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Hao, Jon y Ander, compañeros de tertulia a la hora de comer, siempre dispuestos
a echarme un cable en lo que hiciese falta, gracias compañeros de “tuppers”! Y del
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Summary

Polar regions present singular behavior and dynamics related to the rotation rate
of the planet, specially important in fast rotating planets. In particular, Saturn’s
polar regions are characterized by a wide variety of cloud morphologies, some of
them not observed in other planets, such as the remarkable hexagonal feature lo-
cated at the north polar region at 75.8◦ planetocentric latitude, a feature that has
survived at least since 1981 and that has no equivalent at the south polar region of
the planet. Other noteworthy features of Saturn’s polar regions are the presence of
long-lived polar vortices at both poles or the fields of compact cloud present in both
polar regions.

In this dissertation, we study the dynamics of Saturn’s polar regions from ∼ 60◦

to 90◦ latitude at cloud level, focusing on the comparison of both polar regions, the
Hexagon and the relationship between the observed cloud morphology and the local
and general dynamics of the area, by analyzing multi-wavelength high-resolution
images captured by the Cassini ISS cameras between October 2006 and September
2014, at visible wavelengths from the the violet (∼ 400 nm) to the near-infrared
(∼ 1, 000 nm). These data allow the study of the cloud morphology and horizontal
motions at the highest resolution images thus far for Saturn’s southern summer,
northern spring and beginning of northern summer. In addition, we analyze differ-
ent possible interpretations of the origin of the Hexagon.

In order to analyze the dynamics of these regions, we measure horizontal winds
on continuum band (CB2) images, which sense the top of the ammonia cloud at
around 600 mbar pressure, and we compute averaged zonal and meridional velocity
maps together with zonal velocity profiles. Furthermore, latitude-longitude aver-
aged relative vorticity maps and profiles of vorticity gradients are retrieved from the
measured horizontal winds. Finally, using the obtained horizontal wind field and the
thermal structure retrieved by Fletcher (2015) from CIRS data, we compute zonally
averaged Ertel and quasi-geostrophic potential-vorticity maps for the southern sum-
mer and northern spring. Comparisons on the dynamics of both polar regions show
that, overall, the horizontal wind structure of the regions is very similar. North and
south polar jets reach averaged zonal velocities of 140−150 ms−1 and present strong
cyclonic relative vorticity at the pole, of the order of the Coriolis parameter, while
the Hexagon jet and its counterpart in the south (which is located 5◦ closer to the
equator than the Hexagon) are slower, reaching zonal velocity peaks of ∼ 100 ms−1

and have a weaker relative vorticity, of the order of ±6 × 10−5 s−1. Additionally,
meridional gradients of the averaged ambient vorticity show that the Rayleigh-Kuo
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xiv SUMMARY

stability criterion for a barotropic atmosphere is clearly violated at the flanks of
the hexagonal jet and its counterpart in the south. Similarly, meridional gradients
of the Ertel and quasi-geostrophic potential vorticity show that instabilities could
develop at the flanks of the polar jets, as well as at the flanks of the Hexagon and
the eastward jet in the south.

We also characterize the cloud morphology of Saturn’s north polar region at dif-
ferent wavelengths and its temporal variability, and relate it to the general dynamics
of this region, with the aim of understanding the physical processes and seasonal
variations that undergo at this region. The appearance and albedo of the north
polar vortex changes rapidly at cloud level, as observed between November 2012
and September 2014, however, neither the zonal velocity nor the vorticity changes
during this period. Statistical analysis of the number, sizes and distribution of the
compact clouds field between 77◦N and 84◦N does not show any seasonal variations
between early spring (January 2009) and beginning of northern summer (June 2013).
These clouds present typical sizes of 200− 300 km with an homogeneous meridional
(North-South) and non-homogeneous zonal (East-West) distribution. Tracking of
these “puffy clouds” indicate that they move with the background and that they
migrate neither to the pole nor to the equator, showing a maximum estimated life-
time of 8− 9 days. Lastly, although the Hexagon has remained unchanged over the
last 35 years, large transient plume-like activity, presumably of convective nature,
has been observed inside its eastward jet at two different epochs, moving, overall,
with the background.

Finally, we analyze different interpretations for the nature of the Hexagon. On
the one hand, assuming that the velocity of the vertices of the Hexagon reflects the
phase speed of a Rossby wave and taking into account the longitudinal and merid-
ional size of a side of the Hexagon, we analyze the three-dimensional dispersion
relationship of a free Rossby wave, which suggests that the Hexagon could be the
manifestation of a Rossby wave trapped in a region of positive static stability of
unknown extension. In addition, we perform numerical analyses in order to find the
fastest growing modes of barotropic and baroclinic instabilities as another plausi-
ble mechanism for the origin of the Hexagon. In the context of the shallow water
barotropic instability, the zonal wavenumber of the maximum growth rate is 6 at
the north and 7 at the south for a Rossby deformation radius of LD = 1, 000 km,
while for a baroclinic instability it is of the order of 30 for both jets.

Since the dynamics of both polar regions are very similar, this analysis provides
no hints about the reasons for the absence of a long-lived hexagon in the south
polar region of the planet, other than the difference in latitude of the corresponding
jet. Furthermore, the longevity of the Hexagon, the large temporal stability of its
zonal wind profile, and the survival to the long north polar winter, suggest that the
Hexagon could be a manifestation of the meanders of deep rooted unstable jet.



Chapter 1

Introduction

Saturn is the sixth planet from the Sun and the second largest planet of the
solar system. It is located at a mean distance of 1, 427 million kilometers from the
Sun, 9.58 times Earth’s to Sun distance. It follows an elliptical orbit of eccentricity
e = 0.0565 (Earth’s orbit eccentricity ∼ 0.017) and thus, the shortest (perihelion)
and largest (aphelion) distance from the star are 1, 352 million kilometers and 1, 514
million kilometers respectively. Its orbital period is 10, 759.22 Earth days, this is,
29.46 Earth years.

Saturn is a fluid planet with a mean density of 0.6 g cm−3 and together with
Jupiter, it is part of the so called Gas Giant planets. It is a rapid rotating planet,
however, as we will describe in section 1.1.4, its precise rotation period (sidereal day)
is not determined yet. Due to its fast rotation period, it is the most oblate planet
of the Solar System with a equatorial radius of ∼ 60, 300 km (around 9.5 times the
equatorial radius of the Earth) and a polar radius of ∼ 54, 300 km (around 8.5 times
the polar radius of Earth), implying an oblateness of ∼ 0.1.

Saturn’s rotation axis is tilted an angle of 26.7◦ with respect to the ecliptic, a
similar angle to that of Earth (23.4◦). Saturn’s equatorial plane inclination, together
with the presence of the rings and their shadows, result in seasonal variations on
its atmosphere. Table 1.1 summarizes the most important characteristics of Saturn
and compares them with the Earth’s.

As the rest of the planets of the Solar System, Saturn formed from a protoplan-
etary disc, which evolved due to gas and dust left overs from the Sun’s formation.
It was formed, like all Giant Planets, beyond the frost line located at 4 AU (1 AU
∼ 150 million kilometers), where temperatures were low enough for icy compounds
to remain solid. Compared to the metals that formed the terrestrial planets, the
icy materials were more abundant and planets grew massive, capturing the lightest
elements, such as hydrogen and helium.

Giant planets are conventionally divided in two groups depending on the radius,
mass and density: Gas Giants (Jupiter and Saturn) and Icy Giants (Neptune and
Uranus). Gas Giants are mainly composed by hydrogen and a smaller fraction of
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: Illustration the planets of the Solar System. From left to right we found
Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus and Neptune. Distances to
the Sun are not in scale.

Earth Saturn

Mass (kg) 5.98 · 1024 5.68 · 1026

Equatorial Radius (km) 6,378 60,268
Polar Radius (km) 6,356 54,364
Density (g cm−3) 5.51 0.69

Mean Distance to Sun (×108 km) 1.49 14.27
Orbital Period (Years) 1.00 29.46

Rotation Period (Hours) 23.93 10.23
Orbital Eccentricity 0.0167 0.0565

Orbital Tilt (Degrees) 23.4 26.7

Table 1.1: Main properties of Saturn and Earth. Data obtained from (Sánchez-
Lavega, 2011) and NASA.

helium and they lack of a solid surface. In the case of Saturn, it may contain a solid
solid rocky core. The core is surrounded by a liquid hydrogen layer, which turns
into metallic hydrogen near the core due to the increase in pressure.

The icy and giant planets in the Solar System have rings orbiting around them,
however, Saturn’s rings are the most important and spectacular, spanning up to
282, 000 kilometers with a thickness of about one kilometer. Saturn’s rings are
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mostly made up of water ice blocs of different sizes (from centimeters to tens of
meters) and have numerous gaps between them.

Figure 1.2: Saturn captured by Cassini in 2016. (Figure from NASA)

1.1 Saturn’s Atmosphere

On terrestrial planets (Mercury, Venus, Earth and Mars), the atmosphere is de-
fined as the layer of gases surrounding the solid surface due to the gravitational
force. In the case of Saturn, which is a gaseous planet, the atmosphere is deep,
extending down to ∼ 100 Mbar and we define the weather layer as a thin upper
layer of around 600 km from 1 mbar to 10 bar pressure,where hazes and clouds of
various species form. This layer corresponds to 1 % of Saturn’s equatorial radius.

1.1.1 Composition

Saturn’s atmosphere is mainly composed by hydrogen (85%) and helium (14%)
(Sánchez-Lavega, 2011). However, as there are not in situ measurements on Saturn’s
atmosphere, estimations of the abundances of these two components vary depending
on different models of Saturn’s formation, evolution and interior.

Carbon, nitrogen, oxygen and sulfur are also present in Saturn at a smaller
proportion combined with hydrogen creating basic compounds, such as, ammonia
(NH3), water (H2O), methane (CH4) and probably hydrogen sulfide (H2S) (Fouchet
et al., 2009), which probably combines with NH3 and form NH4SH, although it
has not been detected yet. All these species are the most condensible compounds on
Saturn forming clouds at different pressure levels (del Genio et al., 2009). Moreover,
different photochemical products of methane and various disequilibrium species,
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such as phosphine (PH3), germane (GeH4), arsine (AsH3) and carbon monoxide
(CO) are also found in smaller proportions above clouds (Fouchet et al., 2009).

The precise abundances of the condensible species is still an open question. Am-
monia, water and the chemical compound ammonium hydrosulfide (NH4SH, which
is obtained by the combination of ammonia and hydrogen sulfide) condensate at dif-
ferent pressures (see section 1.1.3) making it difficult to measure the real abundances
of these compounds at the interior of the planet. Various estimations of methane
abundance, retrieved using different techniques, do not agree with each other. Val-
ues of the mixing ratio of these compounds from diverse periods and obtained by
different techniques can be found, for example, in Fouchet et al. (2009).

1.1.2 Thermal Structure

A good knowledge of the thermal structure of a planet’s atmosphere is essential
to the understanding of its atmospheric dynamics. Saturn’s atmospheric tempera-
ture is retrieved from two different sources: radio occultations and thermal infrared
sounding. The first source gives temperatures with very high vertical resolution, but
at very specific locations and the second one, provides vertical temperatures of low
vertical resolution but higher spatial resolution.

The temperature-pressure profile retrieved using Cassini’s Composite and In-
frared Spectrometer (CIRS) in 2004 is shown in figure1.3a. The vertical tempera-
ture structure divides the atmosphere in two different regions in altitude: (i) The
stratosphere, a tenuous layer at pressures lower than 80 mbar, where temperature
decreases with pressure and (ii) the troposphere, the lower region of the atmosphere,
with pressures higher than 80 mbar, where temperature increases with pressure. Di-
viding these two regions we find the tropopause at approximately 80 mbar. Below
the 1 bar pressure level, the atmosphere is assumed to have an approximate adi-
abatic behavior, which implies that at higher pressure levels temperature profiles
are determined by dynamics and convection, while higher in the atmosphere, solar
heating has an important effect in temperature and dynamics.

The dependence of temperature on latitude and season shows different behaviors
depending on the pressure level, as it is shown in figure1.3b. At the stratosphere the
zonal temperature is highly variable due to seasonal variations, reaching values of
around 160 K at the summer pole and around 130 K at the winter pole. Descending
in the atmosphere, at the lower stratosphere and around the tropopause, the zonal
temperature shows an smaller seasonal dependence, presenting a low latitudinal
temperature gradient. At these pressure levels, the summer pole is around 20 K
warmer than the winter pole. Finally, below 400 mbar seasonal effects are no longer
noticeable and the temperature remains nearly constant from pole to pole, increasing
from around 100 K at around 400 mbar to 130 K at 1 bar pressure (Fletcher et al.,
2007).
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Figure 1.3: Temperature-pressure profile of Saturn’s atmosphere from 1 mbar to
1 bar retrieved from Cassini CIRS in 2004 (left) and temperature map covering all
latitudes from 0.5 mbar to 1 bar retrieved from Cassini CIRS during the prime mission
(right). The gap between 5 and 50 mbar is due to the spectra not being sensitive to
temperature at that pressure range. (Fletcher et al., 2007)

1.1.3 Weather Layer

The weather layer is defined here as the region of the atmosphere where meteoro-
logical phenomena occur, and as we will describe below, it encloses the stratosphere
and troposphere down to ∼ 10 bar. Different types of clouds form in this region,
allowing us to determine atmospheric motions associated to zonal winds, storms,
vortices and other meteorological phenomena. At the troposphere, where the tem-
perature increases with pressure, atmospheric parcels that are transported upwards
encounter lower temperatures. In a pressure-temperature diagram, the altitude at
which a given compound will condense is given by the point where the saturation
pressure vapor curve of a compound and the temperature profile of the atmosphere
cross. As different compounds condensate at diverse temperatures, clouds of differ-
ent compounds will form at different pressure levels. This is illustrated in figure 1.4.
In order to obtain an estimation of the height of the cloud tops, the saturation pres-
sure vapor curve of the species can be obtained by solving the Clausius-Clapeyron
equation (Sánchez-Lavega et al., 2004).

As mentioned above, the abundance of the compounds in Saturn’s atmosphere it
not yet fixed. This, together with the uncertainties on the vertical thermal structure,
imply different results for the altitude of the top of the clouds when using different
thermodynamic models.

In the case of Saturn, the main condensible gases are ammonia (NH3), am-
monium hydrosulfide (NH4SH) and water (H2O). A thermochemical model from
Atreya and Wong (2005), which assumes oxygen (O), nitrogen (N) and sulfide (S)
enrichment by a factor of five over solar composition, gives three different cloud
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Figure 1.4: Location of the formation of the different clouds on Saturn’s tropo-
sphere. The black thick solid line represents the vertical temperature profile and
the red, blue and thin black lines represent the saturation pressure vapor curves of
ammonia, water and ammonium hydrosulfide. (Data obtained from Sánchez-Lavega
et al. (2004))

layers on Saturn’s troposphere (see figure 1.5). At the top of the troposphere, the
ammonia condenses forming ammonia ice clouds at temperatures between 115 K
and 165 K that corresponds to 600 mbar (top) and 1.5 − 2 bar (base). This cloud
layer is the highest one and it is the only one visible at near-infrared and visible
wavelengths, where clouds are observed bright. Moving into higher pressures, the
base of solid NH4SH ice cloud layer is found at 5.5 − 6 bar (235 K), and that
of water ice is located at 9 − 10 bar (235 K). Similar results are obtained from a
simpler thermodynamical model by Sánchez-Lavega et al. (2004), shown in figure 1.4.

1.1.4 Atmospheric Dynamics

In the study of atmospheric dynamics in a planet without a solid surface, like
Saturn, the reference system for motions and the rotation period of their interior
cannot be measured directly, since regions at different latitudes of the atmosphere
rotate at different rates. In the case of Saturn, three diverse reference systems have
been introduced. The first two, named System I and System II, at based in the
motion of the atmosphere at equatorial and non-equatorial latitudes, respectively,
and give rotation periods of 10 hours and 14 minutes in System I and 10 hours 39
minutes in System II. System III, however, is based on measurements from Voyager
flybys of the periodicity in Saturn Kilometric Radiation (SKR), which is assumed
to be related to Saturn’s magnetic field, and thus, reflect the rotation of Saturn’s
interior. The mean rotation period in this system is 10 hours 39 minutes and 24
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Figure 1.5: Vertical locations of the condensed clouds on Saturn’s troposphere.
(Data obtained from Sánchez-Lavega et al. (2004))

seconds (Desch and Kaiser, 1981; Seidelmann et al., 2007). So far, this is taken as
the standard rotation period of Saturn (Davies et al., 1995; Archinal et al., 2011).

However, the actual value of Saturn’s rotation period is still an open question.
During the last 30 years, measurements of the modulation of the SKR showed vari-
ations of 1% (Galopeau and Lecacheux, 2000; Gurnett, 2005; Kurth et al., 2007).
Moreover, during the Cassini era, SKR has displayed two different periodicities
(Kurth et al., 2008), one for each hemisphere, that differ 15 minutes from each other
(Gurnett et al., 2009). Since it is unlikely that the rotation rate of the planet’s
interior has changed in such a short period of time, the fact that the periodicities of
the SKR reflect the rotation period of Saturn has been questioned. For that reason,
other methods to determine the rotation rate of the planet have been proposed,
based on Saturn’s gravitational field (Anderson and Schubert, 2007) and on the sta-
bility of the potential vorticity of zonal jet streams (Read et al., 2009b), leading to
a rotation period of 10 hours 34 minutes and 10 hours and 32 minutes, respectively.
Finally, Sánchez-Lavega et al. suggested that the rotation period of the hexagon of
10 hours 39 minutes 23.01 seconds could represent the internal rotation period of
Saturn (Sánchez-Lavega et al., 2014). Since this is still an open problem, on this
dissertation all winds are measured related to System III.

Furthermore, as Saturn is an oblate spheroid (with two radius Re and Rp) due to
its rapid rotation, two different latitude systems are defined: planetocentric latitude
and planetographic latitude. The planetocentric latitude, φpc, is the angle from the
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equatorial plane to a line that connects the planet’s center and the surface point,
while planetographic latitude, φpg, is the angle from the equatorial plane to the line
perpendicular to the surface point. See figure 1.6. Both latitude systems are related
by the next equation:

tanφpg =

(
Re

Rp

)2

tanφpc (1.1)

(Sánchez-Lavega, 2011). In this equation, Re and Rp are the equatorial and polar
radius respectively. All latitudes in this dissertation are planetocentric latitudes.

Figure 1.6: An illustration of planetocentric and planetographic latitudes. Re and
Rp represent the equatorial and polar radius respectively.

Saturn is a rapid rotating planet, and its atmosphere presents enduring east-
west jets at different latitudes, from the equator to the poles. Due to their large
length scale and the rapid rotation of the planet, the Rossby number, Ro = U/fL
(where U is the horizontal velocity, f = 2Ω sinφ is the Coriolis parameter and L is
the horizontal length scale) is smaller than one away form the equator. Thus, large
scale winds are in geostrophic balance, which implies that the horizontal pressure
gradient and the Coriolis force are balanced. In this case, the rotation rate dominates
the nonlinear advection term and thus, horizontal velocities verify

fu ≈ −1

ρ

∂P

∂y
(1.2)

fv ≈ 1

ρ

∂P

∂x
(1.3)

where, u and v are the zonal and meridional velocities, ρ is the density and P is the
pressure (Vallis, 2006; Sánchez-Lavega, 2011). A geostrophic wind term is defined
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as follows

~Vg = k̂ × 1

ρf
∇P (1.4)

(Sánchez-Lavega, 2011). In the case of Saturn, u ≈ ug and v ≈ vg except at the
equatorial latitudes.

First measurements of the motion of the top clouds on Saturn’s atmosphere
were not carried out until the Voyagers captured the first high resolution images
of Saturn in the flybys of 1981 and 1982 (Smith et al., 1981, 1982; Sánchez-Lavega
et al., 2000). Afterward, they were measured again using images captured by the
Hubble Space Telescope (HST) in the late 90’s and early 2000’s (Sánchez-Lavega,
2002a; Sánchez-Lavega et al., 2003, 2004). Finally, the arrival of Cassini to Saturn
allowed to measure winds at very high resolution (Porco et al., 2005; Vasavada et al.,
2006; del Genio et al., 2007; Sánchez-Lavega et al., 2007; Choi et al., 2009; Garćıa-
Melendo et al., 2010, 2011; del Genio and Barbara, 2012; Sayanagi et al., 2013a,b,
2014; Antuñano et al., 2015; Sayanagi et al., 2017).

Saturn’s zonal wind profile obtained by measuring the motion of features at the
top of the ammonia clouds, is shown in figure 1.7. It alternates eastward (prograde)
and westward (retrograde) jets from the equator to the poles, but it is not sym-
metric. Eastward jets on Saturn are stronger than westward jets, which are very
weak, reaching maximum velocities of ∼ −25 m s−1 (Garćıa-Melendo et al., 2011).
Furthermore, some of these retrograde jets are eastward minimas as they do not
reach negative velocities.

Most Saturn’s jets are zonal, with averaged motions following the latitudinal cir-
cle. However, the eastward jet located at 75.8◦N meanders in latitude and presents
a hexagonal shape when viewed from above the north pole (Godfrey, 1988).

Saturn’s most remarkable jet is the equatorial eastward jet, which extends around
70◦ in latitude from ∼ 35◦N to ∼ 35◦S. Its peak velocity, from around 10◦N to
10◦S, experiences temporal variability at the top clouds and haze, ranging between
∼ 380 m s−1 and ∼ 450 m s−1 in the last ∼ 35 years (Sánchez-Lavega et al., 2000;
Sánchez-Lavega et al., 2003, 2007; Garćıa-Melendo et al., 2011). Moreover, it also
presents an intense vertical wind shear (Sánchez-Lavega et al., 2016b). The reason
of these variations is yet unknown but it is likely related to seasonal variations,
which are only noticeable at the equator, where ring-shadowing intensifies seasonal
effects.

Other eastward jets on Saturn are less intense, showing peak velocities of ∼
100 m s−1 (located at ∼ 70◦S,∼ 56◦N, ∼ 61◦N and ∼ 75◦N), of 130− 140 m s−1 (at
∼ 55.5◦S,∼ 42◦S and ∼ 42◦N) and of around 150 m s−1 at the polar jets placed at
88.5◦ north and south (Garćıa-Melendo et al., 2011; Antuñano et al., 2015). These
jets are stable in time and have remained unchanged over the last 35 years (Garćıa-
Melendo et al., 2011). Figure 1.7 shows the zonal velocity profile at different epochs.
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Figure 1.7: Zonal wind profile from Cassini ISS images (black line) between 2004
and 2013 and from Voyager flybys (blue line). (Data obtained from Sánchez-Lavega
et al. (2000), Garćıa-Melendo et al. (2011) and Antuñano et al. (2015))

So far, two different kind of hypothesis have been introduced in order to explain
the origins of the jets found on Giant Planets: the “shallow forcing” and the “deep
forcing” theories. They differ form each other on the way the jets are driven. In
the first case, jets are formed from momentum transfer in a thin outer layer of the
atmosphere, due to instabilities such as baroclinic, or to convection. Deep forcing
theories are driven by internal heat and convection coupled to the rapid rotation of
the planet (Vasavada and Showman, 2005; del Genio et al., 2009; Sánchez-Lavega
et al., 2017).

Shallow forcing models assume that, although jets are formed in a thin outer
layer, the circulation of the atmosphere is localized at the weather layer down to
∼ 10 bar or deeper, down to ∼ 100 bar (Showman et al., 2006). These models are
basically adaptations of the terrestrial geophysical fluid dynamics models, as Earth’s
atmosphere represents a very thin layer compared to Earth’s radius. In these models,
thermal radiation heats the weather layer, creating meridional temperature gradi-
ents from the equator to the poles. This, together with the β-effect created by the
rapid rotation of Saturn, are responsible of the formation of jets. The models are
able to reproduce some of the mid and high latitude jets and some of their features,
showing that turbulence could explain some of the observed structures in the upper
troposphere. However, these models do not reproduce accurately the structure of
the jets found on Saturn, such as the presence of an intense eastward jet at the
equator.
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Deep forcing models are based on the assumption of a nearly barotropic interior,
heated from internal energy sources. Proudman theorem (Taylor, 1923), implies
that when a rotating deep and barotropic fluid is perturbed due to a solid core or
internal heat source, there are no gradients on the velocity field in the direction
of the rotation axis, and the flow forms columns parallel to this axis. Numerical
models, based on these ideas, can explain the formation of the intense equatorial jet
on Saturn and maybe some of the jets located at high latitudes.

So far, both scenarios are able to reproduce the presence of jets and vortices on
Saturn’s atmosphere, but the formation of these structures is yet an open question.
Moreover, models that mix both scenarios are also being considered (Vasavada and
Showman, 2005).

1.1.5 Meteorological Features

Saturn’s atmosphere, when observed in visible and near-infrared wavelengths,
presents many different cloud structures inmersed between the east-west jets men-
tioned above. The origin, evolution, life-times and dimensions of these features are
very different from one to another. Here we describe various types of cloud structures
as classified by Sánchez-Lavega et al. (2017) and we introduce the most remarkable
features of each type.

• Vortices. These are usually elliptical ovals observed brighter or darker than
their surroundings when seen at visible wavelengths. They present anticyclonic
or cyclonic vorticity depending on their location and they are usually long-
lived features with typical sizes smaller than 3, 000 km. One notable example
of a vortex on Saturn is the so-called North Polar Spot (NPS), an elliptical
anticyclone of around 10, 000×5, 000 km present at around 73◦N that survived
at least from 1981 to 1995 (Godfrey, 1988; Caldwell et al., 1993; Sánchez-
Lavega et al., 1993, 1997). This vortex is shown in figure 1.8d. Cyclones (del
Ŕıo-Gaztelurrutia et al., 2010) and anticyclones, as the one formed following
the GWS in 1990 (Sayanagi et al., 2014) are other notorious examples.

• Convective storms. These are bright features that evolve rapidly in a short
period of time of the order of days by moist-convection (Ingersoll et al., 1984;
Dyudina et al., 2007). A particular case of convective storms are the ma-
jor outbreaks so-called Great White Storms (GWS), which evolve into
planetary-scale disturbances changing the appearance of a latitudinal region
of the atmosphere. GWSs appear with an approximate periodicity of 30 years
and the two latest and better studied events occurred at equatorial and mid
latitudes on Saturn’s atmosphere in 1990 and 2010-2011, respectively (Barnet
et al., 1992; Sánchez-Lavega, 1994; Sánchez-Lavega et al., 2011; Fletcher et al.,
2011; Sánchez-Lavega et al., 2012; Fletcher et al., 2012; Sayanagi et al., 2013a;
Sánchez-Lavega et al., 2016a). The GWS from 2010-2011 encircled the whole
planet at mid-latitudes, without changing significantly the horizontal wind



12 CHAPTER 1. INTRODUCTION

structure (Sánchez-Lavega et al., 2011, 2012; Sayanagi et al., 2013a). Figure
1.8a, shows the head of the GWS from 2010.

Figure 1.8: Different meteorological features found on Saturn’s atmosphere: Great
White Storm captured by Cassini ISS cameras on 22 July 2011 (A), the Ribbon
captureb by the Voyager II flyby on 23 August 1981 (B), the Hexagon and its fast
eastward jet captured by Cassini ISS with CB2 filter on 22 June 2013 (C), the North
Polar Spot captured by the Voyager II flyby on 23 August 1981 (D) and the North
Polar Vortex captured by Cassini ISS NAC camera using CB2 filter on 14 June 2013
(E). Figure built using images obtained from NASA/JPL (A), PIA01378 image from
NASA (B) and from Sánchez-Lavega et al. (1997).

• Wave patterns. On Saturn’s northern hemisphere, there are two singular
features that present a wave pattern: (i) the Ribbon and (ii) the Hexagon.
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The Ribbon is a long-lived wavy feature discovered on Voyager images lo-
cated at the eastward jet at 41◦N (Smith et al., 1982; Sromovsky et al., 1983)
and it remains present in Cassini images, although with a different morphol-
ogy. It encircles the planet moving at the same velocity as its background,
∼ 140 m s−1 (Sromovsky et al., 1983; Sánchez-Lavega, 2002b), and it has been
interpreted as a baroclinic dynamic instability in the jet (Godfrey and Moore,
1986; Sayanagi et al., 2010). The Hexagon, is also a long-lived stable feature
discovered on Voyager images at ∼ 75◦N (Godfrey, 1988). This feature is a
singular structure as it encloses a fast eastward jet of around 100 m s−1 (God-
frey, 1988; Sánchez-Lavega et al., 1993; Caldwell et al., 1993; Baines et al.,
2009; Antuñano et al., 2015). However, its vertices, instead of following the
background velocity, remain almost fixed to Saturn’s interior (Sánchez-Lavega
et al., 2014). A detailed study of the Hexagon dynamics and cloud-morphology
is given in chapters 3 and 4, since it is one of the objectives of this dissertation.
The Ribbon and the Hexagon are shown in figure 1.8b and 1.8c .

• Polar vortices. Saturn presents two long-lived and stable cyclones, one on
each pole. They are almost circular and cover latitudes from the poles to
88.5◦ (Sánchez-Lavega et al., 2006; Dyudina et al., 2008; Baines et al., 2009;
Antuñano et al., 2015; Sayanagi et al., 2017). Their horizontal wind structure
and cloud morphology are described in chapters 3 and 4, since it is part of the
research of this study. Figure 1.8e, shows the north polar vortex captured by
Cassini ISS NAC camera.

1.2 Saturn’s Observations: History

Saturn has been known since the prehistoric times and it is the most distant of
the five planets visible to the naked eye. Ancient Greeks named it after the god
of agriculture, Kronos. Later, Romans named the god and the planet Saturn (or
Saturnus), the Roman equivalent of Kronos. Saturn was also given different names
in other cultures, for example, Shani in the Hindu culture, Shabbathai to the ancient
Hebrews or “earth star” in ancient China and Japan.

Galileo Galilei was the first to observe Saturn directly with a telescope in 1610
and using his telescope he discovered Saturn’s rings. However, due to the low reso-
lution of the telescope, he thought that these rings were two moons located at each
side very close to the planet. Few years later, he concluded that the rings were
some sort of “arms”. As a result of the improvements on telescopes’ optics, the
Dutch astronomer Christiaan Huygens deduced in 1659, that what Galileo saw was
actually a solid disk-like ring around Saturn. In addition, he discovered Saturn’s
first moon, Titan. Few years later, in 1675, Jean-Dominique Cassini discovered a
gap dividing the disc in two rings (called the Cassini gap). He also discovered four
more moons: Iapetus, Rhea, Tethys, and Dione. Further significant discoveries were
not made until the 18th and 19th century, when in 1789 William Herschel discov-
ered Mimas and Enceladus, two distant moons. Almost a century later, James E.
Keeler discovered in 1895, using spectroscopy techniques, that the rings were made
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Figure 1.9: Diagrams of Saturn and its rings over the 17th century by Galileo Galilei
in 1610 (top left) and 1616 (bottom left),Christiaan Huygens in 1659 (top right) and
Jean-Dominique Cassini in 1675 (bottom right).

up of small objects orbiting around Saturn at different rates. During the early 20th
century, in 1944, it was confirmed that Titan had a thick atmosphere, not present
in any other moon of the solar system.

As it is illustrated in figure 1.10, before the 20th century, visual drawings were
used to analyze and characterize the observations. However, at the beginning of
the 20th photography started to develop, allowing to image and characterize by
spectroscopy the cloud morphology of the planets. Finally, in the late 20th century,
large improvements on adaptive optics and the creation of the CCD, made a big
step on the image resolution of ground-based telescopes. At the same time, space
explorations of the outer planets started to take place providing unprecedented data.
The new data provided by both sources enabled a fast development on the knowledge
of Saturn’s atmosphere, composition and rings structure.

1.2.1 Early Space Exploration

Since the late 70’s Saturn has been explored by different unmanned spacecrafts.
The first three missions sent to study this planet, its rings and its moons were flybys
and they took place between September 1979 and August 1981. Below we describe
these missions.

The first mission to explore Saturn and its rings during a flyby in 1979 was the
Pioneer 11. It was part of the American series of unmanned missions designed for
planetary exploration. It was launched in April 1973, and after its flyby of Jupiter
in December 1974, it headed to Saturn and passed by it at a distance of 21,000
kilometers (Northrop et al., 1980). This spacecraft was targeted to pass through
Saturn ring plane in order to test the route for the Voyagers I and II that were
heading to Saturn at that time, but it was finally canceled.
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Figure 1.10: Diagrams of the observations history of the giant planets. Acronyms:
Giant planets initials (J,S,U,N); CCD (Charge Coupled Detectors digital), ADO
(Adaptative Optics), LI (Lucky Imaging), HST (Hubble Space Telescope), N.H.
(New Horizons), Spacecraft trajectories (f=flyby; o=orbit; p=probe). (Figure from
Sánchez-Lavega et al. (2017)).

Pioneer 11, imaged Saturn’s rings and various moons in detail for the first time,
some of them from a very close distance (like the moon Janus that was imaged from
2,500 km distance), using an imaging photopolarimeter. In these images, Saturn’s
rings looked dark while gaps looked bright, contrary to what it is observed from
Earth.

It also discovered a new moon and an undiscovered ring. Moreover, using an
infrared radiometer, it found that although Titan has a thick atmosphere its surface
is too cold for life to grow. It also gave the first detailed results of the high strato-
sphere of Saturn, showing that is is warmer than the lower stratosphere (Kliore
et al., 1980a,b). In addition, the two different magnetometers onboard traced Sat-
urn’s magnetosphere and discovered that its magnetic field is surprisingly aligned
with its rotation axis (Smith et al., 1980b,a; Acuña and Ness, 1980), unlike other
planets and stars. Figure 1.11 shows Saturn and its moon Titan captured by the
Pioneer 11 and Voyager II flyby.

The next space missions to reach Saturn were the American unmanned Voyager
I and II spacecrafts. They were launch in September 1977 and August 1977, re-
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Figure 1.11: Comparison of the image resolution of Saturn between the Pioneer
11 and Voyager II. Figure A is a RGB composition of Saturn and its largest moon
Titan captured by Pioneer 11 at 2.84 million kilometers from Saturn and Figure B is
a RGB composition of Saturn captured by Voyager in 1981. (Figures from NASA).

spectively, from Cape Canaveral. Their mission was planned to last around 5 years
and its main objective was to expand the exploration of Jupiter, Saturn and their
moons. Twelve years after they were launched, their mission was expanded to ex-
tend the exploration of the Solar System beyond the outer planets to its outer limits.

After Jupiter flybys in March 1979, the Voyager I spacecraft encountered Saturn
in November 1980, nine months before its twin Voyager II, in a nearly equatorial
flyby orbit. Both voyagers provided detailed new information of Saturn’s atmo-
sphere, rings and moons, that improved to a great extent our knowledge of the
Saturnian system.

Both probes carried among others, an Imaging Science System (ISS), consisting
of two cameras with different field of views and filters, which obtained unprece-
dented images of Saturn’s atmosphere and rings (Smith et al., 1981, 1982). The
vast number of images taken by these cameras showed for the first time some of
the phenomena that we have described in the previous section, such as vortices, jets
and different atmospheric disturbances. Among others, they captured the Hexagon
(Godfrey, 1988) and “the Ribbon” (Smith et al., 1982; Sromovsky et al., 1983).
Furthermore, they also imaged the most intense and widest jet stream of all the
planets in our solar system, Saturn’s equatorial prograde jet (Smith et al., 1981,
1982; Ingersoll et al., 1984; Sánchez-Lavega et al., 2000).

The Voyagers also detected helium for the first time and gave, although inaccu-
rately, the mixing ratio of helium relative to hydrogen using data from the Radio
Science System (RSS) and the Infrared Interferometer Spectrometer (IRIS) (Con-
rath et al., 1984; Conrath and Gautier, 2000). These findings marked a big step
in the study of Saturn’s temperature, allowing the retrieval of temperatures up to
700 mbar (pressure at Earth’s surface is 1 bar) from the spatially resolved spec-
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tra obtained by IRIS (Hanel et al., 1981, 1982). These instruments also played an
important role in the investigation of aurora emissions at high latitudes, detected
unambiguously for the first time by the Voyagers (Broadfoot et al., 1981; Sandel
and Broadfoot, 1981).

1.2.2 Current Missions

After these flybys, Saturn’s space exploration had to wait until April 1990, when
a NASA and ESA joint project put the Hubble Space Telescope (HST) in orbit
around the Earth at about 593 km above sea-level. Its main objective is to cap-
ture high-resolution images and accurate spectra of planets, stars and galaxies, from
infrared to ultraviolet wavelengths, without any distortion from Earth’s atmosphere.

First images obtained by this telescope, showed a spherical aberration in the
telescope’s primary mirror and after the servicing mission finished in 1994, the HST
started to capture high-resolution images. The HST is still operational and allows
the detection of discrete features on Saturn larger than 300 km. This was an im-
portant improvement, since at that epoch, ground-based telescopes could not detect
features smaller than 1, 000 km (del Genio et al., 2009). Figure 1.12, shows the HST
captured in 2009 by the servicing mission team.

HST telescope has contributed with important discoveries of Saturn’s atmo-
sphere and has allowed a long-term study of some of its features. It captured for the
first time high-resolution multi-wavelength images of a GWS, the equatorial Great
White Spot (GWS) of 1990 (Barnet et al., 1992; Westphal et al., 1992; Sánchez-
Lavega et al., 1993) and a large major feature in 1994 (Sánchez-Lavega et al., 1996).
It also re-observed the NPS, the Hexagon and the Ribbon between 10 and 14 years
after they were captured by the Voyagers, showing that they are long-lived fea-
tures (Caldwell et al., 1993; Sánchez-Lavega et al., 1997; Sánchez-Lavega, 2002b).
Furthermore, it discovered that although a fast eastward jet is also present in the
south polar region, there is no equivalent hexagonal feature in the south hemisphere
(Sánchez-Lavega, 2002a). Additionally, the changing structure of the equatorial jet
was also revealed in detail (Sánchez-Lavega et al., 2003). Since 1990, the HST has
made more than 1.3 million observations of stars, planets and galaxies and it has
become one of the most productive scientific instruments ever. Due to its perfect
conditions, the mission has been extended until 30 June 2021.

The knowledge of Saturn, its moons and its rings improved significantly with the
arrival in 2004 of the first orbiter around Saturn. The American unmanned space-
craft Cassini, launched in October 1997, carries 12 different instruments, which have
provided unprecedented spatial and temporal high resolution data. A detailed de-
scription of this mission, the spacecraft and its instruments is given in chapter 2.

Since the arrival to Saturn in July 2004, a vast number of discoveries and new
studies have been reported. Here, we summarize some of them, focusing on Saturn’s
atmospheric phenomena and dynamics.
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Figure 1.12: Image of the Hubble Space Telescope captured in 2009 during the
fourth servicing mission. (Figure from NASA).

High-resolution images of Saturn’s atmosphere, captured by Cassini ISS cameras
(Porco et al., 2004) over the last 14 years, have allowed an accurate study of the
horizontal wind structure and its temporal variability, showing that all jets on Sat-
urn, except the equatorial jet, remain stable over the years (Garćıa-Melendo et al.,
2011). They have also captured dramatic images of Saturn’s polar regions, showing
the Hexagon, around 30 years after its discovery, in great detail (Antuñano et al.,
2015, 2017) and indicating the presence of two circular polar vortices, one at each
pole (Sánchez-Lavega et al., 2006; Fletcher et al., 2007; Dyudina et al., 2008; Baines
et al., 2009; Antuñano et al., 2015; Sayanagi et al., 2017).

The thermal structure of the upper troposphere and stratosphere has been stud-
ied by temperature retrievals from CIRS data (Fletcher et al., 2007). The results
show significant seasonal variations at the stratosphere near the poles, while very
small meridional temperature gradients are observed at the lower stratosphere or
upper troposphere (Fletcher et al., 2007, 2015).

The Great White Storm (GWS) that erupted at mid latitudes in 2010 was cap-
tured by different instruments on-board Cassini, which allowed for the first time a
very high-resolution study of one of the most remarkable phenomena in Saturn. ISS
cameras captured the GWS storm at different wavelengths and showed impressive
images of the disturbances that affected the whole latitudinal band from around
20◦N to 42◦N (Fischer et al., 2011; Garćıa-Melendo et al., 2013; Sayanagi et al.,
2013a). During the storm, temperatures at the stratosphere, retrieved from CIRS
data, increased around 80 K (Fletcher et al., 2011), being the largest temperature
increase ever measured. Moreover, lightning events were observed at optical and
radio wavelengths at the head and perturbed region of the GWS (Dyudina et al.,
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2013). Finally, VIMS instrument found that, during the GWS, some compounds
were transported upward to the upper troposphere, showing some compounds, like
water ice, placed at altitudes never observed before (Sromovsky et al., 2013). A
review is given in Sánchez-Lavega et al. (2017).

Cassini’s measurements of the Kilometric radio emissions (SKR) using the ra-
dio and plasma wave instrument differ from the measurements of the Voyager era,
and reveal a rotation period 8 minutes longer (Gurnett, 2005; Kurth et al., 2007,
2008). Moreover, they showed that the SKR periodicity of the northern and south-
ern hemispheres are different and that seem to change with seasons (Kurth et al.,
2008; Gurnett et al., 2009), implying that the periodicity of the SKR is not a good
indicator of the period of Saturn’s interior (see the discussion on Saturn’s rotation
period in section 1.1.4).

1.3 Goals of This Thesis

As described above, the arrival of Cassini spacecraft to Saturn provided a large
number of unprecedented high-resolution data, which allowed unveiling some of
Saturn’s mysteries, but also opened new debates. So far, there are still many unan-
swered questions, such as: Has Saturn a solid core at its interior? What is the
rotation period of Saturn? What is the origin of Saturn’s jets and how do they
maintain? What triggers and marks the cycle of major GWS storms? How did the
polar vortices and the Hexagon originate? Why is there a Hexagonal feature in the
north polar region and not in the south? This thesis is devoted to the study of the
dynamics of the polar regions, and the following topics are addressed:

• We study and compare the dynamics of Saturn’s polar regions using Cassini
ISS high-resolution images. For this purpose, we obtain horizontal wind and
vorticity maps from 70◦ (north and south) to the pole. In addition, we compute
averaged vorticity and potential vorticity maps of both polar regions. These
data are essential to the analysis the stability of the jets found at Saturn’s
polar regions.

• We characterize the cloud morphology of the polar regions and relate it to
the horizontal wind and vorticity profiles, in order to understand the different
physical processes that originate the observed atmospheric dynamics. With
this aim, we analyze the different features at various wavelengths, analyze
their temporal and seasonal variability and compare them with the average
dynamics of the regions where they appear.

• We analyze the Hexagon and its dynamics in depth. To this end, we compute
horizontal winds and vorticity profiles of the hexagonal jet and we characterize
its meandering.

• We study the behavior and growing modes for barotropic and baroclinic in-
stabilities for the hexagonal jet, and explore its behavior in terms of a Rossby
wave.



20 CHAPTER 1. INTRODUCTION

This thesis is organized as follows:

• Chapter 2 describes the observations used in this dissertation and details
the instrument characteristics. Moreover, the database, image-processing and
wind measurement methods are provided.

• Chapter 3 describes the general averaged dynamics of the polar regions. Hor-
izontal winds and vorticity maps at cloud level are presented, and the zonal
averaged velocity, vorticity and vorticity gradients are calculated, extending
the knowledge of the region from previous works.

• Chapter 4 details the cloud morphology and temporal variability of meteo-
rological features of the north polar region, such as the hexagon, different
vortices, the puffy cloud field and the polar vortex, relating it to the dynamics
of this region.

• In chapter 5, different interpretations of the origin of the meandering of the
hexagonal jet are explored. In particular, we consider the possibility that the
Hexagon is a manifestation of a deep unstable jet or due to a barotropic or
baroclinic instability of the jet.

• Finally, chapter 6 summarizes the general conclusions of this thesis and presents
possible lines of future work.



Chapter 2

Observations and Methodology

In this chapter, we introduce the Cassini mission and detail the ISS instrument
characteristics, such as its cameras, fields of view and filters (section 2.1). Moreover,
we describe the image selection software and the database, detailing the information
found on each image (section 2.2).

Since ISS images must be processed in order to be used for scientific purposes,
we also introduce in this chapter different image processing techniques and the
image calibration software (section 2.3), together with navigation techniques and
the creation of polar projections (section 2.4). Finally, we describe different methods
to measure winds (section 2.5) needed to obtain the horizontal wind structure on
Saturn’s polar regions.

2.1 Observations

In this dissertation, we analyze the cloud morphology and dynamics of Saturn’s
polar regions using very high-resolution images captured by the Imaging Science
Subsystem (ISS) on-board the Cassini spacecraft, at different wavelengths ranging
from the near infra-red (∼ 1000 nm) to violet (∼ 400 nm), between October 2006
and September 2014.

2.1.1 Cassini Mission

The Cassini-Huygens mission is a joint NASA, European Space Agency (ESA)
and the Italian Space Agency (ASI) mission. It is one of the most ambitious inter-
planetary missions ever sent into space and it consists of two modules: (i) an orbiter
(Cassini spacecraft) and (ii) a probe (Huygens). They were launched together in
October 15 1997 from Cape Canaveral. After seven years of journey, both the orbiter
an the probe reached Saturn in July 2004, becoming the first spacecraft ever put into
orbit around and outer planet. Almost half a year later, in January 2005, Huygens
probe descended with a parachute to the surface of Saturn’s largest moon, Titan,
obtaining detailed information of its atmospheric composition and thermal and wind

21
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structures, becoming the probe that had landed at the furthest distance from Earth.

The main scientific objective of Cassini is to study Saturn system in detail. For
that purpose, the scientific objectives include the study of Saturn, its rings, its icy
moons, Titan and the magnetosphere. Here we list some of the objectives of the
so-called “Prime Mission”:

• Study Saturn’s atmosphere by analyzing its horizontal motions, its vertical
structure and the daily and seasonal variations.

• Determine the deep structure and rotation of Saturn.

• Study the configurations of the rings, their dynamics and their composition.

• Study Titan’s atmosphere by determining the abundances of compounds, the
gas distributions, the thermal structure and the horizontal winds.

• Analyze the surface geology, composition and internal structure of icy satel-
lites.

• Study the dynamics of the plasma in the magnetosphere and determine the
interaction between the magnetosphere and the satellites.

This mission lasted four years, where Cassini performed 75 orbits around Saturn
and 44 flybys of Titan, collecting a great amount of new data. These first orbits
and flybys as illustrated in figure 2.1.

Figure 2.1: An illustration of Cassini’s orbits during its Prime Mission. (Figure
from NASA/JPL-Caltech)

Due to the large number of discoveries it had achieved and the perfect condi-
tion of its instruments, the mission was extended until 2010. The objectives of
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this extension, called “Equinox Mission”, were modified in order to answer new
questions. The main objectives of this new mission were focused on determining
seasonal variations on Saturn’s and Titan’s atmosphere, their composition, thermal
structure and winds, as well as variations on the icy satellites and Saturn’s rings.

During this extended mission Cassini completed 65 new orbits around Saturn,
27 Titan flybys and 7 Enceladus flybys. At the end of this period, the mission was
again extended, starting the so called “Solstice Mission”, which lasted until 2016.
During this new extended mission it performed 155 orbits around Saturn, 54 flybys
of Titan and 11 flybys of Enceladus. These new orbits are shown in figure 2.2. The
objectives of this last mission were to study, for the first time, seasonal and temporal
changes over a full-seasonal period and continue investigating the discoveries made
in the earlier phases.

Figure 2.2: An illustration of Cassini’s orbits during its Solstice Mission. (Figure
from NASA/JPL-Caltech)

Finally, Cassini mission will finish its life with the so-called “Grand Finale”
mission (Edgington and Spilker, 2016), starting in late 2016. In this final and haz-
ardous phase, Cassini will get extremely close to the planet rings, allowing Cassini
to obtain unprecedented information and the closest images ever captured of Sat-
urn’s rings and clouds. At the times of this writing, it has performed several polar
orbits passing through the narrow F gap and is now orbiting Saturn in high eccen-
tricity orbits that at their closest approach pass between the planet and its closest
ring. These extraordinary orbits will also allow to create detailed maps of Saturn’s
magnetic and gravity fields. After 22 such orbits, Cassini will fall into Saturn’s at-
mosphere on September 15, 2017. Figure 2.3 shows Cassini orbits during the Grand
Finale mission.
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Figure 2.3: An illustration of Cassini’s orbits during the Grand Finale. (Figure
from NASA/JPL-Caltech)

In order to accomplish all these objectives, Cassini is equipped with 12 instru-
ments, which can be divided in three different categories: (i) Optical remote sensing
instruments, which study the Saturnian system in different regions of the electro-
magnetic spectrum; (ii) Microwave remote sensing instruments used to determine
the mass of the moons and ring particles sizes and (iii) in situ instruments used to
study the dust, plasma and magnetic field. Here we summarize the main character-
istics of these instruments.

• Composite Infrared Spectrometer (CIRS) (Flasar et al., 2004). It is
a Fourier Transform Spectrometer (FTS) that measures thermal radiation
at wavelengths between 1 mm and 7 µm with spectral resolutions between
0.5 cm−1 and 15.5 cm−1. It allows to retrieve 3D maps of temperature and
gas composition from the upper troposphere to the upper stratosphere.

• Visible and Infrared Mapping Spectrometer (VIMS) (Brown et al.,
2004). This imaging spectrometer is formed by two different cameras each
of them providing images and spectra in different channels. One of them
captures images in visible wavelengths from 0.35 µm to 1.07 µm, while the
second captures images in infrared wavelengths between 0.85 µm and 5.1 µm.
This instrument is designed to measure reflected and emitted radiation and
therefore, determine the composition and thermal structure of Saturn’s upper
to middle troposphere.

• Ultraviolet Imaging Spectrograph (UVIS) (Esposito et al., 2004). This
instrument consists of four telescopes that study Saturn’s rings and atmosphere
at ultraviolet wavelengths: (i) two medium-resolution camera-spectrographs,
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which cover the ultraviolet wavelengths in two different channels (from 56 nm
to 118 nm and between 110 nm and 190 nm); (ii) a sensitive High Speed
Photometer (HSP) and (iii) a Hydrogen Deuterium Absorption Cell (HDAC).
All of these instruments can perform simultaneous observations.

• Imaging Science Subsystem (ISS) (Porco et al., 2004). This instrument
is formed by two high-resolution cameras: (i) the Wide Angle Camera (WAC)
and (ii) the Narrow Angle Camera (NAC). They obtain high-resolution images
at wavelengths between the ultraviolet (∼ 260 nm) and the near-infrared (∼
1000 nm). We describe this instrument in greater detail in section 2.1.2.

• Cassini Plasma Spectrometer (CAPS) (Young et al., 2004). This spec-
trometer has three different sensors: (i) an Electron Spectrometer (ELS),
which measures the flux of electrons; (ii) the Ion Beam Spectrometer (IBS),
which measures the flux of positively charged ions and (iii) the Ion Mass Spec-
trometer (IMS), which measures the flux of positively charged atomic and
molecular ions. The instrument is designed to analyze the composition, den-
sity, flow, velocity and temperature of Saturn’s magnetosphere.

• Cosmic Dust Analyzer (CDA) (Srama et al., 2004). This instrument has
two detectors that detect dust grains with masses between 10−19 and 10−9 kg.
It is used to study both the interplanetary dust and dust in Saturn surrounding
region.

• Ion and Neutral Mass Spectrometer (INMS) (Waite et al., 2004). This
mass spectrometer is used to study the composition and structure of positively
charged ions and neutral particles in Saturn’s magnetosphere, rings and Titan’s
atmosphere.

• Dual Technique Magnetometer (MAG) (Dougherty et al., 2004). This
instrument provides information of the direction and strength of the planet’s
magnetic field. It is mainly used to study Saturn’s interior and magneto-
sphere, as well as, the interior of Saturn’s satellites. It consists of a flux-gate
magnetometer (FGM) and a vector helium magnetometer.

• Magnetospheric Imaging Instrument (MIMI) (Krimigis et al., 2004).
This instrument images the neutral and charged particles of the magneto-
sphere and it also provides in-situ measurements of these populations. It is
used to study the structure and dynamics of Saturn’s magnetosphere and its
interactions with Saturn’s atmosphere, Titan and the icy-satellites.

• Radio and Plasma Wave Science (RPWS) (Gurnett et al., 2004). It
is designed to study the radio emissions, plasma waves and dust in Saturn’s
magnetosphere, which give us information of the relationship between Saturn
and its moons.

• Radar (Elachi et al., 2004). This is a multi-mode 13.8 GHz sensor that was
built to study Titan surface. It sends radio waves to Titan’s atmosphere and
detects the reflected radio waves in order to provide information of Titan
orography, such as lakes, mountains or dunes.
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• Radio Science Subsystem (RSS) (Kliore et al., 2004). This subsystem has
two different components, one of them mounted in Cassini and the other one on
Earth. It is mainly used to study Saturn’s atmosphere composition, Saturn’s
ring structure or Saturn’s moons by analyzing the variation on the radio waves
sent by the onboard system due to encounters with Saturn’s atmosphere, rings
or satellites.

2.1.2 Cassini ISS

This instrument is especially designed to investigate the three-dimensional cloud
structure and meteorology of Saturn’s and Titan’s atmospheres and to determine
the composition and structure of the rings system.

The instrument is formed by two parallel cameras attached to the main body of
the spacecraft (Porco et al., 2004). One of the cameras, named the Narrow Angle
Camera (NAC), is a reflecting telescope with a focal length of 2, 000 mm (f/10.5)
with a field of view (FOV) of 0.35◦ × 0.35◦ and an image scale of ∼ 6 µrad/pixel.
The second camera is the Wide Angle Camera (WAC). This is a refractor telescope
with a focal length ten times smaller than that of the NAC (200 mm or f/3.5) and
with a field of view and image scale ten times larger (3.5◦×3.5◦ and ∼ 60 µrad/pixel,
respectively). Both cameras are able to capture images simultaneously, providing
large sets of different resolution images of specific features.

Figure 2.4: Location of the Imaging Science System (ISS) onboard Cassini orbiter
(left) and the ISS instrument (right). (Figure from NASA JPL)

Both cameras have Charge-Coupled Device (CCD) detectors of 1024×1024 array
of pixels, each pixel of 12 µm side. In addition, both cameras are provided with two
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filter wheels that contain different filters. These wheels can be moved separately
allowing multiple filter combinations. They can rotate up to two filters per second
in the case of the WAC and three filters per second in the case of the NAC.

Filter λeff ,NAC (nm) λeff ,WAC (nm)

UV1 264 -
UV2 306 -
UV3 343 -
VIO - 420
BL2 441 -
BL1 455 463
GRN 569 568
MT1 619 -
CB1 619 -
CB1a 635 -
CB1b 603 -
RED 649 647
HAL 656 656
MT2 727 728
CB2 750 752
IR1 750 740
IR2 861 852
MT3 889 890
CB3 938 939
IR3 928 917
IR4 1001 1000
IR5 - 1027
CL1 651 634
CL2 651 634
P0 633 -
P60 633 -
P120 633 -
IRP0 738 705
IRP90 - 705

Table 2.1: NAC and WAC filter characteristics. λeff represents the effective wave-
length. (Porco et al., 2004)

The number of filters on these wheels is different for each camera. The nar-
row angle camera has 24 filters in total, 12 on each wheel. They range from the
near-ultraviolet to the near-infrared, form 200 nm to 1100 nm. However, the wide
angle camera carries 18 filters (9 on each wheel) covering spectral ranges from vi-
olet to near-infrared, from 420 nm to 1127 nm. Common filters mounted on both
cameras are: (i) seven broad-band filters covering the spectral range from blue to
near-infrared (BL1, GRN, RED, IR1, IR2, IR3 and IR4); (ii) two clear filters (CL1
and CL2); (iii) two methane absorption band filters (MT2 and MT3) and two con-
tinuum band filters (CB2 and CB3). These filters allow vertical sounding of the
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atmosphere as different wavelengths sense different altitudes. Moreover, a narrow
band Hα filter (HAL) of 656 nm is also mounted on both cameras. Information of
all filters is given in table 2.1.

These cameras provide images of the Saturnian system with the highest resolu-
tion achieved so far, and they can detect features as small as a few tens of kilometers.
The highest image resolution of Saturn’s polar regions used in this dissertation, a
NAC image of the south polar vortex, has a resolution of 2.06 km/pixel. On the
other hand, the highest resolution of a NAC image of the north polar region is
2.19 km/pixel. In the case of the WAC, the highest resolution of images show-
ing the entire north and south polar regions are 44.0 km/pixel and 25.7 km/pixel,
respectively.

2.2 Database

After a period of proprietary use of nine months to one year, Cassini ISS images
are released to the scientific community and can be retrieved from NASA Plane-
tary Data System (PDS). These images are published in volumes named Cassini
Orbiter ISS (COISS) that contain all the information needed for the subsequent
processing of the images, such as date and time, ephemerides, filters, target and
all the necessary geometric information between the spacecraft and the planet. All
this information is given in .IMG file extension and ASCII-formatted text labels files.

In order to visualize and select the desired image of a COISS, we use PVOL++
software (Hueso et al., 2010a) created by a student of our group. This software
basically takes all the information from the complex COISS files and generates a
simpler .xml file with the information included in both .IMG and ASCII-formatted
text labels.

In this dissertation, we have used in total 87 images, covering dates from Octo-
ber 2006 to September 2014. Eleven of these images are used to study the south
polar region, from November 2006 to December 2008, when the south hemisphere
was illuminated by sunlight. The rest, 76 images, are analyzed to study the north
polar region and the Hexagon from January 2009 to September 2014. Most of the
images used, 60, are taken using CB2 or CB3 filters since those filters show the
cloud morphology with the highest contrast. However, we also use images captured
at other wavelengths in order to analyze the cloud morphology at different pressure
levels: Twelve images were taken using red, green and blue color filters (4 images
each), 10 with methane band filter (MT2) and 5 images with ultraviolet and violet
filters (UV2, UV3 and VIO). A summary of all images used and their configurations
is shown in Table 2.2.
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2.3 Calibration

ISS cameras, as every instrument, have several sources of noise (Porco et al.,
2004; West et al., 2010). Some of the noise is introduced by (i) changes in the flat
field produced by dust spec, which form artificial ring-like structures in the images;
(ii) by radiation coming from the sensor and other components, which introduce
thermal noise and (iii) the readout process and frequency of the CCD, which intro-
duce coherent horizontal or vertical noise in the images. Thus, all images must be
calibrated to remove this noise before making scientific measurements.

In order to calibrate ISS images, we use Cassini Imaging Science Subsystem
Calibration software (CISSCAL) (Porco et al., 2004), which is a graphical inter-
face written in the Interactive Data Language (IDL) that reads VICAR format
files. This software performs the next steps: Converts the 8-bit images into 12-bit
images, corrects the uneven bit-weighting, removes the coherent horizontal and ver-
tical noise, the dust-rings, flat field and the thermal noise by subtracting the dark
frames obtained with the shutter closed and the subtraction of the bias, corrects the
non-linearity of the CCD response and converts the Data Numbers (DN) into flux
units. In this last step we use the I/F option, which normalizes the image intensity
with the solar flux on Saturn.

Examples of different noise and the respective calibrated images are shown in
figure 2.5, where the left panels present Cassini ISS images before the calibration,
displaying some common types of noise, such as coherent vertical noise, ring-like
structures and white pixels, and images on the right show these images after cali-
bration, with the noise corrected, showing the importance of image calibration on
ISS images.

2.4 Navigation and Polar Projections

Once we select the images and calibrate them, we need to navigate them in order
to give a value of latitude and longitude of the planet to each pixel of the image.
We navigate ISS images using the Planetary Laboratory for Image Analysis (PLIA)
(Hueso et al., 2010b), a software written in IDL.

Navigation is performed in two steps. Each point in the image is associated to
a vector in space, with coordinates in the reference system of the camera, easily
calculated once sample, line and focal distance are known. Then, the intersection
of the prolongation of this vector with the ellipsoid of the planets is calculated. In
order to do that, we need to know the distance between the spacecraft and the
planet and rotate the camera coordinate system into the planet coordinate system
by calculating the rotation matrix (Hueso et al., 2010b). Figure 2.6 illustrates the
relationship between the two reference systems (Porco et al., 2004).

Plia software provides two different navigation subroutines. The first one, based
in the VICAR code (implemented by C. Barnet), reads the ephemerides informa-
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Figure 2.5: Two examples of noisy images before and after the calibration. The left
panels show and ISS NAC raw images with horizontal and vertical coherence noise
(top) and dust-ring noise (bottom) and the right panels show the same images after
calibrating it with CISSCAL software.

tion stored at the image labels, in particular the distance to the planet center,
and, in order to compute the rotation matrix, the North Azimuth Angle and the
sub-spacecraft longitude and latitude (longitude and latitude that are beneath the
spacecraft). The second subroutine uses the Spacecraft Planet Instrument C-matrix
Event (SPICE) kernels (Acton, 1996) provided by NASA’s Navigation and Ancillary
Information Facility (NAIF) to compute those magnitudes and the rotation matrix.
Most of images in this dissertation are navigated using the SPICE subroutine.

Small uncertainties on the time or position of Cassini, introduce significant error
in the navigation. This error decreases with distance and thus, high-resolution im-
ages taken from a close distance to Saturn present larger navigation uncertainties.
We have seen that in most cases, navigation uncertainties vary from one to few
pixels in WAC high-resolution images, while for NAC it ranges between 10 and a
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few tens of pixels.

Figure 2.6: Geometry of the transformation between the coordinate system of the
camera (X, Y, Z) and of the planet (X ′, Y ′, Z ′). (Hueso et al., 2010b)

We use two different navigation correction techniques depending on the image.
The first technique consists in fitting the limb or adjusting the position of the poles
when they are visible in the images. However, in some images neither the limb nor
the poles are visible or the adjustment of the pole is not trivial due to the high-
resolution of the image, as happens often in NAC images. In these cases, we profit
from the well known stability of zonal winds (Garćıa-Melendo et al., 2011) and we
correct the navigation of image pairs manually by measuring the winds and adjust-
ing by trial and error the navigation until the zonal wind profile of the region fits the
well-known zonal velocity profile. We have applied this last navigation correction
technique in all NAC and most of the WAC images used in this dissertation. Fig-
ure 2.7 illustrates how the inaccuracy of the navigation affects the retrieved zonal
velocity profile and how a correction of the navigation can be performed this way.

Once the image is navigated, we polar project it onto a plane using the software
PLIA. This software creates an azimuthally equidistant polar projection (Snyder,
1987), where all the meridians are equally spaced angularly and latitudes are equidis-
tant concentric circles. This kind of projection distorts the image, with the pole at
the center of the image being the only undistorted region, and therefore, it is ade-
quate for the representation of high-latitudes. In our case, at the Hexagon’s location
(∼ 75◦), the distortion introduced by this projection is around 1% in area, while at
around 60◦ it increases up to 5% (Antuñano et al., 2015).
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Figure 2.7: Top figures show the navigation without any corrections (left) and the
corrected navigation (right). Bottom graphs show the zonal wind profiles obtained
using wrong navigated image pairs (red dots, left) and image pairs with the navigation
corrected 2 pixels in longitude (blue squares, rigth). The black solid lines represents
the zonal wind profile from Garćıa-Melendo et al. (2011)

In this dissertation, we have built polar projections covering different latitudes
and with different resolutions depending on the region under study. In order to
analyze the cloud morphology and dynamics of the hexagon, its counterpart in
the south, the singular vortices and the ”puffy clouds” found at the north polar
region, we have used polar projections from 60◦ (north and south) to the pole with
meridional resolutions of 0.05 ◦/pixel and from 70◦N to the pole with meridional
resolution of 0.02 ◦/pixel. For the study of the north polar vortex, we build four
polar projections with the aim of analyzing on the one hand, the polar vortex in
great detail and on the other hand, the polar vortex together with its surroundings:
(i) from 77◦ to the pole with meridional resolution of 0.01 ◦/pixel; (ii) from 85◦ to
the pole with meridional resolution of 0.01 ◦/pixel, (iii) from 85◦ to the pole with
meridional resolution of 0.005 ◦/pixel and (iv) from 87◦ to the pole with meridional
resolution of 0.005 ◦/pixel. Finally, with the aim of studying the south polar vortex
we have used polar projections from −85◦ to the pole with a meridional resolution
of 0.02 ◦/pixel.
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2.5 Wind Measurements

In order to obtain the horizontal wind structure, we assume that the small bright
clouds behave as passive tracers following the wind flow. In this case, the velocity
is obtained by measuring the difference in longitude and latitude of a feature over
a known period of time. This way, we are able to compute its zonal and meridional
velocities, using equation 2.1 and 2.2, respectively.

u =
−2πR(φpc) cos(φpc)

360

∆λ

∆t
(2.1)

v =
−2πR(φpc)

360

∆φpc
∆t

(2.2)

(Sánchez-Lavega, 2011), where ∆λ is the difference in longitude, φpc is the latitude
(both ∆λ and φpc measured in degrees) and R(φpc) is the radius of the planet at
latitude φpc, defined by equation 2.3:

R(φpc) =
ReRp√

R2
e sin2 φpc +R2

p cos2 φpc

. (2.3)

In our case, we use the next useful approximation:

R(φpc) = Re

(
1− fep sin2 φpc

)
(2.4)

(Sánchez-Lavega, 2011), where fep = (Re−Rp)

Rp
is the oblateness of the planet, where

Re and Rp are the equatorial and polar radius, respectively. In the case of Saturn
the oblateness is 0.098. As mentioned in chapter 1, all winds in this dissertation are
measured with respect to system III (τ = 10h 39min 24s or Ω = 810.7939◦/day).

The estimated error of these measurements depends mainly on the size of the
pixel of each image (resolution of the image) and the time interval of the image
pairs, and if no other error sources are present, the estimated minimum measurement
uncertainty would be given by :

σu =
Image resolution

∆t
(2.5)

Thus, higher resolution images and longer time intervals would, in principle, in-
troduce smaller uncertainties. In our case, the estimated error is proportional to
equation 2.5 since various errors introduce estimated uncertainties greater than a
pixel. Here we provide a description of the errors introduced by different sources.
The first source that we must take into account is the navigation error. As men-
tioned above, in images where the limb is not visible, which is the case of most of
the studied images in this dissertation, we must adjust the navigation to the center
of the polar vortex, where the estimated navigation uncertainty introduced is less
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than two pixels in WAC images, but it could be as large as 20 pixels in high reso-
lution NAC images (see figure 2.7). Another important source of error comes from
the size of the boxes used in the correlation algorithm (described in section 2.5.2),
where small boxes, which in principle minimize the error, could complicate the right
identification of features. Finally, an identification error is also introduced in visual
cloud tracking related to the pointing accuracy of the researcher and to the image
resolution, as lower resolution images would introduce larger pointing errors. In our
case, the uncertainty in pointing ranges between half a pixel and 2-3 pixels.

Overall, wind measurement uncertainties, taking into account all the described
sources, is less than 10 m s−1 in most of the studied regions, except at the core of
the Hexagon and the polar jets where uncertainties are of the order of 15−20 m s−1.

In the next sections we describe two different velocity measurements techniques
used in order to obtain the horizontal wind structure of Saturn’s polar regions and
their singular features.

2.5.1 Cloud Tracking

In this technique, the experimenter identifies visually features present in two
or more images, and determines their longitude and latitude pointing manually to
them. In general, this technique is preferably used in image pairs separated by one
Saturnian rotation (∼ 10 h) that show the same region of the planet. However, we
must take into account that in some occasions the cloud morphology varies rapidly
and long time intervals between images complicate the identification of features.

In our case, we have used this technique mainly to study the dynamics of the
north and south polar vortex. At these latitudes, clouds move fast and vary signifi-
cantly even in the time scale of minutes and thus, a time interval between images of
10 hours does not allow identification of features. Therefore, we have analyzed image
pairs (mainly NAC images, but also some WAC images) separated by approximately
40-88 minutes, as larger time intervals complicate the identification of features and
shorter time intervals introduce larger errors. Local movements of singular vortices
and of the plume-like feature are also obtained by this method.

Finally, cloud tracking is specially interesting when a particular feature can be
followed in a larger number of images over a longer period of time. In this case, the
location (longitude and latitude) of a cloud feature is measured at different times
and the velocity is deduced from equations 2.1 and 2.2, where the drift (degrees per
unit time) can be deduced using a linear regression of all data. We have used this
method to study the long-term displacements of singular vortices.
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2.5.2 Bi-dimensional Brightness Correlation Algorithm

The second technique we use is a semi-automatic two-dimensional brightness
correlation algorithm, implemented in the Particle Image Correlation Velocimetry
(PICV2) (Hueso et al., 2009), written in IDL.

This software uses a pair of images and information about their time to return
wind vectors by analyzing a region of the first image, using boxes of a chosen size
and looking for an equivalent region in the second image. In order to find this
equivalent region, the algorithm searches for a region where the correlation function
is maximized. A very important characteristic of the algorithm is that it enables
the user to compute the vectors semi-automatically by allowing the experimenter to
ignore, correct or validate the proposed equivalent region. This is a necessary tool
to compute wind vectors at the poles, where an automatic correlation algorithm
introduces many spurious vectors due to rapid changes in the morphology.

The interfaces of this algorithm are shown in figure 2.8. The first interface dis-
plays the image pair, showing the selected region on the left image and drawing the
wind vectors in the right image once they are obtained. For each wind measurement
a second window is opened and this second interface is the validation window, where
a bi-dimensional correlation map, the correlation factor and both the selected and
the proposed equivalent regions are shown.

Due to the fast evolution of clouds, this algorithm is adequate for image pairs
separated by ∼ 120 minutes or less. However, a more averaged wind profile could
be also obtained using this algorithm in images separated by 10 h. Finally, since the
algorithm work in polar projections and does not implement rotation of the features,
the efficiency of this algorithm decreases at the polar vortices, where cloud rotations
are significant.

In this dissertation we use this algorithm to obtain wind vectors in mainly WAC,
but also in some NAC image pairs separated by less than 120 minutes with three
different size boxes configuration:

• A correlation box of 23×23 pixels and 25×25 pixels in 0.05◦/pixel meridional
resolution polar projection (one pixel ∼ 50 km) from 60◦ north and south to
the pole, respectively, with a search area on the correlation algorithm of 40×40
pixels in image pairs separated by 90−105 minutes. This configuration is used
in order to obtain the horizontal wind field of the north polar region (figures
3.4 and 3.5 in chapter 3).

• 50 × 50 pixels box in polar projections of meridional resolutions 0.01◦/pixel
(one pixel ∼ 10 km) and 0.02◦/pixel (one pixel ∼ 20 km) from 85◦ to the
pole north and south, respectively, with a search area of 80 × 80 pixels in
image pairs separated by 40−88 minutes, used to analyze the horizontal wind
structure of the polar vortices (figures 3.4 and 3.5 in chapter 3).

• 50 × 50 pixels box in polar projections from 77◦N to the pole of meridional
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Figure 2.8: Screen-shots of the interface of the bi-dimensional brightness correlation
software. Top figures shows the image pair that is being measured. The green box is
the selected region by the experimenter. The small crosses represent the location of
the wind measurements and the obtained wind vectors are shown with white arrows
in the right image. Bottom figures shows a validation window for a well proposed
correlation (left) and a spurious correlation (right).

resolution 0.01◦/pixel, with a search area of 80×80 pixels in images separated
by 38−46 minutes, in order to study the temporal variability of the horizontal
wind field of the North Polar Vortex (figure 4.18 in chapter 4).

• 60 × 60 pixels boxes in 0.02◦/pixel resolution polar projection from 70◦N to
the pole, with a search area of 80 × 80 pixels in images separated by 89 −
126 minutes, used to study the dynamics of the plume-like feature inside the
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hexagon jet (figures 4.6 in chapter 4).

The size of the boxes have been chosen to be large enough to allow the exper-
imenter to validate the correlation, as too small boxes make visualization of the
features difficult and introduce noise in the measurement. On the other hand, the
larger the boxes, the fewer vectors are obtained, with the corresponding loss of in-
formation of small perturbations that may be present and thus, larger boxes lead
to a more averaged wind field. Finally, the resolution of the winds presented in this
dissertation is is related to half the side of the correlation box.



Chapter 3

Winds and Potential Vorticity in
the Polar Regions

The polar regions of Giant Planets are singular in their dynamics as their behav-
ior is highly conditioned by the rotation of the planet, since Coriolis force becomes
specially important at high latitudes.

In particular, Saturn’s polar regions display a large number of different cloud
morphologies at cloud level, as shown in figure 3.1. The most remarkable feature,
already mentioned in chapter 1, is the presence of a long-lived hexagonal wave that
encloses a fast eastward jet. Moreover, there is a long-lived strong and stable polar
vortex at each pole of the planet. Finally, unlike other latitudes, both polar regions
are covered by bright compact clouds fields when observed at the continuum band
wavelengths. All this features, and their temporal evolution and temporal variation
will be studied in chapter 4.2.2. But in order to understand the general circulation
on Saturn’s atmosphere and how all these singular features originated, evolved and
maintain at the polar regions, it is important to characterize first the general dy-
namics of these regions at cloud level.

This was not possible until the Voyager I and II captured the first high-resolution
images of Saturn. Although the spacecrafts performed almost equatorial flybys,
Godfrey (1988) was able to measure for the first time motions of clouds at the
north polar region up to 84◦N. These measurements showed the fast eastward jet
of 120 ms−1 located at around 75◦N enclosed by the hexagonal feature. After the
Voyager flybys, further measurements on Saturn’s polar regions had to wait until
the Hubble Space Telescope (HST) imaged the south polar region between 1997
and 2002. Using these images, Sánchez-Lavega (2002a), obtained the first zonal
wind measurements of this region up to 78◦S and discovered a new eastward jet of
around 100 m s−1 at 70◦S. Wind measurements of higher latitudes were performed
using HST and Cassini ISS images from 2004, where Sánchez-Lavega et al. (2006)
discovered a polar vortex with an intense eastward jet at around 88◦S with a peak
velocity of 160 m s−1. Furthermore, during the first years of the Cassini mission,
Dyudina et al. (2008) measured the zonal velocity of the South Polar Vortex us-
ing higher resolution images captured in October 2006. A year later, Baines et al.

39
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Figure 3.1: Two polar projection from 60◦ to 90◦ of the north polar region(a) and
south polar region (b) captured with the Wide Angle Camera using CB2 filter on 14
June 2013 and 3 December 2008, respectively. (Figure from Antuñano et al. (2015))

(2009) found a similar polar vortex at the north polar region in VIMS images cap-
tured at 5 µm wavelength when this region was not yet illuminated by sunligth.
After Saturn’s equinox in 2009, the north polar region started to be illuminated and
Garćıa-Melendo et al. (2011) updated Saturn’s zonal wind profile up to 83◦N and to
90◦S in higher resolution, obtaining consistent results with previous measurements.

By relating the zonally averaged temperature profiles to the horizontal wind field,
Read et al. (2009a) presented the first Ertel and quasi-geostrophic potential vorticity
maps of Saturn’s upper troposphere and upper stratosphere from 90◦S to 80◦N be-
tween 500 mbar and 1 mbar. In their study, they used the zonal mean profile of the
north hemisphere from the voyagers flyby (Godfrey, 1988; Sánchez-Lavega et al.,
2000) and of the south hemisphere from the HST and Cassini (Sánchez-Lavega,
2002a; Vasavada et al., 2006) and combined them with the temperature profiles
retrieved from Cassini CIRS (Fletcher et al., 2007). Their results show a step-like
variation with latitude in horizontal pressure surfaces from the upper troposphere to
the upper stratosphere in both potential vorticities. Furthermore, they discovered
that the the Rayleigh-Kuo stability criterion for a barotropic atmosphere and the
Charney-Stern stability criterion for a baroclinic atmosphere were clearly violated
at some latitudes.

Fletcher et al. (2016) compared the seasonal evolution of the quasi-geostrophic
potential vorticity gradients for a third of a Saturnian year from the northern winter
to northern spring (2004-2014) over all latitudes, finding that the potential vorticity
gradients, and thus the potential vorticity, did not change at equatorial latitudes,
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while a significant change was observed at mid latitudes, particularly at around
45◦N, during the epoch under study.

In this study, we analyze the dynamics of both north and south polar regions,
presenting zonal and meridional wind maps, zonal mean profiles and relative vor-
ticity maps from June 2013 (north) and October 2006 and December 2008 (south).
We present the two dimensional velocity field at cloud level of the north and south
polar regions up to 89.9◦N and 89.5◦S, respectively, obtained using high-resolution
images, in order to compare the horizontal dynamics of both polar regions at this
level. Moreover, combining these results with the temperature profiles retrieved
from CIRS data from June 2013 and December 2008 (Fletcher et al., 2015), we also
present the zonally averaged Ertel potential vorticity maps up to the north pole,
update both Ertel and quasi-geostrophic potential vorticity maps for both polar re-
gions from 63.5◦ to the poles from the upper troposphere (500 mbar) to the upper
stratosphere (1 mbar) and finally, we discuss the Rayleigh-Kuo and Charney-Stern
stability criterion of these regions. This way, we complete the results of previous
works extending measurements to regions closer to the pole and analyzing dynami-
cal magnitudes at different Saturn’s seasons.

3.1 Observations

In this study we use Cassini ISS WAC and NAC high-resolution images captured
using continuum band filters, CB2 and CB3. From the vast number of available
images, we searched for image pairs that cover the entire polar regions at similar
epochs. In total 23 different images (7 NAC images of the polar vortices and 16
WAC images covering latitudes from at least 60◦ to the pole) are measured from
four different epochs: (i) five WAC image pairs and two NAC image pairs from 14
and 25 June 2013, used to study the north polar region; (ii) four WAC image pairs
from July 2008, (iii) four WAC pairs from December 2008 and (iv) two NAC image
pairs from October 2006 used to analyze the south polar region. The maximum time
interval between the two images of the WAC is 133 minutes, however, most image
pairs are separated by 90− 105 minutes. In the case of the NAC images, pairs are
separated by 40− 88 minutes. Table 3.1 summarizes the most relevant information
of the images used.

All image pairs were measured using the semi-automatic brightness correlation
software, validating, ignoring or changing each vector manually. Moreover, apart
from this software, cloud tracking is also used in NAC images in order to verify the
velocity obtained by the brightness correlation software and obtain extra vectors at
the polar vortices, where the fast rotation of the features reduces the efficiency of
the correlator.

In total we obtained 14,910 wind vectors for the north polar region and 7,925
for the south polar region. The distribution of measurements is irregular and in
the best cases there are 600 vectors at the north polar region and 300 vectors at



42 CHAPTER 3. WINDS AND VORTICITY IN THE POLAR REGIONS

C
O
IS

S
D
a
te

T
im

e
C
a
m
e
ra

F
ilte

r
R
e
so

lu
tio

n
a
t
th
e
P
o
le

(k
m
/
p
ix
e
l)

S
tu

d
ied

R
eg

io
n

20
2
6

11/
1
0/2

0
06

19:35
:1

0
W

A
C

C
B

2
25.7

S
ou

th
20

2
6

11/
1
0/2

0
06

20:14
:1

9
W

A
C

C
B

2
26.1

S
ou

th
20

2
6

11/
1
0/2

0
06

21:51
:1

5
W

A
C

C
B

2
29.5

S
ou

th
20

2
6

11/
1
0/2

0
06

22:02
:0

6
W

A
C

C
B

2
29.5

S
ou

th
20

4
7

14/
0
7/2

0
08

18:20
:2

0
N

A
C

C
B

2
2.06

S
ou

th
20

4
7

14/
0
7/2

0
08

19:22
:0

2
N

A
C

R
E

D
2.40

S
ou

th
20

5
0

03/
1
2/2

0
08

18:09
:0

9
W

A
C

C
B

2
77.1

S
ou

th
20

5
0

03/
1
2/2

0
08

19:43
:0

9
W

A
C

C
B

2
83.2

S
ou

th
20

5
0

03/
1
2/2

0
08

21:17
:1

0
W

A
C

C
B

2
90.0

S
ou

th
20

5
0

03/
1
2/2

0
08

22:51
:1

0
W

A
C

C
B

2
98.0

S
ou

th
20

5
0

04/
1
2/2

0
08

00:25
:1

0
W

A
C

C
B

2
103

S
ou

th
20

8
3

14/
0
6/2

0
13

08:36
:2

6
N

A
C

C
B

2
5.27

N
orth

20
8
3

14/
0
6/2

0
13

09:56
:3

3
N

A
C

C
B

3
11.0

N
orth

20
8
3

14/
0
6/2

0
13

12:06
:5

5
N

A
C

C
B

2
5.83

N
orth

20
8
3

14/
0
6/2

0
13

12:47
:4

1
N

A
C

C
B

3
11.9

N
orth

20
8
3

14/
0
6/2

0
13

08:36
:2

6
W

A
C

C
B

2
52.7

N
orth

20
8
3

14/
0
6/2

0
13

10:02
:0

0
W

A
C

C
B

2
55.1

N
orth

20
8
3

14/
0
6/2

0
13

14:58
:0

3
W

A
C

C
B

2
64.2

N
orth

20
8
3

14/
0
6/2

0
13

16:23
:3

7
W

A
C

C
B

2
66.5

N
orth

20
8
3

25/
0
6/2

0
13

20:31
:3

9
W

A
C

C
B

3
86.0

N
orth

20
8
3

25/
0
6/2

0
13

22:43
:4

5
W

A
C

C
B

2
44.0

N
orth

20
8
3

25/
0
6/2

0
13

22:44
:3

3
W

A
C

C
B

3
88.1

N
orth

20
8
3

26/
0
6/2

0
13

00:57
:2

1
W

A
C

C
B

3
91.4

N
orth

T
a
b
le

3
.1
:

S
elected

im
a
g
es

fo
r

th
is

stu
d

y,
th

eir
co

n
fi

g
u

ra
tion

an
d

th
e

stu
d

ied
region

.



3.2. BI-DIMENSIONAL WIND VELOCITIES 43

the south in an area of 6, 000 km2. This difference in the number of the total wind
vectors and density between the north and south polar regions is due to the better
viewing conditions of images of the north polar region. Figure 3.2 shows the density
of wind vectors obtained at the north and south polar regions. The resolution of
winds mentioned below is 0.5◦ between 60◦ and 85◦ north and south and 0.25◦ and
0.5◦ between 85◦ and 90◦ north and south, respectively.

Figure 3.2: Measurement density maps of wind vectors, showing the number of
vectors in 6◦ latitude square bins of the north polar regions (a) and the south (b).
Note that the scale in both figures is different. (Figure from Antuñano et al. (2015))

It is important to mention that the results we present are obtained using all the
data described here and therefore, as all measurements are not from the same exact
date, the results shown are averaged wind velocities and vorticity. However, in the
case of the two particular vortices located at 80.6◦N and the South Polar Vortex
(SPS) located at 66.1◦S, wind vectors were measured in image pairs of a single day
(14 June 2013 and 3 December 2008, respectively) and thus, wind velocities and
vorticity of these two features are not averaged winds, but instantaneous winds.

The estimated error of individual measurements is 5 − 10 m s−1 at most lati-
tudes, except at the center of the eastward jets where the estimated error could be
as large as 15− 20 m s−1. A description of different error sources and the estimated
uncertainties that they introduce in our wind measurements is given in chapter 2.5
.

3.2 Bi-dimensional Wind Velocities

The large density of measurements we obtained prevents the representation of
individual vectors and their dimensions in a reasonably-size figure. With the aim of
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achieving a clearer representation of the horizontal wind fields, we have interpolated
our results into a regular grid, which allows us to represent the wind field at different
resolutions.

Figure 3.3: Averaged horizontal wind vectors at the north and south polar regions
from 60◦ to 83◦ (a and c, respectively) and from 83◦ to 90◦ north (b) and south (d).
Note the scale difference between left and right panels. (Figure from Antuñano et al.
(2015)).

The singularity of spherical coordinates at the pole hinders the process of interpo-
lation, and to overcome this difficulty, we introduce a new cartesian X-Y coordinate
system in the plane of the polar projection, related to the spherical coordinates by

X = (90− φ) cosλ (3.1)
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Y = (90− φ) sinλ (3.2)

(Garate-Lopez et al., 2013), where φ is the latitude and λ the longitude. Then we
build a regular X-Y grid by interpolating our data, first using the Delaunay triangu-
lation method in a 285 km X-Y grid (which corresponds to ∼ 0.3◦ in latitude) and
then, evaluating the measured wind vectors in this new grid by a bi-linear interpola-
tion. Finally, in order to obtain a smoothed wind field, we smooth the interpolated
wind vectors on a spatial resolution of ∼ 1.2◦ in latitude (around 1, 147 km) using
the nearest edge point method. The results are shown in figure 3.3, where only one
every 25 vectors is plotted on top of a polar projection from 60◦ to the pole, north
and south.

In this representation, the general horizontal circulation of the two polar regions
can be seen clearly, showing a similar behavior at both hemispheres. Four intense
eastward jets can be distinguished at different latitudes: (i) the hexagonal jet lo-
cated at around 75.8◦N, (ii) the strong polar jet at 88.5◦ (note the difference in the
vector scale), (iii) an eastward jet at 70.4◦S that does not depart from a pure zonal
jet and (iv) another intense eastward jet at 88.5◦S. In the north polar region, the
meandering of the hexagonal jet is also clearly seen.

Focusing on the components of the wind field, zonal and meridional velocity
contour maps can be obtained. We represent them in figure 3.4 and figure 3.5.

Figure 3.4: Zonal wind velocity map of the north (a) and south (b) polar regions.
The zonal wind velocities mapped here are averaged over all epoch measured. (Figure
from Antuñano et al. (2015))
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Zonal wind velocity maps of the north and south polar regions show once again
that the overall zonal winds in both regions are very similar. We see that the hexago-
nal eastward jet and the eastward jet at 70.4◦S (which we will refer as the Hexagon’s
counterpart) reach average peak velocities of around 100 m s−1, while both polar jets
are more intense, with average peak velocities of around 140 m s−1. However, some
important differences are observed in these maps. The most notable one is the dif-
ference between the shape of the eastward jet enclosed by the Hexagon and that of
the jet at 70.4◦S, showing that while the eastward jet located at 75.8◦N meanders in
latitude, its counterpart does not depart from a zonal jet. Moreover, the difference
in latitude (one is 5◦ closer to the pole than the other) is also significant. Finally,
the south polar jet seems to be wider and faster than the one in the north.

Figure 3.5: Meridional wind velocity map of the north (a) and south (b) polar
regions. The meridional wind velocities mapped here are averaged over all epoch
measured except for the vortex at 80◦N and the South Polar Spot (SPS) at 66◦S that
were measured in a single day (14 June 2013 and 3 December 2008, respectively).
(Figure from Antuñano et al. (2015))

Comparison of the meridional velocity maps of both polar regions reflects the
differences due to the hexagonal jet. The red and blue blobs present in the north po-
lar region are a signal of the meandering motion of the Hexagon jet, where positive
values represent northward movements and negative values represent equatoward
displacement. Gaps of zero meridional velocities between the red and blue blobs
indicate the location of vertices and the center of the sides of the Hexagon, where
the motion is essentially zonal. This distribution of meridional velocity reflects the
motion, northward from a vertex to the center of the side and equatoward from there
to the next vertex, with maximum meridional velocities of the order of ± 28 m s−1.
However, in the south polar region there are no significant departures from zonal
motion, as expected in a zonal jet. These maps show also the presence of two large
anticyclones, located at 80.6◦N and at 66.1◦S (named the South Polar Spot (SPS)
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due to the similarity to the North Polar Spot (NPS) described in chapter 1) with
meridional velocities of 15 m s−1 and 35 m s−1, respectively. The estimated velocity
error in these maps is of the order of 10 m s−1 and thus, the overall velocity gradient
seen in the southern meridional velocity map is not significant.

3.3 Zonal Wind Profiles

We compute zonal mean velocity profiles of the north and south polar regions
by averaging all the wind vectors at a particular latitudinal band. These averages
are performed with different resolutions, due to the lower density of measured wind
vectors in the south. In the case of the north polar region, we average winds in
intervals of 0.2◦ latitude using moving bins of 0.4◦ for latitudes up to 89◦N and in
intervals of 0.1◦ with moving bins of 0.2◦ at higher latitudes. At the south, however,
we average winds in intervals of 0.3◦ latitude using bins of 0.6◦ for latitudes between
60◦S and 89◦S and in intervals of 0.1◦ with moving bins of 0.2◦ at higher latitudes.
We use moving bins in order to compute a smoother zonal wind profile as every
vector lies in two different bins. These profiles are shown in figure 3.6.

Figure 3.6: Zonal wind profiles (solid line) and all the measured zonal vectors (grey
points) of the north (A) and south (B) polar regions. (Figure from Antuñano et al.
(2015))

Consistently with the results in the previous section, the zonal wind profiles
of both polar regions are very similar. These profiles show that the Hexagon jet
reaches maximum velocities of u = 104 ± 15 m s−1, while its counterpart in the
south is slower, reaching peak velocities of u = 87 ± 20 m s−1. The polar jets,
which show a large asymmetry in shape, are more intense, reaching peak velocities
of u = 140 ± 15 m s−1 in the north and u = 157 ± 12 m s−1 in the south. Although
both polar jets reach their maximum velocity at the same latitude and decay in an
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essentially linear way in their poleward flank, the southern polar jet is wider, with
its Full Width at Half Maximum (FWHM) 5.9 ± 0.1◦, 1.4◦ larger than the FWHM
of the north polar jet. Moreover, the 5◦ difference in latitude of the quasi-symmetric
hexagonal jet and its counterpart in the south is clearly seen in these zonal wind
profiles.

The standard deviation in each latitudinal bin varies from less than 5 m s−1 for
the westward jets to 20 m s−1 for the polar and the Hexagon jet. The large standard
deviation at the polar jets is due to the small number of vectors obtained, because
of the high variability of their cloud morphology. In the case of the Hexagon jet, the
averaged zonal wind profile we present was obtained ignoring its meandering motion
and as expected, this introduces a larger standard deviation. In next chapter (4), we
show the zonal velocity profile of the Hexagon jet taking into account its meandering
motion.

3.4 Vorticity and Vorticity Gradients

The vorticity describes the tendency of a fluid to rotate or spin due to its wind
structure and it is an important magnitude in the understanding of the dynamics
of a fluid. This magnitude is defined by the curl of the velocity:

~ω = 5× ~u (3.3)

(Sánchez-Lavega, 2011). In atmospheric science, we are concerned about the vertical
component of this magnitude as it provides essential information on the rotation due
to the horizontal motions of the flow. When calculated in the rotating system of the
planet, it is called relative vorticity, and its vertical component is given in spherical
coordinates by the following expression

ξ(λ, φ) =
1

R(φ) cosφ

∂v

∂λ
− 1

R(φ)

∂u

∂φ
+

u

R(φ)
tanφ (3.4)

where u and v are the zonal and meridional velocities, λ is the longitude, φ is the
latitude and R(φ) is the planetary radius at that latitude (defined in 2.3). In this
coordinates, relative vorticity presents a singularity at the pole, where the tangent of
the latitude becomes infinite, making the last term of the relative vorticity equation
(3.4), this is

u

R
tan(φ) (3.5)

usually ignored, relevant. In order to avoid this problem and to compute relative
vorticity maps up to the poles, we use the ”cartesian” coordinates defined in pre-
vious section. This introduces an error in the computation of the vorticity that
becomes larger at lower latitudes. In our case, at the lowest latitude of 65◦, the
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error is approximately of 1%. We then calculate the derivatives using finite differ-
ences in the interpolated and smoothed wind data obtained to compute the zonal
and meridional velocity maps (see section 3.2), this time smoothing the vector field
on a spatial resolution of 1.5◦ using the nearest edge point method. Figure 3.7 shows
the relative vorticity maps of the north and south polar regions.

Figure 3.7: Vorticity maps of the north and south polar regions from 60◦ to the
pole (A and C, respectively) and from 83◦ to the pole (B and D, respectively). The
uncertainties on the relative vorticity, obtained by introducing random perturbations
added to the horizontal winds, are of the order of ∼ 1× 10−5.

These maps show that the relative vorticity of both polar regions are very similar.
In the case of the north polar region (figure 3.7a), the Hexagon is clearly observed
as a jet stream of vorticity of ∼ ±6 ± 1 × 10−5 s−1 indicating that the Hexagon
is not a vortex street (a series of spots of alternating vorticity on the flanks of the
jets). Figure 3.7c, shows that the eastward jet at 70.4◦S presents similar vorticity
peak. The vorticity of these two jets is approximately 1/10th of the Coriolis pa-
rameter (defined as f = 2Ω sinφ, where Ω is the planetary angular velocity and
φ is the latitude). The polar cyclonic vortices present strong vorticity of around
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∼ 25 ± 1 × 10−5 s−1, which is of the order of the Coriolis parameter at the poles,
|f | = 3.27 × 10−4 s−1. These vorticity maps show also the anticyclonic vortex at
80.6◦N and the SPS at 66.1◦ with interpolated vorticity of −5 ± 1 x 10−5 s−1 and
−7 ± 1 x 10−5 s−1, respectively. The thick blue line around the vorticity map is
an artifact in the outer boundary of our representation and does not represent real
vorticity.

Figure 3.8: Meridional derivative of zonal velocity −∂ū/∂y (black dashed line),
meridional profile of relative vorticity (black solid line) and Coriolis parameter (blue
dash-dotted line) for the north (A) and for the south (B) polar regions. The dashed
horizontal line represents the peak of the westward jets, while the horizontal solid
lines represent the location of the eastward jets.

Usually, at mid and equatorial latitudes the relative vorticity given in equation
3.4, is approximated to the meridional gradient of the zonal velocity, −∂u/∂y, due
to the approximately zonal character of the flow outside singular vortices. However,
even in zonal flows, this approximation of the relative vorticity is not valid at the
poles, since the term 3.5 in equation 3.4 becomes important at latitudes higher than
80◦ and dominant for latitudes higher than 85◦. The importance of the term 3.5
at high latitudes is shown in figure 3.8, where we compare the actual relative vor-
ticity −∂u/∂y+ u

R(φ)
tanφ and the meridional gradient of the zonal velocity −∂u/∂y.

In the case of the jet associated to the Hexagon and the corresponding jet in
the south at 70.4◦S, the relative vorticity is clearly dominated by the meridional
derivative of zonal velocity (−∂ū/∂y), which peak value is ±5 ± 1 x 10−5 s−1 at
the Hexagon and ±4 ± 1 x 10−5 s−1 at its counterpart in the south and thus, the
standard analysis usually applied to mid latitudes is still valid.

Finally, the meridional gradient of the vertical component of the vorticity is an
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essential magnitude in the understanding of atmospheric dynamics as it provides
information on the instability of the flow. In the case of a barotropic atmosphere,
Rayleigh-Kuo criterion indicates that a necessary, but not sufficient, condition for
a zonal jet to become unstable is that β − ∂ū2/∂y2 > 0 (Sánchez-Lavega, 2011)
at the studied domain. In order to analyze the instability of the jets of the po-
lar regions, we compare the vorticity gradients and the planetary vorticity gradi-
ent, β = df/dy = 2Ω cosφ/R(φ) (Sánchez-Lavega, 2011). The results are shown
in figure 3.9, where we can appreciate that the β parameter is of the order of
1.5 × 10−12 m−1s−1, two orders of magnitude smaller than the ambient vorticity
at the Hexagon jet and its counterpart in the south. Furthermore, we see that the
Rayleigh-Kuo criterion is satisfied at the two flanks of the Hexagon jet and of the
eastward jet at 70.4◦S.

Figure 3.9: Vorticity gradients (black solid line) and β parameter (blue dashed
line) for the north (A) and south (B) polar regions. Horizontal solid and dashed lines
represents the peak of the eastward and westward jets, respectively.

3.5 Potential Vorticity and Potential Vorticity Gra-

dients

Up to this point, we have concetrated on the dynamics at cloud level, without
taking into account the vertical structure of the atmosphere. The relative vorticity
described above is of particular importance as it is a basic ingredient of one of the
most relevant dynamical magnitudes in the study of planetary atmospheres, the
potential vorticity. Here, we consider two versions of this magnitude, the Ertel’s
potential vorticity (EPV) and the quasi-geostrophic potential vorticity (QGPV).
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Other essential ingredient necessary to compute these potential vorticities, is the
knowledge of the vertical temperature structure of the atmosphere. In our study we
use the zonally averaged temperature profiles from December 2008 (southern sum-
mer) and June 2013 (northern spring) retrieved from CIRS data by Fletcher et al.
(2015), which present maximum spatial resolutions of 2◦ latitude and a vertical res-
olution that varies with pressure, ranging from 1 − 10 mbar at the stratosphere to
10− 50 mbar at the upper troposphere.

Figure 3.10: Zonal mean temperature maps from 61◦ to 90◦ for the north polar
regions from June 2013 (A) and south polar regions from December 2008 (B). (Data
obtained from Fletcher et al. (2015))

As it can be seen in figure 3.10, in both hemispheres the temperature at the
upper troposphere between 1 bar and ∼ 100 mbar remains almost constant with
latitude, within the estimated uncertainties, while at the stratosphere, the temper-
ature increases slightly to the poles. In addition, above 600 mbar the south polar
region seems to be warmer than the north polar region, this temperature difference
ranging between less than 10 K at the upper troposphere to around 20 K at the
upper stratosphere. This is probably due to seasonal differences between the north
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and south polar regions at the epochs under study, as a long-term study of the tem-
peratures (Fletcher et al., 2015) has shown that the north polar region is getting
warmer as it approaches the summer. These maps do not show any special feature
at the latitude of the Hexagon, nor any significant difference at those latitudes be-
tween the north and the south.

As the temperature data used in this study (Fletcher et al., 2015) is not obtained
in a regular grid, all maps presented in these section are built creating a regular
latitude-pressure grid of 21× 21 points size by interpolating our data, first using a
Delaunay triangulation method in 1.5◦ latitude ×1.4 dB in logP/P0 pressure and
then, evaluating the data in this new grid by a linear interpolation.

3.5.1 Zonally Averaged Ertel Potential Vorticity

Hoskins et al. (1985) demonstrated that a dynamical fluid can be described by the
distribution of the isentropic potential vorticity and the mass under the isentropic
surfaces. In a frictionless and adiabatic atmosphere, the change of absolute vorticity
(ω = ξθ + f , where ξθ is the relative vorticity evaluated in an isentropic surface and
f is the Coriolis parameter) is related to the change of the vertical gradient of
isentropic surfaces (∂θ/∂P , where θ is the potential temperature defined below and
P is the pressure), that is, to the stratification of the flow. This relationship is
given by the isentropic potential vorticity (or Ertel’s potential vorticity), which is
conserved (dqE/dt = 0) under the mentioned conditions. Ertel potential vorticity is
defined by

qE =
(2Ω +∇× u) · ∇θ

ρ
' −g (f + ξθ)

∂θ

∂P
(3.6)

(Sánchez-Lavega, 2011) where Ω is the planetary angular velocity, g is the gravity
and ρ is the density.

In order to determine Ertel’s potential vorticity at different levels of Saturn’s
polar atmosphere, we need to determine the potential temperature and its vertical
gradient, and the relative vorticity at different heights.

The first two quantities will be deduced from the vertical temperature of Fletcher
et al. (2015). On the other hand, since we do not have direct information about
velocity at different heights, we will use the thermal wind equation to extrapolate
the relative vorticity, measured at cloud level, to other heights.

Potential Temperature

The potential temperature determines the temperature of a parcel at pressure
P and temperature T would have when moved to a reference pressure P0 under
adiabatic conditions (i.e. it does not heat or cool down). Assuming perfect gas law
behavior and that the specific heat capacity depends only on pressure and density,
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the potential temperature can be calculated as

θ = T

(
P0

P

)R∗/Cp

(3.7)

where R∗ is the specific gas constant and cp is the specific heat capacity at con-
stant pressure. The specific gas constant in Saturn is R

µ̄
= 3.885 Jg−1K−1, where

R = 8.3143 Jmol−1K−1 is the ideal gas constant and µ̄ = 2.14 g mol−1 is the mean
molecular weight of Saturn’s atmosphere.

One issue in the case of the outer planets’ atmospheres, is that the specific
heat is not only a function of pressure and density, but it also depends on the
hydrogen orto-para fraction and temperature, and therefore, 3.7 is not longer valid.
In particular, we have used the so-called “normal” specific heat, which is a meta-
stable distribution of hydrogen-helium with no orto-para exchange with the assumed
mole-fraction of molecular hydrogen (H2) of Xorto−H2 = 0.75 (Conrath and Gierasch,
1984). Following Epele et al. (2007), we can approximate the specific heat capacity
in the range we are interested in by a series of powers in T, where the coefficients
are empirically adjusted. In the case of Saturn’s polar regions, we approximate the
“normal” specific heat capacity between 80 K and 160 K by a third order polynomial:

Cp/R
∗ ∼ A+B T + C T 2 +DT 3 (3.8)

where A = 2.517755, B = −0.006530 K−1, C = 1, 195531 × 10−4 K−2 and D =
−3, 504449× 10−7K−3.

This temperature dependency of the specific heat capacity results in a more
complex relation between the potential temperature of the adiabatic trajectory and
the pressure level reference (Epele et al., 2007). However, one can define a new
magnitude τ , with physical dimensions of temperature as

Cp(T )
δT

T
= C0

p

δτ

τ
(3.9)

(Epele et al., 2007), where the relation between T and τ is obtained by integration
of 3.9:

τ = T0

(
T

T0

)A/C0
p

exp

(
B

A
(T − T0) +

C

2A
(T 2 − T 2

0 ) +
D

3A
(T 3 − T 3

0 )

)
. (3.10)

This way, the problem can be treated in the same way as in the case of the ideal
perfect gas, but using the “extended” potential temperature:

τ̃ = τ

(
p

p0

)−κ0
(3.11)
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(Epele et al., 2007), where κ0 = R∗/C0
p with C0

p = Cp(T0) and T0 = τ(T0). In this
study, we use P0 = 0.987 bar and T0 = 134 K as reference values.

The general definition of the potential vorticity states that in the case o a non-
barotropic fluid θ could be any conserved scalar quantity that is a function of density
and pressure only. Therefore, the new “extended” potential temperature τ̃ can
be safely used in the study of the potential vorticity and therefore, equation 3.6
becomes:

qE ' −g (f + ξτ̃ )
∂τ̃

∂P
. (3.12)

The “extended” potential temperature maps for Saturn’s north and south polar
regions from 63.5◦ to 90◦ retrieved by using the temperature maps of Fletcher et al.
(2015) are shown in figure 3.11. As it can be noticed, the behavior of the poten-
tial temperature is similar at both polar regions, and isentropic surfaces essentially
follow isobaric surfaces, with a rapid variation for pressures above 60 mbar. The
potential temperatures reaches values of ∼ 1, 400 K and ∼ 1, 550 K at the upper
stratosphere at ∼ 1 mbar in the north and south, respectively, and decreases rapidly
to ∼ 230 K at around 50− 60 mbar in both polar regions. Below this altitude, the
potential temperature varies more slowly, reaching ∼ 130 K around 1 bar.

Figure 3.11: Zonal mean “extended” potential temperature maps from 63.5◦ to 90◦

(A) for the north polar regions from June 2013 (left) and south polar regions from
December 2008 (right) and their vertical gradients (B).
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The magnitude needed for the computation of potential vorticity (see equation
3.6) is the vertical gradient of “extended” potential temperature, which provides
information on the static stability of the atmosphere (Sánchez-Lavega, 2011):

dτ̃

dP
< 0→ statically stable

dτ̃

dP
= 0→ statically neutral

dτ̃

dP
> 0→ statically unstable

Figure 3.11b, shows a stratified and statically stable ( dτ̃
dP

< 0) atmosphere in
Saturn from the upper troposphere (500 mbar) to the upper stratosphere (1 mbar).
The vertical gradient of potential temperature varies strongly with height, ranging
from around −560 K mbar−1 at the upper stratosphere to less than −10 K mbar−1

at the upper troposphere and once again, we do not detect any special behavior at
the latitude of the Hexagon.

Thermal Wind

In an atmosphere in hydrostatic and geostrophic balance, the vertical structure
of the horizontal wind field is directly related to the horizontal temperature gradient
by the so-called thermal wind equation,

∂u

∂ln(P )
=
R∗

f

(
∂T

∂y

)
(3.13)

(Sánchez-Lavega, 2011), where f is the Coriolis parameter 2Ω sinφ and y is the
meridional coordinate. Thus, from the knowledge of the pressure-latitude tempera-
ture profiles and the horizontal wind field at cloud level as a reference, the thermal
zonal wind profile at different pressure levels can be deduced upon integrating equa-
tion 3.13. In our case, we assume that the cloud level at which we have measured
the zonal and meridional velocities corresponds, at the polar regions, to a pressure
level of 500 mbar (¯̃τ = 137 K) (Pérez-Hoyos et al., 2005; Sanz-Requena et al., 2017).

In order to obtain smooth distributions and evaluate the zonal wind profile with
the same latitudinal resolution than the thermal structure, we have first binned
the zonal wind profile in 0.5◦ latitude at the reference pressure level (500 mbar)
and then, we have used values of the smoothed zonal wind profile separated by 2◦

latitude (maximum resolution of the zonally averaged temperature profiles). This
smoothing of the zonal velocity profile, leads to slower zonal winds at the reference
pressure and thus, to a smaller value of the relative vorticity than the one presented
in the previous section.

Figure 3.12a and figure 3.13a, show the obtained zonally averaged vertical wind-
shear of the north and south polar regions respectively, at different altitudes be-
tween 500 mbar and 1 mbar. The results show that at the troposphere (below
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Figure 3.12: Pressure-latitude thermal wind maps (A), integrated zonal mean ve-
locity maps (B) and relative vorticity maps (C) from 63.5◦ to the pole for the north
polar region for June 2013.

100 mbar), both polar regions present a very small vertical wind shear, raging from
| du
dln(p)
| = 4 m s−1 to | du

dln(p)
| = −4 m s−1 (du/dz ∼ ±0.1 m s−1/km, assuming a mean
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scale height of H ∼ 40 km) between 63.5◦ and 85◦ and between twice to three times
that value at higher latitudes, while at the stratosphere the vertical wind shear
reaches values of around | du

dln(p)
| = 15 m s−1 (du/dz ∼ −0.37 m s−1/km) or less at the

south polar region and a maximum of | du
dln(p)
| = 24 m s−1 (du/dz ∼ −0.6 m s−1/km)

at the north. This is a consequence of the fact that at the troposphere the at-
mosphere is nearly barotropic at latitudes equatoward 85◦, while it becomes more
baroclinic at the poles (latitudes higher than 85◦) and at the stratosphere, as shown
in figures 3.12b and figure 3.13b. In addition, overall, westward jets present posi-
tive vertical wind-shear (the zonal velocity of the jets becomes less negative with
altitude), while eastward jets have negative wind-shear (they become slower with
altitude).

Once we know the behavior of the vertical gradient of the potential temperature
and the wind-shear over the region under study, we need to compute the relative vor-
ticity maps in isentropic surfaces. However, for atmospheres with large Richardson

number, Ri = N2/(∂u/∂z)2 (whereN2 = g
T

(
− P
H

dT
dP

+ g
CP

)
is the Brunt-Väisälä fre-

quency and H = R∗T/g is the scale height), the relative vorticity evaluated in pres-
sure surfaces can be safely used. At Saturn’s polar regions, Ri ∼ 105 and therefore,
we can compute the relative vorticity using equation 3.4 and then, interpolate it
into zonal mean constant potential temperature surfaces.

However, as mentioned in the previous section, the term 3.5 in 3.4 has a singu-
larity at the pole and it cannot be ignored at latitudes above 80◦. Therefore, we
use equation 3.4 between 63.5◦ and 88.5◦, where we do not find any singularity. At
higher latitudes, we deal with the singularity in 3.5 by writing it in terms of the
colatitude and using the fact that at those very high latitudes, the zonal velocity is
approximately proportional to the colatitude

u

R
tan(φ) =

1

R

a(π/2− φ)

tan(π/2− φ)
∼ − a

R
(3.14)

where a is the slope of the zonal velocity profile between 90◦ and 88.5◦ north
(a = 5345.7 m s−1rad−1) and south (a = 6113.5 m s−1rad−1) and R is the radius
of Saturn at those latitudes. The results are shown in figure 3.12c and figure 3.13c,
where it can be observed that the values of the relative vorticity at cloud level
are smaller than the ones presented in the previous section, as expected from the
smoothing of the winds.

Zonally Averaged Ertel Potential Vorticity: Results

In order to compute the Ertel potential vorticity, we interpolate the obtained rel-
ative vorticity, using spline interpolation (we have checked that a linear interpolation
gives identical results), in surfaces of meridionally averaged potential temperature.
Finally, as dτ̃/dP varies strongly with height and in order to be able to compare
the Ertel potential vorticity and the quasi-geostrophic potential vorticity, we fol-
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Figure 3.13: Pressure-latitude thermal wind maps (A), integrated zonal mean ve-
locity maps (B) and relative vorticity maps (C) from 63.5◦ to the pole for the south
polar region for December 2008.

low Read et al. (2009b) in normalizing the zonal mean Ertel potential vorticity by
dividing it by −g < dτ̃/dp >, where <> indicate the horizontal mean value on
area-weighting for all latitudes.
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The results are shown in figure 3.14, where the normalized Ertel potential vor-
ticity (qE), which now has the same units as relative vorticity, is represented for
Saturn’s north and south polar regions. These maps show that at all levels EPV
presents negative values at the south polar region and positive values at the north,
instead of following the sign of the relative vorticity. This is due to the dominance
of the Coriolis parameter (f), which is everywhere an order of magnitude larger
than the smoothed relative vorticity, but at the pole, where the relative vorticity
is of the order of magnitude of f . Overall, the south polar region presents larger
absolute values of the normalized potential vorticity, ranging from −2.7× 10−4 s−1

to −7.5 × 10−4 s−1 at the south and from 1.9 × 10−4 s−1 to 5.0 × 10−4 s−1 at the
north. The maximum absolute value of the Ertel potential vorticity is obtained at
around the pole and τ̃ ∼ 100− 200 K in both hemispheres.

Figure 3.14: Normalized and zonally averaged Ertel potential vorticity maps from
63.5◦ to the pole for the north polar region for June 2013 (top) and south polar region
for December 2008 (bottom).
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Meridional gradients of the normalized Ertel potential vorticity provide informa-
tion of the stability of the flow. Seasonal variations on the meridional gradients of
the Ertel potential vorticity, and therefore on the stability of the flow, must come
from seasonal changes in the thermal structure at the upper troposphere and lower
stratosphere since, in the case of Saturn, it has been shown that the zonal jets have
remained unchanged over the last 35 years. Computed meridional gradients of the
normalized Ertel potential vorticity for the northern spring and southern summer
(June 2013 and October/December 2008, respectively) are shown in figure 3.15.
The results indicate that at the studied epochs, dqE/dy changes sign, indicating
that thermodynamic instability could develop, at the flanks of the Hexagon and the
eastward jet at 70.4◦S, as well as at the flank equatoward the peak velocity of the
polar vortices. The changes on the sign of dqE/dy are stronger at the lower flank
of both north and south polar jets below 200 K, indicating that these jets are more
unstable at this region.

Although these results show the general behavior of the approximated Ertel po-
tential vorticity and its meridional gradient, it is important to note that these values
should be taken with caution, as these magnitudes depend on differentiated velocity
and temperature fields and therefore, propagation of the measurement uncertain-
ties on the horizontal wind field and on the retrieved zonally averaged temperature
must be taken into account. This is not a trivial task, first of all because errors in
different variables are correlated and secondly, because of the uncertainties related
to numerical differentiation.

3.5.2 Quasi-Geostrophic Potential Vorticity

The quasi-geostrophic potential vorticity is a valid approximation of the po-
tential vorticity in rapid rotating fluids, where the wind can be approximated to
the geostrophic wind, and it is obtained by linearizing the Ertel potential vorticity
(equation 3.6) by assuming a linear perturbation on the temperature

T = Ts(P ) + Td(λ, φ, P, t) (3.15)

where Ts is the horizontal mean temperature (Pedlosky, 1987) and introducing the
geostrophic wind in the equation of motion. The quasi-geostrophic potential vortic-
ity is given by

qg = (f + ζg)− f
∂

∂p

(
1

s2

dθ

dP

)
(3.16)

(Vallis, 2006), where dθ/dP = −RTd/P is the geopotential and s(p) is the static
stability defined as

s2 = − 1

ρθ

dθ0

dP
(3.17)

where θ0(P ) is a reference profile of the potential temperature and ρ = P/(R∗T ) is
the density.
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Figure 3.15: Meridional gradient of the normalized Ertel potential vorticity from
63.5◦ to 90◦ for the north polar region for June 2013 (top) and south polar region for
December 2008 (bottom).

This definition of the quasi-geostrophic potential vorticity is obtained assuming
that the specific heat is only a function of pressure. In our case, in order to take into
account the variation of the para-hydrogen fraction and therefore, the dependence on
the temperature of the specific heat, we use the “entxended” potential temperature
computed in the previous section and we follow Gierasch et al. (2004) and Read
et al. (2009b) and define a more generalized stability parameter as

s2 = − Cp

< Cp >

Td
Ts

∂ < ln τ̃ >

∂ lnP
(3.18)

where Cp is the normal specific heat and the <> represent, once again, the zonal
mean on area-weighting for all latitudes. Figure 3.16 represents the quasi-geostrophic
potential vorticity at Saturn’s polar regions for December 2008 (south) and June
2013 (north). These maps show that the quasi-geostrophic potential vorticity is,
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once again, positive at the north polar region and negative at the south, due to the
dominance of the Coriolis parameter, which is an order of magnitude larger than the
relative vorticity and the stretching term (third term in equation 3.16), except at
the pole. Furthermore, the north polar region reaches higher absolute values of the
quasi-geostrophic potential vorticity from ∼ 400 mbar to 1 mbar than the south. Fi-
nally, comparing the quasi-geostrophic potential vorticity and the normalized Ertel
potential vorticity, we see that the former reaches smaller absolute values between
63.5◦ and ∼ 87◦ north and south than the normalized Ertel potential vorticity, while
the contrary happens at higher latitudes.

Figure 3.16: Zonally averaged quasi-geostrophic potential vorticity maps from 63.5◦

to the pole for the north polar region for June 2013 (top) and south polar region for
December 2008 (bottom).

Meridional gradients of the quasi-geostrophic potential vorticity for the northern
spring and southern summer (June 2013 and October/December 2008, respectively)
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are shown in figure 3.17. The results show that, although the normalized Ertel
potential vorticity and the quasi-geostrophic potential vorticity maps present some
differences, the meridional gradients of these two magnitudes present a similar be-
havior. For the studied epochs, dqg/dy changes sign at the flanks of the Hexagon
jet and the eastward jet at 70.4◦S, as well as at the lower flank of the polar jets,
indicating that thermodynamic instability could develop at these regions. We also
find that these changes are stronger at the troposphere and at the flanks of the polar
jets, showing that overall the jets are more unstable at these regions.

Figure 3.17: Meridional gradient of the zonally averaged quasi-geostrophic potential
vorticity maps from 63.5◦ to the pole for the north polar region for June 2013 (top)
and south polar region for December 2008 (bottom).
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3.6 Discussion

In this study we have updated the horizontal velocity and vorticity fields of the
north and south polar regions, from ∼ 60◦ to 90◦, using Cassini ISS images from
June 2013 (north) and October 2006 and July/December 2008 (south).

Bi-dimensional velocity maps of both polar regions are computed. These maps
show many similarities on the dynamics of both regions. Firstly, an intense eastward
jet with a peak velocity of 140 − 150 m s−1 is found at the outer rim of both polar
vortices. Furthermore, a slower eastward jet with peak velocities of ∼ 100 m s−1

is also observed in both hemispheres, consistent with previous studies (Sánchez-
Lavega, 2002a; Baines et al., 2009; Vasavada et al., 2006; Garćıa-Melendo et al.,
2011). The most remarkable difference between the two polar region is the presence
of the Hexagon at the north polar region.

Regarding the shape of the eastward jets, we see that the Hexagon jet and its
counterpart in the south are quasi-symmetric jets very similar in width. However,
the northern and southern polar jets are clearly asymmetric showing a fast and es-
sentially linear drop in the velocity from the peak at 88.5◦ to the pole. The width
of the polar jets is also different being the northern polar jet 1.4◦ narrower at its
FWHM than the southern polar jet. On the other hand, it is also apparent that the
Hexagon jet is located 5◦ poleward than its counterpart in the south, making the
westward jet, located between the Hexagon and the polar jet, narrower than the one
in the south.

The north polar region’s relative vorticity map shows the Hexagon as a jet stream
with a peak vorticity of ∼ 6± 1 x 10−5 s−1, ten times smaller than the Coriolis pa-
rameter, dominant at the polar regions. In the south, the relative vorticity map
shows that the eastward jet located at 70.4◦S reaches similar vorticity values. Fur-
thermore, both polar regions present a very intense cyclonic vortex at each pole
attaining high vorticity values of the order of the Coriolis parameter at the poles. In
these vorticity maps we can also distinguish the presence of the anticyclonic vortices
located at 80.6◦N and 66.1◦S. Vorticity gradient profiles show that the Rayleigh-Kuo
instability criterion for a barotropic flow to become unstable is clearly satisfied at
the flanks of the hexagonal jet and its counterpart in the south. The analysis of the
barotropic instability as the origin of the Hexagon in the north is studied in Chapter
5.

The potential temperature is computed using the retrieved zonaly averaged tem-
perature profiles by Fletcher et al. (2015) from December 2008 and June 2013 for
Saturn’s south and north polar regions, respectively. Additionally, as the potential
temperature depends on the orto-para fraction of the atmosphere, we assume the
normal version of specific heat, which considers a meta-stable distribution with a
mole-fraction of molecular hydrogen Xorto−H2 = 0.75 and we define a new magnitude
“extended” potential temperature. Vertical gradients of the “extended” potential
temperature indicate that from the upper stratosphere at 1 mbar to the upper
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troposphere at 1 bar, Saturn’s atmosphere at the polar regions is statically stable
(dτ̃/dP < 0).

In addition, we use the obtained horizontal wind profiles and relate them with
the zonally temperature profiles in order to obtain the zonally averaged Ertel and
quasi-geostrophic potential vorticity at both polar regions from 63.5◦ to 90◦. The
results show that at the Ertel and quasi-geostrophic vorticity the Coriolis parameter
is dominant, resulting in positive values at the north and negative values at the
south polar region. Meridional gradients of these two magnitudes indicate that a
thermodynamic instability could develop, at the studied epochs, at the flanks of the
Hexagon, its counterpart in the south and the lower flanks of the polar jets.

Similarities on the horizontal wind profiles, vorticity, temperature and potential
vorticity profiles between both polar regions do not give any hint for the presence
of the hexagonal wave at the north polar region and its absence in the south.



Chapter 4

Cloud Morphology and Dynamics
of Meteorological Features at the
North Polar Region

The averaged horizontal wind structure and the zonal mean profiles of the veloc-
ity detailed in the previous chapter (3), describe the general circulation of Saturn’s
polar regions. However, in order to understand the physical processes responsible
for the atmospheric dynamics of these regions, it is very valuable to characterize the
cloud morphology at different spectral wavelengths, their temporal variation and
local motions of the various meteorological features present at these regions.

In this chapter, we describe the cloud morphology of different features present
at cloud level in the north polar region and we also analyze their temporal variation
and dynamics.

4.1 Hexagon

Some planets of the solar system exhibit transient polygonal features or wavy
patterns. On Earth, sub-tropical and polar jet-streams present meandering patterns
and some hurricanes show transient polygonal patterns at their interior (Kossin and
Schubert, 2001). On Jupiter, different eastward and westward jets in the north
and south hemisphere present wavy patterns (Sánchez-Lavega et al., 1998; Barrado-
Izagirre et al., 2008) and a similar feature, named the Ribbon, is observed on Saturn
eastward jet located at 41◦N (Smith et al., 1982; Sromovsky et al., 1983; Sánchez-
Lavega et al., 2000; Sánchez-Lavega, 2002a; Sayanagi et al., 2010). However, the
hexagonal feature on Saturn located at ∼ 75.8◦N is a unique feature in the entire
solar system.

This singular feature was discovered by Godfrey (Godfrey, 1988) in images from
July 1981 captured during the flyby of the Voyager II, when he polar projected
and mosaiced them. This mosaic of polar projections showed a clearly hexagonal
feature located at 76◦ north, with sides of ∼ 14, 000 km. Measurements of cloud
motions revealed that the hexagon enclosed a fast eastward jet of 100 ms−1 and that
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the Hexagon itself was stationary. Moreover, at the time of the Voyager flybys, a
large anticyclone, named the North Polar Spot (NPS), of 7, 000 − 10, 000 km was
observed right outside one of the Hexagon’s sides (Godfrey, 1988; Sánchez-Lavega
et al., 1993). Allison et al. proposed in 1990 that the Hexagon was originated by
the interaction of one or more large anticyclones, like the NPS, with the eastward
jet (Allison et al., 1990).

After its discovery in the late 80’s, the Hexagon and the NPS were re-observed
in images captured by the Hubble Space Telescope (HST) and by ground-based
telescopes during 1990-1995 (Sánchez-Lavega et al., 1993; Caldwell et al., 1993;
Sánchez-Lavega et al., 1997). After Cassini arrived to Saturn, the Hexagon was
re-observed first by CIRS in 2007 (Fletcher et al., 2008) and then by VIMS in 2008
(Baines et al., 2009), when the north pole was not illuminated by the Sun and by the
ISS cameras after the equinox (Sánchez-Lavega et al., 2014; Antuñano et al., 2015;
Sayanagi et al., 2016). However, the NPS was not present in Cassini images indi-
cating that the Hexagon does not need the NPS to keep its shape (Sánchez-Lavega
et al., 2014; Antuñano et al., 2015).

When Hubble Space Telescope imaged Saturn’s south polar region between 1997
and 2002, a fast eastward jet was discovered at similar latitudes (70.4◦S) present-
ing comparable wind peak velocity (Sánchez-Lavega, 2002a). This eastward jet was
zonal and did not present any hexagonal or polygonal pattern and no large anticy-
clone was observed in these images either (Sánchez-Lavega, 2002a). Vasavada et al.
(2006), however, reported a faint polygonal structure at the eastward jet at 70.4◦ in
ISS high-resolution images from 2004. ISS images between April 2008 and January
2009 showed a large anticyclone very similar in size (7, 800 ± 400 km) to the NPS
just outside the zonal eastward jet (Antuñano et al., 2015). During the presence of
this large anticyclone, that we named South Polar Spot (SPS) due to its similarity
to the NPS, the eastward jet at 70.4◦S did not present significant deviations from a
pure zonal jet, indicating that the Hexagon did not originate from the interaction
with the NPS.

A singular characteristic of the Hexagon is that its phase speed is almost station-
ary with respect to System III rotation frame, while it encloses a fast eastward jet.
An analysis of images captured by Cassini ISS and with ground-based telescopes
between 2008 and 2014, proved that the vertices of the Hexagon are almost station-
ary respect to Saturn’s System III rotation rate, moving westward with an angular
drift-rate of < ω >= 0.0129± 0.0020◦/day (Sánchez-Lavega et al., 2014).

Observations of the Hexagon in the thermal infrared by CIRS in 2007 showed
that in the upper troposphere, between 100 and 800 mbar, there are one warm and
one cold belts at 77◦N and 73◦N, respectively (Fletcher et al., 2008). At the corre-
sponding latitudes, images from VIMS at 3 − 4 bar from 2008 show cloud covered
(dark) and cloud free (bright) regions, respectively (Baines et al., 2009). This cor-
relation between the temperature profiles from CIRS and images in the infrared by
VIMS has been explained as a subsidence region at latitudes poleward the hexagonal
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jet and an up-welling region at the exterior of the jet (Fletcher et al., 2008).

As described in the previous chapter, similarities in the dynamics of both polar
regions do not give any hint of why a hexagonal jet is present in the north and not in
the south and a seasonal effect for this explanation can be discarded as the Hexagon
survived the long north polar winter. Different interpretations of the origin of the
Hexagon will be described and discussed in chapter 5.

In what follows, we describe the cloud morphology of the Hexagon jet and its
appearance in different wavelengths and report potential convective structures in-
side the hexagonal jet. Moreover, we characterize the motions and meandering of
the jet and compare them with the dynamics of local features inside it.

4.1.1 Cloud Morphology

Both the Hexagon and its enclosed eastward jet, are clearly visible in wavelengths
from the near-infrared (∼ 1000 nm) to the violet (420 nm), which sense the upper
troposphere at levels 100−700 mbar (Pérez-Hoyos et al., 2005; Sánchez-Lavega et al.,
2006; Garćıa-Melendo et al., 2009; Sanz-Requena et al., 2017), in thermal infrared
at wavelengths between 14.7 µm and 16.6 µm, which sense the upper troposphere
at around 150 mbar (Fletcher et al., 2008), and also in images obtained by VIMS
at 5 µm that sense the deep troposphere at around 4− 5 bar (Baines et al., 2009).
However, in the thermal infrared at wavelengths between 7.4 − 8 µm, which sense
the upper stratosphere at ∼ 1 mbar, the Hexagon is not longer observable (Fletcher
et al., 2008, 2015). Figure 4.1 shows the Hexagon and its jet at visible wavelengths.

The regions north and south of the Hexagon jet have quite different appearance
in visible and in 5 µm wavelenghts. CB2 and CB3 filters sense the top of the am-
monia clouds, which is found at around 600 mbar at the latitude of the Hexagon
(Sanz-Requena et al., 2017). In these filters, the Hexagon’s interior, at the north of
the jet, looks darker than the exterior, at the south, showing a dark and cloud-free
area of 0.5− 0.7◦ width right to the north of the jet. Both the interior and the ex-
terior of the Hexagon present a large amount of compact clouds and small vortices
that will be described in section 4.2. Methane band MT2 and MT3 filters, do not
go through the tropospheric haze present at the polar region and they sense clouds
high in the upper troposphere, which appear as bright features in these images. In
these filters, the appearance of the Hexagon is plainer, with few details. The interior
of the Hexagon is again darker than the exterior, indicating that the hazes pene-
trate deeper in the troposphere in the interior region of the Hexagon, as proposed
by Sanz-Requena et al. (2017). Finally, the entire polar region looks bright in blue
(BL1) and violet (VIO) filters, due to the Rayleigh scattering by the gas, and in
these wavelengths the Hexagon’s interior looks brighter than the exterior because of
the presence higher or more dense hazes.
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Figure 4.1: Cloud morphology of the Hexagon at different wavelengths captured by
Cassini ISS wide angle camera on 25 June 2013.
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The hexagonal eastward jet, when observed in CB2 and CB3 images, it is marked
by elongated bright and dark clouds of 0.3− 0.5◦ meridional width. The elongation
of the clouds is due to the horizontal wind-shear on the jet, and clouds at the edges
of the eastward jet are less elongated than the clouds near the center. These bright
filaments are not parallel to each other, presenting a deviation towards the center of
the jet, where the velocity is higher. The latitudinal and longitudinal distributions
of these clouds are not homogeneous, and there are regions where larger or brighter
clouds are observed. Measurements between 2008 and 2014 showed that in those
filters the mean width of the jet is 2.8◦ ± 0.5◦ and that the vertices of the Hexagon
are located at a mean latitude of 74.7◦N±0.2◦ (Sánchez-Lavega et al., 2014). When
the jet is observed in MT2 and MT3 filters, it is seen brighter than the Hexagon’s
interior but darker than the exterior and it presents some dark filaments that do not
strictly follow its meandering pattern. The edges of the hexagonal jet observed in
these wavelengths do not correspond exactly to the edges observed in CB2 and CB3
and are more distinct at the northern part of the jet. Finally, when it is observed in
blue or violet filters, the eastward jet appears narrower with a dark region of ∼ 0.9◦

latitude following its meandering motion, not present when observed in other filters.

4.1.2 Zonal Winds

In the previous chapter, we described the general averaged zonal wind velocity
profiles of the north and south polar regions. In these profiles, we averaged the
vectors in latitudinal bins without taking into account that the hexagonal jet is
not zonal and this introduced a large standard deviation in our profile. In order
to solve this problem and to characterize the actual shape of the jet, we create a
new coordinate system that measures latitudinal distances to the peak of the jet
at a given longitude, following the meandering motion of the jet. To calculate the
position of the maximum of the jet as a function of the longitude, we binned the
zonal and meridional vectors between 60◦ and 83◦ north into 0.25◦ latitudinal bins
using moving bins of 0.5◦ and 4◦ longitudinal bins with moving bins of 8◦ and then,
we perform a sixth-grade polynomial fitting of the modulus of the velocity against
the latitude for each longitudinal bin. After plotting the latitudes of the velocity
peak against longitudes (figure 4.2a ), we see that they can be fitted to a sinusoidal
wave of wavenumber six defined as

φmax(λ) = φ0 + ∆φ0 sin

(
2π

Λ
(λ− λ0)

)
(4.1)

where φ0 = 75.79◦ ± 0.01◦ is the mean latitude of the hexagonal jet, ∆φ0 =
0.49◦ ± 0.01◦ is the amplitude of the oscillation, Λ = 59.7◦ ± 0.2◦ is the wave-
length and λ0 = −6.0◦ ± 0.7◦ is the phase shift.

When we plot this sinusoidal wave on top of a polar projection of the north polar
region (figure 4.2b), we observe that the vertices of the Hexagon are the minimums
of the sinusoidal wave, while the center of the sides correspond to the maximums.
This indicates that the hexagonal feature is a sinusoidal wave of wavenumber six
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that oscillates in latitude between 75.3◦ and 76.3◦, which is seen as a Hexagon when
it is polar projected. Figure 4.2c and figure 4.2d, show that if the amplitude of the
sinusoidal would be twice of the observed amplitude, the eastward jet would be seen
as a wavy pattern when polar projected, while an amplitude of half of the observed
amplitude value would give a more zonal eastward jet.

Figure 4.2: Panel A represent the latitudinal locations of the modulus velocity peaks
for different longitudes (black squares) and the performed sinusoidal fitting (red solid
line). Panel B shows the sinusoidal fitting polar projected on top of a WAC image
from 25 December 2013. Panel C and D show a polar projection of a sinusoidal wave
with a M φ0 = 1◦ (C) and M φ0 = 0.25◦ (D).

Once the latitudes of the velocity peaks for different longitudes are known, the
new latitudinal coordinate, which measures the distance to the peak can be easily
implemented. Equation 4.1, allows us to define a zonal coordinate φ′k = φk −
φmax(λk), where φk and λk are the latitude and longitude of a given point. The
new coordinate measures the distance in degrees to the maximum of the jet, with
positive values north of the jet. Moreover, associated to this new coordinate there
is a local reference system with axes x′h parallel to the jet mean motion, and y′h
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perpendicular to it, that forms an angle

tan θ(λ) =
1

cosφ0

dφmax
dλ

(4.2)

with the standard (x,y) coordinates tangent to the latitudinal circle and perpendic-
ular to it. We can therefore decompose individual velocities in a component tangent
and perpendicular to the jet as

uh = u cos θ − v sin θ (4.3)

vh = v cos θ + u sin θ. (4.4)

If we calculate averages of uh in bins of constant φ′ we obtain a mean profile adapted
to the jet motion. Figure 4.3, shows the wind profile adapted to the jet compared
with a standard zonal average. As it can be expected from the small deviations
from zonal motions implied by equation 4.1, our analysis shows little difference be-
tween the two profiles, but when we take into account the meandering of the jet,
the average profile is narrower and 5 ms−1 faster, reaching 105 ms−1, and the stan-
dard deviation is consistently smaller. The vorticity and vorticity gradient profiles
obtained from this zonal profile are shown in figure 4.4 by a dash-dotted red line.
When we perform a zonal average of the meridional component, it is zero in both
analysis, but in a purely zonal average, the standard deviation doubles its value in
the latitudes of the Hexagon, reflecting the meandering of the jet, while it is essen-
tially flat if averages are performed along the jet as described above.

Figure 4.3: Left figure shows the hexagonal jet wind profile using two different methods. Light
triangles and light error bars represent the zonal averages and standard deviation of the zonal
winds. Darker squares and error bars represent averages for a reference system centered on the
Hexagon jet peak. Right figure shows the Gaussian fit (red line) of the measured zonal winds of
the hexagonal jet (black dots).
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Following Allison et al. (Allison et al., 1990), we fit the zonal wind profile of the
Hexagon to a Gaussian function defined as

u = u0 exp(−bR
2 (y − y0)2

2u0

) (4.5)

where R is the planetary radius at the Hexagon’s mean latitude, u0 = 104 ms−1

is the velocity peak, b = 8.0x10−11 m−1s−1 is the curvature of the jet and y is
the meridional distance relative to the peak in kilometers. The full width at half
maximum (FWHM) is 2.38◦ ± 0.05◦, which is equivalent to 2, 275 ± 50 km. This
Gaussian, as shown in figure 4.3, fits very well the zonal wind profile of the Hexagon
obtained taking into account its meandering.

Figure 4.4: Left figure shows the relative vorticity (black dashed line), −∂u/∂y (dark solid line)
and −∂uh/∂y obtained using the zonal winds adapted to the Hexagon’s meandering (red dash-dot
line), while the figure on the right represents ∂2u/∂2y (black solid line) and the adapted gradient
of the ambient vorticity ∂2uh/∂

2y(red dash-dot line). The dash-dot-dot blue lines represent the
Coriolis parameter (left) and the β parameter (right). The horizontal black solid line indicates the
latitude of the center of the hexagonal jet.

4.1.3 Local Transient Activity

The study over 36 years of the Hexagon and its eastward jet has shown that
they are long-lived stable features (i.e. Sayanagi et al. (2016)). However, Cassini
ISS high-resolution images show that although they have remained unchanged since
Voyager flybys, local transient activity can develop inside the hexagonal jet.

The most notable activity in this jet during the period of our study (January
2009 to November 2014) is a plume-like feature observed in CB2 images from 22-
24 July 2013 as a large and bright feature, shown in figure 4.5a. At its maximum
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longitudinal size, this plume is larger than half of the Hexagon’s side and around
2/3 of its width, reaching longitudinal and meridional dimensions of 8, 746±116 km
(37.7◦±0.5◦) and 2, 000 km (2.1◦), respectively. On 22 July, this feature was located
at a vertex of the Hexagon and it grew ∼ 5◦ until it reached its maximum length at
the first hours of 24 July 2013.

Figure 4.5: Four polar projections from 70◦N to the pole of a meridional resolution of 0.02◦/pixel
from 23 July 2013 in CB2 (A and B), VIO (C) and MT2 (D). Panel a shows the transient plume-
like feature marked by the yellow arrow and (B) shows the horizontal wind vectors of this region.
The yellow arrows indicate the location of the peak velocity of the jet. The data in panel (B) is
binned in 0.3◦ latitude and 4◦ longitude. (Figure from Antuñano et al. (2017))

An examination of the morphology of this feature shows that its head is not
located at the latitude of the velocity peak of the jet, but 0.9◦ north of it, close to
the northern edge of the jet, as represented in figure 4.5b, where the pink arrows
represent the horizontal wind field and the yellow arrows indicate the location of the
peak velocity of the hexagonal jet. Furthermore, we also observe that the end of the
plume is divided longitudinally in two by a dark elongated region and that a smaller
dark region is also located near its head. The absence of the plume-like feature in
images captured with methane absorption band (MT2 ad MT3) filters (figure 4.5d)
and with violet filter (VIO) (figure 4.5c), indicate that this feature is located at the
same level as the surrounding clouds.

In order to determine the motion of this feature and its relationship with the
dynamics of the hexagonal jet, we have measured two image pairs from 23 July 2013
separated by 89 and 125.55 minutes, respectively. Wind measurements performed
by the brightness correlation software (see chapter 2.5 for measurement method in-



76 CHAPTER 4. DYNAMICS OF THE NORTH POLAR REGION

formation and measurement resolutions) show that overall, the plume follows the
motion of the hexagonal jet during the observed period, showing a drift rate of
ω = −33.76 ± 0.59◦/day at its head, which corresponds to a zonal velocity of
89 ± 2 ms−1. However, cloud tracking of smaller details inside the plume, indi-
cate that some of these small details present zonal velocities that differ from the
background, as represented in figure 4.6, where the represented uncertainties are
computed taking into account the pointing error and the image resolution. This im-
plies that some of the local movements inside the Hexagon cannot be interpreted as
the motion of passive tracers. The meridional velocity of these details is∼ −20 ms−1,
following the meandering of the jet.

Figure 4.6: Figure A shows the zonal wind measurements of small details inside the plume (red
crosses) compared to the zonal wind profile of the Hexagon (black solid lines). Figure B shows
the plume-like feature in a screen-shot of a polar projection of meridional resolution of 0.02◦/pixel
centered at 76.5◦N latitude and 120.8◦ longitude. In both figures, the tracked features are indicated
by letters. (Figure from Antuñano et al. (2017))
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The determination of the lifetime of the plume and the characteristic time-scale
of its evolution is limited by the lack of images of this region around the observation
dates. Previous images that captured the north polar region are from June 26 2013,
a month before the plume was observed. These images do not show any plume-like
feature, indicating that the plume observed in July 2013 evolved rapidly in less than
a month. This, together with its brightness and the elongated shape of the plume,
reveals that this plume could be of convective nature.

Figure 4.7: Polar projection of the north polar region from 70◦N to the pole from 27 November
2013 showing the plume-like activity indicated by a yellow arrow (A) and the wind vectors at
this region (B). The yellow arrows in panel (B) indicates the location of the peak velocity of the
Hexagon jet. The data is binned in 0.3◦ latitude and 4◦ longitude. (Figure from Antuñano et al.
(2017))

Regarding its life-time, next images showing this region are from 27 November
2013. These images show another plume-like feature at one of the vertex of the
Hexagon, with longitudinal and meridional dimensions of 8, 400± 221 km (38◦± 1◦)
and ∼ 1, 240 km (∼ 1.3◦), that is, this plume-like feature is similar in longitude,
but narrower than the one from July 2013. This second feature is shown in figure
4.7a. Wind measurements of two image pairs from 27 November 2013, separated by
86 minutes and performed by the brightness correlation software, indicate that this
feature moves at the same velocity as its background, presenting a velocity at its
head of 85 ± 2 ms−1 (or a drift rate of ω = −32.17 ± 0.63◦/day) (see 4.7b). Mea-
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surements of small details inside the plume were not carried out due to the lower
resolution of the images. The very similar characteristics of these two plumes raise
the question of whether they are the same feature, which has survived 4 months, or
if they are two different features, giving in this case information about the frequency
of the phenomenon.

To try to determine this point, we have tracked the longitudinal position of this
plume and we see that it deviates around 100◦ from the expected longitude of the
plume from July 2013. Unfortunately, this discrepancy is not sufficient to guaranty
that the two plumes are different features, since a decrease of just 5ms−1 on the
velocity of the first plume, could explain this deviation.

4.1.4 Comparison with the equivalent region at the South

In the south polar region of Saturn, a fast eastward jet is observed at 70.4◦S in
wavelengths from the violet (420 nm) to the near-infrared (∼ 1000 nm). This jet
is circular, without any significant deviation from zonal motion. At some specific
epochs, there are faint quasi-linear regions at some longitudes, different at separate
dates (Vasavada et al., 2006). However, the eastward jet does not show a clear entire
wavenumber in any of the cases. Figure 4.8 shows the morphology of the south polar
region, where the circular jet is clearly visible.

Although its shape is different from the hexagonal jet, its appearance at various
wavelengths is similar to its northern counterpart. CB2 and CB3 images show the
interior of the eastward jet darker than the exterior presenting a large number of
small clouds inside and outside it. Furthermore, the jet is distinguished by bright
clouds that are elongated due to the horizontal wind shear. However, these images
do not show as many small details as CB2 and CB3 images of the north polar region,
probably due to the tropospheric haze present at the south polar vortex during its
summer. MT2 and MT3 images show the circular jet brighter than the region of
higher latitudes, indicating that it is higher in the troposphere than the latitudes
poleward to it. So far, no plume-like convective activity has been observed in the
jet at 70.4◦S at any wavelength.

In order to compare this jet with the hexagonal one, we compute a fitting of
the zonal velocity using the Gaussian function defined in equation 4.5. In this case
we find that it is wider than the hexagonal jet, presenting a FWHM of 2.8◦ ± 0.1◦

(2, 700±90 km) and slower, with a mean velocity peak is u0 = 88±20 ms−1 located
at φ = −70.41◦ ± 0.01◦ latitude with a curvature of b = 8.0x10−11 m−1s−1. This
Gaussian fit is represented in figure 4.9.
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Figure 4.8: A polar projection from −60◦ to −90◦ from 3 December 2008 with a meridional
resolution of this polar projection is 0.05◦/pixel. This is built using four different CB2 images.
The eastward jet is indicated by a yellow arrow. The brighter region around the pole is an artifact
due to each image used to build this polar projection had different illumination angles.

Figure 4.9: The Gaussian fitting (red line) compared to the averaged zonal velocity field of the
eastward jet at −70.4◦ (black squares). (Figure from Antuñano et al. (2015))
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4.2 Puffy Cloud Field and Regular Vortices

All the outer planets of our Solar System (Gas Giants and Icy Giants) present
vortices in their atmospheres. Jupiter is the planet with the largest number of
vortices. Its most characteristic one is an anticyclone called the “Great Red Spot”
(GRS) (Rogers, 1995; Ingersoll et al., 2004) located at 22.5◦S that has been observed
over ∼ 300 years and that nowadays measures around 16, 000 km in longitude and
11, 000 km in latitude. Another important anticyclone is the so-called “BA”, which
is located at 33.5◦S and has half the size of the GRS (Sánchez-Lavega et al., 2001).
Saturn is the second planet with the largest number of vortices and they are smaller
than the ones found in Jupiter (Vasavada et al., 2006; Baines et al., 2009; del Ge-
nio and Barbara, 2016) with sizes around 2, 000 − 4, 000 km. In the case of the
Icy Giants, Neptune presents anticyclones at middle and low latitudes of sizes of
5, 000− 15, 000 km accompanied by higher clouds, and only one vortex , seen dark,
has been detected in Uranus.

The cloud morphology of Saturn’s polar regions is characterized by the presence
of a large amount of small bright clouds and vortices of different sizes, shapes and
life-times. In our study, we distinguish vortices from compact clouds by defining as
vortices circular or elliptical clouds larger than 1, 000 km in longitude or latitude.
In this section we describe the temporal variability and dynamics of vortices of this
kind located at the north polar region between January 2009 and November 2014
and also, the seasonal variability and morphology of the compact clouds at the north
polar region between January 2009 and June 2013.

4.2.1 Regular Vortices

The largest vortex found on Saturn’s polar regions (apart from the polar vor-
tex), is the so-called North Polar Spot (NPS). As mentioned above, this long-lived
anticyclonic vortex, discovered in Voyager images from 1981 (Godfrey, 1988), was
located at 75◦N, just outside one of the sides of the Hexagon, and it remained at
least until 1995 (Sánchez-Lavega et al., 1993, 1997). It had an elliptical shape of
∼ 10, 000 km in its west-east direction and ∼ 5, 000 km in the north-south direc-
tion (Godfrey, 1988; Sánchez-Lavega et al., 1993, 1997) and it was seen reddish in
color and bright in methane band filters (Hunt and Moore, 1982; Sánchez-Lavega
et al., 1997). Another remarkable anticyclone was observed in Cassini images be-
tween April 2008 and January 2009, this time in the southern polar region located
at 66◦S, and it was named the South Polar Spot (SPS) in analogy with the vortex
in the north(Antuñano et al., 2015). Again, the vortex was elliptical with zonal
dimension (west-east) of 7, 800±400 km and meridional dimension (north-south) of
4, 800± 400 km, and it was seen bright with a dark region at its center in CB2 and
CB3 images and bright in MT2 images.

During the epoch under study (January 2009 to November 2014) different smaller
vortices appear in the north polar region, indicated by arrows in figure 4.12. The
most notable one is a bright oval located at a mean latitude of 80.6◦ ± 0.2◦ with
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Figure 4.10: A polar projection from 70◦N to the pole from 24 July 2013 showing different
anticyclones and cyclones indicated by arrows.

a zonal dimension of 23 ± 1◦ (3, 616 ± 157 km) and 2.5 ± 0.5◦ (2, 380 ± 480 km)
meridional dimension, visible in Cassini ISS images since at least November 2012 to
January 2015, showing that it is a long-lived feature. A similar vortex located at
similar latitudes was visible in VIMS images during the north polar winter (Baines
et al., 2009) and in ISS images in January 2009, but the large period between these
two early observations and the epoch under study does not allow us to identify them
as the same feature.

Examinations of the appearance of the vortex at 80.6◦ between November 2012
and January 2015, show that in CB2 and CB3 images, this vortex consists of an
inner bright region of 18 ± 1◦ (2, 850 ± 157 km) zonal dimension and 2.2 ± 0.2◦

(2, 300±240 km) meridional dimension, formed of small spiraling clouds, surrounded
by an outer region of lower contrasted clouds of 5± 1◦ (786± 157 km) zonal dimen-
sion and 0.2±0.2◦ (240±240 km) meridional dimension. This vortex, is also visible
in methane absorption band filters as a bright structure, while it is not observed in
VIO images, suggestive of a feature relatively high in the troposphere. Its mean drift
rate deduced from a linear regression of the measured longitudes between November
2012 and September 2014 is ω = −6.063± 0.021◦/day relative to System III, which
corresponds to a mean zonal velocity of ū = 11 ms1, this is, it moves in general with
the background. Figure 4.11b, illustrates the residuals in longitude position of the
vortex relative to its reference system, where a variation of ±1ms−1 on the zonal
velocity of the vortex could explain the deviation shown in this figure. Its relative
vorticity measured in ISS images captured in June 2014 is −7±1×10−5 s−1, around
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Figure 4.11: (Variation of the latitudinal position of the vortex located at 80.6◦ (A) and the
residuals in longitude relative to the reference system of this vortex (B) between November 2012
and September 2014.

ten times the relative vorticity (du/dy) of the background and 1/4th of the Coriolis
parameter f = 2Ω sin(φ) at that latitude, where Ω is the planetary angular vorticity
and φ is the latitude. Tracking of the latitude of this vortex during the studied
epochs, shows that the vortex oscillates in latitude, as it is represented in figure
4.11a.

The second largest vortex present at the north polar region during the epoch un-
der study, is an elliptical anticyclone located at a mean latitude of 85.8◦± 0.1◦ with
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a zonal dimension of 27±3◦ (1, 879±208 km) and meridional dimension of 1.5±0.1◦

(1, 425±95 km). It is present in CB2 images over one year, between November 2012
and November 2013, while it is not visible in methane absorption band and violet
images, indicating that it is trapped at cloud level. During this period its morpho-
logical appearance varies considerably, changing from an elliptical shape with a dark
region at its center surrounded by bright narrow filaments in November 2012 to a less
contrasted elliptical vortex with a dark region at its center surrounded by a brighter
area and a dark region at its edge in July 2013. After this epoch, ISS images do
not show this anticyclone. Tracking of the position of this vortex during the studied
epoch indicates that its zonal mean velocity is ū = 96± 5 ms−1 (mean drift rate of
ω = −124.0±5.6◦/day) and therefore, it moves with the background. The resolution
of images and the time interval between different images of the vortex did not allow
the calculation of the relative vorticity of this vortex. On the other hand, the lat-
itude of this last vortex oscillates between 85.6◦ and 85.9◦ during the studied period.

Figure 4.12: (A) Zonal mean velocity of the anticyclones at 80.6◦N and 85.8◦N and the cyclones at
78.2◦N (blue dots) compared with the zonal mean velocity of the background (solid black line). (B)
The relative vorticity of the anticyclone at 80.6◦N and cyclones at 78.2◦N (blue dots) compared to
-du/dy from 70◦N to the pole (solid black line) and the Coriolis parameter (dashed-dot black line).
The shadowed areas represent the anticyclonic regions, while white areas are cyclonic regions. In
both panels horizontal dotted lines represent the location of the different cyclones and anticyclones
and the dashed lines represent the location of the Hexagon and the north polar vortex.

Finally, different small circular cyclonic vortices have been observed in CB2 and
CB3 images at around 78.2◦N during the different epochs under study, with a size of
the order of 5◦−7◦ (1, 000−1, 500 km). These vortices are not observed in methane
band and violet filters. Between January 2009 and November 2014, the number of
visible vortices varied, ranging from three to five vortices present simultaneously,
presenting a vorticity of the order of 4 ± 1 × 10−5 s−1, which is around twice the
relative vorticity of its background. Tracking of their position shows that, overall,
they drift with a mean drift rate of ω = −7.5± 0.7◦/day, corresponding to a zonal
mean velocity of ū = −17±5 ms−1, this is, they move with the same velocity as their
background. These vortices do not migrate poleward or equatoward, but instead,
they follow the meandering in latitude of the hexagonal jet oscillating between 77.7◦
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and 78.7◦ and they present a life-time of at least of one month. However, the lack
of intermediate images does not allow to assure a longer life-time. The presence of
this type of cyclones at the same latitude over four years gives a hint of a tendency
toward their formation at 78◦N.

Figure 4.12 represents the latitudinal location of the cyclones and anticyclones
described in this section, as well as their mean zonal velocity and their relative
vorticity compared to their background values.

4.2.2 Puffy Clouds

Unlike vortices, which are observed at various latitudes on Saturn (Vasavada
et al., 2006; Trammell et al., 2014; Antuñano et al., 2015, 2017), the field of com-
pact clouds (see figure 4.13) is only observed at the poles. These small compact cloud
fields cover these regions since the first images captured by the Voyagers in 1980
and 1981 and are also observed by Cassini VIMS at 5 µm wavelength (as opacity to
the thermal radiation), which senses 3− 4 bar altitude, during Saturn’s north polar
winter (Baines et al., 2009; del Genio et al., 2009) and by Cassini ISS cameras when
the sunlight is illuminating the poles. They cover a region from ∼ 60◦N to 90◦N and
from ∼ −57◦S to 90◦S, divided in two by the hexagonal jet and its counterpart in
the south. The puffy cloud field is best observed in continuum band CB2 and CB3
filters, while the clouds are not visible in images from the methane absorption band
filters (MT2 and MT3) and violet filter (VIO), indicating that they are trapped at
the ammonia cloud level. The structure of the compact cloud field looks similar to
the cumulus clouds of closed mesoscale cellular convection (MCC) on Earth (Agee
et al., 1973), but at larger scale.

Figure 4.13: Two Polar projections from 70◦N to 90◦N from 25 June 2013 (left) and 3 January
2009 (Right), where “puffy clouds” are clearly seen filling the polar areas. The Polar projection of
the right panel is built using five images. (Figure from Antuñano et al. (2017))

In the case of the north polar region of Saturn, CB2 and CB3 images show a
0.5◦ − 0.7◦ meridional width dark and cloud free region north of the Hexagon and
following the hexagonal shape. Moreover, clouds are elongated due to wind shear
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at latitudes higher than 84◦. For this reason, in order to study seasonal variation
on the number of clouds, their size and their distribution between the beginning
of the northern spring and the beginning of the northern summer we concentrate
in the region from 77◦N to 84◦N, where the clouds are not elongated. We have
measured the latitude, longitude and size of each cloud at both epochs with the aim
to compare the statistics of the distribution of clouds. Figure 4.13 shows two polar
projection from 70◦ north and south to the pole, built with five CB2 images from
3 January 2009 (early spring) and one CB2 image from 25 June 2013 (early summer).

In these two epochs, January 2009 and June 2013, we detect of the order of
410 and 480 small bright clouds, respectively, from 77◦N to 84◦N. Their sizes vary
from 10 km to 1, 000 km and their separation ranges between 150− 400 km in both
epochs. If we classify clouds by size (see figure 4.14a and b), we find that in Jan-
uary 2009 (early spring) the largest group corresponds to clouds of 200 − 300 km,
while in June 2013 (early summer) the peak amount of clouds is found for clouds
of 10 − 200 km. However, this difference might be due to the lower resolution of
images from January 2009, which is around half the resolution of images from June
2013. Overall, the typical size of these clouds is around 280−340 km, which is of the
order of the thickness of the weather layer that comprises the ammonia and water
clouds (from the tropopause to ∼ 10− 12 bar) (West et al., 2009), with a thickness
of around ∼ 5H − 6H, where H ∼ 50 km is the scale height. As shown in figure
4.14g and figure 4.14h, no relationship between the sizes and latitudinal bands is
observed at any of the studied epochs.

In addition, we see that the clouds in June 2013 are homogeneously distributed
in latitude, while in January 2009 there is a significant decrease on the number of
clouds in the latitudinal bands between 77◦ and 78◦ and between 82◦ and 84◦, re-
sponsible of the lower total number of clouds detected in January 2009, as shown
in figure 4.14c and figure 4.14d. However, this decrease might not be real as the
latitudinal band 82◦ − 84◦ is partially in the shadow in some of the measured im-
ages from January 2009 and therefore, it was not possible to detect clouds over the
entire longitudinal circle at these latitudes. The distribution in longitude and the
separation between near clouds are not homogeneous, as can be seen in figure 4.14e
and f and in figure 4.15. This last figure shows four different panels, two centered
at 78◦ at separate longitudes (A and B) and the other two centered at 80◦, again at
different longitudes (C and D). Both pairs of images show clearly how the density
of clouds at a given latitude is not uniform.

The shape of these small bright clouds vary from cloud to cloud. Many present a
ring-like shape, or spiraling features suggestive of rotation. Unfortunately, we have
not been able to measure the vorticity of these compact clouds due to the resolution
of the images and the small size of the clouds.

Furthermore, cloud-tracking of these puffy clouds is extremely difficult, since
they change, merge or disappear due to shear in a maximum of few days. We can
estimate the life-time of the small clouds before breaking due to horizontal wind-



86 CHAPTER 4. DYNAMICS OF THE NORTH POLAR REGION

Figure 4.14: Analysis of the size and distribution of the polar compact cloud field for January
2009 (left) and June 2013 (right). Panels A and B show the number of clouds of different sizes,
panels C and D show the latitudinal distribution of the “puffy clouds”, panels E and F present the
longitudinal distribution of these clouds and panels G and H show the mean sizes for particular
latitudinal bands. (Figure from (Antuñano et al., 2017))



4.3. NORTH POLAR VORTEX 87

Figure 4.15: Cloud morphology of the “puffy cloud” field. The fours panels are 353× 353 pixel
boxes of CB2 polar projections with meridional resolution of 0.01◦/pixel from 25 June 2013. The
boxes are centered at: A) 78◦ latitude and 165◦ longitude, B) 78◦ latitude and 193◦ longitude, C)
80◦ latitude and 6◦ longitude and D) 80◦ latitude and 341◦ longitude.

shear, as τL = 1/(du/dy), of less than 2 days at latitudes between 78◦ and 79◦ and
between 80◦ and 84◦, while it could be as large as 7-9 days at latitudes between 79◦

and 80◦. Moreover, taking into account the velocity difference and the separation
between two or more clouds, we can estimate the life-time of a single cloud due to
merger with other clouds as approximately 5 − 16 hours. Thus, cloud-tracking of
these puffy clouds is extremely difficult, as they change, merge or disappear in a
maximum of few days.

Finally, with the aim of establishing if there is a meridional drift of the clouds,
we have tracked, despite the difficulties, the displacement of 24 small clouds located
between 77◦ and 85◦ during 5 days in images from 21 to 26 January 2014. Further
identifications were not possible due to the rapid change of the clouds. During
these five days, all the tracked clouds moved with the background and their mean
meridional velocity was v̄ = 0.7± 2.2 ms−1, showing that during the tracked period
the clouds do not migrate significantly towards the pole or toward the equator.

4.3 North Polar Vortex

Various planets from the Solar System present polar vortices (vortices centered
at the poles or close to it). Earth’s and Mars’ polar vortices have a strong seasonal
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dependence widening and weakening (and in the case of Mars even vanishing) with
seasons (Mitchell et al., 2014). Venus has two polar vortices, which show a highly
variable cloud morphology varying from a single vortex, a dipole shape or more
complex forms (Piccioni et al., 2007; Luz et al., 2011; Garate-Lopez et al., 2013).
At the outer planets, polar vortices have been detected by Cassini in Saturn and
its largest moon Titan, where a vortex started to develop when it reached winter
season (Teanby et al., 2010). Juno has shown no hint of a polar vortex in Jupiter
(Bolton et al., Science, in the press).

Saturn’s polar vortices where first detected in the Cassini era (first form Earth
and later by Cassini). Images captured in the thermal middle-infrared with the Keck
I Telescope in Hawaii in February 2004, showed that the south pole was warmer than
its surroundings suggesting a presence of a polar vortex (Orton and Yanamandra-
Fisher, 2005). Around five moths later, right after Cassini’s orbit insertion in 1 July
2004, ISS high-resolution cameras captured Saturn’s south pole, confirming the ex-
istence of a polar vortex (Sánchez-Lavega et al., 2006). Higher resolution images
from October 2006, showed an eye-like structure with a darker almost cloud free
region at the center surrounded by a brighter clouds at −88◦ moving at velocities
of ∼ 150 ms−1 (Dyudina et al., 2008). Before Saturn equinox, when the north polar
region was still not illuminated by the Sun, thermal infrared images from March
2007 showed an increase of temperature at the north pole suggesting a presence
of a polar vortex at the north pole (Fletcher et al., 2008). Around a year later
in June 2008, VIMS images captured in 5 µm wavelength, confirmed the presence
of a North Polar Vortex (NPS) with a fast eastward jet moving at ∼ 140 ms−1 at
∼ 88◦ latitude (Baines et al., 2009). After Saturn’s equinox in 2009, ISS cameras
have captured high-resolution images of the north polar vortex and have enabled a
detailed characterization of its cloud morphology and dynamics (Antuñano et al.,
2015; Sayanagi et al., 2016, 2017). In this section we will detail this characterization
of the north polar vortex, together with its horizontal wind structure and we will
compare it to the south polar vortex.

4.3.1 Cloud Morphology and Observed Temporal Variation

After Saturn’s equinox in 2009, Cassini started a phase of almost equatorial or-
bits and it was not until late 2012 that it was able to image the north polar region
again. Between late 2012 and late 2014, Cassini imaged the North Polar Vortex
(NPV) with both NAC and WAC cameras in all their filters (from ultraviolet to
near-infrared) showing the morphology of the polar vortex at different altitude lev-
els and at different epochs. Figure 4.16 shows a section of these images, showing
the evolution of the vortex in a selection of filters and at four separate dates.

The NPV is a stable almost circular vortex that expands from 88.5◦N to 90◦N.
In CB2 images, where we sense the upper cloud level of the troposphere, the vortex
appears as a depressed region, whose center, surrounded by spiraling bright clouds,
appears to be deeper in the troposphere. In fact, in some NAC CB2 images from
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Figure 4.16: Temporal variation of the cloud morphology of the North Polar Vortex (NPV) shown
in 0.005 ◦/pixel meridional resolution polar projections from 87◦ to the pole of NAC images from
27 November 2012, 14 June 2013, 2 April 2014 and 10 September 2014 in 6 different wavelengths.
(Figure from Antuñano et al. (2017))
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June 2013, there are dark regions in the “wall” that form the spiraling clouds, which
are identified as the shadows of higher clouds confirming that clouds at the center
are deeper. In the methane absorbing filter MT2, images show a dark almost circu-
lar region without many contrasted features expanding to ∼ 88.5◦N, as the thicker
layer of tropospheric haze absorbs most of the light at those wavelengths. Similarly,
in ultraviolet images the NPV appears bright due to the Rayleigh scattering by the
haze. Blue, green and red (BL1, GRN and RED) filters shows a transition from
highly absorbing to penetrating filters.

Although the vortex’ size and its circular shape have remained stable since the
first images, its morphology at cloud level experimented important changes. Fig-
ure 4.16 shows a rapid variation at various wavelengths between November 2012
and September 2014. CB2 images from November 2012 show the polar vortex as an
“eye-like” structure formed by bright spiraling clouds. However, in CB2 images from
June 2013, the bright spiraling clouds found at the vortex’ center in November 2012
disappear, uncovering deeper spiraling clouds at its center. Almost a year later, the
morphology of the polar vortex in April 2014 appears different again. CB2 images
of this epoch show a formation of a new dark and cloud free almost circular region
of ∼ 0.3◦ radius centered at the pole surrounded by bright spiraling clouds down to
89◦N. Encircling this bright region down to 88.7◦N a new dark, cloud free ring-like
area appears followed by a bright spiraling 1◦ width zone. Finally, by September
2014, a bright circular area of spiraling clouds extends from the center of the vortex
down to 89.2◦N and the dark ring observed on images from April 2014 becomes
wider expanding down to 88.7◦. Moreover, the bright region that surrounded the
dark ring on April 2014 becomes darker and plainer.

MT2 images from November 2012 show a dark, almost cloud free circular region
expanding from the pole down to 88.5◦N. Nevertheless, these images show brighter
spiraling clouds inside the dark region, corresponding to some of the bright features
of CB2 images, and thus indicating that those features are higher clouds in the
atmosphere. In June 2013, the size of the dark circular region remains unchanged,
however, its center appears darker almost without any brighter clouds. Images from
April and September 2014 show that the dark region reduced 0.2◦ extending from
the pole down to 88.7◦. Moreover, some brighter clouds appear in the center, not
present in June 2013.

4.3.2 Horizontal Wind Field and Vorticity

The dynamics of the poles in fast-rotating Giant planets is clearly conditioned
by the Coriolis force as it reaches high values at these latitudes. In the case of the
north polar region of Saturn, as described in chapter 3, the averaged zonal wind
profile of the polar jet has an asymmetric shape. Poleward of 80◦ latitude, where it
reaches its minimum of ∼ 5 ms−1, it increases with latitude reaching ∼ 140 ms−1 at
88.5◦ and then, it starts a rapid and almost linear decrease with latitude to 0 ms−1

at the pole (Baines et al., 2009; Antuñano et al., 2015; Sayanagi et al., 2017).
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Figure 4.17: Distribution of the obtained wind measurements in 0.2◦ latitude bins for June 2013,
April 2014 and September 2014.

Given the strong changes in morphology in the polar vortex between November
2012 and September 2014, the question arises whether those changes are due to
some change in the dynamics of the regions. In order to check this point, we have
compared the horizontal wind field, relative vorticity and divergence between June
2013, April 2014 and September 2014 by measuring by cloud tracking and with the
brightness correlation software two new image pairs from April and September 2014.
The two measured image pairs are: (a) one CB2 image pair separated by 38.77 min-
utes from 2 April 2014 and (b) one CB2 image pairs separated by 45.33 minutes
from 10 September 2014. In total, we have obtained 3, 323 wind vectors from 85◦

to 90◦: (i) 1, 171 from June 2013, (ii) 1, 140 from April 2014 and (iii) 1, 012 from
September 2014. Figure 4.17 represents the number of wind vectors in 0.2◦ latitude
bins. The absence of measured wind vectors between 88.6◦ and 89.2◦ in September
2014 corresponds to the cloud-free dark ring observed in CB2 images (see figure
4.16).

Figure 4.18: Zonally averaged zonal velocity (a) and meridional velocity (b) from 85◦N to 90◦N
from June 2013 (black), 2 April 2014 (blue) and 10 September 2014 (red).

Figure 4.18 presents the zonally averaged horizontal wind field of the North Polar
Vortex between 85◦N and 90◦N for June 2013, 2 April 2014 and 10 September 2014,
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where zonal and meridional velocities have been binned in 0.2◦ latitude using moving
bins of 0.4◦ between 85◦N and 89◦N and in 0.1◦ latitude with moving bins of 0.2◦ at
higher latitudes. This figure shows that the zonally averaged horizontal wind field
remains unchanged over these epochs, reaching a peak velocity of 140 − 150 ms−1.
The zonal mean velocity profile of the North Polar Vortex from November 2012
obtained by Sayanagi et al. (2017) presents higher values than the ones presented
in this section, reaching values of 165± 16 ms−1. However, this difference may not
be real and it might be due to the higher resolution images (2 km compared to
4− 16 km) and spatial averaging (0.01◦ latitude) used by Sayanagi et al. (2017).

Figure 4.19: Relative vorticity (left) and divergence (right) maps of the north polar region from
85◦ to the pole for June 2013 (a), April 2014 (b) and September 2014 (c). The dashed circles
represent the latitude between 85◦ and 90◦ every 1◦ latitude.
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Finally, we present in figure 4.19 relative vorticity and divergence maps of the
NPV for June 2013 and April and September 2014. These maps have been built
following the steps described in chapter 3. However, in order to analyze in detail
these two magnitudes at the North Polar Vortex, we have interpolated the data
into a regular grid with M X ∼M Y ∼ 190 km (which corresponds to ∼ 0.2◦) and
averaged it over ∼ 760km, instead of the lower resolution interpolation and the
stronger smoothing performed to analyze the general dynamics of the polar regions
(see chapter 3), where the lower image-resolution of the images used to analyze the
dynamics at lower latitudes did not allow a more detailed interpolation. The lower
spatial averaging of the data will result in greater values of the relative vorticity
obtained in this section, which we believe are closer to the “real” values.

Figure 4.19 shows that, at these three epochs, the relative vorticity does not
change significantly, reaching values of 10± 1× 10−5 s−1 at 88.5◦, which is approx-
imately 1/4 of the Coriolis parameter at this latitude and increasing rapidly with
latitude until 33 × 10−5 s−1 at the pole, that is, values of the order of magnitude
of the Coriolis parameter. The lower vorticity values between 88.6◦ and 89.2◦ in
figure 4.19c (September 2014) are not significant due to the absence of wind vec-
tors at these latitudes. The relative vorticity values of this region from November
2012 obtained by Sayanagi et al. (2017) are twice the values presented in this study.
However, this might be due to the higher resolution of spatial averaging of their
data and due to the fact that they do not smooth the data.

The divergence in this region is considerably smaller than the relative vorticity
at all the studied epochs, oscillating around zero.

4.3.3 Comparison to the South Polar Vortex

The South Polar Vortex (SPV), discovered before the North Polar Vortex in
Cassini images from July 2004 (Sánchez-Lavega et al., 2006), is very similar to the
vortex found at the north pole (Antuñano et al., 2015; Sayanagi et al., 2017) as
can be seen in figure 4.20. In CB2 high resolution images from October 2006 and
July and December 2008, it has an “eye-like” almost circular shape with fast bright
spiraling clouds at 88.5◦S (Dyudina et al., 2008; Antuñano et al., 2015; Sayanagi
et al., 2017). This polar vortex, at this wavelength, seems less populated of clouds
and looks plainer than the NPV. However, this might be due to the viewing angle
condition of the south polar images. Similar to the NPV, in MT2 images, the south
polar vortex is seen as a dark almost circular region without any contrasted features
inside it, confirming that it is located at a depressed region of the atmosphere, and
in VIO images it is seen bright due to the Rayleigh scattering.

The dynamics of the SPV is also very analogous to that of the NPV, reaching
similar velocity and vorticity values. The polar eastward jet accompanying the
south polar vortex has a velocity peak of 157±12 ms−1 located at the same latitude
as the NPV, but in the southern hemisphere (88.5◦S). Poleward this latitude the
velocity decreases rapidly as in the north polar region. It reaches a vorticity value
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Figure 4.20: Polar projections of the north (left) and south (right) polar regions from 87.5◦ to
the pole from 14 June 2013 (left) and 14 July 2008 (right) showing the North and South Polar
vortices in CB2 images. Panel B is a composition of two different images with different resolutions.
The image in the back is a CB2 WAC image of spatial resolution of 295 km/pixel, while the image
in the front is a CB2 NAC image of spatial resolution 2.4 km pixel. (Figure from Antuñano et al.
(2015)).

of −10± 1× 10−5 s−1 at −88.5◦S , 1/3th of the Coriolis parameter at that latitude,
and it increases with latitude reaching a vorticity of −23± 2× 10−5 s−1 at the pole.
The zonal wind profile and the vorticity map are shown in figure 4.21.

Figure 4.21: Panel A is an enlargement of figure 3.6, showing the averaged zonal velocity profile
of the south polar region from 87◦S to 90◦S. Panel B shows the vorticity of the south polar region
from 85◦S to the pole.

4.4 Discussion

Saturn takes around 30 Earth years to orbit the Sun, each of its seasons lasting
a little bit longer than 7 years. Its long seasons and the tilt of the rotation axis of
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the planet (26.7◦) result in strong seasonal variations on Saturn’s stratosphere and
upper troposphere (above about 1−2 bar pressure level), exacerbated in the equator
by the shadow of the rings. However, a long-term study of the north polar region of
Saturn has shown that the Hexagon, the “puffy” cloud field and the dynamics of the
North Polar Vortex (NPV) do not vary with seasons. Variability has been observed
in the cloud cover of the NPV between late 2012 and 2014 and cloud morphology at
the hexagon but on temporal scales much shorter than those expected for seasonal
radiative forcing (e.g. the radiative time constant). Moreover, the “puffy” cloud
field, the Hexagon, and the North Polar Vortex are also present in Saturn’s atmo-
sphere during the long north polar winter, as observed by Cassini VIMS at 5 m.
These results favor the hypothesis that the dynamics of the polar regions beneath
the upper ammonia cloud is driven by the internal heat source. In the case of the
Hexagon, its unchanged aspect and dynamics against seasonal forcing together with
the very small phase velocity in system III suggests that the rotation period of the
Hexagon could represent the rotation period of Saturn’s internal “solid body”, with
the hexagon then assumed to be rooted to the deep atmosphere and interior.

The study of the motion and cloud morphology of the “puff” cloud field indicates
that their life time is of the order of a few days due to wind shear, mutual interac-
tions and mergers, and it suggests that the larger cyclones and anticyclones present
at Saturn’s polar regions, that we have called “regular vortices” are probably formed
by the accumulative mergers of the “puffy” clouds.

Finally, the study of Saturn’s polar vortices is of great interest, since they form
under very different dynamical conditions to those of the terrestrial planets. Very
recent discoveries by JUNO have shown that although Jupiter’s polar regions are
covered by discrete cyclones rotating around the poles, there are no polar vortices in
Jupiter (Bolton et al. Science in press May 26th, 2017). This difference in the polar
dynamics between the two giant planets was proposed in a numerical shallow water
layer model by O’Neill et al. (2015), which was able to reproduce the formation
of a polar vortex on Saturn as the merger of multiple storms originated by moist
convection and located near the poles. These storms should drift in Saturn due to
the beta effect toward the poles, transporting and depositing there their cyclonic
vorticity. The lack of polar vortices on Jupiter could then simply explained as due
to the small beta-drift in this planet.

The visual aspect of the compact “puffy” cloud field described above resemble
the small cyclonic storms required by O’Neill et al. (2015). model. However, we have
not been able to detect the drift to the north neither of the smaller puffy clouds nor
of the singular vortices found at the north polar region, and therefore we are not
able to confirm or support this model.
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Chapter 5

Interpretation of the Hexagon

Over the last decades, different hypothesis have been proposed to explain the
nature and origin of the Hexagon. Allison et al. (1990) proposed that the Hexagon
is a stationary Rossby wave formed by the interaction of the eastward jet with one
or more vortices located right to its south. In their model, they argued using the
horizontal wind field obtained by Godfrey (1988), that the Rossby phase speed for
barotropic waves harmonic in longitude and latitude is zero, implying a stationary
wave pattern. Moreover, assuming that the vortex impinging on the jet creates
a stationary perturbation and that the vertical structure is related to the zonal
wavenumber, they calculated the vertical eigenvalue of the quasi-geostrophic poten-
tial vorticity and found that the wave is vertically trapped within a region of positive
static stability. From these results, they suggested that the nature of the Hexagon
could be forced at deep levels due to the planet’s interior convection. This hypothesis
was compromised with the observation that although the north polar vortex (NPS)
or any other vortex is not present right outside the Hexagon, the Hexagon remains
unchanged, in contradiction to their model, which needs the continuum presence of
the vortex for the Hexagon to remain present.

Sánchez-Lavega et al. (2014), confirmed that the motion of the vertices of the
Hexagon was almost stationary in System III, and analyzing the three-dimensional
dispersion equation for a Rossby wave, argued that the Hexagon is compatible with
a free Rossby wave, with no need of forcing. Again, the vertical structure of the
wave is trapped in a region of positive static stability, whose velocity could represent
the rotation of the interior of Saturn. This model is detailed below.

An alternative explanation for the origin of the Hexagon was presented by
Barbosa-Aguiar et al. (2010). They proposed that the Hexagon could be origi-
nated from a barotropic instability. In their study, they performed fluid dynamical
laboratory experiments in a rotating tank, showing that a quasi-geostrophic and
barotropic atmosphere could form a hexagonal vortex street. They also computed
a linear barotropic instability analysis taking into account the zonal velocity profile
of the Hexagon measured by Sánchez-Lavega et al. (2000). Their results show that

for a Rossby deformation radius LD = NH/f (where N =
(
g
T

(
dT
dz

+ g
Cp

))1/2

is the

Brunt-Väisälä frequency, H = R∗T/g is the scale-height and f = 2Ω sinφ is the
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Coriolis parameter) of LD = 2500 km, the maximum growth rate occurs for a zonal
wavenumber of 6. However, in the same study, an analysis of the eastward jet at
70.4◦S shows that the maximum growth does not peak at any specific wavenumber
and that overall the growth rate is weaker. An important difference between their
laboratory experiment’s results and the observations is the vortex street formed,
and not observed in Saturn’s Hexagonal feature, which arises as a consequence of
the meandering of the jet (Antuñano et al., 2015).

Morales-Jubeŕıas et al. (2011, 2015) performed numerical simulations using the
Explicit Planetary Isentropic-Coordinate EPIC-General Circulation Model (Dowl-
ing et al., 1998) in order to study the instability arising from an eastward jet. In
their models, they use a jet with a horizontal wind structure of a Gaussian shape
that violates the Rayleigh-Kuo criterion for barotropic stability and the Charney-
Stern criterion for baroclinic stability. In their first model (Morales-Jubeŕıas et al.,
2011), they assumed a deep jet and their results showed that the final wavenumber
depends on the width of the zonal jet. In their simulations, a vortex street was
formed, moving than at the observations (Sánchez-Lavega et al., 2014). In a later
work (Morales-Jubeŕıas et al., 2015), they assume, instead, a shallow jet, whose
velocity decreases with pressure, vanishing at 10 bar. Their results show that for
a specific form of the vertical wind shear and the zonal velocity profile at its base,
the jet becomes unstable and meanders forming a hexagonal pattern, moving with
a similar phase speed to the observed one.

The actual origin of the Hexagon is still a subject of open debate and none of the
hypothesis proposed is conclusive enough. Here, we analyze different interpretations
for the origin of the Hexagon. First, we review the hypothesis of Sánchez-Lavega
et al. (2014) that considers the Hexagon as a deep-rooted Rossby wave that could be
a manifestation of a deep unstable jet. Then, we introduce a numerical analysis of the
fastest growing modes of the barotropic and baroclinic instabilities for the Hexagon
jet and its counterpart in the south, in an attempt to elucidate the differences that
may give rise to a well formed wave in the north and not in the south.

5.1 A free Rossby Wave

In our study (Sánchez-Lavega et al., 2014), we analyzed the three-dimensional
dispersion equation for a free Rossby wave in order to analyze the vertical structure
and the sign of the vertical wavenumber (m2) for the hexagonal eastward jet at
75.8◦N, assuming that the motion of the vertices of the Hexagon reflects the phase
speed of the three-dimensional Rossby wave and that the side of Hexagon and the
width of the jet provide an estimation of the zonal and meridional wavelengths.

Rossby waves can be seen as arising as a consequence of the conservation of
the potential vorticity. Due to Saturn’s rapid rotation rate, the quasi-geostrophic
approximation is valid (R0 = NH/F << 1, where R0 is the Rossby number).
Within this approximation, the quasi-geostrophic potential vorticity qg is conserved
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in geostrophic motion and therefore, we have

Dgqg
Dt

= 0 (5.1)

where, Dg

Dt
= ∂

∂t
+ug

∂
∂x

+vg
∂
∂y

is the advective derivative following geostrophic motion
and

qg = f0 + βy +

[
∇2 +

∂

∂z

(
f 2

0

N2

∂

∂z

)]
Ψ (5.2)

(Pedlosky, 1987; Vallis, 2006; Sánchez-Lavega, 2011) is the quasi-geostrophic poten-
tial vorticity (analogue to equation 3.16, but expressed in terms of the geostrophic
streamfunction Ψ).

In this expression, the Coriolis term f has been expanded using the β-plane
approximation (f = f0 + βy). The geostrophic streamfunction verifies:

ug = −∂Ψ

∂y
vg =

∂Ψ

∂x
(5.3)

In order to solve equation 5.2, we linearize Ψ decomposing it as the sum of a
fixed Ψ0 plus a small perturbations Ψ′:

Ψ = Ψ0 + Ψ′. (5.4)

We consider a basic reference atmosphere with purely zonal motion u(y) and
constant static stability. The geostrophic unperturbed streamfunction is accordingly
to 5.3

Ψ0 = −
∫
u(y)dy (5.5)

which is a trivial solution of equation 5.2. Ignoring second order terms in Ψ′, equa-
tion 5.2 becomes:

(
∂

∂t
+ ū

∂

∂x

)[
∇2Ψ′ +

∂

∂z

(
f 2

0

N2

∂

∂z

)
Ψ′
]

+

(
β − ∂2ū

∂2y

)
∂Ψ′

∂x
= 0. (5.6)

We seek for a plane wave solution of this equation of the form

Ψ′ = Re
(

Ψ′0 exp
[( z

2H

)
+ i (kx+ ly +mz − ωt)

])
, (5.7)
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where k = 2π/Lx, l = 2π/Ly and m = 2π/Lz are the zonal, meridional and vertical
wavenumber, respectively, and ω is the wave frequency. Introducing equation 5.7
into equation 5.6 gives the three-dimensional dispersion relationship

cx − ū = −
β − ∂2ū

∂2y

k2 + l2 + (m2f 2
0 /N

2) + 1/4L2
D

(5.8)

where cx = ω/k is the zonal phase speed of three-dimensional Rossby wave (Sánchez-
Lavega et al., 2014).

If the local Coriolis parameter (f0) is much smaller than the Brunt-Väisälä fre-
quency (N), then, the dispersion relationship 5.8 does not depend on the vertical
structure and it reduces to the barotropic case (see the following section).

Measurements of the velocity of the vertices of the Hexagon in images captured
with ground-based telescopes between 2008 and 2014, show that the Hexagon’s
speed relative to System III is −0.036 ms−1. Assuming this value as the zonal phase
speed (cx) of the Rossby wave, LD = 1, 000 km (Read et al., 2009b), ū = 120 ms−1,
< d2u/d2y >= −7×10−11 m−1s−1 and calculating k and l by using the Hexagon side
Lx = 14, 500 km and its meridional extent (∼ 3◦) Ly = 5, 785 km, we obtain m2 < 0.
This implies that the Rossby wave does not propagate in the vertical direction and
therefore, it is vertically trapped in a region of positive static stability in Saturn’s
atmosphere. The vertical extent of the wave is unknown and not determined by this
analysis. However, since the Hexagon has remained unchanged over 36 years and
it has survived the long north polar winter, we suggested that it could extend well
below 10 bar (Sánchez-Lavega et al., 2014).

5.2 Instability

The study of the stability and unstable disturbances of a jet have been largely
used in order to understand and explain some meteorological features at different
planet’s atmospheres (Pedlosky, 1987; Vallis, 2006; Sánchez-Lavega, 2011). In par-
ticular, two kind of instabilities related to the shape of the wind velocity profile have
been widely analyzed: (i) the barotropic instability and (ii) the baroclinic instability.

In this study, we follow previous works (Barbosa-Aguiar et al., 2010; Conrath
et al., 1981; Godfrey and Moore, 1986) in order to analyze these two instabilities for
the hexagonal jet and its counterpart in the south, using updated wind and thermal
structures deduced from recent Cassini data.

5.2.1 Barotropic Instability

In a barotropic atmosphere, there are no meridional temperature gradients on
constant pressure (isobaric) surfaces. Therefore, according to the thermal wind rela-
tionship (described in equation 3.13 introduced in chapter 3.5.1) there is no vertical
wind-shear and the velocity has only meridional dependence, u = u(y). In these
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cases, the instability arises according to the meridional wind shear of the flow.

As mentioned in chapter 3.4, a necessary, but not sufficient condition for a
barotropic instability to grow in a zonal jet is β−∂ū2/∂y2 > 0 in the studied domain
(Sánchez-Lavega, 2011), which is clearly satisfied at the flanks of the Hexagon jet
and its counterpart at 70.4◦S (see figure 3.9).

In this section, we perform a linear numerical analysis of the barotropic insta-
bility for the hexagonal jet and its counterpart in the south. As before, we work in
the beta plane approximation, and we assume a quasi-geostrophic barotropic fluid.
We follow Barbosa-Aguiar et al. (2010), to try to explain the hexagonal shape in
the northern jet and its absence in the south. For this purpose, we use the zonal
wind profile from Antuñano et al. (2015) presented in chapter 3.

Once again, we use the conservation of the quasi-geostrophic potential vorticity
equation (equation 5.1). However, this time, we assume a shallow water barotropic
and inviscid flow and thus, we use the shallow water version of the quasi-geostrophic
potential vorticity, which can be written as

q′ = ∇2Ψ + βy − 1/L2
DΨ (5.9)

(Vallis, 2006; Sánchez-Lavega, 2011). This expression is obtained from the quasi-
geostrophic potential vorticity equation (5.2) by assuming that N2 does not vary
with pressure (altitude), taking into account that the wind is in geostrophic balance
(equation 1.2) and using the geostrophic streamfunction described in the previous
section (equation 5.3). As before, we write the streamfuction as the sum of a basic
state plus a small perturbation Ψ = Ψ0 + Ψ′, where once again the unperturbed
streamfuction is −

∫
u(y)dy. We look for an harmonic solution of the type:

Ψ′ = Ψ′0(y) exp [ik′ (x− ct)] (5.10)

where, k′ = n′

R cosφ
is the streamwise wavenumber, n′ is the zonal wavenumber, R is

the planetary radius at latitude φ and c = cr + ici is the phase speed (cr and ci are
the real and imaginary part of the phase speed).

Introducing equation 5.9 and equation 5.10 in equation 5.1 and after linearizing
it, we obtain the linearized vorticity equation:

(ū− c)
[
∂2Ψ′0
∂2y

− k′2Ψ′0

]
+

[
β − ∂2ū

∂2y
− 1

L2
D

]
Ψ′0 = 0. (5.11)

In order to solve this equation for the velocity profile of the Hexagon and its
counterpart in the south, we use the Gaussian fit of their zonal velocity profiles
given in equation 4.5 introduced in chapter 4, with the parameters described in sec-
tions 4.1.2 and 4.1.4. Following Barbosa-Aguiar et al. (2010), we solve this problem
for a jet extending between the latitudinal range of −5, 000 km to 5, 000 km relative
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to the velocity peak (which roughly corresponds to 71.5◦N to 80.1◦N) and we im-

pose the Neumann boundary condition (
∂Ψ′0
∂y

= 0) at the upper and lower latitudes.
However, we have checked that for narrow jets, which is the case of the Hexagon
and the jet at 70.4◦S, Dirichlet boundary conditions (Ψ′0 = 0) give identical results.
Finally, we approximate the derivatives with the Finite Difference Method (FMD)
described in chapter 2. Once the boundary conditions are imposed, the problem
becomes an eigenvalue problem that we solve inverting the corresponding matrix,
using standard algebraic routines implemented in MATLAB, where c = cr + ici, the
phase speed of the perturbation, is the eigenvalue of this problem.

Taking into account the form of the trial functions (equation 5.10), we see that
the perturbation grows exponentially when the imaginary part of the phase speed
(ci) is positive. In order to obtain the most unstable wavenumber and its growth
rate (σ = kci), we must search for the eigenvalue with the largest imaginary part.

Figure 5.1: Growth rate curves of the barotropic instability for the Hexagon jet
(a) and for its counterpart in the south (b) for different Rossby deformation radius.
Ts = Ω in System III.

Figure 5.1, represents the growth rate curves for the Hexagon and its counter-
part in the south, for different wavenumbers (n′) and different values of the Rossby
deformation radius (LD). These results show that at the hexagonal jet, the growth
rate peaks at a zonal wavenumber 6 with an e-folding time of ∼ 14 Ts (Ts= Satur-
nian day) for a Rossby deformation radius of LD = 1, 000 km. At the counterpart
in the south, using the same Rossby deformation radius there is a maximum at
wavenumber 7 with a time scale of ∼ 28 Ts, while for LD = 1, 500 km, the growth
rate peaks at wavenumber 9 with a time scale of 7 Ts in the south.

These results are in agreement with the observations in the north, where the
Hexagon is the manifestation of a mode 6 wave, however, there is no wave-like
structure present in the eastward jet at 70, 4◦S. Nevertheless, we have to point out
that the results we find for the south are not necessarily in contradiction with obser-
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vations, as our study does not provide information about the equilibrium amplitude
of the perturbation, which could be small enough in the south to hide any wave-like
pattern (see equation 4.1).

5.2.2 Baroclinic Instability

In a baroclinic atmosphere, meridional temperature gradients are present in con-
stant pressure surfaces and thus, the vertical wind-shear is not zero (du/dz 6= 0) and
the zonal flow depends on the meridional and vertical components (u = u(y, z)). In
these cases, if the atmosphere is statically stable, this is, if N2 > 0, a baroclinic
instability can develop (Pedlosky, 1987; Vallis, 2006; Sánchez-Lavega, 2011). A nec-
essary, but not sufficient condition for the baroclinic instability to grow, is given by
the Charney-Stern instability criterion (Charney and Stern, 1962), which states that
an instability can grow if the sign of the meridional gradient of the quasi-geostrophic
potential vorticity changes in the studied domain. As described in chapter 3.5.2,
this last condition is satisfied at cloud level at the flanks of both the Hexagon jet
and the eastward jet at 70.4◦S.

In order to analyze the vertical behavior of a baroclinic instability, we follow God-
frey and Moore (1986) in their one-dimensional numerical analysis of the baroclinic
instability used to study the Ribbon wave, which assume a periodic perturbation in
the zonal (x) and meridional (y) directions and in time (t).

In this numerical model, we use the conservation of the quasi-geostrophic vor-
ticity equation defined in equations 5.1 and 5.2, and we write, once again, the
streamfunction as Ψ = Ψ0 + Ψ′. We use the same unperturbed stream function as
before, but now we define the perturbed stream function as

Ψ′ = Ψ′0(z) exp [i (kx(x− ct) + kyy)] (5.12)

where kx and ky are the zonal and meridional wavenumbers (to simplify we dropped
the apostrophes on kx and ky). Introducing the streamfunction in equation 5.2 and
writing the zonal and meridional velocities in terms of the geostrophic streamfuction
as ug = −∂Ψ

∂y
and vg = ∂Ψ

∂x
, we can develop equation 5.1 to obtain the linearized

vorticity equation by neglecting the second order or higher terms (Godfrey and
Moore, 1986):

(ū− c)
[
f 2 ∂

∂z
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]
−
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Ψ′0

]
+

[
β − ∂2ū

∂y2
− f 2 ∂

∂z

[
∂ū/∂z

N2

]]
Ψ′0 = 0.

(5.13)

Before solving this equation we need to introduce the boundary conditions for this
problem. For this purpose, we analyze the simplest baroclinic instability model, the
Eady model (Eady, 1949), where the disturbance is confined between two horizontal



104 CHAPTER 5. INTERPRETATION OF THE HEXAGON

Figure 5.2: Temperature profiles from Fletcher et al. (2015) (solid lines) from June
2013 (A) and December 2008 (B) and derived Brunt-Väisälä frequency profiles for the
hexagonal jet (C) and its counterpart in the south (D). Modified Brunt-Väisälä pro-
files used for the claculations are shown for the Hexagon (E) and the eastward jet at
the south (F). The dashed lines in (A) and (B) represent the corresponding temper-
atures for the used Brunt-Väisälä (E) and (F) profiles. (Figure from Antuñano et al.
(2017))
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boundaries and the vertical velocity (w) is zero at the top and the bottom (rigid
surfaces). From the primary quasi-geostrophic equations, w = 0 implies (Godfrey
and Moore, 1986)

(ū− c) ∂Ψ′0
∂z
− ∂ū

∂z
Ψ′0 = 0. (5.14)

The rigid surface at the top and at the bottom of the model is consistent in baro-
clinic instability models of the Earth’s atmosphere, where a solid surface is found at
the bottom. However, Gierasch et al. (1979) showed that the analysis of the instabil-
ity of zonal flows in Jupiter depends strongly in the boundary condition of the lower
boundary. They demonstrated that an infinite adiabatic region below the studied
region can be approximated using Ψ′0 = 0 as the lower boundary. This applies also
to Saturn, whose atmosphere is assumed to be adiabatic below ∼ 500 mbar pressure
level and therefore, we follow Gierasch et al. (1979) and use Ψ′0 = 0 boundary con-
dition at the lower boundary of our model. We consider a region of the atmosphere
with the top at p = 100 mbar (the tropopause) and different depths of the bottom
layer.

The Brunt-Väisälä frecuency profile is calculated using the temperature profiles
from June 2013 (north) and December 2008 (south) from Fletcher et al. (2015).
We use g = 9.5 ms−2, z in kilometers relative to p0 = 700 mbar and the normal
specific heat, Cp, assuming a meta-stable distribution of hydrogen-helium with no
orto-para exchange with a mole-fraction of molecular hydrogen of Xorto−H2 = 0.75.
The computed N2 profiles are also shown in figure 5.2.

In a baroclinic analysis, the static stability must be positive in the studied do-
main (N2 > 0) and the Richardson number (Ri = N2/(∂u/∂z)2) must be positive
and large (Sánchez-Lavega, 2011) for the baroclinic instability to develop. As can
be seen in figure 5.2c, using the retireved temperature profiles from Fletcher et al.
(2015), N2 becomes negative at around 300 mbar at the latitude of hexagonal jet. In
order to choose a coherent positive value for the Brunt-Väisälä frequency below that
pressure level, we take a nearly adiabatic atmosphere (N2 ∼ 0) below ∼ 500 mbar.
Therefore, we use N2 = 0.17 × 10−5 s−2 for the hexagonal jet below 300 mbar and
N2 = 0.3×10−5 s−2 for the south below 600 mbar. The modified Brunt-Väisälä pro-
files used in our calculations are shown in figure 5.2e and 5.2f, respectively.

Taking into account the temperature profile at cloud level (500-700 mbar) we
compute the vertical wind-shear from the thermal wind relationship (analogue to
equation 3.13)

f
∂u

∂z
= −R

∗

H

∂T

∂y
. (5.15)

The mean vertical wind-shear at cloud level is ∂u
∂z

= −0.1 ms−1/km (as obtained



106 CHAPTER 5. INTERPRETATION OF THE HEXAGON

in chapter 3.5.1) and therefore, we write

ū(z) = umax − 0.1z (5.16)

where we use the measured peak velocity at cloud level umax = 104 ms−1 of the
hexagonal jet and umax = 88 ms−1 at the eastward jet at 70.4◦S (see chapter 3).
Finally, in order to solve this problem with realistic values, we use the values of
the horizontal wind field described in chapter 3: ∂2u/∂2y = 0.6 × 10−10 m−1s−1,
f = 3.2 × 10−4 s−1, β = 2 × 10−12 m−1s−1 for the hexagonal jet and ∂2u/∂2y =
−0.5×10−10 m−1s−1, f = −3.1×10−4 s−1, β = 2×10−12 m−1s−1 for its counterpart
in the south at 70.4◦S. In addition, we take ky = 0 since the maximum growth in
the Eady model occurs when the disturbance does not depend on the meridional
wavenumber.

Figure 5.3: Growth-rate curves of the studied baroclinic instability for the hexag-
onal jet (A) and its counterpart in the south (B). Different curves represent the
variation of the growth rate when the bottom layer changes from 1 bar (a) to 5 bar
(e). Ts = Ω in System III. (Figure form Antuñano et al. (2017))

We have computed the growth-rate curves of baroclinic instability for five differ-
ent values of the bottom layer (from 1 bar to 5 bar). Figure 5.3, shows the obtained
growth-rate curves for the hexagonal jet and its counterpart in the south for the five
different altitudes (curves a to e). Our results indicate that the most unstable zonal
wavenumbers, n′ = 32 for the Hexagon and n′ = 27 for the eastward jet in the south,
correspond to the model with the deepest bottom layer (at 5 bar) for both eastward
jets. Moreover, they show that the growth-rate of the baroclinic instability in the
jet at 70.4◦S is smaller than that of the Hexagon. The large wave numbers of the
fastest growing modes both for the south and north indicate that these results are
not consistent with the observations neither at the Hexagon nor at its counterpart
in the south.
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5.3 Discussion

The origin and nature of the Hexagon is still an open question, as some of the
hypotheses that attempt to answer this question remain controversial. In this study,
we have analyzed several possible interpretations of the Hexagon’s origin from two
different points of views: (i) the Hexagon as a Rossby wave and (ii) the possibility
that the Hexagon originates from an instability of the jet.

The results of our analyses suggest that:

• The hexagon could be a free Rossby wave vertically trapped in a region of pos-
itive static stability (m2 < 0), which does not need to be forced, as suggested
by Allison et al. (1990)), by a vortex impinging on the jet.

• The Hexagon could also be a result of a barotropic instability in a Gaussian
jet. However, this hypothesis does not explain the absence of a Hexagon in
the southern hemisphere.

• The Hexagon does not arise as a baroclinic instability in a first approxima-
tion, in which we consider a disturbance of amplitude Ψ′0(z) periodic in the
zonal (x) and meridional (y) directions and in time (t) and assume a vertical
velocity profile u(z) deduced from the thermal wind at the peak velocity of
the analyzed Gaussian jet. A more general analysis of a baroclinic instability,
that considers the zonal velocity profile u(y, z) and a disturbance of amplitude
Ψ′0(y, z) periodic only in the zonal direction (x) and time (t), may give different
results, as suggested by the work of Morales-Jubeŕıas et al. (2015), since their
numerical simulations show that a very particular u(y, z) profile is required in
order to obtain a Hexagon. profile is required in order to obtain a Hexagon.
Unfortunately, in their work they do not provide essential information about
their modeled atmosphere that is needed to reproduce their results.

Finally, we have to mention that our analysis of the growing modes of both
barotropic and baroclinic instabilities do not provide information of the latitudinal
amplitude of the disturbance, which plays an important role in the manifestation
of the disturbance as a Hexagon (see figure 4.2). Furthermore, these models cannot
explain the longevity of the Hexagon, which suggests that it may be a “deep-rooted”
feature instead of a feature originated from seasonal instabilities.
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Chapter 6

Conclusions

This dissertation is focused on the study and characterization of the dynamics
of Saturn’s polar regions and the Hexagon, focusing on its relationship to the cloud
morphology and local dynamics of the observed meteorological features at that re-
gions. For this purpose, we have used Cassini ISS high-resolution images captured
at visible wavelengths, from the violet (400 nm) to the near-infrared (1, 000 nm),
from November 2006, October/December 2008 and June 2013. The observations
and database, as well as the methodology used in order to achieve the goals of
this thesis are indicated in chapter 2. In chapter 3, we have described the aver-
aged horizontal wind field and relative vorticity, and the zonally averaged Ertel and
quasi-geostrophic potential vorticity of both polar regions from ∼ 60◦ to 90◦. A
characterization of the different cloud morphologies observed at the north polar re-
gion, their local dynamics and temporal variability is presented in chapter 4. Finally,
various interpretations of the nature of Hexagon are given in chapter 5.

The main conclusions of this dissertation are detailed below.

Averaged Dynamics of Saturn’s Polar Regions

• Averaged horizontal velocity maps of Saturn’s north and south polar regions
from June 2013 and October/December 2008, respectively, show that the zonal
dynamics of these regions are very similar. On the one hand, we can find an
intense eastward jet located at the outer region of each polar vortex, reaching
velocities of 140 − 150 ms−1. In addition, a slower and narrow eastward jet
is also observed at both polar regions, with a velocity peak of ∼ 100 ms−1.
Finally, two slow westward jets are also observed at both polar regions, reach-
ing velocities of ∼ −10 ms−1. These results are in agreement with previous
measurements.

• However, some differences are also present in these maps. The most remarkable
one is that the most equatoward jet of the north polar region meanders in
latitude forming a hexagonal shape, while its counterpart in the south does
not deviate from a purely zonal flow. Therefore, meridional velocity maps
show a very different behavior between the north and south polar regions,
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where the meandering of the hexagonal jet presents poleward and equatoward
meridional velocities of the order of ±28 ms−1, while at the south polar region
non of the jets present meridional velocities as they do not deviate from a
zonal flow.

• From the zonal velocity profiles we see that both polar jets are clearly asym-
metric, presenting a fast drop on the velocity poleward of 88.5◦. Moreover,
although both north and south polar jets reach their peak velocity at the same
latitude, the southern polar jet is 1.4◦ wider at the Full Width Half Maximum
(FWHM), extending more equatoward, than the north polar jet. On the other
hand, the hexagonal jet and the eastward jet at 70.4◦S present symmetric zonal
mean profiles with a Gaussian shape of 2.38 ± 0.05◦ and 2.8 ± 0.1◦ FWHM,
respectively. Finally, the jet at 70.4◦ south is located 5◦ closer to the equator
than the Hexagon.

• Averaged relative vorticity maps, retrieved from the measured horizontal wind
fields, show that the relative vorticity is very similar at both polar regions. It is
mainly zero away from the eastward jets, due to the weak westward jets present
at the polar regions. However, at the hexagonal jet and its counterpart in the
south at 70.4◦S, it increases and reaches a vorticity peak of ±6± 1× 10−5 s−1,
around 1/10th of the Coriolis parameter at those latitudes. Finally, both
polar vortices reach strong cyclonic averaged relative vorticity of the order of
the Coriolis parameter at the poles. Profiles of meridional gradients of the
ambient vorticity (∂2ū/∂2y) show that the Rayleigh-Kuo stability criterion for
barotropic atmosphere is clearly violated at the flanks of the Hexagon and its
counterpart in the south.

• Zonally averaged extended potential temperature (τ̃) maps for December 2008
(southern summer) and June 2013 (beginning of northern summer) have been
computed using temperature profiles retrived by Fletcher et al. (2015) from
CIRS data and considering the normal specific heat with an orto-para fraction
Xorto−H2 = 0.75. The results show a strong variation on the zonally averaged
“extended” potential temperature with altitudes above 60 mbar. Furthermore,
it is clearly seen that isentropic surfaces almost follow isobaric surfaces. Verti-
cal gradients of the zonally averaged “extended” potential temperature show
a stratified and statically stable (dτ̃/dP < 0) atmosphere between 1 mbar and
500 mbar (the region under study).

• Latitude-pressure normalized Ertel and quasi-geostrophic potential vorticity
maps of both polar regions from 63.5◦ north and south to the pole and for
pressures between 500 mbar and 1 mbar have been calculated. These maps
show that the Coriolis parameter is dominant at the regions under study,
resulting in positive potential vorticities at the north polar region and negative
at the south at all pressure levels. Both the normalized Ertel and the quasi-
geostrophic potential vorticities range between 2.2×10−4 s−1 and 4.2×10−4 s−1

at the north polar region and between −2.2× 10−4 s−1 and −5.5× 10−4 s−1 at
the south polar region. Meridional gradients of these two magnitudes present
a very similar behavior, showing that at the southern summer (December



111

2008) and the beginning of the northern spring (June 2013), thermodynamic
instability could grow at the flanks of the Hexagon, its counterpart in the
south at 70.4◦ and the flanks of the polar jets.

• Similarities in the dynamics of both polar regions suggest that the presence
of the Hexagon in the north and its absence in the south could be related to
the latitudinal difference of their latitude location, where the Hexagon is 5◦

poleward than its counterpart in the south.

Temporal Variability, Dynamics and Characterization of Local Vortices
and Compact Cloud Field of the North Polar Region

Local vortices:

• Local vortices are found at different latitudes on Saturn, including the polar
regions. Between January 2009 (early northern spring) and November 2014
(beginning of northern summer) two anticyclones and various cyclones are
present at the north polar region.

• The largest anticyclone is a long-lived feature of 3, 600 × 2, 400 km size that
has been observed from November 2012 to at least November 2014. Measure-
ments of the local velocity of this anticyclones indicate that it moves with the
background, presenting a relative vorticity of around ten times the ambient
vorticity of the area. Furthermore, tracking of the location of this anticyclone
during the studied epoch shows that the anticyclone did not migrate to the
pole nor to the equator.

• The second anticyclone, visible in continuum band images, was present over a
year with a size of 2, 800× 2, 300 km near the polar jet at 85.8◦N. This vortex
did not migrate during the studied epoch either to the pole or to the equator.
Measurements of its zonal velocity show that, as the previously mentioned
anticyclone, it moves with the background. We were not able to measure
vorticity in this case.

• A number of cyclones are observed at around 78◦N, right poleward the Hexagon.
These cyclones are circular, presenting typical sizes of 1, 000−1, 500 km. Dur-
ing the studied epoch, between 3 and 5 cyclones are present simultaneously
moving with the same velocity as their background and presenting a relative
vorticity two times larger than the ambient vorticity of that region. Tracking
of these cyclones show that they oscillate around ±0.5◦ in latitude following
the meandering of the hexagonal jet with a life-time of at least one month.

Compact Cloud Field:

• Saturn’s polar regions, unlike other latitudes, present a large number of bright
compact clouds in continuum band images. These clouds, not observed in
methane absorption band and violet wavelengths, are relatively deep in the
troposphere, as they are clearly visible at 4 − 5 bar pressure level in images
captured at 5 µm by VIMS during the long north polar winter.
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• Although they present diverse shapes, most of them show a ring-like shape,
similar to the cumulus clouds of closed mesoscale cellular convection (MCC)
generated on Earth.

• The number, size and distribution of the compact clouds present between 77◦N
and 84◦N (where they are not elongated due to wind-shear) do not change
significantly between the early northern spring (January 2009) and the begin-
ning of the summer (June 2013). At this region there are around 410 and
480 bright clouds of sizes ranging from ∼ 10 km to 1, 000 km in January 2009
and June 2013, respectively, distributed nearly uniformly in latitude but not
homogeneously in longitude. Their typical longitudinal size is of the order of
200− 300 km at both epochs.

• These compact clouds move with the background and as far as our measure-
ments permit, they do not migrate either to the pole or to the equator. Finally,
their estimated lifetime is at best cases shorter than 8− 9 days.

• The presence of the compact cloud field in the first high-resolution images of
the polar regions and during the long northern winter, when Saturn’s north
pole was not illuminated by the Sun, suggest that the compact cloud field
could be originated deep in the troposphere by internal heat.

Cloud Morphology and Temporal Variability of the North Polar Vortex

• A long-lived and stable cyclonic vortex is present at each pole of Saturn. Both
vortices are almost circular, expanding from 88.5◦ north and south to the pole
and presenting bright spiraling clouds at their outer edge. Analysis of their
appearance at various wavelengths show that they are located at a depressed
region of the atmosphere, as they are observed dark in methane absorption
band filters and bright in violet.

• Although both polar vortices are long-lived features, the appearance and albedo
of the north polar vortex at cloud level varies rapidly between November 2012
and September 2014 (see figure 4.16) reducing 0.2◦ in latitude in methane ab-
sorption band and violet filters. During these epochs, the zonal velocity profile
and the relative vorticity of the regions remains unchanged, not being affected
by the albedo changes.

• The absence of migration of the studied “puffy” cloud field and regular cyclones
and anticyclones does not allow us to confirm or reject that Saturn’s polar
vortices are not formed from the poleward migration of small cyclones.

Cloud Morphology, Local Dynamics and Interpretation of the Hexagon

• The Hexagon is a long-lived and stable feature that has been present in Sat-
urn’s northern polar region for more than 35 years. Although it is observed
with the highest contrast at continuum band CB2 filters (752 nm), it is also
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seen at visible wavelengths (400 − 1, 000 nm) and in thermal infrared wave-
lengths between 14.7 µm and 16.6 µm and at 5 µm, which sense the up-
per (150 mbar) and the mid troposphere (4 − 5 bar), respectively. However,
in the thermal infrared at 7.4 − 8 µm, which sense the upper stratosphere
(1− 10 mbar), the Hexagon is no longer noticeable.

• The appearance of the hexagonal jet and its surroundings at different wave-
lengths show that the region poleward the hexagonal eastward jet is a de-
pressed region in the troposphere, while equatoward the jet, the region is
higher in the troposphere. In the case of the hexagonal eastward jet, contin-
uum band images show that it is formed by bright and dark narrow filaments
that follow the meandering and seem to be deviated toward its center.

• Measurements of the motion of the vertices of the Hexagon show that they
are nearly stationary respect to Saturn’s System III rotation rate, moving
westward with a mean drift-rate of < ω >= 0.0129 ± 0.0020◦/day between
2008 and 2014.

• The center of the hexagonal jet meanders between 75.3◦ and 76.3◦, following
a simple sinusoidal function with zonal wavenumber 6 and 0.5◦ amplitude.

• Its zonal velocity, computed using a coordinate system adapted to the motion
of the eastward jet, shows a velocity peak of 105 ms−1 and a Gaussian shape of
FWHM of 2.38◦. This jet presents a high relative vorticity, around ten times
larger than the ambient vorticity and 1/4th of the Coriolis parameter.

• Although the hexagon is a long-lived stable feature, different episodes of tran-
sient plume-like activity, probably of convective nature, have been observed
trapped at the cloud level inside the hexagonal jet. During these activities, the
zonal mean profile remained unchanged and the plume moved, overall, with
the background.

• In order to understand the nature of the Hexagon, we have performed different
interpretations. Firstly, we have focused on the motions of the vertices of the
Hexagon and the longitudinal and meridional size of its sides to demonstrate
that it could be a free Rossby wave trapped at a region of positive static
stability of unknown vertical extension. Lastly, we have computed the growing
modes for the hexagonal jet and its counterpart in the south assuming, on the
one hand, an unstable shallow water barotropic jet and on the other hand,
a baroclinic jet. Results show that in the case of a shallow water barotropic
flow, the maximum growth rate is obtained for a zonal wavenumber 6 for the
hexagonal jet and 7 for the eastward jet at 70.4◦ for a LD = 1, 000 km. These
results are in agreement with the observations of the hexagonal jet, but not
with the observations of the eastward jet in the south. Results of the growing
modes of a simple 1D baroclinic flow show that the zonal wavenumber of the
maximum growth-rate is of the order of 30 at both jets, not observed at any
of the jets.
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• Finally, taking into account the longevity of the Hexagon, the temporal stabil-
ity and its survival to the long northern winter we propose that the Hexagon
could be a manifestation of the meanders of a deep unstable jet and we suggest
that the motion of its vertices could maybe represent the real rotation rate of
the interior of Saturn.

6.1 Future Work

The Cassini spacecraft is obtaining unprecedented high-resolution images of the
north polar region of Saturn during its “Gran Finale” mission, which will provide
new information of the dynamics of this region at very high-resolution. Therefore,
analyzing these images and measuring the horizontal wind field of the north polar
region will be our first goal in order to:

• Study the long-term dynamics of Saturn’s polar regions.

• Obtain, if possible, (u′, v′) profiles and momentum injection rates at the polar
jets and in particular, at the Hexagon, with the aim of understanding the
process of the maintenance of the jets.

• Study the thermal structure of the polar regions and their horizontal wind at
simultaneous epochs, in order to analyze seasonal effects on these regions.

• Apply new studies of the gravitational field g(r, φ, λ) to the vertical structure
of the jets present at the north and south polar regions.

Furthermore, it would be interesting to use the James Webb Telescope (JWST)
and the Hubble Space Telescope (HST) in order to continue analyzing the tempo-
ral evolution of the Hexagon and the polar regions in visible and thermal-infrared
wavelengths.

The final goal of the study would be to develop a numerical model capable of
reproducing the observed dynamics and morphology of the polar regions and the
origin of the Hexagon and see how they relate to the general circulation on Saturn
by:

• Expanding the study of the growing modes of the baroclinic instability by
computing a more general bi-dimensional analysis for diverse values of the
unknown parameters of Saturn’s atmosphere (under work).

• Developing consistent 3D general circulation models of Saturn.
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Pérez-Hoyos, S., Mendikoa, I., Rojas, J. F. and IOPW-PVOL team. The long-
term rotation period of Saturn’s hexagon. Program Book, page 23, EPSC2013-
170. European Planetary Science Congress 2013, London, United Kingdom.
September 2013
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Hueso, R., Legarreta, J., Pérez-Hoyos, S., Rojas, J., Sánchez-Lavega, A., and
Morgado, A. (2010a). The international outer planets watch atmospheres node
database of giant-planet images. Planetary and Space Science, 58(10):1152–1159.

Hueso, R., Legarreta, J., Rojas, J., Peralta, J., Pérez-Hoyos, S., del Ŕıo-
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