by material rising
up from below the level of the visible clouds.

Introduction

The recent Voyager encounters with Saturn (see,
for example, Smith et al., 1981, 1982) have re-
vealed a considerable number of features which
are not visible from the Earth. One of the most
variable areas of the planet is the westward jet
at about 40°N. It was from rapidly changing
cloud features in this region that Hunt et al.
(1982) were able to estimate a vertical velocity
of the order of 1 m sec‘l, which is considerably
larger than those found for Jupiter (BHunt et al.,
1982).

There is a considerable difference between the
observations made by Voyager 1 in 1980 and those
made by Voyager 2 in 1981. 1In the latter, many
more cloud features were visible, especially in
the region around 41°N. One of these features
appeared to consist of a dark spot with a series
of clouds to its east, resembling a vortex street,
which is a flow pattern observed in the labora-
tory when fluid is moving around an obstacle
(Batchelox, 1977). This type of flow has also
been observed in the Earth's atmosphere in the
wake of islands (Chopra andé Hubert, 1965;

Berlin, 1981). However, the presence of this
type of feature on Saturn is made more interest-
ing by tthe lack of solid obstacles which are nor-
mally associated with its production.

In this paper we attempt to measure some of
the properties of the Saturnian vortex street and
to compare it with those observed on Earth anc in
the laboratory. 1In addition, we suggest how it
may have formed and its effect upon the local
flow.

Initial Processing of Data

Only four images were suitable for this study
and they were obtained using the Vcyager 2 narrow
angle camera (with the green filter) on 20 and 21
August 1981, with each pair being separated by
approximately one rotation period of 10h 39.4 km
(Desch et al., 1980). Due to the decreasing dis-
tance between the spacecraft and the planet, the

Copyright 1983 by the American Geophysical Union.
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resolution of these images varies from about 59
to 42 km per pixel.

Because of the changes in perspective between
the images, all four were map projected to a com-
mon scale of 25 km per pixel. Each map projec-
tion was centred 0.8° to the left of the previous
one, in order to remove the features' westward
drift of about 18 m sec-l. This produced the.
images shown in fiqure 1la.

Measurements

Measurements of both the spatial structure and
the velocity of the cloud features may be deter-
mined from the images.

The velocity measurements were obtained from
the unprojected images by identifying a feature
in one frame and then locating the same feature
in a subsequent image. From the known time sep-
aration the velocity of the feature may be cal-
culated. Because of the rapid changes in the
shape of a cloud between images, it was not prac-
tical to track features in frames separated by
more than one rotation period, so that from the
four frames, three sets of measurements were ob-
tained. These are the velocity vectors shown in
figure 1b. Due to the uniformity of this lati-
tude band it proved impossible to obtain any
measurements to the west (upstream) of this
feature.

It is possible to measure the positions of
various parts of the vortex street, by identi-
fying each part of the feature in the map pro-
jected images and then calculating the latitude
and longitude. Using this method the distances
shown in figure Za as ay, ap, hl' h2, dl and d2
were obtained for each image, and from these
values of D, H, and A were calculated, giving

D = 1685 290 km; B = 800 %120 km; A = 4980 #180
km, where D = (& + G5)/2, B = (hy + hp)/2, and
A=al+a2.

In addition to these values, from a longi-
tude-time graph of the position measurements, it
was possible to obtain an approximate value of
Ue = 1.1 m s=1 for the drift rate of the street
relative to the dark spot on the left. However,
since this value corresponds to a movement of
only 5 pixels between the first and last images,
its interpretation is very doubtful and it may
well be incorrect by a factor of, say, 2 or 3.

Another parameter associated with vortex
streets is the vortex strength, K (see Wilson,
1980), which is defined as

K = gr (1)
where r is the distance of a point from the
centre, C, of a vortex, and g is the velocity

tangential to a circle of radius r about C.
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300 310 300 305
Fig. la. The sequence of map projected
the structure of the vortex street.
1981 14.24.47, 21 August 1981 01.02.23,

The method used was similar to that used for
the position measurements. For each pair of
images an estimate was made of the position of
the centre of the second vecrtex, and of a fea-
ture.which appeared to have anticyclonic circu-
lation around it. From these values, and the
time separation between the images, values for g
and r (and hence K) were obtained. This pro-
cedure was repeated for each pair of images to
Five

K = 13.9 + 4.0 x 10° m2 -1

Time “lapse sequences of these images have shown
anticyclonic vortices to the north of the obsta-
cle and cycleonic vortices to the south, in the
classical manner.

Description of Vortex Streets

A Karman vortex street is a type of instabil-
ity which can arise in the wake of a barrier. It
consists of vortices which are shed regularly from
alternate sides of the obstacle (usually a cylin-
der) and form into two rows, the vortices in one
row having the opposite vorticity and being situ-
ated midway between the vortices in the other row.

This behavior is shown schematically in figure
2b. In figure la, we show four images of the
feature which is thought to be a vortex street.

It appears to be created by the zonal flow (which
is westward at this latitude) passing the dark
cloud (also moving towards the west, but at a
higher velocity) of diameter 1700 km, centred at
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green 1mages Of the mia-.atitudes of Saturn, which shows
From left to right, the images were obtained on 20 August
11.29.35;

22011 +35:

41°N, and to be giving rise to the clouds which
extend at least 3000 km to the east. The vortices
in the street have been seen to possess anticy-
clonic vorticity to the north of the obstacle and
cyclonic vorticity to the south. Vortex streets
have been seen in the Earth's atmosphere in the
wake of Gran Canaria (Chopra and Hubert, 1965) and
Madeira (Berlin, 1981), and some of the properties
of thgse, as well as the results for Saturn and
theoretical values, are summarised in table 1.

Properties of Vortex Streets

Due to the paucity cof reliable velocity mea-
surements, and especially to the lack of a value
for the undisturbed flow, it is difficult to ob-
tain much quantitative information from this fea-
ture. In this section the measured value of h/a
is used to show that the feature has approxi-
mately the same 'shape' as a vortex street. In
addition, the vortex shedding rate N is estimated
both from the measured value of Ug and, by assum-~
ing that the feature is a classical vortex street,
from the vortex strength K. The two values,
which agree reasonably well, are then used to ob-
tain an estimate for lifetime of the vortices.

While figure la resembles a vortex street,
another clue is provided by the ratio h/a. A
theoretical consideration of the stability of an
infinite vortex street in a uniform flow (Lamb,
1932), gives the condition that

H _ arcosh (¥2)
A ™

= 0.281 (2)

w
o
2
b=
—
<

-

:IJ_'-. .)L‘:I.ﬁ
-1
25 ms
Fig. 1b. The velocity measurements illustrating the flow in the vortex street. The origin of

each vector corresponds to the position of the relevant feature, in the first of two frames from

which the velocity was calculated.
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Fig. 2a. A schematic diagram of the cloud ele-
ments seen in fig. la which shows the way in
which values for a and h are derived from esti-
mated centres of rotation, indicated with an X.

The ratio H/A for the Saturnian feature is
0.16 * 0.025 while the values for the Earth are
0.35 to 0.43 (see Chopra and Hubert, 1965: Berlin,
1981). The value obtained for the Saturnian fea-
ture does not differ greatly from either the the-
oretical or observed values of H/A. Part of the
difference in these values may be attributed to
our being able to estimate only the positions of
the first three vortices whereas it appears from
laboratory experiments that the characteristic
street configuration of the vortices does not
appear until they are some way down-stream.

If we assume that the observed feature is a
vortex street, then some of its properties may be
calculated. For convenience, the flow will be
considered to be moving in a system in which the
'cloud obstacle' is at rest.

It is possible to obtain a value for the rate,
N, at which vortex pairs are shed from the obsta-
cle by using

U
= =£
¥=a (3)

In conjunction with the measurecé values for Ug
and A, this gives

N=2.2 % 10°7 s~}

The relationship between D, N an¢ Uy, the
velocity of the undisturbed flow to the west
of the cbstacle, is

s= T (4)

where S i the Strouhal number. This has been
found to be about 0.2 for both a cylinder in the
laboratory and Jan Mayen Island in the North Sea
(see Scorer, 1978). Using S = 0.2 and the values
given above for N and D, we obtain

U, = 1.85m !

This can be compared with the drift rate of the
vortices away from the obstacle of
U.= 1.1 ms™!
e

Although, as mentioned above, the value for N is
not very accurate, the ratio

NA

ND/S = 0.59 (5)

Ue _
UO

assuming that the value of S = (0.2 is relevant,
is independent of the value used for N.

An alternative value for Ue may be obtained
using the values for K, A, and D, from a consid-
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eration of the velocity, v, induced Lty one row of
vortices in the other. Using an expression given
by Milne-Thomson (1962), the gives:

KT

V=a

TH -
tanh 2= = 4.07 m s 1 (6)

But approximately
Ug = U4 =V (7
Hence from (5), we have

- 4.07

u
o
giving U, = 9.9 m 5”1 ana U, =5.8m s=1., From
these, using (1), we obtain

u u
e_ o
U

(o]

= 0.59 (8)

N=1.16 x 107° &1
The first value of N yields a vortex production
rate of one every twenty six days while the latter
gives one every four days. These are 75 times greater
than the values obtained for the Earth (table 1).

The length L of the vortex street is about
9000 km which means that the age (t = L/Ug) of
the eastmost part of it is probably between 17 and
95 days (from the two values given above). This
suggests that the eddy dissipation is extremely
slow in the Saturnian atmosphere.

From an analysis of the streamlines of the
first pair of images in figure 1b, we find evi-
dence of an oscillatory behaviour with wavelength
4,8 X 108 km. When streamlines are used in con-
junction with the velocity measurements we obtain
a vorticity of 1 X 1075 s-1 for the single point
considered. This is similar in magnitude to the
change in coriolis effect of V3.8 X 10-6 s-1
created by a latitudinal displacement of 103 xm
(approximately the size of the dark spot), which
suggests that the various 3- plane effects con-
sidered by Boyer and Davies (1982) may be relevant
in this case.

Discussion
The Saturnian feature is particularly inter-

esting, not simply for the properties of the
vortex street itself, but because Karman vortex

BOUNDARY
LAYER

Fig. 2b. A schematic diagram of a vortex street
(after Berlin, 1981) showing the meaning of some
of the parameters used in this paper.
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TABLE 1. A Summary of the properties of Vortex Streets
Gran Canaria Madeira
Parameter Symbol Saturn : i
Y (Berlin, 1981) (Chopra and PgeflCted
Hubert, 1965) atues
Diameter of cbstacle D 1.7 x 10 km 45 km 43 +3 km
Bandwidth of street H 800 * 120 km 55 *10 km 83 km
Longitudinal spacing A 5 %x 10% kr 130-165 km 190 km
Undisturbed zonal flow U, (1.8-9.9) m s-1 7.5-10 m s™!  10m s-!
Zonal flow of vortices U, (1.1-5.8) m s~ 5ms! 7.5m s}
Length of vortex street L 9 x 10% xm 800 km 540 km
vVon Karman ratio n/a 0.16 +* 0.025 0.35-0.4 0.43 0.28
Vortex production rate N (2.2-11) x10"7 571 3.8 x 1075 57! 3.95 x 107> §~!
Vortex shedding period /N (52-10) days 7.2 hr 7.15 hr
Vortex lifetime t (95-17) days 45 hr 20 hr
Strouhal number S 0.2 (assumed) 0.22-0.17 0.17 £ 0.1 0.2
{cylinder)

streets are usually observed only when fluid
flows past a solid body. However, we consider a
solid object in the atmosphere to be unlikely.
The barrier around which the flow is passing
appears to be a large, dark, approximately oval
feature, which is on the extreme left of the
images in fiqure la.

The size of this feature is difficult to
determine, as its shape appears to change from
frame to frame, which would not be expected if the
feature were behaving like a solid obstacle. This
suggests that either the dark spot is not the
actual obstacle but is an unasscciated dark cloud
feature, or the dark spot is seen through a gap in
the clouds, which are moving, and hence changing
the amount of the feature which is observed. It
seems likely that the latter suggestion is cor-
rect, and that the dark feature is in fact an
integral part of the flow pattern because it
appears centred in approximately the same posi-
tion in all the images of the vortex street fea-
ture (including some taken a few days before
those in figure la). Alternatively, the idea
that the dark spot is being seen through a gap in
the clouds is substantiated by the observation
that not only is it surrounded by clouds, but as
can be seen from figure la, one wisp of cloud
actually appears to pass over it.

If the dark spot is located below the visible
cloud tops, then it is necessary that the west-
erly speed increase with decreasing height. This
idea is supported by the thermal wind shear
derived from temperature measurements (Pirraglia
et al., 1981) of du/dz = +0.26 m s~1 km-1,
although this measurement corresponds to the 150
mb level, well above the visible clouds.

There appears to be no theoretical reason why
a solid obstacle is required to give rise to a
vortex street, since, as shown by Batchelor
(1977), it is possible to produce a free boundary
layer between two parallel streams of fluid
moving at different speeds. It is therefore
possible that the obstacle responsible for pro-
ducing the vortex street is a large 'blob' of
fluid moving at a different (high westward)
velocity to the unperturbed flow in the location
of the vortex street. This then suggests that
the 'blob' may be produced by material rising up
from below the level of the visible clouds. The

presence of the vortex street must exert a drag
on the obstacle so that the street must be assoc-
iated with a source of westward momentum. ]
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APPENDIX 3

SENSITIVITY OF THE RESULTS OF CHAPTER 7

1.0 INTRODUCTION

This appendix describes the ability of a model of a baroclinic
instability to reproduce the characteristics of a wave-like feature
observed in the atmosphere of Saturn . The only detailed observa;ions of
this feature are provided by Voyager images , and these have been used to
constrain its structure . In particular the average zonal wavelength of
the feature was found , in chapter 7 , to be 5710 *260 km . It was also
shown that the vertical velocity should be significant up to at least the

170 mb level , with a small vertical phase change.

The model used was described in chapter 7 , where the results
demonstrated the variation of the structure and growth rates with
different vertical profiles of 5u/5z . In particular it was found that
some of the %rofiles could produce disturbances independent of the
boundaries , and with a wavenumber close to that observed . This section
considers these in greater detail , and shows how they change for

different profiles of du/dz and N° .

2.0 RESULTS - VARIATION WITH 3u/az

The profiles of 3u/5z described in section 7.8.2 were restricted to
being symmetric about the origin . In order to increase the variety of

du/3z profiles tested a more complex form is used here . They are given

by
-g—;— - (Az%2 + Bz + C) 2 (1)



which , for C=0 , are equivalent to the profiles of section 7.8.2 . 1In
order to avoid producing profiles with a maximum in 3u/39z above the
bottom level ( and hence the possibility of an additional sign change in

Qy ) , eqn (1) was replaced by

Qu - { ou

— fa Zg <z <2z
az

oz -
where z, is the bottom level , and z' is the height at which 3u/dz is a

maximum .

As explained in section 5.8 the vertical wind shear values are
derived from JRIS temperature measurements . However these are altered
by the presence of clouds ; an effect which is not taken into account by
the inversion process . Because of this the measurements become less
reliable with increasing depth . Thus the highest available measurements

, which are at 150 mb , should be the most reliable .

Fig la shows the various profiles used , all of these are derived

. from egqn 1 and pass through the common 150 mb measurement mentioned
earlier . They were all used in combination with the N? profile labelled
t in fig 5b . The value of the parameter Qy ( defined in section

7.6.2 ) produced by these curves is shown in fig 1b .

Fig 2a shows how the computed growth rate varies with wavenumber for
the various dU/8Z profiles of fig la . It is clear that these curves
have a common character ; the profiles with greater growth rates being
associated with disturbances of higher wavenumber . However the
variation in growth rate is considerably larger than the variation in
wavelength, with all the disturbances having a least stable wavenumber
between 5 and 11 . Fig 2b shows how these growth rate curves alter when

a meridional wavenumber ky=7 is considered . It can be seen that this



reduces the growth rates , whilst slightly increasing the least stable

wavenumber .

The profiles of du/3z shown in fig 3a were obtained by multiplying
the profile labelled Jj in fig la by 0.5, 1.0 and 1.5 . They were used
to examine how the growth rate curves vary when the profiles of 3u/9z do
not pass through a common point. Fig 3b shows the values of Qy produced
by these profiles , whilst the resulting growth rate curves are shown in
fig 4a . It is apparent that the main effect of changing 3u/dz is to
alter the growth rates - again with a tendency for larger growth rates to
be associated with greater wavenumbers . From a comparison of figs 2a
and 4a it is clear that removing the constraint that all the 0du/oz
profiles pass through a common point has not greatly altered the
structure of the growth rate curves : increasing the value of 3u/3z by a
factor of 1.5 increased the maximum growth rate by a factor of 1.6 ,
while the associated wavenumber changed by approximately 7 Z . Fig 4b

shows how the growth rates of fig 4a change when ky=7 is used .

3.0 RESULTS - N? VARIATION

The various N? profiles available , from both infra-red and radio
i
science experiments , are shown in fig 5a . As explained in section 5.8
the IRIS results are expected to be affected by the neglect of cloud
opacity in the temperature retrieval . They also correspond to the near
equatorial region , whilst the radio science values are nearer to the

midlatitude region being considered . For these reasons the radio

science profiles are expected to be more appropriate .

The values of N° used in the program were produced by fitting cubic
splines ( with three equally spaced internal knots ) to the radio science
measurements for the region at 36.5 N . This produced the '+ - + - '

curve shown in fig 5b It was this N? profile which was used for the



comparison of the various 3u/3z profiles described in section 2.0 .

In order to study the effects of altering N2 it was necessary to
extrapolate the curve shown in fig 5b below the level at which N2 = O .
This slightly altered the shape of the fitted profile , producing the
dashed curve shown in fig 5b . The effects of changes in N? were then
estimated by comparing the results from the dashed curve with those of
the remaining four curves of fig 5b . These were obtained by
adding *0.4x107° at the top and bottom . The range covered by this set
of curves is approximately the same as the difference between the two
radio profiles at 31 S and 36.5 N. For all the profiles used the lower
boundary was placed at the level where N?~0 . Below this level it was

assumed to be adiabatic .

Using the curves of fig 5b , along with the vertical shear profile
labelled J in fig la produced the variation of Qy with height shown in

fig 6 .

The growth-rate curves derived from the different N? profiles are
shown in fig 7a . The effect has been mainly to alter the wavenumber of
the least stable disturbance ( 7-10 ) without greatly reducing the growth

i
rate .

4.0 CONCLUSION

Chapter 7 described the development and use of a model of a
baroclinic instability to model a feature observed in the Saturnian
atmosphere . The structure of the disturbances produced by several
different vertical shear profiles was examined , and it was shown that
some of these had both the observed wavelength , and a vertical velocity

structure which satisfied the constraints imposed by the images .



The aim of this appendix was to see to what extent the wavelength of
the least stable wave depended upon the 3u/dz and N? profiles used . The
results of section 2.0 demonstrated the range of profiles of 3u/3z used
produced a factor of four change in the growth rate , whilst the
associated least stable wavenumbers changed from 5 to 11 ( this changed
to 4-11 when a meridional wavenumber of 7 was considered ) . This
appendix also showed that the results were not greatly restricted by

forcing all the du/oz profiles to pass through a common point .

Section 3.0 considered the sensitivity of the results to changes in
the N2 profile used . For realistic changes in N? it was found that the
maximum growth rates did not change much . However for the 3u/3z profile

used the wavenumber of the most dominant wave changed from 7 to 10 .

It has been shown that the temperature structure observed in the
midlatitudes of Saturn is capable of producing a wavelike feature similar
to that observed . The main difference is that , for most of the
profiles tried , the wavelength produced by the model is about 407 larger
than the observed value . However this may be because the model results
apply only to small perturbations , whilst the observations correspond to
a fully developed feature , probably lim;ted by finite amplitude or

dissipative effects .



FIGURE CAPTIONS - APPENDIX 3

' Figure la

This shows some of the various models used for the variation of the
thermal wind shear with height . These are all of the form given by
equation 1 in section 2.0 . All the curves pass through a common point
which is derived from the 150 mb IRIS measurement .

Figure 1b

This shows how the function Qy , defined in section 7.6.2 varies
with height . This has been evaluated using the curves shown in fig la
along with the N? profile labelled '+ - + -' in fig 5a

Figure 2a

This figure shows how the growth rates calculated by the model vary
with wavenumber for the profiles of du/3z given in fig la . The x axis
represents a dimensionless form of the wavenumber , which is a factor of
107 larger than the value in m~™' . The crosses represent the results of
the model , while the lines show the result of interpolating between
these using cubic splines .

Figure 2b

This shows how the growth rates of fig 2b change for a non zero
meridional wavenumber . The value used was 7x10"’m~! as derived in
section 7.2 . On the dimensionless wavenumber scale used here this
corresponds to Ky=7 .

Figure 3a

This shows some of the other profiles used to model the variation of
the thermal wind shear with height , these are again all of the form
given by equation 1 in section 2.0 . The curve labelled 'o' is identical
to that labelled 'j' in fig la , the curve labelled 'n' is half this
value , while the curve labelled 'p' was obtained by multiplying the
curve 'o' by 1.5 . These profiles were used to examine the effect of
forcing all the 3u/3z profiles to pass through a common point .

Figure 3b

This figure is similar to figure 1b , but shows shows how the
function Qy , varies with height for the %u/%z profiles of fig la .



Figure 4a

This figure is similar to fig 2a , and shows how the growth rates
calculated by the model vary with wavenumber for the profiles of 3u/dz
given in fig 3a .

Figure 4b

This shows how the growth rates of fig 4b change when a (
dimensionless ) meridional wavenumber of ky=7 is used .

Figure 5a

This figure shows some of the temperature-pressure profiles
described in the text , they are :
———————— radio profile at 31 S
————— radio profile at 36 N
—_ - - IRIS profile at 13 N
-+ -+ - IRIS profile at 22 S

Figure 5b

This figure shows the various N? profiles considered in this
appendix . The ' + - + — " profile ( curve t ) was derived from the
radio-science measurements at 36.5 N as described in the text . 1In order
to examine the effect of changes in N? it was necessary to extrapolate
this curve below the point where N°=0 , this produced the dashed curve (
curve 's' )

The other four curves were generated by adding or subtracting 0.4x107°
at the top and bottom . Reading from left to right at the 50 km level
these are curves gq,r,u and v respectively

Figure 6

This figure is similar to figure 1b . It shows how the parameter Qy
for the profile labelled 'j' in fig la varies when the different N?
profiles shown in fig 5b are used

Figure 7a

This figure is similar to fig 2a . It shows how the growth rates
for the ju/32 profile labelled 'j' in fig la vary when the different
profiles of N? given in fig 5b are used .

Figure 7b

This shows how the growth rates of fig 7b change when a (
dimensionless ) meridional wavenumber ky=7 is used .
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Q, as a function of height
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