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Abstract

We perform and present a wavelet analysis on all 31 Cassini electron density profiles
published to date (Nagy et al., 2006; Kliore et al., 2009). We detect several discrete
scales of variability present in the observations. Small-scale variability (S < 700 km) is
observed in almost all data sets at different latitudes, both at dawn and dusk conditions.
The most typical scale of variability is 300 km with scales between 200 km and 450 km
being commonly present in the vast majority of the profiles. A low latitude dawn/dusk
asymmetry is noted in the prevalent scales with the spectrum peaking sharply at the
300 km scale at dusk conditions and being broader at dawn conditions. Compared
to dawn conditions the dusk ionosphere also shows more significant variability at the
100 km scale. The 300 km vertical scale is also present in the few available profiles
from the Northern hemisphere. Early observations from 2005 show a dominant scale at
350 km whereas later in 2007-2008 the spectrum shifts to the shorter scales with the
most prominent scale being 300 km. The performed wavelet analysis and the obtained
results are independent of assumptions about the nature of the layers and do not require
a definition for a "background" electron density profile.

In the second part of the paper we present a gravity wave propagation/dissipation
model for Saturn’s upper atmosphere and compare the wave properties to the char-
acteristics of the observed electron density variability at different scales. The general
features observed in the data are consistent with gravity waves being present in the
lower ionosphere and causing layering of the ions and the electrons. The wave-driving
mechanism provides a simultaneous explanation for several of the properties of the ob-
served variability: (i) Lack of variability in the electron density above the predicted
region of wave dissipation; (ii) In most cases the peak amplitude of variability occurs
within the altitude range for dissipation of gravity waves or below; (iii) Shorter scales
have smaller amplitudes than the longer scales; (iv) Shorter scales are present at lower
altitudes whereas longer scales persist to higher altitudes; (v) Several layers often form
a system of equally spaced maxima and minima that can be traced over a large altitude

range.
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1 Introduction

Our current knowledge of the structure of the ionosphere of Saturn is based mostly
on spacecraft radio occultations (Pioneer 10 and 11, Voyager 1 and 2, and Cassini) and
observations of the auroral emission in the UV and the near IR. In addition, the detection
and monitoring of the Saturn Electrostatic Discharges (SED) by the Voyager Planetary Radio
Astronomy (PRA) experiment and by the Cassini Radio and Plasma Wave Science (RPWS)
experiment carry information about the maximum electron density and its evolution with
time (Warwick et al., 1981; Warwick et al., 1982; Fischer et al., 2006; Fisher et al., 2011). The
thermal structure of the atmosphere at ionospheric heights is constrained by stellar and solar
occultations performed by the Voyager UVS and the Cassini UVIS teams (Festou and Atreya,
1982; Smith et al.; 1983; Nagy et al., 2009). The observations reveal an ionosphere with
complex vertical structure which strongly varies with time and latitude (Nagy et al., 2006;
Kliore et al., 2009).

Previous theoretical models of Saturn’s ionosphere have focused on its overall structure
(the maximum of the electron density and total electron content of the ionosphere) and its
latitudinal and time dependence in an attempt to capture the main physics and chemical
processes that control the ionosphere (Moore et al., 2010). Difficulties arise from the uncon-
strained abundance of vibrationally excited H; molecules and the unknown amount of water
influx from Saturn’s rings, both of which are bound to have a strong impact on the iono-
spheric chemistry. Both quantities have been previously used as free parameters to reduce
the lifetime of H™ ions and to decrease the predicted values for the maximum of the electron
density in order to fit the observations (McElroy, 1973; Connerney and Waite, 1984; Majeed
and McConnell, 1991, 1996; Moses and Bass, 2000; Moore et al., 2004). Furthermore, very
little is known about the dynamics of Saturn’s ionosphere since the observations contain no
direct information about the wind system at these altitudes.

The Cassini radio observations, resulting in 31 published electron density profiles to date,
provide us with the most detailed picture so far of the structure of Saturn’s ionosphere. The
observations have been made during the first phase of the Cassini mission from 2005 to 2008,

corresponding to southern hemisphere summer and early fall. The following features have



been previously pointed out in the literature: 1) The maximum electron density as well
as the total electron content (TEC) increase with latitude with a maximum in the polar
regions (Moore et al., 2010). 2) At low latitudes the dawn electron density peak is smaller
and occurs at higher altitudes (referred to as dawn/dusk asymmetry) (Nagy et al.; 2006;
Kliore et al., 2009). 3) A complex system of sharp layers of enhanced electron density is
observed in the lower ionosphere at most latitudes. 4) Some profiles exhibit large vertical
regions of near depletion of electrons (referred to as bite-outs).

In this paper we investigate the small-scale vertical layering present in a significant frac-
tion of the 31 Cassini electron density profiles of Saturn published in the literature to date.
Multiple layers in the electron density are observed in virtually all Cassini profiles as well as
in the Voyager and Pioneer profiles although some of them do not extend to very low alti-
tudes. The layers are seen in dusk and dawn conditions at low, mid and high latitudes. The
number of identifiable layers, the magnitude of the electron density peaks, the vertical scale
(thickness) of the layers, and the spacing between the individual peaks vary. In this paper
we present a statistical analysis for the scale and the magnitude of the vertical variations
present in the individual Cassini electron density profiles. The large number of observations
allow us to study the spectrum of the vertical variability at different latitudes and to even
compare dawn and dusk conditions.

It is well known that the terrestrial night-time ionosphere often displays similar systems
of narrow layers of electrons which are usually attributed to atmospheric waves or plasma
instabilities (Kelley, 1989). Similar layers have also been observed in the Galileo JO-ingress
electron density profile of Jupiter which samples the ionosphere at dusk conditions (Hinson
et al.; 1997). This system of layers has been successfully modeled as a signature of an
atmospheric gravity wave propagating in Jupiter’s thermosphere (Matcheva et al.,; 2001;
Barrow and Matcheva, 2011). The corresponding dawn electron density profile of Jupiter
however showed very different ionospheric structure with no well pronounced small-scale
layers.

In the second part of this paper we model the propagation of atmospheric gravity waves
in Saturn’s thermospheric/ionospheric region and compare the predicted properties of the

waves to the spectral characteristics of the observed variability in the electron density.



2 Vertical variability in the electron density

The first step in our analysis is to study the variability in the data with minimum theo-
retical assumptions about the nature of the fluctuations and/or the state of the ionosphere.
We perform a wavelet analysis on all 31 electron density profiles published to date by the
Cassini Radio Science Team to identify the prevalent scales of variability in the vertical elec-
tron density distribution. A brief mathematical introduction to the theory and application of
the wavelet analysis can be found in Torrence and Compo (1998) along with a downloadable
software for public use. For the purpose of our study we use the continuous wavelet transform
together with the Morlet wavelet basis as it provides us with optimal scale discrimination
and vertical resolution. For a discrete series of measurements, z,,, (n = 0...N —1), with equal
spacing 0t (in our case the sampling is done in space rather than in time) the functional form
of the Morlet wavelet is

Wo(n) = mheione /2, (1)

where 1 = ”?‘5"‘ is a dimensionless "time" parameter, wy is the dimensionless frequency, and S
is a scale of variability (analogous to the wavelength in a Fourier transform). In this study
wy = 6.

The wavelet coefficients W,,(S) for a given scale s and position n are then calculated

using the continuous wavelet transform

Wa(S) = Af Ty {(n;sn)ﬂ , (2)

n'=0
where (*) indicates a complex conjugate. Similar to the Fourier coefficients the square of
the wavelet coefficients presents the energy within a given scale of variability. In many cases
the wavelet analysis is a preferred tool for data analysis as it also shows how the magnitude
of these variations changes within the length of the data set. In our analysis the calculated
wavelet coefficients (2) are normalized so that he square of the wavelet coefficient is equal to
the square of the amplitude of the observed variation rather than the power of the present

scales.
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Figure 2
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The results from the wavelet analysis for selected latitudes are shown in Figs. 1-4. The
results for the remaining 27 cases are shown in the Appendix in Figs. A.1-A.27. Figure
1 shows the analysis of a high latitude observation (72°S at dusk), Fig. 2 presents a mid
latitude case (28°S at dusk), Figs. 3 and 4 correspond to low latitude conditions at dusk
(3°S) and dawn (9°S), respectively. The choice of latitudes is to illustrate the fact that
layering in the ionosphere of Saturn is present at all latitudes at diverse local conditions and
time of the day.

Each of the figures has three panels showing the local electron density profile (left panel),
a color map of the variations Re(1,,(S)) present in the data at different scales as a function
of altitude (central panel), and a color map of the amplitude of the variations |W,(S)| at
different scales as it changes with height (right panel). The variations N! are normalized
to the peak electron density, N ..., and the result N—Nj; is presented in percentage. By
definition the variation cannot exceed 50% . The contours are drawn at 5% intervals. A
vertical slice through the amplitude color map shows how the amplitude at a given scale S
changes with height. A horizontal cut through the map at a given altitude produces the
spectrum of the scales present at this height. Similar to the Fourier analysis the wavelet
analysis suffers from edge effects. The effect is scale dependent and results in distortion of
the power at the edge of the map at a distance one scale length away from the edge.

At this point the wavelet analysis is performed without any assumption about the nature
of the layers and the origin of the vertical variability. There is no predefined "background"
ionospheric state. This is reflected in the presence of significant power at very large scales
(S > 800 km) which are likely to represent the overall structure of the ionosphere resulting
form ion chemistry and diffusion. The wavelet analysis provides information about the
dominant scales of variability in the data, the amplitude of the fluctuations and how this
amplitude varies with height. The last point makes the wavelet analysis particularly valuable

in studying altitude dependent periodic phenomena. A summary of the wavelet results



(detected scales S, maximum amplitude AN, .., peak altitude Z,,,.) presented in Figs. 1

through 4 is shown in Table I.

As each electron density profile is different and every one of them provides a clue about the
nature of the variability we present the wavelet analysis of all remaining 27 electron density
profiles in the Appendix for the benefit of the reader. Based on the wavelet analysis of all
31 occultations we can make the following observations: (i) Multiple layers are present at all
latitudes both at dusk and dawn conditions. (ii) Large amplitude variability and layering is
more common in the lower ionosphere (below and at the main electron density peak) though
small amplitude variation in the electron density is sometimes present throughout the entire
observed altitude range (see for example occultation S11 exit, Fig. A.6) . (iii) A number
of profiles exhibit 2-3 dramatic sharp layers (S68 entry, Fig. 2) while other profiles have
embedded small-amplitude electron density variations which one can trace in the data for
several cycles over a long distance (S07 exit, Fig. 4 ). (iv) In a few cases the layers of electrons

are separated by regions that are completely depleted of electrons (S47 exit, Fig. A.15).

Figure 6

To illustrate the full diversity of scales detected in the Cassini electron density profiles
we present a statistical summary of the results from the wavelet analysis of all 31 profiles.
Figure 5 shows the fraction of profiles in which a scale S is detected with an amplitude larger
than 5%. The scales are grouped in bins of AS = 50 km and range from S = 50 km to
S = 1000 km. Note that the smallest scale used in the wavelet analysis is 16 km; however, no
significant power is detected at scales smaller than 50 km. To search for latitudinal trends we
present similar histograms after sorting the observations into "high latitude", "mid latitude"
and "low latitude". One can also compare dawn and dusk conditions. The results are shown
in Fig. 6, where we consider low latitude profiles only. The counts are normalized by the total

number of available profiles: 8 for dusk and 8 for dawn conditions. In contrast to a power



spectrum the presented histograms do not contain information about the magnitude of the
variations. They simply reflect the frequency of occurrence of a given scale of variability
with an amplitude in excess of 5%. Based on the histograms on can make the following
conclusions:

1) Overall the most typical scale of vertical variability is 300 km. Only three out of the
31 profiles show no fluctuations at scales less than 450 km. The scale values are approximate
as the width of the bins is 50 km.

2) The midlatitudes are dominated by 300 km variability whereas at low latitudes the
350 km scale prevails. High latitudes show a broad range of scales shorter than 500 km.

3) At low latitudes the dusk ionosphere most often shows the presence of a 300 km scale
and the frequency of occurrence of 250 km and 350 km scales is reduced by half in comparison
to dawn observations.

4) There is a significant variability at the 100 km scale, however, the amplitude of the
fluctuations are typically less than the 5% cutoff and the variability is confined to the very
bottom of the observed region. The 100 km scale is most notable at low latitudes at dusk

conditions.

The analyzed observations are done over a time period of a few years starting in 2005
through 2008. It is reasonable to expect that the spectrum of the present scales might evolve
in time over the years. We compare the observations made in 2005 with the observations
made later in the mission (late 2007-2008). The corresponding histograms are shown in
Fig. 7. The 2005 observations are done within 4 months and are exclusively at low latitudes.
The second group of observations (2007-2008) are from high and middle latitudes and one
low latitude. A few observations are made in 2006 or early 2007. Since they are significantly
separated in time from the other two groups we do not include them in this analysis. With
this time selection the scatter in the histograms in Fig. 7 is decreased and we see a dominant
350 km scale for the 2005 low latitude observations and a dominant 300 km for the 2007-2008
observations. Although the shift towards shorter scales is well pronounced one should keep

in mind that the size of the histogram bins is 50 km and the shift is within the uncertainties



of the analysis. It is also possible that the shift reflects the difference in the sampled latitudes
rather than a real seasonal change.

Finally most of the observations in our analysis are from the southern hemisphere with
only 5 electron density profiles from the northern hemisphere. At this point one cannot
make any statistical comparison based on hemispheric separation except to note that the
electron density profiles in the northern hemisphere also have sharply peaked layers in the
lower ionosphere with the 300-350 km scale present in all five of the profiles (see Appendix
Figs. A4, A7, A12 A24 and A.26). It would be interesting to extend this statistical

analysis to the northern hemisphere as new observations become available.

3 Atmospheric Gravity Waves

The wavelet analysis in Section 2 demonstrates the presence of a wide range of scales
of variability in the electron density profiles which give rise to the layered appearance of
Saturn’s lower ionosphere. The nature of these layers is open for discussion. In this paper
we investigate the hypothesis that the observed small-scale layering is caused by atmospheric
gravity waves that propagate in Saturn’s upper atmosphere.

Atmospheric gravity waves are buoyancy driven oscillations of a parcel of air which in a
stable atmosphere can propagate over a large distance. In contrast to sound waves, gravity
waves are transverse waves with frequency smaller than the buoyancy frequency of the atmo-
sphere. On the other hand the period of a gravity wave is smaller than the period of a typical
Rossby wave so that the planetary rotation does not significantly impact its propagation.
The dispersion relation for a hydrostatic gravity wave in a conservative atmosphere is given

by:
k2N? 1
2 _ Fh
k; = 2 1 (3)

where k., and k; are the vertical and the horizontal wave numbers, respectively, N is the
buoyancy frequency, H* is the atmospheric density scale height, and w is the wave frequency.

Atmospheric gravity waves are easily excited by transient atmospheric phenomena, at-
mospheric instabilities, weather fronts, convective storms, etc. In a conservative atmosphere

with no wind shear the amplitude of the waves grows exponentially with altitude as the



background density decreases with height. As a result small-amplitude waves generated in
the lower atmosphere can have large amplitudes by the time they reach the thermosphere
and can leave observable signatures in the temperature structure and the wind profile of
the atmosphere at these heights. Not all gravity waves make it to very high altitudes (low
pressure levels) as they are subject to a number of dissipative processes. Along their path
they might get absorbed in the mean zonal wind or reflected by strong temperature gradi-
ents. Waves with amplitudes that are big enough to drive the local temperature gradient
beyond the dry adiabatic lapse rate become unstable and overturn, depositing energy and
momentum in the background atmosphere. In addition, waves that reach low pressure levels
are dissipated by diffusive processes like molecular viscosity and heat conduction. For a
detailed mathematical treatment of wave propagation and dissipation we refer the reader to
Hines (1974), Lindzen (1981), and Walterscheid (1981).

In our work we use an atmospheric gravity wave model that is based on the assumptions
that the waves are linear and hydrostatic, that the atmospheric temperature is slowly varying
with height and that the vertical gradient of the mean zonal wind is zero. The model includes
wave dissipation due to molecular viscosity, eddy diffusion, and thermal conduction. We keep
the amplitude of the waves below the breaking point at all heights. The model has been
originally developed for Jupiter and subsequently adapted for Saturn. The mathematical
details and the numerical implementation of the model are presented in Matcheva and Strobel
(1999) and Matcheva et al. (2001) and summarized below. A single linear wave is imposed at
the bottom of the simulated region by defining the wave vertical and horizontal wavenumbers
(k.o and ky,, respectively), vertical velocity amplitude AW (zy) and phase. We then solve
the dispersion equation Eq. (4) for the complex and real parts of the vertical wavenumber
(k. = k..+ik.;), and the resulting velocity fields as the wave propagates up in the atmosphere

(Egs. (5) and (6)).

o kN 1 N
T o@+i3)  AH™ dz

B\ 2 S
AW (z) = AW (z) ( kzm) exp [/ (QH“ - km) dz} (5)

N R
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In Eq. (4) @ is a complex frequency with a real part corresponding to the wave's actual
frequency and a complex part resulting from the viscous dissipation, J is a dissipation factor
showing the effect of thermal conductivity. The analytical definitions for w and 3 are given
in Matcheva et al. (2001). The bottom boundary of the model is at 500 km and the top
boundary is placed at 2500 km above 1 bar pressure level. The vertical step of the calculations

is 1 km.

4 Structure of the neutral atmosphere

The background neutral atmosphere used for the wave model is summarized in Fig. 8.
Similar to Jupiter the dominant neutral species in Saturn’s atmosphere are H,, He, and C'H,
with atomic hydrogen becoming important at high altitudes. Below the methane homopause
(around 900 km above the 1 bar pressure level) eddy diffusion dominates and the atmosphere
is well-mixed. The eddy diffusion coefficient incorporated in the model varies with height
and is taken from Moses et al. (2000). Above the homopause, where molecular diffusion is
dominant, the species separate diffusively according to their individual scale heights and the
C'H, and He mixing ratios decrease quickly with altitude. Hs is dominant up to roughly
3000 km at which point H becomes the main neutral component. The neutral densities are
calculated using the mixing ratios for He and C'H, at the bottom boundary of the model
and are taken from Conrath and Gautier (2000). The resulting neutral density profiles are

in good agreement with the composition model from Moses and Bass (2000).

The choice of temperature profile is essential for modeling atmospheric gravity waves as
the wave propagation is impacted by the thermal structure through the buoyancy frequency
(see Eq. 3). In addition, the environmental lapse rate controls the maximum amplitude for
a given vertical wavelength before the wave becomes unstable and overturns.

The thermal structure of Saturn’s troposphere and lower stratosphere is well constrained
by Cassini CIRS observations (Fletcher et al., 2010). Middle stratospheric regions are ac-
cessible by ground based stellar occulations (Hubbard et al., 1997; Harrington et al., 2010)

11



whereas the upper stratosphere and lower thermosphere have been sampled by the Voyager
and Cassini stellar and solar occultations (Festou and Atreya, 1982; Smith et al., 1983; Lindal
1992). The CIRS temperature maps of the lower stratosphere show the temperature at the 1
mbar level to vary by more than 30 K from pole to pole. The number of temperature profiles
in the upper stratosphere and thermosphere are limited, they have significant uncertainties
(about 100 K), and show large variability (Nagy et al., 2009). Temperature estimates at the
top of the thermosphere vary from 300 K to 500 K (Nagy et al., 2009). In view of these
uncertainties we use a generic temperature profile shown in Fig. 8 which captures the main
observed features: a relatively isothermal stratosphere at T = 137 K at the bottom of the
modeled region, followed by a fast temperature increase between 800 km and 1300 km and
topped by an isothermal layer at T = 417 K. This temperature profile closely follows the T
profile compiled by Moses et al. (2000). Subsequently we keep in mind that the temperature

in the thermosphere is likely to vary from latitude to latitude as well as with time.

5 Propagation and dissipation of atmospheric gravity waves

In this section we address the question if and what type of gravity waves can reach the
altitude region of interest (500-2500 km above 1 bar level) and what are the observational
constraints on the wave parameters. As we discuss in Sec. 3, not all gravity waves can
reach the upper atmosphere. They can be absorbed, reflected or dissipated as they travel
through the lower atmosphere. Undoubtedly the wind system in the stratosphere has a
strong filtering effect on the tropospheric waves which can reach the ionosphere. At this
point, however, we do not know the origin of the waves, nor the wind system in the upper
stratosphere. Instead we focus on the ability of the waves to overcome dissipative processes
like eddy and molecular viscosity and thermal conduction that dominate wave dynamics
at high altitudes. These dissipative processes are selective as waves with longer vertical
wavelengths and shorter periods tend to be less impacted by the molecular dissipation and

can propagate higher in the atmosphere.
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Figure 9 illustrates the behavior of the amplitude (vertical velocity, horizontal velocity,
and temperature) of three atmospheric gravity waves together with a profile of the vertical
wavelength as the waves pass through the modeled region. The three waves have a period of
30 min and vertical wavelength at the bottom of 50 km, 100 km, and 200 km respectively. In
agreement with Eq. (5), the vertical velocity amplitude peaks at an altitude where dissipation
overcomes the natural exponential growth of the wave:

1
k’v‘i - B
o 2HF

(7)

We refer to this altitude as the altitude of wave dissipation (z;), though the dissipation
occurs in a rather broad altitude range and not just at this particular location. Above
this altitude the magnitude of the observable signature of the wave is decreasing as the the
amplitude becomes smaller. The wave with the longest vertical wavelength has the highest
dissipation altitude as the periods of the waves are the same. In contrast to the vertical
velocity the amplitude of the horizontal velocity of the 100 and the 200 km waves has two
peaks (Fig. 9b,c). The top one marks the region where the dissipation becomes dominant
whereas the bottom peak results from the variation of the background temperature and
the subsequent changes in the atmospheric stability. The bottom peak or hump is at the
same altitude for waves of all scales (z = 1100 km) whereas the location of the top peak is
scale-dependent. A variable vertical wavelength together with a double-peaked amplitude
profile can be an indication for a strong temperature gradient in the background atmosphere.
However, this is not a unique interpretation as varying background winds can have a similar
effect on the wave propagation. Figure 9 also shows the variation of the vertical wavelength
with height. The vertical wavelength changes as a result of two separate effects: the variable
temperature in the 900-1200 km region and the viscous dissipation itself as it causes the

wave fronts to become increasingly more vertical leading to larger vertical wavelengths.

Figure 10 shows the altitude of wave dissipation z4 for a range of vertical wavelengths
and periods. We consider vertical wavelengths less than 700 km to comply with the WKB

approximation of our gravity wave model and periods between the buoyancy period (7 =
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27 /N) and one Saturnian day (~ 10 h). Waves with large vertical wavelengths and short
periods (larger frequency) dissipate high in the atmosphere. Waves with vertical wavelength
shorter than 100 km reach a maximum amplitude at altitudes below 1200 km even for the
highest frequencies. This implies that gravity waves can not cause significant electron density
layering with a characteristic vertical scale less than 100 km at an altitude above 1300 km.
Similarly one can state that waves with vertical wavelength of 300 km reach a maximum
amplitude at or below 1600 km. Above 1900 km gravity waves should not cause strong
observable signatures with a characteristic scale of 300 km.

Figure 9 also shows that at large periods the dissipation height z; is only weakly de-
pendent on the wave period, or in other words for a given vertical wavelength waves with a
period between 0.5 and 1 Saturn day peak at roughly the same altitude.

The dissipation curves for gravity waves with a period of 30 min and 10 h are plotted
on the wavelet coefficient maps for all 31 electron density profiles presented in Figs. 1-4 and
in the remaining figures in the Appendix as light solid lines A and B, respectively. The
curves can be used as a guide for the range of altitudes where gravity wave signatures can
be expected. Roughly one wavelength above line A gravity waves are not expected to cause
strong variability in the electron density profile. The best gravity wave candidates would
have a signature in the electron density that is maximum in the region between curves A and
B. A local maximum in the wavelet map below curve B is still consistent with a gravity wave
interpretation. The peak can be caused by background temperature variation and/or local
ion chemistry which can modify the response of the ionosphere to the forcing neutral wave.
In this case the dissipation altitude of the wave z; does not coincide with the maximum of

the electron density variability.

6 Discussion

In Sec. 2 we analyze the variability of the electron density profiles for characteristic
vertical scales and in Sec. 5 we describe the propagation/dissipation of gravity waves in
the upper atmosphere. Here we will discuss how compatible the observed variations in the

electron density profiles are with gravity wave signatures. We focus on vertical scales shorter
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than 700 km with amplitudes larger than 5% in the wavelet maps presented in the Appendix
and in Figs. 1-4. While discussing the observed features one should keep in mind that the
wave model that we use relies on a generic temperature profile which is kept constant for
all latitudes and atmospheric conditions (dawn/dusk for example). Almost certainly the
temperature behavior varies from location to location and in time and therefore the exact
wave propagation would also vary. Nevertheless we can make the following observations:

e There is no strong variability (amplitude > 5%) at any scale shorter than 700 km above
line A. Noted exceptions are the equatorial observations S11 exit, S12 exit, S13 exit, S44
entry, and the only north high latitude profile S46 exit.

This is consistent with a gravity wave driving mechanism. Line A shown in the wavelet
amplitude maps provided in the Appendix indicates the altitude at which a 30 min wave
peaks for different vertical wavelengths. The 30 min time scale corresponds to the buoyancy
frequency at high altitudes (>1300 km). This is the shortest gravity wave period to be
expected at this altitude. The buoyancy period at the homopause is about 15 min.

e In general, smaller scales of variability are present at lower altitudes whereas larger
scales persist to higher altitudes.

This is also consistent with a gravity wave driving mechanism. As discussed in Sec. 5
waves with short vertical wavelengths dissipate at lower altitudes whereas waves with large
vertical wavelengths reach high altitudes before they become impacted by dissipation. The
wavelet amplitude maps clearly show a trend of larger scales being present at higher altitudes.

e In many cases there are several layers with the same vertical scale resembling a wave-
train at a fired wavelength.

This is consistent with a gravity wave driving mechanism. Although forming layers of
enhanced electron density is not restricted to the gravity wave mechanism only, what is
specific for the proposed mechanism is the equal spacing between the individual layers (a
relatively constant vertical wavelength) and the multiplicity of the layers (the wave can be
traced over several wavelengths as the wave train propagates). This is especially true for
the smaller-scale , small-amplitude variability detected in the data (see for example SO7 exit
and SH6 exit).

e Smaller scales have smaller amplitudes whereas larger scales reach much larger ampli-



tudes.

This is consistent with a gravity wave driving mechanism. The gravity wave amplitude
growth is limited both by dissipation and by atmospheric instabilities. The linear wave
theory predicts that gravity waves become unstable and overturn when the local temperature
gradient exceeds the dry adiabatic lapse rate. Waves with shorter vertical wavelengths are
associated with larger vertical gradients and are therefore prone to instabilities at small
amplitudes. As a result waves with large vertical wavelengths are allowed to grow to larger
amplitudes as they propagate up in the atmosphere.

e In most cases the peak amplitude occurs within the altitude range for a typical gravity
wave dissipation (between lines A and B) or below.

This is consistent with a gravity wave driving mechanism. The region bracketed between
lines A and B in the wavelet maps corresponds to the dissipation altitude for waves with
periods between 30 min and 10 hours. In general one can use the location of the observed
wave amplitude peak to constrain the wave frequency and horizontal wavelength for a given
vertical wavelength using Eq. (3) and (7). However, the observed parameter in the Cassini
radio occultations is the variability in the electron density rather than in the temperature
or in the wind of the neutral atmosphere. The response of the ionosphere to gravity wave
forcing is indeed proportional to the neutral wave amplitude but this is not the only factor
that shapes up the amplitude of the induced electron density variations. The magnitude
of the effect is limited by local chemistry and modified by the electron density gradient in
the background ionosphere (Matcheva et al.; 2001; Barrow and Matcheva, 2011; Barrow et
al., 2012). The bottom line is that without a careful modeling of the wave-ion interaction and
local ion chemistry one cannot predict the location of the peak electron density variability
in response to a given wave forcing. Such models exist for Jupiter (Matcheva et al.; 2001;
Barrow and Matcheva, 2011) and are under development for Saturn (Matcheva and Barrow,
in preparation). This prediction is particularly difficult for large-amplitude variations where
the variability is of the order of the average electron density and linear perturbation models
are inadequate to describe the interaction between the ions and the propagating gravity

wave.
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7 Conclusions

We perform a wavelet analysis on all Cassini electron density profiles published to date
(Nagy et al., 2006; Kliore et al., 2009). The results are shown in the Appendix. We detect
several discrete scales of variability present in the observations. Small-scale variability (S <
700 km) is observed in almost all data sets at different latitudes and dawn/dusk conditions.
The most typical scale is 300 km but scales between 200 km and 450 km are commonly present
in the vast majority of the profiles. A dawn/dusk asymmetry is noted in the prevalent scales
with the most often observed scale being 200 km at dawn and 300 km at dusk. Compared
to dawn conditions the dusk ionosphere also shows more significant variability in the 100 km
scale. The 300 km vertical scale is also present in the few available profiles from the Northern
mid and high latitudes. The performed wavelet analysis is independent of assumptions about
the nature of the layers and does not require a definition for the "background" electron
density profile and thus the results can be used independently of our wave interpretation of
the origin of the variability.

In the second part of the paper we present a gravity wave propagation/dissipation model
for Saturn’s upper atmosphere and compare the wave properties to the characteristics of the
observed electron density variability at different scales. The general features observed in the
data are consistent with gravity waves being present in the lower ionosphere and causing
layering of the ions and the electrons. Though this is not a unique interpretation, the wave-
driving mechanism provides simultaneous explanation for several of the properties of the
observed variability: lack of layers above the region of wave dissipation; the scale-dependent
altitude of the layers; the scale-dependent magnitude of the layers; the observed altitude
range of maximum variability in the ionosphere.

An exact match to an observed electron density profile with a wave model requires a
careful modeling of Saturn’s ionosphere (both chemistry and dynamics) and is currently

underway.
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Appendix

The results from the wavelet analysis of all individual Cassini electron density profiles
of Saturn that are published to date are presented here in chronological order starting with
SO7 entry in 2005 (Fig. A.1) and finishing with S75 exit in 2008 (Fig. A.27) . The format of
the plots is the same as in Fig. 1. The Discussions (Sec. 6) and the Conclusions (Sec. 7) in

this paper are based on the results presented these figures.

‘Figuros Al to A.27‘
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List of Tables:

Table I: Summary of the vertical scales of variability identified in the electron density

profiles shown in Figs. 1-4.
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TABLE I

Latitude Obs. Dawn/Dusk S [km] Lz AN, gz [em™3)
72°S S5H6 exit dusk 500  500-2500 km 1000
250 1000 2500
165 1200 2000
28°S S68 entry dusk 430 1350 5000
210 1000 2000
3°S SO08 entry dusk 380 1250 2000
9°S SO7 exit dawn 570 800 190
360 1800 150

Table I: Summary of the vertical scales of variability (S < 700 km) identified in the electron

density profiles shown in Figs. 1-4.
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List of Figures and figure captions:

Figure 1: High latitude dusk observation (72°S). Left panel: Electron density profile
from S56 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure 2: Mid latitude dusk observation (28°S). Left panel: Electron density profile
from S68 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure 3: Low latitude dusk observation (3°S). Left panel: Electron density profile from
SO8 entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z,, for gravity waves with a period 30 min (line A) and

10 hours (line B).

Figure 4: Low latitude dawn observation (9°S). Left panel: electron density profile from
SO7 exit radio occultation. Central panel: electron density variations as a function of scale
and altitude. Right panel: amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z,, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Figure 5: Histogram of the number of detections of individual scales with an amplitude
larger than 5%: a) all electron density profiles (31 observations); b) high latitudes only (8
observations); ¢) middle latitudes (7 observations) ; d) low latitudes (16 observations). The

count is normalized by the number of the corresponding observations.

Figure 6: Histogram of the number of detections of individual scales with an amplitude
larger than 5%: a) low latitude dawn conditions (8 observations); b) low latitude dusk con-

ditions (8 observations).

Figure 7: Histogram of the number of detections of individual scales with an amplitude
larger than 5%: a) 2005 observations (12 observation); b) late 2007- 2008 observations (14

observations)

Figure 8: Structure of the steady state neutral atmosphere.

Figure 9: Atmospheric gravity wave model. Bottom axis: wave amplitude profile (red -
vertical velocity; green - horizontal velocity; blue - temperature profile). Top axis: vertical

wavelength in black solid line.

Figure 10: Wave dissipation altitude. Each curve corresponds to a family of waves
with the same period ranging from 30 min (top curve) period to 10 hours (bottom curve) in

increments of 10 min.

APPENDIX

Figure A.1 Low latitude dusk observation (4.9°S). Left panel: Electron density profile
from SO7 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min



(line A) and 10 hours (line B).

Figure A.2: Low latitude dawn observation (8.3°S). Left panel: Electron density profile
from SO8 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.3: Low latitude dawn observation (7.4°S). Left panel: Electron density profile
from S09 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 10% increments starting at 5%. In the
right panel the light solid lines mark the height of dissipation, z,4, for gravity waves with a
period 30 min (line A) and 10 hours (line B).

Figure A.4: Low latitude dusk observation (1.6°N). Left panel: Electron density profile
from S10 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.5: Low latitude dawn observation (6.1°S). Left panel: Electron density profile
from S10 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).
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Figure A.6: Low latitude dawn observation (4.5°S). Left panel: Electron density profile
from S11 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.7: Low latitude dusk observation (7.5°N). Left panel: Electron density profile
from S12 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.8: Low latitude dawn observation (2.6°S). Left panel: Electron density profile
from S12 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.9: Low latitude dawn observation (0.5°S). Left panel: Electron density profile
from S13 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.10: Low latitude dusk observation (8.4°S). Left panel: Electron density profile

from S14 entry radio occultation. Central panel: Electron density variations as a function
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of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the
light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.11: Low latitude dusk observation (5.0°S). Left panel: Electron density profile
from S28 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the
light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.12: High latitude observation (75.4°N). Left panel: Electron density profile
from S44 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the
light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.13: Low latitude dawn observation (3.2°S). Left panel: Electron density pro-
file from S44 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the
light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.14: Low latitude dusk observation (5.0°S). Left panel: Electron density pro-
file from S46 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and

altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the
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light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.15: Middle latitude dawn observation (41.2°N). Left panel: Electron density
profile from S47 exit radio occultation. Central panel: Electron density variations as a func-
tion of scale and altitude. Right panel: Amplitude of the variations as a function of scale
and altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel
the light solid lines mark the height of dissipation, z,4, for gravity waves with a period 30
min (line A) and 10 hours (line B).

Figure A.16: Middle latitude dusk observation (38.7°S). Left panel: Electron density
profile from S51 entry radio occultation. Central panel: Electron density variations as a
function of scale and altitude. Right panel: Amplitude of the variations as a function of
scale and altitude. Contours (solid black lines) are drawn at 5% increments. In the right

panel the light solid lines mark the height of dissipation, z4, for gravity waves with a period

30 min (line A) and 10 hours (line B).

Figure A.17: Middle latitude dawn observation (43.6°S). Left panel: Electron density
profile from S51 exit radio occultation. Central panel: Electron density variations as a func-
tion of scale and altitude. Right panel: Amplitude of the variations as a function of scale
and altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel
the light solid lines mark the height of dissipation, z,4, for gravity waves with a period 30
min (line A) and 10 hours (line B).

Figure A.18: Low latitude dusk observation (17.9°S). Left panel: Electron density pro-
file from S54 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).
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Figure A.19: High latitude observation (68.7°S). Left panel: Electron density profile
from Sh4 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.20: High latitude observation (74.1°S). Left panel: Electron density profile
from S5H8 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.21: High latitude observation (65.6°S). Left panel: Electron density profile
from S68 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.22: Middle latitude dusk observation (42.3°S). Left panel: Electron density
profile from S70 entry radio occultation. Central panel: Electron density variations as a
function of scale and altitude. Right panel: Amplitude of the variations as a function of
scale and altitude. Contours (solid black lines) are drawn at 5% increments. In the right

panel the light solid lines mark the height of dissipation, z4, for gravity waves with a period

30 min (line A) and 10 hours (line B).
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Figure A.23: High latitude observation (69.1°S). Left panel: Electron density profile
from S70 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.24: Middle latitude dusk observation (40.5°N). Left panel: Electron density
profile from S72 entry radio occultation. Central panel: Electron density variations as a
function of scale and altitude. Right panel: Amplitude of the variations as a function of
scale and altitude. Contours (solid black lines) are drawn at 5% increments. In the right

panel the light solid lines mark the height of dissipation, z4, for gravity waves with a period

30 min (line A) and 10 hours (line B).

Figure A.25: High latitude observation (66.1°S). Left panel: Electron density profile
from S72 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

Figure A.26: Middle latitude dusk observation (34.2°N). Left panel: Electron density
profile from S75 entry radio occultation. Central panel: Electron density variations as a
function of scale and altitude. Right panel: Amplitude of the variations as a function of
scale and altitude. Contours (solid black lines) are drawn at 5% increments. In the right

panel the light solid lines mark the height of dissipation, z4, for gravity waves with a period

30 min (line A) and 10 hours (line B).

Figure A.27: High latitude observation (61.8°S). Left panel: Electron density profile

from S75 exit radio occultation. Central panel: Electron density variations as a function
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of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the
light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).
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Figure 1: High latitude dusk observation (72°S). Left panel: Electron density profile from
S56 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z,4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Figure 2: Mid latitude dusk observation (28°S). Left panel: Electron density profile from
S68 entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Figure 3: Low latitude dusk observation (3°S). Left panel: Electron density profile from SO8
entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Figure 4: Low latitude dawn observation (9°S). Left panel: electron density profile from
SO7 exit radio occultation. Central panel: electron density variations as a function of scale
and altitude. Right panel: amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z,4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Figure 5: Histogram of the number of detections of individual scales with an amplitude

larger than 5%: a) all electron density profiles (31 observations); b) high latitudes only (8

observations); ¢) middle latitudes (7 observations) ; d) low latitudes (16 observations). The

count is normalized by the number of the corresponding observations.
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Figure 6: Histogram of the number of detections of individual scales with an amplitude larger
than 5%: a) low latitude dawn conditions (8 observations); b) low latitude dusk conditions

(8 observations).
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Figure 7: Histogram of the number of detections of individual scales with an amplitude larger
than 5% at all latitudes: a) observations during 2005 (12 observations); b) observations

during 2007-2008 (14 observations).
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Figure 8: Structure of the steady state neutral atmosphere.
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Figure 9: Atmospheric gravity wave model. Bottom axis: wave amplitude profile (red -
vertical velocity; green - horizontal velocity; blue - temperature profile). Top axis: vertical

wavelength in black solid line.
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Figure 10: Wave dissipation altitude. Each curve corresponds to a family of waves with
the same period ranging from 30 min (top curve) period to 10 hours (bottom curve) in

increments of 10 min.
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Lat =4.9 S, dusk (S07 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.1: Low latitude dusk observation (4.9°S). Left panel: Electron density profile from
SO7 entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat=8.3 S, dawn (S08 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.2: Low latitude dawn observation (8.3°S). Left panel: Electron density profile from
S08 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat=17.4 S, dawn (509 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.3: Low latitude dawn observation (7.4°S). Left panel: Electron density profile from
S09 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 10% increments starting at 5%. In the right panel
the light solid lines mark the height of dissipation, z4, for gravity waves with a period 30
min (line A) and 10 hours (line B).



Lat = 1.6 N, dusk (S10 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.4: Low latitude dusk observation (1.6°N). Left panel: Electron density profile from
S10 entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z,4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat=6.1 S, dawn (510 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.5: Low latitude dawn observation (6.1°S). Left panel: Electron density profile from
S10 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat=4.58S, dawn (S11 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.6: Low latitude dawn observation (4.5°S). Left panel: Electron density profile from
S11 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat =7.5 N, dusk (S12 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.7: Low latitude dusk observation (7.5°N). Left panel: Electron density profile from
S12 entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).

49



Lat=2.6 S, dawn (512 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.8: Low latitude dawn observation (2.6°S). Left panel: Electron density profile from
S12 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).



Lat=0.5 S, dawn (513 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.9: Low latitude dawn observation (0.5°S). Left panel: Electron density profile from
S13 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).



Lat = 8.4 S, dusk (S14 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]

m 1 1 I 1 1 1 m
3500 | . 3500
3000 |- . 3000

E 2500 - - 2500

3

=

5 2000 | - 2000
1500 |- . 1500
1000 . 1000
500 1 1 1 | 1 1 1 m

20 2 4 6 8 1012

Ne x 1000 [cm-3]

Figure A.10: Low latitude dusk observation (8.4°S). Left panel: Electron density profile from
S14 entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).



Lat =50 S, dusk (528 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.11: Low latitude dusk observation (5.0°S). Left panel: Electron density profile from
528 entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).



Lat = 75.4 N, (S44 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.12: High latitude observation (75.4°N). Left panel: Electron density profile from
S44 entry radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).



Lat=3.2 S, dawn (544 exit) Ne'/Ne_max variations [%] Amplitude of Ne'YNe_max variations [%]
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Figure A.13: Low latitude dawn observation (3.2°S). Left panel: Electron density profile
from S44 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).
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Lat=5.0 S, dusk (S46 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.14: Low latitude dusk observation (5.0°S). Left panel: Electron density profile from
546 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).



Lat=41.2 S, dawn (547 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.15: Middle latitude dawn observation (41.2°N). Left panel: Electron density profile
from S47 exit radio occultation. Central panel: Electron density variations as a function of
scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).



Lat = 38.7 S, dusk (S51 entry) Ne'/Ne_max variations [%] Amplitude of Ne'YNe_max variations [%]
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Figure A.16: Middle latitude dusk observation (38.7°S). Left panel: Electron density profile
from S51 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).



Lat=43.6 S, dawn (551 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.17: Middle latitude dawn observation (43.6°S). Left panel: Electron density profile
from S51 exit radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).



Lat=17.9 S, dusk (S54 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.18: Low latitude dusk observation (17.9°S). Left panel: Electron density profile
from S5H4 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).
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Lat=68.7 S, (854 exit) Ne'/Ne_max variations [%] Amplitude of Ne'YNe_max variations [%]
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Figure A.19: High latitude observation (68.7°S). Left panel: Electron density profile from
Sh4 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z,4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat=74.1 S, (858 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.20: High latitude observation (74.1°S). Left panel: Electron density profile from
S58 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat=65.6 S, (S68 exit) Ne'/Ne_max variations [%] Amplitude of Ne'YNe_max variations [%]
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Figure A.21: High latitude observation (65.6°S). Left panel: Electron density profile from
S68 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z,4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat=42.3 S, dusk (S70 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.22: Middle latitude dusk observation (42.3°S). Left panel: Electron density profile
from S70 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).

64



Lat=69.1 8, (S70 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.23: High latitude observation (69.1°S). Left panel: Electron density profile from
S70 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z,4, for gravity waves with a period 30 min (line A) and

10 hours (line B).



Lat = 40.5 N, dusk (S72 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]

4000 4000

3500

g

2500

Altitude [km]

2000

1500 1500

1000 1000

0 5 10 15 20

Ne x 1000 [cm-3]

Figure A.24: Middle latitude dusk observation (40.5°N). Left panel: Electron density profile
from S72 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).
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Lat=66.1 S, (872 exit) Ne'/Ne_max variations [%]
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Figure A.25: High latitude observation (66.1°S). Left panel: Electron density profile from
S72 exit radio occultation. Central panel: Electron density variations as a function of scale

and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
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Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).
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Lat = 34.2 N, dusk (S75 entry) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.26: Middle latitude dusk observation (34.2°N). Left panel: Electron density profile
from S75 entry radio occultation. Central panel: Electron density variations as a function
of scale and altitude. Right panel: Amplitude of the variations as a function of scale and
altitude. Contours (solid black lines) are drawn at 5% increments. In the right panel the

light solid lines mark the height of dissipation, z,, for gravity waves with a period 30 min

(line A) and 10 hours (line B).
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Lat=61.8 8, (875 exit) Ne'/Ne_max variations [%] Amplitude of Ne'/Ne_max variations [%]
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Figure A.27: High latitude observation (61.8°S). Left panel: Electron density profile from
S75 exit radio occultation. Central panel: Electron density variations as a function of scale
and altitude. Right panel: Amplitude of the variations as a function of scale and altitude.
Contours (solid black lines) are drawn at 5% increments. In the right panel the light solid

lines mark the height of dissipation, z4, for gravity waves with a period 30 min (line A) and

10 hours (line B).

69



