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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 of exte
heating, giving local time and latitudinal changes of temperatures, winds and composition at equinox and solstice. Our calculations confirm
well-known finding that solar EUV heating alone is insufficient to produce Saturn’s observed low latitude thermospheric temperatures of 420
We therefore carry out a sensitivity study to investigate the thermosphere’s response to two additional external sources of energy, (1) aur
Joule heating and (2) empirical wave heating in the lower thermosphere. Solar EUV heating alone produces horizontal temperature variati
of below 20 K, which drive horizontal winds of less than 2@0srand negligible horizontal changes in composition. In contrast, Joule heating
produces a strong dynamical response with westward winds comparable to the sound speed on Saturn. Joule heating alone, at a total r:
9.8 TW, raises polar temperatures to around 1200 K, but values equatorwartlafi@@le, where observations were made, remain below 200 K
due to inefficient meridional energy transport in a fast rotating atmosphere. The primarily zonal wind flow driven by strong Coriolis forces implie
that energy from high latitudes is transported equatorward mainly by vertical winds through adiabatic processes, and an additional 0.29—(
mW/m2 thermal energy are needed at low latitudes to obtain the observed temperature values. Strong upwelling increaabsihartes at
high latitudes, which in turn affects th%]—blensities. Downwelling at low latitudes helps increase atomic hydrogen abundances there.
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1. Introduction Voyager data. From the solar occultation experiment a value of
~420 K near 30 N latitude was derived for altitudes above
Most of our current knowledge about Saturn’s atmospherd 500 km(Smith et al., 1983)while the stellar occultation ex-
originates from the two Voyager missions in 1980 and 1981periment at 4 N latitude suggested a value 800 K (Festou
The radio occultation experiment provided temperature valuesnd Atreya, 1982)A comparative discussion of these results
for the troposphere and stratosph@riedal et al., 1985; Lindal, was presented b$mith and Hunten (1990For the current
1992) while remote sensing measurements of thermospheristudy we adopt the lower temperature measurementi@d K.
temperatures where provided by the solar and stellar occultatioNo information about the mesosphere could be inferred from
experiments with the ultraviolet spectrometer (UMEpstou  the Voyager data, but results from ground based observations of
and Atreya, 1982; Smith et al., 1983Jhese measurements the stellar occultation of 28 Sgr in 1986 suggested virtually con-
placed Saturn’s thermosphere above the 100 nbar level (locategant temperatures there with a value of 141 K between 1 mbar
around 800 km above the 1 bar level). Some ambiguity remaingnd 0.3 pbatHubbard et al., 1997)Their measurements also
regarding the value of non-auroral exospheric temperature ogxtended into the lower thermosphere, near 50 nbar.
Saturn since two very different values were derived from the The principal gases in Saturn’s thermosphere above the ho-
mopause are ¥ H, He and, near the homopause, £LMalues
" Corresponding author. of their mixing ratios were first inferred from the solar and
E-mail address: i. mueller-wodarg@imperial.ac.ukC.F. Milller-Wodarg). ~ Stellar occultation observations by Voyager's UVS instrument
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(Festou and Atreya, 1982; Smith et al., 198dydrocarbons global circulation for different conditions on Saturn. Sectén
near the homopause act as coolants by releasing the energy caives concluding comments and discusses any limitations of our
ducted down from the thermosphere as infrared radiation. Thapproach.
altitude of Saturn’s homopause is still subject to debate, with
some studies suggesting it to lie within the lower thermospherel. Energetics of Jupiter’sand Saturn’sthermospheres
while others have placed it at the bottom of the thermosphere.
The most recent comprehensive 1-dimensional calculations All Gas Giants, including Saturn, have been found to pos-
of chemistry in Saturn’s neutral atmosphere were presentesess exospheric temperatures which exceed by factor® &
by Moses et al. (2000a, 2000kand Ollivier et al. (2000)  (Saturn) to~4.5 (Jupiter, Neptune) and5.8 (Uranus) the val-
These models concentrated on the complex hydrocarbon phaes expected on the basis of solar EUV heating ¢viyie and
tochemistry of Saturn’s stratosphere, but extended into the theMiller, 2004). To date, it is unresolved what causes the high
mosphere as well, where photochemistry is far less complegxospheric temperatures on Gas Giants. Possible mechanisms
than below the homopause. These models did not calculate tteclude (1) transport of energy from the lower into the upper at-
thermal structure of Saturn’s atmosphere, but assumed a fixedosphere by upward propagating waves which dissipate in the
temperature profile inferred from Voyager, Infrared Space Obthermosphere and (2) flow of energy from the magnetosphere
servatory (ISO) and other observations. To date, no calculatiorend solar wind into the thermosphere/ionosphere system via au-
of Saturn’s thermal structure have been published. roral coupling processes such as particle precipitation and Joule
In order to gain a better understanding of the global distrib-heating, and transport of this energy across the planet. While
ution of temperatures, composition and winds, General Circufurther external energy sources have been proposed, the above
lation Models (GCMs) have for the past decades been applieare the most likely candidates. On Saturn both processes may
very successfully to upper atmospheres of all terrestrial planefslay a role, but no observational evidence is yet available to
(Roble et al., 1988; Fuller-Rowell et al., 1996; Bougher et al.,determine their relative importance. Since more observational
1999, 2000, 2002)Jupiter (Achilleos et al., 1998; Millward evidence is available for Jupiter, we will briefly review what is
et al., 2002; Bougher et al., 2009jitan (Muller-Wodarg et al.,  known about this planet and then attempt to draw parallels with
2000, 2003)and Triton(Muller-Wodarg, 2002) They numeri-  Saturn.
cally solve the global time-dependent non-linear coupled equa- A discussion of thermospheric heating on Jupiter was first
tions of continuity, momentum and energy, allowing the diag-presented byStrobel and Smith (1973Assuming a 50% ef-
nosis of the morphology of complex atmospheric processesiciency in the absorption of solar EUV radiation by H and
including global dynamics. General Circulation Models proveH,, as suggested byaite et al. (1983)one can calculate the
to be invaluable tools for understanding the 3-dimensional timesolar EUV heating rates for Jupiter and thereby the total so-
dependent behavior of planetary atmospheres. lar EUV energy deposited into Jupiter’s upper atmosphere. The
In this study, we present the first application of a GCM to thecalculated height-integrated EUV heating rate for Jupiter’s ther-
thermosphere of Saturn. Our goal is to assess, through sensitimosphere is around 0.02 mi? (globally averaged), deposit-
ity studies, the range of responses of Saturn’s upper atmosphereg around 1.2 TW of solar EUV energy. When assuming that
to different sources of energy. We will present the global tem-all energy is lost by vertical conduction downward, it is pos-
peratures and dynamics resulting from solar EUV heating alonsible to estimate the expected exospheric temperature resulting
and those resulting from high latitude Joule heating and globdfrom this EUV heating rate, using a simple equation presented
wave heating. by Hunten and Dessler (197 74)sing this expression and the
Our model forms the basis for a fully coupled Saturnabove solar EUV heating rateééelle and Miller (2004 )derived
Thermosphere—lonosphere Model (STIM) which is in advance@ value of7eyxo ~ 203 K, which is far smaller than the mea-
stages of development and will ultimately allow us to studysured non-auroral value of 800—1000(Karten et al., 1994;
Saturn’s global ionosphere and its chemical, energetic andlelle et al., 1996; Yelle and Miller, 2004)n order to repro-
dynamical coupling to the thermosphere and magnetospherduce the vertical temperature gradients in Jupiter’s lower ther-
The STIM—GCM will be built up of several coupled modules, mosphere of around 3—10/Km, Yelle et al. (1996)derived a
each calculating specific physical regimes of Saturn’s uppenecessary heating rate of around 1 g which, if applied
atmosphere. First results of the STIM ionosphere module apglobally, would translate into an energy input of around 65 TW.
peared inMoore et al. (2004andMendillo et al. (2005)and  Recent observations of Jupiter’s auroral brightness in the UV
for Saturn’s inner plasmasphereNtoore and Mendillo (2005)  (Clarke et al., 20053uggested heating rates due to particle pre-
More comprehensive simulations examining Saturn’s global reeipitation of a few tens of TW, with Joule heating rates probably
sponse to Joule heating, using the same thermosphere modellagyer by a factor of 2—3, so total magnetospheric heating on
this study, are presented Bynith et al. (2005a) Jupiter is on average a few ten times larger than solar EUV
Section?2 discusses energetics of Saturn’s upper atmospherégating and could hence play a major role in generating the
Section3 will introduce basic properties of our model (with high exospheric temperatures, at least at high latitudes.
more detailed information given iAppendix A). In Section4 The possibility of gravity wave heating on Jupiter was first
we describe our simulations and examine implications and cordiscussed b¥rench and Gierasch (1974d)id examined for the
sequences of the assumptions made. Se@&idiscusses hor- Galileo probe Atmospheric Structure Instrument (ASI) data by
izontal structures in temperatures and composition as well agoung et al. (1997and Matcheva and Strobel (199@nd re-
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viewed by Yelle and Miller (2004) An approximate derived ticle precipitation, on Saturn are around 1-100 kR, fainter by
heating rate for the gravity waves detected by the Galileo proban average factor of 100 than those of Jupiter (10-1000 kR)
is 0.4 mW/m?2. If this rate applied globally, it would deposit (Clarke et al., 2005)
around 26 TW of energy in the atmosphere. This figure can We saw for the case of Jupiter that gravity waves could
only be seen as a rough guess since no constraints are cpetentially deposit~0.4 mW/m? of energy in its upper at-
rently available to characterize the horizontal distribution ofmosphere, which on Saturn would translate istb8 TW. It is
gravity waves and hence heating associated with them. Howtherefore conceivable that Saturn’s thermospheric temperatures
ever, gravity waves potentially have heating rates comparablare supported by wave heating alone or, more likely, a combi-
to the magnetospheric ones, but act also at equatorial latitudesation of wave heating and magnetospheric heating. The im-
where the ASI measurements were made. Gravity waves thysortant question with magnetospheric heating is whether this
avoid the problem of energy transport from polar to equatoriaknergy could be transported equatorward by thermospheric dy-
latitudes posed by magnetospheric heating. Rece®tlyubert  namics. This is one of the questions we will be examining in
et al. (2003)proposed acoustic waves as a further source of erthis study. Both alternative energy sources would generate very
ergy on Jupiter. different thermospheric dynamics, the magnetospheric heating
Another potential energy source proposed for Jupiter’s andriving strong winds at mid to high latitudes, whereas waves
also Saturn’s upper atmospheres is linked to the discovery afould drive circulation in the equatorial and low latitude re-
non-auroral X-ray emissions. Their origin has been subject tgions. Since observations cannot currently constrain either of
debate, withNaite et al. (19973uggesting they could be gener- the cases, we present both and hence explore the possible para-
ated by particle precipitation which heat Jupiter’s thermosphereneter space for thermal structure and thermospheric dynamics
at a rate of 0.2 m\Wm2. More recent observations indicate with our model.
that the X-ray emissions are of solar origin and scattered off
the atmospheres of Jupiter and Sat(vtaurellis et al., 2000; 3. Themodel
Bhardwaj et al., 2004, 2005 he low albedos (5 10~°) which
Bhardwaj et al. (2004g¢alculated for Jupiter suggested that an  Our Saturn thermosphere GCM solves globally the coupled
important part of the solar X-rays is absorbed in the scatteringon-linear Navier—Stokes equations of energy, momentum and
process, so they may provide an additional important source afontinuity by explicit time integration. The model reaches from
energy. Investigating this in detail is beyond the scope of thi€00 nbar (800 km above the 1 bar level) to aroundlD~* nbar
paper. (~3400 km in a 420 K thermosphere). The model calculates
Only few observations are available to constrain the enerin a physically self-consistent manner the response of Saturn’s
getics of Saturn’s upper atmosphere. Assuming the same hedliermosphere to external energy sources, such as the build-up
ing efficiencies as for Jupiter, we obtain globally averaged solaof temperatures and pressures on the dayside due to solar EUV
EUV heating rates of around 0.01 mW? (0.0046 mWm?) heating and resulting horizontal and vertical winds. We con-
for solar maximum (minimum) conditions, which deposit a to- sider all relevant processes of internal energy redistribution,
tal of 0.27 TW (0.15 TW) into Saturn’s upper atmosphere,such as molecular conduction, adiabatic heating and cooling,
insufficient to reproduce the observed exospheric temperand horizontal and vertical advection. The calculations of winds
tures. consider pressure gradients, viscosity, Coriolis forces, curva-
We will therefore examine alternative thermal energyture and momentum advection. We include the main gases H
sources for Saturn and, drawing the parallel with Jupiter, wed and He and calculate their transport by winds and molecular
will in particular consider heating by waves and magneto-and eddy diffusion. The basic set of ion—neutral photochemistry
spheric sources. Magnetospheric energy is available eitheeactions is also included, as describedviyore et al. (2004)
through precipitating particles or Pedersen currents. The lattdaut ionospheric calculations will not be discussed as part of this
are driven by transfer of momentum between different plasmatudy.
regions, either through solar—wind—magnetosphere interaction Initial neutral composition profiles are taken frokoses
(as on Earth) or by radial transport of plasma originating fromand Bass (2000)Fig. 1 shows a vertical profile of globally
surfaces of moons inside the magnetosphere, as on Jupiter, @reraged gas mixing ratios throughout the model domain, illus-
additional plasma from sputtered ring material, as on Saturrtrating that b is the principal gas throughout most of Saturn’s
Departure of magnetospheric plasma from corotation gives risthermosphere and replaced by H only above 104 nbar.
to field-perpendicular electric fields, which drive ionosphericWhile the absorption of solar EUV radiation by each of the
Pedersen currents. These Pedersen currents cause Joule headitngospheric gases is treated rigorously, we currently do not
in Saturn’s upper atmosphere. Recenfigwley et al. (2004) calculate the detailed energetics associated with the photochem-
assuming a height-integrated Pedersen conductivity of 1 mhastry and instead assume a heating efficiency of 50% for each
estimated total Joule heating rates for Saturn’s thermosphesbsorbed photon, in agreement with estimates for Jupiter by
of ~9.6 TW (over both hemispheres), or a rate at high lat\Waite et al. (1983)Horizontal and vertical resolution are en-
itudes of up to~12-15 mwm?. A further contribution to tirely flexible. In our simulations we used vertical spacing of
magnetospheric energy input comes from precipitating parti.25 scale heights and horizontal resolution of ldhgitude
cles, although this is probably second order to Joule heatindgimes 2-6 latitude (depending on the simulation), the time in-
Observed auroral UV brightnesses, which are driven by partegration step is between 1 and 40 s. The full set of equations,
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Fig. 1. Globally averaged mixing ratios of principal gases in Saturn’s ther-

mosphere. Values are consistent vwitbses and Bass (2000
P ( ) Fig. 2. Height profiles of globally averaged heating rates used in our simu-

lations (denoted S1-S7). Solar EUV volume heating rates are given for solar
boundary conditions and parameters of the model is given imaximum (solid) and minimum (dotted) conditions. Also shown are empirical
Appendix A wave heating rates (dashed and dashed—dotted) as well as Joule heating rates
(dashed-triple dotted). S&able 1and text for details.

4. Simulations ) ) _
180, respectively. All simulations except for S1 assume solar
In our study we have run the model for a number of seaMmaximum conditions. As shown ifable 1 the resulting total

sonal conditions and external energy sources. Our simulatiori¥!ar EUV heating rates for solar minimum and maximum con-
are summarized iable 1 In each simulation we have run ditions respectively are 0.15 and 0.27 TW. The factor of 1.8

the model for 400 Saturn rotations in order to approach steao?plar cycle effect is comparable to the factor of 2.3 variation
state, during which the solar declination angle was kept con®' total solar energy across the EUV and FUV spectrum (7.5~
stant. Each run was started up using globally uniform verticalt03-2 nm) from solar minimum to solar maximum.
composition profiles taken from calculations Moses et al. Vertical profiles of globally averaged volume heating rates
(2000a)and a globally uniform vertical temperature profile of &€ shown inFig. 2 (solid and dotted lines). They exhibit a
143 K. This was to ensure that any horizontal and vertical strucdouble-peak structure, maximizing near 0.3 and 4 nbar. The
tures were due entirely to processes originating from within thé!PPer peak is due primarily to absorption by bietween 100

GCM. and 105 nm, the lower peak is due to absorptions below 35 nm,
primarily by H, and H. These absorptions lead primarily to ion-
4.1. Solar EUV heating input ization, particularly in the He Il line (30.38 nm). For a more

comprehensive discussion of ionization rates, Ideere et al.

Simulations 1 and 2 (designated S1 and S2) are for cor2004)andMoses and Bass (2000)
ditions of solar minimum and maximum, respectively. In all
runs we implemented fluxes from the SOLAR 2000 model in4.2. \ave heating input
its latest version (2.24(Tobiska et al., 2000; Tobiska, 2004)
For solar minimum we averaged fluxes from September 14-27, In simulations S4, S5 and S7 we imposed empirical profiles
1996, and for solar maximum we averaged fluxes from Januargf additional heating, which in the following we will refer to as
1-14, 1990, periods with average F10.7 solar flux being 70 antivave heating.” Since no measurements are currently available

Table 1
Summary of Saturn GCM simulations carried out for this study
Season EUV heating (TW) Joule heating (TW) Wave heating (TW)
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 0 140
Simulation 5 (S5) Solstice 0.27 0 130
Simulation 6 (S6) Equinox 0.27 9.82 0
Simulation 7 (S7) Equinox 0.27 9.82 1%.0

“Solstice” refers to southern hemisphere summer conditions. Solar EUV heating rates assume 50% heating efficiencies and solar EUV fluxes frdRi26@BOLA
model (version 2.24) averaged over periods September 14-27, 1996 (solar minimum) and January 1-14, 1990 (solar maximum). Wave and Joule dreating rate

discussed in Sectios2and4.3.
& Wave heating applied globally uniform.

b Wave heating with latitudinal structure shownFiy. 3
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15; I_ Joule 1(56'57) ' E urn Eioneer Vo_yager (SPV_) model of _internal magnetilc field
= 1of| ---Wove x 10 (5455) |7 (Davis and Smith, 199(_))Nh|ch results in nprth—south dlffer-_
€ - -.—.. Wave x 10 (S7) . ences of the magnetic field strength, affecting the Joule heating
> _: rates. While the northern peak rate is larger, the region is wider
E st e —— B in the south, and total heating rates are 4.86 TW in the north
0 - I |1 and 4.96 TW in the south, hence larger by 2% in the southern
(0] <A A N I B Shic hemisphere. The total Joule heating rate we applied is hence
-50 0 30 9.82 TW, slightly larger than the value Ii3owley et al. (2004)
Latitude due to the coarser latitude resolution in the model, but by an
Fig. 3. Latitudinal profile of height integrated Joule heating rates (solid line)inSignificant amount.
consistent with those proposed Bpwley et al. (2004)mapped onto our2 The vertical distribution of Joule heating implemented in

resolution grid. Dashed and dashed-dotted lines are empirical wave heatir@6 and S7 is shown ifig. 2 (dashed-triple dotted line). We
rates (multiplied by 10) which we applied to match observed temperatures aéurrenﬂy do not self-consistently calculate this profile but im-
low latitudes. - - . L

pose it. Joule heating results from heating by collisions between

. lasma in Pedersen currents and the neutral atmosphere. The
to determine whether waves on Saturn can produce these, oﬁéatin rate is thus strongest where the optimal balance occurs
only justification for calling this “wave heating” is the similar- 9 9 P

ity of these rates to those inferred for Jupiter (see discussion iRetween ambient neutral densities and current density. This op-

Section2). Our approach in determining this additional heatingt'rrnur:ds'ltuat'(lmhIS ieﬁ;:eck;te\? t;)hochcur;m Gas Ggarétlair;osphrerens |
rate was to ask the questiohat additional energy is needed arou scale height above the homopause (J. Clarke, persona

to obtain the observed exospheric temperatures?” Two free pa- communication, 2004). We placed the homopause at the lower

rameters are present, namely, the latitude structure and altituﬁé) undﬁry thour modte! S||ncocla gurrently tthe com;:lex htydrcci)car-
structure (in particular the altitude of peak heating). on chemistry 1S not included, preventing us 1o extend our

In simulations S4 and S5 our aim was to generally raise thgalculations below the homopause, where hydrocarbon abun-

exospheric temperatures to observed levels without artificiall;gjances are expected to be s!gnlﬂcant. We hence mposed the
introducing any horizontal structures. To achieve this, we impeak of our volume Joule heating rate to be 1 scale height above

plemented a latitudinally uniform wave heating profile, shown
in Figs. 2 and Jdashed lines). The required heating rate wag

found to be 0.45 m\Wm?, or 14.0 TW globally. This heating 1 scale height, as shg\;]vn m? 2 (dashed_—triple dotted line).
was assumed constant with local time and longitude. A parallel study bySmith et al. (20053sing the same model

In principle, the higher up in the atmosphere the energy i&s here, investigates th.e dependfence of Saturn’s thermospheric
deposited, the lower the required rate to obtain the same efemperatures on the altitude and imposed rates of Joule heating.

ospheric temperatures. For upward propagating waves, the al- FO Simplicity we ignore effects of ion drag, which is likely
titude at which they deposit any thermal energy depends ofp accompany Joule heating. The horizontal convection electric

their vertical wavelengths, an unknown quantity. In our presenfi€!ds formed in the magnetosphere are mapped into the high
simulations we assumed the peak wave heating to occur at olﬁtltudes and accelerate the plasma there, which in turn collides
lower boundary, 100 nbar, using a Gaussian shape with 100 Kith the ambient neutral gas and accelerates it. Our simpli-

mean half width, as shown ffig. 2 (dashed and dashed—dotted fication is reasonable within the goals of this study. Recent

curves). The derived heating rates can thus be regarded as upg&pund-based observations Byallard et al. (2004,)jetected
limits to rates in the real atmosphere. I!ne-of-3|ght I-[{.ve_locmes at roughly A3 of Saturn’s cprota— .
tion speed and indicated strong horizontal structures in the high

latitude plasma velocities. At low latitudes, ion drag is likely to
slow down the neutral velocities to some extent. We will intro-

In simulations S6 and S7 we applied Joule heating rateguce self-consistent calculations of ion drag in future versions

consistent with those proposed Gpwley et al. (2004)The lat- of the STIM modgl, once we _have more accurate information
itudinal profiles of column integrated Joule heating rates usegbOUt the convection electric fields.

in our simulations are shown iRig. 3 (solid line) versus lat- ]

itude. For simplicity we assumed these to be constant witf-4. Multiple energy sources

longitude and local time. Recent UV images of Saturn’s aurora

show asymmetries with longitude and local ti@arke et al., In simulation S7 we added wave heating to given Joule heat-
2005) but implementing those will be subject of future studies.ing (see Sectio.3), and in doing so we additionally intro-
Due to the fine latitudinal structures of these profiles we useduced latitudinal structure in our wave heating profile, as shown
a latitudinal resolution of 2in simulations S6 and S7 (as op- in Fig. 3 (dashed—dotted curve). This adds little to the auroral
posed to 8 in the others). Peak heating rates as£5 mW/m? latitudes, but “fills in” the low latitudes, where we compare to
near 80 N and~12 mW/m? near 78 S, and hence slightly observed temperatures. By having a peak wave heating at the
asymmetric in both hemispheres. The asymmetries betweeatuator we also introduce an equator-to-pole pressure gradient,
north and south are due to the quadrupole terms in the Satvhich will affect the dynamics. Our heating rates equatorward

our lower boundary, at 37 nbar. A Gaussian height profile cen-
ered around this peak is assumed, with a mean half width of

4.3. Joule heating input
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of +£50° latitude range from 0.29 to 0.44 mMn?, the total thermosphere even under the most favorable (and unrealistic)
wave energy input in S7 is 11.0 TW (s&able 1. These rates condition of 100% heating efficiencies is insufficient to raise
are comparable in magnitude to wave heating rates inferred fademperatures in Saturn’s thermosphere to observed levels.
Jupiter by the Galileo probe observatigi¥eung et al., 1997; In simulations S4 and S5 we implemented additional em-
Matcheva and Strobel, 1999; Yelle and Miller, 2004) pirical wave heating (see Sectigh?) in order to obtain the
One aspect related to dissipating or breaking waves is the debserver exospheric temperatures, and the dashed-triple dotted

position of momentum into the background atmosphere. In theurve inFig. 4hence closely matches the observed values above
absence of any more detailed information we ignore this issu#& nbar. Interestingly, the structure at lower altitudes differs from
in our current study. If present, this would affect dynamics inobservations. This may be due to two reasons, our choice of
the lower thermosphere. A more careful inclusion of momen-height distribution of this empirical wave heating or, secondly,
tum deposition associated with waves should be addressed ihe absence of hydrocarbon photochemistry in the lower ther-
future studies, when more information is available about thenosphere of our model, which would generate infrared cooling,

wave properties. affecting the modeled temperature gradients.
In simulation S6 we ran the model with solar EUV and
5. Results Joule heating (see Secti@gn3d). The important question here
was whether the high latitude energy source could be distrib-
5.1. Thermal structure uted globally by winds and raise temperatures at low latitudes to

observed values. We see that the temperatures we obtain reach
Fig. 4 shows vertical profiles of temperatures from our sim-around 187 K (dashed-dotted curvefiiy. 4), falling short of
ulations, averaged diurnally and betwe#B0° latitude. This the observed values. This suggests that the Joule heating rates
range was chosen for easier comparison with observations, twiyoposed byCowley et al. (2004are insufficient to explain the
of which are shown in the figure. Diamonds show the temperlow latitude observations and that other heating sources are nec-
atures derived bymith et al. (1983from the Voyager EUV  essary. One of the main reasons for the ineffective redistribution
occultations, while crosses denote the upper range of temper@f energy from higher towards lower latitudes is the planet's fast
tures derived bydubbard et al. (1997om the ground based 28 rotation, which causes substantial Coriolis forces to act, driving
Sgr occultation measurements. While the two agree reasonabfimarily zonal winds, as discussed further in Sectio@ In
well near the 10-nbar level, they are different at lower altitudessimulation S7 we therefore added empirical wave heating to
We plotted the vertical temperature profiles only for simula-solar EUV and Joule heating in order to raise low latitude tem-
tions that differed notably. Not shown explicitly are S3, which peratures, so the profile (solid curveFiy. 4) closely matches
is almost identical to S2, and S5, which closely resembles S@bservations at altitudes above the 0.1-nbar level.
Common in all simulations is the lower boundary temperature Investigation of the heating terms in our simulations (not
value of 143 K. As expected, we see clearly that temperatureghown) reveals that the external energy sources are balanced
in simulations S1, S2 and S3 are far smaller than the observedverwhelmingly by vertical heat conduction out of the bottom
values, reaching merely 153 K (S1) and 160 K (S2, S3). of the thermosphere. In runs S6 and S7, where wind speeds
How sensitive are these values to our assumptions of heatirdj€ considerable (see Sectg), internal energy redistribution
efficiencies? When raising the EUV heating efficiencies fromprocesses become significant as well, such as adiabatic heating
50 to 100% in our model we increased exospheric temperatur@]d CooIing as well as advection. This will be further discussed
at solar minimum by 13 K and at solar maximum by 25 K. It is in Section5.4.

clear from these experiments that solar energy absorbed by the
5.2. Solar driven dynamics

1.0e—Q3 [T T T I T [T
315552:36 ; E Fig. 5 shows latitude—local time profiles of temperatures
1.0e-02F 1 4 Hubbard ] and horizontal winds near the top of the thermosphere at 3
b st ol.(1997) E 10-2 nbar, from simulations S4 (panel (a)) and S5 (panel (b)).
o 1.0e-01F o es3) 7 In these runs, the exospheric temperatures were raised by em-
8 .' { pirical wave heating which was implemented as a globally uni-
— 1.0e+00F _;.'.,~’ 7 form source, hence adding no artificial horizontal variability.
E ;',’ 3 The horizontal structures iRig. 5are therefore driven entirely
1.0e+01F ¥ 3 by changes in solar zenith angle. The purpose of investigating
£ 0 = 3 these is to determine diurnal and seasonal temperature changes
1.0e+02 EBlu ool e s and winds due to solar EUV heating. As shown previously, so-
100 200 300 400 500 lar EUV energy is only a minor fraction of the energy flowing
(K] into the atmosphere in these simulations, so we would expect

solar driven horizontal structures to be small.

Fig. 4. Vertical profiles of temperatures averaged diurnally and over latitudes - .
30° S-30 N, as calculated by the Saturn GCM (lines) in various simulations ~ Panel (a) inFig. 5shows the equinox case, where tempera-

of this study (see als®able ). Also shown are observations IBmith et al.  tures are largest over the equator. Diurnal variations are barely
(1983)(diamonds) andHubbard et al. (1997(crosses). 2 K, equator-to-pole changes are twice that (4 K). The poleward
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3.0e—03 mbar
Up= 9.4 ms™!

(0) equinox

color mox Temperature

mer pole. This is the region continuously exposed to the solar
radiation, giving rise to larger temperatures than at the subsolar
427 point.
Note that in the presence of strong Coriolis forces, ther-

mally driven eastward (prograde) flow is generated by poleward

90

60

¥

§ ff = :’:":_j’:: L < f ff temperature gradients and westward (retrograde) flow by equa-
Z O e~ <~ . 425 torward gradients. In our simulations the eastward flow is only
~ 50 \A\\W::;\\ llii\ found in the solar driven simulations, whereas in runs S6 and
i \\\\\\\ég\\,_;:?% S7, where the main heating occurs at polar latitudes, generating
-60 423 equatorwe}rd pressurelgradients, the flow is primarily westward,
_90 as shown in the following.
o 3 6 9 12 15 18 21 24 K%
Local Solar Time 5.3. Effects of Joule heating
(b)  solstice Temperature 3.0e—03 nbar In. simulation $6 we introdl_Jced Igtitudinal profiles of qule
solar max Upor= 25.6 ms™ heating, as described in Sectidr8. Since these are local time
independent and additionally the solar driven local time varia-
430 tions are very small, we will only discuss the diurnally averaged

parameters, which are a good representation of the overall at-
mospheric behavior.
R R R P i Fig. 6 shows latitude—height panels of temperatures, hor-
izontal winds and K mixing ratios. The simulation is for
equinox conditions, so any hemispheric asymmetries are driven
by asymmetries in Joule heating (see Sectdd). Panel (a)
shows that temperatures are largest near the poles, a result of the
high latitude Joule heating and “trapping” of energy at high lati-
Y 3 6 8 12 15 18 21 24 tudes as aresult of Coriolis forces. Furthermore, we see the tem-
Local Solar Time perature maximum in the polar regions do not lie in the upper
Fig. 5. Latitudelocal time profiles of temperatures and horizontal winds athermosphere, as normally expected, but near 10 nbar. At this
equinox conditions (panel (a)) and southern summer conditions (panel (b)) dupressure level, temperatures forrd9, 0° and 90 S are 1164,
ing solar maximum in Saturn’s upper thermosphere on tBex310~3 nbar 152 and 1197 K, respectively. Near the top of our height range,
pressure level, as calculated by the GCM in simulations S4 and S5. at 3x 10_3 nbar the equivalent values are 777, 172 and 815 K,
respectively. The sharp latitudinal temperature gradient drives
temperature (and pressure-) gradients drive poleward windgseridional equatorward winds (panel (b)) which peak neér 50
which however are turned into eastward (corotating) winds byatitude with values of around 300 /. Note that meridional
Coriolis forces, peaking at mid-latitudes with values of aroundyinds decrease with decreasing altitude, below 1 nbar they are
9 m/s. The temperature maximum occurs not at the subsolajirtually negligible, despite the Joule heating rate per volume
point (noon), but at dusk (18 h local solar time). This is due tobeing largest near the lower boundary. It is unclear how re-
the large heat capacity of Saturn’s hydrogen/helium atmospheigistic this behavior is—in our simulations it is linked to our
(cp ~ 15,000 Jkg/K) and hence long thermal time scale, com- jower boundary condition of vanishing wind velocities. We fur-
bined with the fast rotation of the planet. Similarly, these twother see the southern pole to be up to 38 K warmer than the
properties are partly responsible for the low diurnal variabilitynorthern one. This agrees with our overall Joule energy input
of temperatures, and hence small horizontal and vertical windgeing larger in the south (4.96 TW versus 4.86 TW, see Sec-
At solstice (panel (b)), the hemispheric differences in tem+ion 4.3). Correspondingly, there are slight differences between
perature reach 16 K and hence dominate the diurnal variabihorth and south in the dynamics as well. Peak zonal winds in
ity, which is hardly visible in the contours of panel (b) (al- S6 are around 3 kyts.
though still present). We show a case of southern hemisphere Fig. 7 shows the same diurnally averaged parameters as
summer, as currently prevails on Saturn, so southern hemrig. 6, but for simulation S7, where a wave heating profile
sphere temperatures are larger (432 K) than those in the norfdashed—dotted curve fig. 3) was applied in addition to the
(416 K), driving a summer-to-winter pressure gradient, whichJoule heating (see Sectidnd). We find the overall structures
itself drives meridional winds. These, however, are again turnetb be very similar. Near the 10 nbar pressure level, temper-
into zonal winds by the strong Coriolis forces, westward inatures for 99 N, 0° and 90 S are 1253, 365 and 1293 K,
the southern (summer) hemisphere and eastward in the northespectively, while exospheric values are 894, 407 and 936 K,
ern (winter) hemisphere, with peak velocities again occurringespectively. When comparing these values to those from S6
at mid-latitudes with values of up to 25/, more than twice (see above), we see equatorial temperatures in S7 increased on
those found for equinox. Interestingly, the largest temperatureaverage by 224 K and the pole-to-equator exospheric temper-
are found not at the subsolar latitude {2%), but at the sum- ature differences reduced from around 624 to 508 K, which

LS N N U U N N U W V. U N N N N T

Latitude

420
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Fig. 6. Diurnally averaged temperatures, horizontal winds apnditing ratios versus latitude and height for equinox and solar maximum conditions, as calculated
by the GCM in simulation S6Usq,thand Uwestare meridional and zonal winds, respectively, defined as positive southward and westward.
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Fig. 7. Same aF6ig. 6, but for simulation S7.
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/ 3.0e—03 nbar

in turn affects the dynamics. Meridional and zonal peak wind diurnolllyl o[velrog[ed

velocities now reach values of around 23@svand 2.7 ks, 10 F e o eqluinloxg
respectively. 0.5F

Fig. 8 shows diurnally averaged meridional accelerations - 3
near the 3« 10~3 nbar pressure level versus latitude from sim- 00F " T IrEs .

T
1
\

—— press.

ulation S7. Clearly visible are the strong pressure gradientac- ¢~ f~-" / — i

[m/s?] (positive southward)

celerations (solid line) which point equatorward and are bal- -0.5F - - - vert.visc. -
anced primarily by Coriolis accelerations (dotted), due to the C - cuny. ]
fast rotation rate of the planet. Vertical viscosity (dashed) and SORe bbb L L
curvature (dashed—dotted) also play a role, but of secondary or- —75-60-45- 30':3‘{?“ dls 30 4560 75

der. The predominance of the pressure—Coriolis balance in the
meridional direction explains the meridional and zonal windFig. 8. Diurnally averaged meridional acceleration terms on e 303 nbar
component behavior in panels (b) and (c)Rifs. 6 and 7 pressure level in simulation S7. Values are defined as positive southward.
Despite the meridional pressure gradients being orders of mag-

nitude larger than the zonal ones (which are driven by changes

in solar zenith angle only, given that our Joule heating rates are

constant with local time and longitude), the meridional winds

are deflected by strong Coriolis forces to flow westward in- =
stead. Zonal winds peak near’datitude in both hemispheres, £
reaching values of around 3.0 Ke (S6) or 2.7 knjis (S7),

reduced in S7 due to the smaller meridional temperature gra-

--- 1.2e+00 nbar
------ 1.1e=01 nbar
—— 1.0e-02 nbar

dients. Zonal winds extend lower down into the thermosphere -2 , ) .
than meridional winds, at high latitudes essentially to the bot- —50 0 50
tom of our model. Sound speeds in Saturn’s thermosphere are Latitude

v~ 2.1 km/s forT = 750 K. The strongest zonal winds in our
simulations hence exceed the sound speed.

As mentioned previously (Sectich3), we ignored the ef-
fects of ion drag, which will primarily affect the zonal veloci-
ties, but this simplification will hardly affect many of the basic
conclusions in our study, such as that about meridional ener fached.

gansstgcljlgrgeeltng\lIn((;fg(c):ldggbn-ghI?nZl-)osf(-a;\i/at?to\:]vse;Jt}wgftljo;ﬁlr%?al However, Smith et al. (2005byecently proposed that the
py St . . gn case ofk < 1 does not necessarily lead to a reduction of the
ion drifts at /3 the corotation speed, which translates to peak

. . . energy input from the magnetosphere by a facto(lof k).
velocities of around 2 kifs in the rotating planet system. The Instead, they propose that the reduced Joule heating is com-

peak of I-g densities, which those measurements sampled, is lo- : . : NN
. . ensated for by increased ion drag, which causes dissipation of
cated in the lower thermosphere, so the observations would suf-" . o ;
. : . inetic energy via viscous drag and subsequent thermal heating.
gest the presence of substantial westward ion drag in the low

thermosphere. Depending on the exact ion velocities, they m errhey propose that a reduction of the neutral atmosphere coro-

either accelerate or reduce the neutral westward winBigst 6 at\é\tlon, despite reducing the component of Joule heating, overall

and 7at auroral latitudes and partly affect their latitude struc-fjoes not affect the total energy mput. fro”ﬁ the magpetosphere
nto the upper atmosphere, but only its distribution into Joule

ture. At more equatorial latitudes the ions are expected to drir!l%eatin and viscous heating via ion draa. Simulating this self-
mainly along the magnetic field lines, and hence are likely to 9 9 9. 9

decelerate neutral winds there. regulating systgm of high latitude \.]oule heating gnd dynamics
Note that the strong thermally driven westward motion byW'" bg address in a more self-consistent manner in future stud-

the neutral gases reduces the degree of corotation of the thef> with our model.

mosphere with the planet, thereby the collisions between ions ) - )

and neutrals (which depend on their relative velocities) an®-4- Vertical velocities and energetics

hence the amount of Joule heating. In their estimates of the

Joule heating rates assumed in our sti@iywley et al. (2004) The horizontal winds discussed in the previous section are

accounted for this effect by using a scaling paramdtethe  accompanied by vertical velocities, which are important both

“slippage” of the neutral atmosphere from rigid corotation. Thefor energetics, causing adiabatic heating and cooling, and for

Joule heating rates we assumed in this study assumed perf@stmposition. InFig. 9 we show latitudinal profiles of diur-

corotation of the neutral atmospheke=£ 0) and thus represent nally averaged vertical velocities on 3 different pressure levels

an upper limit. Joule heating rates would be reduced by a factdrom simulation S7. The 1.2-nbar level roughly corresponds to

of (1 — k) for an atmosphere not in perfect corotation (wherethe main ionospheric peak altitude of 1500 km in photochem-

0 < k < 1). As a result of thermally driven westward winds, ical models(Moore et al., 2004)We see that vertical winds

the Joule heating rates are hence potentially reduced, lowerir@an reach 5.0 its (upward) at polar latitudes with pronounced

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

the pressure gradients and hence zonal winds, until a balance is
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latitudinal structure. Equatorward of arouti®(° they are neg-  S6 and S7, however, strong horizontal changes appear, with H
ative (downward), reaching peak values—¢f.2 mys. mixing ratios near the top of our altitude range increasing from
What drives these vertical velocities? FollowiBgckinson  equatorial values of 88.2% (S6) and 88.6% (S7) to polar values
and Geisler (1968and Rishbeth and Muller-Wodarg (1999) of 96%. Differences between S6 and S7 are relatively small, the
we may distinguish between two components of vertical wind effect being larger in S6 due to the stronger circulation which in
the barometric velocityyhar, and divergence windygiy, where  S7 is offset by the equatorial heating. In both simulations how-
the total wind,v., is the sum of bothv, = vpar+ vdiv. While  ever there is a noticeable increase ifnHixing ratios towards
barometric wind is linked to the thermal expansion of the at-the poles.
mosphere, the vertical divergence wind is due to conservation This composition change is driven entirely by vertical veloc-
of mass relative to levels of fixed pressure. Diverging (conities, given that our auroral forcing currently does not include
verging) horizontal winds will create an upward (downward) precipitating particles, which would further contribute towards
divergence wind. So, the underlying physics driving these twqonization and hence neutral composition changes. The strong
wind components are different. Our calculations distinguish beupwelling at high latitudes (sefeig. 9 and Sectiorb.4) trans-
tween the two vertical wind components, and we found theyorts gases upward in the atmosphere. The mixing ratios of H
total vertical wind velocitiesy;, in Fig. 9to be primarily di-  peing the relatively heavier gas in Saturn's thermosphere, de-
vergence winds, driven by the diverging (at high latitudes) angtrease with altitude due to the separation of constituents above
converging (at low latitudes) horizontal winds. This matchese homopause. When transporting gases upward, therefore, the
well the situation in the Earth's upper atmosphere, where highy, mixing ratio locally increases, whereas the opposite hap-
latitude vertical winds are driven almost entirely by the SaM&ens in regions of downwelling. This transport effect is well
processe¢Rishbeth and Muller-Wodarg, 199%or the cases  nqwn for Earth(Rishbeth and Miiller-Wodarg, 1998hd other
of solar-driven dynamics alone (simulations S1-S5) we fo“”%tmospheres, including Titan(Miiller-Wodarg et al., 2003)

diurnal vertical velocities to be below 0.2/8y upward in the Since H is the lighter gas in Saturn's thermosphere, it be-

sunlit (dayside/summer) hemisphere and downward in the anthaves opposite to #and the upwelling at auroral latitudes re-

sqnward hemlsphgre. In those simulations, vertical W|nd§ WET8uces its abundances, while low latitude downwelling enhances
primarily barometnq and <Ij|urnallaverages pelow 0_.Q%rﬁ'h|s them. A shown inFig. 1, H and K are the principal neutral
shows that the vertical winds ifig. 9are driven primarily by gases in Saturn’s thermosphere at altitudes above the 1-nbar

the Joule .heatmg and not by SO""V heating. level, so their mixing ratios roughly add up to unity. The abun-
Analysis of the energy equation terms shows most of th

heating to be balanced not only by conduction, but also by cool-

ing through vertical advection and adiabatic processes ECIU%?IUES’ due to vertical wind&en Jaffel et al. (1995jound H
torward of +45° the downward vertical velocities cause the ensities derived from their reanalyzed Voyager UVS emission

ata to be enhanced by a factor of 3 with respect to standard

opposite, adiabatic heating. Height-integrated adiabatic heatlrﬁodels, which are partly based on observations and partly on

values reach around 15% of the wave heating rates in sim hotochemistry. A tth bl lanation for this th
lation S7. Vertical and horizontal advection are relatively lesgPhotochemistry. Amongst the possible explanation for this they

important at low latitudes, with rates less than a third those of_UIed out meridional transport of H due to the strong Corio-

adiabatic heating. The equatorial downwelling is a direct result|S forces on Saturn. qu_5|mulat|ons Conf_lrm th_at meridional
of the global pole-to-equator circulation that is driven by thelr@nSPortis indeed negligible, but add vertical winds as a pos-

Joule heating. Equatorial adiabatic heating is therefore effeciPle candidate.We find that wind-induced downward transport

tively a means of transporting the energy from the poles to th&ould contribute towards t_his enhancement_of H _densities. In
equator. As already mentioned in Sect®6, Saturn’s fast ro- order to better assess the importance of vertical winds we how-

tation forces horizontal winds to be primarily zonal and hence®Ver need an improved latitude coverage of column integrated
less effective than vertical winds in transporting energy equat! @bundances on Saturn.

torward, in agreement with findings I8mith et al. (2005aind The H; ion is known to be an important constituent in the

Bougher et al. (2005) atmosphere of Jupiter, and has also been detected in Saturn’s
auroral regiongStallard et al., 1999, 2004t is generated both

5.5. Wnd-driven composition changes by solar EUV ionization and particle precipitation and hence is

most abundant in polar regions. As shown recentlyMnore

Finally, we investigate the effect of vertical winds on neutral€t al. (2004)he ratio H"/H3 o« Ne/Hz, whereNe is the total
composition in Saturn’s thermosphere. Panels (digé. 6 and  electron density, so aszHncreases, so doesjH Our calcu-
7 show the mole fractions of Hfrom simulations S6 and S7, lations show that this could occur due to a change in the back-
respectively. In simulations S1-S5 similar profiles (not shownground atmosphere, driven by the neutral winds. In the presence
consisted of essentially horizontal contour lines, with compo-of Joule heating, therefore, dynamics lead to an enhancement of
sition varying only vertically, but very little horizontally, due Hz. We will address the effects of this change in neutral com-
to the small solar-driven velocities (see Secttof). Both in  position on I—g densities in future studies.
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6. Conclusions It is well known for Earth, Mars and Venus that the upper
atmosphere is strongly affected by the lower atmosphere re-
The development of a Saturn Thermosphere—lonospheigions, through a general background circulation being present
Model (STIM) represents a first attempt at understanding thésuper-rotation on Venus) and/or the presence of upward prop-
global morphology of Saturn’s thermosphere, including theagating waves, which deposit momentum and energy in the
coupling of energy, dynamics and composition. Keeping inupper atmosphere. On all terrestrial planets the thermospheric
mind the limitations of our calculations, they provide a usefulbehavior cannot be understood without taking these into ac-
comparison between different bodies in the Solar System ancbunt. The same may be true for Titan, as shown in calcula-
how these react dynamically to external heating. Our simulations by Miller-Wodarg et al. (2000Q)and our discussion of
tions reveal important differences between Saturn and the teenergetics on Jupiter and Saturn (Sec®rhas already sug-
restrial planets, as well as Titan. While Saturn’s thermosphergested that the same may be true on the Gas Giants. The pres-
is currently too under-constrained by observations to make angnce of strong zonal winds in the troposphere of Saturn is well
reliable predictions ahead of anticipated measurements by thenown, with some evidence of their presence reaching into the
Cassini spacecraft, our calculations help in developing a deepestratosphere and mesosphere as \{i¢libbard et al., 1997)
understanding of Saturn’s thermosphere, in particular the intefFhey may hence be present also at the bottom of the ther-
play of energetics, dynamics and composition. mosphere, which would affect dynamics there. In calculations
Overall we find that Joule heating at the rates proposed bgf Titan’s thermospheréyiiiller-Wodarg et al. (2000)ncluded
Cowley et al. (2004)s insufficient to raise temperatures at low zonal jets at the bottom boundary and found them to super-pose,
latitudes to observed values. We therefore proposed an addissentially linearly, onto thermospheric winds. We have not in-
tional source of heating, which we called wave heating, to “fillcluded this in our current calculations, but will do so once more
in” the missing energy at low latitudes since Coriolis forces, reconstraints are available for zonal winds near the lower range
sulting from the fast rotation of Saturn, prevent effective redis-of our model, and also on the other energy sources considered
tribution of high latitude energy towards lower latitudes. While in our study.
solar heating is relatively insignificant in the thermosphere of One key aim of studying Saturn’s global thermosphere
Saturn, in contrast to the terrestrial planets and Titan, its weaind its dynamics is to improve our understanding of Saturn’s
periodic forcing may in time help build up oscillations at inter- ionosphere as well. The ionosphere is strongly coupled ener-
nal harmonics. Seasonal effects, although weaker than on Eartetically, chemically and dynamically to the thermosphere. To
Mars and Titan, may contribute towards asymmetries betweedate, the vertical structure of Saturn’s ionosphere, as observed
the hemispheres. by the Pioneer 11 and Voyager spacec(iftore et al., 1980;
Saturn’s real coupled thermosphere—ionosphere system fsndal et al., 1985)has not yet been reproduced successfully by
very complex and our model currently does not include alll-D photochemical ionosphere models, which generally over-
the physical processes that are likely to occur. This howeveestimate peak electron densities and place the plasma peak
allows us to better separate the physical processes and assekgude too low. To rectify these discrepanciédajeed and
their individual roles. We ignored ion dynamics and hence thevicConnell (1996)proposed, amongst other effects, substantial
effects of ion—neutral drag both at high latitudes (where neuvertical plasma drifts to improve the peak density height calcu-
tral winds would be accelerated by fast ions, themselves drivelations. To date, inclusion of these drifts in the 1-D ionosphere
by magnetospheric electric convection fields) and at low laticalculations has been empirical since no information on ther-
tudes. At low latitudes, the effect would be to slow down themospheric dynamics, which could drive parts of these drifts by
neutral velocities, possibly offsetting some of the strong zonapushing ionization along magnetic field lines, was available. In
winds we find in our calculations. This is an extension plannedact, the strong equatorward meridional winds we found in our
for the near future. Similarly, our method of introducing Joulecalculations (se€igs. 6 and Y could support such strong verti-
heating was not self-consistent and hence did not reflect theal plasma drifts. The Saturn ionosphere modeMmpre et al.
changes in Joule heating rates which result from changes if2004)is already fully coupled chemically to our GCM, and
the background atmosphere, such as ion densities or dynamidke two codes are currently also being coupled dynamically to
Another simplification in our simulations was to assume Joulallow more accurate ionospheric studies of Saturn and eluci-
heating to be constant with longitude and local time, whiledation of the role of dynamical coupling between the neutrals
recent UV images of Saturn’s aurora showed an auroral ovand ions on Saturn. This will also be important to address the
which is not centered around the magnetic p@éarke et al., physics of magnetospheric driving in a self-consistent manner.
2005) Introducing a more realistic auroral oval is likely to af-
fect the high latitude dynamics and also the meridional energycknowledgments
flux. As described in SectioB.3 we find zonal wind veloci-
ties that exceed the sound speed. This result needs to be treatedThe work of I.M.W. is funded by a British Royal Society
with caution, given that one implicit assumption of the Navier—fellowship and by NASA Grant NAG5-12095. At Boston Uni-
Stokes equations that we use in our model is subsonic flowersity, this work was funded by a grant from NASA's Planetary
However, the result shows that the pressure gradients driven bAtmospheres program, and by seed research funds at the Center
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more, we wish to thank Jack McConnell and Stan Cowley forThe total vertical velocity in the height frame is obtained by
their thorough reviews of the manuscript and many very helpfubdding the velocity of the pressure level itself (barometric ve-
suggestions. locity) to the velocity relative to the pressure level (divergence
velocity), —1/(pg)w: u; = (8h,/dt) — 1/(pg)w.
) %,, is the 2-dimensional gradient operator on a level of fixed
Appendix A pressure. For its square we use the expression

General Circulation Models (GCMs) are created with the_, ia_z n cosy 9 n 1 8_2
aim of simulating the global coupling of all processes inanat-"7 = 42562 * 42sind 30 = a2sir? 9 092’
mospheric system. These are embodied in coupled non-linear

b . . In the vertical direction, the pressure gradient and gravity ac-
Navier—Stokes equations of momentum, energy and continu- P g 9 y

. . . . . celeration dominate other terms by several orders of magnitude
ity, which assume that atmospheric gases behave like fluids, . . ; .

. . and an accurate numerical calculation of the vertical velagity
Therefore, GCMs are physical models, which make no assump-

. . solving the vertical component of the momentum equation
tions except for boundary conditions, molecular gas parametet . Iy : :

. - 15 numerically difficult. Vertical winds are therefore calculated
and external inputs such as solar EUV flux or other heating

. . ) ._2lsing the continuity equation, which in the pressure coordinate
and calculate in a physically self-consistent manner the time- g y €d P

dependent response of atmospheric gases to such external Isa/_stem reduces to the simple form of
puts. Realistically, and for reasons of computational efficiency, 1 9 . 1 du, ow
some processes are simplified, as long as this introduces no im-sing @u o+ asing W 5
portant scientific limitation. Wherever such approximations ar

(A.3)

=0. (A.4)

ePhysicaIIy, the equation expresses that any divergence in the

ma_?ﬁ’ wSe \;V'” pqll_ﬂt them or?t n tgecf't)/lllowzng. icallv. b horizontal velocity field must be balanced by vertical wind in
€ =aturn ermosphere SOVes numerically, by, o 1o conserve mass. To calculatewe use the technique

explicit time i_ntegration, the coupled 3-dimension_a| NaVier_described byMiiller-Wodarg et al. (2000As boundary condi-
ig%kﬁ;’a?q(;ggoknms)Ofrhmeoxv?)n:]lé?iqz’oen?g{?éSngncg:tgnoufl?r/]:?noc\;ﬁons for the momentum equation we assume fixed wind veloc-
mentum equation 'in spherical pressure coF())rdinates are ivejtrileS (of zero) at the bottom and vanishing vertical gradients of
by q P P IV&lind components at the top level. In our expression for grav-

ity we do not include the centrifugal component due to Saturn’s
dup ( 1 9uy 1 Qug 8:49) strong rotation. While not strictly correct, it ensures that our

Y096 T " asing ag ap

ot calculations are consistent with the requirements of our coordi-
2 nate system that gravity always point towards a common centre
wig Uy g ohy . .
+—+ — = —5 +2Qu,cos) of the body. The issue matters only when mapping pressure lev-
apg ~ atand/ a 90 els to altitudes, which we have not attempted in this paper, but it
L1 W2, + 1 9pdup 1 Oudug does not affect to first order the calculations on pressure levels
0 4 a2 30 30  42sinfe dg dp themselves.
g ) dug The energy balance is given by the sum of the internal and
+ a2 ap (a upg¥>, (A1) external energy sources and sinks. In a spherical pressure coor-
dinate system it may be expressed by the relation
duy 10u, 1 Ouy duy de - - d(e +ghp)
—=—\uo-— Fuy——— Fw— il : gerefp)
o1 (“% 00 " "asing ap " op ar TUp- Vpletghy) +w—"0y
_ (—w”w i ute:n%) _ s(?ne Zh_l’ — 2Qu, cosh = QEUV‘E;‘ QJou(I(;:' g_wla(ve)‘l‘ 8Q}R .
a a a -
re 4 S (2220 50 ) 4 2 (Ko + Ko)VRT
+E<w2u 4 Lowduy 1 ‘Lﬂ%) a? 8p H  “op) »p ’
p\" P 6280 90 ' a2sikg d¢ dg 3 dug duy
g0 (0 FEap 1y Ty ) #o
+—28—<a Mpga—(p>. (A.2) _ _ o _ _
asop P Heree is the sum of internal and kinetic energies per unit mass,

Hereus andu, are the neutral wind components, defined asdefined ase = ¢,T + 0.5(u2 + ué), andT is gas tempera-
positive southward and eastward, respectivelis the distance  ture. With g, representing the potential energy of the gas at
to the center of the planes, is colatitude ¢ is the longitude, height# ,, the terme + gh, is thus its enthalpy. Coefficients of
h, is the height of the pressure level ands time. Further- molecular conductionk;,) are equivalent to those éfchilleos
more, g is the (height-dependent) gravitational acceleraton, et al. (1998) with turbulent conduction currently being set to
the mass density; the pressure2 is Saturn’s rotation period zero.

(with 2 = 1.64 x 10~ s71, corresponding to 10.6 h) andis Qkeuv is heating due to solar EUV and FUV radiation which
the coefficient of viscosity. We calculate viscosities using thes absorbed by b H and He at wavelengths between 7.5 and
same technigue and coefficientsfAhilleos et al. (1998)w is  around 103.2 nm, in particular the He Il line (30.38 nm). We de-
the vertical wind in the pressure frame, definedias dp/dr. rive solar EUV heating rates by explicit calculation of photon
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absorption along ray paths through the atmosphere, assumindg Moore et al. (2004andMoses and Bass (20Q0yhile we
heating efficiency of 50% for all constituents and wavelengthsgenerate a global photochemical ionosphere in the model, we
Another implicit assumption in these heating rate calculations isurrently do not allow for dynamics of the ions, a development
that thermal energy is released where the photons are absorbatep we will undertake in the near future.
While this poses no serious limitation for our current purpose, Molecular diffusion coefficients are calculated using the
we will in the future replace this approximation with explicit standard expressiol;; = A;;T%/ /n; (cr?/s), wheren; is
calculations of chemical heating rates. We use absorption crosthe major gas density and;; for pairs H—H, H—He and
sections consistent with thoseMbses et al. (2000a@nd solar He—H are, in cgs units, given by1® x 10, 6.45 x 10’ and
EUV fluxes from the SOLAR2000 modéTobiska et al., 2000; 8.84 x 107 (Banks and Kockarts, 1973; Bernhardt, 1Q7r
Tobiska, 2004) Another option in the model is to include ef- the same gas pairs, values fgy are 0.728, 0.716 and 0.706,
fects of ring shadowing, but we have ignored it in this study.respectively. We ignore self-diffusiomf; = A;; = 0) and as-
Radiative coolingQr in Saturn’s thermosphere occurs primar- sumeA;; = A ;.
ily near and below the homopause and can be ignored for our We adopt an eddy coefficient for small-scale motions of
purpose.Qwave and Qjoule are wave and Joule heating, de- K = 1 x 10’ cm?s 1, assumed constant with altitude. This
scribed in Sectiongl.2 and 4.3, As boundary conditions for places the homopause near the 70-nbar level, or around 850 km
the energy equation we assume fixed temperature (of 143 Kjltitude, allowing us to currently neglect the complex photo-
at the bottom and zero vertical temperature gradients at thehemistry near and below the homopause.
top. Our present calculations use spatial resolutions of between
In addition, our model allows for the dynamical redistribu- 2°—6° latitude by 10 longitude by 025 scale heights vertically
tion of individual gases by explicitly calculating their transport and integrate with a 1-40 s time step. Each simulation is run to
by winds and molecular and eddy diffusion. While transportsteady state for 400 Saturn rotations.
by winds is treated both horizontally and vertically, we calcu-
late molecular and eddy diffusion only in the vertical direction, References
since vertical gradients are much larger than horizontal gra-
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