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ABSTRACT

We examine the meteorology of the giant planets using our automated cloud feature
tracker. Through pattern recognition and correlation optimization, our software
returns a dense, regular grid of wind vectors ideal for further analysis, in contrast
with an irregular grid of relatively sparse vectors returned using manual (hand-eye)
cloud tracking. We measure the winds in and around Jupiter’s Great Red Spot
(GRS) to reveal its distinctive “hollow” structure, its counter-rotating interior, and
a newly-discovered cyclonic ring around its periphery. This cyclonic ring suggests
the presence of a thermally indirect, downwelling secondary circulation at the periphery of the GRS. We also analyze a time-series of images of Jupiter’s White Ovals.
Over a decade, the system has evolved from three discrete, white anticyclones to
one reddish vortex (Oval BA). Our measurements reveal non-uniform acceleration
of the flow within Oval BA coincident with the coloration event, and areas of organized cyclonic circulation in apparent turbulent regions in the vicinity of the
White Ovals and Oval BA. The proximity and apparent longevity of these cyclonic
circulations implies a connection with the anticyclonic systems, perhaps through
energy transfer and long-term maintenance of the systems. We have also directly
measured the power spectrum of the turbulent kinetic energy present in Jupiter’s
atmosphere. Our measurements provide evidence consistent with an inverse cascade
of energy from small to large scales that may fuel Jupiter’s impressive jet streams
and vortices. Finally, our analysis of near-infrared images of silhouetted clouds in
Saturn’s atmosphere demonstrates that the measured latitudinal zonal wind profile
is largely similar to previous measurements using visible-wavelength images. This
result, accompanied by a statistical analysis of the cloud features imaged in the
near-infrared, implies that both visible and near-infrared images are observing a
single cloud deck at different altitudes, though this implication does not necessar-
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ily extend to Saturn’s jet streams. Furthermore, our measurements indicate that
the equatorial jet stream at depth flows at relatively high speeds, suggesting that
reports of significantly slower speeds within the equatorial jet are confined to the
upper troposphere.
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CHAPTER 1
INTRODUCTION

The atmospheres of the giant planets in our solar system have fascinated astronomers
since the invention of the telescope. Because the outward appearance of each planet
is somewhat characterized by the hues and patterns of its clouds, certain atmospheric
features have long been associated with their host planet. Consider Jupiter’s Great
Red Spot and its alternating pattern of light and dark cloud bands, Saturn’s apparent bland exterior marked by periodic outbursts of violent storms, or Neptune’s
Great Dark Spot and bright white “scooter” clouds that accompanied the storm.
These features help distinguish these atmospheres from each other and contribute
to the uniqueness of each planet.
The atmospheres of the giant planets in our solar system are also laboratories for
studying fluid mechanics. Because no solid surface exists to decelerate the air flow,
frictional drag on the dynamic air parcels is negligible, providing researchers with an
intriguing real-world setting for studying fluid motions, complete with supplementary thermodynamic, chemical, and meteorological processes. Many laboratories
on Earth have strived towards the goal of reproducing the observed characteristics of giant planet atmospheres, such as their giant vortices and alternating zonal
jet streams. These laboratory studies strive towards gaining new insights into atmospheric dynamics under conditions that our terrestrial environment could never
reproduce naturally. Beyond the traditional laboratory, numerical modeling of atmospheres (terrestrial, jovian, and now exoplanetary) has experienced a tremendous
growth surge in tandem with the breakthrough technologies in computer science
that are still ongoing today. These computer models enable scientists to broaden
our understanding of atmospheric science by examining a wide variety of physical
conditions impractical or impossible to re-create in the traditional physical laboratory. Like any laboratory study (physical or numerical) striving to model jovian
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atmospheres, however, a baseline of observations must be established as criteria for
comparison to ensure that the models have some tangible application to reality.
Astronomers and planetary scientists have employed a wide variety of techniques
to construct this observational record. The arsenal contained in the planetary scientist’s toolbox has significantly evolved since the first telescope and sketch pad.
Modern planetary scientists employ CCD cameras at the ends of their telescopes
(both ground-based and attached to spacecraft) to properly quantify the levels of
light originating from their target. The range of cameras available to study certain
segments of the electromagnetic spectrum and camera filters available to isolate particular wavelength bands demonstrate that all aspects of atmospheric science (chemistry, dynamics, climatology, etc.) can be investigated when designing a spacecraft
mission to visit and study the outer worlds in our solar system. Previous and current
missions to the jovian planets (e.g. Voyager, Galileo, Cassini ) have always included
at least one imaging system, with one of its goals specifically tuned to addressing
questions about the atmospheres of these giant worlds.
Significant advances in planetary science have been made in the past few decades,
yet many may be surprised to hear that some of the major questions currently driving
the study of planetary atmospheres sound relatively elementary. For instance, why
is the Great Red Spot (GRS), a feature that has an observational record stretching
for centuries, seemingly so resistant to dissipation? How is kinetic and potential
energy transferred in Jupiter’s atmosphere–is there a transfer of energy from small
(thunderstorms, turbulent eddies) to large (jet streams, vortices) length scales, or
vice versa? What colors the clouds in Jupiter’s atmosphere, and what causes some
vortices to attain this color? Are cyclones and cyclonic regions on Jupiter just
as prevalent as anticyclones in the atmosphere? Did Saturn’s equatorial jet truly
experience a significant change in its velocity? What are the characteristics of
Saturn’s deep atmosphere? These questions have driven numerous studies about
these planetary atmospheres, and continue to challenge researchers with nuances
and complexities as they search for answers. (More fundamental questions and a
current review of our understanding of jovian atmospheres can be found in Ingersoll
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et al. (2004) and Vasavada and Showman (2005) for Jupiter, and Del Genio et al.
(2009) for Saturn.)
This dissertation describes the work and research I performed, along with several colleagues, as a graduate student at the University of Arizona’s Department of
Planetary Sciences. In Chapter 2, I describe the automated cloud feature tracking
technique that I used to measure winds and to assess the dynamics of both Jupiter’s
and Saturn’s atmospheres. I started developing this software as a senior undergraduate student at Cornell University, picking up where my predecessor (Attila Elteto)
left off, and later learning that the software I was working on was an adaptation of
an old code that Paul Helfenstein had developed for automated wind measurements.
Continuing at Arizona, I developed major enhancements to the software as well as
continually tinkering with it for incremental improvements, all of which I describe in
this chapter. Chapter 3 describes the first major project that utilized this software:
an analysis of very high spatial resolution image mosaics of the Great Red Spot
that were taken by Galileo. The extraordinary (∼10 km pixel−1 ) resolution of the
images enabled the software to discern significant details of the wind flow, including
a confirmation of counter-rotating flow in the center of the GRS. Chapter 4 is a
report illustrating the work I performed analyzing 5 µm data regarding Saturn’s atmosphere from Cassini. For this project, I processed data sets from the Visual and
Infrared Mapping Spectrometer (VIMS) to identify and quantify the prevalent spot
features present in the atmosphere, as well as tracking these features with our cloud
tracker to build a zonal wind profile at an apparently lower altitude than previous
profiles constructed using visible wavelength images. I used the results from this
project to constrain where these features are located in the atmosphere, along with
other properties such as Saturn’s latitudinal temperature gradient. Another important result that I address in this chapter is the comparison of our measurements of
Saturn’s equatorial jet stream with previous measurements of significantly slower
flow (by as much as a factor of 2) within this jet.
Chapter 5 is similar to the work found in Chapter 3: I examined the evolving
flow of the “other” large anticyclone on Jupiter: Oval BA. By processing mosaics
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assembled by Ashwin Vasavada, a colleague at the Jet Propulsion Laboratory in
Pasadena, California, with the automated cloud feature tracker, our results suggest
that the Oval experienced moderate evolution in its winds that coincided with the
vortex’s acquisition of a reddish hue. An additional and unexpected result from this
project is an illumination of the flow structure within cyclonic regions in Jupiter’s
atmosphere, and intriguing hints about their role in the overall atmospheric system.
Chapter 6 describes the final project that I undertook during my tenure as a graduate student, where I analyze an extensive Cassini imaging data set of Jupiter’s
atmosphere and calculate the power spectrum of the turbulent kinetic energy contained in the atmosphere. The slopes of the power spectrum can reveal crucial
insights into how energy is transferred between different length scales in the atmosphere. Our preliminary analysis yields further observational evidence that an
inverse energy cascade, from small to large length scales, is indeed occurring in
Jupiter’s atmosphere. Finally, in Chapter 7, I summarize the major results of this
dissertation, discuss its significance and relevance to overall planetary science, and
muse about the possible directions in which to forge ahead. Though this dissertation
can only address a few of the major questions that motivate significant advances
in our understanding of jovian atmospheres, all of these questions will undoubtedly
keep me and my colleagues busy for many years to come.
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CHAPTER 2
OUR AUTOMATED CLOUD FEATURE TRACKER

2.1 Background
Because outer planet atmospheres lie at a great distance away from Earth, and
because there is no solid surface on which one could place an anemometer, direct
measurements of the wind’s velocity on a giant planet atmosphere are essentially
impossible. Notable exceptions are experiments utilizing direct atmospheric entry
probes, such as the Doppler Wind Experiment (Pollack et al., 1992) that measured
the vertical profile of the winds in Jupiter’s atmosphere (Atkinson et al., 1998) by
precise tracking of the radio signal emitted by the Galileo entry probe as it made
its descent. Similarly, a different Doppler Wind Experiment (Bird et al., 2002)
measured the vertical profile of winds on Titan (Bird et al., 2005) as the Huygens
probe descended through the satellite’s atmosphere.
The common method for ascertaining wind measurements via indirect methods is
cloud feature tracking using images obtained from remote sensing. The fundamental
assumption when measuring the winds with cloud features is that these features act
as passive tracers (i.e. “test particles”) of the ambient winds. We also typically
assume that the measured motions are confined to a single vertical layer (the altitude
of the imaged cloud deck) and that motions from higher or lower layers of the
atmosphere are not captured in the images. The cloud contrast features that we
track are typically small, irregularly shaped patterns of albedo variations embedded
within in the clouds. Presumably, the cloud features are discolorations of the clouds
caused by trace chemical particulates (chromophores), though the exact chemical
identity of these particulates remains an open question. Alternatively, some of
these cloud features may be images of cloud clearings rendering Jupiter’s abyssal
atmosphere below the ammonia cloud deck to be visible. Banfield et al. (1998)
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have demonstrated that the cloud features contained within the clouds are areas of
reduced optical depth.
Previous techniques of extracting information regarding these winds relied primarily on manual cloud tracking, such as that performed by Mitchell et al. (1981)
and Dowling and Ingersoll (1988). Manual cloud tracking is when a human operator identifies the same cloud feature in a pair of images separated by some discrete
time. Typically, a software program then measures the displacement in this cloud
feature and propagates this measurement into a calculation of the wind velocity
at that location. The manual method possesses a certain degree of confidence and
reliability, as a human’s natural ability at pattern recognition is harnessed for scientific gain. This technique is also almost universally applicable to a wide variety of
images, including images separated by a relatively long period of time (∼10 hours
or longer).
Manual methods, however, have several limitations. First, the process is inherently tedious, as hours of effort staring at a computer screen are required for a
relatively small number (hundreds) of wind vectors. Next, the resulting wind vectors
are scattered in an irregular pattern, biased towards the locations of high-contrast,
easily identifiable cloud features. This irregular pattern complicates the calculation
of higher-order dynamical quantities, such as the relative vorticity and horizontal
divergence, both of which depend on the spatial derivatives of the velocity field. Furthermore, the precision of the measurements is limited, as manual techniques cannot
identify displacements beyond a pixel resolution. Another potential disadvantage is
that uncertainties in the velocity for a manual method are usually defined as the
resolution of the image’s pixel scale divided by the time separation of an image pair.
This can be relatively large for some observation sequences. Finally, there is a small
chance that misidentifications can occur in certain regions of an image pair, and if
lighting and geometry conditions for the observation are not ideal, feature tracking
and identification can be challenging.
In order to fully appreciate and understand the dynamics of the outer planets,
a new approach was necessary to maximize the extraction of wind vectors from
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the high spatial resolution data. Particle image velocimetry (PIV), a technique
developed in the laboratory fluid mechanics community, emerged as an answer. PIV
is a technique involving test particles seeded within the fluid that act as passive
tracers following the fluid motion. Cameras regularly image the fluid during the
experiment and return a time series of images capturing the movement of the test
particles. Custom software algorithms then measure the flow’s velocity by tracking
these test particles through pattern recognition within the image set. (Interested
readers can find Willert and Gharib (1991) and Raffel et al. (2007) as one of many
introductions to this technique.)
To the best of our knowledge, the earliest implementations of a PIV approach for
measuring the winds on a planetary atmosphere other than Earth was made during
studies of the atmospheric dynamics of Venus. Both Rossow et al. (1990) and Toigo
et al. (1994), employed PIV techniques for cloud tracking on Venus with Pioneer
and Galileo data, respectively. Several later studies, notably those by Vasavada
et al. (1998), Gierasch et al. (2000), and Salyk et al. (2006) have utilized PIV techniques for measuring the winds of major atmospheric features on Jupiter. The Jovian atmospheric features targeted for study included prominent vortices, hotspots,
thunderstorms, and turbulent eddies. Read et al. (2005) went so far as to openly
challenge the planetary science community by encouraging the use of PIV for analyzing images of outer planet atmospheres and successfully demonstrated its use on a
Galileo mosaic of the Great Red Spot. Del Genio et al. (2007) has also demonstrated
success with PIV techniques applied to imaging data sets of Saturn by measuring
its turbulent eddies and constraining their role in the overall energy budget of the
atmosphere. Recent attention to the dramatic color change of Oval BA has attracted a renewed effort in untangling its dynamics, as shown by the current studies
of Asay-Davis et al. (2009), Hueso et al. (2009), Sussman et al. (2009), and myself (Chapter 5). All of these studies use custom automated cloud feature tracking
software and are all based on the principles of PIV. Automated methods are thus
becoming a practical method for measuring the dynamics of planetary atmospheres
from spacecraft imagery.
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Apart from planetary science, PIV and its application to data are not entirely
novel for terrestrial atmospheric sciences. An extensive body of previous work on
cloud tracking using PIV concepts and methods in atmospheric science has been
established for several decades. This is mostly for practical reasons, as continually improving wind measurements generate advances in numerical weather forecasting, and for academic reasons, as research of atmospheric phenomena that are
difficult to observe in situ, such as tropical cyclones over the open ocean, can be
performed through remote sensing and subsequent image analysis. Menzel (2001)
and Velden et al. (2005) provide comprehensive reviews of the techniques employed
by researchers and forecasters to derive tropospheric winds from geostationary meteorological satellites, and here we provide a brief summary of cloud tracking applied
to Earth’s meteorology.
The pioneering work of Ted Fujita throughout the 1960s demonstrated that remote sensing images of Earth’s atmosphere could be used to measure tropospheric
winds. Numerous studies led by Fujita codified the analysis tools and methodologies
required for these measurements, and led to several advances in the understanding
of atmospheric phenomena of all scales ranging from tornadoes and thunderstorms,
to jet streams and tropical cyclones. However, like the groundbreaking studies measuring winds on the atmospheres of the outer planets, essentially all of these measurements relied on manual techniques requiring a human analyst for identification
of the tracked cloud patterns.
The advent of the Geostationary Operational Environmental Satellite (GOES)
program has now led to modern fully-automated techniques that output wind vectors in near real-time. Merrill et al. (1991) was the first to establish automated
procedures for measuring cloud displacements with a covariance minimization technique. To measure winds, their software selectively picks suitable cloud tracers based
on gradients in the observed brightness values, while rejecting stationary features
such as coastlines. Thus, resulting wind vectors are confined to areas with cloud
motion instead of being arranged over a regular grid in the target image. Additional software routines implement automatic quality control protocols to adjust
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the measurements based on forecast wind models and measurements of appropriate meteorological quantities. For example, contemporaneous infrared brightness
temperature measurements are used in tandem with forecast temperature profiles
to assign cloud heights and thus, altitudes for the inferred wind vectors. These
altitudes are then combined with local observations to assess the fidelity of each
wind vector, and various systematic procedures can be utilized to accept or reject
each measurement depending on the particular target (Velden et al., 1998). For
example, the optimum selection function for wind vectors can vary for observations
of a tropical cyclone as opposed to observations of a squall line of thunderstorms.
Velden and Bedka (2009) recently noted that the errors associated with the assignment of altitudes to wind vectors may be the most important contributor to their
uncertainty. Recognizing these uncertainties and compensating for them in data
processing would mitigate forecast errors, especially in areas of high wind shear.
Research continues today on the optimal frequency of observations, most favorable
combination of spectral channels, and best measurement refinement techniques to
produce the highest-quality results.
Continual improvements in cloud tracking and wind vector extraction software
combined with monitoring of the Earth atmospheric system have produced a number
of practical applications. One of the most important applications is the forecasting
of hurricane trajectories and the research into tropical cyclone characteristics. Soden
et al. (2001) determined that the retrieval of high-density and multispectral wind
vectors from GOES-8 reduced hurricane track forecast errors by ∼10% when input
into forecast models. The abilities of Earth-orbiting meteorological satellites to employ rapid-scans (image intervals of 5 minutes or less) and the subsequent derivation
of wind vectors have also been useful for studies in the genesis, structure, and intensification of tropical cyclones (Velden et al., 2005). Dunion and Velden (2002)
describe techniques for the extrapolation of low-level wind vectors derived from visible and shortwave infrared data to predict surface winds, information that is critical
for hurricane forecasters and emergency responders. This provides additional data
during hurricane events when traditional in situ observations are typically widely
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scattered or missing entirely. Another unique implementation of cloud vectors from
Earth-orbiting satellites is the potential forecasting of large-scale climate anomalies. Fujita noted that changes in the latitudinal extent of the intertropical breeze
belt occurred nearly a year before sea surface temperature anomalies associated
with El Niño conditions, and hoped that continuous satellite monitoring could help
detect and forecast future El Niño events. Numerous other applications are not
mentioned here for the purposes of brevity; conference proceedings from the International Winds Workshops (IWW)1 contain reports about the practical applications
of wind vector retrieval for studying Earth’s atmosphere and the latest research regarding these methods.
2.2 Methodology
Our automated approach is an application of PIV for the analysis of outer planet
images and the measurement of planetary winds. Figure 2.1 is an illustration of the
process employed by our technique. Essentially, our software replaces the human
intuition for pattern recognition with an objective and quantitative approach by
taking one portion of the earlier image in an image pair and comparing it to portions
of the later image in the pair. Our algorithm then determines the comparison of
portions with the highest statistical cross-correlation score, and computes the spatial
displacement between these two portions. This measurement is the basis for the
calculation of the wind velocity at the center of the original image portion.
Beginning at one corner of the earlier image, our software extracts an n x n
portion of the image, which we designate as the basis portion. n is a customizable
parameter denoting the size (in pixels) of the correlation box. For this box, we
want to maximize the likelihood of unique distinguishing cloud features contained
within the box, which is typically achieved by making the box as large as possible,
but not so large that the measurement would become more synoptic instead of
local. Furthermore, larger boxes increase the amount of locational uncertainty in
1

http://cimss.ssec.wisc.edu/iwwg/iwwg meetings.html
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Figure 2.1: Illustration depicting the technique employed by our feature tracking
software. The algorithm extracts a basis portion of an image at some initial time
(black box, left). Then, it systematically extracts numerous comparison portions
from a later image (right), and calculates the one with the highest cross-correlation
score (green box, right) and rejects those with lower cross-correlation scores (dashed
red boxes, right). The geographic location of the basis portion in the later image
is outlined as the black box at right. The spatial displacement between the comparison portion with the highest cross-correlation score and the basis portion is the
foundation for the velocity measurement, which our software defines to be located
at the center of the basis portion.
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the wind vector results, which will be explained later in this section. (In all of our
applications of our software described in this dissertation, we kept the correlation
box square. One exception is our analysis of Saturn VIMS images (Chapter 4), where
we modified this correlation box to be rectangular.) For a typical image or mosaic
with ∼103 pixels in each dimension, n is usually between 10 and 100. The box size is
dependent on the inherent spatial resolution of the image, the characteristic length
scale of the cloud contrast features, and the number density of features contained
in a typical correlation box. Some experimentation with the size of the correlation
box is typically necessary in order to optimize the results.
After the basis portion is extracted from the earlier image, the software extracts
an n x n portion of the later image near the location of the basis image. This
portion of the later image is designated as the comparison portion. Now that both
basis and comparison portions have been defined, the software computes the crosscorrelation score of these two portions. For this score, we use the Pearson productmoment correlation coefficient ρ (Bevington and Robinson, 1992), which is simply
the covariance of the basis and comparison portions divided by the product of their
standard deviations:
ρX,Y =

cov (X, Y )
σX σY

(2.1)

After calculating the cross-correlation score for these two portions, our software
retains the basis portion, extracts another comparison portion shifted by one pixel
on the later image of the image pair, and calculates the next cross-correlation score.
This process repeats systematically throughout a search area around the basis region
that is bound by the maximum amount of pixel offset expected between the cloud
features in the two images. Once all of the possible comparison portions within
the search area have been examined, our software identifies the particular basiscomparison pair with the highest cross-correlation score. To prevent the software
from unintentionally discarding a real result, we do not use an arbitrary minimum
correlation score as a cutoff for eliminating candidate wind vectors and instead
choose to manually eliminate spurious results, as we will describe later.
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An enhancement to our software is the achievement of sub-pixel resolution in
the measurement of the offsets through fitting of a 2D Gaussian at the location of
the highest score in the array of collected cross-correlation scores. This array can
be visualized as a surface with multiple peaks and valleys, where the highest peak
is simply the location of greatest correlation, and the location of this peak corresponds to the amount of offset in the cloud feature. The gaussian fitting enables the
software to estimate the exact location of the correlation peak beyond the original
resolution of the image. (In the event where the fitting fails to return a more precise
measurement, the software reverts to the original measurement.) Once the offset is
determined, the software extracts a new basis portion shifted by one pixel on the
earlier image, and this entire process methodically repeats throughout the image.
Our software could end here, and the results so far would be adequate for most
cases. However, usage of relatively large correlation boxes results in substantial
locational uncertainties in the wind vectors. These uncertainties are a consequence
of our automated technique. Our software assigns the location of each measured
wind vector to the center of the correlation box, but the feature(s) determining
the vector can lie anywhere within the box. This introduces an uncertainty in
the actual wind speed at the center of the box in areas of horizontal wind shear.
Furthermore, because areas of high horizontal velocity shear will not be properly
resolved, artificially inflated values for vorticity can result. One way to mitigate the
locational uncertainty is to use as small of a correlation box as possible. However, a
smaller box decreases the likelihood of having unique cloud features included within
the correlation boxes, which could lead to spurious results.
Our solution is to implement a hybrid approach, where we utilize both large
and small correlation boxes to minimize both the occurrence of spurious results and
the amount of locational uncertainty in the wind vectors. Rossow et al. (1990) employed similar techniques of using both large and small correlation boxes in their
analysis of Pioneer images from Venus. Typical small correlation boxes are 10–20
pixels in length on each side; whereas large correlation boxes usually range from
40–100 pixels in each dimension. We utilize the smaller correlation box during a
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second pass of the algorithm, which is intended to refine the measurements even
further. During this second pass, we use the results from the first pass (which used
the large correlation box) as an initial guess for selecting the proper correlation
peak for the small correlation box comparison. In other words, the entire process of
comparison box extraction and cross-correlation score calculation is repeated with
a small correlation box, but the location where the maximum correlation is selected
is restricted to an area around the location of the maximum correlation found using
the large correlation box. This constrains the offset result to be somewhat near the
value of that found using the larger correlation box and minimizes the occurrence
of spurious results. We have found this method to be especially useful in spatially
resolving areas of high horizontal wind shear and reducing the possibility that an
artificially inflated value for vorticity (which depends on the value of velocity shear)
will result in subsequent calculations. Unfortunately, even with the implementation
of two passes, residual spurious results are occasionally present. In a grayscale pixel
map representing wind magnitude, the pixels denoting unreliable wind vectors are
easily recognizable as extreme light or dark values juxtaposed against neighboring
pixels. These spurious results typically occur near image edges, in regions of the
image with large levels of noise, or in areas with non-optimal lighting and observation conditions (e.g. near the terminator). Although we tested several methods of
objectively removing spurious results based on bad pixel removal algorithms used
in observational astronomy (e.g. cosmic ray removal), none performed sufficiently
well in removing all of the bad results. Thus, we manually identified and removed
the spurious results during the course of our research before further processing.
2.3 Discussion
There are notable differences in the details and principles regarding the application of PIV techniques between Earth and planetary imagery. The ability of some
cloud feature tracking software composed for terrestrial applications to confine their
measurements to areas of cloud motion leads to irregularly distributed wind vec-
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tors, whereas typical results for planetary imagery are arranged in a regular grid as
trackable features are essentially uniformly distributed throughout the image. The
inherent nature of the tracked features between Earth and the jovian planets is also
different. On Earth, tracked clouds are typically uniform and white in appearance;
no chemical constituent exists that “discolors” the clouds on sufficient length scales
to produce albedo variations like those observed on Jupiter. Instead, arrangements
of individual clouds, areas of reduced cloud opacity, and outlines of cloud edges
furnish a unique pattern with the background terrain that is trackable over short
time intervals. The convective nature of cumulus clouds led Fujita et al. (1975) to
advocate rapid scans (time series of images at 5–10 minute intervals) for accurate
assessments of terrestrial winds. Such rapid time intervals are typically not feasible during the collection of data for planetary spacecraft missions, and may not
be practical for some time. The contributing factors to the lack of “rapid” scans
for planetary imagery are the time required to collect each raw image comprising
an image mosaic, constraints imposed by the observation geometries and spacecraft
velocities, and the limitations of the spacecraft hardware (e.g. data storage and
transmission) itself. However, rapid scans may not be necessary for planetary images, as this dissertation and the previous works about automated cloud tracking
mentioned earlier demonstrate that reasonably accurate wind velocities can be extracted from images separated by intervals ranging from 30 minutes to a few hours.
Another interesting aspect of cloud tracking applied to Earth’s atmosphere is the
regular use of multi-spectral channels (visible, broadband near-infrared, and narrow
infrared channels sensitive to water vapor). The wind vectors from multi-spectral
data yield a fully three-dimensional snapshot of the flow field in Earth’s troposphere,
as wind vectors extracted from separate channels are either at independent heights or
screened out to eliminate redundant measurements. On Jupiter, though spacecraft
imaging systems are typically equipped with several multi-spectral channels, no
three-dimensional flow field result has emerged from the current planetary data set to
the best of our knowledge. Thus, most wind vectors are assumed to all lie at the same
level of the atmosphere, typically the altitude of the main ammonia cloud deck (∼750
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mbar on Jupiter). One typical obstacle is that some cloud albedo features can persist
across several spectral channels, causing a redundancy and ambiguity in the altitude
placement of the wind vectors. Li et al. (2006) found no significant differences in
the wind vector maps generated from processing ISS images with several different
spectral filters in the visible wavelengths. Another study by Banfield et al. (1998)
determined that images observed with a particular near-infrared filter contained
the majority of cloud contrast features, and images sensitive to higher layers of the
atmosphere appeared to lack albedo features useful for tracking. Future research
can examine this issue further and strive towards building a three-dimensional flow
snapshot from cloud tracking for jovian atmospheres.
Our automated feature tracking software, written in IDL, applies the principles
of PIV and holds several distinct advantages over previous manual techniques. Our
software produces numerous wind vectors, typically a few orders of magnitude above
what is typically produced with manual cloud tracking. (One typical run of the
software can return ∼105 -106 vectors.) Furthermore, our software arranges the
entire dataset of wind vectors in a regular grid. This facilitates the calculation of
vorticity and other higher-order dynamical quantities, as the scattered, irregular
grids produced by manual studies are not ideal for this calculation. Finally, because
the software systematically processes the entire image, our algorithm can calculate
wind vectors in areas with relatively poor image contrast and resolution where it
can be challenging to track clouds manually.
Some limitations, however, are intrinsic to our software. Our technique is more
accurately described as semi-automated, since we must perform a search of the
parameter space with respect to the sizes of the correlation boxes used in the algorithm in order to find the optimal configuration. Future versions of our software
may be able to determine these settings automatically. During the analysis of highresolution images of the Great Red Spot (described in Chapter 3), we performed a
statistical analysis of the cross-correlation scores for each velocity vector calculated
by our software with the box size as the only adjustable parameter. As expected,
the median correlation score increased linearly with increasing box size. However,
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the median approached a limit with larger box sizes as they reached a regime of
diminishing returns. We selected a box size of 100 x 100 pixels as our large box for
that analysis, which is where the median correlation scores began to asymptotically
approach their peak. For the small box, we determine its optimal size by selecting
the smallest box size that returns a minimum number of spurious results when combined with the targeting from the large box results. We performed this test, albeit
subjectively by visually inspecting the results, for the images described in Chapter
3 with small correlation boxes of 10, 20, and 30 pixels square. Each setting returned
similar results, leading to our selection of the 10x10 box in order to maximize resolution and minimize locational uncertainty. As a result of this investigation, it is
reasonable to believe that objective tests for determining the large and small correlation box sizes can be developed in future versions of our automated cloud feature
tracker.
Our software is also limited because it can only be successfully applied to remote sensing data sets meeting certain criteria. In order to optimize the successful
application of this technique, images typically can only be separated by a relatively
short time span (1 to 2 hours). One exception to this general rule is for tracking
primarily zonal motions separated by ∼10 hours, as demonstrated by Salyk et al.
(2006) on Jupiter and Del Genio et al. (2007) on Saturn. Though longer time intervals between images decrease the uncertainty in the velocity measurement, they
increase the likelihood of variability within the cloud features through genesis, destruction, or shearing. This inherent variability in the cloud features, combined
with rotation of these cloud features in vortical flows, can cause the feature tracker
to misidentify a cloud feature or fail to find the proper correlation. A solution for
this complexity with long time intervals is to implement a method of accounting
for a sheared or rotating correlation box, which would mark a significant development to the software. Other enhancements (capability to analyze different map
projections, sub-routine optimizations, etc) are also in the development pipeline for
future implementations of our software. Apart from the planetary science community, several commercial and open-source software packages are available for feature

31
tracking that are generally used by the fluid mechanics community. Combined with
the advances made in satellite wind vector measurements from the terrestrial atmospheric sciences community, it is certainly reasonable to believe that the desired
enhancements to our software already exist and have been applied for practical use
in both the fluid mechanics and terrestrial meteorology disciplines. A future goal
is to integrate these utilize cutting-edge PIV analysis techniques into our software
and apply them towards planetary science data sets.
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CHAPTER 3
AN ANALYSIS OF HIGH-RESOLUTION GALILEO IMAGING OF JUPITER’S
GREAT RED SPOT

The text and figures contained in this chapter are an adaptation of material originally published in Choi et al. (2007).
3.1 Introduction
The Galileo spacecraft arrived at Jupiter in 1995 and orbited for eight years, during
which it observed the planet’s satellites, rings, and atmosphere. During the 28th orbit of Galileo in May 2000 (referred to here as G28), the spacecraft imaged Jupiter’s
Great Red Spot (GRS) with a remarkable level of detail using its Solid State Imager
(Belton et al., 1992). Mission scientists designed an observation sequence to capture
three observations of the vortex over a two-hour span, and resulted in one of the
highest resolution mosaics of the GRS ever created. In this chapter, we present
these mosaics of these imaging observations, where we took advantage of the excellent spatial resolution of these mosaics (∼12 km pixel−1 ) and used an automated
cloud feature tracking technique in order to avoid the disadvantages associated with
cloud tracking by hand. We present the results of our analysis and include a discussion on techniques that we employed in order to minimize the errors associated
with our analysis. We also include a discussion on how our observations fit in the
context of previous imaging studies of Jovian atmospheric dynamics.
3.2 Image Processing and Mosaic Construction
During the G28 orbit, Galileo imaged the GRS at approximately one-hour intervals
with the near-infrared filter (756 nm central wavelength) integrated into the SSI
imaging system. The total data returned were three sets of raw images intended for
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future processing and mosaicking. Unfortunately, some of the raw images were less
than ideal because they contain Europa’s shadow. (Note: Simon-Miller et al. (2002)
state that this shadow belongs to Io, but we have used the JPL Solar System Simulator (space.jpl.nasa.gov) to determine that it is Europa’s instead.) Furthermore,
a targeting error resulted in the GRS being off-center in the images and a failure to
observe the northern outer edges of the GRS.
We removed any bad pixels present in the images and divided each image by a
flat field. In addition to rectifying problems with the images, we used the NAV and
NAV2 subroutines under the VICAR software package to make minor corrections
to the navigational data that accompanied each image to attain the highest level
of accuracy possible. These navigational data consist of spacecraft orientation and
camera pointing information such as range to target, subsolar point coordinates,
and position angle. For the set of raw images comprising the first mosaic in the
observation sequence, we are able to use the planetary limb in one raw image for
absolute image navigation, and propagated this correction to the navigation using
common points found among raw image pairs. For the remaining two mosaics,
we assume that the GRS center is stationary in all three mosaics and use this
point as the basis for correcting the navigation and pointing information. Once we
compiled all of the corrected navigational data, we created all three mosaics using
MaRC (Map Reprojections and Conversions), an open-source map-making software
package.1 MaRC is designed to generate mosaics in a variety of map projections
using the available navigational and camera orientation data. We built the mosaics
using a simple cylindrical projection in order to facilitate the data analysis. Our set
of three mosaics is 3000x1200 pixels and is centered on the GRS. Each mosaic spans
15 to 27 degrees south planetocentric latitude2 , and 12 to -18 degrees longitude
(System III, positive west). After construction, we performed a final correction to
the mosaics by dividing by the cosine of the solar incidence angle (µo ) at the time
1
2

Interested readers can download MaRC at http://sourceforge.net/projects/marc
All latitudes referenced in this chapter (in the text or in the figures) are planetocentric unless

stated otherwise.

34
the images were captured. Unlike the processing pipeline that we utilized in later
chapters (Chapters 5 and 6), we did not perform further contrast enhancement on
the G28 GRS mosaics. Our tests using a high-pass filtered version of the mosaics
did not show further reduction in the percentage of spurious results. Figure 3.1
depicts one of the mosaics that we analyzed.

Figure 3.1: A high-resolution mosaic from Galileo analyzed by our feature tracker.
The shadow in the mosaic belongs to Europa.

3.3 Results
We executed the feature tracking software on the three possible combinations of
image pairs. The results shown in this chapter represent the average of the three
individual comparisons. We identified spurious results by mapping the zonal and
meridional velocities from each individual comparison as a grayscale map and identifying pixels with obvious differences against the surrounding region. Therefore, we
were forced to remove the spurious results manually. It is possible that certain cloud
morphologies may have yielded spurious results that appeared to be valid. However,
we believe this is unlikely because the spurious results were typically found in areas
of inferior imaging data (near image edges, moon shadows, or other image artifacts)
and that our technique of using both large and small correlation boxes reduced the
possibility of this occurrence. In locations where results have been removed, we use
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the average of the two remaining comparisons or the only valid result. We filled in
pixels with no valid results with a nearest-neighbor averaging algorithm. Less than
1 percent of the pixels in our result maps needed to be filled using nearest-neighbor
averaging; these areas were typically located at or near the edges of the maps.
3.3.1 Wind Velocities
The feature tracking algorithm separates the results for offsets in the zonal and
meridional directions. We use the returned pixel offsets and calculate velocities
with the following equations:
π
× r(φ) / t
u(λ, φ) = xoff (λ, φ) × d ×
180








(3.1)

π
× R(φ) / t
(3.2)
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where u and v are zonal and meridional velocity as a function of longitude λ and


v(λ, φ) = yoff (λ, φ) × d ×







planetographic latitude φ, respectively. xoff and yoff represent the displacements in
the zonal and meridional direction in pixels, and d is degrees per pixel for the image
(≈ 0.01 for the G28 mosaics). We convert the offsets into radians and then multiply
by the radii of curvature in the appropriate dimension. We calculate the radius of
curvature using the following equations:
1

r(φ) = Re (1 + −2 tan2 φ)− 2

R(φ) = Re −2

r(φ)
Re cos φ

(3.3)

!3

(3.4)

where r and R are the zonal and meridional radii of curvature, respectively, as a
function of planetographic latitude φ. The original map coordinates for the mosaics
are in planetocentric latitude, and we perform the appropriate conversions. Re is
the equatorial radius of Jupiter, and  is defined as the ratio of a planet’s equatorial
to polar radius ( = Re /Rp ≈ 1.069 for Jupiter). Finally, dividing the displacement
by the time t between observations (3216 s, or twice this for the comparison between
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the first and last observations) yields a result for velocities in m s−1 . (Each mosaic
consists of 4-6 raw images taken over a span of approximately 5 minutes, and we
assume that there is no significant motion of clouds within each mosaic. In addition,
the observation sequence keeps a consistent time interval between observations for
raw images covering the same area of the target region.)
Figure 3.2 is our map of wind velocity vectors. In this figure, only a ninth (every
third vector in each dimension) of the total number of vectors in our dataset are
shown for the purposes of clarity. Our feature tracking technique clearly resolves the
GRS high-velocity collar, the relatively calm central region, and jets to the south
and northwest of the GRS. We measure a maximum tangential velocity near 170 m
s−1 along the southern edge of the GRS. Our results show agreement with previous
studies: the maximum value measured using our automated techniques is consistent
(in both magnitude and location of the velocity vector) with manual measurements
on the G28 dataset made by Simon-Miller et al. (2002), her figure 6. However,
Simon-Miller also reports velocities near or greater than 190 m s−1 on all sides of
the high-velocity collar. We cannot explain this inconsistency, as large navigational
uncertainties would be required in our images to account for the error. We tested
the possibility that the discrepancy is a result of our automated tracker failing to
track very small features that are easier to track by hand and were instead returning
an averaged velocity representative of the region around the small feature. However,
this theory fails as tests with smaller tracking box sizes did not return systematically
increased velocities in the GRS collar. Furthermore, Legarreta and Sánchez-Lavega
(2005) employed manual cloud tracking on the G28 mosaics; they report a maximum
velocity in the flow collar of 180 m s−1 . Overall, all of the G28 maxima lie slightly
higher than the maximum manual measurement (∼150 m s−1 ) made by Vasavada
et al. (1998) on GRS imaging data from 1996 (during Galileo’s G1 orbit), suggesting
a modest increase in the strength of the velocity collar over a four-year period.
However, we have also analyzed the G1 imaging dataset used by Vasavada et al.
(1998) with our automated feature tracking software on two of their images that are
separated by nearly 1 hour. The maximum tangential velocities as measured in the

37
G1 dataset by Vasavada manually and by this work automatically are in agreement,
confirming that our automated technique is returning the velocities properly and
that a real strengthening has occurred in that region of the collar.

Figure 3.2: Wind velocity vector maps of the GRS and surrounding region. We only
show a ninth of the total number of velocity vectors calculated using our technique
in this figure for the sake of clarity. Note the scale vector at top right.
Zonal and meridional velocity profiles of the GRS from our analysis are shown as
Figures 3.3 and 3.4. We generate the zonal velocity profile by taking measurements
within 1.5◦ longitude of the central meridian of the GRS in the G28 dataset (defined
as -5.8◦ W) and average over 0.25◦ latitude bins. The meridional velocity profile
is generated in a similar manner by taking measurements within 1.5◦ latitude of
20◦ South planetocentric latitude and averaging over 0.25◦ longitude bins. The
targeting error of the G28 observations exhibits as the cutoff of the zonal velocity
profile in the northern latitudes compared to profiles made by previous missions.
The “double peak” at the southern end of the profile marks the strong zonal jet
stream located in that region. Overall, the zonal velocity profile is similar to the
profile calculated by Vasavada et al. (1998), but our analysis shows a weakening of
the northern collar countered with a strengthening of the southern collar. These
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differences are relatively substantial, with a 10-20 m s−1 difference in velocity on
average (40-50 m s−1 difference at some latitudes) systematically across the collars
that is difficult to explain with the expected uncertainty (∼ ±5 m s−1 , see section
3.4). However, we note that Simon-Miller et al. (2002) report a strengthening of
both the northern and southern GRS collar, which is inconsistent with our result.

Figure 3.3: Zonal velocity profile of the Great Red Spot. The solid, red line
is calculated from our G28 Galileo data. Our measurements within 1.5◦ of the
GRS central meridian were averaged over 0.25◦ latitude bins. The zonal velocity
profile from the G1 Galileo data (Vasavada et al., 1998) (whose velocity profile was
calculated in the same manner) is shown for comparison as a dashed, blue line. The
dotted, black line is Voyager data from Dowling and Ingersoll (1988), where we
have converted their data into planetocentric latitude and averaged their data over
1◦ latitude bins.
The slight counter-rotation of the GRS core is evident in both velocity profiles,
confirming the result derived by Vasavada et al. (1998). There is also increased
wind shear in the G28 velocity profile, particularly in the southern half of the GRS

39

Figure 3.4: Meridional velocity profile of the Great Red Spot. Measurements within
1.5◦ of 20◦ S were averaged over 0.25◦ longitude bins for the G28 and G1 data, and
over 1◦ longitude bins for the Voyager data. The axis for longitude is provided here
as a scale reference; we define each profile’s zero longitude as the longitude with the
peak northernmost velocity on the eastern side of the GRS.
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between the core and the high-velocity collar. Furthermore, the G28 profile seems to
be slightly asymmetrical, with the peak zonal velocity on the southern collar roughly
30 m s−1 higher than the highest zonal velocity on the northern collar. (Because the
northernmost portion of the GRS was not captured because of a targeting error [see
Figure 3.1], there is a possibility that somewhat higher velocities may exist farther
north, but this seems unlikely given the fact that the zonal velocity profile in Figure
3.3 appears to begin turning over.) The asymmetry is not as pronounced for the
meridional velocities, with a difference of about 10 m s−1 between the peak velocities
on the western and eastern edge of the velocity collar.
3.3.2 Turbulent Eddies
The remarkably high resolution of our images enables us to map the central region of
the GRS with great detail. A full-resolution wind velocity vector map of the region
is shown in Figure 3.5. Most of the central region appears to be turbulent with
an overall lack of coherent flows, but a couple of features are noticeable. A small,
coherent, anticyclonic circulation that appears to be fed by the high-velocity collar
can be seen to the northeast, and hints of another circulation can also be seen in the
southwest corner. Furthermore, the northern half of a cyclonic circuit (flowing W to
E) can be seen near the geographic center of the GRS. This circuit also appears to
be a fed from a branch from the main high-velocity collar. The southern half of the
circuit is not clearly conspicuous in this figure and appears to be lost in the chaotic
motion. Sada et al. (1996) found a small, cyclonic vortex near the center of the
GRS from their analysis of Voyager images, whereas Vasavada et al. (1998) found
a complete cyclonic circuit surrounding the center of the GRS. The fickle nature of
the velocity features in the GRS central region based on observations over a span
of over 20 years only reaffirms the chaos and turbulence that likely dominate this
region. The timescale over which these features change is unknown, but is probably
less than a couple of years.
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Figure 3.5: Wind velocity vector map of the center of the GRS. All velocity vectors
in our dataset are shown for highest resolution. Note the scale vector at top left.
3.3.3 Particle Trajectories
We treated the problem of integrating velocities to create particle trajectory paths
as an ordinary differential equation and composed an algorithm that used the velocity fields and the classical fourth-order Runge-Kutta (RK) method to solve for
the trajectories. We wrote our velocity integrator in IDL using steps outlined in
Numerical Recipes in C (Press et al., 1992). The algorithm starts its integration
with a user-controlled input point of origin. The fourth-order RK algorithm requires
derivatives of the velocity fields in both horizontal directions for its calculations (i.e.
a calculation of the horizontal wind shear). Because the wind shear calculated using
the raw, noisy velocity data can lead to artificially high numbers for the shear and
negatively impact subsequent calculations, we smoothed the velocity field with a 1
x 1◦ box centered at each trajectory point, and then calculated the shear using the
smoothed field. We defined our smoothing algorithm to return velocities that vary
as a linear function of latitude and longitude. Once the integrator calculates a new
trajectory point, the algorithm repeats the smoothing using a box centered at the
new point.
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Figure 3.6 shows our map of the representative trajectories we have selected for
use in our analysis. None of the calculated trajectories yielded closed curves; in
fact, all of them spiraled into the center of the GRS. We sought to investigate why
the trajectories were not fully closing on themselves. We first tested our integrator
on a synthetic data set of velocities that would return a smooth, closed circle as its
trajectory. Once we verified that the integrator worked properly, we added noise to
our synthetic data set that would affect the final trajectory in order to assess whether
errors in the navigational information in the mosaics or in the feature tracking
results were affecting the trajectories calculated using the G28 velocity results. We
discuss the various sources of errors and how the gaps in the trajectories affect our
interpretation of the results later in Section 3.4. However, through extensive testing
of the synthetic dataset with noise, we are confident in concluding that the various
sources of error from both the navigational data and the feature tracking results can
only explain a small fraction of the gap in the particle trajectories. We speculate
that transient eddies, i.e. a time dependent flow that was present in the GRS highvelocity collar (such as Rossby waves or other pulsations), were captured in our
observations and are the reason behind the trajectories’ failure to close. Although
it is a possibility that the convergence of the trajectories is a real result, this is
unlikely given that most dynamical models of the GRS predict a divergent flow over
the GRS that would occur over a much longer timescale than what is exhibited by
our trajectories (Conrath et al., 1981).
3.3.4 Vorticities
We used the following equation from Dowling and Ingersoll (1988) to calculate relative vorticities:
ζ=−

1 ∂v
1 ∂u u
+ sin φ +
R ∂φ r
r ∂λ

(3.5)

The absolute vorticity is simply the relative vorticity plus the Coriolis parameter
f = 2Ω sin φ. (Ω is the angular velocity of the planet’s rotation.) The vorticity cal-
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Figure 3.6: Map of particle trajectories used for analysis, overlain on one of the
G28 image mosaics.
culation also requires the derivatives of the velocity field. Using the same smoothing
algorithm mentioned earlier when calculating trajectories, we smooth the velocities
over a 1 x 1◦ box centered at each velocity vector map grid point and then use those
wind shear values to calculate vorticities.
Figure 3.7 shows a grayscale map of relative vorticity for the Great Red Spot
and surrounding region. Lighter shades indicate positive (anticyclonic or counterclockwise in the southern hemisphere) vorticity whereas darker shades signify negative (cyclonic) values. It can be seen that the high-velocity collar is strongly anticyclonic. Curiously, the southern half of the high-velocity collar appears to have larger
magnitude vorticity values compared with the northern half. However, the most interesting feature seen in Figure 3.7 is the ring of cyclonic vorticity that surrounds
the GRS high-velocity collar. Flasar et al. (1981) noted a similar rings surrounding
the GRS when examining 5-µm near-infrared images of the vortex, but this observation marks what we believe to be the first such observation of a ring surrounding
the GRS from a dynamical perspective. Although Dowling and Ingersoll (1988) calculated a relative vorticity map for their analysis of Voyager images, no clear ring
of cyclonic vorticity can be seen in their figure. Our result for the relative vorticity
based on the G1 dataset is also shown in Figure 3.7. Because the cyclonic ring is
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also seen in the G1 dataset, we can conclude that this feature is not transient but
appears to be a distinguishing characteristic of the Great Red Spot.
Although the trajectories that we have calculated are open, we present an analysis of how absolute vorticity changes along these trajectories. We divided the original
trajectories into a locus of points at 30-minute intervals along each trajectory. We
then calculated the vorticity at each point using a modified version of our algorithm
by performing a separate velocity smoothing around each trajectory point. (In other
words, we do not perform an interpolation of the vorticity map at the selected trajectory points. Instead, we perform a separate calculation and smoothing at each
point.) We selected three trajectories for further analysis, which we show as Figure
3.8.
Potential vorticity (PV) (defined as

(ζ+f )
,
H

where (ζ + f ) is absolute vorticity

and H is a measure of the layer (or pressure) thickness of the fluid layer) is a form
of potential vorticity first developed by Ertel (1942) and also used in Dowling and
Ingersoll (1988). By analyzing how absolute vorticity changes along a trajectory
and assuming conservation of PV, we can be determine relative changes in the
layer thickness of the rotating fluid layer. Figure 3.8 generally matches the results
determined by Dowling and Ingersoll (1988): layer thickness variations as a function
of latitude cannot be solely attributed to the β effect (the effect of the Coriolis
parameter varying with latitude). In particular, trajectory F shows a thickening of
the fluid layer over a narrow range of latitudes from the distinct slope in Figure 3.8
compared with the slope of the Coriolis parameter f . Trajectories A and C show
similarities overall in their slopes in comparison to f , but portions of the trajectories
also show distinct slopes. Similar results are shown in Dowling and Ingersoll (1988),
their Figure 14. One caveat to our analysis is that because the calculated trajectories
spiral in towards the GRS center, our assumptions for time-independent flow and PV
conservation are not entirely valid, and the effect of this spiraling will be discussed
in section 3.4.
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Figure 3.7: Grayscale map of relative vorticity for the Great Red Spot from the
G28 and G1 datasets. Vorticity is mapped in units of 10−5 s−1 . The Great Red
Spot is in the southern hemisphere of Jupiter; thus positive values denote anticyclonic (counter-clockwise) motion, while negative values signify cyclonic (clockwise)
motion.
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Figure 3.8: Plot of absolute vorticity (ζ + f ) as a function of latitude along three
trajectories. The different plot symbols shown in the figure correspond to different trajectories depicted in Figure 3.6. The solid line corresponds to the Coriolis
parameter f .
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3.3.5 Shape and Aspect Ratio
Simon-Miller et al. (2002) used photometric analysis of records dating back to 1880
and images from spacecraft flybys to demonstrate a decrease in length of the GRS
by nearly 50 percent in that time span. We supplement what is known about this
particular characteristic of the GRS by analyzing the particle trajectories that we
calculated using our data and by Dowling and Ingersoll (1988). We measured the
length and width of trajectory curves from both data sets by defining two axes that
spanned each trajectory curve: one axis placed along the latitude halfway in-between
the minimum and maximum latitudes of each trajectory, and another axis placed
along a line of longitude in a similar fashion. We then measured the distance of the
line segment between the intersections of the trajectory points and the axes. We also
measured the length and width of the trajectory shapes from Dowling and Ingersoll
(1988), their Figure 3, using an electronic reproduction of their figure and Adobe
Photoshop. This reproduction and our annotations marking which trajectory shapes
we measured are shown in 3.9. From our dataset, trajectory A was not analyzed
because the upper portion of this trajectory is missing since that portion of the GRS
was not imaged.
Our results are summarized in Table 3.1. We report that there is a slight increase
in the aspect ratio (which we define as length divided by width) for the outermost
GRS trajectories (trajectories 1-3 and B-C) between the Voyager and Galileo missions. This is somewhat surprising as a 3-5◦ decrease in the length of the GRS as
estimated by Simon-Miller et al. (2002) over the twenty years between the missions
would correspond to a decrease in the aspect ratio by around 20 to 25 percent (assuming the same width). In contrast, the aspect ratio of the trajectories seems to
have decreased for the more interior trajectories (trajectories 5-8 and D), which is
in step with the slow circularization of the GRS with time. However, we note that
since our trajectories spiral inward, the true aspect ratios for our trajectory curves
are likely slightly smaller, and that our values represent an upper boundary. We
also find that the aspect ratio of the trajectories from the Voyager data increases as
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Figure 3.9: Reproduction of Figure 3 from Dowling and Ingersoll (1988), showing
trajectories calculated from Voyager imaging data. We have added an annotation
marking which trajectories were studied for this project: trajectory 1 is to the right
of the numeral in the figure, and trajectory numbers increase sequentially with
decreasing trajectory radius, up to trajectory 10, the inner-most trajectory depicted
above. For the purposes of clarity, we have digitally erased a trajectory that was
interior to trajectory 10 and not analyzed. This figure has been reproduced with
permission from the American Meteorological Society. (See Appendix A for more
details regarding this permission.)
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the radius of the trajectories decreases; curiously, the opposite is true in the Galileo
data. It is unclear if this is a manifestation of a physical change in the flow pattern
and shape of the GRS or a change caused by a difference in the methods used to
interpolate and smooth velocities and integrating them to get trajectories. We also
note an additional line of evidence showing the “shrinking” of the GRS with time:
Figure 3.4 distinctly shows a clear decrease in the length of the GRS, by measuring
the distance between the peak meridional velocities on the western and eastern sides
of the vortex.
Dataset

Voyager

Galileo

Trajectory Aspect Ratio
1
2.038
2
1.999
3
2.020
4
2.075
5
2.143
6
2.249
7
2.336
8
2.467
9
2.678
10
3.076
B
2.179
C
2.178
D
2.043

Table 3.1: Aspect ratios (length/width) for selected trajectories from the Voyager
imaging data (Dowling and Ingersoll, 1988) and Galileo data. The trajectories are
illustrated in Figures 3.6 and 3.9.

3.4 Uncertainty Analysis
There are three main categories of uncertainty that affected our results. The first
category is uncertainty in the location of the cloud features in the image mosaics.
These uncertainties are introduced during image processing and mosaic creation
when tiepoints (common features) used to stitch together the raw images are identified and selected, and navigational information is propagated appropriately. When
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we selected tiepoints for the images during mosaic construction, we ensured that the
maximum uncertainty in cloud position would be less than 1 pixel by repeating the
tiepoint selection process until this criterion was met. (The NAV2 subroutine under
VICAR calculates tiepoint errors by performing an area correlation of the image
around each tiepoint.) Thus, by reducing the uncertainty as much as possible during the mosaic creation process, we ensured that the errors in velocities calculated
using our feature tracking algorithm would be kept to a minimum. We assume for
the purposes of this error analysis that the overall uncertainty in cloud position is
estimated to be 0.5 pixel for an entire mosaic. We can then expect an error in cloud
offsets from the feature tracker to be ∼1 pixel on average. The error in cloud offsets
is not expected to be greater than 2 pixels. Propagating a 1 pixel uncertainty in raw
offset values yields an uncertainty of about ±3.5 m s−1 in velocity. The maximum
uncertainty in our velocity measurements is estimated to be about ±7 m s−1 . Errors
are dependent on the radii of curvature but do not vary by more than ±0.2 m s−1 .
The second category of uncertainty originates from mis-identifications made by
the automated feature tracker from the inherent variability in Jupiter’s cloud morphology. If a particular feature changes sufficiently between observations, then our
algorithm could fail to recognize the correct feature and select an incorrect correlation peak, causing the assignment of an inaccurate velocity vector for that pixel.
Unfortunately, this particular type of error is difficult to quantify but can usually
be recognized as spurious results returned by the algorithm. The short time interval
between each G28 mosaic helped minimize this error significantly at the expense of
reduced resolution in velocities.
Finally, the remaining category is uncertainty in the location of the calculated
velocity vectors. This error is directly controlled by the size of the feature tracking
correlation box, and is also dependent on the amount of horizontal shear. While the
velocity vector’s origin is assigned to be located at the center of the correlation box,
the particular cloud feature that the feature tracking algorithm locks onto and uses
for calculating the cloud motion can be located anywhere within the correlation box.
Our choice of a 10 pixel (120 x 120 km) box is sufficient to keep the error to near
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±2 m s−1 using typical values for horizontal velocity shear in Jupiter’s atmosphere.
If we had used a 30 pixel (360 x 360 km) box, we estimate the errors to be nearly 6
- 7 m s−1 . Thus, we estimate the overall uncertainty in the velocities to be typically
around 4 m s−1 .
This overall uncertainty is insufficient to explain the gaps seen in the calculated
trajectories, because we have determined that the combined errors from camera
pointing and the positions of the velocity vectors would be insufficient if they were
distributed randomly throughout the synthetic dataset. Furthermore, we tested
how the integrator would behave if the errors were correlated over a length scale
similar to length scales found in the imaging dataset. We reason that it would
be possible for errors to be similar in magnitude over the length scale of typical
cloud features. This “correlated error” would produce a deviation in the trajectory
that would constructively add, whereas randomly distributed errors would tend to
contribute random-walk like behavior and would produce little net effect on the
trajectories. We tested our theory by performing a fast Fourier transform (FFT) on
one of the image mosaics to create a power spectrum as a function of length. We
determined that the dominant length scale for the FFT on our image mosaics was
on the order of a few degrees. We then randomly scrambled the phase of the FFT
and then inverted the FFT to produce a noisy image with the same spatial length
scale as the original data. We scaled this noisy image to be in proportion with the
expected uncertainty we would obtain from both camera pointing and velocity vector
locational uncertainty, and added this image to the synthetic data set. Testing with
the integrator on this experimental data resulted in minor trajectory gaps that were
not sufficient to explain the wide gaps in our original trajectories. We therefore
conclude that some natural variation in the GRS velocity collar is responsible for
the trajectory gaps that result in our data. We have no evidence that clouds at
different heights adversely affected our results, but this could be another source for
error.
Because the calculated trajectories do not fully close in on themselves, we cannot
make the assumption that they are fully time-independent. Thus, conservation of
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potential vorticity is not fully applicable to these trajectories because they are not
true trajectories that track a single air parcel. Instead, the paths that we have
calculated most likely traverse between multiple parcels. We estimate the typical
gap between the starting and ending points of our trajectories to be ∼1◦ . Using the
error estimation methods outlined in Dowling and Ingersoll (1988), we estimate the
errors in the derived thicknesses to be at the 30% level. (For comparison, Dowling
and Ingersoll (1988) calculated their error to be at around the 3% level.) Also, we
note that we used the path integrator using the velocity data that we calculated from
the G1 imaging data set and found similar results: all of the trajectories inside the
GRS failed to close by a similar margin. Although this is a non-negligible error, we
remain confident that our analysis demonstrates that the GRS has not experienced
any drastic changes in its dynamics and overall structure since the Voyager era, and
that our overall conclusions remain valid.
3.5 Discussion and Conclusions
With this first application of our automated feature tracker on a real data set, we
have conclusively demonstrated that our automated approach can return quality,
valid results. Our automated approach reduces the time required to painstakingly
track clouds by hand and eye, though there is some additional time required to
eliminate any spurious results. We have also demonstrated the usefulness of the
high-density, regular grid of velocity vectors returned by our automated method
by our calculation of particle trajectories and vorticities. It should also be noted
that there is a cutoff in the time gap between observations where manual cloud
feature tracking will become more useful. As mentioned in Chapter 2, image pairs
that are separated by a long time span are not ideal for this method. Using the
feature tracking algorithm on G1 observations where the time gap between observations was 9-10 hours yielded a high percentage of spurious results and were unfit
for further use. Presumably, the cloud morphology had sufficiently evolved between
those observations so that the tracking algorithm failed to recognize clouds at the
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later observation. However, the presence of compression artifacts in the G1 data
may have negatively influenced the results as well. Overall, we conclude from our
datasets that an automated analysis is ideal for high-resolution observations with
relatively short (∼1-2 hr) time interval between images, whereas manual tracking
is better for observations of any resolution but with much longer intervals between
observations. However, an exception for when longer intervals are better suited
for automated tracking may be for capturing subtle details such as eddy momentum fluxes (Salyk et al., 2006), provided that the inherent features do not change
appreciably in morphology.
Arguably, the most interesting feature that we discovered from our analysis is
the ring of cyclonic vorticity that surrounds the high-velocity collar of the Great
Red Spot. A similar feature surrounding the high-velocity collar has been observed
spectroscopically in 5µm (Flasar et al., 1981), but ours is presumably the first such
observation made from a dynamical perspective. We could not conclusively find a
cyclonic ring feature in the results of Dowling and Ingersoll (1988) and Sada et al.
(1996); however, this feature was detected in our re-analysis of Galileo G1 data first
analyzed by Vasavada et al. (1998). Thus, this feature is a real phenomenon and not
an artifact of our data set or our analysis techniques. We believe that it is unlikely
that this feature is transient in nature, and we attribute the failure in detection
from previous studies to the limitations brought by manual cloud tracking and the
low spatial resolution of past images. Thus, the structure of the Great Red Spot
extending outward from its center can be summarized as a slightly cyclonic central
core, a strongly anticyclonic high-velocity collar, and a narrow cyclonic outer ring.
The outer cyclonic ring itself may not be that unexpected, as one could expect a
cyclonic component to the vorticity of the GRS as the winds decay away from the
center of the vortex. This is exemplified in Equation 4.9 from Holton (2004):
ζ=−

V
dV
+
dn
R

(3.6)

where ζ is relative vorticity, V is tangential velocity (defined positive), n is
a radial coordinate (positive inward for the GRS), and R is radius of curvature
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(positive for the GRS). Thus, as the tangential velocity weakens with distance away
from the GRS collar, the shear contribution of equation 3.6 (the first term) would
make ζ negative. However, if the vortex winds decayed slowly away from the center
over the length scale of the GRS, the curvature contribution of the vorticity (the
second term, which is positive in this case) would dominate, and the vorticity of
the GRS would gradually transition into the background vorticity of the regional
flow. Thus, the narrow width and strong amplitude of the cyclonic ring signifies
that the GRS winds decay rapidly with distance away from the main flow collar. It
is unclear what process is forcing the ring to be remarkably narrow, especially when
compared to the width of the main anticyclonic velocity collar. Overall, we believe
the properties of the cyclonic ring around the GRS are a useful constraint on the
dynamics of the GRS for future modeling studies.
We hypothesize that there may be a thermally indirect circulation occurring in
the GRS, where downwelling motion is associated with a region of cyclonic vorticity;
this type of circulation model was first proposed by Conrath et al. (1981). If there
is downwelling motion in the cyclonic ring, it would coincide well with the observation that this region is bright in 5 µm, as heat from the Jovian interior could more
readily escape through this outer ring, which would presumably possess low cloud
opacity. Because the 5-µm bright ring appears to be a stable feature around the
GRS (Carlson and 40 colleagues, 1996), and because the exact mechanism generating this feature is unknown, it is a natural target for reproducibility in future studies
on the stability and dynamics of the Great Red Spot. Previous numerical modeling
attempts of the GRS have been successful (Cho et al., 2001) in reproducing particular features of the wind flow, but little attention has been paid to cyclonic rings
in GRS modeling studies. Marcus (2004) has shown in his numerical studies that
cyclonic rings are present around White Oval-like vortices. Furthermore, Showman
(2007) has demonstrated that cyclonic rings form around Jovian anticyclones as a
secondary result of his study testing the hypothesis that the zonal jets on Jupiter
are powered by thunderstorms. Thus, investigation of this new ring feature likely
requires a numerical modeling approach to reconcile it with previous GRS models
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and in order to understand how the properties of the Jovian atmosphere and the
GRS generate this feature and regulate its width and amplitude.
Any inertial instabilities occurring within the Great Red Spot are not expected to
be significant in frequency or magnitude. Inertial instabilities materializing within
the flow collar of the GRS would induce lateral motions and horizontal mixing
(Holton, 2004); there are no reports or observations of such winds, as well as no
known reports of significant disturbances altering the general appearance of the
vortex. Furthermore, the criterion for inertial instability requires that the absolute
vorticity of the vortex be positive in the southern hemisphere (Holton, 2004). Our
map of absolute vorticity for the GRS, which essentially is Figure 3.7 but with a
systematic shift in values from subtracting the Coriolis parameter from every map
pixel, shows that there are no areas of the GRS that satisfy this criterion. It is
possible that occasional stochastic eddies may temporarily induce areas of inertial
instability; however, these instabilities would simply reduce the shear of the flow
until it once again met the inertial stability criterion. Overall, the dominant negative
absolute vorticity of the GRS rules out significant inertial instabilities.
Although our analysis of vorticity change along trajectories is imperfect because
of the failure of the trajectories to close on their point of origin, our analysis otherwise strongly suggests that the structure of the Great Red Spot remains largely
unchanged from the Voyager era. Our velocity measurements also confirm the
strengthening of the high-velocity collar since the Voyager era, and even since four
years prior to the G28 observations, but not to the extent previously reported by
Simon-Miller et al. (2002).
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CHAPTER 4
CLOUD FEATURES AND ZONAL WIND MEASUREMENTS OF SATURN’S
ATMOSPHERE AS OBSERVED BY CASSINI /VIMS

The text and figures in this chapter are adapted from material published in Choi
et al. (2009a).
4.1 Introduction
Saturn’s atmosphere has a reputation for being bland and unremarkable, especially
when compared against Jupiter’s colorful bands and vortices. A strongly scattering haze confined to the higher altitudes of the atmosphere is mostly responsible
for obscuring the activity occurring at depth. Recent imaging results from Cassini
have revealed this activity: dozens of compact, dark spots (likely anticylconic vortices) populate Saturn’s mid-latitudes (Porco et al., 2005), and vigorous storms with
inferred lightning discharges imply energetic updrafts in tandem with strong precipitation (Dyudina et al., 2007). Vasavada et al. (2006) describe tilted cloud streaks,
abundant vortices, patchy bright clouds, and dark bands coincident with the location of zonal jet streams throughout Saturn’s southern hemisphere. Their observed
vortices had lifetimes on the timescale of several to hundreds of days, demonstrating
the activity of the atmosphere. Though Cassini ’s Imaging Science Subsystem (ISS)
was not yet able to fully observe the northern hemisphere, Vasavada et al. (2006)
noted similarities between both hemispheres based on previous studies from Voyager
[Smith et al. (1981); Smith et al. (1982); Sromovsky et al. (1983)].
Saturn’s zonal wind profile, especially at its equatorial region, has been the subject of much discussion. Voyager imaging data indicated that the broad equatorial
jet flowed as fast as 470 m s−1 at its peak (Sanchez-Lavega et al., 2000). However,
Hubble Space Telescope (HST) observations of the jet from 1996–2002 showed evi-
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dence for a dramatic slowdown in the velocity of the jet by almost a factor of two
(Sánchez-Lavega et al., 2003) over a broad (∼30◦ ) span of latitudes. Explanations
for the slowdown include a true decrease in the speed of the jet or that HST observed higher altitude clouds that would flow at slower speeds (Flasar et al., 2005).
Sayanagi and Showman (2007) performed numerical experiments that suggested
that a combination of both is necessary to account for the apparent slowdown. Recent results from the Cassini orbiter made by Porco et al. (2005) have bridged the
Voyager and HST measurements, as they supply a measurement of winds near 375
m s−1 at the equator using a near-infrared continuum band that samples deeper in
the atmosphere than the HST measurements.
With the arrival of Cassini in 2004, planetary scientists gained the capability
of using an imaging spectrometer to assess the characteristics of the Saturnian atmosphere. The Visual and Infrared Mapping Spectrometer (VIMS) instrument is a
64x64 pixel spectrograph capable of near-simultaneous observations of a target from
0.3–5 µm. VIMS is a hybrid instrument combining a slit-scanning visible spectrometer (Capaccioni et al., 1998) with a spot-scanning near-infrared spectrometer (Brown
et al., 2004). In this chapter, we focus primarily on VIMS data in the near-infrared,
specifically at 5 µm. We utilize this spectral window because of its potential to
probe deeper layers of the atmosphere. In 5 µm, Saturn’s thermal emission can
be directly observed, and Saturn’s atmospheric cloud features are seen “backlit”
against the infrared emission, indicating that these features are located anywhere
in between the top of the atmosphere and the 5 µm emission level. Bjoraker et al.
(2007) estimates the 5 µm emission layer at around 5 bars, which is below the estimated altitude (1-2 bars) for the cloud tops seen in ISS images observing reflected
solar radiation.
Baines et al. (2005a) and Baines et al. (2006) conducted an initial study of results from the first year of data from the Cassini VIMS instrument. Although their
initial reports focused mostly on constraining atmospheric compositions, the reports
made the important initial discovery of meteorological features seen in Saturn’s atmosphere in the 5 µm spectral region. Momary et al. (2006) characterize these
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features, some of which have peculiar descriptions: certain features in the northern
high latitudes are “donut-like” and are presumably vortices with a relatively cloudless inner core. Furthermore, a train of cloud clearings arranged like a “string of
pearls” inhabits the northern mid-latitudes. They determine that these clearings
are quasi-evenly spaced with a near 4:1 flux contrast ratio and estimate their altitude to be near the 2.5 bar level. On a global scale, Momary et al. (2007) report a
pronounced asymmetry in the hemispherical flux emitted by Saturn. The northern
hemisphere emits nearly twice the flux of the southern hemisphere, possibly indicative of strong seasonal changes in the formation and dissipation of aerosols in the
upper troposphere (∼300 mbar) of Saturn.
In this chapter, we describe an analysis of VIMS data of the Saturnian atmosphere from Cassini up to 31 March 2007. We present descriptions of the basic
morphology of the features seen in the VIMS imagery, and provide statistics on
the latitudinal and size distribution of these features. We also perform a comparative analysis of the features seen in VIMS and ISS mosaics. We have adapted an
automated cloud feature tracking algorithm to construct the zonal wind profile of
Saturn’s atmosphere from VIMS data. We compare this profile to previously derived
profiles to estimate the vertical wind shear.
All latitudes mentioned in this chapter, unless explicitly stated otherwise, are
planetographic.
4.2 Data and Methodology
4.2.1 Data Sets and Common Procedures
We obtained VIMS datacubes from the NASA PDS Imaging Node, and restricted
our analysis to data sets of Saturn’s atmosphere that either (i) attempted feature
tracking by repeatedly observing the same absolute frame relative to System III
longitude or (ii) monitored the overall state of Saturn’s atmosphere via full-disk
mosaics over a Saturnian day. A table listing all of the data that we analyzed is
included as Table 4.1. We perform the standard VIMS data processing pipeline
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Data set
Feature Tracking

N. Hemisphere Mosaic I
S. Hemisphere Mosaic I
S. Hemisphere Mosaic II

Latitude
15◦ S–60◦ S
29◦ S–42◦ S
3◦ S–18◦ S
4◦ N–36◦ N
2◦ S–80◦ N
0◦ –60◦ N
0◦ –80◦ S
5◦ S–80◦ S

Spacecraft Clock Time
1524828885–1524829781
1524977581–1524980093
1534393899–1534403233
1534575912–1534578687
1546355125–1546358126
1536703543–1536741990
1543657108–1543694887
1544708794–1544739494

Table 4.1: VIMS data sets used in this study.

(e.g. removing cosmic ray hits, dividing by a pre-launch flat field, dividing by a
solar spectrum, etc.) using software provided by the VIMS team. Barnes et al.
(2007) discusses this pipeline further. We used the ISIS (Integrated Software for
Imagers and Spectrometers) software suite (Gaddis et al., 1997) for further data
reduction and processing, which we discuss in the following paragraphs.
All of the VIMS datacubes in this study were prepared for analysis by first coadding the five longest wavelength channels in the data cube (5.057-5.122 µm) and
omitting the remainder. With ISIS, we re-projected the image into a rectangular
(simple cylindrical) projection, and used kernels provided by the Navigational and
Ancillary Information Facility (NAIF) at the Jet Propulsion Laboratory for absolute
image navigation and orientation. Our re-projected images that were used for both
mosaic construction and feature tracking are oversampled at 0.1◦ pixel−1 by utilizing
a bicubic interpolation scheme supplied with ISIS. (1◦ on Saturn is ∼1000 km.)
Typical VIMS images have a native resolution of about 0.25◦ pixel−1 on Saturn,
though this resolution strongly depends on the observation geometry and range
from the target. Typical spacecraft ranges from Saturn during observations were
∼9 x 105 km, though these ranges sometimes varied by as much as 50%.
Similar to the factors considered in Chapter 3, a primary source of uncertainty
for the analysis in this chapter is errors in the pointing knowledge of the spacecraft.
Though the kernels provided by NAIF are carefully crafted, some uncertainty in the
absolute location of where the spacecraft is pointing and the geographical location
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of the target is inevitable. We were unable to perform any manual correction to the
pointing knowledge of the images via limb-fitting or other methods during the processing pipeline. We estimate the uncertainty in the absolute location of the cloud
features to be 1–2◦ (J. Barnes, pers. comm.). However, the relative uncertainty in
location between pixels is much smaller. Thus, our measurements of lengths and
velocities, which are more dependent on relative uncertainty, do not degrade much
in quality because of the small, but non-zero, absolute uncertainty.
4.2.2 Mosaics
We created global-scale mosaics of Saturn’s atmosphere using VIMS data in order to
characterize the frequency and size distribution of observed cloud features. In order
to enhance the visible features and maximize the data return from the VIMS instrument, we implemented an unsharp mask procedure described in Le Mouélic et al.
(2007). This technique simply subtracts a percentage of a low-pass-filtered version
of the original image from the original data. The resulting mosaics offer enhanced
contrast and improved visibility for the backlit features. No special processing was
performed to mitigate image seams.
We constructed two near-complete mosaics of Saturn’s southern hemisphere, as
Cassini observed the southern hemisphere twice over a period of nearly two weeks
in December 2006. During both observation sequences, the spacecraft acquired data
by imaging the hemisphere in a 3x3 grid (with one corner absent) at regular intervals
during a Saturnian rotation. The entire southern hemisphere is observed up to 80◦ S,
though some gaps in the coverage are present. We also constructed one mosaic of the
northern hemisphere up to 60◦ N from observations in September 2006. This mosaic
has relatively lower spatial resolution from unfavorable orbital and observational
geometry. Other observational sequences that covered the northern hemisphere with
improved resolution during the Cassini mission in the publicly available datasets
were insufficient in global coverage or otherwise had unfavorable viewing conditions.

61
4.2.3 Cloud Feature Census
For the mosaics presented in this chapter, we performed a statistical assessment of
the population and characteristics of the features seen in Saturn’s atmosphere. We
limit our analysis to spot-like cloud features that are dark, compact, and ellipsoidal.
These features are ubiquitous in the mid- and higher latitudes of the atmosphere.
These features may be vortices, though we cannot explicitly confirm this because we
currently are incapable of measuring local wind velocities within these structures.
Furthermore, there are many complex and ambiguous structures where spots appear to be merging, shearing apart, or otherwise deforming. We elect to exclude
these structures in our analysis in order to establish a lower bound in cloud feature
population. To assess the statistics of the cloud features seen in 5 µm, we measured
the central locations of these features to determine their latitudinal distribution. To
measure lengths, we used the measuring tool in the ISIS software package to measure both the longitudinal and latitudinal span of these spots. This software tool is
capable of precise, sub-pixel measurements, but we must be careful with their interpretation as we are examining over-sampled and interpolated mosaics. We estimate
the uncertainty in the measurement of feature lengths to be at the level of 1 native
resolution pixel (∼250 km).
4.2.4 Automated Feature Tracking
We examined five particular data sets (Table 4.1) out of more than twenty observation sequences that were designed for feature tracking. Unfortunately, we could not
integrate the remaining data into our analysis due to poor observation geometry,
map reprojection issues, poor image resolution, or a combination of all three. We
adapted our automated feature tracker (Chapter 2) to measure the zonal wind profile
of Saturn’s atmosphere from VIMS cubes. Our feature tracker normally attempts
to measure velocities both in the zonal and meridional directions. However, we find
no evidence of synoptic or regional scale meridional motion. Furthermore, the low
spatial resolution of the VIMS data is insufficient for tracking local meridional mo-
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tion. Thus, we modified our feature tracker to only measure zonal velocities. Subtle
meridional shifts are apparent when manually blinking some images separated in
time but are likely caused by uncertainties in camera pointing and image navigation. In addition, we adapted our feature tracker for the VIMS data by changing the
size and shape of the correlation boxes that are extracted from the images. Small
squares (the mode that our software typically uses) for correlation portions were
unfit for the VIMS data as typical tracked cloud features were relatively large (a
result of the low image resolution), and chances of returning a spurious result by
the algorithm were high. We instead used correlation boxes that spanned a narrow
range of latitudes (∼1◦ ) but the full range of longitudes available in the image. The
technique returns a single zonal velocity for each latitude. The precise latitudinal
location of each velocity vector is set at the mid-point latitude of each rectangular
correlation box. Limaye (1986) used a similar technique to construct one of the
first zonal wind profiles of Jupiter. Typical image separation times for VIMS cube
frames that we analyzed range from 10 to 30 minutes.
The 1◦ latitude correlation box leads to a ∼0.5◦ uncertainty for the vector’s location, since the vector could result from feature(s) anywhere within the box. We can
estimate the effect that the locational uncertainty has on the velocity measurement
by multiplying it by the magnitude of latitudinal wind shear present. We estimate
that the typical uncertainty is ∼10 m s−1 , though it could be up to 30–40 m s−1 in a
high latitudinal shear environment. However, this is an upper bound to the uncertainty, as it is unlikely that the tracked features in a correlation box are all located
at one edge of the box. Overall, the uncertainty in the zonal wind measurements is
insufficient to significantly affect our conclusions.
4.3 Results
4.3.1 Atmospheric Features
Much like the southern hemisphere, near-infrared continuum filter mosaics composed
from Cassini ’s Imaging Science Subsystem (ISS) (Porco et al., 2004) analyzed by
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Vasavada et al. (2006), the VIMS mosaics (Figures 4.1–4.3) exhibit a gradation
with latitude in cloud feature clarity: the diffuse and muddled features in the lower
latitudes contrast sharply with the more well-defined, distinct features seen in higher
latitudes. The relative lack of well-defined, high-contrast features in the equatorial
region supports the presence of an optically thick haze in the upper atmosphere
capable of attenuating the thermal emission. However, occasional dark, wispy cloud
features are visible in the equatorial region (Figure 4.4). These are likely clouds at
deeper altitudes that perhaps erupt periodically and are more effective at blocking
the thermal emission. Equatorial 5 µm hotspots similar to those encircling Jupiter
(Ortiz et al. (1998) and Arregi et al. (2006)) have not been observed at low-latitudes,
a result noted previously by Yanamandra-Fisher et al. (2001) through ground-based
telescopic observations.
The overall cloud morphologies in the VIMS and ISS mosaics are also broadly
similar. The tropical latitudes in both hemispheres are dominated by numerous
tilted, alternating dark and light linear features that strongly resemble the “tilted
cloud streaks” noted by Vasavada et al. (2006) in their study. An especially strong
wind shear environment (10 to 20 m s−1 per degree of latitude) is present at these
latitudes. Interspersed between the tilted features are zonally aligned light and dark
stripes located at approximately 16◦ S, 22◦ S, 28◦ S, and 15◦ N. These bands span a
wide range of longitudes but appear interrupted at some places and are not as
distinct as the bands seen at higher latitudes. The region between 30◦ S–35◦ S is a
transitional region containing both occasional spot features (including a few with
spiral patterns surrounding them, suggesting circulation) and stripes (both light
and dark) occasionally interrupted by ambient clouds. A pair of narrowly separated
zonal jets at 31◦ S and 33◦ S are perhaps responsible for the complex meteorological
patterns. A similar transition region containing two light stripes with ragged cloud
features interspersed in between them is present between 30◦ N and 35◦ N. However,
no known zonal jet exists at this latitude in the northern hemisphere.
The mid-latitudes (poleward of 35◦ latitude) in both hemispheres of Saturn are
notable for the presence of numerous compact dark spot features, indicating regions

64

Figure 4.1: VIMS Southern Hemisphere Mosaic I. A snapshot of Saturn’s
southern hemisphere as observed in 5 µm by VIMS. This mosaic is an assembly of
images taken on 1 December 2006. Each frame component of the image has been
projected in a cylindrical (rectangular) projection before final construction of the
mosaic.
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Figure 4.2: VIMS Southern Hemisphere Mosaic II. Same as Figure 4.1, but
approximately two weeks later.
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Figure 4.3: VIMS Northern Hemisphere Mosaic. Saturn’s northern hemisphere as seen by VIMS in the 5 µm spectral window. This mosaic is an assembly
of images taken in April 2006.
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Figure 4.4: Rectangular projection of VIMS data cubes in the 5 µm spectral window
observing the northern tropical latitudes. The time separation of these two images
is 29m 22s.
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of high cloud opacity from their efficiency at blocking Saturn’s thermal radiation.
The majority of these spots are singular and isolated, though many instances of complex structures (apparent mergers, possible interacting structures, and amorphous
shapes) are present interspersed among the singular spots. As discussed in Section
4.3.3, these dark features are not distributed evenly across latitudes but instead
concentrate in dense populations between distinct, zonally-aligned stripes. These
stripes correspond to locations of zonal jets (discussed further in Section 4.3.2), unlike the subtle bands seen in tropical latitudes, which are not associated with the
jets. The image resolution and temporal coverage of the observations are insufficient
for estimating the vorticity of these features, and we cannot definitively state how
many of these spots are vortices.
A salient feature of the northern hemisphere in the VIMS mosaics is the so-called
“string of pearls” that exists in a narrow band just south of 40◦ N. These features are
areas of uncharacteristically high thermal emission, indicative of low cloud opacity.
We catalogued 22 “pearls” in the northern hemisphere mosaic, and examination
of the central locations of these pearls reveals that they roughly divide into three
groups. The first group of five and the second group of ten have similar spacings
between pearls of about 3.7◦ longitude on average. However, the third group of
seven are each spaced slightly wider, with a mean separation of approximately 4.8◦ .
The shapes of the pearls are slightly elliptical, with a median aspect ratio (defined
as east-west length divided by north-south length) of approximately 1.1. However,
we note that there are some examples of pearls with shapes at both extremes, with
aspect ratios ranging from 0.5 to 1.7.
Two possible analogues currently exist for these features. Our preferred hypothesis is that the pearls are a manifestation of a von Kármán vortex street, a repeating
pattern of vortices where cyclones and anticyclones alternate with one another. The
contrasting regions of cloud opacities could correspond to alternating regions of
relative vorticity, with 5 µm bright regions being cyclonic and dark regions being
anticyclonic. The proximity of the pearls to 40◦ N, a quasi-westward flowing band
wedged between strongly eastward flowing jets (see Figure 4.5) supports the vortex
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street model. The White Ovals, a system of anticyclones thought to be part of a
von Kármán vortex street on Jupiter (Youssef and Marcus, 2003), were located in a
similar position in Jupiter’s zonal wind profile (a westward flowing band in between
two eastward jet streams). We again caution that we cannot directly measure the
local wind flow of these features and thus cannot confirm that they are vortices.
However, preliminary numerical simulations of Saturn’s mid-latitude atmosphere
support our hypothesis of a vortex street model for the pearls (K. Sayanagi, pers.
comm.). An alternative possibility is that these areas of enhanced emission result from cloud modulation caused by wave motion, similar to the 5 µm equatorial
hotspots on Jupiter, though the “pearls” appear to be more numerous and smaller
than their Jovian counterparts. Whereas equatorial hotspots on Jupiter range in
length from 5,000 to 10,000 km (Orton et al., 1998), the average length of a pearl
on Saturn is just over 1,000 km. Another contrast between the two features is the
observation that there are typically ∼10 Jovian 5 µm hotspots that globally span the
latitude band between 5◦ N and 10◦ N (Arregi et al., 2006). In contrast, Saturnian
pearls appear to be confined to a span of longitude approximately 100◦ in width,
and are more numerous. The leading explanation for Jovian hotspots is that they
are a manifestation of the downwelling branch of an equatorially trapped Rossby
wave [Allison (1990); Showman and Dowling (2000); Friedson (2005)]. This physical
model may also extend to the Saturnian pearls, though the wave would presumably
not be equatorially trapped. A hybrid model with a Rossby wave acting to trap
vortices and preventing them from merging is also possible. Youssef and Marcus
(2003) have suggested such a model in the case of Jupiter’s White Ovals throughout
much of the 20th century.
4.3.2 Zonal Wind Profile
Figure 4.5 is our constructed zonal wind profile. For comparison, we have also
included the zonal wind profiles constructed from Voyager (Sanchez-Lavega et al.,
2000) and Cassini (Vasavada et al., 2006) imaging data. Generally, our zonal wind
profile is in excellent agreement with the shape of previous zonal wind profiles from

70
Voyager and Cassini and with previous preliminary reports about the VIMS dataset
(Baines et al., 2005b), indicating that the overall jet structure has remained broadly
consistent. An additional work by Baines et al. (2005a) states a measurement of
390 ± 50 m s−1 for a feature at 8◦ S, which is in agreement with our results. The
broad equatorial jet is clearly evident, and its latitudinal shear is also in reasonably
good agreement with previous zonal wind profiles. Our analysis of the VIMS images
provides evidence for rapid equatorial flow at the jet core: clouds just north of the
equator flow at ∼500 m s−1 , and perhaps even faster. This suggests that the near
factor-of-two reduction in speed relative to Voyager measurements for the equatorial
jet (Sánchez-Lavega et al., 2003) and the more modest reduction measured by Porco
et al. (2005) could perhaps be confined to the upper troposphere and that VIMS may
be sensing deeper levels of the jet at these latitudes. We express caution with these
particular measurements of rapid flow at the jet core (i.e. the cluster of points with
u > 500 m s−1 at ∼1–5◦ N and 7◦ S), as the equatorial region typically lacks discrete,
high-contrast cloud features that are easily trackable by our technique. However,
we have performed manual cloud tracking of a small cloud complex embedded in
the flow (seen earlier as Figure 4.4) that support the measurements above 500 m
s−1 . We note that it is possible that the highest-speed, tracked cloud features are
a local disturbance and not characteristic of the zonally-averaged flow. Regardless,
it seems clear that the equatorial jet speed exceeds ∼400–450 m s−1 at the pressure
sensed by VIMS 5 µm images.
A few higher-latitude jets are present in the VIMS data, though unfortunately
we cannot derive results south of 60◦ S using our current techniques on the publicly
available data set. There is remarkably good agreement among all three zonal wind
profiles for the precise latitudinal location of the jets. However, differences exist
in the peak speeds measured at the jet cores, with the exception of the jet near
45◦ N, where our derived speeds from VIMS is nearly identical to that from Voyager.
Furthermore, there is no universal increase or decrease of the peak velocities across
all jets between the VIMS profile and past profiles. The jet cores at 75◦ N and 50◦ S
appear to be flowing faster than in the previous profiles. The measurement at 75◦ N
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Figure 4.5: Zonal wind profile for Saturn’s atmosphere constructed from an automated feature tracker analysis of VIMS data. Our VIMS results are shown as small
plusses. For comparison, two other profiles are shown: the blue line is from Voyager
green-filter images (Sanchez-Lavega et al., 2000), and the red line is from Cassini
ISS images (Vasavada et al., 2006). Uncertainties for the VIMS measurements are
∼10 m s−1 , and are dependent on the amount of latitudinal wind shear around the
measurement.
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is attributed to a cluster of clouds located north of a large dark spot feature, and
these clouds appear to be embedded in a relatively wide westward-flowing jet. At
50◦ S, a cloud feature that is embedded in a dark stripe (presumably corresponding
to a narrow jet stream) is the likely source for our measurement. Though manual
inspection of these features support our automated measurements, it is important to
note that it is unclear how closely the motion of these features represent the ambient
zonally-averaged zonal flow. The measurement at 60◦ S also supports the presence of
apparent wind shear compared with past profiles, though we feel this measurement
is less convincing from lack of repeat observations. One of the starkest differences
between the VIMS zonal wind profile and previous profiles is the jet at 65◦ N, which
appears to be flowing at nearly half of the speed of the jet at that latitude as seen
by Voyager. Upon further manual inspection of the feature tracking images at that
latitude, the evidence for wind shear at this location is inconclusive because of the
low image resolution.
4.3.3 Spot Feature Statistics
Our database of spot features consists of 578 and 572 entries for the two southern
hemisphere mosaics, and 297 entries for the northern hemisphere. For the purposes
of comparison, we have also analyzed the southern-hemisphere ISS mosaic composed
and examined by Vasavada et al. (2006), their Figure 1. This mosaic is composed of
images observed using one of the near-infrared (750 nm) continuum filters. We only
analyze the compact, patchy, light spots (clouds) in the ISS mosaic, as Vasavada
et al. (2006) have already reported their analysis on the darker vortices. (It is
important to note here that features that appear dark in VIMS 5 µm images are
simply more effective at blocking the thermal emission, whereas features that appear
dark in ISS images are inherently lower in albedo.) We catalogued 687 light spots in
the ISS mosaic, and used the same ISIS analysis tools throughout all four mosaics.
Figure 4.6 is a histogram showing the number of spot features as a function of
their latitude for all four of the mosaics that we have analyzed. We sorted the features into latitude bins 1◦ in size, centered at each integer latitude. The histograms
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for the southern hemisphere VIMS mosaics (Fig. 4.6a and 4.6b) demonstrate that
the features are primarily located in three bands that are demarcated by zonal jet
streams. The latitudinal distribution of these features is remarkably similar in the
two mosaics, with minor differences between the two mosaics attributable to irregularities in observational coverage and inherent variability in the populations and
lifetimes of these features. A fourth band containing spot features is suggested at
higher latitudes (> 75◦ S). However, because of the poor image resolution and the
cutoff in the image beyond 80◦ S, we are probably under-representing the population
of features in this latitude band.
Figure 4.6c is the number distribution of the light, high-albedo spots in the ISS
mosaic as a function of latitude. For comparison, we have included the population
of the dark, low-albedo spot features counted by Vasavada et al. (2006) as black
segments to supplement our results. The features are clearly divided into four latitudinal zones largely similar to the distribution seen in our southern hemisphere
VIMS mosaics, with some differences in the number of features seen in each latitude
zone between the ISS and VIMS mosaics. South of 50◦ S, we detect more features in
the ISS mosaics than in the VIMS mosaics, with substantially more in the southern
polar regions. This is likely a result of improved image resolution and facilitated feature identification at the higher latitudes in the ISS images (rather than incomplete
longitudinal coverage, as we will show in Figure 4.7).
Figure 4.6d is the number distribution of dark spots in the northern hemisphere
VIMS mosaics. The tropical latitudes contain occasional spots, with the numbers
increasing gradually with latitude. A main group of spots is centered poleward of
40◦ N, with a secondary group of spots present spanning 52-59◦ N. A broad gap in the
spot population at 45-50◦ N aligns with a strong prograde jet at that latitude band.
This matches the basic structure seen in the southern hemisphere, where zonal jets
mark latitudes with a deficiency of spots. However, this structure does not extend
to the tropical latitudes, as gaps in the population distribution exist on the flank of
the fast equatorial jet.
The histograms shown in Figure 4.6 are simply the number of spots that occur
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Figure 4.6: Histogram of the number of spot features as a function of latitude
(planetographic). a. VIMS Southern Hemisphere Mosaic I. b. VIMS Southern
Hemisphere Mosaic II. c. ISS Southern Hemisphere Mosaic, captured during the
first orbit of Cassini around Saturn in 2004. The unfilled areas are light spots
analyzed in this current study, whereas black bars are dark, low-albedo spot features
analyzed by Vasavada et al. (2006). d. VIMS Northern Hemisphere Mosaic.
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in latitude bins 1

◦

wide, as a function of latitude, in our mosaics. However, our

longitudinal coverage varies from latitude to latitude; moreover, the circumference
of any given latitude circle decreases with increasing latitude. It is thus useful
to normalize the spot numbers to remove these effects. To do so, we calculate the
number of spots N that occur in latitude bins 1 ◦ wide per unit longitudinal distance.
This is given by
N=

N
,
2πf Rcurv

where N is the number of spots in a latitude bin, f is the fraction of mosaic
coverage at that latitude (unitless), and Rcurv is the zonal radius of curvature.
Figure 4.7 shows this quantity for all four mosaics. Because N compensates for the
gaps in the VIMS mosaic coverages, any remaining differences between Figures 4.7a
and b with 4.7c suggest that other factors account for the discrepancies in the spot
counts. The larger normalized count in the ISS mosaic at high latitudes (poleward
of 60◦ S) compared to the VIMS counts in these bands is likely caused by improved
image resolution in these areas. The smaller normalized count in the ISS mosaic
at mid-latitudes (37◦ S-48◦ S) is more puzzling. This could be indicative of increased
activity or a more complex vertical structure confined to these latitudes.
Figure 4.8 presents a number-size distribution for all four mosaics, including the
spot feature population in Vasavada et al. (2006). The overwhelming majority of
the spot features are below 1500 km in east-west diameter. However, a few features
have diameters that exceed 2000 km, with one feature in both southern hemisphere
VIMS mosaics exceeding 5000 km diameter. The ISS southern hemisphere distribution (Fig. 4.8c) reveals a slight difference in the location of the peak size. Whereas
the VIMS southern hemisphere size distribution peaks at about 600 km, the ISS distribution peaks at a lower size, about 400 km. This may be an artifact of enhanced
resolution in the ISS mosaics and as a result, improved detectability of the smallest features. The peak in the size distribution at 400-600 km has implications for
Saturn’s Rossby radius of deformation, a length scale at which rotational (Coriolis)
effects become comparable to buoyancy effects. One can expect vortices at a size
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Figure 4.7: Histogram of the number of spot features per 10,000 km as a function
of latitude (planetographic). a. VIMS Southern Hemisphere Mosaic I. b. VIMS
Southern Hemisphere Mosaic II. c. ISS Southern Hemisphere Mosaic, captured
during the first orbit of Cassini around Saturn in 2004. (Both light and dark spots
are represented in plot c.) d. VIMS Northern Hemisphere Mosaic.
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near the deformation radius, as structures that develop from inverse energy cascade
and geostrophic adjustment typically attain sizes near this length scale [Cho and
Polvani (1996); Polvani et al. (1994)]. If we assume that the majority of this population are small vortices, it suggests that the deformation radius is within a factor
of two of ∼500 km. This estimate is relatively small compared to estimates of the
deformation radius on Jupiter (Showman (2007) reports 1000-3000 km based on his
numerical simulations) and in the upper troposphere of Saturn (2000-8000 km from
Read et al. (2007) via an analysis of the zonal wind, temperature, and molecular
hydrogen para-fraction profile).
We examine a feature’s east-west diameter as a function of its latitude in Figure
4.9 and Table 4.2. Clearly, most of the spot features are below 1500 km in diameter,
with few features above this threshold. We note a subtle decrease in the characteristic diameters of the features with increasing latitude in both hemispheres. This
slight trend also suggests that the deformation radius is a controlling factor in the
formation of these spot features. The deformation radius is inversely correlated with
the Coriolis parameter f ; therefore, the radius will decrease with higher latitude.
Figure 4.10 presents the aspect ratios for all of the features catalogued in our
study. We define aspect ratio as the ratio of a feature’s principal east-west diameter
to its principal north-south diameter. Most of the features span a broad range
of aspect ratios, as there is no obvious bias towards a particular shape for these
features in the main population below 1500 km diameter. However, we note that
larger features (> 2000 km) exhibit a preference for an aspect ratio greater than
unity (zonal elongation). Aspect ratios for visible spots have been measured before
on Jupiter and Saturn. Mac Low and Ingersoll (1986) noted that aspect ratios tended
to be greater than unity with increasing east-west diameters based on their analysis
of spots on Jupiter from Voyager imagery. Li et al. (2004) demonstrate the same
trend based on their analysis of Jovian spots from Cassini imagery. Both studies
reveal that spots on Jupiter with diameters above 3000 km tend to be more zonally
elongated. Saturn appears to also follow this general rule. Vasavada et al. (2006)
also show that the dark, low-albedo vortices on Saturn tend to have aspect ratios
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Figure 4.8: Histogram of the number of spot features as a function of their horizontal (east-west) span. For clarity, we note the number for small bars that are
difficult to distinguish. a. VIMS Southern Hemisphere Mosaic I. b. VIMS Southern
Hemisphere Mosaic II. c. ISS Southern Hemisphere Mosaic. The black bars show
the contribution from the features analyzed by Vasavada et al. (2006). d. VIMS
Northern Hemisphere Mosaic.
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Figure 4.9: Scatter plot showing a spot’s east-west span as a function of its latitude
(planetographic). a. VIMS Southern Hemisphere Mosaic I. b. VIMS Southern
Hemisphere Mosaic II. c. ISS Southern Hemisphere Mosaic. d. VIMS Northern
Hemisphere Mosaic.
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Latitude
< 50◦ S
50◦ S-62◦ S
62◦ S-75◦ S
> 75◦ S
All

VIMS S. Hem I
N Avg. Diameter (km)
196
734.9 ± 203.5
180
634.0 ± 200.5
187
549.8 ± 175.2
14
455.3 ± 109.6
577
636.7 ± 207.9

VIMS S. Hem II
N Avg. Diameter (km)
188
718.6 ± 188.3
211
609.4 ± 182.3
150
525.0 ± 166.0
19
527.0 ± 198.3
568
620.5 ± 196.0

ISS S. Hem
Avg. Diameter (km)
598.6 ± 170.4
462.0 ± 139.0
414.2 ± 113.9
377.8 ± 145.3
442.8 ± 151.2

Latitude
< 50◦ S
50◦ S-62◦ S
62◦ S-75◦ S
> 75◦ S
All

N
89
179
272
146
686

Latitude
20◦ N-30◦ N
30◦ N-37◦ N
37◦ N-46◦ N
46◦ N-60◦ N
All

VIMS N. Hem
N Avg. Diameter (km)
24
937.2 ± 212.5
33
977.5 ± 242.8
136
860.5 ± 223.0
90
817.0 ± 223.8
283
866.8 ± 229.5

Table 4.2: Average east-west diameters for the spot features in the northern and
southern hemisphere mosaics, divided by latitude groups. Features with east-west
diameters greater than 1500 km have been excluded from this analysis.
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greater than unity, though we note that from both Saturn studies, there is a general
deficiency in the feature population above 3000 km compared with the population
found in Jupiter’s atmosphere. This property of the features in both Jupiter’s and
Saturn’s atmospheres may be a manifestation of the β-effect (the variation of the
Coriolis force with latitude) acting to preferentially elongate structures that exceed
a diameter of ∼2000 km.
4.4 Discussion
Bjoraker et al. (2007) estimates that the 5 µm thermal radiation emanates from
a pressure level of 5 bars. However, the depth at which the thermal radiation
originates does not necessarily have to coincide with the depth of the imaged features in the VIMS mosaics. Preliminary radiative transfer analysis by Baines et al.
(2005b) and Momary et al. (2006) indicate that the features observed by VIMS are
near the 2-bar level. Utilizing information gleamed from the ISS and VIMS zonal
wind profiles, assuming that they originate from different depths, yields constraints
about the latitudinal temperature gradient of Saturn’s atmosphere. Saturn’s winds
are in geostrophic balance, and vertical shear of geostrophically balanced winds is
controlled by the thermal wind equation (Holton, 2004)
−

R
∂vg
=
k̂ × ∇p T,
∂p
pf

where vg is the geostrophic wind, p is pressure, R is the specific gas constant,
f is the Coriolis parameter, and T is the temperature. Thus, with all other factors
being equal, vertical shear in the geostrophic zonal winds is directly correlated with
the latitudinal gradient of temperature. If we assume that the features tracked by
ISS and VIMS are separated by a scale height, we can place a bound in the vertical
wind shear using the uncertainty in the zonal wind profile. Using our uncertainty
estimate of ±10 m s−1 , ∂T /∂y has an upper bound of ∼0.5 K/1000 km. When
extrapolated over 5,000–10,000 km, our zonal wind profile rules out latitudinal temperature contrasts exceeding 2–5 K throughout most of the atmosphere.
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Figure 4.10: Plot comparing a spot feature’s east-west span versus its north-south
span. A line representing an equal aspect ratio is drawn for reference in each plot.
a. VIMS Southern Hemisphere Mosaic I. b. VIMS Southern Hemisphere Mosaic II.
c. ISS Southern Hemisphere Mosaic. d. VIMS Northern Hemisphere Mosaic.
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However, apparent wind shear is present at certain jet stream cores. Our zonal
wind profile shows faster wind speeds at the equator and at the 48◦ S jet core compared with previous profiles. Recently, Sánchez-Lavega et al. (2007) used methane
and near-infrared filter images from Cassini ISS, and observed higher-altitude features flowing at a slower speed compared to features at the main cloud deck (∼700
mbar), yielding a vertical wind shear ∂u/∂z ∼ 40 m s−1 per atmospheric scale height
H (∼50 km at the equator). Garcia-Melendo et al. (2009) has extended that work
to show that vertical wind shear (estimated at 10 m s−1 per atmospheric scale height
H) is present at several southern hemisphere zonal jets. However, if we again assume that the features tracked by ISS and VIMS are separated by a scale height,
the ∼100 m s−1 difference at the jet cores implies a shear that is greater than the
estimate from Sánchez-Lavega et al. (2007) by a factor of 2–3. (Our wind shear
is also well above the ∼25 m s−1 per atmospheric scale height at the 500 mbar
level estimated by Flasar et al. (2005).) Importantly, our VIMS cloud tracking,
coupled with ISS cloud tracking results, allows us to constrain the latitudinal temperature gradients at pressures significantly deeper than that directly measurable
from thermal-emission spectra with, for example, Cassini ’s composite infrared spectrometer (CIRS) (Flasar et al., 2004) instrument. Our measured vertical wind shear
implies a local latitudinal temperature gradient at the 2 bar level to be ∼1 K/1000
km at the equator, and as high as ∼5 K/1000 km at the 48◦ S jet. Our estimates are
upper bounds, as shear would be lower if VIMS were observing features in a deeper
(> 2 bar) cloud deck. Thus, our analysis implies that the latitudinal temperature
gradients at specific latitudes may exceed gradients found at other latitudes at the
same pressure.
From our analysis of the cloud features in the VIMS and ISS mosaics, it appears
plausible that VIMS is simply observing the same cloud features that have been
observed by visible imagers from Cassini and Voyager. Figure 4.11 supports our
hypothesis. On the left of Figure 4.11 is a portion of an ISS mosaic analyzed
by Vasavada et al. (2006), whereas the right portion of Figure 4.11 is an inverted
portion of Figure 4.1, one of the southern hemisphere VIMS mosaics. Note the
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general similarities between both mosaics in the alignment of the horizontal stripes,
the bright, white cloud features at higher latitudes, and the possible long-lived
vortex just north of 60◦ S. The appearance of the stripes at higher latitudes also
match well, indicating that the high-albedo, white bands (suggestive of a thick
cloud band) observed in ISS images are dark in the 5 µm images (indicating high
opacity), and dark bands are bright in the 5 µm data set (indicating low opacity).

Figure 4.11: (left) Portion of the southern hemisphere ISS mosaic published as
Figure 1 in Vasavada et al. (2006). The contrast has been increased to enhance
the observed features. (right) Inverted portion of the southern hemisphere VIMS
mosaic seen in Figure 4.1.
Comparison of the statistics of the spotted features in the VIMS and ISS mo-
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saics also suggests that both instruments are typically observing the same features.
Similarities in the features’ latitudinal distribution and numerical population are
evidence that the majority of the VIMS dark spots are white cloud patches seen
in the ISS images. These bright cloudy areas likely contain abundant aerosols that
are efficient at blocking abyssal thermal radiation. Unfortunately, this creates a
degeneracy for the VIMS dark spots as both the patchy white clouds and the dark,
low-albedo vortices contribute to the VIMS dark spot population. One key difference based on Figure 4.8 is that features analyzed by Vasavada et al. (2006) that
exceed 1000 km diameter seem to be largely missing in the VIMS mosaics, as only
a small percentage of VIMS features have diameters above this threshold. However,
we note that based on Figure 8 of Vasavada et al. (2006), most of the dark vortices
in the ISS images with diameters below 1000 km are simply classified as “dark.”
In contrast, most of the ISS vortices with diameters above 1000 km are classified
as “dark with bright margin,” “bright-centered,” or simply “bright.” Thus, it is
possible that these more complex vortex families have a different structure when
observed in 5 µm and were overlooked in our analysis.
Overall, we believe that the majority of the dark spotted features seen in the
VIMS mosaics are the same features as the ubiquitous white and dark spots seen in
ISS images. In one scenario, ISS and VIMS could simply be observing the same cloud
layer; lateral modulation of that cloud deck would then produce lateral variations
in reflected sunlight (hence producing the ISS features) as well as lateral variations
in 5 µm emission to space (hence producing the VIMS 5 µm features). However,
estimates of the altitudes of features observed in ISS are ∼700 mbar, which is substantially less than that suggested for the depth of the VIMS features (∼2 bars).
Alternatively, we propose a scenario where ISS is observing the reflected cloud tops
of an ammonia cloud feature aloft, and VIMS is observing the base of this cloud
feature at depth. This scenario implies that the features are nearly a scale height (or
more) in thickness. For this scenario to work, the upper-level cloud tops that cause
reflection of short-wavelength sunlight (as observed by ISS) must have small-enough
particle size so that they do not block the 5 µm radiation upwelling from deeper
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levels. One thus needs a vertical gradient in particle size, with smaller particles aloft
and larger particles at the base. The cloud structure associated with a given feature
(e.g., a vortex) could thus cause reflection of sunlight from pressures of < 1 bar while
allowing emission of 5 µm radiation from ∼2 bars. In any scenario, however, we
must remain careful in interpreting the structure of Saturn’s atmosphere at the jet
streams, as VIMS may be observing tracers of motion housed in a deeper NH4 SH,
or perhaps H2 O cloud deck.
Though we have not directly observed rotation within these spot features, we
believe that these spots are vortices, as our analysis suggests that the deformation
radius of Saturn’s atmosphere controls both their inherent size and the variance
of their size with latitude. Dyudina et al. (2009) have reported Cassini ISS observations of coherent rotation and vorticity within individual spot features in the
southern polar region. Furthermore, Penny et al. (2009) calculate that the Rhines
effect (Rhines, 1975) is suppressed at the latitudes containing VIMS spot features,
indicating that these latitudes can generate and support vortices. Our hypothesis
that the spots have finite thickness is also consistent with the dynamics of coherent
vortices; the vertical extent of such a feature is typically f /N times their horizontal width, where f is the Coriolis parameter and N is the Brunt-Väisälä frequency
[Charney (1971); Reinaud et al. (2003)]. For Saturnian estimates (f ∼ 10−4 s−1
and N ∼ 0.001–0.005 s−1 ), a vortex 1000 km across would then be 20-100 km or
0.5-3 scale heights thick. Moreover, numerical models of vortex evolution show success in matching vortex observations when the vortices are 1-3 scale heights thick
(Morales-Juberias and Dowling, 2005).
4.5 Summary
We have performed an analysis of an extensive data set about the Saturnian atmosphere in the 5 µm spectral window from the VIMS instrument on board Cassini.
Our mosaics of both the northern and southern hemispheres reveal an extensive
population of dark, compact spots that are areas of blocked thermal emission. A
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statistical analysis of these features and comparison with earlier visible-light mosaics of the southern hemisphere suggest that the majority of the ordinary spot
features seen in the VIMS mosaics are white cloud patches, with a minority population of dark (in reflected sunlight) vortices. Automated cloud feature tracking
reveals that the general structure of the zonal wind profile is largely similar to profiles constructed from Voyager and Cassini data. Differences in the speeds exist at
some latitudes, indicative of longitudinal variability or observation of deeper features
indicating vertical wind shear.
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CHAPTER 5
THE EVOLVING FLOW OF JUPITER’S WHITE OVALS AND ADJACENT
CYCLONES

The text and figures from this chapter are adapted from Choi et al. (2009b).
5.1 Introduction
Oval BA, a large, anticyclonic vortex in Jupiter’s southern hemisphere, is the latest
stage in the evolution of the former White Ovals, a group of three atmospheric
vortices that were approximately centered at 30◦ S latitude (planetocentric). Their
origin dates back to the late 1930’s, when an entire latitudinal band unexpectedly
clouded over and became bright white (Peek, 1958), eventually coalescing into three
discrete, anticyclonic vortices. Further observations of the vortices revealed that
their longitudinal width decreased over time, in addition to repeatedly approaching
and receding away from each other (Rogers, 1995). Youssef and Marcus (2003)
have speculated that the apparent stability and longevity of the White Ovals was
a consequence of an alternating configuration of cyclones and anticyclones known
as a classical von Kármán vortex street. Such a configuration would inhibit vortex
mergers because the cyclonic systems that developed between each White Oval
would prevent the anticyclones from combining. Vasavada et al. (1998) appraised
the dynamics of one of the original three White Ovals (Oval DE) using Galileo image
pairs and determined that the vortex was a compact oval with maximum winds
near 100 m s−1 . Simon et al. (1998) extended the analysis of the Galileo images
by measuring the velocities of White Oval BC, and determined its top winds to be
∼120 m s−1 . Both of these velocity assessments are referring to measurements of
individual wind vectors, and their overall results are similar to measurements made
using data from the Voyager epoch (Mitchell et al., 1981; Dowling and Ingersoll,
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1988; Legarreta and Sánchez-Lavega, 2005), implying that the vortex was stable
over decadal timescales. However, Simon et al. (1998) also noted that Oval BC
became rounder between Voyager and Galileo as its latitudinal extent increased
and its longitudinal extent decreased.
Although a strong cyclonic feature was present between Ovals BC and DE in
1997, it apparently dissipated by 1998, allowing the two ovals to merge. The merger
did not destroy the two vortices but instead yielded a new vortex (Oval BE) that
was larger than either BC or DE but less than their areas combined (Sánchez-Lavega
et al., 1999). Though previous observational studies reported that larger vortices
occasionally absorb smaller vortices, perhaps providing the energy needed by large,
long-lived vortices on Jupiter for maintenance against dissipation (Vasavada and
Showman (2005); Li et al. (2004)), a merger between vortices both of similar size
and of the length scale of a White Oval had not been previously observed. After the
initial merger, observers spotted a new cyclonic structure (labeled O1) near the new
Oval BE. Sánchez-Lavega et al. (1999) surmised that O1 was either a pre-existing
structure that had survived the merger, or that it was a product of the merger, as
its area plus the area of the new Oval BE was similar to the areas of the two former
White Ovals. Eventually, as the other remaining White Oval (FA) approached Oval
BE, the cyclonic structure O1 was either pushed aside or slowly sheared apart, and
the remaining pair of White Ovals merged to form Oval BA (Sánchez-Lavega et al.,
2001).
In late 2005, amateur observers first reported that Oval BA had reddened, leading many to dub the vortex as the “Little Red Spot.” Garcia-Melendo et al. (2009)
chronicles a full description of Oval BA’s long-term morphological evolution and
interactions with the Great Red Spot using both spacecraft and amateur images.
Soon after the color change, Simon-Miller et al. (2006) examined Hubble Space
Telescope (HST) imagery of Oval BA and found evidence for an acceleration of
the vortex’s flow. Cheng et al. (2008a) analyzed New Horizons images of Oval BA
during the spacecraft’s flyby of Jupiter and reported additional evidence for a substantial strengthening of the flow in Oval BA, with top wind measurements at ∼180
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m s−1 . However, Marcus et al. (2007) have suggested that the dynamics did not
change sufficiently to account for the color change, and further suggested that an
overall climate change was responsible for the coloration. Recent analysis of Cassini
and HST images of Oval BA taken before and after its color change by Asay-Davis
et al. (2009) seem to support the idea that the vortex’s dynamics remained relatively unchanged, as their measurements indicate that the velocities within the flow
in Oval BA did not change appreciably after the coloration event. Another analysis of the New Horizons data by Hueso et al. (2009) also did not find evidence
of a strengthening flow when compared against earlier images of the vortex from
Cassini and HST. Thus, there is disagreement regarding the latest measurements of
Oval BA’s winds and what role they played in the coloration of the vortex, which is
especially unfortunate given their timing at a critical point in the vortex’s evolution.
In this chapter, we report results from our assessment of Oval BA’s winds starting
from its previous state as a White Oval up to its current condition as a compact, red
anticyclone. Our effort is a comparative study of multi-mission data regarding the
vortex’s dynamical meteorology using a common semi-automated technique for measuring its winds. Such study is necessary for robust inferences on vortex evolution
in order to constrain what role dynamics had in Oval BA’s changing appearance.
5.2 Methodology
5.2.1 Data Sets
We obtained all of the data used in this chapter from various NASA Planetary Data
System (PDS) nodes. Table 5.1 summarizes our data sets. Unless explicitly stated
otherwise, all latitudes quoted in this chapter are planetocentric, and all longitudes
are positive west.
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Galileo E6 orbit
We acquired navigated and calibrated mosaics of Oval DE, BC, and an intervening
cyclone1 . During its E6 orbit in February 1997, Galileo observed these vortices
using its Solid State Imager (Belton et al., 1992). Mission planners designed this
observation sequence to examine the cloud structure and dynamics of the White
Ovals using multiple camera filters. We only used images that were taken with
the 756 nm near-infrared continuum filter. This filter is useful for imaging opacity
variations (cloud contrast features) located within an ammonia cloud deck (Banfield
et al., 1998). Galileo observed the vortices four times during the E6 orbit; the first
and second mosaics in our data set are separated by 38m 25s, and the second
and third mosaics are separated by 85m 57s. We did not include in our analysis
a fourth mosaic, composed using images taken one planetary rotation (about 10
hours) prior to the set of three mosaics, because the cloud contrast features in
Jupiter’s atmosphere experience sufficient rotation, shear, and inherent variability
during the relatively long image separation time that our image tracker cannot
reliably recognize these features and measure winds.
The raw Galileo images were calibrated and despiked with the VICAR software
package developed at the Jet Propulsion Laboratory. A colleague, Dr. Ashwin
Vasavada, determined the navigational pointing data for the images. The mosaics
were composed using MaRC, the open-source map-making software package previously used to process the Galileo mosaics analyzed in Chapter 3. The mosaics are
a cylindrical projection of the images that cover the range 22–47◦ S and 135–60◦ W.
All images were taken near the nadir of the spacecraft. The mosaics are mapped
at a resolution of 0.018◦ pixel−1 (∼20 km pixel−1 ), which slightly oversamples the
original data, which is at a resolution of ∼23 km pixel−1 . Further details about
these mosaics and the processing steps can be found in Vasavada et al. (1998) and
online at the PDS Atmospheres node.
1

These mosaics are available online at

http://atmos.nmsu.edu/PDS/review/Jupiter/Galileo Maps/E/E6
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Cassini flyby
Cassini observed the newly formed Oval BA on 1 January 2001 using its Imaging
Science Subsystem (Porco et al., 2004) soon after its closest approach to Jupiter.
At this point in the system’s evolution, the mergers had already completed, but
Oval BA had not changed color. Cassini obtained two images of Oval BA nearly 53
minutes apart with the CB2 continuum band filter, which has a central transmission
wavelength of 750 nm. We used the CISSCAL software package (Porco et al., 2004)
to calibrate the raw images, and other custom software to navigate and map the
images. The observation was relatively wide-angle compared to the other images
that we analyzed, as a single frame captured the Oval and its surroundings, as well
as a planetary limb for absolute navigation; thus, no mosaicking was necessary. We
mapped the images using a rectangular projection at a resolution of 0.05◦ pixel−1
(∼60 km pixel−1 , essentially reproducing the original resolution of the images.
New Horizons flyby
Near its closest approach with Jupiter, New Horizons observed a reddened Oval BA
on 27 February 2007 using its Long-Range Reconnaissance Imager (LORRI) (Cheng
et al., 2008b). LORRI does not employ filters but observes over a broad spectrum of
visible wavelength light (350–850 nm) in order to optimize its signal when New Horizons arrives at Pluto. This broad band observation captures somewhat more light
from diffuse hazes located at a higher altitude than the main cloud deck. However,
this added contribution is not expected to adversely affect our wind measurements,
which typically follow the motion of the distinct cloud contrast features within the
main ammonia cloud deck. Li et al. (2006) found insignificant differences in the
overall wind pattern results when examining Cassini ISS images that utilize various
filters in the visible portion of the spectrum.
LORRI observed Oval BA using a square 2x2 imaging sequence to capture each
quadrant of the vortex and its surroundings. The two sequences are separated by
30 minutes. We obtained the calibrated LORRI image frames from the Planetary

93
Data System. The calibration pipeline consisted of bias subtraction, flat-field correction, and absolute calibration. The spacecraft’s close range to Jupiter during the
observations enable us to map the vortex at a relatively high resolution (∼15 km
pixel−1 ) with a rectangular projection. Unfortunately, the observation sequence did
not capture a planetary limb for absolute navigation to a latitude/longitude grid.
When mosaicking the images, we assume that the lower-left frame of each mosaic
has the correct navigation using the provided spacecraft pointing data. The other
frames in the mosaic are then navigated relative to the “correct” frame by correlating overlapping regions captured in the frames. Because the center of the vortex
will have stationary winds, we eliminate the residual relative navigational error between mosaics by aligning the mosaics so that the center of the vortex is stationary
between frames. Any inherent drift in the Oval will also be removed by aligning the
mosaics in this manner, but Oval BA’s drift rate (∼2.5 m s−1 , as recently measured
by Garcia-Melendo et al. (2009)) does not have a significant effect on the navigation
of the vortex given the relatively short time interval (30 minutes) between imaging sequences. We determine the center of the Oval by a visual inspection of the
circulation through a two-frame animation, or blinking, of the image pair. We are
confident that we have sufficiently removed the navigation errors, as the location
of the calm circulation center found in our subsequent velocity map matches the
location of the circulation center that we defined visually.
5.2.2 Analysis Techniques
In all of the component images, we removed the variance in the observed brightness
seen in the mosaics by dividing the brightness by the cosine of µo , the local solar
incidence angle at each pixel. This normalized the images and enhanced areas that
were located near the planet’s terminator. Furthermore, because absolute photometry is unimportant for our dynamical study, we then processed each image through
a high-pass filter in order to enhance the cloud contrast features. The high-pass
filter employs a square boxcar kernel when enhancing the images; the sizes of the
square kernels used for processing each mosaic are listed in Table 5.1 and were kept
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Data Set
Spacecraft Clock Time
Galileo E6
383548622–383619422
Cassini flyby
1357028060–1357031226
New Horizons flyby 34851719–34853729
Data Set

Resolution
Original (Projected)
[km pixel−1 ]
23 (20)

Galileo E6

Cassini flyby
New Horizons flyby
Data Set
Galileo E6
Cassini flyby
New Horizons flyby

60 (60)
15 (15)

High-Pass Filter Kernel
0.522◦
0.55◦
0.504◦

Time Interval

38m 25s
85m 57s
124m 22s
52m 46s
30m
Correlation Box Size
Large (Small)
1.08◦ (0.18◦ )
2◦ (1◦ )
0.8◦ (0.08◦ )

Table 5.1: Details regarding the image data and analysis techniques used in this
study. The spacecraft clock time column lists the range of times for the images
comprising the data set according to the spacecraft’s internal clock, each of which
has an independently arbitrary zero point. The resolutions listed refer to the original
and map-projected resolutions of the images. The time intervals listed for the Galileo
data set refer to the separation time between mosaics 1 and 2, 2 and 3, and 1 and 3,
from top to bottom. The sizes of the high-pass filter kernel and the feature tracking
correlation boxes that we used during data processing correspond for each side. The
kernel and correlation boxes are square.
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as consistent as possible.
We again apply our semi-automated cloud feature tracker (Chapter 2) to measure
winds, and assume that the imaged cloud contrast features are passive tracers of
the winds. We also assume that the measured motions are confined to the NH3
cloud deck and that no motions from significantly different layers of the atmosphere
are captured in the images. We tested various sizes for the large and small boxes
across all three imaging data sets and subjectively choose box sizes that optimize
the quality of the subsequent results by minimizing the amount of uncertainty and
frequency of spurious wind vectors. The sizes for the large and small correlation
boxes that are applied for all three imaging data sets are listed in Table 5.1. The
amount of spacing between wind vector measurements is ∼0.05◦ for the Galileo
and Cassini data, and ∼0.03◦ for the New Horizons data. As mentioned earlier
in Chapter 2, the spurious wind vectors that can be generated by our software are
easily recognizable upon visual inspection. In a grayscale pixel map representing
wind magnitude, the pixels denoting unreliable vectors are extreme light or dark
values juxtaposed against neighboring pixels. Typically these results occur along
image edges or in areas with degraded image quality (such as areas with visible
mosaic seams). We manually removed those results before proceeding with our
analysis, and these spurious results do not affect our overall conclusions.
Like the studies described in the previous chapters, there are two principal
sources of uncertainty in the magnitude and direction of our calculated wind vectors. Imprecise information about the spacecraft’s position and orientation along
with uncertainties in the camera pointing knowledge produce uncertainty in the
wind measurements from navigational uncertainty. We have manually corrected the
spacecraft pointing and reduced this error contribution to be at or below 1 pixel,
and the propagated uncertainty onto the wind measurements is not expected to
be significant. Thus, the main contributor to the uncertainty in our results should
be attributable to the locational uncertainty in the velocity vectors. Our software
assigns the location of each measured wind vector to the center of the correlation
box, regardless of the box size, but the feature(s) determining the final vector could
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lie anywhere within the box. Assuming horizontal wind shear exists, this induces
an uncertainty in the actual wind speed at the center of the box. The amount of
uncertainty is primarily controlled by the sizes of the correlation boxes used in the
feature tracking algorithm. We estimate that the maximum uncertainty for an individual wind measurement is 10–20 m s−1 using the software parameters in this
current work (typical values should be <10 m s−1 ), and overall, we do not expect
that the uncertainties significantly affect our conclusions. We also note that for the
vast majority of results, the cloud contrast features are discrete objects that occupy
a significant fraction of each correlation window. The scenario that would result in
the most uncertainty (an isolated feature located at one corner of the window in a
high shear environment) is expected to be uncommon.
Unlike the Cassini and New Horizons data sets, which comprise only two mosaics each and thus only one possible feature tracking comparison within each set,
the Galileo data set comprises three mosaics, which yields three possible image pairs
for feature tracking. We performed all three comparisons and averaged the results
together to create the final wind vector field. However, before averaging, we removed spurious results (typically caused by image seams) from the three individual
comparisons; thus, not all locations in the final, averaged wind vector field for the
Galileo data set have contributions from all three feature tracking comparisons. We
filled in any locations with missing data in the final wind vector fields for each of
the three epochs in this study using nearest-neighbor averaging (defining the value
of the wind at the location of a missing pixel to be the average of the values in its
8 neighboring pixels).
5.3 Results
5.3.1 Wind Vector Maps
We performed a visual inspection of the vortices in order to define a central meridian
and latitude for the Ovals based on their cloud patterns. Our examination also
defined the edges of the vortices from the visible cloud morphology in order to gauge
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vortex sizes. We calculate vortex eccentricities by using the lengths of the semimajor and semi-minor axes defined by our visual assessment. Table 5.2 summarizes
the values for the central points for the vortices as well as their lengths.
Figure 5.1 shows our measured wind vectors corresponding to Oval DE and BC
along with a teardrop-shaped cyclone overlain on one of the Galileo mosaics. We examine Oval DE’s cloud structure and measure its spatial extent to be approximately
8.5◦ x 6◦ (9,000 x 7,000 km), with an aspect ratio of 1.24. (We define aspect ratio
as the ratio of the major (east-west) axis length with the minor (north-south) axis
length.) We estimate its central latitude to be 29.5◦ S. Many of the details regarding
the jets noted by Vasavada et al. (1998) match what is seen in our current results.
For example, the image is bounded at the north by the eastward jet centered at
24◦ S, though our results only show the southern edge of this jet. Furthermore, the
eastward jet between 32 and 33◦ S is also visible, with its northern half appearing
to loop around the intervening cyclone between DE and BC. The notable exception
to the overall general match with Vasavada et al. (1998) in the qualitative jet descriptions is our possible detection of the weak westward zonal jet at 29◦ S between
Ovals DE and BC that was not mentioned in the previous work. Around 104–105◦ W
longitude, we detect a possible portion of this westward jet as it is begins to deflect
north of DE. However, the exact identity of this flow is unclear. It could simply be
a component of the westward jet, although this is uncertain since the 29◦ S westward
jet to the east of Oval BC is not visible in our mosaics. An alternative possibility is
that the flow in question is not part of a jet but is instead part of the northwestward
flow at the cyclone’s southwest quadrant that branches off and eventually becomes
incorporated into DE’s flow. The westward zonal jet is more visible as it flows away
from DE at its western edge near 29.5◦ S, 115◦ W.
Figure 5.2 is a wind vector map from the Cassini flyby data of the newly formed
Oval BA along with a compact anticyclone to its west. The maximum axes for Oval
BA measure nearly 9◦ x 8◦ , with a reduced aspect ratio equal to 1.04. Its central
latitude, as estimated by eye, is 29.25◦ S, almost unchanged from DE’s position
nearly four years prior. The overall shape of Oval BA appears remarkably different
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Figure 5.1: (top) Oval DE (left), cyclone (middle), and a portion of Oval BC
(right) as imaged by Galileo in February 1997. Image contrast has been enhanced
for clarity. (bottom) Image with overlain wind vectors. Vectors have been smoothed
using nearest-neighbor averaging of vectors within 0.25◦ latitude or longitude of the
selected grid point. Less than 2% of the total wind vectors in our data set are shown
for clarity.
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compared with its appearance during the New Horizons epoch and with Oval DE or
BC’s appearance during the Galileo epoch. The outer edge of the vortex is no longer
ellipsoidal but instead approximates a teardrop or triangle. The unusual shape may
be a transient effect of the White Oval mergers, which had just completed, or it
could be an effect originating from the interaction from the vortex and the 24◦ S
eastward zonal jet stream bounding it to its north. Garcia-Melendo et al. (2009)
have performed numerical simulations of Oval BA with the initial latitude of the
vortex as one free parameter. Their results suggest that the latitude of Oval BA
affects its dynamical shape, and have found that when Oval BA is at the latitude
in which it resided during the Cassini flyby, its shape becomes more triangular,
and when it drifts to the south, like where it ultimately wound up during the New
Horizons flyby, its shape is more symmetric and ellipsoidal.
The relatively wider-angle perspective provided by this image yields insight into
how the background zonal jets interact with the vortices. At the northern boundary
of this image is the strong westward jet located at 18◦ S. The two prominent eastward
jets at 24◦ S and 33◦ S are also obvious in Figure 5.2. However, the triangular shape
of Oval BA may be affecting the flow of the jet at 24◦ S, as its northern tip appears
to cause some of the jet’s flow to be diverted southward around the vortex (239◦ W,
25◦ S). The re-connection of the flow with the eastern half of the jet (235◦ W, 24◦ S)
appears to be associated with a bright white cloud feature that appears to branch off
from the vortex and become entrained in the jet stream. It is possible to trace out
the westward jet at 29◦ S flowing southwestward from the northwestern quadrant of
Oval BA south of a cyclonic feature west of BA and then to the north of a compact
anticyclone. The jet is also seen at the eastern edge of the image and appears
to deflect completely to the north and merge with the eastward jet at 24◦ S. The
jet deflection appears similar to “circulating currents” noted during observations
of disturbances in Jupiter’s atmosphere that temporarily disrupt the alternating
jet stream pattern (Rogers, 1995). However, unlike the recirculating currents that
developed east of the Great Red Spot as part of a South Tropical Zone Disturbance
(one example is shown in detail in Smith et al. (1979), with measurements of this
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recirculating current discussed in Legarreta and Sánchez-Lavega (2005)), it does not
appear likely that a similar atmospheric disturbance is causing the deflection east
of Oval BA in this case. Instead, the recirculating pattern is likely the result of the
simple interaction of the jet with the vortex. Another possibility is that we are not
observing the jet at all, but instead a loosely organized, weak cyclonic vortex that
is accompanying Oval BA to its east as part of a von Kármán vortex street. This
would certainly fit the pattern of vortices already present in the region.
Our final wind vector map, from New Horizons, is shown as Figure 5.3. In its
most recent epoch, Oval BA has evolved back into its classic ellipsoidal shape. The
zonal extent of the clouds associated with the vortex appears to have expanded considerably: we estimate its size at 11◦ x 7◦ . Its aspect ratio also significantly increased
to 1.49. The central latitude of the system during this observation is estimated to be
at almost 30◦ S (with the caveat that we are unable to absolutely navigate the images
because a limb is not present in the data set), indicating that the Oval has drifted
slightly southward. This southward drift matches the overall conclusion regarding
the latitudinal position of the vortex made by Garcia-Melendo et al. (2009) from a
more complete set of Oval BA observations. Both of the jets at 24◦ S and 33◦ S are
clearly evident. However, in contrast with the Cassini observations, the jet at 24◦ S
appears largely unaffected by BA, whereas the jet at 33◦ S is slightly deflected to
the south. Unlike our Galileo and Cassini observations, we do not detect the weak
westward jet at 29◦ S.
5.3.2 Wind Profiles
Figures 5.4 and 5.5 display zonal and meridional wind profiles for Ovals DE and
BA. We constructed these profiles by first using the central meridians and latitudes
for the Ovals shown in Table 5.2. We then took wind measurements within 1◦
of the central axis and averaged them in 0.25◦ latitude (longitude) bins for the
zonal (meridional) wind profile. We only use the zonal and meridional components
of the wind vectors when creating these profiles. We have also supplemented the
zonal wind profile in Figure 5.4 with manual measurements to demonstrate the
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Figure 5.2: (top) Oval BA as imaged by Cassini in January 2001. Image contrast
has been enhanced for clarity. (bottom) Image with overlain wind vectors. Vectors
have been smoothed using nearest-neighbor averaging of vectors within 0.25◦ latitude
or longitude of the selected grid point. Less than 2% of the total wind vectors in
our data set are shown for clarity.
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Figure 5.3: (top) Oval BA as imaged by New Horizons in February 2007. Image
contrast has been enhanced for clarity. (bottom) Image with overlain wind vectors.
Vectors have been smoothed using nearest-neighbor averaging of vectors within 0.25◦
latitude or longitude of the selected grid point. Less than 2% of the total wind
vectors in our data set are shown for clarity.

103
fidelity of our automated method. When assuming a 1 pixel error in our manual
measurements, this corresponds to ∼5 m s−1 uncertainty for each measurement in
the Oval DE (1997) and Oval BA (2007) data sets, and a ∼20 m s−1 uncertainty
for each measurement in the Oval BA (2001) data set. Other sources of error
(navigational, etc.) would contribute additional uncertainty to the measurements.
Our zonal wind profile provides evidence for a substantial increase in speed
between Galileo and New Horizons within the southern portion of the Ovals’ flow
collar, even when we consider any residual uncertainty in the navigation of the New
Horizons data. We also note from Figure 5.4, that the peak values for the zonal wind
from the velocity profile in the southern half of Oval BA in 2007 is now comparable
to the peak values from the profile of the southern half of the Great Red Spot in
2000 (Choi et al., 2007). In contrast to the southern half of the vortex, the northern
portion of the flow collar does not change as dramatically: the measurements of
Oval BA from 2007 show that the flow is quite similar to the flow seen in Oval
DE in 1997 in the northern half and does not show stronger flow like in the south.
However, the decrease in velocity at the northern half of the collar between 1997
and 2001 is likely associated with Oval BA’s shape, as the growth of the vortex to
its north can be clearly seen in the Cassini wind profile. A possible consequence of
the vortex’s new shape is the interaction of the 24◦ S jet with the flow of Oval BA,
producing a weaker current in the flow collar than previously measured in 1997. The
subsequent increase in the speed of the northern flow collar between 2001 and 2007
could be an effect of the vortex reverting back to a more stable configuration (note
the similarities in the northern half of the 1997 and 2007 profiles). This process of
restoring the vortex’s shape back to its more ellipsoidal form may have played a role
in increasing the velocity of the vortex and/or transporting chromophores, though
further studies are necessary to determine if the timing of the coloration event and
the evolution in the dynamics is more than a coincidence.
When comparing our zonal wind profile of Oval DE with the profile reported
by Vasavada et al. (1998), we show agreement in the shapes of the profiles and
the magnitude of the peak velocity at the northern collar. The peak values along
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the transects in Figures 5.4 and 5.5 are listed in Table 5.2. The peak velocity at
the southern collar in the current profile is ∼10 m s−1 less than the peak value
measured by Vasavada et al. (1998). The methods for constructing the profiles are
identical, and the central meridians for Oval DE defined in both studies are similar
(110.3◦ W vs. their 110.5◦ W). The difference could be the result of implementing
a higher resolution grid for extracting our wind vectors, or because the current
profile averages results from three separate feature track comparisons (Vasavada
et al. (1998) only used one image pair). A similar discrepancy occurs with the
Cassini zonal wind profile of Oval BA reported in Simon-Miller et al. (2006); they
report the peak zonal wind along their profile to be > 150 m s−1 , which is ∼40m
s−1 above our results. We speculate that the cause of this difference may lie in the
sheer quantity of velocity vectors in our data set compared to the number of vectors
manually tracked by Simon-Miller et al. (2006), and that our data set thus includes
more measurements of slower flow.
We observe strengthening in the western portion of Oval BA when comparing
the meridional wind profile (Figure 5.5) before and after its color change. However,
this increase in velocity for the western portion from 2001 to 2007 may also be
associated with the interaction of the 24◦ S jet at the northern tip of Oval BA in
2001 and its effects downstream in the flow, or could be associated with a variety
of other effects resulting immediately from the final White Oval merger. A slight
weakening is seen in the eastern portion, though the peaks in the eastern portion
of the profile are all within 10 m s−1 of one another. We also note that there is
remarkably little change in the horizontal (east-west) length of the vortex when
using the metric of the peak-to-peak length in the meridional wind profile. This is
in contrast to the significant lengthening observed when assessing the Oval’s length
based on its visible clouds. The contrasts in length between the cloud morphology
and the velocity profile suggest some discretion when interpreting visible changes
in vortex clouds as a marker for changes in the physical flow (Shetty et al., 2007).
Continued caution is warranted when relying solely on these metrics when assessing
a vortex’s dynamical state as a vortex’s influence only ends when its flow matches
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Figure 5.4: Zonal wind profile for Ovals DE and BA throughout the epoch studied
in this chapter. The zonal component of the wind is averaged in 0.25◦ latitude
bins over 2◦ longitude centered at the Oval’s central meridian (shown in Table 5.2).
Manual wind measurements for all three epochs are also shown with corresponding
symbols.
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that of the ambient flow.

Figure 5.5: Meridional wind profile for Ovals DE and BA throughout the epoch
studied in this chapter. The meridional component of the wind is averaged in 0.25◦
longitude bins over 2◦ latitude, centered at the Oval’s central latitude (shown in
Table 5.2). The zero longitude for each profile is defined as the location of the peak
northward velocity, and longitude is positive east for this figure only.
Nevertheless, we note several evolving characteristics of Oval DE/BA when examining both its cloud morphology and its velocity profiles. The remarkable trait
about Oval DE’s velocity profile is that it is quasi-symmetrical: the zonal velocities along its northern and southern sides are similar, and the meridional velocities
along the eastern and western sides are similar, but ∼20 m s−1 slower than the
zonal flows, as shown in Table 5.2. This symmetry is broken in Oval BA, as the
southern portion of the flow is typically stronger than the rest of the vortex. There
is a ∼50 m s−1 difference in the zonal wind magnitudes between the northern and
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southern portions of Oval BA that is consistent in both 2001 and 2007. However,
the inherent magnitudes of the velocity profile peaks themselves increase by nearly
20 m s−1 from 2001 to 2007. This increase in the velocities may be associated with
Oval BA’s color change. When examining both its cloud aspect ratio and velocity
profiles, we note a decrease in the Ovals’ aspect ratios between Galileo and Cassini,
followed by an increase between Cassini and New Horizons. We summarize all of
these quantitative characteristics in Table 5.2.
5.3.3 Velocity Magnitudes
Figure 5.6 is a map of velocity magnitude |v|, where |v| =

√

u2 + v 2 , and u and v

are the zonal and meridional velocities, respectively. We smoothed the map using
nearest-neighbor averaging of data within 0.25◦ latitude or longitude of each pixel.
Though it may appear from Figure 5.6 that the interiors of the Ovals are relatively
calm, our velocity profiles (Figures 5.4 and 5.5) reveal that velocity simply increases
with radial distance (i.e. angular velocity is essentially constant). This structure
contrasts with the structure of the Great Red Spot, where the flow is mostly confined
into an outer collar (Marcus, 1993), and where its interior region slowly flows in the
opposite direction as the outer flow collar (Vasavada et al., 1998; Choi et al., 2007).
During the Galileo epoch, the structure of Oval DE appears relatively symmetric,
with the northern portion of the flow collar slightly stronger than the remainder of
the collar. The structure of BA from Cassini onward is remarkably different; the
southern portion of the flow collar is clearly stronger than the other three quadrants. We also note moderate increases in the flow’s velocity before and after Oval
BA’s color change in the southern portion of the vortex. These increases are modest in magnitude (∼20–30 m s−1 ) but notable for the areal extent in which these
increases appear to have taken place within the vortex, as seen when comparing
the velocity maps of Oval BA in 2001 (Cassini ) with velocity maps of Oval BA in
2007 (New Horizons) in Figure 5.6. This somewhat confirms observations of fast
winds reported by Simon-Miller et al. (2006) and Cheng et al. (2008a), but not to
the magnitude previously reported by these studies. Table 5.2 lists the maximum
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Cloud Morphology
Cent. Lat Cent. Lon
Oval DE (1997)
29.5◦ S
110.3◦ W
Oval BA (2001)
29.3◦ S
237.3◦ W
Oval BA (2007)
30.0◦ S
219.6◦ W

Oval DE (1997)
Oval BA (2001)
Oval BA (2007)

Oval DE (1997)
Oval BA (2001)
Oval BA (2007)

Cloud Morphology
E-W Length
N-S Length
Aspect Ratio
◦
3
◦
3
8.5 (9.1 × 10 km) 6.2 (7.4 × 10 km)
1.24
◦
3
◦
3
8.7 (9.3 × 10 km) 7.8 (8.9 × 10 km)
1.04
11.0◦ (11.7 × 103 km) 6.8◦ (7.8 × 103 km)
1.49
Wind Profiles
E-W Length
N-S Length
Aspect Ratio
5.5◦ (5.9 × 103 km) 3.8◦ (4.4 × 103 km)
1.32
6.3◦ (6.7 × 103 km) 5.3◦ (6.1 × 103 km)
1.11
◦
3
◦
3
6.3 (6.7 × 10 km) 4.7 (5.5 × 10 km)
1.23

Peak Wind Profile Velocities (m s−1 )
u (N) u (S) v (W) v (E) Peak Indiv. Meas.
Oval DE (1997) -92.9 96.3
-71.9
76.7
104.1
Oval BA (2001) -66.8 117.0 -66.9
85.4
122.5
Oval BA (2007) -85.5 138.9 -85.2
78.0
150.6
Table 5.2: Lengths and eccentricities of Oval DE and Oval BA using criteria based
on their wind profiles or on a visual inspection of their cloud morphology. We define
aspect ratio as the ratio of the major (east-west) axis length with the minor (northsouth) axis length. Aspect ratios may appear to be slightly off due to rounding of the
listed measurements. The listed wind profile velocities are the values of the peak
zonal (meridional) velocities along the central latitudinal (longitudinal) profile of
the vortex. The peak individual wind vector measurements reported are the highest
wind velocity values measured in the smoothed velocity maps.
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values of individual velocity measurements in the smoothed maps, which are slightly
lower than previous studies; Simon-Miller et al. (2006) and Cheng et al. (2008a) report 180 and 172 m s−1 , respectively, as maximum tangential wind values for Oval
BA from Hubble Space Telescope and New Horizons data. In our raw, unsmoothed
wind measurements, we report that some isolated areas of BA appear to be flowing
near 180–190 m s−1 during New Horizons. However, these regions occupy only a
very small fraction of Oval BA’s southern collar, and often manifest as individual
pixels in our full-resolution wind vector map, suggesting that these sharp spikes in
speed could be a result of random measurement noise. As shown in Figure 5.6,
typical peak speeds throughout the bulk of the southern collar are ∼140–150 m s−1 .
The maximum individual wind measurements in the smoothed velocity maps for
Oval DE during the Galileo era, and Oval BA during the Cassini flyby (104 and
122 m s−1 , respectively) are considerably lower than the New Horizons Oval BA
measurements.
5.3.4 Cyclones
Cyclones are an enigmatic component of Jupiter’s atmosphere. Jovian anticyclones
are typically easier to distinguish, as they organize themselves into coherent, compact oval structures (spots). More than 90% of the visible spots in Jupiter’s atmosphere are anticyclonic (Mac Low and Ingersoll, 1986; Li et al., 2004). Cyclonic
spots, in contrast, are relatively rare and are usually noted as “brown barges” in
tropical latitudes (Hatzes et al., 1981). Typically, cyclonic areas on Jupiter are zonally elongated, filamentary structures that may be multi-lobed (Morales-Juberı́as
et al., 2002). Simon et al. (1998) and Youssef and Marcus (2003) highlight the
significant role that cyclones have had in the evolution of the White Ovals. Furthermore, Legarreta and Sánchez-Lavega (2005) performed a quantitative study
regarding the vorticity and velocity of cyclones and anticyclones from Voyager and
Galileo imagery and determined that the vorticity of cyclones, like their anticyclonic
counterparts, increased towards their periphery. Furthermore, the magnitude of the
vorticity tended to be controlled primarily by their latitudinal location and not by
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Figure 5.6: Map of velocity magnitude for Ovals DE/BA from 1997–2007. The
velocity map has been smoothed using nearest-neighbor averaging of data within
0.25◦ latitude or longitude of each pixel.
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other physical characteristics such as the size of the vortex or by the meridional
wind shear conditions present surrounding the vortex.
We examine the wind flow of the two prominent cyclones imaged in our mosaics
(Figure 5.7). The presence of a particularly large, coherent cyclone imaged by
Galileo between White Ovals DE and BC is striking, but also critical to prevent the
Ovals from merging with each other (Youssef and Marcus, 2003). This particular
interloping cyclone is large, encompassing an area approximately 5◦ x 4◦ . However,
its shape is irregular, with a wide, northern elliptical lobe attached to a southern
blunted tip. The cyclone’s flow structure is also somewhat peculiar. A meridional
wind profile taken across the cyclone’s central latitude reveals its velocity peaks to
be 55.1 and -83.8 m s−1 on its western and eastern flanks, respectively. However,
the peak meridional wind on the western flank is somewhat misleading, as the flow
there is more northwestward instead of directly northward. Velocity magnitudes in
that region typically range between 80 and 100 m s−1 . The northern portion of
the cyclone flows somewhat slower, with a peak zonal wind at 54.9 m s−1 . Overall,
the velocity magnitudes of the cyclonic vortex imaged by Galileo on its eastern and
western sides are comparable to the velocity magnitudes for its two neighboring
anticyclones, as shown in Figure 5.6. Eventually, this cyclone either dissipated or
failed to obstruct the White Ovals, allowing DE and BC to merge shortly after the
Galileo E6 observations.
In the Cassini observations, a cyclonic feature appears to the west of Oval BA
and to the east of a small, compact anticyclone. This cyclonic feature appears
filamentary and turbulent, but our wind field reveals that the flow is cyclonic and
relatively laminar. Marcus (2004) demonstrated through his numerical simulations
that the physical appearance of the clouds are not necessarily representative of
the flow characteristics of the underlying vortex. In his simulations, a compact,
oval cyclone would generate filamentary and chaotic cloud patterns. This cyclonic
feature appears to fit that description. We also note the similarity in shape with
the cyclone observed by Galileo: both vortices crudely resemble an upside-down
triangle, with a wider extent in its northern half and a blunt tip to its south. One
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key difference is that the cyclonic feature imaged by Cassini extends further to the
north and appears to be interacting with the southern portions of the westward jet
at 24◦ S.
We also note the presence of bright white clouds in the interior of this cyclonic
feature (Figure 5.8). These bright clouds do not appreciably change in morphology
or size in the relatively short time interval between images. These clouds are among
the brightest pixels in the entire map and could be thunderstorms. Gierasch et al.
(2000) previously observed thunderstorms and night-side observations of lightning
within the storms using Galileo images. The lightning identified by Gierasch et al.
(2000) was located in a cyclonic feature west of the Great Red Spot. Dyudina et al.
(2004) conducted a search for lightning occurring in Cassini flyby images but did
not recognize this cyclonic feature west of Oval BA as a location where lightning was
spotted in subsequent nightside images. However, we note that their study identified
bright, white clouds seemingly embedded within the turbulent wake region northwest
of the GRS where associated lightning had been detected in nightside images. The
bright, white clouds in the GRS turbulent wake appear to be similar to the clouds at
the center of the cyclonic feature west of Oval BA, as they are clearly local maxima
in albedo and are comparable in shape and size.
The New Horizons images only partially observe the cyclonic feature northwest
of Oval BA. Our wind field confirms that the outer periphery of the region is also
circulating cyclonically. Its overall morphology is again similar with what is seen
in the Cassini images: folded, turbulent ribbons of clouds along with bright, white
localized clouds (Figure 5.8). These clouds are again among the brightest pixels in
the entire map and presumably could be thunderstorms. Unfortunately, we cannot
determine how these clouds evolve in the 30-minute interval between images; these
clouds only appear in the later (second) image in the New Horizons image pair as the
earlier (first) image does not extend sufficiently to the west. A search for lightning
during the New Horizons flyby of Jupiter (Baines et al., 2007) also does not identify the region northwest of Oval BA as a location with observed lightning flashes.
However, it appears that their study was focused on observing higher latitudes and
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Figure 5.7: Wind vector map showing the flow in the cyclone in between Oval
DE and BC during Galileo (left) and in the cyclone region located west of Oval
BA during Cassini (right). For this figure, wind vectors have been smoothed using
nearest-neighbor averaging of vectors within 0.25◦ latitude or longitude of each grid
point. For clarity, we show ∼6% (left) and ∼3% (right) of the wind vectors in our
data set.
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Figure 5.8: Images of the bright clouds imaged in the cyclonic region west of
Oval BA during Cassini (left) and New Horizons (right). Image contrast has been
enhanced in this figure for clarity.
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may have neglected mid-latitudes. We also note an extensive region with filamentary, ribbon-like clouds southwest of Oval BA that also exhibits relatively smooth,
coherent flow. The latest observations of Oval BA from a GRS/BA conjunction in
July 20082 reveal that the cyclonic feature northwest of BA remains present and
may be a long-term feature of the entire system. Overall, the apparent longevity
of this region, the localized bright thunderstorms, and the overall folded, turbulent
morphology of the clouds are evidence that the cyclonic feature northwest of Oval
BA is very much analogous to the turbulent wake region northwest of the Great Red
Spot.
5.3.5 Vorticity
We implement the approach of Dowling and Ingersoll (1988) to measure vorticities
directly from the wind field maps. Because we only measure horizontal flow, we can
only assess the vertical component of vorticity. Relative vorticity ζ is defined as
ζ=−

1 ∂v
1 ∂u u
+ sin φ +
R ∂φ r
r ∂λ

(5.1)

where r and R are the zonal and meridional radii of curvature, φ is planetographic
latitude, and λ is longitude, positive east. (The longitude in our images and results
are positive west and were converted to positive east for the vorticity calculation.)
Absolute vorticity η is simply η = ζ + f , where f is the Coriolis parameter 2Ω sin φ.
The equation for vorticity requires calculation of the spatial derivatives for zonal and
meridional velocities. When constructing the maps for these quantities, we extract
a finite quantity of vectors within 0.5◦ in both latitude and longitude around each
map pixel. Following Dowling and Ingersoll (1988), we fit the extracted vectors
to a linear function in λ and φ. This smoothing simplifies the calculation of the
spatial derivatives, which are determined from the slope of these linear fits. Once
the vorticity and divergence quantities are calculated, the algorithm systematically
repeats these steps at the next map pixel.
2

http://hubblesite.org/gallery/album/entire collection/pr2008027a/
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Figure 5.9 presents a map of relative vorticity between 1997–2007 for Ovals DE
and BA. Across all three epochs, the anticyclonic relative vorticity of the Ovals is
clearly evident. Examination of the vorticity structure of Oval BA during Cassini
supplements the argument that the anticyclone was in an atypical state. Both the
spatial extent and magnitude of the maximum vorticity anomaly at the central
regions of the anticyclones appears to be smaller during the Cassini epoch than
during the Galileo and New Horizons observations. This could also be a response
to the merger, or a consequence of Oval BA’s interaction with the 24◦ S zonal jet at
its northern boundary during the Cassini observations.
A ring of cyclonic vorticity, similar to the structure found surrounding the Great
Red Spot flow collar (Choi et al., 2007), can be seen surrounding Ovals DE and
BA in Figure 5.9. In 2007, this cyclonic ring appears to be somewhat stronger and
more defined at the southern portion of the cyclone, which is likely associated with
the increased velocity within the southern flow collar of Oval BA in combination
with the relatively unchanging ambient wind field. The apparent strengthening
of the cyclonic ring may also be a signature of stronger downwelling motion in
the peripheries of Oval BA. The overall circulation pattern would be thermally
indirect (Conrath et al., 1981), and suggestive that upwelling and vertical transport
is occurring at the core of Oval BA in tandem with the downwelling.
The cyclone between the two Ovals is clearly apparent in Figure 5.9 as an expansive area of negative relative vorticity. However, the vorticity structure of this
cyclone is somewhat peculiar. The strongest areas of vorticity are concentrated
along its flow collar whereas its core exhibits weaker negative vorticity. This is opposite in structure compared with the White Ovals and Oval BA, whose relative
vorticity weakens with increasing distance away from their centers. Whether or not
this structure is typical of Jovian cyclones is unclear. We note that Hatzes et al.
(1981) measured the flow in a long-lived cyclonic barge in the tropics to reveal a
structure similar to what we have measured (a relatively calm center with cyclonic
flow at its boundary). The cyclonic feature west of Oval BA during the Cassini observations exhibits this same structure in its flow and vorticity, though its relative
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Figure 5.9: Map of relative vorticity for Ovals DE/BA from 1997–2007. Positive
(negative) values are anticyclonic (cyclonic) areas.
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vorticity appears to be weaker in magnitude along its collar compared with the cyclone imaged in the Galileo data set. In any case, additional studies of the detailed
flow dynamics of Jovian cyclones are required before determining the prevalence of
this structure among all cyclonic Jovian vortices.
5.4 Discussion
The recent reddening of Oval BA has sparked a burst of attention towards the
vortex. Multiple works, this one included, are attempting to untangle the truth
behind the transformation with the precious number of available data sets useful
for relatively precise analysis through automated cloud tracking techniques. Unfortunately, it has become relatively difficult to build a consensus from the collection
of recent literature regarding Oval BA’s dynamics, as there are apparent contradictory conclusions between several published and ongoing studies. Furthermore, these
comparisons between studies are complicated by the varying metrics that authors
employ in analyzing the vortex’s dynamics, ranging from reporting the measurement
of the fastest individual wind vector to reporting the highest value of the velocity
profile generated from an aggregate of discrete measurements. There have been
formal and informal discussions that inadvertently compare these two quantities to
each other, when this is not a valid comparison.
Table 5.3 is a compilation of the major dynamical characteristics of Oval BA
before and after its color change from an inspection of recent and pending literature.
We present comparisons of the wind profiles generated by the series of studies as well
as the peak individual wind velocities reported in these works. The quantities for the
velocity profile peaks correspond to the maximum value of the zonal or meridional
wind profile at each quadrant of Oval BA. The individual measurement peaks are
the highest reported wind values made anywhere throughout the vortex; these have
been reported previously as simply “velocities,” “peak magnitudes,” or “tangential
velocity.”
From Table 5.3, we see that several works, including our own, consistently show
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Velocity Profile Peaks
Data set
u (N)
Cassini (2000a)
-64.2
Cassini (2000b)
-70
Cassini (2001)
-72
Cassini (2001)
-66.8
Average
-68.3
HST (2006)
-84.7
HST (2006)
-90
New Horizons (2007)
-80
New Horizons (2007)
-95
New Horizons (2007) -85.5
Average
-87.0

u (S) v (W) v (E)
114.8 -79.4
91.4
110
-80
90
101
-90
98
117
-66.9
85.4
110.7 -79.1 91.2
126.2 -90.7
95.9
125
-80
80
115
-85
80
105
-97
99
138.9 -85.2
78
122.0 -87.6 86.6

Source
Asay-Davis et al. (2009)
Hueso et al. (2009)
Sussman et al. (2009)
this work
Asay-Davis et al. (2009)
Hueso et al. (2009)
Hueso et al. (2009)
Sussman et al. (2009)
this work

Individual Measurement Peaks
Data set
Velocity Source
Cassini (2000b)
135
Hueso et al. (2009)
Cassini (2001)
132
Sussman et al. (2009)
Cassini (2001)
165 ± 45 Simon-Miller et al. (2006)
Cassini (2001)
122.5
this work
Average
138.6
HST (2006)
180 ± 70 Simon-Miller et al. (2006)
HST (2006)
130
Hueso et al. (2009)
New Horizons (2007) 172 ± 18 Cheng et al. (2008a)
New Horizons (2007)
135
Hueso et al. (2009)
New Horizons (2007)
127
Sussman et al. (2009)
New Horizons (2007)
150.6
this work
Average
149.1
Table 5.3: A comparison of values from recent works examining the dynamics of
Oval BA before and after its reddening. All velocities are in m s−1 . We also average
the pre-reddened and reddened measurements for comparison. Note that similar,
but non-identical, methods are used in averaging the data when constructing profiles
for each study.
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a ∼20 m s−1 difference before and after the color change in the peak value of the
zonal wind profile in the northern half of the vortex; thus, one consensus established
by the armada of works regarding Oval BA’s dynamics is that the dynamics of the
vortex definitely transformed in the northern portion of the vortex in the ∼5 years
between observations. This is most likely a consequence of the decreasing latitudinal
extent of the vortex and the subsequent cessation of its interaction with the 24◦ S
zonal jet. The consensus for the remaining quadrants is somewhat more difficult to
demonstrate. It appears that the meridional wind along Oval BA’s eastern portion
has experienced a slight decrease in speed between observational epochs. Furthermore, there are also clues suggesting that both Oval BA’s meridional wind on its
western edge, and its zonal wind on its southern flank, have slightly increased in
magnitude. Unfortunately, the evidence for these changes is not as conclusive as the
evidence for the change seen at the vortex’s northern quadrant before and after the
color change (i.e. Cassini to New Horizons in the peak value, as individual studies
suggest either no changes or a changes opposite to that suggested by the statistical
trend. In addition, the magnitude of the differences in the velocity profile peaks between the two observational eras may not appear to be significantly more than the
amount of measurement uncertainty present. However, it is important to remember
that all of these profiles are aggregates of tens to hundreds of individual measurements, each with its own amount of uncertainty, at every point along the latitudinal
or longitudinal profile. The ensemble of discrete measurements creating the profile
itself would reduce the uncertainties in the values of the velocity profile themselves,
implying that these differences in the profiles should not be automatically dismissed
as statistically insignificant. Overall, our comparative study examining velocity profiles suggests that Oval BA experienced a modest and spatially non-uniform change
in its dynamics sometime between 2001 and 2006, which may or may not have been
associated with the coloration event.
Another way of comparing the dynamics of the vortex before and after its color
change involves examining the peak individual wind vector measurements. This
method has been used historically to characterize vortices and measurements of their
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winds. Unfortunately, it is typically not as statistically robust as the comparison
of velocity profiles since a single measurement is susceptible to the random errors
inherent within the measurement technique. Despite this shortcoming, we proceed
with exploring this metric here. The broad picture emerging when examining peak
individual measurements reported in the published and ongoing studies to date
is that it appears unlikely that Oval BA experienced a significant acceleration of
the flow between the two observational eras before and after the coloration event
that resulted in very high wind velocities (> 170 m s−1 ). When solely examining
the reports from Hueso et al. (2009) and Sussman et al. (2009), both report peak
individual measurements that remain fairly consistent between observation eras.
Both Simon-Miller et al. (2006) and Cheng et al. (2008a) report inherently higher
values for their velocity measurements, but their reported velocities remain relatively
steady before and after the vortex’s reddening. (However, these higher values would
represent a significant strengthening in Oval BA’s flow compared to typical values of
the White Ovals’ velocity during Voyager and Galileo.) In contrast with the other
studies, our results suggest that Oval BA experienced a moderate increase in its wind
speed between observation eras that is mostly confined to the southern portion of
its flow collar, as seen in Figure 5.6. However, our measurements indicate that the
typical flow of the vortex is somewhat slower than the high velocities previously
reported by Simon-Miller et al. (2006) or Cheng et al. (2008a).
Thus, the comparison of individual measurement peaks may not be as useful
of an approach for characterizing the overall dynamical state of a vortex and what
changes (if any) the vortex may have experienced. Because these are single, individual measurements selected from a collection of hundreds or thousands of wind
vectors, the direct comparison of them across studies may be inadvertently deceptive
and lead to somewhat inaccurate conclusions. We must be cautious in how these
measurements are compared with each other. For example, the overall conclusion
drawn from a comparison that only highlights the peak individual wind measurements in our current study (the velocity changed moderately) is contradictory with
the conclusions drawn from either a sole comparison of individual measurement

122
peaks from other studies (the velocity remained consistent) and with the conclusion
drawn from inspecting the velocity profile peaks across various studies (the velocity
experienced a modest change that was non-uniform throughout the vortex). It would
also be somewhat precarious to conclude that the vortex’s dynamics have remained
constant simply by reporting the apparent stability of the individual measurement
peaks between observations. Comparison of individual measurement peaks may be
an oversimplification of the vortex’s dynamical meteorology because it omits a large
fraction of the results, especially given the current generation of automated techniques that yield a copious amount of wind vectors. One could imagine a scenario
where two velocity distributions or profiles have different mean values and standard
deviations, but both distributions coincidentally having the same maximum velocity
value in its data set. Thus, when possible, we advocate velocity profiles as a primary benchmark in comparative studies of atmospheric phenomena from different
observations. The ideal scenario, however, is the comparison of full two-dimensional
wind vector maps that reveal the structure of the circulation contained within these
atmospheric features.
Apart from its dynamical evolution, Oval BA experienced a remarkable transformation in its visible appearance before and after its color change apart from its
hue. The Oval’s overall shape as of New Horizons bears a strong resemblance to the
typical White Oval form from the Voyager and Galileo eras. The one major difference is the presence of chromophores within the vortex producing a general reddish
color overall to the vortex. Observations with HST using various spectral filters
indicated that the same coloring agent is likely responsible for the color of both the
GRS and Oval BA (Simon-Miller et al., 2006). Further spectral analysis concluded
that Oval BA extends high into the upper troposphere, also like the GRS. Note that
the zonal belts on Jupiter are also colored dark red or brown, but this appearance
is likely attributed to a thick, blue-wavelength absorbing or scattering haze overlying clouds at a deeper altitude than clouds at the zones, which are colored white
(Simon-Miller et al., 2001). Because cyclonic features on Jupiter also appear to be
red, it is likely that an unknown coloring agent originating at depth is responsible
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for the coloring of the vortices (Simon-Miller et al., 2006). Furthermore, SánchezLavega et al. (2008) observed a towering plume in the northern tropical latitudes
of Jupiter during a planetary-scale outburst in March 2007. This plume left in its
wake a disturbance that contained red aerosols, which promotes the idea that the
coloring agent responsible for the hues in Jupiter’s visible appearance originate in
the abyssal atmosphere. Pérez-Hoyos et al. (2009) have recently performed studies
regarding the spectral properties of the chromophores within the vortex using standard cloud models of Jovian anticyclones and multispectral data from the Hubble
Space Telescope. Their study finds that the cause of the color change in Oval BA is
most likely associated with a change in the composition and single scattering albedo
of the particles rather than a change in the size distribution of particles within the
vortex. In addition, their study concludes that the vertical transport of either inherently red particles or a compound that reacts with incident solar flux and darkens
when reaching the upper troposphere is most likely responsible for the coloration
of Oval BA. However, this vertical transport would not grossly affect many of the
physical and dynamical properties of the vortex, and is likely to be fairly subdued
in comparison with typical horizontal mixing and transport rates simultaneously
occurring in the atmosphere.
Though evidence for vigorous and significant change in Oval BA’s dynamics
before and after its color change is beginning to diminish, we believe that there is
evidence for a more modest and subdued evolution. Furthermore, this moderate
change in the dynamics may have led to the vertical transport of colored particles
or gases that condensed or reacted into something which subsequently caused the
coloration. When considering what role dynamics had in the reddening of Oval BA,
it naturally leads to questions regarding the energy source for the velocity increase.
In the shallow-water approximation, potential vorticity (q) is defined as
q=

ζ +f
h

(5.2)

where h is the fluid thickness. If potential vorticity is conserved, an increase in
magnitude of ζ through a spinning up of the vortex would result in an increase in h
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(i.e. a thicker fluid layer), implying vertical transport both upward and downward
within the fluid column through column stretching. Isolated vortices tend to lose
energy via Rossby wave radiation (Rhines, 1975), an interaction that can eventually destroy coherent vortices. Theiss (2006) demonstrated that at specific latitudes
on Jupiter, this effect can be suppressed, allowing maintenance of long-lived vortices; the White Ovals and Oval BA exist at one of these special latitudes. Thus,
the prevention of Rossby wave radiation by Jovian vortices likely plays a role in
maintaining the vortices against decay. However, additional energy sources are also
thought to contribute towards vortex longevity, and perhaps could have played a
role in spinning up Oval BA. Absorption of smaller vortices by larger ones has been
postulated (Vasavada and Showman, 2005) as one method for sustaining the larger
vortex’s flow (though this would require the smaller vortices possessing greater potential vorticity than the larger vortex). This method seems unlikely as there are
no indications of the White Ovals or Oval BA ingesting smaller vortices in the observational record, though it is commonly observed for the GRS. However, because
amateur telescopes provided most observations of Jupiter between 2001–2007, it is
plausible that these observations did not have the necessary resolution to resolve
the small to medium-scale vortices that could have been absorbed by Oval BA.
Another method of energy transfer could have originated from latent heat release
via moist convection (Barcilon and Gierasch, 1970; Gierasch, 1976; Ingersoll et al.,
2000). Moist convection somewhat overlaps with vortex merger, as convection could
be responsible for creating the compact vortices that potentially merge with larger
ones. Independent from vortex merger, however, is the generation of eddies from
moist convection that possibly sustain and accelerate the flow in its ambient surroundings without the creation of a coherent vortex. The observations of bright,
white cloud patches in cyclonic regions near Oval BA, possibly indicating moist
convection and thunderstorms, lends some credence to this idea. Alternatively, latent heat release could perhaps have occurred within large scale ascent across the
vortex; this can allow energy release even in the absence of thunderstorm generation
(Showman and de Pater, 2005). Perhaps the energy released by such latent heating
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slowly accelerated the flow of Oval BA, gradually causing spin-up of fluid columns,
advection and vertical transport of chemical species from deep layers, and eventual
coloration. Future numerical modeling studies will assess these energy transport
modes and evaluate their applicability to Jovian atmospheric conditions.
The apparent similarities between the Oval BA and the Great Red Spot is intriguing when we consider that some winds on Oval BA now flow at speeds rivaling
those historically observed on the Great Red Spot. It is tempting to speculate that
BA is now a more compact version of the Great Red Spot, especially when considering the resemblances in their color and the turbulent wake regions to the vortices’
northwest. We hope that continued observation and data analysis of Oval BA and
the Great Red Spot coupled with radiative transfer and dynamical modeling of these
systems will prove fruitful in further understanding the similarities and differences
between both vortices.
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CHAPTER 6
THE POWER SPECTRUM OF JUPITER’S TURBULENT KINETIC ENERGY
FROM CASSINI

6.1 Introduction
Arguably, the dominant feature of Jupiter’s dynamic atmosphere is the banded
pattern of zonal jet streams that are quasi-symmetric across the equator and alternate in flow direction. These jet streams correspond well with the latitudinally
interchanging primary cloud albedo pattern of light bands (zones) and dark bands
(belts). Though the atmosphere hosts a variety of other interesting meteorological features such as atmospheric waves, long-lived vortices, and lightning-producing
thunderstorms, the jet streams possess a substantial fraction of the overall energy
in the atmospheric system. These jets have remained relatively constant during the
era of planetary exploration (Vasavada and Showman, 2005), with only a modest
change in the speeds and shapes in a few of the 20+ observed jets. Interestingly,
Vasavada and Showman (2005) also point out that Jupiter’s overall appearance has
changed much more significantly within this era, with the evolution in the facade
and latitudinal extent of its cloud bands, and with the emergence and disappearance
of certain discrete atmospheric phenomena. Nevertheless, to first-order, the zonal
symmetry of Jupiter’s cloud bands has remained constant.
Given the apparent long-term stability of Jupiter’s zonal jets, planetary scientists have long wondered about their energy source and maintenance. The familiar
portion of Jupiter’s atmosphere, containing the jets, vortices, and cloud bands, is
thought to be relatively shallow (i.e. its total thickness is a small fraction of the
planetary radius). Because Jupiter rapidly rotates, average vertical motions in the
atmosphere are essentially negligible when compared to horizontal motions. Thus,
previous numerical modeling studies have been successful in simulating the entire
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fluid layer as a quasi-two-dimensional fluid. When considering how such a twodimensional fluid will ultimately evolve, restrictions exist on the modes of energy
transfer available to the atmosphere. Normally, the process of column stretching in
the fluid would tend to produce smaller structures and promote the direct cascade of
turbulent kinetic energy from large to small scales (Frisch, 1995). However, because
column stretching cannot occur in a two-dimensional fluid, the energy transfer is
forced to go in the opposite direction via vortex mergers or other processes, producing an inverse cascade of energy from small to large scales (Read, 2001; Vallis,
2006). Rhines (1975) was the first to realize that the variation of the Coriolis parameter f with latitude would produce anisotropy in the structures of a freely evolving
atmosphere, and lead to organization of the inverse cascade of energy into zonally
(east-west) elongated structures or jet streams.
One piece of evidence that would suggest an inverse energy cascade are turbulent
eddies that could theoretically inject energy into zonal jet streams. Several previous
studies (Beebe et al., 1980; Ingersoll et al., 1981; Salyk et al., 2006) have attempted to
directly observe and measure this phenomenon by calculating the small-scale deviations in the bulk zonal and meridional flows (u0 and v 0 , respectively) through manual
or automated cloud tracking. When these deviations act in synergy with each other,
producing non-zero values for the correlated deviation (u0 v 0 ), the atmosphere can
transport net momentum latitudinally. Each of these studies demonstrated that
the momentum transport and the velocity of the zonal jets had similar latitudinal
variations, strongly suggesting that the jets are accelerated by a quasi-organized turbulence at cloud level. However, Read (1986) warrants caution because conditions
on Jupiter mostly satisfy the criteria for the ‘non-acceleration theorem’ (Charney
and Drazin, 1961; Andrews and McIntyre, 1976), whereby turbulent eddies do not
accelerate the mean flow but produce apparent non-zero values for u0 v 0 . Nevertheless, the overall evidence strongly suggests the presence of eddies interacting with
the jet streams, though this is not conclusive evidence that an inverse energy cascade
is taking place in the atmosphere.
An alternate method for diagnosing the presence of direct or inverse energy
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cascades lies in the analysis of power spectra and the postulates from classical turbulence theory. The slopes of the kinetic energy power spectra calculated using a
fast Fourier transform (FFT) are essential for determining whether or not there is
evidence for either type of energy transfer (Vallis, 2006). The classic Kolmogorov
energy spectrum is applicable for three-dimensional turbulence, and is characterized
by an energy power spectrum dominated by a region with a slope of -5/3. This portion of the energy spectrum represents the direct energy cascade from large to small
length scales. However, the turbulence energy spectrum is somewhat different for a
fluid that can be approximated as two-dimensional, such as Jupiter’s atmosphere.
In the two-dimensional regime, there are two primary domains in the energy spectrum. One domain, at relatively large wavelengths (small wavenumbers), marks an
inverse energy cascade regime, denoted by the region of the spectrum with powerlaw slopes with a value of -5/3. (Unfortunately, both the direct energy cascade of
three-dimensional flow and the inverse energy cascade of two-dimensional flow exhibit the same theoretical power spectrum slope.) The second domain, at relatively
small wavelengths (large wavenumbers), is the realm of enstrophy transfer, where
enstrophy (one-half the square of relative vorticity) cascades from large to small
length scales. This is marked by a region of the power spectrum with slopes at
approximately -3. The transition in wavenumber space between the domains and
the different slopes occurs at a ‘forcing’ length scale, which is the length scale at
which energy is supplied to the flow.
To date, only a handful of studies have examined the power spectra of data sets
about Jupiter’s atmosphere. The only direct measurement of the power spectrum
of the turbulent kinetic energy from wind measurements is the one performed by
Mitchell (1982). In this work, Mitchell measures the eddy zonal kinetic energy and
determines that the average power spectrum slope for his data is close to -1 but
within the error bounds of the expected -5/3 value. However, this study was forced
to utilize an interpolated regular grid of velocity values from irregularly gridded data
and was further limited to only several jet stream latitudes and did not systematically examine the entire atmosphere. Mitchell and Maxworthy (1985) updated their
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earlier work to report average slopes of -1.3 and -3 in the two domains, with the
transition occurring at planetary wavenumber 45, corresponding to a wavelength
of approximately 8,500 km at 30◦ latitude. Later studies have performed a power
spectrum analysis on cloud opacities to determine the relationship between this and
the kinetic energy power spectrum. Harrington et al. (1996) performed a power
spectrum analysis of cloud opacities in the near-infrared (5 µm), and reported average power-law slopes of -0.7 and -2.9, with the transition occurring at wavenumber
25. Recently, Barrado-Izagirre et al. (2009) analyzed the brightness spectra of cloud
albedos from an analysis of broad global mosaics of Jupiter’s atmosphere. In the
near-infrared and blue wavelengths, the average slopes are -1.3 and -2.5 for the
low and high wavenumber domains, respectively, implying a possible connection
between the physical structure of the clouds in the atmosphere with the kinetic energy cascade powering the flow of these clouds. A second analysis of higher-altitude
clouds observed using an ultraviolet filter returned slopes of -1.5 and -0.7, implying
that a different dynamical regime controlled the atmosphere at this height. In both
wavelengths, the transition between the two domains occurred at wavenumber 80,
corresponding to a wavelength just under 5,000 km at 30◦ latitude.
However, to the best of our knowledge, none of these studies have performed
a direct, extensive comparison of the power spectrum of the cloud distribution in
an image set with wind vectors derived from an analysis of the same image set.
(We note that Mitchell (1982) showed one power spectrum of a digitized albedo
field at one jet stream and determined that its power spectrum reasonably fit a
-5/3 power law.) Such a comparison would significantly constrain what relationship
exists, if any, between the power spectrum of the kinetic energy in an atmosphere
and the power spectrum, physical structure, and spatial variability of the clouds
in the same atmosphere. The work in this chapter strives toward that goal, as
we analyze and compare the power-law slopes of energy spectra of Jupiter’s cloud
albedos and atmospheric kinetic energy using a modern data set (from the Cassini
flyby of Jupiter) and our automated cloud feature tracking technique.
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6.2 Data and Methodology
6.2.1 Overall Characteristics of the Imaging Data
The Imaging Science Subsystem (ISS) (Porco et al., 2004) onboard Cassini obtained
an extensive multi-spectral data set of Jupiter’s atmosphere during its approach to
Jupiter in December 2000. This data set is online at the NASA Planetary Data
System (PDS) Atmospheres Node. Our primary imaging data is comprised of images
observed using the near-infrared CB2 filter (756 nm central bandpass), as this filter
provides high inherent contrast of the ubiquitous cloud features on the main NH3
cloud deck on Jupiter. In addition to our primary data, we also acquired other
imaging data obtained using different spectral filters and captured during the same
observation sequence as the primary CB2 images. The different filters used were
the blue filter (BL1, 455 nm central bandpass), the moderate methane band filter
(MT2, 727 nm central bandpass), and a strong methane band filter (MT3, 889 nm
central bandpass).
Throughout the nearly 40-hour observation sequence, the spacecraft executed a
1x2 imaging pattern where each image footprint entirely captured either the northern or southern hemisphere of Jupiter. The sequence cycled through each of the
four spectral filters selected for the observations. The extensive coverage allowed for
the creation of three full 360◦ mosaics for all four filters. (A fourth MT2 and MT3
mosaic is omitted from the present study because the data quality began to decline
towards the end of the observation sequence.) The frequency of the observations
also resulted in repeat longitudinal coverage in consecutive observations with the
same filter, enabling us to measure the temporal evolution of cloud features in these
overlap areas and as a result, wind velocities. Before our retrieval of the data, the
initial data processing pipeline consisted of calibration using VICAR/CISSCAL 3.4
(Porco et al., 2004), navigation with the planetary limb, and mapping into a rectangular (simple cylindrical) projection at a grid resolution of 0.05◦ pixel−1 (≈ 60 km
pixel−1 ) for the CB2 mosaic and 0.1◦ pixel−1 (≈ 120 km pixel−1 ) for the BL1, MT2,
and MT3 mosaics. The rectangular maps use System III positive west longitude
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and planetocentric latitude.
6.2.2 Mosaic Creation
Table 6.1 lists the ranges of Cassini spacecraft clock times for the raw images from
all four filters that we integrated into mosaics. We omitted a small number of
the raw images from the entire data set as either the particular observation or
subsequent data transmission was corrupted. Before assembling and stitching the
images together, we applied a Minnaert correction to every image in order to remove
the limb-darkening and uneven solar illumination present.
We created three unique global mosaics of Jupiter’s atmosphere for each filter
used in the observation sequence. Each mosaic is not a snapshot of the atmosphere
at one instantaneous epoch, but an assemblage of images taken throughout one
Jovian rotation. We stitch together approximately 20 component images for each
mosaic. To reduce the occurrence of imaging seams in the transition (overlap)
regions between component images, we used a weighted average of the image albedo
values at a particular overlap pixel. The value is weighted by their distance to
the overlapping edge, which is the process employed by Peralta et al. (2007) and
Barrado-Izagirre et al. (2009).
6.2.3 Image Pairs
We measured wind vectors from image pairs (i.e. a pair of component images, not
mosaics, that cover the same spatial domain and are separated by a discrete time)
with our automated cloud feature tracker (Chapter 2). For the present study, we
only created image pairs from the CB2 data set because images using this filter are
well-suited for automated feature tracking techniques and yield robust wind velocity
measurements, as evidenced by the various studies presented in this dissertation and
also discussed in other works. Future avenues of research will examine image pairs
created using component images from different filters and compare the subsequent
wind vector maps. However, this may be somewhat challenging, as Li et al. (2006)
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Image Mosaic
CB2 1
CB2 2
CB2 3
BL1 1
BL1 2
BL1 3
MT2 1
MT2 2
MT2 3
MT3 1
MT3 2
MT3 3

Spacecraft Clock Time (sec)
1355245203–1355279277
1355279277–1355313351
1355313351–1355351384
1355245166–1355283026
1355282626–1355317100
1355316700–1355354960
1355233478–1355264170
1355263766–1355298244
1355297840–1355336104
1355233511–1355264203
1355263799–1355298277
1355297873–1355336137

Longitude at left edge
319.45
319.45
319.45
356.8
356.8
356.8
170.4
170.4
170.4
170.4
170.4
170.4

Table 6.1: Ranges of Cassini spacecraft clock times for the component images
composing our image mosaics.

found insignificant differences in the overall wind pattern results when examining
Cassini ISS images that utilize various filters in the visible portion of the spectrum.
If wind velocity signals can be obtained from different levels of the atmosphere, it
is likely that some ambiguity over the exact assignment of the velocity vectors with
their altitude levels may remain because of the similarities in cloud feature structures
and morphologies across all filters. Thus, some non-trivial level of effort may be
necessary to disentangle the multiple signals of wind flow presumably corresponding
to different layers of the atmosphere.
When creating an image pair, we pair a component image with the next immediate one in the observation sequence corresponding to the hemisphere observed, as
this results in the most spatial overlap. The typical separation time between the
images in the pair is 63m 6s (3,786 s), though some pairs have shorter or longer
separation times by ∼100 s. We cropped the images in each pair to omit the nonoverlap regions. Before further analysis with our tracking software, we also removed
the illumination using a Minnaert correction. For the image pairs only, we also
applied a uniform high-pass filter to each image in the image pair in order to enhance the contrast of the cloud albedo patterns. Each of the approximately 70 CB2
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image pairs that we analyzed with our software resulted in a component map of
wind vectors. We stitched these maps together to create three wind vector mosaics
corresponding to the geographic domain of the image mosaics described in the previous section. During wind vector mosaic construction, we employ the same weighted
average scheme described earlier for stitching image albedo maps when connecting
component wind vector maps to each other.
6.2.4 Automated Feature Tracking and Data Reduction
Our cloud feature tracker returned robust results for most of the area in each image
pair, resulting in component wind vector maps at a resolution of 0.05◦ pixel−1 ,
matching the resolution of the images. The quality of the wind vector results
degraded with increasing latitude, especially poleward of 50◦ . This is mostly attributable to the map projection of each component image and the degradation of
image resolution and quality at high latitudes because of the observation geometry. We cropped the wind vector mosaics by omitting any vectors poleward of 50
degrees latitude. Furthermore, our feature tracking maps do not fully encompass
the geographic boundaries of each component image pair, as wind measurements at
the image edges are not possible with our software. This is inconsequential for both
the eastern and western edges because the component maps of wind vectors are
stitched together across longitudes when creating mosaics. It is also unimportant at
the high latitude edge of each image because the wind vector mosaics are cropped
at 50◦ latitude. However, the remaining edge in all of the images is the equator,
resulting in the component wind vector maps extending to only ∼1◦ latitude. Thus,
when stitching the result maps together to create the global wind vector mosaics, we
interpolate using weighted nearest-neighbor averaging (similar to how we merge images together in areas of overlap) to compute the wind vectors inside this equatorial
gap.
As mentioned in previous chapters, the software also has a tendency to return
obviously spurious wind vector results in areas of poor image resolution or imaging
artifacts. We employ a combination of bad pixel removal software (utilizing similar
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methodology for removing cosmic ray hits) and manual identification of bad pixels to
remove the spurious results before further analysis. We fill in the locations flagged
as spurious with nearest-neighbor averaging by defining the value of the wind at
the location of a missing pixel to be the average of the values in its surrounding
pixels. Finally, we smooth the wind vectors by averaging velocity values within
0.25◦ latitude or longitude of each grid point on the wind vector map.
6.2.5 Power Spectra
We apply a fast Fourier transform (FFT) in the zonal and meridional directions to
analyze both the imaging and wind vector data sets. Using the wind vector maps,
we calculate the kinetic energy per unit mass of the atmosphere and perform the
FFT on this quantity along with the illumination-corrected cloud albedo. For the
zonal FFTs, we extract a horizontal strip of pixels from the data set centered at a
specific latitude and 360◦ in length. The width in latitude of this extracted strip is
a free parameter that we set at 0.5◦ . Testing with alternate values of 0.25◦ and 1◦
revealed that the exact value of this parameter had little effect on the final results,
which we explain further in Section 6.3.4. Once the strip is extracted, we collapse
the data into a one-dimensional function of longitude by calculating the average
value at each discrete longitude grid point. We then calculate the power spectrum
of this averaged, extracted strip of image albedo/kinetic energy using an FFT.
After we compute the power spectrum, we model the best power-law relationship
through minimization of the χ2 error statistic. Our fitting algorithm first extracts
the power spectrum from wavenumbers 10–300 and fits the best linear slope to the
data. (The rationale behind selecting these values for the domain boundaries is
explained in Section 6.3.4.) Our fitting software then models the power spectrum
as a composite of two power-laws that merge at a specific transition wavenumber.
One linear slope is fit for a low wavenumber domain with the lowest wavenumber
boundary set at 10, and a second linear slope is fit for a high wavenumber domain
with the highest wavenumber boundary set at 300. The transition between the two
domains is not arbitrarily set a priori; our fitting software automatically determines
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the location of this transition by calculating the composite χ2c value for every possible transition wavenumber and pair of slope fits. (χ2c ≡ χ2low + χ2high , where χ2low
and χ2high are the chi-square goodness-of-fit values for the individual low and high
wavenumber slope fits, respectively.) The best fit is identified by the set of slope
fits with the lowest χ2c . In virtually all cases, fitting with a composite of two linear
slopes results in a lower χ2 compared to a fit of one slope over the entire wavenumber domain. Therefore, the power spectra calculated in our analysis requires this
scheme. Once our fitting software records the two slopes and the location of the
transition, the process repeats with the next specified latitude. We perform this
fitting and calculation of the power-law slopes at every possible unique extracted
strip (0.05◦ latitude interval for the CB2 images and kinetic energy data, 0.1◦ for
the rest of the data set) between 50◦ N and 50◦ S degrees, resulting in ∼103 power
spectra and slope fits for each image or wind vector mosaic.
We calculate meridional FFTs in a similar manner as the zonal FFTs: we extract
a meridional strip (with a longitudinal width of 0.5◦ ), collapse the extracted strip
into a one-dimensional latitudinal function, compute its power spectrum, fit either
a simple linear or composite power-law to the spectrum, determine the slope(s),
and repeat at every possible unique longitude. The 0.05◦ or 0.1◦ interval in which
we extract strips results in thousands of discrete power spectra and slope fits for
each mosaic. Again, we tested whether or not fitting with two linear slopes is
necessary for the meridional power spectra and found that the composite fit with
two independent slopes was better in virtually all cases. We do not compute a
kinetic energy profile by calculating it directly from a zonal wind profile generated
from our results. Instead, we use our wind vector map to calculate a kinetic energy
map of the atmosphere, extract meridional strips with a finite longitudinal width,
collapse the strip into a one-dimensional latitudinal profile, and then compute the
power spectrum using the profile. We also do not employ additional smoothing of
this profile itself through averaging methods such as a running boxcar smoothing.
Unlike previous studies performed by Galperin et al. (2001) and Barrado-Izagirre
et al. (2009), we do not collapse the cloud albedos and kinetic energies into global
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one-dimensional functions by averaging each individual pixel row across the full span
of longitudes. We discuss the possible effect that their method has on the results in
Section 6.3.3.
6.3 Results
6.3.1 Overall Morphological Characteristics of the Image and Wind Vector Maps
Figure 6.1 exhibits mosaics composed using different Cassini ISS filters that we
analyzed in our power spectrum study. The overall resolution of the CB2 image
mosaic is excellent, and many of Jupiter’s well-known atmospheric structures are
clearly evident in the mosaic. Cloud bands latitudinally alternating in albedo contain a diverse array of vortices, turbulent eddies, and dark equatorial hot spots. The
BL1 (visible blue) mosaic presents some striking differences with the CB2 image.
The inherent reddish color of the tropical belts (both centered at approximately 15◦
latitude) in each hemisphere as well as the interior of the Great Red Spot leads to
a conspicuous darkening of these features in the mosaics. Also note that the lighter
colored zones appear brighter in the BL1 mosaics, leading to the general appearance of an increased dynamic albedo range contained within the blue mosaic. It
is also interesting that the dark areas associated with 5 µm hot spots are not very
discernible in the BL1 mosaic compared with the CB2 mosaic. The MT2 (moderate
methane band) mosaic looks very similar to the CB2 mosaic, but with somewhat
more muddled and subdued contrasts for the cloud albedo features. Furthermore,
the dynamic range of the mosaic appears to be smaller compared with the BL1 and
CB2 mosaics. Finally, the MT3 (strong methane band) mosaic is clearly the distinctive one out of the whole data set, as most of the common cloud contrast features
seen in the CB2 mosaic appear indistinguishable and washed out. This particular
methane filter is sensitive to high-altitude aerosols above the upper troposphere,
whereas the MT2 methane filter can sense somewhat deeper into the atmosphere.
West et al. (1986), among other studies, used spectral data to demonstrate the
presence of both a stratospheric and upper tropospheric haze, while Banfield et al.
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(1998) determined that the haze layers had little to no lateral variability at length
scales exceeding those of the planetary jet streams.
Figures 6.2 and 6.3 show CB2 Mosaic 1 and corresponding wind vector and
kinetic energy maps. The wind vector map reveals that the flow in the atmosphere
is strongly banded and dominated by the jets, with only the circulation of the
largest vortices readily apparent in the wind vector map in Figure 6.2. Smaller
areas of circulation, eddy transport, and other latitudinal mixing that is strongly
implied to occur between jets are not readily visible given the constraints of the
included figure. The largest proportion of the kinetic energy seen in Figure 6.3 is
contained in the broad equatorial jet and the northern tropical jet stream just north
of 20◦ N. The energy in Jupiter’s other jet streams slightly rise above the ambient
background of the figure, as do other significant vortices in the atmosphere such
as the Great Red Spot and Oval BA. One significant aspect about this map is
the longitudinal variance exhibited by the equatorial jet streams, and to a lesser
degree, the 23◦ N tropical jet. The variance shown in the jets strongly hint at the
presence of atmospheric waves, which could play a role in controlling the dynamics
of the jet stream at these latitudes. The strongest signature appears at the 7.5◦ N
jet stream, which corresponds to the latitude of Jupiter’s equatorial 5 µm hotspots
(Orton et al., 1998). Current models for the generation and maintenance of Jupiter’s
hotspots invoke the presence of an equatorially trapped Rossby wave (Allison, 1990;
Showman and Dowling, 2000; Friedson, 2005); this observation of the variance in
kinetic energy within the jet supports this model. Areas of local maxima in kinetic
energy are found to the west of the hotspots, which appear as periodic dark patches
between 5◦ N and 10◦ N. This broadly matches the observations made by Vasavada
et al. (1998), who described strong flow entering a hotspot at its southwestern
periphery, though the flow exiting the hotspot remained unconstrained by their
study.
The repeat coverage over a span of three consecutive Jovian days yields a useful
time series of kinetic energy snapshots, which are shown as Figure 6.4. The slow
eastward drift of the fluctuations contained within the 7.5◦ N jet stream is perceptible
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Figure 6.1: Full-longitudinal mosaics of Jupiter’s atmosphere and cloud structure
composed with Cassini ISS images taken over one Jovian rotation in December
2000. The resolution of this mosaic is 0.05◦ pixel−1 (≈ 60 km pixel−1 ) for the CB2
mosaic (a) and 0.1◦ pixel−1 (≈ 120 km pixel−1 ) for the remaining three mosaics (bd). The non-CB2 mosaics depicted in this figure are for illustrative and comparative
purposes only and are not the exact mosaics that are analyzed to retrieve their zonal
and meridional power spectra.
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Figure 6.2: Mosaic 1 with wind vector map. Left; Full-longitudinal mosaic of
Jupiter’s atmosphere and cloud structure composed with Cassini ISS images taken
over one Jovian rotation in December 2000. The resolution of this mosaic is 0.05◦
pixel−1 (≈ 60 km pixel−1 ). Right: Corresponding mosaic of wind vectors determined
by our automated feature tracker using the images composing the mosaic at left. A
very small percentage (< 0.1%) of vectors are shown here for clarity. This is one of
four image and wind vector mosaic pairs analyzed in this work.
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Figure 6.3: Mosaic 1 with kinetic energy map. Left: Full-longitudinal mosaic of
Jupiter’s atmosphere and cloud structure composed with Cassini ISS images taken
over one Jovian rotation in December 2000. The resolution of this mosaic is 0.05◦
pixel−1 (≈ 60 km pixel−1 ). Right: Corresponding color map of the kinetic energy
per unit mass in Jupiter’s atmosphere. The units of the color bar are 103 m2 s−2 .
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in the figure as they advect with the jet stream flow. Long-term monitoring would be
necessary to further constrain the lifetime of these perturbations. We also note other
prominent variances in the circulation within the flow collar of the GRS. Figure 6.5
is a close-up map showing these eddies slowly revolving counter-clockwise around
the center of the GRS. These pockets also appear to strengthen or dissipate as they
freely evolve with time. For the GRS overall, areas of stronger flow are present at
the northern half of the vortex during the Cassini flyby. Asay-Davis et al. (2009)
confirms that slightly higher speeds are measured in the northern half of the GRS
with their cloud tracking technique in their zonal wind profile of the vortex measured
using the same Cassini data set as the current work. In contrast, nearly seven
months prior to the observations shown in this chapter, Galileo observed the GRS
at high resolution during its G28 orbit in May 2000 and found stronger flow at the
southern half of the vortex (Chapter 3). The contrast in the location of the region
of stronger flow in the GRS implies that eddies or waves influence the dynamical
meteorology of vortices on Jupiter, and that velocity maps or profiles built from
observational snapshots of vortices may only be representative of a quasi-steady
state of these meteorological features.
6.3.2 Zonal Power Spectrum Slope Statistics
Figure 6.6 is a collection of representative power spectra plots calculated from CB2
Mosaic 1 and the corresponding Wind Vector Mosaic 1. Furthermore, Table 6.2
compares the bulk statistical properties regarding the slopes for the power spectra
of the CB2 cloud albedo and kinetic energy maps. The power spectra derived from
longitudinal strips extracted from the image and kinetic energy maps are broadly
similar, but exhibit distinct differences when compared against each other. Overall,
we note the following: (1) The power spectra slopes at “low” wavenumber (defined
as the domain of wavenumbers less than the transition wavenumber) are similar
between the CB2 image map and the derived kinetic energy map, with the slopes
for the images slightly shallower, on average. (2) A stark difference in the slopes
(slightly greater than 1 in magnitude, on average) exist at “high” wavenumber
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Figure 6.4: Time series of the kinetic energy per unit mass in Jupiter’s atmosphere
over three Jovian days in December 2000. The units of the color bar are 103 m2 s−2 .
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Figure 6.5: Time series of the kinetic energy per unit mass, zoomed in on Jupiter’s
Great Red Spot. The arrows denote pockets of energy that appear to strengthen or
dissipate during the observation sequence. The units of the color bar are in m2 s−2 .
(defined as the domain of wavenumbers greater than the transition wavenumber),
as the slopes for the kinetic energy maps in this wavenumber domain are much
steeper than the slopes for the image maps. (3) The location of the transition
between the two slopes for the power spectra tends to occur around wavenumber
100 in both the image and kinetic energy maps. Finally, (4) when removing the
search for a transition in the power spectrum slopes and only examining the average
slope over the zonal wavenumbers 10–300 (performed for comparison with previous
studies), a distinct difference remains between the average slopes found in the image
map with the average slopes found in the kinetic energy map, though these slopes
are indistinct when accounting for the uncertainty estimates determined from the
slope fitting.
Tables 6.3 and 6.4 present the statistical characteristics of the power spectra
slopes for the multi-spectral cloud albedo mosaics. Some intriguing trends appear
in the results. The slope of the low wavenumber domain is flattest (lowest in magnitude) for the CB2 continuum band images. This relatively flat slope in the low
wavenumber domain for the CB2 images implies that there are contrast variations
in the images among all of the applicable length scales in the wavenumber domain.
In contrast, the slightly steeper slopes in the low wavenumber domain for the other
mosaics suggest that the albedo variations in the other filters become subdued at
progressively shorter length scales (higher wavenumbers). Transitions in the power-

144

Figure 6.6: Example zonal power spectra slopes from CB2 Image and Wind Vector
Mosaic 1. Cloud albedo power spectra are shown on the left column, while kinetic
energy power spectra are shown on the right column. In each row of plots, we extract
the data that is the basis for the spectra from a common central latitude, which is
noted on the plot. Lines illustrating the calculated best-fit slopes are shown with the
data, though these lines are only intended for comparison with the perceived slope
in the spectrum, and not as an absolute fit. The listed numerical values display the
value of the linear slopes fit to the data along with their 1-σ uncertainty estimate
that is calculated during power-law fitting.

145

Filter
CB2 Image Mosaic
Mosaic
1
2
3
Avg
Low Wavenumber Domain
Mean
-1.20
Weighted
-1.12
Std. Dev. 0.62
High Wavenumber

-1.26 -1.17
-1.14 -1.11
0.62 0.62
Domain

Kinetic Energy Map
1
2
3
Avg

-1.21
-1.12

-1.39
-1.34
0.72

-1.43
-1.39
0.71

-1.35
-1.26
0.69

-1.39
-1.33

Mean
Weighted
Std. Dev.

-2.37
-1.84
0.82

-2.38
-1.87
0.83

-2.40
-1.92
0.8

-2.38
-1.88

-3.55
-3.11
0.77

-3.64
-3.22
0.67

-3.57
-3.13
0.72

-3.59
-3.15

Transition
Std. Dev.

105.8
50.6

104.2
48.3

107.6
49.5

105.9 101.8
36.6

97.9
38.7

105.1
35.2

101.6

Fit
-1.69
-1.68
0.38

-1.68
-1.68
0.39

-1.69
-1.68

-2.68
-2.69
0.36

-2.59
-2.58
0.43

-2.65
-2.64

Single Linear Slope
Mean
-1.69
Weighted
-1.69
Std. Dev. 0.40

-2.67
-2.66
0.38

Table 6.2: Mean and weighted mean slopes for the zonal power spectra compiled
from every FFT performed across all possible latitudes in our set of CB2 image
mosaics and kinetic energy maps. “Slope” is defined as the value of the exponent n
when fitting the energy spectrum to a power law E(k) = Eo k −n across wavenumbers
k. Outlier slopes (slopes that are greater than 0 or lower than -5) are omitted before
calculating mean values. The weighted mean is the average of the slope values, but
accounting for each individual slope value’s 1-σ uncertainty value that is determined
during slope fitting. Standard deviations for the overall distribution of power spectra
slopes for each mosaic and wavenumber domain are also listed.
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law slope are present in the power spectra for all mosaics regardless of filter. However, the degree of the transition is somewhat more muted for the strong methane
band filter (MT3) mosaic. For some spectra extracted from the MT3 mosaics, the
magnitude of transition renders the overall fit to be almost indistinguishable from a
pure linear fit to the entire wavenumber domain. This should perhaps be expected
since the MT3 mosaic seen in Figure 6.1, does not appear to have the amount of
spatial variability seen in the other mosaics. The remarkably consistent slopes for
the image mosaics in the high wavenumber region across all four filters is somewhat
surprising. The detailed cloud contrast features present in some of the mosaics suggest that there would be significant power present at high wavenumber (short length
scales) and a flattening of the overall spectral slope. However, the boundary of the
wavenumber domain in which we conducted our power spectral analysis (300) is
well below the theoretical maximum resolution present in the images. The typical
high wavenumber domain (100–300) corresponds to wavelengths of approximately
1,000–4,000 km. The similarities in the slope magnitudes suggest that the degree
of albedo variations in these lengths scales are similar for all four spectral filters
examined in this study. Thus, the contrast variations at more synoptic and regional
scales that exceed local length scales, in addition to planetary-scale variations, are
perhaps more important in the context of the power spectra calculated for this work.
We generally do not find any systematic trends in the power spectra slopes as
a function of latitude, as seen in the plots in Figures 6.7, 6.8, and 6.9. In all
of these figures, there is moderate scatter around the overall average slope values
(indicated by the vertical lines), but no clear latitudinal relationship. We note the
relatively large levels of scatter at certain latitudes of the southern hemisphere for
the power spectra slope of the kinetic energy maps in the low wavenumber domain.
This is likely caused by the presence of the Great Red Spot and Oval BA. One
possible exception to the general observation that no latitudinal relationship exists
in the slopes has been noted previously by Barrado-Izagirre et al. (2009), where they
noted that slopes in the low wavenumber domain for the cloud albedos appeared
to slightly flatten (decrease in magnitude) with increasing latitudes. We find that
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Filter
CB2
Mosaic
1
2
3
Low Wavenumber Domain
Mean
-1.20
Weighted
-1.12
Std. Dev. 0.62
High Wavenumber

-1.26 -1.17
-1.14 -1.11
0.62 0.62
Domain

BL1
Avg

1

2

3

Avg

-1.21
-1.11

-1.38
-1.23
0.63

-1.41
-1.23
0.70

-1.39
-1.26
0.70

-1.39
-1.24

Mean
Weighted
Std. Dev.

-2.37
-1.84
0.82

-2.38
-1.87
0.83

-2.40
-1.92
0.8

-2.38
-1.88

-2.56
-1.97
0.76

-2.57
-1.92
0.82

-2.59
-1.99
0.81

-2.57
-1.96

Transition
Std. Dev.

105.8
50.6

104.2
48.3

107.6
49.5

105.9

97.3
48.2

101.3
49.7

104.9
50.9

101.2

Fit
-1.69
-1.68
0.38

-1.68
-1.68
0.39

-1.69
-1.68

-1.88
-1.88
0.38

-1.88
-1.87
0.37

-1.88
-1.87
0.37

-1.88
-1.87

Single Linear Slope
Mean
-1.69
Weighted
-1.69
Std. Dev. 0.40

Table 6.3: Same as Table 6.2, except statistics are for the CB2 and BL1 image
mosaics only.
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Filter
MT2
Mosaic
1
2
3
Low Wavenumber Domain
Mean
-1.53
Weighted
-1.38
Std. Dev. 0.65
High Wavenumber

-1.41 -1.35
-1.29 -1.19
0.61 0.69
Domain

MT3
Avg

1

2

3

Avg

-1.43
-1.29

-1.94
-1.66
0.94

-1.86
-1.69
0.73

-1.76
-1.56
0.81

-1.85
-1.64

Mean
Weighted
Std. Dev

-2.51
-1.98
0.82

-2.45
-1.85
0.79

-2.43
-1.84
0.80

-2.46
-1.89

-2.51
-1.70
0.69

-2.47
-1.25
0.71

-2.70
-2.07
0.85

-2.56
-1.67

Transition
Std. Dev.

104.5
50.0

103.2
48.9

103.8
48.9

103.8

93.8
52.1

94.5
50.6

96.9
49.3

95.1

-1.76
-1.76
0.41

-1.78
-1.78

-2.06
-2.05
0.28

-2.03
-2.03
0.27

-2.08
-2.09
0.45

-2.06
-2.06

Single Linear Slope Fit
Mean
Weighted
Std. Dev.

-1.81
-1.81
0.36

-1.78
-1.78
0.37

Table 6.4: Same as Table 6.2, except statistics are for the MT2 and MT3 image
mosaics only.
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a similar trend exists in the CB2 results: the slopes appear to steepen (increase in
magnitude) with decreasing latitude towards the equator, with the magnitude of
the effect in the slopes to be around 0.5–1. This effect generates an apparent slight
curvature for this plot (Figure 6.7, top left), with most slopes greater in magnitude
than the average at tropical latitudes, and slopes lower in magnitude at higher
latitudes. A possible explanation for this is simply that higher latitudes contain a
higher population of vortices and eddies overall. This would yield a stronger signal
in the high wavenumber portion of the power spectrum, and a flatter slope. The
equatorial latitudes do not generally appear to have the same level of structure,
which results in a steeper slope. This effect may be present in the mosaics observed
using some of the other filters. Note the same curvature in the data points toward
flatter slopes in the northern hemisphere (and to a lesser degree in the southern
hemisphere) for the MT2 and MT3 low wavenumber plots in Figure 6.9, top row.
However, in the BL1 low wavenumber plot (Figure 6.8, upper right), this effect is
difficult to perceive.
The bottom row of plots in Figures 6.7, 6.8, and 6.9 are plots of the location
of the slope transition in planetary wavenumber versus latitude. There appears to
be no clear trend in the transition wavenumber with latitude in our results, which
is somewhat surprising if we interpret the transition wavenumber to act as a proxy
for some sort of atmospheric forcing wavelength, such as the Rossby radius of deformation or the Rhines scale. Both of these quantities are dependent on the Coriolis
parameter f , which is a function of latitude. The lack of any latitudinal variance,
even slight, of the transition wavenumber suggests that the forcing wavelength is
not associated with either of these quantities. However, the plots clearly show a
very large spread in the data points for the transition wavenumber versus latitude,
warranting caution when interpreting the lack of any latitudinal trend. We also note
that the amount of spread in the results is different when comparing the kinetic energy results (Figure 6.7, bottom right) with the image mosaic results. The standard
deviation of the transition wavenumber for the image mosaics is consistently greater
than the standard deviation of the transition for the kinetic energy data. This is ap-
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parent in Table 6.2 and in the amount of scatter present in the bottom row of plots
in Figures 6.7, 6.8, and 6.9. This suggests that processes that are inherently more
stochastic may be controlling the distribution of chromophores and other tracers
that produce the cloud albedo features.
In addition to analyzing the latitudinal variance of the power spectra slopes, we
sought to determine if there was any systematic patterns in the image and kinetic
energy spectral slopes based on certain criteria. We defined three independent data
classification schemes for this purpose, and applied the schemes to all of the image
mosaics and kinetic energy maps. Our first approach was organizing each FFT
power spectrum by the direction of the ambient wind shear. We constructed a zonal
wind profile from our feature tracking results by averaging the velocity across all
longitudes at each discrete latitude grid point. We used this profile to determine
anticyclonic or cyclonic shear sections based on the direction of zonal latitudinal
wind shear. The boundaries of the shear areas are the set of latitudes containing
the peak velocity of each jet stream. Once each power spectrum had an assigned
shear section, we averaged the slopes in both sets of shear sections and compared
them to determine if there was a statistically significant difference. Our second
approach is more subjective as we visually examine the CB2 image mosaic and
define latitude bands as belts or zones based on their overall albedo. As expected,
this scheme results in latitude domains that are similar to those defined by our first
criterion (zonal latitudinal wind shear), but some minor distinctions are present.
Finally, our third approach in classifying the latitudes is based on the direction
of the jet stream at each latitude. We defined the boundaries between eastward
and westward jets to be the midpoint latitude between jet velocity profile peaks.
Because Jupiter’s westward jet streams are narrower and weaker than the dominant
eastward jet streams, our scheme results in some latitudes with a small eastward
zonal velocity to be classified as residing in a westward jet. However, we find it
necessary to employ this method in order to avoid a small sample size from the
limited number of latitudes with westward jet velocity.
Tables 6.5, 6.6, and 6.7 summarize the overall results of the statistical analysis
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Figure 6.7: Plots of power spectra slope and transition wavenumber vs. latitude
for CB2 Image and Wind Vector Mosaic 1. Plots on the left column correspond to
the image mosaic, whereas plots on the right correspond to the kinetic energy map.
The thin, jagged line marks a running boxcar average of slopes over a 2◦ latitudinal
interval, with outlier slopes omitted. The vertical line denotes the mean slope
averaged across all latitudes, omitting the outliers. Light gray bars demarcate a 1-σ
uncertainty window around each data point. We omit ∼5% of the bars originating
from outlier values. For the transition wavenumber vs. latitude plot in the bottom
row, data originating from outlier data points are excluded from the latitudinal
average or mean transition wavenumber averaged across all latitudes.
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Figure 6.8: Plots of power spectra slope and transition wavenumber vs. latitude for
CB2 and BL1 Mosaic 1. Plots on the left column correspond to the image mosaic,
whereas plots on the right correspond to the kinetic energy map. The thin, jagged
line marks a running boxcar average of slopes over a 2◦ latitudinal interval, with
outlier slopes omitted. The vertical line denotes the mean slope averaged across
all latitudes, omitting the outliers. Light gray bars demarcate a 1-σ uncertainty
window around each data point. We omit ∼5% of the bars originating from outlier
values. For the transition wavenumber vs. latitude plot in the bottom row, data
originating from outlier data points are excluded from the latitudinal average or
mean transition wavenumber averaged across all latitudes.
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Figure 6.9: Plots of power spectra slope and transition wavenumber vs. latitude for
MT2 and MT3 Mosaic 1. Plots on the left column correspond to the image mosaic,
whereas plots on the right correspond to the kinetic energy map. The thin, jagged
line marks a running boxcar average of slopes over a 2◦ latitudinal interval, with
outlier slopes omitted. The vertical line denotes the mean slope averaged across
all latitudes, omitting the outliers. Light gray bars demarcate a 1-σ uncertainty
window around each data point. We omit ∼5% of the bars originating from outlier
values. For the transition wavenumber vs. latitude plot in the bottom row, data
originating from outlier data points are excluded from the latitudinal average or
mean transition wavenumber averaged across all latitudes.
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from the data classification schemes. A small but consistent difference in the slopes
appears when examining the low wavenumber slope averages in the CB2 and BL1
image mosaics in Table 6.6. For these mosaics, the average slope in latitudes with
cyclonic wind shear is slightly lower in magnitude (i.e. flatter) than the slopes in
latitudes with anticyclonic shear. This is also reflected when examining the difference in the slopes based on their cloud albedos: belts (typically areas of cyclonic
shear) have flatter slopes on average than zones (anticyclonic shear). For the MT2
and MT3 mosaics, these differences are present for the cloud albedo (zone/belt)
classification scheme. However, these differences are essentially gone for the shear
direction classification scheme in the MT3 mosaic, suggesting that either a different
dynamical regime is controlling the altitudes sensed with this filter, or that shear
divisions have different latitudinal bounds aloft as the currently defined bounds are
based on the wind field extracted from the CB2 mosaics. In the high wavenumber
domain, no consistent or seemingly substantial differences in the slopes comparing
the shear divisions with the cloud albedo divisions are found for the image mosaics.
Intriguingly, we find consistent differences in the low wavenumber slopes when inspecting the statistics for the shear classification in the kinetic energy spectra in
Table 6.5. However, the differences are reversed compared to what is seen in the
image mosaics. Areas with cyclonic shear typically have slightly higher in magnitude (steeper) slopes than their anticyclonic counterparts. However, this difference
is not consistently present for the zone/belt domains in the kinetic energy maps.
We find no correlation in the slope magnitude with the direction of the jet stream
flow in any of our results. The slope differences in most cases appear to be insignificant or inconsistent across all of the image mosaics regardless of their spectra filter.
Furthermore, though not shown in Tables 6.5, 6.6, and 6.7, the location of the slope
transition in the power spectra also consistently occurs around wavenumber 100 regardless of the resident shear classification or jet direction. Overall, the differences
grouping for latitudinal domains based on the direction of the wind shear and for
their resident cloud albedo grouping in the CB2 and BL1 image mosaics (and reversed for the kinetic energy map) is interesting, and we speculate on what processes
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could be responsible in Section 6.4. However, we must also consider the possibility
that the lack of differences noted elsewhere may be indicative that these statistical
“trends” are nothing more than a coincidence, and not indicative of atmospheric
processes producing different effects on certain regions.
6.3.3 Meridional Power Spectrum Slope Statistics
Figure 6.10, as well as Tables 6.8 and 6.9 summarize our results regarding the meridional power spectra calculated from our data sets. Our results suggest a remarkable
distinction between the image mosaics and kinetic energy maps. First, a composite
fit with two discrete slopes is clearly a better fit for the kinetic energy meridional
power spectra (Figure 6.10, right column), as there is a strong shift in the magnitude of the slope between the low and high wavenumber domains. In general, the
slopes from the meridional power spectra fits are also greater in magnitude overall in
the high wavenumber region when compared to typical slopes from the fits to zonal
power spectra in this wavenumber region. These slopes are steeper on average than
the slopes for the corresponding zonal power spectra, with arithmetic and weighted
means around -5 and -4, respectively. These results are indicative of the strong
anisotropy present in the atmosphere, as the winds exhibit a strong preference for
zonal flows.
The meridional power spectra derived from the multi-spectral image mosaics,
however, are not as steep as the kinetic energy power spectra. Our image mosaic
slopes typically hover between -2 and -3 in both the low and high wavenumber
domains. In the low wavenumber domain, this is somewhat steeper than the low
wavenumber domain slopes of the zonal power spectra derived from the image mosaics. In the high wavenumber domain, this is somewhat flatter than the typical
high wavenumber domain slopes of the power spectra derived from the kinetic energy
mosaics, when data is extracted in either zonal or meridional directions. Regarding
the transition between wavenumber domains, it is easy to see that the severity of
the slope transition appears to be somewhat dampened for the CB2 image mosaics
compared to the degree of the slope transition for the kinetic energy mosaics for
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Low Wavenumber
1
2
3
Avg

High Wavenumber
1
2
3
Avg

Mosaic No.#
CB2 Image
Anticyclonic Shear
Weighted
Cyclonic Shear
Weighted

-1.25
-1.32
-1.15
-1.06

-1.30
-1.34
-1.20
-1.08

-1.22
-1.29
-1.12
-1.02

-1.26
-1.32
-1.16
-1.05

-2.43
-2.30
-2.30
-2.23

-2.44
-2.28
-2.29
-2.12

-2.43
-2.27
-2.36
-2.21

-2.43
-2.28
-2.32
-2.19

Zone
Weighted
Belt
Weighted

-1.37
-1.43
-1.09
-1.08

-1.40
-1.43
-1.16
-1.11

-1.34
-1.39
-1.06
-1.05

-1.37
-1.42
-1.10
-1.08

-2.41
-2.29
-2.35
-2.25

-2.32
-2.17
-2.41
-2.24

-2.26
-2.20
-2.49
-2.27

-2.33
-2.22
-2.42
-2.25

Eastward Jet
Weighted
Westward Jet
Weighted

-1.17
-1.20
-1.24
-1.22

-1.26
-1.21
-1.25
-1.26

-1.16
-1.17
-1.19
-1.20

-1.20
-1.19
-1.23
-1.23

-2.35
-2.19
-2.40
-2.35

-2.29
-2.14
-2.47
-2.31

-2.43
-2.21
-2.37
-2.29

-2.36
-2.18
-2.41
-2.32

Kinetic Energy Map
Anticyclonic Shear
Weighted
Cyclonic Shear
Weighted

-1.26
-1.35
-1.58
-1.65

-1.31
-1.45
-1.61
-1.69

-1.22
-1.37
-1.53
-1.49

-1.26
-1.39
-1.57
-1.61

-3.54
-3.67
-3.57
-3.82

-3.65
-3.71
-3.61
-3.83

-3.63
-3.77
-3.50
-3.68

-3.61
-3.72
-3.56
-3.78

Zone
Weighted
Belt
Weighted

-1.40
-1.51
-1.38
-1.46

-1.40
-1.55
-1.45
-1.59

-1.41
-1.51
-1.32
-1.36

-1.40
-1.52
-1.38
-1.47

-3.58
-3.77
-3.53
-3.70

-3.63
-3.79
-3.64
-3.73

-3.57
-3.91
-3.57
-3.61

-3.59
-3.82
-3.58
-3.68

Eastward Jet
Weighted
Westward Jet
Weighted

-1.37
-1.45
-1.41
-1.50

-1.40
-1.52
-1.46
-1.59

-1.29
-1.34
-1.41
-1.50

-1.35
-1.44
-1.43
-1.53

-3.47
-3.63
-3.62
-3.86

-3.62
-3.74
-3.65
-3.79

-3.61
-3.79
-3.54
-3.66

-3.57
-3.72
-3.60
-3.77

Table 6.5: Mean and weighted mean power spectra slopes for various latitudinal
domains defined according to certain criteria. For the shear and jet criteria, we
use a zonal wind profile that is calculated from our feature tracking results. We
define zones (belts) through a visual inspection of the image mosaic for approximate
boundaries delineating areas of high (low) cloud albedo. Outlier slopes (slopes that
are greater than 0 or lower than -5) are omitted from the calculation of the average.
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1

Low Wavenumber
2
3
Avg

1

High Wavenumber
2
3
Avg

Mosaic No.#
CB2 Image
Anticyclonic Shear
Weighted
Cyclonic Shear
Weighted

-1.25
-1.32
-1.15
-1.06

-1.30
-1.34
-1.20
-1.08

-1.22
-1.29
-1.12
-1.02

-1.26
-1.32
-1.16
-1.05

-2.43
-2.30
-2.30
-2.23

-2.44
-2.28
-2.29
-2.12

-2.43
-2.27
-2.36
-2.21

-2.43
-2.28
-2.32
-2.19

Zone
Weighted
Belt
Weighted

-1.37
-1.43
-1.09
-1.08

-1.40
-1.43
-1.16
-1.11

-1.34
-1.39
-1.06
-1.05

-1.37
-1.42
-1.10
-1.08

-2.41
-2.29
-2.35
-2.25

-2.32
-2.17
-2.41
-2.24

-2.26
-2.20
-2.49
-2.27

-2.33
-2.22
-2.42
-2.25

Eastward Jet
Weighted
Westward Jet
Weighted

-1.17
-1.20
-1.24
-1.22

-1.26
-1.21
-1.25
-1.26

-1.16
-1.17
-1.19
-1.20

-1.20
-1.19
-1.23
-1.23

-2.35
-2.19
-2.40
-2.35

-2.29
-2.14
-2.47
-2.31

-2.43
-2.21
-2.37
-2.29

-2.36
-2.18
-2.41
-2.32

BL1 Image
Anticyclonic Shear
Weighted
Cyclonic Shear
Weighted

-1.46
-1.41
-1.29
-1.41

-1.49
-1.43
-1.32
-1.27

-1.46
-1.40
-1.31
-1.26

-1.47
-1.41
-1.31
-1.31

-2.60
-2.51
-2.51
-2.45

-2.61
-2.48
-2.53
-2.42

-2.65
-2.54
-2.52
-2.44

-2.62
-2.51
-2.52
-2.44

Zone
Weighted
Belt
Weighted

-1.60
-1.62
-1.24
-1.20

-1.60
-1.60
-1.31
-1.25

-1.59
-1.57
-1.27
-1.23

-1.60
-1.60
-1.27
-1.23

-2.65
-2.59
-2.50
-2.40

-2.59
-2.53
-2.56
-2.38

-2.54
-2.52
-2.62
-2.47

-2.59
-2.55
-2.56
-2.42

Eastward Jet
Weighted
Westward Jet
Weighted

-1.42
-1.32
-1.35
-1.37

-1.41
-1.32
-1.41
-1.42

-1.41
-1.30
-1.37
-1.38

-1.41
-1.31
-1.38
-1.39

-2.57
-2.47
-2.54
-2.50

-2.65
-2.45
-2.50
-2.46

-2.66
-2.52
-2.52
-2.47

-2.63
-2.48
-2.52
-2.48

Table 6.6: Mean and weighted mean power spectra slopes for the CB2 and BL1
Image Mosaics classified into various latitudinal domains defined according to the
same criteria as Table 6.5. Outlier slopes (slopes that are greater than 0 or lower
than -5) are omitted from the calculation of the average.
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1

Low Wavenumber
2
3
Avg

1

High Wavenumber
2
3
Avg

Mosaic No.#
MT2 Image
Anticyclonic Shear
Weighted
Cyclonic Shear
Weighted

-1.55
-1.50
-1.50
-1.35

-1.46
-1.46
-1.33
-1.25

-1.38
-1.39
-1.29
-1.16

-1.46
-1.43
-1.37
-1.25

-2.55
-2.39
-2.44
-2.23

-2.49
-2.36
-2.40
-2.24

-2.50
-2.31
-2.35
-2.28

-2.51
-2.35
-2.40
-2.25

Zone
Weighted
Belt
Weighted

-1.71
-1.66
-1.41
-1.28

-1.62
-1.61
-1.28
-1.22

-1.43
-1.52
-1.29
-1.14

-1.59
-1.60
-1.33
-1.21

-2.61
-2.35
-2.44
-2.30

-2.52
-2.39
-2.41
-2.26

-2.48
-2.37
-2.41
-2.25

-2.54
-2.37
-2.42
-2.27

Eastward Jet
Weighted
Westward Jet
Weighted

-1.58
-1.45
-1.48
-1.43

-1.40
-1.37
-1.42
-1.39

-1.38
-1.25
-1.31
-1.33

-1.45
-1.36
-1.40
-1.38

-2.46
-2.24
-2.55
-2.40

-2.35
-2.21
-2.55
-2.40

-2.36
-2.22
-2.50
-2.38

-2.39
-2.22
-2.53
-2.39

MT3 Image
Anticyclonic Shear
Weighted
Cyclonic Shear
Weighted

-1.94
-1.70
-1.94
-1.76

-1.85
-1.71
-1.87
-1.74

-1.80
-1.77
-1.71
-1.63

-1.86
-1.73
-1.84
-1.71

-2.45
-2.34
-2.61
-2.35

-2.43
-2.26
-2.50
-2.34

-2.73
-2.56
-2.66
-2.48

-2.54
-2.39
-2.59
-2.39

Zone
Weighted
Belt
Weighted

-2.18
-1.89
-1.79
-1.65

-2.03
-1.92
-1.76
-1.65

-1.98
-1.95
-1.62
-1.58

-2.06
-1.92
-1.72
-1.63

-2.33
-2.26
-2.62
-2.43

-2.37
-2.19
-2.52
-2.41

-2.54
-2.44
-2.79
-2.57

-2.41
-2.30
-2.64
-2.47

Eastward Jet
Weighted
Westward Jet
Weighted

-1.98
-1.75
-1.90
-1.70

-1.91
-1.77
-1.80
-1.69

-1.76
-1.81
-1.75
-1.59

-1.78
-1.78
-1.82
-1.66

-2.47
-2.30
-2.55
-2.41

-2.50
-2.29
-2.43
-2.31

-2.66
-2.57
-2.74
-2.48

-2.54
-2.39
-2.57
-2.40

Table 6.7: Mean and weighted mean power spectra slopes for the MT2 and MT3
Image Mosaics classified into various latitudinal domains defined according to the
same criteria as Table 6.5. Outlier slopes (slopes that are greater than 0 or lower
than -5) are omitted from the calculation of the average.

159
the meridional power spectra plots calculated from CB2 Mosaic 1 (Figure 6.10, left
column). This subdued degree of transition is also present for the BL1 Mosaic.
The diminished character of the transition may imply that either a single process
is responsible for the meridional distribution of cloud tracers regardless of length
scale, or that there is no dominant process and the meridional distribution is simply the result of a variety of processes collectively acting upon the distribution of
cloud tracers. Intriguingly, an opposite pattern for the meridional power spectra
emerges for the BL1, MT2, and MT3 mosaics, as lower-in-magnitude average slopes
are present in the high wavenumber domains compared with the low wavenumber
domains, instead of the typical steeper high wavenumber slope calculated for the
zonal power spectra.
Previous studies have examined meridional power spectra and their best-fit
slopes, and have reported results that contrast with the present study. However, the
methodologies employed by our study are somewhat different compared to the published literature. Prior analyses of the power spectra have collapsed the cloud albedo
and kinetic energy maps into a one-dimensional meridional function by averaging
each individual pixel row across the full span of longitudes. Figure 6.11, top row,
are functions calculated from our data set using this methodology. The drawback of
this approach is that it would tend to destroy information at the high wavenumber
domain, as small-wavelength variations would likely be smoothed out during the
averaging process. As a result, this would lead to steeper (higher magnitude) slopes
on average for the calculated power spectra. For example, Barrado-Izagirre et al.
(2009) calculated a slope around -4 for both near-infrared and blue wavelength image mosaics composed using HST and Cassini imaging data, whereas flatter slopes
(around -2.5 to -3) are characteristic for their ultraviolet data. Though their study
used a slightly different near-infrared filter (∼950 nm vs. our ∼750 nm), there does
not appear to be any substantial difference in the image mosaics, and large morphological variability is unlikely given the short time interval (∼1 month) between
the analyzed Cassini data sets. Therefore, the cause of the discrepancy likely lies
within the different methodologies employed for each analysis.
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Figure 6.10: Meridional power spectra slopes from CB2 and Wind Vector Mosaic 1.
The top row of plots are the averaged meridional profiles of cloud albedo and kinetic
energy as a function of latitude. The bottom row of plots are the power spectra
corresponding to the data shown at top. A line illustrating the calculated best-fit
slopes are shown with the data, though these lines are only intended for comparison
with the perceived slope in the spectrum, and not as an absolute fit.
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Filter
CB2 Image Mosaic
Mosaic
1
2
3
Avg
Low Wavenumber Domain
Mean
-2.27
Weighted
-1.70
Std. Dev. 1.45
High Wavenumber

-2.30 -2.16
–1.70 -1.72
1.35 1.23
Domain

Kinetic Energy Map
1
2
3
Avg

-2.24
-1.71

-1.27
-2.22
1.65

-1.34
-2.27
1.52

-1.28
-2.18
1.66

-1.30
-2.22

Mean
Weighted
Std. Dev.

-2.00
-1.82
1.78

-2.06
-1.86
1.83

-2.02
-1.83
1.76

-2.03
-1.84

-4.94
-3.97
1.97

-4.74
-4.05
1.96

-4.90
-4.03
2.35

-4.86
-4.02

Transition
Std. Dev.

108.6
59.9

109.0
60.1

113.3
57.2

110.3

87.3
61.8

92.4
62.8

98.1
64.7

92.6

Table 6.8: Mean and weighted mean slopes for the meridional power spectra compiled from every FFT performed across all possible longitudes in our set of mosaics.
“Slope” is defined as the value of the exponent n when fitting the energy spectrum
to a power law E(k) = Eo k −n across wavenumbers k. The weighted mean is the
average of the slope values, but accounting for each individual slope value’s 1-σ
uncertainty value that is determined during slope fitting. Standard deviations for
the overall distribution of power spectra slopes for each mosaic and wavenumber
domain are also listed
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Filter
CB2
Mosaic
1
2
3
Low Wavenumber Domain
Mean
-2.27
Weighted
-1.70
Std. Dev. 1.45
High Wavenumber

-2.30 -2.16
-1.70 -1.72
1.35 1.23
Domain

BL1
Avg

1

2

3

Avg

-2.24
-1.71

-2.95
-1.77
1.37

-3.03
-1.84
1.41

-2.89
-1.86
1.29

-2.96
-1.82

Mean
Weighted
Std. Dev.

-2.00
-1.82
1.78

-2.06
-1.86
1.83

-2.02
-1.83
1.76

-2.03
-1.84

-2.70
-2.39
1.46

-2.72
-2.43
1.42

-2.70
-2.40
1.46

-2.71
-2.41

Transition
Std. Dev.

108.6
59.9

109.0
60.1

113.3
57.2

110.3 102.3
59.3

100.5
57.9

104.6
58.3

102.5

Filter
MT2
Mosaic
1
2
3
Low Wavenumber Domain
Mean
-3.09
Weighted
-1.96
Std. Dev. 1.48
High Wavenumber

-3.02 -3.04
-1.79 -1.82
1.45 1.50
Domain

MT3
Avg

1

2

3

Avg

-3.05
-1.86

-3.67
-3.13
0.79

-3.72
-3.06
0.79

-3.73
-3.00
0.83

-3.71
-3.06

Mean
Weighted
Std. Dev.

-2.57
-2.00
1.32

-2.52
-2.04
1.27

-2.55
-2.01
1.30

-2.55
-2.02

-2.84
-2.51
1.04

-2.80
-2.52
1.00

-2.80
-2.47
1.09

-2.81
-2.50

Transition
Std. Dev.

93.7
56.3

96.4
55.9

96.5
57.5

95.5

95.7
53.2

89.1
46.6

90.8
46.5

91.9

Table 6.9:
mosaics.

Same as Table 6.8, except statistics are for the multi-spectral image

163
Mosaic No.# 1
2
CB2
-2.90 ± 0.2 -2.91 ±
BL1
-3.77 ± 0.2 -3.75 ±
MT2
-2.99 ± 0.16 -3.07 ±
MT3
-3.09 ± 0.19 -3.16 ±
KE
-4.32 ± 0.2 -4.70 ±

0.19
0.17
0.17
0.16
0.24

3
-2.85
-3.76
-3.04
-3.17
-4.38

±
±
±
±
±

0.19
0.17
0.17
0.17
0.21

Table 6.10: Meridional power spectra slopes for our data set, calculated when our
maps are collapsed into one-dimensional functions. The 1-σ uncertainty estimate
for each slope’s fit that is calculated during power-law fitting is displayed along with
the result. Cloud albedos and kinetic energies in our maps are collapsed into onedimensional functions by averaging across all longitudes before calculating spectra.
The slopes shown are the best-fit over the meridional wavenumber range 10–300,
with no slope transition assumed.

Nevertheless, for comparison with previous studies that collapsed their data set
into a one-dimensional meridional profile, averaged over all available longitudes, such
as Galperin et al. (2001) and Barrado-Izagirre et al. (2009), we calculated the slopes
of the meridional power spectra with this alternate methodology. Figure 6.11 and
Table 6.10 summarize our results, which are generally in agreement with previous
studies and show generally steeper slopes compared with the slopes calculated with
the primary methodology. These generally steeper slopes for the image mosaics are
likely caused by the averaging process which smoothes out the higher frequency
signals in the imaging data and thus reduces the power in that portion of the energy
spectrum. The slopes for the kinetic energy spectra for the zonal flows lie between
-4 and -5. Previously, Galperin et al. (2001) measured a slope of -4.1 using a best-fit
over the 20–90 wavenumber range (-4.7 for the 20–55 range) using a Jovian zonal
wind profile measured by Simon (1999). Sukoriansky et al. (2002) presented similar
results of slopes approaching -5 from his analysis of a Jovian zonal wind profile
constructed from HST near-infrared imaging data. Regardless of the methodology
employed on the data, however, we have established that the meridional power
spectra of the cloud albedo mosaics is distinct from the corresponding kinetic energy
map, as typical spectra exhibit two separate slopes and transition characteristics.
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Figure 6.11: Meridional power spectra slopes from Image and Wind Vector Mosaic
1. The top row of plots are the averaged meridional profiles of cloud albedo and
kinetic energy as a function of latitude. The bottom row of plots are the power
spectra corresponding to the data shown at top. A line illustrating the calculated
best-fit slopes are shown with the data, though these lines are only intended for
comparison with the perceived slope in the spectrum, and not as an absolute fit.
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6.3.4 Noise and Parameter Testing
The wind vector results that are returned by our automated feature tracking software inevitably possess a certain level of inherent uncertainty. As mentioned in
previous chapters, this is caused by the combination of local wind shear and the
rigid placement of the wind vector result at the center of the image correlation box
while processing each image pair. Inherent error in the returned wind vector, image
navigation, and other factors also contribute. Here, we quantify the effect that random noise has on the calculation of the power spectra slopes. Furthermore, during
the course of our analysis, we employed several assumptions for certain parameters in our methodology for calculating our results. We test those parameters to
determine what effect they have on our overall findings.
The Effect of Noise
We tested the effect of uncertainty and noise on the wind vectors that are the basis
for the power spectrum slopes of the kinetic energy maps. Our control data set is
the velocity vectors forming the basis for Kinetic Energy Mosaic 1. For our tests, we
added a random amount of displacement to each velocity vector of the control data
set. There is no special spatial correlation to the added noise; the noise is random
point-to-point. We ran four test cases, each corresponding to varying statistical
characteristics of the additional uncertainty. The distribution of the noise added
to the wind vectors is Gaussian and the mean of the distribution in each case is
essentially zero; the distinguishing factor is the standard deviation (σ) of the uncertainties. We tested uncertainty distributions with σ = 1, 5, 10, and 20 m s−1 . We
added the uncertainties to the zonal and meridional components of each individual
velocity vector from mosaic 1, using two distinct distributions, but both with the
same statistical properties. Thus, the magnitude and orientation of the supplementary noise is random throughout the wind vector map. After adding noise to the
velocities, we employed the same methodology for calculating the power spectra as
with our control data set, including smoothing the vectors with a smoothing box of
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Arithmetic Mean
Mosaic
Control (Mosaic 1)
w/ σ = 1 m s−1
w/ σ = 5 m s−1
w/ σ = 10 m s−1
w/ σ = 20 m s−1

Low Slope High Slope
-1.39
-3.55
-1.44
-3.46
-1.42
-3.45
-1.42
-3.44
-1.39
-3.43

Weighted Mean
Mosaic
Control (Mosaic 1)
w/ σ = 1 m s−1
w/ σ = 5 m s−1
w/ σ = 10 m s−1
w/ σ = 20 m s−1

Low Slope High Slope
-1.34
-3.11
-1.39
-2.95
-1.34
-2.92
-1.36
-3.00
-1.23
-2.98

Table 6.11: Mean and weighted mean zonal power spectrum slopes for Kinetic
Energy Mosaic 1 with random normally-distributed noise added to the wind vectors.
Outlier slopes (slopes that are greater than 0 or lower than -5) are omitted from the
calculation of the average.

0.5◦ square.
Table 6.11 presents the results of our noise test applied to the zonal power spectra. Again, we calculate every possible FFT within each data set and average all
of the slopes together to create this table. Outlier slopes are not included in this
average. Overall, there are relatively insignificant differences between the control
power spectra and the “noisy” power spectra, as well as little difference between
the individual “noisy” power spectra themselves. This is likely attributable to the
smoothing that is performed on the wind vectors before calculating the kinetic energy. Thus, we conclude that significant modifications to our results and conclusions
would require levels of uncertainty in the results that are highly unlikely both in
their magnitude and frequency of occurrence within the data set.
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Height of Extracted Strip
Reiterating our methodology, when calculating a zonal power spectrum, we extract
a strip of data across all longitudes of a specified height centered at a discrete
latitude, and then construct the longitudinal profile of the data by averaging within
each column of pixels. We selected a height of 0.5◦ for our analysis, which effectively
converts to 10 independent wind vector measurements that are averaged in each pixel
column. We tested the effect of different extracted strip heights by using heights
of 0.25◦ and 1◦ (5 and 20 pixels per column, respectively). We find that there is
essentially no difference in the average slopes, and conclude that this particular
parameter does not affect the overall results and conclusions.
Width of Wavenumber Domain
When selecting the boundaries for the wavenumber domain in which we fit powerlaw slopes to the energy spectra of the data sets, we chose values that maximized the
inclusion of useful data and avoided inclusion of artificial signals or other effects that
would corrupt our calculations. From the example power spectra plots in Figure 6.6,
we see that the lowest wavenumbers (1–10) are noticeably flatter than the rest of
the power spectra. For this reason, the slopes discussed so far were calculated only
for wavenumbers of 10 or greater. Allowing wavenumbers 1–10 to be included in
the fits confirms that the average value of the power spectra slopes are decreased
in magnitude when including these wavenumbers in determining the best-fit slopes.
Thus, we choose the wavenumber 10 as the lower bound in wavenumbers for fitting
the spectra slopes, as tests reveal that higher wavenumbers for the lower bound do
not appreciably change the average slope results. The theoretical maximum upper
bound is set by the Nyquist frequency of the data, which is well above 103 for
our high-resolution data. In practice, our power spectrum starts to exhibit erratic
behavior from aliasing and other effects at around wavenumber 500. Thus, we select
300 as the upper bound in wavenumber to include as much of the relevant portions
of the power spectrum as possible when fitting slopes.
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6.4 Discussion
To the best of our knowledge, the work presented in this chapter is the first extensive analysis of the kinetic energy power spectrum and comparison with the
corresponding multi-spectral cloud albedo power spectra of Jupiter’s atmosphere.
Unsurprisingly, our analysis reveals strong anisotropies in both the kinetic energy
and cloud albedos, as both are zonally organized. Representative power spectra for
both data sets feature two domains with independent slopes. The average location
of the transition in slope occurs at essentially the same planetary wavenumber across
all of our data sets, though considerable scatter is present. The classic interpretation
for the transition in the power spectrum slopes is that it marks the scale at which
a forcing mechanism supplies energy to the Jupiter’s atmosphere. Baroclinic instabilities are one proposed candidate for this forcing mechanism. If this is the case,
then the principal length scale at which baroclinic instabilities supply energy to the
atmosphere is the Rossby radius of deformation, Ld (Pedlosky, 1987). The radius
of deformation is the length scale at which rotational or Coriolis effects become as
significant as regular buoyancy effects in influencing the fluid flow and is defined as
Ld =

NH
f

(6.1)

where N is the Brunt-Väisälä frequency, H is the atmospheric scale height, and f is
the Coriolis parameter. Given that we measure the average transition wavenumber
to be ∼100, this implies a deformation radius of ∼3,000 km at a latitude of 45◦ ,
which is comparable to estimates made by Showman (2007) through his numerical
simulations. However, given the large amount of scatter in Figures 6.7, 6.8, and 6.9
for the value of the transition wavenumber as a function of latitude in our assembly
of results, some caution is warranted when interpreting this quantity.
An extensive collection of published literature regarding the power spectra of
atmospheric quantities (such as wind velocity, temperature, and trace constituent
distribution) exists for Earth’s atmosphere. The overall dynamical processes controlling the energy transfer appear to be significantly different on Earth than what
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is observed on Jupiter. Classic studies by Nastrom and Gage (1985) and Gage and
Nastrom (1986) provide compelling evidence that an energy cascade and enstrophy
transfer are present in Earth’s atmosphere, but their respective wavenumber domains are reversed compared to what is observed on Jupiter. For synoptic length
scales from 1,000–3,000 km (planetary wavenumber of ∼10–30), the kinetic energy
spectrum slope is -3, indicating the presence of enstrophy transfer from low to high
wavenumbers. For mesoscale length scales below ∼500 km (planetary wavenumber
greater than ∼50), the kinetic energy spectrum has a slope near -5/3, suggesting a
possible inverse energy cascade from two-dimensional turbulence theory like what
is apparently present on Jupiter. However, recent numerical models by Tung and
Orlando (2003) and Tulloch and Smith (2006) advocate a simpler scenario that invokes only a forward energy cascade. In these models, forcing occurs at planetary
wavelengths through baroclinic instabilities and produces the -3 slope for the kinetic
energy spectrum at synoptic scales through a potential enstrophy cascade. The transition to a flatter -5/3 slope at mesoscale wavelengths is simply a consequence of the
forward (direct) energy spectrum dominating over the enstrophy cascade spectrum
at a transition length scale that is dependent on the flux of energy and enstrophy.
The exact relationship between the energy spectrum of a particular flow and the
power-law distribution of the fluid tracers embedded within the flow has prompted
numerous studies. Is the distribution of the cloud tracers and the length scales
at which they organize caused by the inherent turbulent flow? Or are the two
distributions independent of one another? Previous studies (Travis, 1978; BarradoIzagirre et al., 2009) have interpreted their results as indicative that the cloud spectra
mimic or correlate strongly with the kinetic energy spectra. In contrast, our present
study suggests that this may not be the case on Jupiter after all, as we find that
typical cloud albedo power spectra are distinct from kinetic energy power spectra
on Jupiter and do not seem to align with each other. This suggests that other
mechanisms act along with the inverse energy cascade to organize the patterns of
cloud albedos that we observe on Jupiter.
Our results are in contrast with previous observational studies regarding data
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about Earth’s atmosphere and theoretical studies suggesting that the passive tracer
and kinetic energy power spectra slopes should be more aligned. Nastrom et al.
(1986) examined the power-law spectra of the distribution of trace constituents (such
as ozone, carbon monoxide, and water vapor) in Earth’s atmosphere and found that
the power spectrum approximately followed a -5/3 power-law distribution at scales
up to 500–800 km. This result suggests that the distribution of trace chemical species
in Earth’s atmosphere is consistent with quasi two-dimensional turbulence theory
and is a direct result of the spectrum of displacements acting upon the tracers. A
more recent study by Cho et al. (1999) confirms the results shown by Nastrom et al.
(1986) with their measurements of ozone, methane, carbon monoxide, and carbon
dioxide mixing ratios, all with spectral slopes ranging around -5/3.
Furthermore, Vallis (2006) shows that the slope of the power spectrum of a passive tracer (one that does not affect the flow itself) should be -5/3 in the inverse energy cascade range for turbulence in an incompressible two-dimensional flow, which
is an approximation of Jupiter’s weather layer and atmosphere given the planet’s
rapid rotation. We quickly outline his arguments here. If we consider a simple dye
injected into a fluid as a passive tracer, the spots of dye will slowly become more
and more elongated as quasi-random turbulent motions of the fluid will interact
with the dye patches and continually elongate the structure, eventually producing
a filamentary pattern. The length scale of the tracer variance will change from
large to small as the flow evolves. In addition, the “concentration” of the dye will
remain quasi-constant for a fluid parcel as the dye patches become more filamentary. (In other words, the timescale for diffusion of the tracer is much longer than
the timescale for elongation and stretching.) Overall, the dye as a passive tracer is
acting in the same manner as patches and bands of vorticity in an incompressible
two-dimensional fluid that experience an inverse energy cascade from small to large
scales. Vallis (2006) further demonstrates through mathematical arguments invoking Kolmogorov turbulence theory and the conservation of energy and enstrophy
that the slope of the power spectrum for an inverse cascade in two-dimensional flow
will be -5/3. All of these arguments in addition to supplementary reasonings can be
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applied to the power spectra of passive tracers in determining that their slope will
also be equal to -5/3. However, one key assumption mentioned by Vallis (2006) is
that the scale at which energy is injected into the flow is smaller than the scale at
which tracers are introduced into the system. Within this assumption, the power
spectrum slope of a passive tracer is -5/3 over the range of wavenumbers in which
energy is cascading to large scales, while tracer variance is simultaneously cascading
to small scales.
We can thus ask, why are the spectral slopes of the cloud tracer spectra and
kinetic energy spectra different in Jupiter’s atmosphere when they should be more
aligned like what is observed in Earth’s atmosphere? One caveat here is that this
may not necessarily be an apples-to-apples comparison. On Jupiter, we are performing a spectral analysis of the variance of the cloud image albedo, whereas on
Earth, studies analyze the variance of chemical mixing ratios. The image albedo
variations presumably act as a proxy for the unknown trace chemical constituent(s)
in Jupiter’s atmosphere. These tracers on Jupiter have always been thought to act
passively like a dye. It would be quite surprising if this was not the case, as there is
no evidence of them significantly altering the flow through differential heat absorption, mass buoyancy effects, or other processes. In addition, inherent chromophores
may not necessarily be causing all of the cloud albedo variations. Cloud clearings or
areas with reduced cloud opacity may be responsible for some of the variations that
affect the power spectrum of the albedo. Another possibility is that the assumption
made by Vallis (2006), the length scale of energy injection into Jupiter’s atmosphere
is smaller than the length scale at which tracers are introduced into the atmosphere,
may not be valid for Jupiter. Overall, the results that should be expected in a spectral analysis of passive tracers from classical two-dimensional turbulence theory may
not be entirely applicable to cloud albedo variations on Jupiter. The distinct nature of the spectral slopes suggests that other processes beyond random distribution
through turbulent eddies is responsible for the pattern of spatial variations of the
cloud albedos on Jupiter.
The processes that are responsible for generating or eradicating the albedo vari-
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ations in Jupiter’s atmosphere remain mostly unconstrained. However, the slope of
the power spectrum of cloud tracers and chromophores themselves may reveal insights into these mechanisms. This slope is likely controlled by several independent
processes that all interact with one another. For instance, (1) what is the nature of the “sources” for cloud tracers? Are tracers introduced into the atmosphere
isotropically through a homogenous process that occurs ubiquitously throughout the
weather layer, or are they introduced into the atmosphere only at specific points,
where the separation distance between tracer injection points possesses a certain
characteristic length scale? (2) In tandem with the tracer sources, what are the
“sinks” for the tracers, i.e. their destruction processes? Are tracers destroyed by,
for example, a photochemical process (e.g. interaction with solar ultraviolet radiation), which would essentially be an isotropic and uniform process? Or are tracers
not necessarily destroyed but hidden from view by downdrafts or sinking motions
that plunge the tracers to the depths beneath the visible cloud layer? Such process
would presumably not be occurring homogeneously throughout the atmosphere but
instead only in certain latitudinal bands or isolated to discrete atmospheric areas.
Finally, (3) what are the characteristic lifetimes for the tracers? If the processes
creating and/or destroying tracers are gradual, do the tracers then homogenize spatially and spread through diffusive processes? Such a homogenization would imply
that the spectral slope of a tracer would become steeper with time, as variations in
tracer distribution would smooth out with time (and thus, decrease the amplitude
of the power spectrum at high wavenumbers). Further complicating these questions
is the likely possibility that both cloud clearings (opacity variations) and physical
chromophores are responsible for the albedo contrasts.
These questions render the analysis of images taken with different camera filters to be very useful. Previously demonstrated by Harrington et al. (1996) and
Barrado-Izagirre et al. (2009), the slopes of the power spectra of images at different
wavelengths are different precisely because they sample different layers of the atmosphere and highlight independent components of the atmosphere, such as a uniform
haze that is above the familiar weather layer, or the structure of the atmosphere at
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depth. Variations in the slopes between power spectra of images at different wavelengths would reveal insights into the inherent sources and sinks for tracer particles
observed at different wavelengths, and perhaps the differing length scales at which
these sources and sinks operate. Our results are generally in agreement with Banfield et al. (1998); the relatively flat slopes of the power spectrum of the CB2 image
mosaics indicate that the ammonia cloud layer imaged using this filter possesses a
majority of the cloud albedo contrasts associated with Jupiter’s visible atmosphere.
The steeper slopes of the power spectra calculated using the methane band filters
implies a paucity of small-scale albedo variations; as a result, measuring vertical
shear in Jupiter’s atmosphere through direct imaging and tracking of cloud features
above the 750 mbar ammonia cloud layer will be very challenging (Banfield et al.,
1998).
In Section 6.3.2, we demonstrated that the belts or the areas designated as possessing cyclonic shear typically had flatter power spectrum slopes than the zones
or areas with anticyclonic shear in the CB2 and BL1 mosaics. This is most likely
a simple consequence of the general uniform and smooth veneer of the zones, as
opposed to the more active and dynamic facade of the belts (Ingersoll et al., 2004).
The origin of the disparities in the general appearances between the zones and belts
may be attributable to convective events originating in the belts that occasionally
develop into planetary-scale disturbances (Simon-Miller et al., 2001). The resulting
interaction of these disturbances with the ambient winds and turbulence likely creates the more unsettled and filamentary appearance characteristic of the belts. Our
statistical analysis suggests that these deviations in appearance extend to higher
altitudes, as the slope differences in the zones and belts are present in the MT2
and MT3 methane-band mosaics. The relatively flat slopes attributed to the belts
suggest that these areas act as “sources” of the cloud albedo variations, whereas
zones may act as “sinks” as the albedo variations begin to homogenize. However,
this should not necessarily imply that a physical transfer of chromophores is taking place, as meridional velocities (and latitudinal mixing) is minimal in Jupiter’s
atmosphere.
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The somewhat steeper slopes found for the power spectra of the methane band
mosaics suggests that the haze particles imaged with this filter have a tendency not
to organize into relatively short length scale contrast features. This is in agreement
with Banfield et al. (1998), who determined that the haze layers sensitive to the
utilized filters contained minimal spatial variability on length scales smaller than
the planetary jets. Also consider that the power spectrum slopes for the MT2 and
MT3 mosaics are closer to the “expected” value of -5/3 than the CB2 and BL1
mosaics. This also implies that the dominant process acting upon the small haze
particles present in the stratosphere and upper troposphere of Jupiter (above the
altitude of the main ammonia cloud deck) are turbulent eddies organizing the albedo
contrasts within the haze. Diffusion may also play a role in spatially smoothing
out the general appearance of the upper hazes on Jupiter. These results suggest
that the haze particles in these layers do not have localized sources analogous to
the disturbances that occasionally appear in Jovian atmospheric belts. Instead,
the haze particles may be generated within or supplied to these upper altitudes
uniformly across synoptic or planetary length scales.
From the statistical characteristics of the slopes of the kinetic energy power
spectra, we are confident that an inverse energy cascade is occurring in Jupiter’s
atmosphere. This supports previous proposals that shallow forcing (mechanisms
driving the flow that occur at the outer weather layer of Jupiter’s atmosphere rather
than in the deep convective interior) can drive and maintain the jet streams, as
inverse cascade would be the mechanism of energy transfer. However, just because
an inverse cascade is occurring in the atmosphere is not conclusive evidence that the
jets are driven by shallow forcing. An inverse cascade in the atmosphere can still
exist and play a role in the transfer of energy from turbulent eddies to large-scale
flows such as Jupiter’s cyclones and anticyclones, with the jet streams independent
of this transfer and driven by processes originating from at depth.
Nevertheless, many recent studies advocate that shallow forcing plays a significant role in controlling the broad dynamical characteristics of the jet streams on the
giant planets. Recent numerical simulations have shown that forcing strictly con-
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fined to the weather layer can reproduce the bulk structure of Jupiter’s and Saturn’s
jet streams, including the super-rotating equatorial jet (Lian and Showman, 2008,
2009). While jet streams can be powered by other processes in the presence of an
inverse energy cascade, the numerical model of Lian and Showman (2008) and Lian
and Showman (2009) strongly implies that the baroclinic eddies generated by the
shallow forcing collects into an inverse energy cascade that powers the jets. The exact nature of the shallow forcing is unknown, but one proposal is latent heat release
from moist convection in the atmosphere (Ingersoll et al., 2000; Lian and Showman,
2009), such as that observed in vigorous thunderstorms with embedded lightning
(Gierasch et al., 2000). Additional studies (Beebe et al., 1980; Ingersoll et al., 1981;
Salyk et al., 2006; Del Genio et al., 2007) have all claimed to observe turbulent
eddies presumably generated by the shallow forcing driving the jet streams at the
cloud level. Our analysis is the latest in a body of evidence all strongly suggesting
that an inverse energy cascade plays an important role in influencing the dynamic
meteorology of Jupiter, and perhaps the other giant planets in our solar system.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

For this dissertation, I developed an automated and objective technique for tracking
cloud features and measuring winds within the atmospheres of the giant planets. I
applied this technique to several planetary imagery data sets in order to appraise
the dynamical meteorology of Jupiter and Saturn, characterizing everything from
snapshots of the flow field in a large vortex to an assessment of the turbulent kinetic
energy within Jupiter’s troposphere. In this chapter, I summarize our results and
speculate about the various avenues that future work can investigate.
7.1 Jupiter’s Vortices
In Chapter 3, I described the initial implementation of our automated feature tracking technique, which yielded an impressive high-resolution wind vector map of the
Great Red Spot. Besides demonstrating the fidelity of our technique by validating it against previous manually measured results, our inaugural use of our method
yielded insights about the Great Red Spot and its evolution. We measured a modest
increase in the speed of the high-velocity flow collar that composes the GRS during
the span of the Galileo mission. We also confirmed reports of a slow, counterrotating circulation in the interior of the GRS by examining detailed wind vector
maps and compiling a latitudinal zonal wind profile. Both of our calculated zonal
and meridional wind profiles of the GRS indicated that the vortex has been shrinking in longitude throughout the past few decades. With our wind measurements,
we also discovered a “ring” around the GRS indicating areas of cyclonic vorticity,
counter to the overall anticyclonic vorticity of the GRS circulation. Similar to the
rings or arcs of enhanced 5µm emission emanating around the GRS, but marking
the first time that such a ring has been discovered as a dynamical feature, this cy-
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clonic ring has implications for a secondary circulation occurring at the periphery
of the vortex. Both the heightened 5µm emission and the cyclonic ring imply that
a thermally indirect, downwelling motion is taking place at the outer edges of the
GRS. This feature is a natural target for further investigation both observationally (through telescopic monitoring campaigns) and numerically (through general
circulation modeling).
We evaluated the dynamical meteorology of Jupiter’s other set of vortices, the
White Ovals, in Chapter 5. By compiling high-resolution imagery of the White
Ovals during their evolution from a set of three, discrete anti-cyclones to a singular,
reddened Oval BA, we sought to determine how their flow characteristics evolved as
a result of the physical mergers of the ovals, and what role the dynamics may have
had in the subsequent coloration of Oval BA. Our results show that the southern
portion of Oval BA’s flow collar after its reddening appears to have moderately
increased in velocity relative to its state immediately after the final merger. Its
appearance has also experienced a transformation from a triangular form to a more
classical ellipsoidal shape. Our study also revealed the existence of an organized,
cyclonic circulation hidden within apparent turbulent, chaotic flows adjacent to Oval
BA. Curiously, this cyclonic region seem to be persistent as a companion to Oval
BA, leading us to speculate that either these vortices exist as a mutually symbiotic
system. As a consequence, this cyclonic region may be providing the energy that
was harnessed to spin up the vortex (and also perhaps dredge up chromophores from
below as a result) and/or used to maintain the vortex against long-term dissipation.
The presence of bright-white cloud tops at the cores of the cyclonic region lead us
to conjecture about the presence of thunderstorms providing energy through latent
heat release.
The similarities between the GRS and Oval BA are striking, and argue for an
investigation into the turbulent wake region northwest of the GRS to determine
if the wake has any characteristics of cyclonic flow. Confirmation of a coherent
cyclonic flow would both be an additional extraordinary resemblance to Oval BA
and its resident ”turbulent wake” and possess significant implications regarding the
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energy cycle of the vortex. Additional numerical modeling studies that simulate
whether or not the GRS could have been borne out of a similar merger of several
vortices in the past will also be useful in determining the relationship between the
GRS and Oval BA. The GRS has been observed to absorb small vortices in the past
few decades, fueling speculation that this process helps maintain the vortex against
dissipation. Numerical studies can help constrain the frequency of merger events
required to preserve the circulation of the GRS. Further studies can also investigate
cyclonic regions in order to illuminate what role they play in the energy balance
of the atmosphere. Numerous aspects regarding the characteristics and features of
these cyclonic regions remain unknown, and a vast parameter space exists waiting to
be explored in order to determine what controls the shape, appearance, and flow of
a Jovian cyclonic region. Continued observations of the vortices will take place with
both ground-based monitoring programs and periodic examinations with the Hubble
Space Telescope (or its successor, the James Webb Space Telescope). However, the
next opportunity for high-resolution imaging of the systems will not occur until the
Juno mission, slated for launch in 2011 and arrival at Jupiter in 2016. Additional
opportunities for high-resolution observations can take place with the next Outer
Planets Flagship spacecraft, the Europa Jupiter System Mission, though liftoff of
this mission is currently estimated to take place around 2020, with an estimated
arrival at Jupiter in 2026.
7.2 Jupiter’s Turbulent Kinetic Energy
In Chapter 6, we calculated numerous power spectra of the variance in Jupiter’s
multispectral cloud albedos and turbulent kinetic energy. Our results show that the
two types of power spectra appear to be distinct on Jupiter, though previous studies
regarding Earth’s atmosphere and theoretical arguments assert that the spectra of
passive tracers embedded within a flow (in all probability analogous to the cloud
albedo variations on Jupiter) and the turbulent kinetic energy of the same flow
should be more or less alike. Further research will be necessary to determine how well
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the chromophores in Jupiter’s atmosphere act as a passive tracer. Nevertheless, our
kinetic energy spectra provides additional evidence that an inverse energy cascade
from small length scales (turbulent eddies) to large length scales (zonal jet streams
and vortices) is a primary component of the energy balance in Jupiter’s atmosphere.
This avenue of energy transport may be one of the preferred mechanisms in which
large-scale flows such as the jet streams and prominent vortices receive energy from
small-scale processes such as turbulent eddies generated by moist convection.
Future studies of the energy spectra of Jupiter’s atmosphere may focus on high
spatial resolution imaging and wind vector maps of local and regional features, such
as the Great Red Spot. Such studies can potentially reveal the energy spectrum on
smaller length scales and the modes of energy transfer occurring within these unique
features. Another useful analysis would be to examine the cloud tracer/wind vector
relationship for images observed in a different portion of the spectrum. In Chapter
6, we started this analysis with images using different filters generated during the
Cassini observation sequence analyzed in this work. Additional data sets from other
spacecraft and with other filters would also be useful for comparison. Extracting
unique wind vectors from multi-spectral data, however, may be challenging. According to Ashwin Vasavada, previous attempts at measuring winds with imaging
data at different wavelengths have been somewhat successful, but it was inconclusive as to whether or not the results represented a unique altitude in the atmosphere
and not degenerate with wind vectors representative of the main NH3 cloud deck.
Finally, we can examine Saturn’s atmosphere using data from the ongoing Cassini
mission. We are unaware of any study at present that has examined the power
spectrum of Saturn’s cloud albedos or kinetic energy; such study would be useful
for comparative planetary atmospheric science, and it would be quite surprising if
results from an analysis of Saturnian data deviated significantly from turbulence
theory. Both data sets from ISS in the near-infrared and VIMS in 5 µm could be
utilized for this project.
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7.3 Saturn’s Atmosphere
Chapter 4 presented results regarding an analysis of VIMS data about Saturn’s
enigmatic atmosphere. The VIMS data, in particular the 5µm portion, is useful
for possibly illuminating the deeper altitudes of the atmosphere. We undertook
a statistical analysis of the numerous spotted features seen in the atmosphere to
reveal striking similarities in the latitudinal and size distribution with the patchy,
white clouds from visible-wavelength imagery. These uniformities suggest that they
are largely the same features captured at different altitudes with observations using
different wavelengths. This implies that these cloud features are vertically extended
(∼1-2 scale heights in thickness), and that there is a vertical gradient in particle
sizes within these clouds, with smaller particles reflecting sunlight aloft, and larger
particles at the base of the cloud effectively blocking the thermal emission emanating
from Saturn’s deep atmosphere.
We applied our cloud tracking software to the VIMS data in order to construct a zonal wind profile of the atmosphere. Our profile, assembled using nearinfrared data, largely matched previous profiles that were put together using visible
data. This overall match rules out relatively large latitudinal temperature contrasts
throughout most of Saturn’s atmosphere, based on the thermal wind equation. However, this general rule does not seem to apply at Saturn’s jet stream cores, because
we note differences between zonal wind profiles at these specific locations. Therefore, temperature gradients are implied to be locally higher at these latitudes. Our
feature tracker also measured the winds flowing along Saturn’s puzzling equatorial
jet. The measurements of relatively fast flow throughout the equatorial jet (matching measurements made by Voyager ) strongly suggest that previous measurements
of a dramatic deceleration of the jet are confined to the upper troposphere.
Many opportunities are available for continued analysis of the rich VIMS dataset
concerning Saturn’s atmosphere. Further radiative transfer studies will help constrain the altitudes of the features observed by VIMS and refine our estimates of the
vertical wind shear and temperature gradients in the atmosphere. Analysis of fea-

181
tures at polar latitudes was beyond the scope of this study, but interesting features
are located at these latitudes, including a polar vortex above the south pole and
a hexagonal standing wave above the northern polar regions (Baines et al., 2007).
Cassini ’s extended mission will yield an opportunity to measure seasonal changes
in the chemistry, meteorology, and structure of the atmosphere. Additional observation sequences designed for feature tracking will allow us to supplement our zonal
wind profile and measure the degree of vertical wind shear throughout all latitudes.
Furthermore, the majority of the VIMS data that we have analyzed are observations
of the night side of Saturn, preventing us from comparing simultaneous VIMS and
ISS images for common features. Comparative studies of the ISS and VIMS data
sets and future planned observations will test vertical cloud structure models. We
look forward to continued analysis of the data returned by VIMS and the Cassini
spacecraft as we continue to explore Saturn’s unique atmosphere.
7.4 Future Software Improvements and Applications
The application of our software to past and future planetary imaging data sets will
continue to yield insights and discoveries regarding the atmospheres in our solar system. However, our tracking software does not have to be limited to the atmospheric
sciences. Useful applications of our software can potentially be extended throughout
planetary science that require precise tracking of features in a time-series of images.
Presumably, similar principles to our cloud feature tracking software are the basis for algorithms capable of the automated detection of near-Earth objects by sky
surveys around the world. On Earth, Johnson et al. (2008) used PIV to measure
volcanic dome inflation during an eruption event to better understand the mechanisms behind volcanic long-period earthquakes. Additional geophysical applications
of this technique include the analysis of stereo images of the terrain on icy satellites
or other solid bodies in the solar system, where the displacements in the image pair
are used to infer topography and height rather than wind velocity.
Apart from continued applications of our software to planetary data sets, we
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plan future improvements to the software in order to improve the utility of our
technique. Some improvements will admittedly be somewhat mundane, such as
code optimization and other advancements in computational efficiency. However,
other possible upgrades can significantly supplement the utility of the software.
The implementation of a rotating correlation box, or some other method to detect
rotation or shear in the cloud features, will improve the accuracy of the method
and enable the software to analyze images that are separated by longer durations.
This will also allow for measurements of polar-projection images, which are beyond
the software’s current capabilities. Other ideas for future versions of our software
include full automation of the algorithm wherein the software objectively determines
the ideal parameters for the correlation box sizes. An additional enhancement could
prompt for manual measurements during the course of the software’s calculations
as a way of validating the automated measurements. Undoubtedly, because there
is a fluid mechanics and terrestrial meteorology community apart from planetary
sciences that utilizes feature tracking algorithms, the lines of code for these ideas
along with other clever schemes not imagined here likely already exist. Future work
will focus on integrating these algorithms into our software, and collaborating with
these communities to identify and implement the latest cutting-edge techniques.
All of these upgrades would greatly improve our software as a tool for analyzing
planetary data sets and enhancing their overall scientific return.
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Cho, J. Y.-K., M. de la Torre Juárez, A. P. Ingersoll, and D. G. Dritschel (2001).
A high-resolution, three-dimensional model of Jupiter’s Great Red Spot. Journal
of Geophysical Research, 106, pp. 5099–5106. doi:10.1029/2000JE001287.

187
Cho, J. Y.-K. and L. M. Polvani (1996). The emergence of jets and vortices in
freely evolving, shallow-water turbulence on a sphere. Physics of Fluids, 8, pp.
1531–1552. doi:10.1063/1.868929.
Cho, J. Y. N., Y. Zhu, R. E. Newell, B. E. Anderson, J. D. Barrick, G. L. Gregory,
G. W. Sachse, M. A. Carroll, and G. M. Albercook (1999). Horizontal wavenumber
spectra of winds, temperature, and trace gases during the Pacific Exploratory
Missions: 1. Climatology. Journal of Geophysical Research, 104, pp. 5697–5716.
doi:10.1029/98JD01825.
Choi, D. S., D. Banfield, P. Gierasch, and A. P. Showman (2007). Velocity and
vorticity measurements of Jupiter’s Great Red Spot using automated cloud feature
tracking. Icarus, 188, pp. 35–46. doi:10.1016/j.icarus.2006.10.037.
Choi, D. S., A. P. Showman, and R. H. Brown (2009a). Cloud features and zonal
wind measurements of Saturn’s atmosphere as observed by Cassini/VIMS. Journal
of Geophysical Research (Planets), 114, p. 4007. doi:10.1029/2008JE003254.
Choi, D. S., A. P. Showman, and A. R. Vasavada (2009b). The Evolving Flow of
Jupiter’s White Ovals and Adjacent Cyclones. Icarus. doi:10.1016/j.icarus.2009.
10.013. in press.
Conrath, B. J., F. M. Flasar, J. A. Pirraglia, P. J. Gierasch, and G. E. Hunt
(1981). Thermal structure and dynamics of the Jovian atmosphere. II - Visible cloud features. Journal of Geophysical Research, 86, pp. 8769–8775. doi:
10.1029/JA086iA10p08769.
Del Genio, A. D., R. K. Achterberg, K. H. Baines, F. M. Flasar, P. L. Read,
A. Sánchez-Lavega, and A. P. Showman (2009). Saturn’s Atmospheric Structure
and Dynamics, Saturn after Cassini-Huygens. Springer-Verlag.
Del Genio, A. D., J. M. Barbara, J. Ferrier, A. P. Ingersoll, R. A. West, A. R.
Vasavada, J. Spitale, and C. C. Porco (2007). Saturn eddy momentum fluxes
and convection: First estimates from Cassini images. Icarus, 189, pp. 479–492.
doi:10.1016/j.icarus.2007.02.013.
Dowling, T. E. and A. P. Ingersoll (1988). Potential vorticity and layer thickness
variations in the flow around Jupiter’s Great Red Spot and White Oval BC. Journal of Atmospheric Sciences, 45, pp. 1380–1396. doi:10.1175/1520-0469(1988)045.
Dunion, J. P. and C. S. Velden (2002). Application of Surface-Adjusted GOES LowLevel Cloud-Drift Winds in the Environment of Atlantic Tropical Cyclones. Part
I: Methodology and Validation. Monthly Weather Review, 130, pp. 1333–1346.
doi:10.1175/1520-0493(2002)130.

188
Dyudina, U. A., A. D. del Genio, A. P. Ingersoll, C. C. Porco, R. A. West, A. R.
Vasavada, and J. M. Barbara (2004). Lightning on Jupiter observed in the Hα
line by the Cassini imaging science subsystem. Icarus, 172, pp. 24–36. doi:
10.1016/j.icarus.2004.07.014.
Dyudina, U. A., A. P. Ingersoll, S. P. Ewald, C. C. Porco, G. Fischer, W. Kurth,
M. Desch, A. Del Genio, J. Barbara, and J. Ferrier (2007). Lightning storms on
Saturn observed by Cassini ISS and RPWS during 2004–2006. Icarus, 190, pp.
545–555. doi:10.1016/j.icarus.2007.03.035.
Dyudina, U. A., A. P. Ingersoll, S. P. Ewald, A. R. Vasavada, R. A. West, K. H.
Baines, T. W. Momary, A. D. Del Genio, J. M. Barbara, C. C. Porco, R. K.
Achterberg, F. M. Flasar, A. A. Simon-Miller, and L. N. Fletcher (2009). Saturn’s
south polar vortex compared to other large vortices in the Solar System. Icarus,
202, pp. 240–248. doi:10.1016/j.icarus.2009.02.014.
Ertel, H. (1942). Ein neuer hydrodynamischer Wirbelsatz. Meteor. Z., 59, pp.
277–281. doi:10.1007/BF01475602.
Flasar, F. M., R. K. Achterberg, B. J. Conrath, J. C. Pearl, G. L. Bjoraker,
D. E. Jennings, P. N. Romani, A. A. Simon-Miller, V. G. Kunde, C. A. Nixon,
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