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Abstract1

Cassini’s radio occultations by Saturn reveal a highly variable ionosphere with a2

complex vertical structure often dominated by several sharp layers of electrons. The3

cause of these layers has not yet been satisfactorily explained. This paper demonstrates4

that the observed system of layers in Saturn’s lower ionosphere can be explained by5

the presence of one or more propagating gravity waves. We use a two-dimentional,6

non-linear, time-dependent model of the interaction of atmospheric gravity waves with7

ionospheric ions to model the observed periodic structures in two of Cassini’s electron8

density profiles (S08 entry and S68 entry). A single gravity wave is used to reproduce the9

magnitude, the location, and the shape of the observed peaks in the region dominated10

by H+ ions. We also use an analytical model to study small-amplitude variations in the11

S56 exit electron density profile. We identify three individual wave modes and achieve12

a good fit to the data. Both models are used to derive the properties (horizontal and13

vertical wavelengths, period, amplitude, and direction of propagation) of the forcing14

waves present at the time of the occultations.15

Keywords: atmospheres, composition; atmospheres, dynamics; ionospheres; Saturn, atmo-16

sphere.17
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1 Introduction18

Information about the structure of Saturn’s ionosphere has increased dramatically since19

the arrival of the Cassini spacecraft yet our understanding of the underlying processes that20

maintain it’s structure has not improved significantly. The bulk of the information comes21

from radio occultations which return the vertical distribution of electrons. There are 3722

electron density profiles available in the literature with 31 of them coming from the Cassini23

Radio Experiment (Nagy et al., 2006; Kliore et al., 2009). The maximum electron density,24

the location of the electron density peak as well as the total electron content of the ionosphere25

show strong variability both with latitude and local time (dusk versus dawn). Despite the26

observed variability the following trends have been identified: 1) The maximum electron27

density and the total electron content (TEC) increase with latitude with a maximum in the28

polar regions and a minimum at the equator (Moore et al., 2010). 2) At low latitudes the29

dawn electron density peak is smaller than at dusk and occurs at higher altitudes (referred30

to as dawn/dusk asymmetry) (Nagy et al., 2006; Kliore et al., 2009). 3) A complex system31

of sharp layers of enhanced electron density is observed in the lower ionosphere at most32

latitudes. 4) Some profiles exhibit large vertical regions of near depletion of electrons (referred33

to as bite-outs). Additional information about the structure of the ionosphere at middle34

latitudes is provided by the detection and the monitoring of Saturn’s Electrostatic Discharges35

(SEDs) which constrain the value of the maximum electron density and show its variation36

with local time (Fisher et al., 2011).37

Modeling of Saturn’s ionosphere and fitting of the observed electron density profiles has38

proven challenging. The pre-Voyager photochemical models overestimated the maximum39

electron density and predicted the location of the peak to be much lower in the atmosphere40

than later observed. McElroy (1973) noted that a charge exchange reaction of the dominant41

H+ ions with vibrationally excited H2 molecules decreases the H+ lifetime. Subsequent42

models use this mechanism to reduce the predicted electron density peak assuming a range of43

values for the vibrational temperature of the H2 molecules. The H2 vibrational temperature44

remains unconstrained. Oxygen containing compounds (H2O and OH) of ring or meteoritic45

origin are also shown to have an impact on the ionospheric structure (Moses et al., 2000b;46
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Moses and Bass, 2000; Moore et al., 2006). Vertical plasma drifts as a result of neutral47

winds or electric fields have been used to move the electron density peak to higher altitudes48

(McConnell et al., 1982; Majeed and McConnell, 1991). More recent models employ improved49

chemical reaction constants, include realistic modeling of influx of external material (H2O,50

metallic ions and dust particles) (Moses and Bass, 2000; Moore and Mendillo, 2007) as well51

as take into account the effect of secondary photoelectrons on the ion production rate (Moore52

et al., 2010). With the increased number of observations these models face new challenges53

as they strive to explain the strong variability seen with latitude and local time.54

This paper focuses on the effects of atmospheric gravity waves on the ionospheric structure55

of Saturn’s lower ionosphere. A large fraction of the available electron density profiles show56

a system of narrow layers of high electron concentrations. They are present at all latitudes,57

both at dawn and dusk conditions, and are usually confined to the region below the main58

electron density peak. In a related paper Matcheva and Barrow (2012) analyze all 31 electron59

density profiles published to date by the Cassini Radio Science team (Nagy et al. 2006; Kiliore60

et al. 2009) for presence of small-scale vertical variability. A wavelet analysis was used to61

identify discrete modes of periodicity in the vertical structure of Saturn’s ionosphere. The62

wavelet analysis alone does not make any assumptions about the nature of the observed63

periodicity and the origin of the layers is open for debates. Matcheva and Barrow (2012)64

do make a point that the properties of the spectral modes derived from the wavelet analysis65

are consistent with atmospheric gravity waves being present in Saturn’s upper atmosphere.66

Similar systems of multiple layers have been observed in Jupiter’s ionosphere (Kliore et67

al., 1980; Warwick, et al., 1981; Warwick, 1982; Lindal et al., 1985; Hinson et al. 1997).68

Barrow and Matcheva (2011) successfully fit the observed layered structure of the Galileo69

J0-ingress electron density with a gravity wave model and demonstarte that atmospheric70

gravity waves can easily drive large fluctuations in the ion/electron distribution.71

Alternative explanations presented in the literature for the origin of the multiple electron72

density layers in the lower ionosphere of giant planets include layers of different hydrocarbons73

(Kim and Fox, 1994), layers of metallic ions of meteoritic origin (Moses and Bass, 2010; Kim74

et al., 2001), and plasma instabilities, but it is yet to be demonstrated how well they can fit75

Cassini’s observations.76

4



This paper has two goals: (1) to demonstrate that atmospheric gravity waves provide77

a plausible explanation for the origin of the layers in Saturn’s ionosphere and (2) to derive78

the spectral characteristics of the detected wave modes (vertical and horizontal wavelengths,79

wave period and amplitude). Ultimately we are interested in studying the impact that80

atmospheric gravity waves have on Saturn’s upper atmosphere and to do so we need to81

quantify the properties of the waves.82

The paper uses two different approaches in modeling the effect of atmospheric gravity83

waves on the vertical distribution of ions and electrons. In Section 5 we use a fully non-linear84

model to simulate the large-amplitude response of Saturn’s ionosphere to traveling gravity85

waves and to fit the observed sharp peaks with individual wave modes. In Section 6 we86

then use an analytical approach to study small-amplitude variations in the Cassini electron87

density profiles. The non-linear simulations provide a realistic treatment of the chemical and88

dynamical processes involved, whereas the analytical method allows us to study in detail the89

properties of the underlying gravity waves.90

2 Neutral Atmosphere91

The ionospheric model as well as the wave propagation model used in this work require92

knowledge of the vertical structure of the neutral atmosphere. The neutral atmosphere is93

modeled as a superposition of a steady state which is a function of altitude only and a small94

amplitude perturbation representing a linear gravity wave. Figure 1 presents a summary of95

the thermal structure and the chemical composition of the neutral atmosphere in the absence96

of atmospheric waves (steady state). Throughout the paper we use the 1 bar pressure level97

as a reference altitude.98

Figure 199

The structure of Saturn’s thermosphere has been probed both by Voyager and Cassini100

observations using stellar and solar UV occultations (Festou and Atreya 1982, Smith et101

al. 1983). Near IR observations of H+
3 emission from the aurora regions provide information102

about the temperature of the atmosphere at high latitudes at the altitude of H+
3 peak103
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abundance. The available observations show a significant difference in the derived values104

for the thermospheric temperature as well as for the location of the homopause (Nagy et105

al., 2009). The temperature at 2500 km varies by more than 100 K and the location of the106

homopause is quoted to be between 500 and 900 km above the 1 bar pressure level. This107

hints either to a real strong variability in Saturn’s upper atmosphere or to a systematic error108

in the observations and/or data analysis. In any case this leaves us with a difficult choice for109

the thermal structure in the current model for Saturn’s upper atmosphere. The temperature110

profile that we use closely resembles the profile suggested by Moses et al. (2000) which is111

based on compilations from ground based and space observations (Festou and Atreya 1982;112

Smith et al., 1983; Hubbard et al., 1997) as those are the only profiles which are currently113

published in peer reviewed journals. At the bottom of the modeled region the atmosphere114

is almost isothermal with T = 137 K followed by a fast temperature increase between 800115

km and 1300 km and topped by an isothermal layer at T = 417 K. Subsequently we keep in116

mind that the temperature in the thermosphere is likely to vary from latitude to latitude as117

well as with time.118

The temperature profile is incorporated in a one dimensional diffusive model to calculate119

the vertical distribution of atmospheric species. The location of the hydrocarbon homopause120

is determined by the eddy diffusion coefficient and is at about 900 km above the 1 bar pressure121

level. The neutral densities are calculated by fixing the mixing ratios for He and CH4 at the122

bottom boundary of the model (z0=500 km) and are taken from Conrath and Gautier (2000).123

The resulting density profiles for the neutrals are in good agreement with the composition124

model from Moses and Bass (2000).125

3 Atmospheric Gravity Waves126

Atmospheric gravity waves are modeled as two dimensional (one vertical and one hori-127

zontal) linear small-amplitude perturbations superimposed on the background steady state128

of the neutral atmosphere.129

Atmospheric gravity waves are easily excited in a planetary atmosphere and can prop-130

agate over a large distance provided that the atmosphere is stably stratified and that the131
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wave does not get absorbed, reflected, or dissipated along the way. In a non-dssipative atmo-132

sphere the wave amplitude grows exponentially with height with a growth rate proportional133

to ρ−1/2, where ρ is the atmospheric density. As a result a wave generated at the 1 bar134

level will have an amplitude that grows about 100 times in magnitude by the time it reaches135

Saturn’s ionosphere (roughly at 1000 km or 10−4 bar). Clearly even a small-amlitude, tro-136

pospheric wave would result in a thermospheric wave with a dramatic amplitude which can137

easily drive observable signatures in the temperature and the wind structure of the neutral138

atmosphere. These fluctuations would inevitably impact the dynamics and the chemistry of139

the ionospheric plasma.140

The atmospheric gravity wave model used in this work is presented in Matcheva and141

Barrow (2012) as well as in previous publications (Matcheva and Strobel, 1999; Matcheva142

et al., 2000; Barrow and Matcheva, 2011; Barrow et al., 2012). This is a linear, hydrostatic,143

quasi-Bussinesque model that allows for slow variations in the background temperature. It144

includes the dissipative effect of eddy and molecular viscosity and heat conduction on the145

wave motion. The dissipative effect of the ion drag on the neutral wave motion is not included146

though it might have a significant effect and would result in dissipation of the waves at lower147

altitudes. Molecular dissipation processes become increasingly important with height and148

effectively prevent the waves from reaching very high altitudes as they limit the wave growth.149

In the numerical implementation of the model we use a single linear wave which is im-150

posed at the bottom of the simulated region (z0=500 km) by defining the wave vertical and151

horizontal wavenumbers (kz and kh, respectively), vertical velocity amplitude ∆W (z0) and152

phase. We subsequently solve for the temperature, the horizontal, and the vertical veloci-153

ties throughout the rest of the region using the corresponding polarization and dispersion154

equations (Matcheva and Strobel 1999). The wave field is calculated with a 1 km vertical res-155

olution with a time step of 50 s. The horizontal phase is calculated at 20 points along a single156

wavelength. The output of the gravity wave model (vertical and horizontal winds) is used157

to force the ion motion in both the non-linear simulations and the analytical calculations.158
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4 Ionosphere159

The ionospheric model for Saturn is an adaptation of the Jupiter ionospheric model from160

Barrow and Matcheva (2011). This model accounts for the chemistry and dynamics of six161

major ion species, H+, H+
2 , H

+
3 , He+, HeH+, and CH+

4 and does a good job at representing162

the ionospheric chemistry on Saturn above the homopause (about 900 km) where H+ and163

H+
3 are the dominant ion species. Below the homopause hydrocarbon chemistry dominates164

and this model does not represent the chemistry at these altitudes well.165

Similar to the wave model, the ionospheric model ranges from 500 km to 3000 km in alti-166

tude with a vertical step size of 1 km. The horizontal grid is dependent on the wavelength of a167

propagating wave; it has 20 grid points along the horizontal direction with periodic boundary168

conditions. The model computes the photoproduction of ions due to solar EUV radiation as169

well as incorporates secondary electron ionization via the parameterization scheme of Moore170

et al. (2009). The ionosphere assumes no steady-state winds. The only winds in the system171

are imposed by the propagating gravity waves. The steady state ionosphere is horizontally172

homogenous representing the vertical ion distribution in absence of waves at a given latitude173

and time of the day. The resulting ionospheric structure is shown in Fig. 2. Above 1100 km174

the H+ ions are dominant whereas below 1100 km the H+
3 ions dominate the ionosphere.175

The calculated background ionosphere is in good agreement with the ionospheric model of176

Moses and Bass (2000).177

Figure 2178

The lifetime of the main ion constituents is an important factor in determining to what179

extent gravity waves can affect the ionospheric structure. If the lifetime of the major ions180

is very short then ions and electrons recombine before they can be significantly displaced181

from equilibrium. In this instance the perturbations from a gravity wave will be small since182

it cannot transport ions a great distance. Conversely, if the lifetime of the major ions is183

very long then they are subject to motion along with any large-scale dynamics (Barrow and184

Matcheva 2011).185

Another factor that affects the extent to which a gravity wave can perturb the ionosphere186

is the ratio of the ion gyro-frequency to that of the ion-neutral collision frequency. Where the187
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ion gyro-frequency is greater than the ion-neutral collision frequency the ions are constrained188

to move along the magnetic field lines. In this case the gravity wave will induce regions of189

ion compression and rarefaction. In locations where the ion gyro-frequency is much less than190

the ion-neutral collision frequency the ions can move perpendicular to the magnetic field191

lines and will not be as efficient in layering the ionosphere. Figure 3 shows the ion gyro-192

frequency of H+, the H+ ion-neutral collision frequency, as well as the plasma diffusion time-193

scale. The ion gyro-frequency in the ionosphere becomes greater than the collision frequency194

at altitudes above 1100 km. The gravity wave-induced perturbations in the electron density195

can be significant above this altitude and will be mitigated below this altitude by the neturals196

dragging ions across magnetic field lines.197

Figure 3198

Cassini observed Saturn’s ionosphere at different latitudes over a couple of seasons and199

at different times of the day (dawn/dusk). As a result the ionosphere has been exposed to200

a varying magnetospheric flux of incoming charged/neutral particles (not included in the201

model) and has been impacted by seasonal changes and different illumination conditions.202

Therefore the ionosphere for each observation requires a unique set of model parameters.203

Past attempts to explain the observed latitudinal and time variations have included mech-204

anisms such as: H+ quenching via vibrationally excited H2 (McElroy 1973; Majeed and205

McConnell 1996), vertical plasma drifts driven by neutral winds and/or electric fields (Mc-206

Connell et al., 1982; Majeed and McConnell, 1991), H2O chemistry via influx from Saturn’s207

rings (Moses and Bass 2000), inclusion of secondary photo electrons and ring-shadowing ef-208

fects (Moore et al., 2004, Moore et al. 2010), and electron/ion precipitation. Unfortunately209

each of these models depend on unconstrained parameters and so it is unclear to what extent210

each mechanism affects the ionosphere. For the purposes of this paper, we make no attempt211

to explain the structure of the background ionosphere and its latitudinal and diurnal vari-212

ability. Rather, we are interested in showing what effect a wave has on a representative213

background ionosphere. To achieve this goal we vary the vibrational temperature of H2, in214

effect changing the lifetime of H+ and thus the electron density, in order to produce a repre-215

sentative background ionosphere which matches the overall structure of the observed electron216
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density at a given location. It is this ionosphere in which we propagate a gravity wave. The217

large number of free parameters certainly allows for an exact match to the background iono-218

sphere with the observations though this does not lead to any particular illumination about219

what exactly controls the structure of the ionosphere. In this respect we make no attempt to220

exactly fit the observation but rather try to capture the main characteristics of the observed221

dramatic system of layers in the lower ionosphere.222

5 Ionospheric Response to Large Amplitude Perturba-223

tions224

Most of the observed electron density profiles of Saturn’s lower ionosphere have a very225

complex structure. Matcheva and Barrow (2012) performed a wavelet analysis on 31 Cassini226

electron density profiles to study the spectral characteristics of the present scales of vertical227

variability. The results revealed a broad range of discrete scales (200-450 km) at most228

latitudes with the 300 km scale being most commonly present. A gravity wave model was229

used to demonstrate that the characteristics of the detected variability (the location of230

the peaks and their relative magnitude) is consistent with the properties of gravity waves231

expected to be present in Saturn’s upper atmosphere. In this section we use the wave232

properties resulting from the wavelet analysis to constrain the vertical wavelength of the233

present waves and model their effect on Saturn’s ionosphere using our two-dimensional, time-234

dependent, non-linear model of the interaction of gravity waves with ionospheric plasma.235

Table I236

The simulations are run for two of Cassini’s profiles: S08 entry, a dusk observation at237

3◦S, and S68 entry, a dusk observation at 28◦S (see Table I). The profiles are selected for two238

reasons: (1) the vertical scale of variability detected by the wavelet analysis (Figs. 2 and 3 in239

Matcheva and Barrow 2012) is consistent with a gravity wave mode and (2) the variability240

is dominated by a single vertical scale. Our ionospheric model (Barrow and Matcheva 2011)241

allows only for a single propagating wave and could not accurately reproduce the ionosphere242

with multiple waves present. It is certainly possible for more than one wave to be present in243
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the ionosphere at the same time. A good example for a multiple wave system detected in a244

single observation is the S56 exit observation which we model in Sec. 6.245

Figures 4 and 5 compare the observed electron density profile (blue dotted line) to the246

modeled electron density profile in the presence of atmospheric gravity waves (thick red line).247

The waves propagated in the model have the same vertical wavelength as the scales derived248

from the wavelet analysis. The parameters of each of the simulated waves are shown in Table249

II and the amplitudes are presented in Fig. 6. The results are shown after five wave periods250

have elapsed to ensure that any initialization effects had dissipated and that the ionosphere251

has reached a quasi-equilibrium state. The initial background electron density profile used252

in the model is also shown (thin black line). Note that the initial electron density profile253

can be significantly different from the mean profile after the wave has established for a few254

periods. This is an expected effect due to a wave driven ion flux along the magnetic field255

line (Matcheva et al. 2001).256

Figure 4257

Figure 5258

Figure 6259

Table II260

For both sets the observed electron density and the gravity wave perturbed electron261

density profile bear striking similarities. The spacing between peaks, the locations of the262

peaks, and the relative amplitude of perturbations are very similar in both cases. The S08263

entry data contains three peaks: one at 1700 km, one at 1300 km, and one just below 1000264

km. The model recreates the location, spacing, and size of the two higher peaks. It also265

demonstrates a remarkable similarity in the overall shape for this profile. The third peak in266

the model fails to match the size, location, spacing, and shape of the lowest peak.267

The S68 entry data contains four peaks: a small peak just below 2000 km, one at 1600 km,268

one around 1100 km, and another near 850 km. The model recreates the two upper peaks in269

location, spacing, and relative size. The model produces a peak at the same location as the270
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third peak at 1100 km though this peak’s shape and amplitude fail to match the observation.271

The fourth peak near 850 km is not seen in the simulation. The wavelet analysis of the S68272

entry profile shows a significant power at a second, shorter scale (210 km) in the region below273

1100 km, which gives rise to the bottom peak at an altitude of 850 km. This explains the274

lack of a peak in our simulated results at this altitude.275

In summary, for both simulations the upper peaks are reproduced well while the modeled276

lower peaks are not. This is an expected shortcoming of the model. As described in the pre-277

vious section the model does not contain a robust hydrocarbon model and so the chemistry278

at these lower heights is not well represented. Further, the ion-neutral collision frequency279

becomes comparable to the ion-gyro frequency at around 1100 km so the perturbing mech-280

anism itself is not as effective. Both the hydrocarbon chemistry and relative frequencies281

reduce the accuracy of the model at the bottom of the ionosphere.282

Overall, our model of Saturn’s ionosphere in the presence of atmospheric gravity waves283

recreates the general structure of the observed electron density profiles. These results support284

the hypothesis that the observed layers in Saturn’s lower ionosphere during the S08 entry285

and S68 entry observations are each driven by a single atmospheric gravity wave present at286

the time and location of the occultation.287

6 Small Amplitude Simulations288

The wavelet analysis of the Cassini electron density profiles shows that the present vari-289

ability is of diverse scale and magnitude. In addition to the well defined sharp layers that290

sometimes dominate the entire vertical profile (for example S08 entry and S68 entry) the291

variability in the electron density often has a rather small-amplitude. These small-amplitude292

fluctuations can be traced as coherent structures for several scale heights. Because of their293

small amplitude these fluctuations can be modeled as linear perturbations superimposed on294

the background ionospheric state. Small-amplitude ionospheric fluctuations induced by trav-295

eling atmospheric gravity waves can be modeled analytically (Barrow and Matcheva 2011).296

The analytical approach provides a better understanding of the forcing waves and the iono-297

spheric response avoiding large non-linear effects like wave-induced vertical ion fluxes.298
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The electron density profile obtained during the high latitude S56 exit occultation (71.9◦S)299

is a very good example of a profile which has a detectable small-scale periodicity of modest300

amplitude. The detected scales are at s1 = 165 km, s2 = 250 km, and s3 = 500 km each301

peaking at 1200 km, 1000 km, and between 700-1800 km above the 1 bar pressure level302

respectively (Matcheva and Barrow 2012). Figure 7 shows the S56 exit electron density303

profile (left panel) together with the identified scales of variability (right panel). The verti-304

cal structure of the individual scales is obtained by using a wavelet analysis (central panel)305

to decompose the original Ne profile and to subsequently reconstruct the selected scales306

by using the inverse wavelet transform. A detailed discussion of the wavelet analysis and307

its application to the S56 exit electron density profile is presented in Matcheva an Barrow308

(2012).309

Figure 7310

We use our analytical model for wave-driven small-amplitude ion oscillations to fit the311

observations and to extract information about the properties of the forcing waves. In the312

case of a single dominant long-lived ion the resulting electron density perturbation N ′e is313

described by the following formula (Matcheva et al., 2001; Barrow and Matcheva 2011)314

N ′e(x, y, z, t) =
Ne0(~U

′
n · l̂b)

ω0

[
~kr · l̂b − i

(
1

Neo

∂Ne0

∂z
+

1

2H∗
− kzi

)
(l̂b · l̂z)

]
. (1)

In the equation above Ne0 is the background steady state electron density which is a315

function of height only, H∗ is the density scale height, and ~lb is a unitw vector in the direction316

of the local magnetic field. The unit vector ~lz points up. The forcing wave is given by the317

wave velocity field ~U ′n, where the subscript n stands for "neutrals", by the frequency of the318

wave ω0, and by the wave number vector ~k. The vertical component of the wave number is319

complex and has a real kzr and an imaginary part kzi.320

Equation (1) assumes that the ionosphere is dominated by a single long-lived ion which321

basically means that the ion chemistry is ignored and the electron density is equal to the322

density of the dominant ion. This assumption is well justified for short period waves above323

1100 km where the H+ ions are thought to dominate. The bottom of the ionosphere is324

complicated by the presence of H+
3 and CH+

4 ions and therefore the use of Eq. (1) is not325
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expected to produce reliable results below 1100 km. This region is also complicated by the326

negative values for the electron density derived from the occultation data (Kliore et al. 2009).327

The wavelet analysis and the reconstruction of the small-scale variations is not affected by328

this nor by the exact choice of background Ne0 as long as the averaging is done over scales329

longer than 700 km. Figure 7 (left panel) shows two choices of background electron density330

obtained by filtering out scales shorter than 700 km (blue line) and shorter than 2000 km331

(red line) using the inverse wavelet transform. The 700 km line retains the general shape332

of the observed profile better, though it does not avoid the negative values for the electron333

density at the bottom of the ionosphere. For our analytical model we use the profile that334

smoothes out all variations with scales shorter than 2000 km. This ensures positive electron335

density throughout the modeled region.336

We then proceed with a selection of atmospheric gravity wave parameters to fit the337

identified scales of variability in the data. The vertical wavelength of the waves is already338

determined by the wavelet analysis. The period and the amplitude of the waves, however,339

are not directly constrained by the data. They rely on modeling of the wave propagation340

and dissipation. Figures 8, 9, and 10 show the results from our best fits (left panel) and the341

amplitude profiles of the forcing wave (right panel). The parameters of the gravity waves are342

summarized in Table II. Note that the altitude at which the temperature amplitude of the343

wave is maximum z∗ does not coincide with the location of maximum ionospheric response344

zmax (where N ′e is largest) and hence the discrepancy between the vertical wavelength λz(z∗)345

and the identified wavelet scale s. The vertical wavelength varies significantly around 1000346

km because of the large temperature gradient at the homopause.347

Figure 8348

Figure 9349

Figure 10350

In addition to the vertical and horizontal wavelength the response of the ionosphere351

depends also on the horizontal orientation of the wave with respect to the magnetic field as352

indicated by the ~kr · l̂b term in Eq. (1). In other words the same wave can have very different353
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effect on the ionosphere as it propagates in a North/South or in a East/West direction.354

This dependence can result in an ambiguity in the derived wave parameters but also can be355

exploited to deduce information about the horizontal direction of the wave propagation. To356

illustrate our fitting procedure we will discuss the modeling of the shortest scale s1=165 km.357

Figure 11358

Figure 11 shows the amplitude of the ionospheric response to a 93 km wave with a359

maximum temperature amplitude 23 K. Each panel shows the footprint of the electron360

density perturbation (green shaded area) and the reconstruction of the 165 km scale (red361

solid line). The figure is organized like a table with each row corresponding to a given wave362

period and each column showing results for a given horizontal orientation of the wave number363

vector with respect to the magnetic field. The period is given in the lower left corner and the364

angle is specified in the top right corner of the first column and row respectively. Note that365

23 K is just under the critical amplitude for this vertical wavelength and the results therefore366

show the largest response for a given period and geometric orientation. One can scale the367

amplitude of the response down but cannot increase the predicted ionospheric perturbation368

without exceeding the wave critical amplitude. From the figure it is clear that the ionospheric369

response to short period waves (30 < τ < 60 min) peaks higher than the observed wavelet370

maximum for s1. We also note that the response to these waves does not depend much on371

the angle α. In contrast, waves with periods longer than 180 min cause the maximum effect372

too low in the ionosphere. We get best fit with a wave that has a period of 120 min. The fit373

to the shape of the reconstructed scale is improved as we vary the angle at which the wave374

propagates. The low right corner of the table is eliminated from the potential options as the375

amplitude of the response is too small. From the shown combinations of wave periods τ and376

angles α the best fit to the observation is τ = 120 min and α = 90◦. The fit improves a little377

bit for α = 108◦ (not shown in this figure). The final fit to the s1 scale is shown in Fig. 8.378

For all three scales (s, s2, s3) we are able to get a reasonable fit to the observed fluctuation379

in amplitude, location of the maximum response, and phase behavior. The quality of the380

fit deteriorates below 1100 km (as expected). The model also does not fit the phase of381

the fluctuations at the top of the ionosphere as our wave model starts violating its original382
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assumptions when the waves are strongly dissipated. The wave corresponding to the s1383

scale has the largest amplitude and it is very close to breaking. For the long period waves384

s2 and s3 the required amplitude is more modest. Both s1 and s2 propagate practically in a385

zonal (East-West) direction. We were not able to discriminate strongly between the different386

directions of propagation for wave s3.387

Figure 12388

The final comparison between the superposition of all three waves and the S56 exit389

observation is shown in Fig. 12. In this figure the individual simulated waves are added to390

the background electron density which retains scales longer than 700 km. Clearly the model391

captures the main features of the small-scale structure in the observed electron density profile.392

7 Conclusions393

In this paper we present the results from modeling the ionospheric response of Saturn394

to atmospheric gravity waves propagating at high altitudes. The purpose of the project is395

twofold: 1) to demonstrate that gravity waves can create layers in the electron distribution396

similar to the layers in the Cassini observations and 2) to derive the properties of the waves397

present at these heights. We focused our work on three of Cassini’s electron density profiles:398

S08 entry, S68 entry, and S56 exit which represent low latitude, midlatitude and high latitude399

dusk conditions.400

We use our two-dimentional, non-linear, time-dependent model of the interaction of at-401

mospheric gravity waves with ionospheric ions to model the observed periodic structures in402

the S08 and S68 observations and our simplified small-amplitude analytical model to study403

the S56 observation. The results shown in Figs. 4, 5, and 12 clearly demonstrate that the404

gravity wave driven variations provide a good fit to the observations. The vertical parameters405

of the forcing waves are constrained by the data and identified by the use of wavelet analysis406

(Matcheva and Barrow, 2012). The remaining characteristics of the waves (see Table II) are407

derived from our gravity wave propagation/dissipation model and ionospheric interactions.408

The identified wave modes have relatively modest amplitudes with the 93 km (s1=165409

km) scale wave in the S56 exit occultation being close to breaking conditions. The rest of410
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the identified waves have rather long vertical wavelengths and are not expected to break.411

All four of the modeled large scale waves have rather long periods ranging from 8 to 9 hours.412

Our model did not account for a time dependent solar zenith angle which is needed if more413

realistic simulations are desired in the case of vary long period waves. It is interesting to point414

that the S08, the S68 and the s2 wave in S56 profiles have very similar characteristics (vertical415

wavelength, horizontal wavelength, period and amplitude) although they are propagating at416

very different latitudes and result in different effects on the ionosphere.417

In conclusion we find that gravity waves provide a reasonable explanation for the observed418

layered structure of Saturn’s lower ionosphere as observed by the Cassini spacecraft.419
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List of Tables:518

519

Table I: Observation parameters for the Cassini radio occultations used in this paper (Nagy520

et al., 2006; Kliore et al., 2009). The magnetic field inclination is based on the Gombosi et521

al. (2009) model of Saturn’s magnetic field.522

Table II: Parameters of the gravity waves used in the large and small amplitude simulations523

in Sections 5 and 6. The vertical wavelength λz and the wave temperature amplitude Tmax524

are quoted at the altitude of wave maximum amplitude z∗. The scale s is given at the525

altitude of maximum wavelet coefficient zmax. α is the angle between the direction of the526

wave number vector and the magnetic field in the horizontal plane.527
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TABLE I

Observation Latitude Dawn/Dusk SZA ~B inclination

S08 entry 3.1◦S dusk 85.2◦ 12◦

S68 entry 27.7◦S dusk 83.8◦ 43◦

S56 exit 71.7◦S dusk 89.6◦ 77◦

Table I: Observation parameters for the Cassini radio occultations used in this paper (Nagy

et al., 2006; Kliore et al., 2009). The magnetic field inclination is based on the Gombosi et

al. (2009) model of Saturn’s magnetic field.

528
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TABLE II

Occultation s zmax z∗ [km] λz(z∗) [km] λh [km] τ [min] Tmax(z∗) [K] α [deg.]

S08 entry 380 1250 1102 244 7000 470 8 0

S68 entry 430 1350 1102 244 7000 470 4 0

S56 exit 165 1200 1050 93 791 120 23 108

250 1000 1090 225 7792 550 12.5 120

500 1500 1526 652 11987 573 2.2 0

Table II: Parameters of the gravity waves used in the large and small amplitude simulations

in Sections 5 and 6. The vertical wavelength λz and the wave temperature amplitude Tmax

are quoted at the altitude of wave maximum amplitude z∗. The scale s is given at the

altitude of maximum wavelet coefficient zmax. α is the angle between the direction of the

wave number vector and the magnetic field in the horizontal plane.

529
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List of Figures and figure captions:530

531

Figure 1: Steady state neutral atmosphere: composition (bottom axis) and temperature532

(top axis) profiles.533

534

Figure 2: Steady state ionospheric model: vertical ion distribution for average midlati-535

tude conditions.536

537

Figure 3: Relevant dynamical time (frequency) constants: H+ gyro frequency (black538

solid line); H+ collisional frequency (black dashed line); 1/td, where td is the H+ diffusion539

time constant (black dotted line); buoyancy frequency of the atmosphere (gray dotted line);540

1/tS, where tS is the length of one Saturn day (gray solid line).541

542

Figure 4: Large amplitude simulation for the S08 entry occultation. Dotted line - ob-543

served electron density; thin black line - initial steady state electron density (no waves);544

thick solid red line - wave-perturbed electron density after five wave periods.545

546

Figure 5: Same as Fig. 4 but for S68 entry.547

548

Figure 6: Vertical amplitude profiles of the temperature T, the horizontal velocity V,549

and the vertical velocity W of the forcing waves in the case of S08 entry occultation (left550

panel) and the S68 entry occultation (right panel).551

552

Figure 7: S56 exit radio occultation. Left panel: observed electron density profile (black553

line); wavelet reconstruction for scales longer than 700 km (blue line); wavelet reconstruction554

for scales longer than 2000 km (red line). Central panel: Wavelet decomposition map for555

the S56 exit observation. The amplitude of the vertical variations in the observed Ne profile556

is shown as a function of scale and altitude. Contours (solid black lines) are drawn at 5%557

increments. Right panel: Reconstruction of the detected scales s1 = 165 km, s2 = 250 km,558

s3 = 500 km. The reconstructed scales are shifted on the horizontal axis for clarity.559
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560

Figure 8: Best fit for scale 1. Left panel: Wavelet reconstruction for scale 1 (s1 = 165561

km) (black line) and the best fit to the data (green line) based on our analytical small-562

amplitude model of a gravity wave interaction with the ionosphere. Right panel: Vertical563

amplitude profiles of the temperature T, horizontal velocity V, and vertical velocity W of564

the forcing wave. The critical temperature Tcr is shown as a blue line. Note that this wave565

is close to breaking conditions.566

567

Figure 9: Same as in Fig. 8 but for scale 2 (s2 = 250 km)568

569

Figure 10: Same as in Fig. 8 but for scale 3 (s3 = 500 km).570

571

Figure 11: Response table for scale 1. The modeling is done for a wave with λz(zmax) =572

165 km (λz(z∗) = 93 km). The period of the wave is shown in the bottom left corner and573

the angle of propagation α is given in the top right corner of the most left and top panels.574

Panels in the same row show a wave with the same period and panels in a given column575

have the same angle α. Each panel shows the amplitude of the resulting electron density576

perturbations (the contour of the green shaded area) and the s1 scale (red line), plotted577

once with a positive and once with a negative sign). From the shown cases the closest fit is578

achieved for τ = 120 min and α = 90◦. Our best fit is for τ = 120 min and α = 108◦(not579

shown here).580

581

Figure 12: Comparision between S56 exit observation (black line) and the small-582

amplitude simulation model (red line). The ionospheric results from the three waves are583

added together and superimposed on the background electron density profile shown in Fig. 7.584

585
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Figure 1: Steady state neutral atmosphere: composition (bottom axis) and temperature (top

axis) profiles.
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Figure 2: Steady state ionospheric model: vertical ion distribution for average midlatitude

conditions.
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Figure 3: Relevant dynamical time (frequency) constants: H+ gyro frequency (black solid

line); H+ collisional frequency (black dashed line); 1/td, where td is the H+ diffusion time

constant (black dotted line); buoyancy frequency of the atmosphere (gray dotted line); 1/tS,

where tS is the length of one Saturn day (gray solid line).
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Figure 4: Large amplitude simulation for the S08 entry occultation. Dotted line - observed

electron density; thin black line - initial steady state electron density (no waves); thick solid

red line - wave-perturbed electron density after five wave periods.
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Figure 5: Same as Fig. 4 but for S68 entry.
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Figure 6: Vertical amplitude profiles of the temperature T, the horizontal velocity V, and

the vertical velocity W of the forcing waves in the case of S08 entry occultation (left panel)

and the S68 entry occultation (right panel).
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Figure 7: S56 exit radio occultation. Left panel: observed electron density profile (black line);

wavelet reconstruction for scales longer than 700 km (blue line); wavelet reconstruction for

scales longer than 2000 km (red line). Central panel: Wavelet decomposition map for the

S56 exit observation. The amplitude of the vertical variations in the observed Ne profile

is shown as a function of scale and altitude. Contours (solid black lines) are drawn at 5%

increments. Right panel: Reconstruction of the detected scales s1 = 165 km, s2 = 250 km,

s3 = 500 km. The reconstructed scales are shifted on the horizontal axis for clarity.
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Figure 8: Best fit for scale 1. Left panel: Wavelet reconstruction for scale 1 (s1 = 165 km)

(black line) and the best fit to the data (green line) based on our analytical small-amplitude

model of a gravity wave interaction with the ionosphere. Right panel: Vertical amplitude

profiles of the temperature T, horizontal velocity V, and vertical velocity W of the forcing

wave. The critical temperature Tcr is shown as a blue line. Note that this wave is close to

breaking conditions.
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Figure 9: Same as in Fig. 8 but for scale 2 (s2 = 250 km)
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Figure 10: Same as in Fig. 8 but for scale 3 (s3 = 500 km).
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Figure 11: Response table for scale 1. The modeling is done for a wave with λz(zmax) = 165

km (λz(z∗) = 93 km). The period of the wave is shown in the bottom left corner and the

angle of propagation α is given in the top right corner of the most left and top panels.

Panels in the same row show a wave with the same period and panels in a given column

have the same angle α. Each panel shows the amplitude of the resulting electron density

perturbations (the contour of the green shaded area) and the s1 scale (red line), plotted

once with a positive and once with a negative sign). From the shown cases the closest fit is

achieved for τ = 120 min and α = 90◦. Our best fit is for τ = 120 min and α = 108◦(not

shown here).
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Figure 12: Comparision between S56 exit observation (black line) and the small-amplitude

simulation model (red line). The ionospheric results from the three waves are added together

and superimposed on the background electron density profile shown in Fig. 7.
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