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Abstract

The planets in the solar system are described in terms of the physical parameters like radius, area, mass, gravity, distance from Sun. Orbital and rotational periods, composition, effective temperature and magnetic parameters of different planets are also described. The nomenclatures of the division of planetary atmospheres in terms of temperature structure, composition and ionization are also described. The barometric equation, scale height and the variation of pressure and density in atmosphere, escape velocity, escape flux of atmospheric gases, escape temperature are also discussed. The basic theory of the turbulent mixing and diffusion processes, atmospheric dynamics and atmospheric circulation are also covered. A brief description of the planetary atmospheres other than Earth is also presented.

Planetary Atmospheres

1. The Planets

There are eight planets in the solar system (Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus and Neptune (Mercury being the nearest and Neptune farthest from the Sun) that revolve around Sun in their specific orbits, which lie more or less in the Sun’s equatorial plane. Planetary data are listed in the tables 1, and 2.

The planets in the solar system can be divided into two categories. 

(1) The inner or the terrestrial planets comprising of Mercury, Venus, Earth and Mars, which are small in size, warm, have higher densities of the order of 5 gcm-3 or more and sizes comparable to that of earth. The terrestrial planets also rotate relatively slower.

(2) The outer planets or the Jovian planets (Jupiter, Saturn, Uranus and Neptune), which are much larger in size, colder and have low densities ( 1.5 (Jupiter like hence called Jovian planets) and rotate much faster.

Table 1: Planetary Data

	Planet
	Mean radius 

(Km)
	Mean density (gmcm-3)
	Average distance from Sun (AU)
	Length of year

(days)
	Rotation period-(days)
	Inclination (degree)

	Mercury
	2439
	5.42
	0.39
	88
	58.7
	<28

	Venus
	6050
	5.25
	0.72
	225
	-243
	<3

	Earth
	6371
	5.51
	1.00
	365
	1.00
	23.5

	Mars
	3390
	3.96
	1.52
	687
	1.03
	25

	Jupiter
	69500
	1.35
	5.2
	4330
	0.41
	3.1

	Saturn
	58100
	0.69
	9.5
	10800
	0.43
	26.7

	Uranus
	24500
	1.44
	20
	30700
	-0.89
	98.0

	Neptune
	24600
	1.65
	30
	60200
	0.53
	28.8


  * 1 AU = 1.496x1013 cm

Table 2: Other planetary parameters

	Planet
	Surface Area

Earth=1
	Mass

Earth =1
	Gravity 

Earth =1
	Escape 

Vel. Km/s
	Atmosphere

	Mercury
	0.15
	0.05
	0.37
	4.3
	Trace?

	Venus
	0.9
	0.81
	0.89
	10.4
	CO2 (96%), N2 (3.5%), SO2 (130 ppm)

	Earth
	1.0
	1.0
	1.0
	11.2
	N2 (78%), O2 (21%), Ar (0.9%)

	Mars
	0.3
	0.11
	0.39
	5.1
	CO2 (95%), N2 (2.7%), Ar (1.6%)

	Jupiter
	120
	318
	2.65
	60.0
	H2 (86%), He (14%), CH4 (0.2%)

	Saturn
	85
	95
	1.65
	36.0
	H2 (97%), He (3%), CH4 (0.2%)

	Uranus
	14
	14
	1.0
	22.0
	H2 (83%), He (15%), CH4 (2%)

	Neptune
	12
	17
	1.5
	22.0
	H2 (79%), He (18%), CH4 (3%)


Temperature, density and composition are the basic atmospheric parameters. Temperature is the most significant parameter of the atmosphere as it reflects the processes of energy absorption in the atmosphere and at the ground. A part of the solar radiation reaching the top of the atmosphere is reflected back by clouds and atmosphere. This fraction of the solar radiation reflected back to space is known as the albedo of the planet. Out of the remaining radiation most of it, mainly in the visible, penetrates down to ground and heats the surface to a certain temperature Te known as the effective temperature of the planet. For fast rotating planets (Earth, Mars, Jupiter)

( T4e = (S.C./4) (1-A)

where S.C. is the solar constant and A the albedo of the planet.   

The solar flux expected at the orbit of planet outside its atmosphere, its albedo and effective computed temperature Teff are listed in Table 3. The actual temperature would depend on the presence or absence of atmosphere, sunlit or dark condition etc. For earth the actual temperature 288 K is warmer than the effective temperature.

Table 3: Effective temperature of planets

	Planet
	Solar flux 

(1016 erg/cm2/s)
	Albedo
	Teff (o K)

	Mercury
	9.2
	0.06
	442

	Venus
	2.6
	0.71
	244

	Earth
	1.4
	0.38
	253

	Mars
	0.6
	0.17
	216

	Jupiter
	0.05
	0.73
	87

	Saturn
	0.01
	0.76
	63

	Uranus
	0.004
	0.93
	33

	Neptune
	0.001
	0.84
	32


In our planetary system there are bodies which have little or no atmosphere and magnetic field (Moon, Mercury), bodies which have substantial atmospheres but very little or no magnetic field (Venus and Mars) and bodies having both atmosphere and intrinsic magnetic field (Earth, Jupiter). Magnetic field parameters of different planets are listed in Table 4.

Table 4: Magnetic field parameters of planets

	Planet
	Magnetic dipole moment (Me)
	Core radius (km)
	Magnetic dipole tilt (degrees)
	Magnetic dipole offset (in planetary radii)

	Mercury
	3.1x10-4 
	~1800
	2.3
	0.2

	Venus
	<5x10-5 
	       ~3000
	-
	-

	Earth
	1
	3485
	11.5
	            0.07

	Mars
	3x10-4 
	~1700
	(15-20)
	-

	Jupiter
	1.8x104 
	~52000
	11
	  0.1

	Saturn
	0.5x103 
	~28000
	            1.5(0.5
	        <  0.05

	Uranus
	
	             -
	           58.6
	             0.3

	Neptune
	-
	-
	           46.8
	             0.55


There seems to be distinct difference between the atmospheres of terrestrial planets and Jovian planets. It is agreed that the atmospheres of the terrestrial planets are of secondary origin, having lost the primordial (original) constituents long time ago. This does not appear to be the case of Jovian planets, which have reducing atmospheres with large amount of hydrogen, suggesting that they represent primordial atmospheres whose origin is similar to that of solar system. The Jovian atmospheres are few hundreds km thick and resemble the Sun in overall composition (H2  84%, He 16%).

The secondary atmospheres that we see on the terrestrial planets are most likely the result of out gassing of volatile materials from the planetary interior and radioactive decay products like helium and argon. The only exception that of oxygen on earth that seems to be related to the presence of plant life. Mercury being closest to the Sun and so being hot (~ 500 K) practically all its atmosphere has evaporated away, though an upper limit of 10-2 mb pressure due to CO2 has been inferred from ground-based spectroscopic observations. A high-density means Mercury has large solid core with 50% iron and a crust and so there could be argon and helium in its small tenuous atmosphere due to degassing of its internal radioactive material plus some amount of argon, helium and neon accreted from the solar wind. Such a tenuous atmosphere may give rise to surface pressure of 10-10 to 10-12 mb compared to earth’s surface pressure of 103 mb.

The atmospheres on Venus, Earth and Mars also appear to be different at the present time although main out gassing constituents from the interior of planets have been water vapor, CO2 and small amount of nitrogen. The surface temperatures of Venus, Earth and Mars are 750 K, 300 K and 250 K and their atmospheric pressures are in the ratio of 100: 1: 0.01 respectively. Venus and Mars have CO2 as principal constituent. Earth has N2 and O2 as major constituents; water is present in all the three forms (liquid, solid and gas) and has accelerated the removal of CO2 from the atmosphere. Venus being very hot, no water can be expected on its surface. Whatever little water was there in its atmosphere must have been photo-dissociated by sunlight into hydrogen and oxygen: hydrogen would have escaped into space. Mars on the other hand being cold planet, its volcanic steam must have got frozen on its surface allowing CO2 to accumulate in its atmosphere.

     Table 5: Composition of dry air by volume at the earth’s surface

	N2
	O2
	Ar
	CO2
	Ne
	He
	Kr

	78.09%
	20.95
	0.93
	0.03
	0.0018
	0.00053
	0.0001


Water vapor is most variable part in earth’s atmosphere and may vary from negligible amounts to ~5% by volume at any particular time. The ozone is merely a trace at the surface but peaks between 20-30 km with peak value of about 0.016 cm at STP and the total equivalent thickness varying between 0.15 and 0.40 cm at STP from equator to poles.

2. Atmospheric divisions in terms of temperature structure

The atmosphere of a planet can be divided into different regions. The terminology generally accepted is based on the vertical distribution of temperature and composition. In terms of temperature structure atmosphere is divided into following regions (Fig. 1 for earth).

Troposphere

 
The lowermost part of the atmosphere where the primary heat source is the planetary surface. The heat is convected by turbulent motion leading to a convective or adiabatic distribution. The adiabatic lapse rate is given by –g/cp where g is the acceleration due to gravity and cp the specific heat at constant pressure. Lapse rate depends on planet’s acceleration due to gravity and composition. For Earth the theoretical estimate is 10o K/km while observed is 6.5o/km due to presence of water vapor and large-scale circulation. Troposphere terminates at tropopause where the decrease in temperature ceases. Earth tropopause varies from 18 km at equator to 8 km at poles.

Stratosphere

Above tropopause the radiative processes govern the temperature distribution. In the terrestrial stratosphere temperature increases with height mainly by the absorption of solar UV radiation by ozone reaching a maximum at stratopause (50( 5 km). 

Mesosphere 

Above stratopause temperature decreases reaching a minimum at mesopause. Mesopause for earth is located at 85(5 km. The decrease in temperature is due to the presence of CO2 and H2O, which provide a heat sink by radiating in the infrared. Mesosphere is dynamically unstable as convection is still prevalent.

 Without a stratospheric heat source as in case of Earth, a planetary atmosphere may not possess a stratopause and the region above tropopause may be called either stratosphere or mesosphere. Fig. 2 shows the model temperature distributions for Earth, Mars and Venus while the model temperature distribution for the Jovian atmosphere is shown in Fig. 3. 

Thermosphere 

Above mesopause solar EUV radiation is absorbed and part used in heating therefore in thermosphere temperature increases with altitude. In the lower thermosphere convection is principal process of heat transport while in upper thermosphere heat is transported by conduction leading to an isothermal region where temperature is constant above about 500 km (thermopause). Heating is due to the absorption of solar EUV by atmospheric constituents. Still heat transport due to conduction and convection and loss by IR radiation by constituents govern the energy budget. Collisions between charged particles and neutrals, Joule heating, atmospheric waves (tides, internal gravity waves), hydromagnetic waves and solar wind are other sources of heating. Atmospheric temperature shows diurnal (minimum at 06h, maximum at 17h LT) and solar cycle variations. Fig. 4 shows the vertical temperature profiles at the time of diurnal minimum and maximum for terrestrial atmosphere. 

Exosphere

In the region above 500 km (for earth) mean free path becomes large and collisions become negligible so that the light atmospheric constituents whose velocity exceeds the gravitational escape velocity can escape the atmosphere. This region is also called exosphere. The exobase is also called baropause since the atmosphere below this is also referred to as barosphere, the region where barometric law holds. In the exosphere velocity distribution becomes non-Maxwellian due to the escape of high velocity particles. For Mars and Venus the exopause is around 200 km.

3. Other divisions

Ionosphere

The ionosphere is that region of upper atmosphere where charged particles (electrons and ions) are present. The solar extreme ultraviolet and X-rays and corpuscular radiation like cosmic rays and energetic particles (solar cosmic ray protons, solar wind) are responsible for ionization. Meteors also produce some ionization in atmosphere.

 The ionosphere is situated above 50 km and above in Earth’s atmosphere. The upper boundary of the ionosphere cannot be specified exactly as it merges into the plasmasphere where dominant species is the hydrogen ion (proton and hence also referred to as protonosphere). Plasmasphere terminates at plasmapause situated between 4 and 6 earth radius depending upon the geomagnetic quiet or disturbed conditions. 

Magnetosphere

The magnetosphere is defined as the boundary within which the effect of the planet’s magnetic field is felt. It is different during dayside and night side because of the interaction of the solar wind with geomagnetic field. For earth, the magnetopause boundary is around 10 Earth radius during dayside 

The atmosphere can also be divided in terms of its composition. Below about 100 km the air is well mixed by turbulence and composition of major constituents does not vary with altitude (homosphere). Above this (turbopause) diffusive separation of constituents takes place (heterosphere). 

4. Terrestrial Gravity

For a rotating earth the acceleration due to gravity g( is given by


g( = GM/R2 


[R is distance from center of earth]

(4.1)


In terms of local altitude z, Earth’s radius Ro and sea level value go( 


go( = GM/(Ro + z)2 = GM/[(Ro)2 (1 + z/Ro)2]




(4.2)


Or  g( = go(/(1 + z/Ro)2

A reference frame spinning with the earth is not an inertial system of reference. In such a system there is in addition a centrifugal force directed perpendicular to the earth’s axis of rotation. The resulting apparent gravitational acceleration or g is no longer directed towards the center of earth (except at equator and poles)


g =  g( - (2 (Ro + z) cos2 (


[( is Geographic Latitude]
(4.3)


At 6.6 Ro from earth’s center, centrifugal term equates the gravitational acceleration, at the equator. For smaller distances we can approximate 


g = go(1- 2z/ Ro)







(4.4)

5. Hydrostatic (Barometric equation)


The decrease of pressure or density with altitude is described by the hydrostatic distribution. The downward force due to gravity is balanced by the pressure difference (hydrostatic equation). For a cylinder of small height dh and unit cross section pressure difference across height dh is 


dP = -nmg.dh  








(5.1)

Using the perfect gas law P = nkT






(5.2)


(1/P) dP/dh = -mg/kT = -1/H






(5.3)

 H = kT/mg is defined as scale height. Integrating equation (5.3)

 P = Po exp(-h/H) 







(5.4)

P0 is the pressure at height h = 0. For earth’s atmosphere H = 8km (in homosphere) and about 70-80 km at 500 km. Scale height is also defined as the height at which density or pressure falls to 1/e.

If the whole atmosphere above height ho is compressed to a uniform pressure po, the vertical extent would be the scale height Ho.

Equation 5.4 can also be written in the form

P = Po exp –z



[z is reduced height = (h- ho)/H]
(5.5)

Since P/Po = n/no = (/(o, similar relations hold for density and the number of particles per unit volume.

H = constant is valid only for a limited altitude range. In general 

P(z)/P(zo) = n(z) T(z)/n(zo) T(zo) = exp -( dz/H(z)



(5.6)

In a mixture of gases P is the sum of partial pressures hence,


 Pi(z)/Pi(zo) = ni(z) T(z)/ni(zo) T(zo) = exp -( dz/Hi(z)


(5.7)

The model pressure distributions for the atmospheres of Mars, Earth and Venus are shown in Fig. 5. 

6. Escape of Atmospheric gases


Particle velocity in thermal equilibrium follows a Maxwellian distribution. If f(v) is the probability of particles with velocity between v and v + dv, one can find the number of particles with velocity between v and v + dv,  which in polar coordinates is


N f(v) dv = N [e-(v/vm)2/((vm2)3/2] v2 dv sin( d( d(   



(6.1)

Where Vm is the most probable velocity = (2kT/m)1/2
Particles can escape if the kinetic energy exceeds the potential energy of the gravitation field. If the lowest velocity for escape is ve then

mve2/2 = GMm/R2 = mgR






(6.2)

Or ve = (2gR)1/2 = (2MG/R)1/2






(6.3)

This gives ve = 11.2(M/R)1/2 km/s

Where M and R are the mass and radius of a planet in terms of the mass and radius of earth. For earth ve = 11.2 km/s

Also ve/vm = (2gR)1/2 /(2kT/m)1/2 = (R/H)1/2




(6.4)

For Earth this comes out to be approximately 8. This means ve > 8 vm

Thus particles with velocity at the tail of distribution only will be able to escape. As mv2/2 = 3kT/2, escape temperature Te can be defined corresponding to escape velocity. These are 84000 oK for O    21000 oK for He    and 5200 oK for H.

In addition particles must move upward and do not collide. If h1 is the altitude at the starting point and h2 the altitude of the point at an angle ( from vertical, where we are finding the number of particles that are not stopped, then the collisions are proportional to the distance (h2 – h1) sec(, number density and the physical cross section (.  The probability of escape p((), along the direction (, can thus be estimated. The average probability for escape comes out to be 

( [{exp (-( ()}/(2] d(

[( = N1 (  H : ( = sec(]


(6.5)

For ( = 0.25 average probability = 50%. That is when half of the particles with velocity v> ve will be able to escape. This corresponds to height hx ~ 600 km for earth.

The number density Nx = (/(  H = 2.5x 107 particles/cm3 
At these altitudes due to diffusive separation helium and hydrogen are at the top. Because of lower mass value (m) they have higher thermal velocity (v2 = 3kT/m) so larger fraction of these gases have v> ve.

Effect of the planetary rotation on the escape flux as a function of latitude for different values of escape parameter and rotational parameter is shown in Fig. 6. Here the escape parameter X is defined

X = (v(/uo)2
v( is the minimum escape velocity and uo the most probable velocity. 

The rotational parameter Y is defined as 

Y =((R/u0) 

( is the angular rotational velocity and R the radial distance from the center of the planet.

On a rotating planet particles with velocities in the direction of rotation will obtain escape velocity more easily than those moving in opposite direction. The escape flux is several times greater at the equator than at high latitudes. Escape energy for atmospheric constituents from the exospheres of Mercury, Mars and Venus are shown in Fig. 7. 

7.Diffusion

Effect of turbulent mixing or molecular diffusion (due to the gradients in relative concentration as a result of slight deviations from Maxwellian distribution) is to transport them with a vertical flux. Diffusion becomes more important at higher altitudes as collisions decrease. Vertical drift velocity due to pressure gradient is given by

w = -(D/n). (n/(z                [D is the diffusion coefficient]


(7.1)

Also (p/(z = kT (n/(z       

Equating this to the drag force due to the collisions nm(w

kT (n/(z = - nm(w







(7.2)

Combining the two equations we get the diffusion coefficient given by

D = kT/m(








(7.3)

Collision frequency decreases with height so the diffusion coefficient increases. As  ( is proportional to nT1/2
D ( T1/2 n-1 

For vertical motion gravitational force must be included. Therefore

nm(w = -dp/dz – nmg







(7.4)

The values of p, D and scale height of neutral atmosphere Hn are 

p = nkT, D = kT/m( and Hn = kT/mg

Hence nw = -D [(dn/dz) + (n/Hn)]





(7.5)

Therefore w = -(D/n) [(dn/dz) + (n/Hn)] = -(D/n).(dn/dz) – D/Hn

(7.6)

Including the effect of turbulent mixing the vertical flux can be described by 

(i = -(Di + K) [ dni/dz) + (ni/T) (dT/dz)] – ni [Di/Hi + (K/H)]

(7.7)

Here Di is the diffusion coefficient for the ith species and K is the eddy diffusion coefficient.  Further (i = 0 under equilibrium condition.

When Di << K ; K(dni/dz) = - niK/H    
[under isothermal case (dT/dz = 0)]

Or (dni/dz) = - ni/H       in turbosphere

When K << Di ; (dni/dz) = - ni/Hi                     [for isothermal condition]

At turbopause Di = K       

The time constant for molecular diffusion (characteristic time for attaining diffusive equilibrium) is given by

(Dj = H2/Dj = (H2/bj) n(h)






(7.8)

Here bj is the collision term. Thus diffusive equilibrium is attained in a shorter time at higher altitude.

Similarly the time constant for turbulent mixing is given by 

(KD ( H2/KD 








(7.9)

At turbopause (Dj = (KD

The effects of the eddy and thermal diffusion are illustrated in Fig. 8 for the atmosphere of Venus. The figure shows the distribution of hydrogen and helium in a CO2 atmosphere at a temperature of 650o K. Helium distributions for different eddy diffusion coefficients are shown. The distribution for hydrogen is not significantly dependent on eddy diffusion or thermal diffusion because of the strong upward diffusion supporting the escape flux. The effect of thermal diffusion is also included and can be noticed for the case with eddy diffusion equal to zero. Below 200 km, the scale heights of the light constituents are approximately that of CO2 but approach that of diffusive equilibrium at higher altitudes.   


The density distribution of a minor constituent under flow and diffusive equilibrium for constant value of scale height is shown in Fig. 9. While in the main mixed atmosphere density distribution is governed by exp(-z/H) in diffusive equilibrium condition it is governed by exp(-z/Hj). Here H is the scale height of the mixed atmosphere and Hj for the minor constituent. 

8. Atmospheric Dynamics

Dynamics of the atmosphere is due to three forces acting on a given quantity of air: (1) gravity, (2) hydrostatic pressure and (3) friction. 

Effect of the Earth’s rotation on its axis from west to east with a period of 1 day results in centrifugal force (m(2r) and the angular momentum (m(r2) on any object on the surface or above which are maximum at the equator and zero at the poles (r is equal to R cos( and a function of latitude). 

The rotation of the earth introduces a fictitious force, Coriolis force on a wind.   

Equations of motion 

Newton’s second law of motion applied to an element of fluid of density ( moving with velocity V in the presence of pressure gradient (p and gravitational field (g’) is given by the Navier-Stokes equation

DV/Dt = g’ – ((p/() + F






(8.1)
Where F is the frictional force on the element. The equation applies to an absolute or inertial frame of reference. For the case of the with respect to Earth’s surface which is rotating with angular velocity ( we need expression appropriate to the rotating frame. 

A vector A in a frame rotating at angular velocity ( will have a component of motion (x A in the inertial frame due to the relative motion of the two frames. So that in the rotating frame the equation becomes

DV/Dt + 2(x V + (x(xr = g’ – ((p/() + F




(8.2)

Or DV/Dt + 2(x V = g – ((p/() + F





(8.3)













Where g = g’ - (x(xr is the acceleration due to gravity and includes the centrifugal term. The term 2(xV is the Coriolis term and is perpendicular both to the direction of motion and the earth’s axis of rotation.

If u, v, w are the components of the velocity in x, y, z directions and i, j, k are unit vectors along each axis one can expand the terms in equation. Considering the motions (synoptic scales or larger) with systems of scales of 1000 km in horizontal dimension and vertical scale of about 1 scale height (10 km) the vertical velocities are much smaller than the horizontal velocities. Therefore to a first approximation the equation of motion can be simplified to 

  DV/Dt  = f Vxk – ((p/() + F





(8.4)

Where f = 2( sin (                       [( is the latitude]

And DV/Dt = iDu/Dt + jDv/Dt 

Geostrophic approximation

For large scale motion away from the surface friction F is small. Further for steady flow with small curvature

 
DV/Dt ( 0. 

The resulting motion is then geostrophic. The geostrophic velocity Vg is given by


f Vxk = ((p/()







(8.5)

and flows parallel to isobars with a speed which is proportional to the horizontal pressure gradient. In the northern hemisphere wind flows in a clockwise direction around centers of high pressure (anticyclones) and anticlockwise around centers of low pressures (depressions or cyclones).


The geostrophic approximation works well at heights above about 1 km (for lower heights friction becomes important) and for latitudes greater than about 10o. Coriolis term is zero at equator. For lower heights the velocity is no longer parallel to isobars.

Cyclostrophic motion


At low latitudes f is small and for motion having a large curvature (like for tropical cyclone) another approximation is the cyclostrophic in which the acceleration of the air towards the center is balanced by the pressure gradient.


V2/r = (1/ () (p/(r                [r is distance, center considered origin]

(8.6)

If both the acceleration term and Coriolis term are included the resulting solution is known as gradient wind.

V2/r + (1/ () (p/(r + fV = 0               





(8.7)

Equation of continuity

Equation of continuity states that the net flow of mass into unit volume per unit time is equal to the local rate of change of density.

Div (V = -((/(t







(8.8)

For an incompressible fluid

Div (V = 0








(8.9)

Equation of state


For an ideal gas p = (RT






(8.10)

General circulation

Broad pattern of the air movement over the globe as the results of averaging winds over long time is known as the general circulation of the atmosphere. Basic pattern of the surface winds and pressure fields over the earth due to solar heating gives rise to convection cells like Hadley cell from equator to ( 30o latitude in the vertical North-south plane. There are two (or more) weaker cells from 30o to the poles. The warm air at the equator rises and spreads out pole ward at some high elevation. The rising warm air is replaced near the surface by cooler air, which is drawn towards the equator from north and south. The rotation of earth deflects the air moving towards the equator towards the west. Cold air over the poles descends to ground and move equator ward. Thus the tropical and polar cells are thermally driven and the middle latitude cell frictionally driven by the two cells that border it. The Coriolis force deflects the pole ward moving air to eastward and equator ward moving air to westward.     

At low latitudes winds are westerly for 0-20 km altitude. Between 20 to 40 km winds are westerly in winter and easterly in summer. For the region 40-80 km these are westerly throughout the year. Between 80 to 120 km winds are easterly in winter and westerly in summer. 

Thermospheric winds

The equation of motion for winds in thermosphere is


(Vn/(t + ((i/(n)(in (Vn – Vi) = g - ((pn/(n) + 2(x Vn + ((/(n)(2 Vn

(8.11)

Here Vn, Vi are the velocity of neutral air and the ion gas, (in is the ion-neutral collision frequency, ( is the coefficient of viscosity. The second term on left is the ion drag that arises due to the interaction between the neutral atmosphere and ionosphere. The winds must also satisfy the conservation of mass through the continuity equation for the neutrals and for the ions. The global thermospheric wind system at 300 km for Earth is shown as a function of latitude and time for equinox condition in Fig. 10 using model values of (pn/(n based on satellite drag data and ion drag data based on a semi-empirical model ionosphere (Blum and Harris, 1975). 

Atmospheric winds show a number of oscillations and wave-like motions superimposed on the general atmospheric circulation. These are classified, in terms of restoring forces, into (i) Internal gravity waves, arising due to the stratification or buoyancy of the atmosphere with periods ranging from a few minutes (Brunt-Vaisala period) to the inertial period and (ii) Rossby or planetary waves, arising due to the variation of Coriolis force with latitude. Planetary waves are large-scale waves and periods near 2, 5, 10 and 16 days have been identified in the atmosphere. The inertio-gravity waves arise due to the combined stratification and Coriolis effects. The tides are the response of the atmosphere to some forcing like the lunar gravitational force with a periodicity of 12.4 h or to solar heating (fundamental period of 24 h with harmonics of 12 and 8 h). The waves propagate upward and in a loss less atmosphere the amplitude of the waves increases as the energy flux is conserved. The upward propagation is limited by the kinematic viscosity of the atmosphere and also by reflections from thermal barrier (dT/dz > 0); so only certain waves propagate upward. 

9. Other Planetary Atmospheres

Mercury has extremely rarified atmosphere because of low gravity and low escape velocity (~ 4 km/s). The surface pressure is 2x10-9 mb. Mariner 10 spectrometer results revealed the presence of hydrogen, helium, neon, argon, oxygen, zenon and carbon in Mercury’s atmosphere. The presence of hydrogen and helium is due to solar wind fluxes from Sun as mercury has weak magnetic field. Radioactive decay of elements within crust is also source of helium as well as sodium and potassium.

Venus is much denser and hotter than earth. The surface pressure is 93 b. Spectrometric measurements from earth had detected CO2 atmosphere in Venus and also sulfur compounds. Gas chromatograph on Pioneer sampled atmosphere at 52, 42 and 22 km levels and found CO2 about 96%. N2 showed altitude variation. Venera 8 probe detected NH3 in the lower atmosphere and little concentration of water vapour (0.5%). The Venusian atmosphere also has sulfuric acid as a result of photochemical reactions that give rise to sulfur oxides that could combine with water vapor in cooler atmospheric layer to form it. The turbopause is located at 140 km and exobase at 160 km. The atmosphere of Venus is in state of vigorous circulation and super rotation with winds blowing as fast as 100 m/s. Venus absorbs bulk of the solar radiation within and above its layers of clouds. Also due to slow rotation Coriolis force is negligible. Based on wind measurements on Venera and Pioneer probes Taylor et al. (1979) derived a model circulation for the 70-110 km altitude region (Fig. 11). It shows the winds in the driving cell (70-90 km) and the return flow in the stratosphere (90-110 km). Venus lacks magnetic field and its ionosphere separates the atmosphere from outer space and solar wind.  The atmospheric pressure and temperature at about 50-65 km above the surface is nearly the same as that of Earth. The troposphere extends up to 65 km. The circulation in troposphere follows the cyclostrophic approximation. The mesosphere extends from 65 km to 120 km and thermosphere begins at 120 km. Ionosphere extends from 120 km to 300 km. It has induced magnetosphere caused by the Sun’s magnetic field carried by solar wind. Ionopause (boundary between solar wind and region of charged particles) varies between 250 km to 1500 km depending upon the ram pressure due to solar wind. 

Mars has a very thin atmosphere with surface pressure of 7 mb. Neutral mass spectrometer aboard Viking 1 and 2 provided the first measurements of the neutral atmosphere of Mars. The number densities of different constituents in the upper atmosphere of Mars are shown in Fig. 12 (Singhal and Whitten 1988). Carbon dioxide is the major constituent, below 180 km. Primary constituents are CO2 (95.3%), nitrogen (2.7%), argon (1.6%), oxygen (0.13%), CO (0.07%) and water vapor (0.03%). Most of the CO2 is lost. It also shows large seasonal variation associated with the formation of polar caps (frost point is 148o K). Small amount of ozone is also present. Mars also has a lot of dust in its atmosphere and winds occasionally cause dust storms. 

Outer planets like Jupiter and Saturn have internal heat source so the effective temperatures are far in excess of their equilibrium temperatures. In the absence of planetary surface, pressure levels are referred to temperature levels with bottom of Jupiter defined as the point where atmospheric pressure equals 100 Earth’s atmosphere. For Jupiter temperature at 1 atmosphere is ~ 165 K and tropopause temperature at 0.1 Atmosphere is ~113K. Ground based optical telescopes and Pioneer 10 satellite data has shown Jupiter’s atmosphere to consist of hydrogen, helium, ammonia, methane, phosphine and water vapor. Voyager probes have also detected acetylene and ethane. The Jupiter’s atmosphere is divided into troposphere, stratosphere, mesosphere and thermosphere. Troposphere extends from within the planet to a pressure of 100 mb (0.1 earth atmosphere). Stratosphere extends from 100 mb to 0.1 mb. The temperature increase is due to the absorption of solar radiation by a layer of methane along with ethane, acetyline and phosphine. The clouds and wind pattern are predominantly zonal and divided as belts (high thermal temperature, low cloud height, cyclonic rotation, dark color clouds), zones (low thermal temperature, high cloud height, anti-cyclonic rotation, upward vertical motions and light color clouds) and Great Red Spot (low thermal temperature, high cloud height, anti-cyclonic rotation, upward vertical motions and thick reddish-orange clouds). The global distribution of cloud regions and nomenclature is shown in Fig. 13 (Barbato and Ayer 1981). Winds are zonal with highest velocities of 130-150 m/s. 

The composition of Saturn’s atmosphere is similar to Jupiter’s atmosphere. The temperature at the reference level 1 bar is ~ 140K. Tropopause at 100 mb has temperature of ~ 85 K. It has a thin layer of ionosphere. 

The atmospheres of Uranus and Neptune are primarily composed of methane and hydrogen. Uranus has a temperature of 100 K at 10-3 mb. Neptune shows a temperature of 104 K at10-3 mb. 
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        Fig. 1 Atmospheric divisions in terms of temperature (T in deg K) and mean   

                   molecular mass (M in atomic mass unit). After Giraud and Petit 1978) 
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Fig. 2 Model temperature distributions for Venus, Earth and Mars (After Bauer 1973)
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Fig. 3 Model temperature distribution as function of altitude and number density   

          for the Jovian atmosphere (After Hunten 1969).
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Fig. 4 Vertical temperature profiles in the thermosphere at the time of diurnal 

           maximum and minimum (After Bauer 1973). 
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Fig. 5 Model pressure distributions for the atmospheres of Venus, Earth and Mars based on observations and theory (After Bauer 1973).
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Fig. 6 Effect of planetary rotation on the escape flux as a function of latitude, for parametric values of the escape parameter X = (v(/uo)2 and the rotational parameter Y = (R/uo. v( is the minimum escape velocity (2gR)1/2 : u0 is the most probable velocity at temperature T( (After Hartle 1971).
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Fig. 7 Energy required for escape of atmospheric constituents from the exospheres 

          of Mercury, Mars and Venus (After Bauer 1973).
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Fig. 8 Distribution of hydrogen and helium in a CO2 atmosphere at T = 650o K (representative of Venus atmosphere). Helium distributions for different eddy diffusion coefficients KD are given and also for thermal diffusion (KD =0). Below 200 km scale heights of the light constituents are approximately that of CO2 due to maximum upward flow. At higher altitudes they approach that of a diffusive equilibrium. (After Herman t al. 1970).
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Fig. 9 Idealized density distribution of a minor constituent in an isothermal     

           atmosphere under mixing, diffusive equilibrium and flow conditions (After 

           Bauer 1973).   
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Fig. 11 Model of general circulation of Venus from 70 to 110 km 

          (After Taylor et al. 1979).  
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Fig. 13 The belts and zones of Jupiter. The arrows represent high velocity winds 

             located at the boundaries (After Barbato and Ayer 1981).
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Fig. 10 Global thermospheric wind system at equinox using model values of (pn /(n based on satellite drag data and ion drag based on semi-empirical model ionosphere (After Blum and Harris 1975)
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Fig. 12 Neutral upper atmospheric densities for Mars: (a) dayside and (b) night side (after Singhal and Whitten 1988)   

