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This chapter provides a basic introduction to the science of aeronomy and
a comparison of aeronomic systems for planets, satellites, and comets in our
solar system. The fundamental length scales of scale height, mean-free-path,
and depletion length are introduced, along with the non-dimensional param-
eters, Mach number, the Jeans’ X ratio of gravitational potential energy to
random kinetic energy, and the ratio of mean-free-path to scale height. These
quantities are used to define exobase and the validity of the fluid approxima-
tion for a gas and to classify atmospheres, exospheres and comas. Planetary
and satellite atmospheres are also classified by their chemical composition
and photochemistry is addressed within these categories. The thermal struc-
ture of thermospheres is reviewed and the role of molecular heat conduction
is emphasized. It is noted that solar heating is an insignificant thermospheric
heat source on the giant planets. The general importance of wave heating
is scrutinized, specifically the question is posed: why don’t all planetary
atmospheres have hot coronas?

1. INTRODUCTION

When a gas is bound gravitationally to a planetary
or satellite solid “nucleus”, it is defined to be an at-

by gravity and thus have comas. The coma is due to
evaporation of nuclear ice, principally water ice for solar
distances less than 3 AU, and its abundance is directly

mosphere. If the gas is not restricted by gravity, it
is called a coma. In the case of the giant planets the
“nuclei” are rocky cores on the order of 0.1 radii and
the gas constitntes most of the planet, Most planets
and many satellites in our solar system are surrounded
by gravitationally bound atmospheres. The presence
or absence of an atmosphere is an important charac-
teristic of a planet or satellite. Why does Ganymede,
the largest satcllite, have an atmosphere of 10712 bar,
whereas slightly smaller Titan has a denser atmosphere
than the Earth of 1.4 bar? Comets cannct retain gases
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related to the evaporation rate driven by the solar ra-
diation field. In the evaporation process considerable
dust can be ejected from the nucleus.

2. NOMENCLATURE

While there is no universally accepted definition of
the word, aeronomy, the American Heritage Dictionary
defines it as "The study of the upper atmosphere, es-
pecially of regions of ionized gases”. Sydrey Chapman
[1960] defined acronomy as “the science of the upper
region of the atmogphere, where dissocation and ion-
ization are important”. Aeronomy, from a historical
perspective, is the science of atmospheric regions where
dissociation and ionization are important factors in un-
derstanding composition and structure. In the Farth's
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x 107! ¢m®. Thus the exobase of a planet/satellite
with radius, r,, is rigorously defined as the height,
Zezobase = Tewmobase — Tpy Where the probability for an
atom or molecule traveling upward with speed in excess
of the escape velocity is e~ for escape without suffering
a collision and given by
oo
Probability =ewxp | — f on(z)dz (1)
Zevobaae

= emp(“((zazabnﬂe)—l) =e"

where {(z) = (on{z)H(z))~*. Here n(z) is the total
number density. Note that the quantity {(z) in Eq. (1)
is a parameter that describes the validity of treating the
atmosphere as a fluid and collision-dominated gas. It is
rigorously a fluid when ¢ < 1. At the exobase { = 1
and the mean free path, I(z) equals

o) =5 (2)

mean free path = I(z) = ﬁf%ﬁl,

and scale height = H(2) = %

1

where

Here T(z) is the temperature, m is the mean mass of
atoms and molecules, g is the gravitational acceleration
= GM,/r?, where the total mass of the planet/satellite
is Mp, and G = Newton’s gravitational constant. Note
that in this chapter height z and radius » will be
used interchangeably for the independent radial vari-
able. Exobase heights are given in Table 1.

4. FIVE BASIC PARAMETERS FOR A
CLASSIFICATION SCHEME OF
ATMOSPHERES, COMAS, AND EXOSPHERES

The most idealized, gravitationally bound atmosphere
would be one in which the thermal escape rate is pre-
cisely zero. Although this limit is unattainable, it is
instructive to examine the factors that govern thermal
escape to understand what constitutes an atmosphere.
In the classic model for atmospheric escape one assumes
that the atmosphere at and below the exobase is fully
collisional and atoms and molecules have a Maxwellian
distribution of velocities with a sharp transition to a col-
lisionless exosphere just above the exobase. The escape
flux due to thermal evaporation from an atmosphere
with exobase density, n, is given by the classic Jeans
formula (see discussions in Chapters 11L2 and 111.3)

nre U
Fese(revotase) = (_;:5_9'7}22__(,\ + l)ermp(_’\) (3)
in terms of a non-dimensional quantity evaluated at the
exobase A = v2,/U%, where U is the most probable
velocity of a Maxwellian distribution given by

2%\ *
v= (%) @)
and the escape velocity at the exobase from the planet/
satellite’s gravitational potential well, vy, is defined as

2GM, ) 3 )

Tezobase

T’ESc(remabuae) = (

The physical significance of A can be appreciated by
rewriting it as follows:

GMpm

2
Mresobase) = Eﬁ‘f’ = mf%“ (6)
_ gravitational potential energy _ rooouese
- random kinetic energy T H

Thus in the limit A — 0 the atmosphere is no longer
gravitationally bound and blows away due to immense
random kinetic energy, whereas in the limit of large A
the atmosphere is gravitationally retained and thermal
escape is negligible (A — co being the idealized limit
of no escape). The coma of a comet represents the for-
mer case, while Jupiter is an excellent example of the
latter. Table 1 gives representative values of A at the
exobase for the dominant atmospheric constituent at
this height for many solar system objects. Note that
atmospheres with small values of A at the excbase also
have the most extended atmospheres, “large” values of
Tegobase/Tp- For example in the category of the giant
planets, Uranus has 1.2 for this ratio and only 50 for A
at the exobase in comparison to ~ 1 and 480 for Jupiter.
Titan and Triton alse have more extended atmospheres
of 1.6 and 1.7, respectively, with exobase As’ of 45 and
23. In addition, X is also evaluated at the 1 pbar level,
typically the mesopause region, to give a further indi-
cation of how strongly various atmospheres are gravita-
tionally bound at higher pressures. Note that Pluto has
the least gravitationally bound atmosphere of any ob-
ject that possesses a surface pressure of at least 1 pbar.
1t is highly probable that regopase/rp > 3 for Pluto, if
its 1 pbar temperature of 100 K extends isothermally
up to the exobase.

The limit A — 0, is known as the Jeans limit and is
the maximum thermal escape rate

ezabase )l
%ch(:‘“emobase) =2 2\;}? (7)

1
= En(fezobuss)ulhcr‘mal

—"
where Vyermar = (31)7 = 11307

which is simply the upward directed thermal flux at the
exobase that one could calculate from simple kinetic
theory. Note that the A parameter in Eq. (3) is linearly
proportional to the particle mass and thus light con-
stituents will have much higher escape rates and larger
scale heights than heavy constituents. In Table 1 con-
stituents that have significant escape rates from solar
system objects are listed.

In order to further clarify the classification and dis-
tinction among atmosphere, exosphere, and coma, we
explore analytic solutions to the equations of continu-
ity and motion or momentum in the radial direction
[Summers et al., 1989]. From standard textbooks on
fluid dynamics (e. g. Londau end Lifshitz, 1959), the
momentum equation in the radial direction, r, can be

written as
a (1 , 18p  GM, _
or (Zw)+p5‘r+ r? =4 8

where p = pressure, p = nm = mass density, w = radial
velocity, r = radial distance from the center of the ob-
ject. For an isothermal atmosphere this equation may
be rewritten as

2(2)2+23_“_3_A=0 (o)
or \U ndr O

and integrated to give

n(r) = nlro)ezp[(Mr) = dalra)} — (M{r) — Mo(ro))]
(10}
2
where M(r) = (E[L,l)
with boundary conditions specified at some appropri-
ate level 7y and the density n(r) and radial veloc-
ity w(r) are subject to the constraint imposed by the
continuity equation, e.g., in the absence of chemistry,
4rrn(r)w(r) is a constant. Equation (10) illustrates a
number of interesting properties. In the limit of no ra-
dial flow (M(r) = My(re) = 0), one obtains hydrostatic
equilibrium for a gravitationally bound gas where the
downward gravitational force is precisely balanced by
an upward pressure gradient force

a(r) = n(ro)ezp(A(r) — Ao(ro)) (11)
= ﬁﬁrn(f'u)emp (-5)

where the right hand limit holds for atmospheres with
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small scale heights in comparison to the radius of the
planet or satellite, ;. The scale height H is just the
radial, e-folding, macroscopic length scale of pressure.
In the limit of rapidly increasing radial flow at large r,
Eq. (10) implies the density profile will decrease more
rapidly with r than the “no flow” limit. This additional
decrease is modest for subsonic flows (M {r) < 1). To
achieve dramatic decreases in density, high Mach num-
ber (M(r) > 1) flows are required, as characteristic of
the sun’s solar wind and the Earth’s polar wind.

With radial outflow, the importance of net loss/ pro-
duction processes must be evaluated. Loss processes
that are far more consequential include thermal ion
sputtering of the neutral atmosphere, clectron impact
ionization, and electron impact dissociation into fast
escaping atoms, and charge exchange, all of which are
especially relevant for satellites embedded in magneto-
spheric plasma. Specifically for the Galilean satellites
TIo and Europa, the loss or residence times for their at-
mospheres are only 2-3 days [Strobel and Wolven, 2001].

In steady-state with a net loss rate, L, the continuity
equation for spherically symmetric radial outflow is

. 4

-(,.j;(:" naw) = —Ln (12)
If L and w are constant (Lg,wqg), then the solution to
Eq. {12) is

ntr) = nafro) () ezp [ (22) =) (19

where r—ry = z is the height above the surface. One can
define a depletion length scale or scale height associated
with this coronal loss model [Summers et al., 1989] as

-1 dn we

w3 @R @
where expression (13) has the following desirable prop-
erties. For very large Hy due to either large wq and/or
very small L, the radial density profile yields the radial
outflow solution for a cometary coma in which 4mrnawg
is a constant. In the other limit of negligible wo and/or
large L such that Hg/r, < 1, the radial density pro-
file is dominated by the exponential term and corre-
sponds to an isothermal atmosphere with constant grav-
itational acceleration.

Thus we have five basic parameters (¢, A\, M, H, Hy)
to classify gaseous envelopes around solar system ob-
jects into atmospheres, exospheres, and comas. To be
classified as an atmosphere, 0 < {{r) < 1 and A must
be large (3> 1), whereas when {(r) > 1 with large A, it
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is an exosphere. The importance of exospheric loss pro-
cesses is indicated by the ratio of Hy/H being < 1. Fora
cometary coma near the surface A < 1, M ~ 1, H — oo,
and Hy is the relevant macroscopic length scale (~ 10%
km) with Lg essentially equal to the Hy O photodissoci-
ation rate and wy ~ 1 km s7}. For subliming gases va-
porization theory predicts mean efflux velocity bounded
by 0.5650 < v, < 0.750 [Delsemme and Miller, 1971].
Adiabatic expansion into a vacuum with conversion of
accessible enthalpy into radial kinetic energy yields for
water a terminal gas velocity of 2U, which is 2.5 times
the sonic velocity for water, for a ratio of specific heats,
~ = 1.33. For bright comets at 1 AU, a typical water
gas production rate is @ ~ 103" melecules s~1, with
radial velocity, v, =20 ~1km s !, A ~4 x 1078, and
approximate radial density distribution for a spherically
symmetric nucleus, R,, given by

R R?
- () B o

with mean free path from Eq. (2) of

i) = E\Qfégz .

With R, ~ 2 km, { ~ 10 em at the surface and ~ 5 x
101 km at a radial distance of 5 x 10% k. The collision
zone of a coma extends to a distance where i(r) ~ r.
This defines the outer boundary of the inner coma (the
coma’s equivalent to an exobase).

While the classifications of atmospheres and comas is
straightforward for very small and very large values of
X, the most difficult A domain is for A ~ 1, where the
atmosphere is in hydrodynamic escape or blowoff. Un-
fortunately, an analytic description of a hydrodynami-
cally escaping atmosphere has so far been elusive. Al-
though no solar system atmosphere has been proven to
be hydrodynamically escaping, Pluto’s atmosphere is
widely believed to exhibit the requisite conditions. For
an isothermal atmosphere, Eq. (9) can be combined
with the continuity equation for lossless radial outflow,
drrn(r)w(r) = dar*n{r)M (r)U = constant to obtain

a 2 0A

(ZM%])E;(an)uT-_——=o (16)

with a sonic point at M = 1/+/2. If the sonic point
were at the exobase with A = 1/2, then the radial out-
flow velocity, w, equals U/ V2 and the escape velocity.
This result may be compared with the Jeans escape flux
per unit density from a hydrostatic (no radial flow) at-
mosphere with A = 1/2 in Eq. (3) which yields

Feso(reaobase) _ 091U _ 0.91
esc( base) = ——Uthermat = (0.36v.5.

Tezatase) 27 4
(17

which is 91% of the Jeans limit (A — 0).

An alternate and more conservative threshold for on-
set of hydrodynamic escape is based on energy consider-
ations and can be inferred from the continuity equation
for radial flow in the absence of chemistry, 4772 p(r)w(r)
= constant, and the steady state equation for conserva-
tion of total energy for an ideal gas

V[ (45T +h) =7 G0 —£VT]  (18)
= Q-ﬁ—pﬂ-ﬁ

where h is the enthalpy of gas = ¢,T,Q is the internal
heating, & is the thermal conductivity, &y is the viscous
stress tenor, and F' is the external force(s) on the fluid,
assumed here to be written as the gradient of poten-
tial field(s), with —V@®, for gravity. In a conservative,
dissipationless atmosphere, di = & = @ = 0, and the
conservation of total energy reduces to, with the aid of
the continuity equation ¥ - (ptf) = 0,

1
v. [pﬁ’(iﬁ-ﬁ—bh.-l- @y)] =0 (19)
and becomes for radial flow
v pw = constant, (%1‘)‘ T+ h+ ‘I’H) = constant. (20)

which is Bernoulli’s equation for potential flow of a
compressible gas. At some very low altitude, z = 2z,
37T < h and the constant in the last equation is effec-
tively = hg + ®40. If w(oc) > 0, then the atmosphere
is escaping. The threshold conditions for atmospheric
blowoff are w(co) = 0 at z or r — 0o and kg = —®g0,
where the enthalpy of the atmosphere is converted into
directed radial cutflow kinetic energy which in turn is
converted into gravitational potential energy. The con-
dition hg = —®g9 can be rewritten as

To

9% pag
apl - 72.:

=1 (21)

where it is assumed that as the atmosphere expands
into a vacuum its internal energy is accessible and
convertible into translational emergy with escape ve-
locity weae = (cp/R)**U. For atmospheric atoms
ey = 5/2R,weee = 1.6U, 2 = 5/2, and for molecules
Na, Oy, ¢p = T/2R,wes. = 1.8U, Ny = 7/2, where the
gas constant R = k/m. The atmospheric molecules H;

(giant planets) and COg (Venus and Mars) have tem-
perature dependent specific heats as not all rotational
energy levels are populated in Hp and some vibrational
levels are populated in CQ, at relevant atmospheric
temperatures.

In a real atmosphere with internal heating and dissi-
pation, hydrodynamic escape requires a continual source
of power to replenish the enthalpy of the atmosphere
and maintain atmospheric blowoff. For the terrestrial
planets, the most probable power source would be so-
lar EUV and UV heating. On the giant planets atmo-
spheric blowoff was probably never important. Pluto is
one planet where conditions may currently be favorable
for hydrodynamic escape and certainly Triton, Titan,
and the Galilean satellites with their weak gravity and
extended atmospheres have potential for rapid escape.
Current estimates for the residence times of the atmo-
spheres of Io and Eurcpa are only 2-3 day [Strobel and
Wolven, 2001] based on the canonical escape rate for
To of 1.6 x 10?8 S04 molecules s~ and the calculated
removal rate of ~ 1 x 10?7 O molecules 5! from Fu-
ropa’s atmosphere [Saur et al., 1998]. At their exobases,
their radial outflow speeds are ~ 0.05U and 0.001U, re-
spectively.

5. VERTICAL STRUCTURE: DIFFUSION
AND MIXING

In the lower region of a planetary atmosphere known
as the homosphere, chemical tracers are observed to
have quasi-constant volume mixing ratios, y; (ratio of
individual number density, n;, to total number density,
N). This property is due to the action of mean winds
and atmospheric waves in the presence of some form’
of “dissipation”, i.e. external solar heating, mechan-
ical friction, IR radiative cooling and damping, finite
chemical lifetime, which renders the atmosphere non-
conservative. For example, a linear, conservative wave
just oscillates a parcel of air back and forth without any
net displacement or transport. The presence of active
chemistry can generate net transport. Mathematically
this tendency may be expressed by the globally aver-
aged, vertical continuity equation as

O 10 (g O
at ~ Néz (N‘F‘” Bz)

where K. is the vertical eddy diffusion coefficient, [ Cole-
grove et al., 1966),

In the upper atmosphere the tendency for chemical
tracers in the limit of negligible chemical loss is towards
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a balance between a downward gravitational force and
an upward partial pressure gradient force. The resulting
height distribution is an exponential decrease in density
with height based on tracer's scale height which is in-
versely proportional to its mass. This force balance is
known as gravitational diffusive equilibrium. The ho-
mopause is the transition region from the well-mixed
homosphere below, where chemically inert tracers tend
to have constant mixing ratios, to the heierosphere
above where tracers asymptotically approach gravita-
tional diffusive equilibrium density profiles. Transport
in the heterosphere is dominated by molecular diffu-
sion, represented by coefficients D; and D;;. This ten-
dency toward gravitational diffusive equilibrium in the
heterosphere may be similarly expressed in the globally
averaged, vertical continuity equation for minor con-
stituents as

Bpi _ Buis
o= 20N [+ (- &) m}
18 s
+h & (KN
where
n,
D= 2 and Dy = i

iy v

Low in the atmosphere D;/K,. < 1, and molecular
diffusion may be neglected. High in the atmosphere
D;/K,, » 1since D; oc N™!. The transition level
where D; = K,, is the formal definition of the ho-
mopause. The application of the kinetic theory of
molecular diffusion coupled with eddy diffusion to al-
mospheric transporf was discussed by Celegrove et al.
[1966].

For a minor constituent in an isothermal atmosphere
with no chemistry and no net flux, the two tendency
equations can be combined and integrated to yield the
following steady-state, static solution [Chamberlain and
Hunten, 1987].

= (V2N 2
e = (14 e™5) T H g,
where the homopause location, h = 0 is given by
D; = K, with homopause density Ny = b;/K;.. The
solution has the following respective limits:

Li =¥ ploi, b= —o0
—h
=2 T g h =0
[ = (oieTp [7.‘1 (Hi - }7)] vh = oo
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Deep in the atmosphere the mixing ratio is pg;. At
the homopause the mixing ratic can be considerably
smaller than its deep atmosphere value, if the specie
i is much heavier than the mean molecular mass of
the background atmosphere, as is true for hydrocar-
bons in the atmospheres of the giant planets. High
in the heterosphere, light species relative to major at-
mospheric constituents have increasing mixing ratios,
whereas heavy species have decreasing mixing ratios.

6. COMPOSITION AND CHEMISTRY

Planetary and satellite atmospheres may also be clas-
sified by their chemical composition. The major types
are the Hy-He atmospheres of the giant planets, the ter-
restrial CQy atmospheres, and the Np atmospheres of
Earth, Pluto, Titan, and Triton. In addition to these
categories there are the volcanic generated SOz atmo-
sphere of To, tenuous sputter-generated Oz atmospheres
on Buropa and Ganymede, a CO atmosphere on Cal-
listo, and exospheres on Mercury and the Moon.

6.1. Hz-He Atmospheres

The atmospheres of the giant planets are predomi-
nantly molecular hydrogen (~ 85-95% by number) with
the remainder mostly helium. Trace amounts of the
saturated hydrides (CHy, NHj, H30, HyS) of reactive
atoms of cosmically abundant elements C, N, O, S are
present in the deep atmospheres of the giant planets,
as predicted by thermochemistry to be the dominant
form of these elements. These hydrides are also the
condensible substances for cloud formation. The work-
ing hypothesis for the formation of the solar system is
the nebular hypothesis which first gained prominence
in the writings of Kant and Laplace. The giant plan-
ets got a head start in the cooler nebular regions of the
outer solar system. Solids condensed first there and sub-
sequently collided, aggregated, and eventually became
self-gravitating protoplanets sweeping up neighboring
solids gravitationally and capturing Hs and He gases in
roughly solar proportions. The enhanced abundances
of saturated hydrides over expectations based on solar
elemental ratios (factors of 3 for Jupiter and Saturn and
factors of 30 for CH4 on Uranus and Neptune) have been
measured in situ by the Galileo probe in Jupiter’s atmo-
sphere and by remote sensing on all the giant planets.
These enhanced abundances are attributed to condensa-
tion of solids (the saturated hydrides) as the seed nuclei
that initiated the formation process of the giant planets.
Some enrichment would be predicted as 100% capture
of surrounding H; and He gases would be improbable.

Some trace species in the upper atmospheres of the
giant planets (e. g CyHg, CoHp, CpHy, C4Hy,) are
too abundant to have a thermochemical origin, even if
they were convected from the deep, hot interior. These
species are best understood as the products of CHy
photochemistry. The photochermistry of inorganic com-
pounds, NH; and PHj, and the formation of conden-
sible NoH; and PyH, may contribute along with poly-
acetylenes and other hydrocarbons to the ubiquitous
haze in the tropopause regions of the Jupiter and Sat-
urn. The external (to the planet/satellite) introduc-
tion of matter by infall of meteoroids and material from
rings and satellites containing oxygen leads to the pho-
tochemical formation of CO and COs.

The photochemistry of He and He leads to the for-
mation of ionospheres on the giant planets

Hy+hv—= Hy +eor H+ Ht +¢;
I=54%107% 95x107% 57! at 1 AU
H4hv s HY4e;1=73x108s L at 1 AU
He+hy— Het +e;1=52x10"%s7" at 1 AU
Hf + Ho = Hf +H ; k=2x%10"° em® 571
Het+ Hy = HeHt + H ; k=42x107% cm® 57!

and when the plasma recombines the production of H
atoms

Hf +e — Hy + Hyoe = 4.6 x 10797, 700 cm? 5!
Ht+e = H+hvia =19 x 10797,7%7 ¢m® 571

and at high pressures in these atmospheres, H atoms
recombine quickly to recycle Ha, either directly,

H4AH+M - Hy+M;k=27x 109706 cmb 571

or catalytically through reactions involving hydrocar-
bons. Chapters 1.2 and 1.3 explore more fully the neu-

" tral and ion chemistry in the upper atmospheres of the

giant planets.

6.2. Terrestrial COy Atmospheres

The inner, terrestrial planets got a late start in for-
mation because most hydrogen-bearing ices never con-
densed to solids in the hot, inner regions of the solar
nebula. Consequently the terrestrial planets did not
have as large a reservoir of solid material and could not
grow as large as the glant outer planets and acerete
gas and dust. Powerful solar winds after the formation
of the protosun may have swept the inner solar system
clean of gas and dust, leaving the late starting terrestrial
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planets with far less raw material for formation. Given
the absence of substantial amounts of hydrogen, the
terrestrial atmospheres emerged as strongly cxidizing
in contrast to the strongly reducing atmospheres of the
giant planets. On Venus the high surface pressure and
temperature establish a chemical region in the lowest 10
ki, where thermochemical processes predominate over
photochemistry and carbonate rock can liberate COj.
The inventory ratio of atmospheric Ng/C03 is compa-
rable on the twin sister planets Venus and Earth. With
the inclusion of CO; in Earth limestones, their abso-
lute CO, abundances are also comparable. Although
the present Earth does not have a CO2 atmosphere,
it would have one if either life never existed and/or
its surface temperature were elevated to surface con-
ditions comparable to Venus through the liberation of
C0y from carbonate rock and evaporation of the oceans.
On Mars the permanent, CO, southern polar cap buffers
its CO2 atmosphere. The northern polar cap is mostly
water ice. Venus is almost devoid of water, whereas
Earth and Mars have large and moderate surface reser-
voirs, respectively.

Solar photolysis generates fast destruction rates of
these GOz atmospheres:

COy + hw() < 20004) = CO + 0
J=12x10"%g1atl1 AU

which if followed only by

CO+O0+ M — COz + M;
k =6x107% ¢m® ¢-!

and O+ 0+ M 0+ M ;
k=5x10"% exp (900/T) cm® 571,

where the former reaction is spin-forbidden and slow,
and the latter is fast, the result would be an irreversible
conversion of CO4 into CO and Og in only 4 million
years in the massive Venusian atmosphere and only
4000 years in the Martian atmosphere. The stability
of these atmospheres has been hypothesized, but not
conclusively demonstrated, to be due to fast catalytic
cycles involving the odd hydrogen compounds (H, OH,
HOs, HO,;) as discussed in Chapters 1.2 and 1.3. On
Venus the HO, is derived from Hy, which in turn is
dissociated catalytically by Cl atoms liberated in HCI
photolysis, whereas on Mars either photolysis of HoO
(wet phase) or H, oxidation by O(*D) from Oz photol-
ysis (dry phase) supplies HO;.
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The other topic of considerable interest on the ter-
restrial planets is the inventory, evolution, and escape
of water and its photolysis products. The Earth, of
course, has a liquid water ocean of approximalte depth
~ 3 km, Mars has a permanent northern, mostly wa-
ter ice, cap and perhaps as much as a few hundreds of
meters of water buried beneath the surface. In contrast
Venus is essentially bone dry with only about 0.01 bar in
its atmosphere and with a surface temperature of 730
K incapable of storing water in liquid or solid phase.
Venus, the Farth’s twin planet, is widely regarded to
have undergone a runaway greenhouse based on the
large enhancement (~ 100) of the D/H ratio derived
from measurements of the [HDO]/[H,0] ratio. Evapo-
ration of a water ocean of depth comparable to our own
ocean due to a runaway greenhouse coupled with wa-
ter vapor photolysis and mass dependent escape rates
of H and D could in principle account for the isotopic
enhancement of deuterium as discussed in Chapters 1.2
and 11L.2. The O atoms generated from photolysis sub-
sequently oxidized surface rocks. Alternatively, the ob-
served water vapor abundance is maintained in steady-
state balance by cometary infall and photolysis of Ho0
followed by nonthermal escape of hydrogen. Over the
age of solar system there is no requirement of excess
primordial water to explain the observed [HDO]/[H; O]
ratio[ Grinspoon and Lewis, 1988].

In the COg atmospheres of Venus and Mars, pho-
toionization of CO5 is the dominant source of ions

COy+hv = COf +e;1=66x10"" s at 1 AU

The COJ reacts rapidly with atomic oxygen, which
is abundant in the upper atmosphere, to form oxygen
ions

COF +0— 0t +C0; 1 k=16x10"1%cm® s7?

COf +0 = 0t +CO ; k=96x10"" cm® 57!
with OF converted rapidly to O';!' by

07 +00; = 0f +00 ; k=11x10"" cm® 57!
and ensuring that O} is the dominant, terminal ion

in the ionospheres of Mars and Venus, as discussed in
Chapter 1.3.

6.3, Ny Atmospheres

The last broad category is No atmospheres. The
emergence of life on the Iarth led to the removal of CO,
as the dominant gas and the ascent of N3 as its prime at-
mospheric constituent with living organisms controlling
the 21% O content far from thermodynamic equilib-
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rium by the processes of photosynthesis and respiration.
The ocean supplies the dominant greenhouse gas, Ha O,
and the most important oxidizing agent in atmospheric
chemistry, the OH radical. Photochemistry of Oz gen-
erates Oy, which sustains life by filtering out harmful
solar UV before its reaches the surface. The cycle of O3
absorbing solar radiation, dissociating to form O atoms,
and the regeneration of Oy by the reaction of O 4+ O2
with liberation of heat creates the thermal inversion re-
gion known as the stratosphere. In the thermosphere
atomic oxygen emerges as the dominant constituent be-
cause, while photolytic destruction of Og is fast, no fast
bimolecular reactions exist in the thermosphere to re-
cycle Og. Atomic oxygen recombination occurs only by
downward diffusion to the mesopause region where cat-
alytic reactions involving odd hydrogen supplemented
by direct recombination O + O + M — O; + M lead
to reformation of Os. In contrast, molecular nitrogen is
difficult to dissociate directly. Due to the absence of al-
lowed transitions from its ground term into dissociating
upper electronic terms, dissociation proceeds primarily
by ionization first and then subsequent ion molecule re-
actions that break the Ny bond. Atomic nitrogen does
not emerge as an abundant component of the thermo-
sphere, principally because Ny is efficiently regenerated
locally by the fast bimolecular reaction N + NO — Na
+0,k=31x10"" em? s,

The earliest atmosphere on the Earth is speculated to
have been mildly reducing with a composition similar
to the present day atmosphere on Titan, the largest
satellite of Saturn. Titan has the most massive Np
atmosphere in the solar system at 1.4 bar and a sur-
face temperature of 94 K. The next most abundant
constituent is CHy with a volume mixing ratic of a
few percent in the troposphere and ~ 2% above the
tropopause. The combined photochemistry of Ny and
CH;4 leads to the formation of a large suite of hydro-
carbons, organic molecules, and nitriles that condense
to yield an optically thick haze that envelopes Titan
and elevates its optical limb about 250 km above the
surface. This photochemical smog is Titan’s analog to
the Earth's ozone, in that it absorbs solar radiation and
heats Titan’s stratosphere approximately 100 K above
the tropopause temperature. The H and Hy produced
in CH, photolysis rapidly escape Titan’s extended at-
mosphere and weak gravitational field, ensuring the ir-
reversible destruction of CH, to heavier hydrocarbons
and necessitating CHy resupply from the interior. In
Titan’s icnosphere the primary ions produced are NT
and N+, which react with CHj to initiate a chain of re-

actions that yield complex organic ions as the terminal
ions in an atmosphere that contains a large assortment
of organic molecules as discussed in Chapter 1.3.

In the distant outer solar system, the planet Pluto
and the largest Neptunian satellite Triton are widely
regarded as the largest end-members of Kuiper-Belt ob-
jects that occupy the region from ~ 30 to 100s of AU,
and serve as the source of short period comets. These
“twin” objects have thin buffered Ny atmospheres con-
trolled by interactions with surface ice, primarily No
frost. Additional expected (CO) and detected (CHy)
atmospheric constituents are also controlled intimately
by interaction with their surface frosts which may be
well-mixed with the Ny frost. Triton’s surface pressure
is ~ 1441 pbar and surface temperature is ~ 38 K
based on Voyager 2 data [Yelle et al., 1995]. In the
case of Pluto we know from the Infrared Space Obser-
vatory (180) that its surface is not isothermal [Lellouch
et al., 2000) and the surface pressurc can be anywhere
from at least ~ 3 pbar based on the Eifiot et al. [1989]
KAO stellar occultation data to possibly as large as
100 pbar if obscuring clouds and/or haze mask the sur-
face location in the stellar occultation data. In fact our
knowledge of Pluto’s atmospheric composition is very
limited with only a measurement of the Cly column
density, ~ 3 x 10'® em~2, with large error bars from
a near-IR solar reflection spectrum in the 1 pm region
[Young et o, 1997a]. Other species, in particular Ny
and CO, must be estimated from surface ice abundances
and temperatures and the assumption of vapor pressure
equilibrium. There are substantial differences in the at-
mospheres Pluto and Triton at the microbar level where
stellar occultation measurements probe. Pluto’s scale
height and temperature are twice Triton’s values [Elliot
et al., 2000].

The photochemistry of CHy in these atmospheres
vields CyHy and CyH,; which condense to form thin
hazes, as observed by Voyager 2 on Triton, and even-
tually are deposited as frosts on the surface, but so far
undetected on either object. Atomic and molecular hy-
drogen, products of methane photolysis, rapidly escape.
The photochemistry of No and CO lead to the forma-
tion of an ionosphere and nitriles and the production
of C and N atoms, which can escape thermally. The
dominant source of mass for Neptune’s magnetosphere
is escape of H, N, and H, from Triton and precipitation
of energetic magnetospheric electrons may confribute
two-thirds of the power input to Triton’s upper atmo-
sphere (cf. Table 1). Further discussion of these topics
may be found in Chapters 1.2, ITIL2, and IV.4.
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6.4. Voleanic Atmospheres

The volcanic generated atmosphere of Io is in a class
by itsell. The innermost Galilean satellite is the site
of the most active volcanism in the solar system. The
volcanos are powered by tidal heating as a result of the
Laplace resonance involving the orbital periods of Io,
Europa, and Ganymede. The associated forces generate
an eccentric motion for To in the presence of Jupiter’s
enormous gravitational field with tidaling heating a nat-
ural consequence. The driving gases are 503, S;, and
maybe Q2 [Zolotov and Fegley, 1998]. 504, S, and SO
are the principal components of its atmosphere [Lel-
Ipuch, 1996; Spencer et al., 2000]. SO, frosts are preva-
lent at mid and high latitudes and on the nightside
where the surface temperature drops to ~ 95 K. At this
temperature the vapor pressure of S0, is only 0.0004
nbar. A typical dayside surface pressure would be ~ 0.3
nbar. The fundamental question is whether the SO at-
mosphere, which is preferentially confined to the equa-
torial regions, is a buffered atmosphere in equilibrium
with alfvariable temperature surface frost or primar-
ily an atmosphere formed by multiple volcanic plumes.
Mass loss from lo’s atmosphere by thermal escape, by
heavy torus ion bombardment/sputtering of Io’s atmo-
sphere, exosphere, and surface [MeGraih end Johnson,
1989] and by plasma pickup supplies copious amounts
of oxygen, sodium, and sulfur to the Jupiter’s inner
magnetosphere. Also the torus plasma can be ener-
gized by charge exchange reactions involving neutrals in
Io’s atmosphere and exosphere. Torus electrons precipi-
tate into the atmosphere and create a highly conducting
ionosphere. Joule heating by Io’s electrodynamic inter-
action with the Io torus plasma is the principal heating
mechanism (cf. Table 1). Chapters I1.1, IL2, and 111.2
discusses these topics in much more detail.

6.5. Sputter-Generated Atmospheres

The next Galilean satellites Europa and Ganymede
orbit also in the harsh environment of the inner Jovian
magnetosphere. Their partial water ice surfaces are
subjected to severe ion bombardment and ion induced
ejection of substantial numbers of H,0, Hy, and O,
molecules off the surface (see Chapter IIL.3). Whereas
H;0 sputtering rates are about 10 times the Ha and
O, rates, water is a condensible and hence has a large
sticking coefficient, ~ 1. Neither Hy nor Oy are conden-
sible and have much smaller surface sticking coefficients
(~ 0.001). Thus H20 emerges as a minor component of
their atmospheres, in spite of its much larger sputter-
ing rate which does not compensate for its unity stick-
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ing coefficient. The Hs molecules escape readily from
these satellites leaving behind the much heavier Oz as
the dominant atmospheric species. In the case of Fu-
ropa there is an adequate first order description of the
mass balance of the Op atmosphere [Sour et al., 1998].
Europa's suprathermal torus ions, with a contribution
from thermal ions, sputter Oy from the water ice surface
and thermal torus ions remove the O. atmosphere by
sputtering with a net molecular flux of ~ 1027 Oy 571,
The resulting surface and column density just barely
qualifies the gravitationally bound O3 as an atmosphere
with surface pressure of ~ 0.0007 nbar. Joule heating
associated with ~ 1 x 10% Amps of ionospheric current
is the dominant source of atmospheric heating (cf. Ta-
ble 1), For Ganymede with its own internal magnetic
field the inference of the Oy column density and surface
pressure is more complicated, but best estimates sug-
gest comparable values to those appropriate for Europa
[Hall et al., 1998).

While Mercury and the Moon do not possess a con-
ventional atmosphere, they do have tenuous alkali metal
exospheres, principally Na, K, and Ca. These atoms
execute ballistic orbits above the surface. These exo-
spheres are discussed in depth in Chapter TI1.3.

6.6. Comas

In the vicinity of 1 AU, comas are predominantly wa-
ter vapor. The photodissociation of H20 is of funda-
mental importance.

HO+hv—+OH+H;J=1x10"%s"1 at 1 AU
HyO+hv = Ho+00(D) ;] =14x107%5 1 at 1 AU

where in the first channel the H atom acquires the bulk
of the excess energy and is ejected with a velocity of ~
25 km s~! in comparison to the OH speed ~ 1.5 km
571 and the radial HyQ bulk speed of ~ 1 km s™1. The
fast moving H atoms lead to the generation of a large
Lyman, a halo by resonance scattering of solar Lyman
a radiation with characteristic dimension ~ 107 km.
Channel 2 proceeds at ~ 15% of the rate of channel 1
and produces an electronically excited, highly reactive
O atom. lonization of HyO is the predominant source
of ions

HyO+ hy = HyOF +e;1=33x10""57" at 1 AU
HyOF + H,0 = HyOF + OH 1 k=2x107% cm® 571
with conversion by the second reaction to HyO7b in the

inner coma. Given the large suite of volatile minor con-
stituents in the nucleus, the photochemistry of comas

e
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involves an exceedingly large number of reaction paths
and species as discussed in Chapter I1.4.

7. THE TIHERMAL STRUCTURE OF
THERMOSPHERES: THE ROLE OF
MOLECULAR HEAT CONDUCTION

A survey of the atmospheres in our solar system,
where we have some idea of their vertical tempera-
ture profiles, indicates upper atmospheres invariably
have thermospheres with the fundamental properties of
isothermal conditions near the exobase and a base re-
gion with steep temperature gradients, The latfer im-
plies substantial downward transport of heat by molec-
ular conduction. The dominant molecules in most at-
mospheres are homonuclear (e. g. Hy, Nz, Oz) and
thus have no permanent dipole moment and are in-
frared inactive with no rotational or vibrational absorp-
tions/emissions. The terrestrial atmospheres of Venus
and Mars do have the infrared active molecule CO.
as their dominant constituent, yet still have thermo-
spheres. (Venus has a dayside thermosphere, but not
on the nightside, where the temperature decreases with
increasing height, due to its slow rotation rate and long
duration of a solar day - time between sunrises ~ 117
Earth days.) In the presence of intense solar UV radi-
ation CO2 molecules are subjected to large photolysis
rates and conversion to O and CO at high altitudes,
with CO less susceptible to dissociation due to it large
dissociation energy.

The exobase is located at column density depth,
1/o ~3x 10" em~2, whereas a typical atomic or molec-
ular cross section for absorption of solar UV radiation
is ~ 1077 ¢m? and hence typical penetration depth
~ 1017 em~2, approximately 6 scale heights below the
exobase. With no appreciable local radiative energy
loss at the heights of maximum solar UV radiation de-
position, the atmospheres must thermally conduct heat
downward to the mesopause region where significant
abundances of infrared active molecules are available
and capable of radiating away the solar UV power de-
posited in the thermosphere.

The heat equation for low Mach number conditions,
which ensures that ¢, is the appropriate specific heat,
is

pong = e (W52 ) +Qov—Cin (2
where Qs = absorbed solar energy that is converted
locally to heat, C7gr = infrared radiative cooling, and ¢
= time. Now k = fpue, from the kinetic theory of gases,

where j1 = coeflicient of viscosity, ¢, = specific heat at
constant pressure, and f = Eucken’s number = 2.5 for
monotonic gases and < 2 for diatomic gases.

In steady state 87/0t = 0, which also holds when
Eq. (22) is averaged over a day. In averaging over
a day, the flux must be reduced by 1/2 and the solar
zenith angle set to g = 1/2. The global average is thus
1/4, as expected from intercepted solar flux of 77 and
radiative cooling over drrr? area. Integrating (22) over
time and altitude

oo )
or = %/ qudz '—f CIHdz (23)
z z

"oz

where the upper boundary condition is no net heat con-
ducted into or out of the atmosphere &L |, = 0. Now
k0T [z is the downward heat conduction flux which
is equal to the integrated heating rate ahove level z
minus the integrated cooling rate. At high altitudes
the UV optical depth is negligibly small and the at-
mospheric heating rate is propertional to the number
density and thus decreases exponentially with increas-
ing height. Likewise, Cyg is proportional to the number
density of IR active molecules which are also expenern-
tially decreasing with altitude. Equation (23) indicates
%(8T/0z) — 0 and thus T — T, the thermospheric
temperature, which must be a constant temperature in
the absence of additional heat sources or sinks. At lower
heights, z, the temperature gradient must be sufficiently
large to sustain a downward heat flow equivalent to the
total UV energy absorbed above z less the IR radiative
loss.

At the mesopause, 81'/8z = 0 by definition and from
(23), then

1 o0 O
Z,/ Quvdz =j[ Crpdz (24)
z z

i.e., the integrated UV heating above the mesopause is
precisely balanced by the IR cooling. The location of
the mesopause occurs at an altitude where the entire
downward heat conduction flux is radiated away in the
IR.

A simple illustrative model can be constructed, if all
the thermospheric heating occurs at a single height,
Zg, Or pressure level, p,, with -a delta function source
(ob{p — p,) in pressure coordinates. Similarly, assume
all the IR cooling occurs at single height/pressure z,,
Pe, with delta function sink Cod(p — pe). By defini-
tion of the mesopause, Eq. (24) is satisfied when the
lower limit of integration is slightly below the height,
Zze, Where p = p,, 1. e., to z7. Substitution of these ap-

e TR ik

proximations into Eq. (22) for steady state conditions
and integration over the following regions give

f0<p<p, T=Ta=Tp) (25)
ip, <p<p. TP =T(p)

(s + 1) FucH (11)
_ewi)raea, [P
A Pe

where T\, is the isothermal temperature in the upper
thermosphere, T, is the “cocling” temperature at the
mesopause, the thermal conductivity & is accurately

_ approximated by AT, Fy¢ is the downward heat con-

“duction flux | - AT*dT/dz| and equal to Qp, H is the
pressure scale height which is assumed constant for in-
tegration purposes. One can rewrite (25) in height co-
ordinates by noting that, -H In(p/p.) is just z — z.. The
quantities Frre and Qg are equal to the integrated ther-
mospheric absorption rate of solar UV and EUV radia-
tion times the efliciency factor for conversion into heat.
CO; absorbs solar UV radiation out to 2000 A, whercas
0q, Ny, 0, and Hy absorb below 1750, 1000, 911, and
1100 4, respectively. Although there are some plane-
tary variations in fractions of the solar UV spectrum
absorbed and heating efficiencies, the largest variation
is the solar flux decrease with inverse distance squared.
Whereas the integrated globally average heating rate in
the Earth’s thermosphere is a few erg cm™2 57, it is
only ~ 0.01 erg em™2 s~ on Jupiter and a miniscule
0.0004 erg cm ™2 s~7 at Neptune in their Hy dominated
atmospheres, as may be inferred from Table 1. Thus
the thermal structure of the terrestrial planets can be
understood in terms of solar UV heating, whereas in
the giant planets’ thermospheres it is a negligible heat
source, as outlined below and treated in much greater
depth in Chapters IV.1 and IV.2.

The depth of solar EUV and UV penetration for the
purposes of heating calculations can be obtained by
a suitable wavelength average of the absorption cross
section weighted with photon energy, < o) >. Its in-
verse is the penetration column density corresponding
to pressure level p, = mg/ < oy >. For the Hy domi-
nated atmospheres of the giant planets, < o) >~ 1078
cm? and the mesopause is approximately at the 1 pbar
level. With the integrated globally averaged heating
rates given above, Eq. (25) yields for the tempera-
ture contrasts [T'(pg) — T.(pe)] ~ 60, 30, 20, and 4 K
for Jupiter, Saturn, Uranus, and Neptune, respectively.
These temperature differences between the high altitude
isothermal region and the mesopause region are sub-
stantially smaller than the values inferred from Voyager
UV sclar occultation measurements, rotational struc-
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ture of HY near-IR emission, and in the case of Jupiter
from Galileo probe deceleration data. Table 1 gives Tr,
for solar system objects and Fig. 1 conveys the approx-
imate temperatures at their mesopauses.

Given the inadequacy of solar heating to account for
thermal thermospheric structure on the giant planets,
a number of suggestions have been made over the years
with specific application to Jupiter: soft electron precip-
itation, energetic electrons, joule heating, gravity wave
dissipation, and heavy ion precipitation (for references,
see Malcheva and Strobel, 1999). Power input to ther-
mospheres of the giant planets by particle precipitation
and Joule healing can be substantial as indicated in
Table 1. Most recently, the gravity wave heating sug-
gestion has received the most attention, due in large
part. to the inference of large scale gravity waves in the
Galileo probe deceleration data [Young et el., 1997b;
Mateheva and Strobel, 1999; and Hickey et al., 2000).
The latter two papers concluded that gravity waves at
the observed amplitudes in the probe data cannot ac-
count for Jupiter’s thermospheric temperature profile.

8. WAVE HEATING: WHY DON'T ALL
ATMOSPHERES HAVE CORONAS?

Wave heating of the solar corona has been a popular
explanation for its very elevated temperatures (> 10°
K), but has never gained universal acceptance. Hines
[1965] was a strong advocate of gravity wave heating
playing an essential role in the energetics of the Earth’s
upper atmosphere. But as discussed in Chapters 1.2 and
IV.1, solar EUV and UV heating plus approximately
a 15% contribution from auroral power dissipation ad-
equately accounts for the power input to the Earth’s
thermosphere. Wave and tidal coupling on Venus and
Mars are discussed in Chapter IIL1. Because gravity
waves are ubiquitous in planetary atmospheres and can
transport significant energy fluxes by vertical propaga-
tion from excitation sources in the lower atmosphere,
why is it not inevitable that all planetary atmospheres
have hot coronas?

Gravity waves have angular frequencies, w = kye,
bounded on the low end by the coriolis frequency, f =
20sin(#) and on the high frequency side by the buoy-
ancy frequency [Andrews et al., 1987; Gill, 1082). Here
) is the planet’s rotation rate, kj is the horizontal
wave number, ¢ is the horizontal wave phase speed,
and ¢ is the latitude. For a dry atmosphere with low
Mach number flow, the buoyancy frequency is N =
[(g/T)dT /dz + g/cp)]V/?. From observations in the
Farth’s atmosphere most of the gravity wave power re-

LS
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sides in hydrostatic gravity waves [Fritts, 1984] which
obey the condition (Hk} (i —c)*/g < 1 which is equiv-
alent to w? <« N?), where 4 is the mean zonal wind
[Andrews et al., 1987; Gill, 1082]. In addition, these
hydrostatic gravity waves satisly in many instances the
further restriction in the dispersion relation known as
the “Doussinesq” approximation k2 3 1/4H? [Andrews
et al., 1987], where k; is the vertical wave number. The
physical meaning is the atmospheric density variation
may be assumed approximately constant over one ver-
tical wavelength, but not many scale heights. Radio
and stellar occultation measurements of gravity wave
spectra in other atmospheres confirm this conclusion.

The vertical transfer of energy and momentum by
gravily waves requires that the ratio of group velocities
Confign m (W — VRN = knfk; [e. g Andrews et
al., 1987, should not be too small or otherwise most
of the gravity wave excitation energy will be dispersed
in the horizontal direction, h, rather than the vertical
direction, z. This requires that w? > f2, 1. e., the wave
period should not be too close to the inertial period.

Gravity wave amplitudes grow approximately expo-
nentially with upward propagation because the Eliassen-
Palm flux (F = ¢4, 4) is conserved in the ahsence of
dissipation according to the generalized Eliassen-Palm
theorem [Andrews et al., 1987], where

Cgz = HE%EIA = —kp (%) ) (26)

B= Lo [7+07 + 07 + 55

Here & = w — kpii is the intrinsic or Doppler-shifted
frequency, A is wave action, E' is the total wave en-
ergy (or energy density), and E/d is the wave action
density [Andrews ef‘al, 1987). Wave energy is only
strictly conserved in the absence of dissipation when
% is constant. For slowly varying @ with height, the
monochromatic gravity wave amplitude increases with
height approximately as (pp)~"-5. There is a limit to
this exponential growth known as gravity wave satu-
ration and also referred to as wave breaking. Satura-
tion occurs when the wave drives the local tempera-
ture lapse rate (i. e., the sum of the wave and mean
state temperature lapse rates, denoted by prime and
subscript zero, respectively) adiabatic [Lindzen, 1981).
When this criterion is met the local buoyancy frequency
goes to zerc and locally the wave can no longer propa-
gate because the buoyancy restoring force vanishes. For
monochromatic hydrostatic gravity waves there are two
other equivalent definitions that yield the same maxi-
mum amplitude: 1) the wave becomes nonlinear in the
reference frame moving with the fluid velocity @, and 2)

the rate of vertical parcel displacement equals the ver-
tical group velocity [Fritts, 1984; Leowvy, 1982]. Mathe-
matically the wave saturation criteria are:

" o ) .
Tof | e 2 £, Tl = 5B (27)
|1 gat = |7 — ¢, [0 |sat = €z = kn ;1::

To obtain the largest gravity wave heating in the ther-
mosphere, gravity waves need to propagate through the
stratosphere and mesosphere without reaching satura-
tion amplitudes. If a wave breaks it dissipates wave en-
ergy and deposits momentum in the saturation zones
and does not carry energy and momentum to much
higher altitudes. Forcing a gravity wave with too large
an amplitude in the lower atmosphere is counterproduc-
tive in heating the thermosphere as the wave saturates
and dissipates in the middle atmosphere. If the wave
reaches the thermosphere and is still af sub-saturation
amplitude, then molecular viscosity acts to dissipate the
wave energy with the wave reaching a maximum ampli-
tude at the level where wave dissipation cancels expo-
nential (pg)~%% amplitude growth

-j .
k= Eﬁ,where kzi 72 Bz (g:) s if;wkg (28)

when the WKBJ approximation is valid [Matcheve and

Strobel, 1999). Here subscripts r, ¢ denote real and

imaginary parts. Now the dispersion relation for “Boussi-
nesq” hydrostatic gravity waves is w = NK,/k, and

(28) yields the mass density of the atmosphere, py,

where the gravity wave reaches peak amplitude

4

k
pe e 2H N}ih (29)

The vertical gravity wave energy flux, Fg;, is

1 g% w T2

—pa==|—|= 30
2qu2|kleg ( )

Fp, = Ecy: =
and reaches its maximum value at the saturation am-
plitude

Sy
Fg, ~ §p Mt ~ pHN? — HIR, (31)
if T = constant

Note that these expressions depend only on the back-
ground properties of the atmosphere and not explicitly
on any wave properties which are embedded in expres-
sion (29) for py. The wave amplitude squared grows as
p;! until the wave amplitude saturates or viscous dis-
sipation retards further wave growth. The maximum

gravity wave energy flux is proportional to the back-
ground atmospheric mass density and its value will de-
crease exponentially with height when the wave reaches
saturation amplitude.

With appropriate values for the input parameters, g,
g, and ¢,/ K, the maximum gravity wave energy fluxes
in isothermal thermospheric regions for the ferrestrial
planets Venus, Earth, and Mars are 0.02, 0.1, and
0.01, respectively; for the glant planets Jupiter, Saturn,
Uranus, and Neptune (0.13, 0.04, 0.04, and (.04, respec-
tively, and 0.0004 for Pluto in units of erg cm™2 s7L.
For the terrestrial planets these values are small in com-
parison to solar EUV and UV healing rates, whereas for
the giant planets these values exceed substantially the
solar heating rates. From the Galileo probe data the in-
ferred downward heat flux by thermal conduction was
~ 0.5 erg em™? 57!, or four times the maximum heating
rate.

Larger gravity wave energy fluxes are possible in the
lower thermosphere where the temperature gradients
are large and positive (and also if viscous dissipation
is not severe at the wave’s vertical wavenumber, k., as
noted above). In Eq. (31), H is now the density scale
height given by H[L + (H/T)(dT/dz)]~ . For Jupiter’s
lower thermosphere this increases the maximum grav-
ity energy flux to ~ 0.2 erg em™? s1. But for gravity
wave heating to contribute substantially to high ther-
mospheric temperatures the maximum wave dissipation
must occur high in the thermosphere where the transi-
tion from significant temperature gradient to isother-
mal conditions takes place. This is imperative in order
to achieve a large separation between heat input and
radiative cooling and maintain a considerable temper-
ature gradient over an extended altitude range, as is
evident from Eq. (25). To attain maximum energy
dissipation at high altitudes, Eq. (29) demands large
vertical wavelengths/very small vertical wavenumbers
because p, oc k2. Physically, waves with large vertical
wayvelengths suffer smaller dissipation per unit distance
and hence propagate to higher altitudes. However the
WEKBJ approximation breaks down for these waves and
is suggestive that wave reflection may be important as
Hickey et al. [2000] discuss. In addition, gravity waves
induce a downward eddy heat flux, c;w'T’, that has
the net result of lowering the effective altitude of wave
dissipation [Matcheva and Strobel, 1999].

Finally, one might think that multiple gravity waves
could supply the required thermospheric heating. How-~
ever, finite amplitude waves can destructively interfere
with one another and cause a wave to saturate much
lower in the atmosphere. In a region where one wave
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has large negative d7”/dz, the local static stability is
reduced substantially and may cause another wave to
saturate at a much smaller amplitude and lower in the
atmosphere than would occur in the absence of other
waves. Thus the above values should be considered up-
per limits to gravity wave heating with viable values
being somewhat less in magnitude.

The other important class of vertically propagating
internal waves are Rossby waves whose restoring force is
the meridional variation of the coriolis force and whose
dynamics are based on linearized equations for conser-
vation of potential vorticity, q [Andrews et al., 1987).
Generally the potential vorticity of the atmosphere is
dominated by planetary vorticity (the coriolis parame-
ter defined above), f, with a minor contribution from
relative vorticity of the velocity field, V x 7. As Rossby
waves propagate vertically they must extract potential
vorticity from the mean flow, gq, in order for their wave
potential vorticity, ¢', to grow exponentially in ampli-
tude as p0—1/21 in the absence of dissipation. As Schoe-
berl and Lindzen [1982] demonstrated, the wave poten-
tial vorticity cannot exceed the basic state potential
vorticity, i. e., ¢’ < f and this restricts wave ampli-
tudes to two orders of magnitude lower than estimated
by p‘;m amplitude growth. Because Jupiter’s f is only
~ 2.5 times the terrestrial value, it is improbable that
Rosshy waves can produce either a hot terrestrial or a
hot Jovian corona.
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