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Location  /  Time

Instructor

tommi@lpl.arizona.edu

Basic  details

Right:  Kakslauttanen  Arctic  Resort  near  Ivalo,  
Finland,  built  for  viewing  the  aurora.



Exosphere:  Above  the  atmosphere,  
even  lower  density

Thermosphere: High  temperature,  
low  density

Stratosphere: Stratopause
temperature  about -‐15oC

Troposphere:Temperature  declines  
rapidly  with  altitude,  tropopause  

about  -‐45oC

Mesosphere:Temperature  
declines,  mesopause about  -‐100oC
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Learn  key  concepts  and  physics  of  the  middle  and  upper  
atmosphere  through  an  exploration  of  planetary  atmospheres.    

We  understand  the  Earth’s  middle  and  upper  atmosphere  relatively  
well.    To  what  degree  is  this  understanding  transferable  to  other  
planets:  what  aspects  need  revision  when  we  try  to  understand  

planetary  atmospheres  in  general?

What  is  the  predictive  power  of  the  theory  of  high  atmospheres  
and  how  can  we  apply  it  to  understand  the  atmospheres  of  

extrasolar  planets,  including  Earth-‐like  planets,  or  to  deal  with  
aspects  of  global  change  on  the  Earth  that  result  in  changes  in  the  

middle  and  upper  atmosphere?
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Fig. 1 Temperatures versus pressure for Venus, Earth, Mars, Jupiter, Saturn, Titan, Uranus, Neptune, Triton
and Pluto

the surface with a temperature of ∼190 K and it slopes downward towards the poles to an
altitude of only ∼8 km but with a higher temperature ∼210–230 K, depending on season.
By comparison the surface temperature varies from 300 K at the equator to 250 K at the
poles.

Photochemistry of molecular oxygen leads to the formation of ozone, whose photochem-
istry driven by absorption of solar ultraviolet radiation results in atmospheric heating and the
formation of the stratosphere, which has a positive temperature gradient of ∼2 K km−1. The
upper boundary of the stratosphere (called the stratopause) is at 50 km and the 1 mbar level,
where the temperature reaches a relative maximum of ∼290 K at the summer pole and
∼250 K at the winter pole with a global average of ∼270 K. Above the stratosphere is the
region known as the mesosphere, which is characterized by a negative temperature gradient
of ∼ − 3 K km−1, as a consequence of the ozone heating rate decreasing more rapidly with
altitude than the CO2 infrared cooling rate and consistent with the observed ratio of ozone
density to CO2 density declining with height. Collectively, the stratosphere and mesosphere
are known as the middle atmosphere.

The upper boundary of the mesosphere is known as the mesopause and is typically at
85–90 km and approximately the 1 µbar level. The globally averaged mesopause temperature
is ∼185 K, but over the summer pole it drops to ∼130 K and can be a high as 220 K
over the winter pole due to a large scale meridional circulation, which transports heat to
the winter pole with adiabatic cooling over the summer pole and adiabatic heating over
the winter pole. Calculations have shown that the thermal structure and dynamics of the
mesosphere cannot be reproduced when assuming a radiative equilibrium case (Geller 1983)
and a wave drag term is needed. Physically, this represents the momentum deposited by
dissipating or breaking gravity waves, tides and planetary waves in the atmosphere, and
for simplicity it is often approximated by a linear Rayleigh friction term (Schoeberl and
Strobel 1978). More comprehensive models use gravity wave parameterization schemes to

From  Müller-‐Wodarg et  al.  (2008)



Mars  and  Venus  have  
similar,  low  dayside  

temperatures

Earth,  Jupiter  and  
Uranus  have  
similar,  high  
temperatures

Saturn  and  Neptune  have  similar,  
intermediate  temperatures
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Temperatures  in  the  thermosphere  
correlate  with  solar  activity,  ranging  
from  about  700  to  1300  K  (global  
mean).    Solar  EUV  radiation  ionizes  
and  heats  the  thermosphere,  mostly  
balanced  by  downward  conduction.

This  works  on…well,  
apparently  only  on  the  Earth!





Theme  I:



Theme  II:  



Theme  III:  



•Weeks  1,  2:  

•Week  3:  
•Week  4:
•Week  5:

•Week  6:  
•Week  7:  
•Week  8:
•Week  9:  Spring  recess



•Week  10:  
•Week  11:
•Week  12:
•Week  13:  
•Week  14:  
•Week  15:
•Week  16:  













Middle  and  upper  atmospheres  of  
the  Earth  and  other  planets





H,  He,  O,  Na,  K,  Ca  and  Mg  with  a  surface  pressure  of  less  
than  10-‐12 bar.    This  is  all  exosphere and  we  will  not  cover  it.  



Surface  temperature:
740  K  (day/night)
Surface  pressure:

90  bar
Composition:

96%  CO2
3.5%  N2

Conditions:
Slow  winds,  acid  rain,  
clouds  of  sulfuric  acid



Venus  rotates  around  
its  axis  once  every  
244  days  in  the  

opposite  sense  to  the  
Earth.    

The  orbit  is  nearly  
circular.
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Fig. 11 A diagram of the mean
vertical temperature profile in
Venus’s atmosphere, showing the
major processes at work, and the
approximate locations of the
main cloud layers. From Taylor
(2014)

Figure 11 shows the mean vertical profile with the names of the different regions that have
been assigned by analogy with the Earth.

The horizontal temperature contrasts, i.e. those that vary with altitude and longitude, on
Venus are quite subtle in general, with the largest systematic variation in the tropics being
due to a predominantly wavenumber 2 thermal tide, which has an amplitude of 2 or 3 K at
the cloud tops. Inside the clouds the horizontal temperature contrasts are sometimes larger
than this because of non-uniformities in the cloud structure and hence variations in solar
absorption and emission, but still typically less than 10 K. However at high latitudes in
both hemispheres we find the ‘cold collar’ features that surround each pole at about 75◦N
and S, and the warm ‘polar dipole’ feature inside the collar, again at both poles. ‘Cold’ and
‘warm’ in this context refer to less than 200 K and more than 250 K respectively, compared
to a global mean of about 235 K, all again measured at the cloud tops. Both types of polar
feature exhibit quite complex spatial structure and time variability, and are clearly linked to
wave-like instabilities in the dynamics of the atmosphere at high latitudes. These in turn are
features of the global super-rotation and the consequent transportation of angular momentum
polewards in the meridional Hadley circulation, as discussed further below.

4.4 Composition and Chemistry

The atmosphere on Venus is mostly (96%) carbon dioxide, with about 3% of nitrogen. The
rest is dominated by argon and the other noble gases, plus carbon monoxide, a small amount
of water vapour (by terrestrial standards), and a large amount of sulphur dioxide (again
compared to Earth). Traces of hydrogen halides, HCl and HF, have also been observed along
with several isotopic ratios, including the important deuterium to hydrogen fraction which
is more than a hundred times higher than on Earth. Table 3 gives a short summary of the
composition of Venus’s atmosphere, for full details see Marcq et al. (2018, this issue).

Water is present on Venus as vapour in the atmosphere (about 30 ppm) and bound up
with sulphuric acid in the cloud droplets, but the total water abundance is small compared to

Taylor  et  al.  (2018) Thermosphere:
EUV  and  CO2 near-‐IR  heating  
balanced  by  conduction  and  

CO2 15  µm  cooling.

Troposphere:
Greenhouse  effect  due  to  a  
thick  CO2 atmosphere,  
convective  equilibrium.

No  stratospheric  
temperature  inversion.





Modified  Bates  (1959)  profile  
average  temperature  model

Global  empirical  model  of  the  Venus  thermosphere  
(Hedin  et  al.  1983)



 460 D. R. Bates (Discussion Meeting)

 TABLE 1. NUMBER DENSITIES FOR ANALYTIC MODEL OF THERMOSPHERE

 DESCRIBED IN FIGURE 2 AND IN TEXT
 altitude

 (kin)

 z T(z) n(O; z) n(02; Z) n(N2; z)

 120 380 1.80 x 1011 3*95 x 1010 2 40 x 10"
 140 776 4 7 x 1010 5 6 x 109 4-0 x 1010

 160 938 2 6 x 1010 2 0 x 109 1 6 x 1010

 180 1003 1*7 x 1010 90 x 108 7 8 x 109
 200 1031 1 1 x 1010 4 *4 x 10 4*1 x 109
 250 1048 4*9 x 109 7*9x 107 9 2 x 108

 300 1050 21 x 109 1*5 x 107 2-2 x 108
 350 1050 9-4 x 108 3 0 x 100 5*2x 107

 400 1050 4-2 x 108 6 0 x 105 1-3x 107

 450 1050 1*9x 108 1*2x 105 3*2x 106
 500 1050 8.8 x 107 2-6x 104 8-2 x 105
 600 1050 1-9 x 107 1*2x 103 5-7 x 104
 700 1050 4*4 x 106 6-4 x 101 4-3 x 103
 800 1050 1-0 x 106 3-6 3-5 x102
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 FIGTURE 2. Structure of thermosphere: , calculated curves with adjustable parameters
 as specified in text; x, results of rocket and other studies chosen as initial points of
 calculated curves; e, satellite data. 1, Temperature; 2, density.
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