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Abstract

We present the first 3-dimensional self-consistent calculations of the response of Saturn’s global thermosphere to different sources
heating, giving local time and latitudinal changes of temperatures, winds and composition at equinox and solstice. Our calculations c
well-known finding that solar EUV heating alone is insufficient to produce Saturn’s observed low latitude thermospheric temperatures
We therefore carry out a sensitivity study to investigate the thermosphere’s response to two additional external sources of energy,
Joule heating and (2) empirical wave heating in the lower thermosphere. Solar EUV heating alone produces horizontal temperature
of below 20 K, which drive horizontal winds of less than 20 m/s and negligible horizontal changes in composition. In contrast, Joule he
produces a strong dynamical response with westward winds comparable to the sound speed on Saturn. Joule heating alone, at a
9.8 TW, raises polar temperatures to around 1200 K, but values equatorward of 30◦ latitude, where observations were made, remain below 20
due to inefficient meridional energy transport in a fast rotating atmosphere. The primarily zonal wind flow driven by strong Coriolis force
that energy from high latitudes is transported equatorward mainly by vertical winds through adiabatic processes, and an additional
mW/m2 thermal energy are needed at low latitudes to obtain the observed temperature values. Strong upwelling increases the H2 abundances a
high latitudes, which in turn affects the H+

3 densities. Downwelling at low latitudes helps increase atomic hydrogen abundances there.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Most of our current knowledge about Saturn’s atmosph
originates from the two Voyager missions in 1980 and 19
The radio occultation experiment provided temperature va
for the troposphere and stratosphere(Lindal et al., 1985; Lindal,
1992), while remote sensing measurements of thermosph
temperatures where provided by the solar and stellar occult
experiments with the ultraviolet spectrometer (UVS)(Festou
and Atreya, 1982; Smith et al., 1983). These measuremen
placed Saturn’s thermosphere above the 100 nbar level (loc
around 800 km above the 1 bar level). Some ambiguity rem
regarding the value of non-auroral exospheric temperatur
Saturn since two very different values were derived from
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Voyager data. From the solar occultation experiment a valu
∼420 K near 30◦ N latitude was derived for altitudes abo
1500 km(Smith et al., 1983), while the stellar occultation ex
periment at 4◦ N latitude suggested a value of∼800 K (Festou
and Atreya, 1982). A comparative discussion of these resu
was presented bySmith and Hunten (1990). For the current
study we adopt the lower temperature measurement of∼420 K.
No information about the mesosphere could be inferred f
the Voyager data, but results from ground based observatio
the stellar occultation of 28 Sgr in 1986 suggested virtually c
stant temperatures there with a value of 141 K between 1 m
and 0.3 µbar(Hubbard et al., 1997). Their measurements als
extended into the lower thermosphere, near 50 nbar.

The principal gases in Saturn’s thermosphere above the
mopause are H2, H, He and, near the homopause, CH4. Values
of their mixing ratios were first inferred from the solar a
stellar occultation observations by Voyager’s UVS instrum

http://www.elsevier.com/locate/icarus
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(Festou and Atreya, 1982; Smith et al., 1983). Hydrocarbons
near the homopause act as coolants by releasing the energ
ducted down from the thermosphere as infrared radiation.
altitude of Saturn’s homopause is still subject to debate, w
some studies suggesting it to lie within the lower thermosph
while others have placed it at the bottom of the thermosphe

The most recent comprehensive 1-dimensional calculat
of chemistry in Saturn’s neutral atmosphere were prese
by Moses et al. (2000a, 2000b)and Ollivier et al. (2000).
These models concentrated on the complex hydrocarbon
tochemistry of Saturn’s stratosphere, but extended into the
mosphere as well, where photochemistry is far less com
than below the homopause. These models did not calculat
thermal structure of Saturn’s atmosphere, but assumed a
temperature profile inferred from Voyager, Infrared Space
servatory (ISO) and other observations. To date, no calcula
of Saturn’s thermal structure have been published.

In order to gain a better understanding of the global dist
ution of temperatures, composition and winds, General Ci
lation Models (GCMs) have for the past decades been ap
very successfully to upper atmospheres of all terrestrial pla
(Roble et al., 1988; Fuller-Rowell et al., 1996; Bougher et
1999, 2000, 2002), Jupiter(Achilleos et al., 1998; Millward
et al., 2002; Bougher et al., 2005), Titan(Müller-Wodarg et al.,
2000, 2003)and Triton(Müller-Wodarg, 2002). They numeri-
cally solve the global time-dependent non-linear coupled e
tions of continuity, momentum and energy, allowing the di
nosis of the morphology of complex atmospheric proces
including global dynamics. General Circulation Models pro
to be invaluable tools for understanding the 3-dimensional ti
dependent behavior of planetary atmospheres.

In this study, we present the first application of a GCM to
thermosphere of Saturn. Our goal is to assess, through sen
ity studies, the range of responses of Saturn’s upper atmos
to different sources of energy. We will present the global te
peratures and dynamics resulting from solar EUV heating a
and those resulting from high latitude Joule heating and gl
wave heating.

Our model forms the basis for a fully coupled Satu
Thermosphere–Ionosphere Model (STIM) which is in advan
stages of development and will ultimately allow us to stu
Saturn’s global ionosphere and its chemical, energetic
dynamical coupling to the thermosphere and magnetosp
The STIM–GCM will be built up of several coupled module
each calculating specific physical regimes of Saturn’s up
atmosphere. First results of the STIM ionosphere module
peared inMoore et al. (2004)andMendillo et al. (2005)and
for Saturn’s inner plasmasphere inMoore and Mendillo (2005).
More comprehensive simulations examining Saturn’s globa
sponse to Joule heating, using the same thermosphere mo
this study, are presented bySmith et al. (2005a).

Section2 discusses energetics of Saturn’s upper atmosph
Section3 will introduce basic properties of our model (wi
more detailed information given inAppendix A). In Section4
we describe our simulations and examine implications and
sequences of the assumptions made. Section5 discusses hor
izontal structures in temperatures and composition as we
on-
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global circulation for different conditions on Saturn. Sectio6
gives concluding comments and discusses any limitations o
approach.

2. Energetics of Jupiter’s and Saturn’s thermospheres

All Gas Giants, including Saturn, have been found to p
sess exospheric temperatures which exceed by factors of∼2.5
(Saturn) to∼4.5 (Jupiter, Neptune) and∼5.8 (Uranus) the val
ues expected on the basis of solar EUV heating only(Yelle and
Miller, 2004). To date, it is unresolved what causes the h
exospheric temperatures on Gas Giants. Possible mecha
include (1) transport of energy from the lower into the upper
mosphere by upward propagating waves which dissipate in
thermosphere and (2) flow of energy from the magnetosp
and solar wind into the thermosphere/ionosphere system vi
roral coupling processes such as particle precipitation and J
heating, and transport of this energy across the planet. W
further external energy sources have been proposed, the a
are the most likely candidates. On Saturn both processes
play a role, but no observational evidence is yet availabl
determine their relative importance. Since more observati
evidence is available for Jupiter, we will briefly review what
known about this planet and then attempt to draw parallels
Saturn.

A discussion of thermospheric heating on Jupiter was
presented byStrobel and Smith (1973). Assuming a 50% ef
ficiency in the absorption of solar EUV radiation by H a
H2, as suggested byWaite et al. (1983), one can calculate th
solar EUV heating rates for Jupiter and thereby the total
lar EUV energy deposited into Jupiter’s upper atmosphere.
calculated height-integrated EUV heating rate for Jupiter’s t
mosphere is around 0.02 mW/m2 (globally averaged), deposi
ing around 1.2 TW of solar EUV energy. When assuming
all energy is lost by vertical conduction downward, it is p
sible to estimate the expected exospheric temperature res
from this EUV heating rate, using a simple equation prese
by Hunten and Dessler (1977). Using this expression and th
above solar EUV heating rates,Yelle and Miller (2004)derived
a value ofTexo ∼ 203 K, which is far smaller than the me
sured non-auroral value of 800–1000 K(Marten et al., 1994
Yelle et al., 1996; Yelle and Miller, 2004). In order to repro-
duce the vertical temperature gradients in Jupiter’s lower t
mosphere of around 3–10 K/km, Yelle et al. (1996)derived a
necessary heating rate of around 1 mW/m2 which, if applied
globally, would translate into an energy input of around 65 T
Recent observations of Jupiter’s auroral brightness in the
(Clarke et al., 2005)suggested heating rates due to particle p
cipitation of a few tens of TW, with Joule heating rates proba
larger by a factor of 2–3, so total magnetospheric heating
Jupiter is on average a few ten times larger than solar E
heating and could hence play a major role in generating
high exospheric temperatures, at least at high latitudes.

The possibility of gravity wave heating on Jupiter was fi
discussed byFrench and Gierasch (1974)and examined for the
Galileo probe Atmospheric Structure Instrument (ASI) data
Young et al. (1997)andMatcheva and Strobel (1999)and re-
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viewed byYelle and Miller (2004). An approximate derived
heating rate for the gravity waves detected by the Galileo p
is 0.4 mW/m2. If this rate applied globally, it would depos
around 26 TW of energy in the atmosphere. This figure
only be seen as a rough guess since no constraints are
rently available to characterize the horizontal distribution
gravity waves and hence heating associated with them. H
ever, gravity waves potentially have heating rates compar
to the magnetospheric ones, but act also at equatorial latitu
where the ASI measurements were made. Gravity waves
avoid the problem of energy transport from polar to equato
latitudes posed by magnetospheric heating. Recently,Schubert
et al. (2003)proposed acoustic waves as a further source of
ergy on Jupiter.

Another potential energy source proposed for Jupiter’s
also Saturn’s upper atmospheres is linked to the discover
non-auroral X-ray emissions. Their origin has been subjec
debate, withWaite et al. (1997)suggesting they could be gene
ated by particle precipitation which heat Jupiter’s thermosph
at a rate of 0.2 mW/m2. More recent observations indica
that the X-ray emissions are of solar origin and scattered
the atmospheres of Jupiter and Saturn(Maurellis et al., 2000
Bhardwaj et al., 2004, 2005). The low albedos (5×10−5) which
Bhardwaj et al. (2004)calculated for Jupiter suggested that
important part of the solar X-rays is absorbed in the scatte
process, so they may provide an additional important sourc
energy. Investigating this in detail is beyond the scope of
paper.

Only few observations are available to constrain the e
getics of Saturn’s upper atmosphere. Assuming the same
ing efficiencies as for Jupiter, we obtain globally averaged s
EUV heating rates of around 0.01 mW/m2 (0.0046 mW/m2)
for solar maximum (minimum) conditions, which deposit a
tal of 0.27 TW (0.15 TW) into Saturn’s upper atmosphe
insufficient to reproduce the observed exospheric temp
tures.

We will therefore examine alternative thermal ene
sources for Saturn and, drawing the parallel with Jupiter,
will in particular consider heating by waves and magne
spheric sources. Magnetospheric energy is available e
through precipitating particles or Pedersen currents. The l
are driven by transfer of momentum between different pla
regions, either through solar–wind–magnetosphere intera
(as on Earth) or by radial transport of plasma originating fr
surfaces of moons inside the magnetosphere, as on Jupit
additional plasma from sputtered ring material, as on Sat
Departure of magnetospheric plasma from corotation gives
to field-perpendicular electric fields, which drive ionosphe
Pedersen currents. These Pedersen currents cause Joule h
in Saturn’s upper atmosphere. Recently,Cowley et al. (2004),
assuming a height-integrated Pedersen conductivity of 1 m
estimated total Joule heating rates for Saturn’s thermosp
of ∼9.6 TW (over both hemispheres), or a rate at high
itudes of up to∼12–15 mW/m2. A further contribution to
magnetospheric energy input comes from precipitating p
cles, although this is probably second order to Joule hea
Observed auroral UV brightnesses, which are driven by
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ticle precipitation, on Saturn are around 1–100 kR, fainter
an average factor of 100 than those of Jupiter (10–1000
(Clarke et al., 2005).

We saw for the case of Jupiter that gravity waves co
potentially deposit≈0.4 mW/m2 of energy in its upper at
mosphere, which on Saturn would translate into≈18 TW. It is
therefore conceivable that Saturn’s thermospheric tempera
are supported by wave heating alone or, more likely, a com
nation of wave heating and magnetospheric heating. The
portant question with magnetospheric heating is whether
energy could be transported equatorward by thermospheri
namics. This is one of the questions we will be examining
this study. Both alternative energy sources would generate
different thermospheric dynamics, the magnetospheric hea
driving strong winds at mid to high latitudes, whereas wa
would drive circulation in the equatorial and low latitude
gions. Since observations cannot currently constrain eithe
the cases, we present both and hence explore the possible
meter space for thermal structure and thermospheric dyna
with our model.

3. The model

Our Saturn thermosphere GCM solves globally the coup
non-linear Navier–Stokes equations of energy, momentum
continuity by explicit time integration. The model reaches fr
100 nbar (800 km above the 1 bar level) to around 1×10−4 nbar
(∼3400 km in a 420 K thermosphere). The model calcula
in a physically self-consistent manner the response of Sat
thermosphere to external energy sources, such as the bu
of temperatures and pressures on the dayside due to solar
heating and resulting horizontal and vertical winds. We c
sider all relevant processes of internal energy redistribut
such as molecular conduction, adiabatic heating and coo
and horizontal and vertical advection. The calculations of wi
consider pressure gradients, viscosity, Coriolis forces, cu
ture and momentum advection. We include the main gases2,
H and He and calculate their transport by winds and molec
and eddy diffusion. The basic set of ion–neutral photochem
reactions is also included, as described byMoore et al. (2004),
but ionospheric calculations will not be discussed as part of
study.

Initial neutral composition profiles are taken fromMoses
and Bass (2000). Fig. 1 shows a vertical profile of globall
averaged gas mixing ratios throughout the model domain, i
trating that H2 is the principal gas throughout most of Satur
thermosphere and replaced by H only above 1× 10−4 nbar.
While the absorption of solar EUV radiation by each of
atmospheric gases is treated rigorously, we currently do
calculate the detailed energetics associated with the photoc
istry and instead assume a heating efficiency of 50% for e
absorbed photon, in agreement with estimates for Jupite
Waite et al. (1983). Horizontal and vertical resolution are e
tirely flexible. In our simulations we used vertical spacing
0.25 scale heights and horizontal resolution of 10◦ longitude
times 2–6◦ latitude (depending on the simulation), the time
tegration step is between 1 and 40 s. The full set of equat
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Fig. 1. Globally averaged mixing ratios of principal gases in Saturn’s t
mosphere. Values are consistent withMoses and Bass (2000).

boundary conditions and parameters of the model is give
Appendix A.

4. Simulations

In our study we have run the model for a number of s
sonal conditions and external energy sources. Our simula
are summarized inTable 1. In each simulation we have ru
the model for 400 Saturn rotations in order to approach ste
state, during which the solar declination angle was kept c
stant. Each run was started up using globally uniform vert
composition profiles taken from calculations byMoses et al.
(2000a)and a globally uniform vertical temperature profile
143 K. This was to ensure that any horizontal and vertical st
tures were due entirely to processes originating from within
GCM.

4.1. Solar EUV heating input

Simulations 1 and 2 (designated S1 and S2) are for
ditions of solar minimum and maximum, respectively. In
runs we implemented fluxes from the SOLAR 2000 mode
its latest version (2.24)(Tobiska et al., 2000; Tobiska, 2004.
For solar minimum we averaged fluxes from September 14
1996, and for solar maximum we averaged fluxes from Jan
1–14, 1990, periods with average F10.7 solar flux being 70
-

n

-
s

y
-
l

-
e

-

7,
ry
d

Fig. 2. Height profiles of globally averaged heating rates used in our s
lations (denoted S1–S7). Solar EUV volume heating rates are given for
maximum (solid) and minimum (dotted) conditions. Also shown are empir
wave heating rates (dashed and dashed–dotted) as well as Joule heatin
(dashed–triple dotted). SeeTable 1and text for details.

180, respectively. All simulations except for S1 assume s
maximum conditions. As shown inTable 1, the resulting tota
solar EUV heating rates for solar minimum and maximum c
ditions respectively are 0.15 and 0.27 TW. The factor of
solar cycle effect is comparable to the factor of 2.3 varia
of total solar energy across the EUV and FUV spectrum (7
103.2 nm) from solar minimum to solar maximum.

Vertical profiles of globally averaged volume heating ra
are shown inFig. 2 (solid and dotted lines). They exhibit
double-peak structure, maximizing near 0.3 and 4 nbar.
upper peak is due primarily to absorption by H2 between 100
and 105 nm, the lower peak is due to absorptions below 35
primarily by H2 and H. These absorptions lead primarily to io
ization, particularly in the He II line (30.38 nm). For a mo
comprehensive discussion of ionization rates, seeMoore et al.
(2004)andMoses and Bass (2000).

4.2. Wave heating input

In simulations S4, S5 and S7 we imposed empirical pro
of additional heating, which in the following we will refer to a
“wave heating.” Since no measurements are currently avai
W)

OLA
ting rate
Table 1
Summary of Saturn GCM simulations carried out for this study

Season EUV heating (TW) Joule heating (TW) Wave heating (T

Simulation 1 (S1) Equinox 0.15 0 0
Simulation 2 (S2) Equinox 0.27 0 0
Simulation 3 (S3) Solstice 0.27 0 0
Simulation 4 (S4) Equinox 0.27 0 14.0a

Simulation 5 (S5) Solstice 0.27 0 14.0a

Simulation 6 (S6) Equinox 0.27 9.82 0
Simulation 7 (S7) Equinox 0.27 9.82 11.0b

“Solstice” refers to southern hemisphere summer conditions. Solar EUV heating rates assume 50% heating efficiencies and solar EUV fluxes from the SR 2000
model (version 2.24) averaged over periods September 14–27, 1996 (solar minimum) and January 1–14, 1990 (solar maximum). Wave and Joule heas are
discussed in Sections4.2and4.3.

a Wave heating applied globally uniform.
b Wave heating with latitudinal structure shown inFig. 3.



Saturn’s global thermosphere 151

ine)

ati
es

, o
r-
n

ing

itu

th
iall
im
wn
as

y i
e

e a
o

en
t o
0 k
ed
up

ate

se

wit
ror

es.
se
p-

ee
Sa

eld
-
ting
ider
orth
ern

ence

an

in
e
im-
een
. The

ccurs
s op-
eres
sonal
wer
ar-
our
bun-
d the
bove
en-
h of
).
l
heric

ating.
ly
ctric
high
lides
pli-
ent

-
high
to
ro-
ions
tion

eat-
-
own
ral
to
t the
ient,

ard
Fig. 3. Latitudinal profile of height integrated Joule heating rates (solid l
consistent with those proposed byCowley et al. (2004), mapped onto our 2◦
resolution grid. Dashed and dashed–dotted lines are empirical wave he
rates (multiplied by 10) which we applied to match observed temperatur
low latitudes.

to determine whether waves on Saturn can produce these
only justification for calling this “wave heating” is the simila
ity of these rates to those inferred for Jupiter (see discussio
Section2). Our approach in determining this additional heat
rate was to ask the question “What additional energy is needed
to obtain the observed exospheric temperatures?” Two free pa-
rameters are present, namely, the latitude structure and alt
structure (in particular the altitude of peak heating).

In simulations S4 and S5 our aim was to generally raise
exospheric temperatures to observed levels without artific
introducing any horizontal structures. To achieve this, we
plemented a latitudinally uniform wave heating profile, sho
in Figs. 2 and 3(dashed lines). The required heating rate w
found to be 0.45 mW/m2, or 14.0 TW globally. This heating
was assumed constant with local time and longitude.

In principle, the higher up in the atmosphere the energ
deposited, the lower the required rate to obtain the same
ospheric temperatures. For upward propagating waves, th
titude at which they deposit any thermal energy depends
their vertical wavelengths, an unknown quantity. In our pres
simulations we assumed the peak wave heating to occur a
lower boundary, 100 nbar, using a Gaussian shape with 10
mean half width, as shown inFig. 2(dashed and dashed–dott
curves). The derived heating rates can thus be regarded as
limits to rates in the real atmosphere.

4.3. Joule heating input

In simulations S6 and S7 we applied Joule heating r
consistent with those proposed byCowley et al. (2004). The lat-
itudinal profiles of column integrated Joule heating rates u
in our simulations are shown inFig. 3 (solid line) versus lat-
itude. For simplicity we assumed these to be constant
longitude and local time. Recent UV images of Saturn’s au
show asymmetries with longitude and local time(Clarke et al.,
2005), but implementing those will be subject of future studi
Due to the fine latitudinal structures of these profiles we u
a latitudinal resolution of 2◦ in simulations S6 and S7 (as o
posed to 6◦ in the others). Peak heating rates are≈15 mW/m2

near 80◦ N and≈12 mW/m2 near 78◦ S, and hence slightly
asymmetric in both hemispheres. The asymmetries betw
north and south are due to the quadrupole terms in the
ng
at
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y
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t
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n
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urn Pioneer Voyager (SPV) model of internal magnetic fi
(Davis and Smith, 1990), which results in north–south differ
ences of the magnetic field strength, affecting the Joule hea
rates. While the northern peak rate is larger, the region is w
in the south, and total heating rates are 4.86 TW in the n
and 4.96 TW in the south, hence larger by 2% in the south
hemisphere. The total Joule heating rate we applied is h
9.82 TW, slightly larger than the value byCowley et al. (2004)
due to the coarser latitude resolution in the model, but by
insignificant amount.

The vertical distribution of Joule heating implemented
S6 and S7 is shown inFig. 2 (dashed–triple dotted line). W
currently do not self-consistently calculate this profile, but
pose it. Joule heating results from heating by collisions betw
plasma in Pedersen currents and the neutral atmosphere
heating rate is thus strongest where the optimal balance o
between ambient neutral densities and current density. Thi
timum situation is expected to occur in Gas Giant atmosph
around 1 scale height above the homopause (J. Clarke, per
communication, 2004). We placed the homopause at the lo
boundary of our model since currently the complex hydroc
bon chemistry is not included, preventing us to extend
calculations below the homopause, where hydrocarbon a
dances are expected to be significant. We hence impose
peak of our volume Joule heating rate to be 1 scale height a
our lower boundary, at 37 nbar. A Gaussian height profile c
tered around this peak is assumed, with a mean half widt
1 scale height, as shown inFig. 2 (dashed–triple dotted line
A parallel study bySmith et al. (2005a), using the same mode
as here, investigates the dependence of Saturn’s thermosp
temperatures on the altitude and imposed rates of Joule he

For simplicity we ignore effects of ion drag, which is like
to accompany Joule heating. The horizontal convection ele
fields formed in the magnetosphere are mapped into the
latitudes and accelerate the plasma there, which in turn col
with the ambient neutral gas and accelerates it. Our sim
fication is reasonable within the goals of this study. Rec
ground-based observations byStallard et al. (2004)detected
line-of-sight H+

3 velocities at roughly 1/3 of Saturn’s corota
tion speed and indicated strong horizontal structures in the
latitude plasma velocities. At low latitudes, ion drag is likely
slow down the neutral velocities to some extent. We will int
duce self-consistent calculations of ion drag in future vers
of the STIM model, once we have more accurate informa
about the convection electric fields.

4.4. Multiple energy sources

In simulation S7 we added wave heating to given Joule h
ing (see Section4.3), and in doing so we additionally intro
duced latitudinal structure in our wave heating profile, as sh
in Fig. 3 (dashed–dotted curve). This adds little to the auro
latitudes, but “fills in” the low latitudes, where we compare
observed temperatures. By having a peak wave heating a
equator we also introduce an equator-to-pole pressure grad
which will affect the dynamics. Our heating rates equatorw
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of ±50◦ latitude range from 0.29 to 0.44 mW/m2, the total
wave energy input in S7 is 11.0 TW (seeTable 1). These rates
are comparable in magnitude to wave heating rates inferre
Jupiter by the Galileo probe observations(Young et al., 1997
Matcheva and Strobel, 1999; Yelle and Miller, 2004).

One aspect related to dissipating or breaking waves is th
position of momentum into the background atmosphere. In
absence of any more detailed information we ignore this is
in our current study. If present, this would affect dynamics
the lower thermosphere. A more careful inclusion of mom
tum deposition associated with waves should be address
future studies, when more information is available about
wave properties.

5. Results

5.1. Thermal structure

Fig. 4shows vertical profiles of temperatures from our s
ulations, averaged diurnally and between±30◦ latitude. This
range was chosen for easier comparison with observations
of which are shown in the figure. Diamonds show the tem
atures derived bySmith et al. (1983)from the Voyager EUV
occultations, while crosses denote the upper range of tem
tures derived byHubbard et al. (1997)from the ground based 2
Sgr occultation measurements. While the two agree reason
well near the 10-nbar level, they are different at lower altitud

We plotted the vertical temperature profiles only for simu
tions that differed notably. Not shown explicitly are S3, wh
is almost identical to S2, and S5, which closely resembles
Common in all simulations is the lower boundary tempera
value of 143 K. As expected, we see clearly that temperat
in simulations S1, S2 and S3 are far smaller than the obse
values, reaching merely 153 K (S1) and 160 K (S2, S3).

How sensitive are these values to our assumptions of he
efficiencies? When raising the EUV heating efficiencies fr
50 to 100% in our model we increased exospheric tempera
at solar minimum by 13 K and at solar maximum by 25 K. I
clear from these experiments that solar energy absorbed b

Fig. 4. Vertical profiles of temperatures averaged diurnally and over latit
30◦ S–30◦ N, as calculated by the Saturn GCM (lines) in various simulati
of this study (see alsoTable 1). Also shown are observations bySmith et al.
(1983)(diamonds) andHubbard et al. (1997)(crosses).
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thermosphere even under the most favorable (and unreal
condition of 100% heating efficiencies is insufficient to ra
temperatures in Saturn’s thermosphere to observed levels.

In simulations S4 and S5 we implemented additional e
pirical wave heating (see Section4.2) in order to obtain the
observer exospheric temperatures, and the dashed–triple d
curve inFig. 4hence closely matches the observed values a
1 nbar. Interestingly, the structure at lower altitudes differs fr
observations. This may be due to two reasons, our choic
height distribution of this empirical wave heating or, secon
the absence of hydrocarbon photochemistry in the lower t
mosphere of our model, which would generate infrared cool
affecting the modeled temperature gradients.

In simulation S6 we ran the model with solar EUV a
Joule heating (see Section4.3). The important question her
was whether the high latitude energy source could be dis
uted globally by winds and raise temperatures at low latitude
observed values. We see that the temperatures we obtain
around 187 K (dashed–dotted curve inFig. 4), falling short of
the observed values. This suggests that the Joule heating
proposed byCowley et al. (2004)are insufficient to explain th
low latitude observations and that other heating sources are
essary. One of the main reasons for the ineffective redistribu
of energy from higher towards lower latitudes is the planet’s
rotation, which causes substantial Coriolis forces to act, driv
primarily zonal winds, as discussed further in Section5.3. In
simulation S7 we therefore added empirical wave heatin
solar EUV and Joule heating in order to raise low latitude te
peratures, so the profile (solid curve inFig. 4) closely matches
observations at altitudes above the 0.1-nbar level.

Investigation of the heating terms in our simulations (
shown) reveals that the external energy sources are bala
overwhelmingly by vertical heat conduction out of the bott
of the thermosphere. In runs S6 and S7, where wind sp
are considerable (see Section5.3), internal energy redistributio
processes become significant as well, such as adiabatic he
and cooling as well as advection. This will be further discus
in Section5.4.

5.2. Solar driven dynamics

Fig. 5 shows latitude–local time profiles of temperatu
and horizontal winds near the top of the thermosphere, at×
10−3 nbar, from simulations S4 (panel (a)) and S5 (panel (
In these runs, the exospheric temperatures were raised by
pirical wave heating which was implemented as a globally u
form source, hence adding no artificial horizontal variabil
The horizontal structures inFig. 5are therefore driven entirel
by changes in solar zenith angle. The purpose of investiga
these is to determine diurnal and seasonal temperature ch
and winds due to solar EUV heating. As shown previously,
lar EUV energy is only a minor fraction of the energy flowi
into the atmosphere in these simulations, so we would ex
solar driven horizontal structures to be small.

Panel (a) inFig. 5 shows the equinox case, where tempe
tures are largest over the equator. Diurnal variations are b
2 K, equator-to-pole changes are twice that (4 K). The polew
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Fig. 5. Latitude–local time profiles of temperatures and horizontal wind
equinox conditions (panel (a)) and southern summer conditions (panel (b)
ing solar maximum in Saturn’s upper thermosphere on the 3.0 × 10−3 nbar
pressure level, as calculated by the GCM in simulations S4 and S5.

temperature (and pressure-) gradients drive poleward w
which however are turned into eastward (corotating) winds
Coriolis forces, peaking at mid-latitudes with values of arou
9 m/s. The temperature maximum occurs not at the subs
point (noon), but at dusk (18 h local solar time). This is due
the large heat capacity of Saturn’s hydrogen/helium atmosp
(cp ≈ 15,000 J/kg/K) and hence long thermal time scale, co
bined with the fast rotation of the planet. Similarly, these t
properties are partly responsible for the low diurnal variabi
of temperatures, and hence small horizontal and vertical wi

At solstice (panel (b)), the hemispheric differences in te
perature reach 16 K and hence dominate the diurnal vari
ity, which is hardly visible in the contours of panel (b) (a
though still present). We show a case of southern hemisp
summer, as currently prevails on Saturn, so southern h
sphere temperatures are larger (432 K) than those in the
(416 K), driving a summer-to-winter pressure gradient, wh
itself drives meridional winds. These, however, are again tur
into zonal winds by the strong Coriolis forces, westward
the southern (summer) hemisphere and eastward in the n
ern (winter) hemisphere, with peak velocities again occur
at mid-latitudes with values of up to 25 m/s, more than twice
those found for equinox. Interestingly, the largest temperat
are found not at the subsolar latitude (26◦ S), but at the sum
t
r-

s,
y

r

re

s.
-
l-

re
i-
th

d

h-

s

mer pole. This is the region continuously exposed to the s
radiation, giving rise to larger temperatures than at the subs
point.

Note that in the presence of strong Coriolis forces, th
mally driven eastward (prograde) flow is generated by polew
temperature gradients and westward (retrograde) flow by e
torward gradients. In our simulations the eastward flow is o
found in the solar driven simulations, whereas in runs S6
S7, where the main heating occurs at polar latitudes, gener
equatorward pressure gradients, the flow is primarily westw
as shown in the following.

5.3. Effects of Joule heating

In simulation S6 we introduced latitudinal profiles of Jou
heating, as described in Section4.3. Since these are local tim
independent and additionally the solar driven local time va
tions are very small, we will only discuss the diurnally averag
parameters, which are a good representation of the overa
mospheric behavior.

Fig. 6 shows latitude–height panels of temperatures,
izontal winds and H2 mixing ratios. The simulation is fo
equinox conditions, so any hemispheric asymmetries are d
by asymmetries in Joule heating (see Section4.3). Panel (a)
shows that temperatures are largest near the poles, a result
high latitude Joule heating and “trapping” of energy at high l
tudes as a result of Coriolis forces. Furthermore, we see the
perature maximum in the polar regions do not lie in the up
thermosphere, as normally expected, but near 10 nbar. At
pressure level, temperatures for 90◦ N, 0◦ and 90◦ S are 1164,
152 and 1197 K, respectively. Near the top of our height ran
at 3× 10−3 nbar the equivalent values are 777, 172 and 815
respectively. The sharp latitudinal temperature gradient dr
meridional equatorward winds (panel (b)) which peak near◦
latitude with values of around 300 m/s. Note that meridiona
winds decrease with decreasing altitude, below 1 nbar they
virtually negligible, despite the Joule heating rate per volu
being largest near the lower boundary. It is unclear how
alistic this behavior is—in our simulations it is linked to o
lower boundary condition of vanishing wind velocities. We f
ther see the southern pole to be up to 38 K warmer than
northern one. This agrees with our overall Joule energy in
being larger in the south (4.96 TW versus 4.86 TW, see S
tion 4.3). Correspondingly, there are slight differences betw
north and south in the dynamics as well. Peak zonal wind
S6 are around 3 km/s.

Fig. 7 shows the same diurnally averaged parameter
Fig. 6, but for simulation S7, where a wave heating pro
(dashed–dotted curve inFig. 3) was applied in addition to th
Joule heating (see Section4.4). We find the overall structure
to be very similar. Near the 10 nbar pressure level, tem
atures for 90◦ N, 0◦ and 90◦ S are 1253, 365 and 1293 K
respectively, while exospheric values are 894, 407 and 93
respectively. When comparing these values to those from
(see above), we see equatorial temperatures in S7 increas
average by 224 K and the pole-to-equator exospheric tem
ature differences reduced from around 624 to 508 K, wh
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ulated
Fig. 6. Diurnally averaged temperatures, horizontal winds and H2 mixing ratios versus latitude and height for equinox and solar maximum conditions, as calc
by the GCM in simulation S6.USouthandUWest are meridional and zonal winds, respectively, defined as positive southward and westward.

Fig. 7. Same asFig. 6, but for simulation S7.
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in turn affects the dynamics. Meridional and zonal peak w
velocities now reach values of around 230 m/s and 2.7 km/s,
respectively.

Fig. 8 shows diurnally averaged meridional accelerati
near the 3× 10−3 nbar pressure level versus latitude from si
ulation S7. Clearly visible are the strong pressure gradien
celerations (solid line) which point equatorward and are
anced primarily by Coriolis accelerations (dotted), due to
fast rotation rate of the planet. Vertical viscosity (dashed)
curvature (dashed–dotted) also play a role, but of secondar
der. The predominance of the pressure–Coriolis balance in
meridional direction explains the meridional and zonal w
component behavior in panels (b) and (c) ofFigs. 6 and 7.
Despite the meridional pressure gradients being orders of m
nitude larger than the zonal ones (which are driven by cha
in solar zenith angle only, given that our Joule heating rates
constant with local time and longitude), the meridional win
are deflected by strong Coriolis forces to flow westward
stead. Zonal winds peak near 60◦ latitude in both hemisphere
reaching values of around 3.0 km/s (S6) or 2.7 km/s (S7),
reduced in S7 due to the smaller meridional temperature
dients. Zonal winds extend lower down into the thermosph
than meridional winds, at high latitudes essentially to the b
tom of our model. Sound speeds in Saturn’s thermospher
v ≈ 2.1 km/s for T = 750 K. The strongest zonal winds in o
simulations hence exceed the sound speed.

As mentioned previously (Section4.3), we ignored the ef-
fects of ion drag, which will primarily affect the zonal veloc
ties, but this simplification will hardly affect many of the bas
conclusions in our study, such as that about meridional en
transport being inefficient. The observations of H+

3 velocities
by Stallard et al. (2004)found line-of-sight westward aurora
ion drifts at 1/3 the corotation speed, which translates to p
velocities of around 2 km/s in the rotating planet system. Th
peak of H+

3 densities, which those measurements sampled, i
cated in the lower thermosphere, so the observations would
gest the presence of substantial westward ion drag in the l
thermosphere. Depending on the exact ion velocities, they
either accelerate or reduce the neutral westward winds ofFigs. 6
and 7at auroral latitudes and partly affect their latitude str
ture. At more equatorial latitudes the ions are expected to
mainly along the magnetic field lines, and hence are likely
decelerate neutral winds there.

Note that the strong thermally driven westward motion
the neutral gases reduces the degree of corotation of the
mosphere with the planet, thereby the collisions between
and neutrals (which depend on their relative velocities)
hence the amount of Joule heating. In their estimates of
Joule heating rates assumed in our study,Cowley et al. (2004)
accounted for this effect by using a scaling parameter,k, the
“slippage” of the neutral atmosphere from rigid corotation. T
Joule heating rates we assumed in this study assumed p
corotation of the neutral atmosphere (k = 0) and thus represen
an upper limit. Joule heating rates would be reduced by a fa
of (1 − k) for an atmosphere not in perfect corotation (wh
0 < k < 1). As a result of thermally driven westward wind
the Joule heating rates are hence potentially reduced, low
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Fig. 8. Diurnally averaged meridional acceleration terms on the 3.0×10−3 nbar
pressure level in simulation S7. Values are defined as positive southward.

Fig. 9. Latitude plot of diurnally averaged vertical winds on 3 different press
levels from simulation S7. The 1.2 nbar level roughly corresponds to the
ionospheric peak altitude of 1500 km. Values are defined as positive upwa

the pressure gradients and hence zonal winds, until a balan
reached.

However,Smith et al. (2005b)recently proposed that th
case ofk < 1 does not necessarily lead to a reduction of
energy input from the magnetosphere by a factor of(1 − k).
Instead, they propose that the reduced Joule heating is
pensated for by increased ion drag, which causes dissipati
kinetic energy via viscous drag and subsequent thermal hea
They propose that a reduction of the neutral atmosphere c
tation, despite reducing the component of Joule heating, ov
does not affect the total energy input from the magnetosp
into the upper atmosphere, but only its distribution into Jo
heating and viscous heating via ion drag. Simulating this s
regulating system of high latitude Joule heating and dynam
will be address in a more self-consistent manner in future s
ies with our model.

5.4. Vertical velocities and energetics

The horizontal winds discussed in the previous section
accompanied by vertical velocities, which are important b
for energetics, causing adiabatic heating and cooling, and
composition. InFig. 9 we show latitudinal profiles of diur
nally averaged vertical velocities on 3 different pressure le
from simulation S7. The 1.2-nbar level roughly correspond
the main ionospheric peak altitude of 1500 km in photoch
ical models(Moore et al., 2004). We see that vertical wind
can reach 5.0 m/s (upward) at polar latitudes with pronounc
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latitudinal structure. Equatorward of around±50◦ they are neg-
ative (downward), reaching peak values of−1.2 m/s.

What drives these vertical velocities? FollowingDickinson
and Geisler (1968)and Rishbeth and Müller-Wodarg (1999,
we may distinguish between two components of vertical w
the barometric velocity,vbar, and divergence wind,vdiv, where
the total wind,vz, is the sum of both:vz = vbar + vdiv. While
barometric wind is linked to the thermal expansion of the
mosphere, the vertical divergence wind is due to conserva
of mass relative to levels of fixed pressure. Diverging (c
verging) horizontal winds will create an upward (downwa
divergence wind. So, the underlying physics driving these
wind components are different. Our calculations distinguish
tween the two vertical wind components, and we found
total vertical wind velocities,vz, in Fig. 9 to be primarily di-
vergence winds, driven by the diverging (at high latitudes)
converging (at low latitudes) horizontal winds. This matc
well the situation in the Earth’s upper atmosphere, where
latitude vertical winds are driven almost entirely by the sa
processes(Rishbeth and Müller-Wodarg, 1999). For the cases
of solar-driven dynamics alone (simulations S1–S5) we fo
diurnal vertical velocities to be below 0.2 m/s, upward in the
sunlit (dayside/summer) hemisphere and downward in the
sunward hemisphere. In those simulations, vertical winds w
primarily barometric and diurnal averages below 0.02 m/s. This
shows that the vertical winds inFig. 9 are driven primarily by
the Joule heating and not by solar heating.

Analysis of the energy equation terms shows most of
energy in Saturn’s thermosphere to be lost by downward mo
ular conduction. However, in runs S6 and S7 vertical winds
play a key role to the energetics. At polar latitudes we find Jo
heating to be balanced not only by conduction, but also by c
ing through vertical advection and adiabatic processes. E
torward of ±45◦ the downward vertical velocities cause t
opposite, adiabatic heating. Height-integrated adiabatic he
values reach around 15% of the wave heating rates in s
lation S7. Vertical and horizontal advection are relatively l
important at low latitudes, with rates less than a third thos
adiabatic heating. The equatorial downwelling is a direct re
of the global pole-to-equator circulation that is driven by
Joule heating. Equatorial adiabatic heating is therefore e
tively a means of transporting the energy from the poles to
equator. As already mentioned in Section5.3, Saturn’s fast ro-
tation forces horizontal winds to be primarily zonal and he
less effective than vertical winds in transporting energy eq
torward, in agreement with findings bySmith et al. (2005a)and
Bougher et al. (2005).

5.5. Wind-driven composition changes

Finally, we investigate the effect of vertical winds on neu
composition in Saturn’s thermosphere. Panels (d) ofFigs. 6 and
7 show the mole fractions of H2 from simulations S6 and S7
respectively. In simulations S1–S5 similar profiles (not sho
consisted of essentially horizontal contour lines, with com
sition varying only vertically, but very little horizontally, du
to the small solar-driven velocities (see Section5.2). Both in
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S6 and S7, however, strong horizontal changes appear, wit2

mixing ratios near the top of our altitude range increasing fr
equatorial values of 88.2% (S6) and 88.6% (S7) to polar va
of 96%. Differences between S6 and S7 are relatively small
effect being larger in S6 due to the stronger circulation whic
S7 is offset by the equatorial heating. In both simulations h
ever there is a noticeable increase in H2 mixing ratios towards
the poles.

This composition change is driven entirely by vertical vel
ities, given that our auroral forcing currently does not inclu
precipitating particles, which would further contribute towa
ionization and hence neutral composition changes. The st
upwelling at high latitudes (seeFig. 9 and Section5.4) trans-
ports gases upward in the atmosphere. The mixing ratios o2,
being the relatively heavier gas in Saturn’s thermosphere
crease with altitude due to the separation of constituents a
the homopause. When transporting gases upward, therefor
H2 mixing ratio locally increases, whereas the opposite h
pens in regions of downwelling. This transport effect is w
known for Earth(Rishbeth and Müller-Wodarg, 1999)and other
atmospheres, including Titan’s(Müller-Wodarg et al., 2003).

Since H is the lighter gas in Saturn’s thermosphere, it
haves opposite to H2 and the upwelling at auroral latitudes r
duces its abundances, while low latitude downwelling enha
them. A shown inFig. 1, H and H2 are the principal neutra
gases in Saturn’s thermosphere at altitudes above the 1
level, so their mixing ratios roughly add up to unity. The ab
dances of H near the 3.0 × 10−3-nbar pressure level increa
towards the equator, from around 4% near the poles to 12%
the equator, a factor of 3. We find column-integrated H dens
to increase by up to 25% at low latitudes with respect to p
values, due to vertical winds.Ben Jaffel et al. (1995)found H
densities derived from their reanalyzed Voyager UVS emis
data to be enhanced by a factor of 3 with respect to stan
models, which are partly based on observations and partl
photochemistry. Amongst the possible explanation for this t
ruled out meridional transport of H due to the strong Co
lis forces on Saturn. Our simulations confirm that meridio
transport is indeed negligible, but add vertical winds as a
sible candidate.We find that wind-induced downward trans
could contribute towards this enhancement of H densities
order to better assess the importance of vertical winds we h
ever need an improved latitude coverage of column integr
H abundances on Saturn.

The H+
3 ion is known to be an important constituent in t

atmosphere of Jupiter, and has also been detected in Sa
auroral regions(Stallard et al., 1999, 2004). It is generated both
by solar EUV ionization and particle precipitation and henc
most abundant in polar regions. As shown recently byMoore
et al. (2004)the ratio H+/H+

3 ∝ Ne/H2, whereNe is the total
electron density, so as H2 increases, so does H+

3 . Our calcu-
lations show that this could occur due to a change in the b
ground atmosphere, driven by the neutral winds. In the pres
of Joule heating, therefore, dynamics lead to an enhanceme
H2. We will address the effects of this change in neutral co
position on H+ densities in future studies.
3
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6. Conclusions

The development of a Saturn Thermosphere–Ionosp
Model (STIM) represents a first attempt at understanding
global morphology of Saturn’s thermosphere, including
coupling of energy, dynamics and composition. Keeping
mind the limitations of our calculations, they provide a use
comparison between different bodies in the Solar System
how these react dynamically to external heating. Our sim
tions reveal important differences between Saturn and the
restrial planets, as well as Titan. While Saturn’s thermosp
is currently too under-constrained by observations to make
reliable predictions ahead of anticipated measurements b
Cassini spacecraft, our calculations help in developing a de
understanding of Saturn’s thermosphere, in particular the in
play of energetics, dynamics and composition.

Overall we find that Joule heating at the rates propose
Cowley et al. (2004)is insufficient to raise temperatures at lo
latitudes to observed values. We therefore proposed an
tional source of heating, which we called wave heating, to
in” the missing energy at low latitudes since Coriolis forces,
sulting from the fast rotation of Saturn, prevent effective red
tribution of high latitude energy towards lower latitudes. Wh
solar heating is relatively insignificant in the thermosphere
Saturn, in contrast to the terrestrial planets and Titan, its w
periodic forcing may in time help build up oscillations at inte
nal harmonics. Seasonal effects, although weaker than on E
Mars and Titan, may contribute towards asymmetries betw
the hemispheres.

Saturn’s real coupled thermosphere–ionosphere syste
very complex and our model currently does not include
the physical processes that are likely to occur. This how
allows us to better separate the physical processes and a
their individual roles. We ignored ion dynamics and hence
effects of ion–neutral drag both at high latitudes (where n
tral winds would be accelerated by fast ions, themselves dr
by magnetospheric electric convection fields) and at low
tudes. At low latitudes, the effect would be to slow down
neutral velocities, possibly offsetting some of the strong zo
winds we find in our calculations. This is an extension plan
for the near future. Similarly, our method of introducing Jo
heating was not self-consistent and hence did not reflec
changes in Joule heating rates which result from change
the background atmosphere, such as ion densities or dyna
Another simplification in our simulations was to assume Jo
heating to be constant with longitude and local time, wh
recent UV images of Saturn’s aurora showed an auroral
which is not centered around the magnetic pole(Clarke et al.,
2005). Introducing a more realistic auroral oval is likely to a
fect the high latitude dynamics and also the meridional ene
flux. As described in Section5.3, we find zonal wind veloci-
ties that exceed the sound speed. This result needs to be tr
with caution, given that one implicit assumption of the Navie
Stokes equations that we use in our model is subsonic
However, the result shows that the pressure gradients drive
Joule heating can drive considerable winds close to the s
speed.
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It is well known for Earth, Mars and Venus that the upp
atmosphere is strongly affected by the lower atmosphere
gions, through a general background circulation being pre
(super-rotation on Venus) and/or the presence of upward p
agating waves, which deposit momentum and energy in
upper atmosphere. On all terrestrial planets the thermosp
behavior cannot be understood without taking these into
count. The same may be true for Titan, as shown in calc
tions by Müller-Wodarg et al. (2000), and our discussion o
energetics on Jupiter and Saturn (Section2) has already sug
gested that the same may be true on the Gas Giants. The
ence of strong zonal winds in the troposphere of Saturn is
known, with some evidence of their presence reaching into
stratosphere and mesosphere as well(Hubbard et al., 1997).
They may hence be present also at the bottom of the
mosphere, which would affect dynamics there. In calculati
of Titan’s thermosphere,Müller-Wodarg et al. (2000)included
zonal jets at the bottom boundary and found them to super-p
essentially linearly, onto thermospheric winds. We have no
cluded this in our current calculations, but will do so once m
constraints are available for zonal winds near the lower ra
of our model, and also on the other energy sources consid
in our study.

One key aim of studying Saturn’s global thermosph
and its dynamics is to improve our understanding of Satu
ionosphere as well. The ionosphere is strongly coupled e
getically, chemically and dynamically to the thermosphere
date, the vertical structure of Saturn’s ionosphere, as obse
by the Pioneer 11 and Voyager spacecraft(Kliore et al., 1980;
Lindal et al., 1985), has not yet been reproduced successfully
1-D photochemical ionosphere models, which generally o
estimate peak electron densities and place the plasma
altitude too low. To rectify these discrepancies,Majeed and
McConnell (1996)proposed, amongst other effects, substan
vertical plasma drifts to improve the peak density height ca
lations. To date, inclusion of these drifts in the 1-D ionosph
calculations has been empirical since no information on t
mospheric dynamics, which could drive parts of these drifts
pushing ionization along magnetic field lines, was available
fact, the strong equatorward meridional winds we found in
calculations (seeFigs. 6 and 7) could support such strong vert
cal plasma drifts. The Saturn ionosphere model byMoore et al.
(2004) is already fully coupled chemically to our GCM, an
the two codes are currently also being coupled dynamical
allow more accurate ionospheric studies of Saturn and e
dation of the role of dynamical coupling between the neut
and ions on Saturn. This will also be important to address
physics of magnetospheric driving in a self-consistent man
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Appendix A

General Circulation Models (GCMs) are created with
aim of simulating the global coupling of all processes in an
mospheric system. These are embodied in coupled non-l
Navier–Stokes equations of momentum, energy and con
ity, which assume that atmospheric gases behave like fl
Therefore, GCMs are physical models, which make no assu
tions except for boundary conditions, molecular gas param
and external inputs such as solar EUV flux or other heat
and calculate in a physically self-consistent manner the ti
dependent response of atmospheric gases to such extern
puts. Realistically, and for reasons of computational efficie
some processes are simplified, as long as this introduces n
portant scientific limitation. Wherever such approximations
made, we will point them out in the following.

The Saturn Thermosphere GCM solves numerically,
explicit time integration, the coupled 3-dimensional Navi
Stokes equations of momentum, energy and continuity ab
100 nbar (800 km). The two horizontal components of the
mentum equation in spherical pressure coordinates are g
by

∂uθ

∂t
= −

(
uθ

1

a

∂uθ

∂θ
+ uϕ

1

a sinθ

∂uθ

∂ϕ
+ w

∂uθ

∂p

)

+
(

wuθ

aρg
+ u2

ϕ

a tanθ

)
− g

a

∂hp

∂θ
+ 2Ωuϕ cosθ

+ 1

ρ

(
µ∇2

puθ + 1

a2

∂µ

∂θ

∂uθ

∂θ
+ 1

a2 sin2 θ

∂µ

∂ϕ

∂uθ

∂ϕ

)

(A.1)+ g

a2

∂

∂p

(
a2µρg

∂uθ

∂p

)
,

∂uϕ

∂t
= −

(
uθ

1

a

∂uϕ

∂θ
+ uϕ

1

a sinθ

∂uϕ

∂ϕ
+ w

∂uϕ

∂p

)

−
(−wuϕ

aρg
+ uθuϕ

a tanθ

)
− g

a sinθ

∂hp

∂ϕ
− 2Ωuθ cosθ

+ 1

ρ

(
µ∇2

puϕ + 1

a2

∂µ

∂θ

∂uϕ

∂θ
+ 1

a2 sin2 θ

∂µ

∂ϕ

∂uϕ

∂ϕ

)

(A.2)+ g

a2

∂

∂p

(
a2µρg

∂uϕ

∂p

)
.

Hereuθ anduϕ are the neutral wind components, defined
positive southward and eastward, respectively;a is the distance
to the center of the planet,θ is colatitude,ϕ is the longitude,
hp is the height of the pressure level andt is time. Further-
more,g is the (height-dependent) gravitational accelerationρ

the mass density,p the pressure,Ω is Saturn’s rotation period
(with Ω = 1.64× 10−4 s−1, corresponding to 10.6 h) andµ is
the coefficient of viscosity. We calculate viscosities using
same technique and coefficients asAchilleos et al. (1998). w is
the vertical wind in the pressure frame, defined asw = dp/dt .
r
l

-
ar
-

s.
p-
rs
,
-
in-
,

m-

e
-
en

The total vertical velocity in the height frameuz is obtained by
adding the velocity of the pressure level itself (barometric
locity) to the velocity relative to the pressure level (diverge
velocity),−1/(ρg)w: uz = (∂hp/∂t) − 1/(ρg)w.

�∇p is the 2-dimensional gradient operator on a level of fix
pressure. For its square we use the expression

(A.3)∇2
p = 1

a2

∂2

∂θ2
+ cosθ

a2 sinθ

∂

∂θ
+ 1

a2 sin2 θ

∂2

∂ϕ2
.

In the vertical direction, the pressure gradient and gravity
celeration dominate other terms by several orders of magn
and an accurate numerical calculation of the vertical velocitw

by solving the vertical component of the momentum equa
is numerically difficult. Vertical winds are therefore calculat
using the continuity equation, which in the pressure coordi
system reduces to the simple form of

(A.4)
1

a sinθ

∂

∂θ
uθ sinθ + 1

a sinθ

∂uϕ

∂ϕ
+ ∂w

∂p
= 0.

Physically, the equation expresses that any divergence in
horizontal velocity field must be balanced by vertical wind
order to conserve mass. To calculatew we use the techniqu
described byMüller-Wodarg et al. (2000). As boundary condi-
tions for the momentum equation we assume fixed wind ve
ities (of zero) at the bottom and vanishing vertical gradient
wind components at the top level. In our expression for g
ity we do not include the centrifugal component due to Satu
strong rotation. While not strictly correct, it ensures that
calculations are consistent with the requirements of our coo
nate system that gravity always point towards a common ce
of the body. The issue matters only when mapping pressure
els to altitudes, which we have not attempted in this paper, b
does not affect to first order the calculations on pressure le
themselves.

The energy balance is given by the sum of the internal
external energy sources and sinks. In a spherical pressure
dinate system it may be expressed by the relation

∂ε

∂t
+ �Up · �∇p(ε + ghp) + w

∂(ε + ghp)

∂p

= QEUV + QJoule+ Qwave+ QIR

+ g

a2

∂

∂p

(
a2 (Km + Kτ )

H
p

∂T

∂p

)
+ 1

ρ
(Km + Kτ ) �∇2

pT

(A.5)+ g
∂

∂p

(
uθµ

∂uθ

∂p
+ uϕµ

∂uϕ

∂p

)
.

Hereε is the sum of internal and kinetic energies per unit ma
defined asε = cpT + 0.5(u2

θ + u2
ϕ), and T is gas tempera

ture. Withghp representing the potential energy of the gas
heighthp , the termε + ghp is thus its enthalpy. Coefficients o
molecular conduction (Km) are equivalent to those ofAchilleos
et al. (1998), with turbulent conduction currently being set
zero.

QEUV is heating due to solar EUV and FUV radiation whi
is absorbed by H2, H and He at wavelengths between 7.5 a
around 103.2 nm, in particular the He II line (30.38 nm). We
rive solar EUV heating rates by explicit calculation of phot
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absorption along ray paths through the atmosphere, assum
heating efficiency of 50% for all constituents and waveleng
Another implicit assumption in these heating rate calculation
that thermal energy is released where the photons are abso
While this poses no serious limitation for our current purpo
we will in the future replace this approximation with explic
calculations of chemical heating rates. We use absorption c
sections consistent with those ofMoses et al. (2000a)and solar
EUV fluxes from the SOLAR2000 model(Tobiska et al., 2000
Tobiska, 2004). Another option in the model is to include e
fects of ring shadowing, but we have ignored it in this stu
Radiative coolingQIR in Saturn’s thermosphere occurs prim
ily near and below the homopause and can be ignored for
purpose.Qwave and QJoule are wave and Joule heating, d
scribed in Sections4.2 and 4.3. As boundary conditions fo
the energy equation we assume fixed temperature (of 14
at the bottom and zero vertical temperature gradients a
top.

In addition, our model allows for the dynamical redistrib
tion of individual gases by explicitly calculating their transp
by winds and molecular and eddy diffusion. While transp
by winds is treated both horizontally and vertically, we cal
late molecular and eddy diffusion only in the vertical directio
since vertical gradients are much larger than horizontal
dients, making horizontal diffusion negligible. The molecu
diffusion velocities are given by

(A.6)

∂Yi

∂z
−

(
1− mi

m
− H

m

∂m

∂z

)
Yi

H
= −

∑
j �=i

mYiYj

mjDij

(
wD

i − wD
j

)
,

whereYi = ρi/ρ andmi are the mass fraction and molecu
mass of theith constituent,m is the mean molecular mass
the atmosphere,H is the pressure scale height,Dij is the binary
diffusion coefficient, andwD

i is the vertical diffusion velocity
of the ith constituent(Chapman and Cowling, 1970). Molec-
ular constituents are also subject to eddy diffusion, which
calculate with

(A.7)wK
i = −K

∂ ln(Yi)

∂z
,

whereK is the eddy diffusion coefficient. Here,K represents
mixing due to small-scale motions not resolved by the mo
The diffusion velocities are then used in the continuity eq
tion to calculate the time development of mass fractions.
continuity equation for theith constituent is given in spheric
pressure coordinates by

∂Yi

∂t
+ uθ

1

a

∂Yi

∂θ
+ uϕ

1

a sinθ

∂Yi

∂ϕ
+ w

∂Yi

∂p

(A.8)= g

a2

∂

∂p

(
a2ρYi

(
wD

i + wK
i

)) + Ji,

whereJi is the net chemical source rate(Dickinson and Ridley,
1975). The velocitiesuθ , uϕ andw represent the mean veloci
of the atmosphere, defined as the average of the velocitie
individual constituents, weighted by their mass densities.

Our GCM calculations include the three thermally act
species in Saturn’s thermosphere, H2, H and He. We also in
clude a basic scheme of ion–neutral chemistry, as desc
a
.
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ed.
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.

r

)
e

t
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e

l.
-
e

of

d

by Moore et al. (2004)andMoses and Bass (2000). While we
generate a global photochemical ionosphere in the mode
currently do not allow for dynamics of the ions, a developm
step we will undertake in the near future.

Molecular diffusion coefficients are calculated using
standard expressionDij = AijT

sij /nj (cm2/s), wherenj is
the major gas density andAij for pairs H2–H, H2–He and
He–H are, in cgs units, given by 8.19× 1017, 6.45× 1017 and
8.84× 1017 (Banks and Kockarts, 1973; Bernhardt, 1979). For
the same gas pairs, values forsij are 0.728, 0.716 and 0.70
respectively. We ignore self-diffusion (Aii = Ajj = 0) and as-
sumeAij = Aji .

We adopt an eddy coefficient for small-scale motions
K = 1 × 107 cm2 s−1, assumed constant with altitude. Th
places the homopause near the 70-nbar level, or around 85
altitude, allowing us to currently neglect the complex pho
chemistry near and below the homopause.

Our present calculations use spatial resolutions of betw
2◦–6◦ latitude by 10◦ longitude by 0.25 scale heights verticall
and integrate with a 1–40 s time step. Each simulation is ru
steady state for 400 Saturn rotations.
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