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40 CHAPTER 3. THE IONOSPHERE OF THE EARTH

SGO, E. Turunen, NordAurOpt Workshop 21.2.2007

Chemical effects of high energy particle precipitation

Ionospheric variability 

• Solar cycle variations
– Variability high in upper F 

region (1 order of 
magnitude)

– Caused by UV variations
• Day-night variation

– several orders of magnitude 
in lower F, E and D regions

• Atmospheric and space 
weather effects
– disturbances from seconds to 

weeks

[from Richmond, 1987]
Figure 3.1: Typical ionospheric electron density profiles.

The ionospheric layers were originally observed from radio wave reflections at dif-
ferent altitudes. It was then considered that the reflections take place at separate
layers. Later, however, it was noticed that the reflections were from bulges in a
continuous electron density profile, and therefore we nowadays rather speak about
regions. The nomenclature D, E and F has turned out to be useful since the regions
are physically di↵erent because of their di↵erent ion chemistry. A bulge called the
F1 layer forms in the bottomside F region electron density profile during daytime in
solar maximum conditions. The D region disappears during night. At high latitudes
the E region electron densities may increase drastically in the nighttime exceeding
even the F region peak during auroral electron precipitation.

Ionosphere has great variability:

• Solar cycle variations: one order of magnitude in upper F region

• Day-night variation: several orders of magnitude in lower F, E and D regions

• Space weather e↵ects based on short-term solar variability (from seconds to
weeks): even several orders of magnitude in lower F, E and D regions

Representative  mid-‐latitude  
electron  densities  
(Richmond  1987)

See  also
https://ccmc.gsfc.nasa.gov/
modelweb/models/iri2016_v

itmo.php
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Figure 2.16 Representative ion
density profiles for the daytime
mid-latitude ionosphere showing
the layered structure
(D, E, F1, F2 layers).16

loss processes. In these regions, the atomic species (O+ and O) dominate. The peak
ion density in the F2 region (106 cm−3) is roughly a factor of 10 greater than that
in the E region, while the neutral density (108 cm−3) is still two orders of magni-
tude greater than the ion density. The plasma in this region is partially ionized , and
collisions between the different charged particles and between the charged particles
and neutrals must be taken into account. The topside ionosphere is generally defined
to be the region above the F region peak, while the protonosphere is the region
where the lighter atomic ions (H+ and He+) dominate. Although the neutrals still
outnumber the ions in the protonosphere, the plasma is effectively fully ionized and
only collisions between charged particles need to be considered. In both the topside
ionosphere and protonosphere, plasma transport processes dominate.

2.4 Inner planets

2.4.1 Mercury
Figure 2.17 shows representative magnetospheres in the solar system. These sketches
provide a rough idea of the scales and extent of these magnetospheres. The planet
Mercury is unique among the inner planets in that it has a strong intrinsic magnetic
field (Table 2.4). Given this strong magnetic field, a bow shock and a magnetosphere
are formed around Mercury. The region of post shock, decelerated solar wind flow is
called the magnetosheath, just as in the terrestrial case, and a long tail is also present.
The planet is less than half the size of the Earth, so the different magnetospheric
regions have appropriately scaled dimensions (e.g., the magnetopause stand-off
distance is about 1460 km). Direct information about Mercury is extremely limited;
until very recently all the available data were from three flybys of the planet by the

Schematic  of  ionospheric  
layers  from  Schunk and  

Nagy  (2000)
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Figure 6a. The total neutral heating rate peaks in the upper 
thermosphere at 1.5 x 105 ergs g-x s-x. The dominant heat 
source from 100 to 150 km is O2 absorption in the Schumann- 
Runge continupm; from 150 to 200 km it is heating from 
exothermic neutral-neutral chemical reactions and from 200 to 
250 km heating from exothermic ion-neutral chemical reac- 
tions. At higher levels the heating is largely from collisions 
between thermal electrons, ions, and neutrals. Auroral particle 
heating in the global mean simulations is small by compari- 
son. Joule heating adds more energy to the thermosphere than 
auroral particles but is not dominant over any altitude inter- 
val. Near 100 kin, heating by O 2 absorption in the Schumann- 
Runge bands, atomic oxygen recombination, and 0 3 absorp- 
tion are beginning to become important, but at higher levels 
these are small. Heating by O 2 absorption of solar Lyman-• 
radiation is small throughout the thermosphere. The results of SMAX 

5 these calculations are consistent with the studies of M. R. Torr 
4 500 et al. [1980a, b]. Solar EUV-driven ionospheric and thermo- 

spheric chemical and plasma processes dominate the heating 
3 400 above about 150 km, whereas heating by O 2 absorption in the 
:> 350 Schumann-Runge continuum dominates below 150 km. 
I 300 0 :>50 •m Calculated O2 dissociation rates are shown in Figure 7a. These rates consist of photodissociation of O2 by solar Zp -I :;'00 • Lyman-• radiation and by radiation in the Schumann-Runge -• continuum and bands. Ion-neutral and neutral-neutral chemi- 

-2- 150 • cal reactions that break the O2 chemical bond also contribute. 
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Fig. 4. Calculated 1Og,o n(N+), n(N:+), n(O:+), n(NO+), and ! I • / t n(O +) ion number density profiles, and electron density n e profiles Zp :>00 
(cm -3) from the global mean model, and the globally averaged elec- -I 
tron density profile from the Chiu [1975] empirical model nec for (a) 150 solar minimum and (b) solar maximum conditions. 

region at solar minimum because of the choice of analytic 120 
functions used in it [Richmond and Roble, 1987; A.D. Rich- - 
mond, private communication, 1986]. The ion density profiles IO0 
are consistent with the distributions calculated in other studies ? • [D. G. Tort et al., 1979; M. R. Tort and D. G. Tort, 1982; 
Schunk and Raitt, 1980]. Molecular ions 02 + and NO + domi- 
nate in the lower thermosphere up to an altitude of about 180 500 

-4- -4- -4- km, and O dominates above. Nitrogen ions N and N 2 are 400 
minor constituents throughout the ionosphere. The peak elec- 350 
tron density at solar minimum is 2.8 x l0 s cm -3 at 255 km :500 r• 
compared to 4.2 x l0 s cm-3 at 237 km predicted by the Chiu Zp 250 [1975] model. 200 

The calculated global mean profiles of the minor neutral constituents N(2D), N('•S), and NO, are shown for solar mini- 150 
2 mum in Figure 5a. N(D) is assumed to be in photochemical 

equilibrium, with a peak density of 4.4 x l0 s cm-3 at 205 km. 120 
The density of N('•S) peaks at 180 km with a value of 2.0 

7 3 x 10 cm- , and the NO density peaks at 106 km with a 
value of 1.3 x 10 7 cm -3. The N('•S) profile agrees well with • I00 
the globally averaged N density profiles deduced from Atmo- 0 I 2 3 4 5 6 ? 
spheric Explorer satellite data (A. E. Hedin, private communi- LOG•o(number density, cm -•) 
cation, 1986). Fig. 5. Calculated logzo NO, N('•S), and N(2D) number density 

Globally averaged neutral heating rates used to calculate profiles (cm -3) from the global mean model for (a) solar minimum 
the solar minimum global mean temperature are shown in conditions and (b)solar maximum conditions. 

Ion  composition  for  (a)  solar  
minimum  conditions  and  (b)  solar  

maximum  conditions  from  
Roble  et  al.  (1987)





220 

E 
o 

v 

z 
o 
m 

i-. 
o iJJ 
o3 

0 cc 
o 
z 
0 
l -  n 
0c: 
0 o) n7 
< 

8 Atmospheric Radiation 

A B S O R P T I O N  BY 0 2 
1016 

1017 

10 TM 

1019 

10 ,0 

1021 

1622 

10:'3 
1024 

1625 

m 

m 

m 

m 

m 

w 

B 

m 

m 

m 

m 

I 
5O 

CONTINUUM 
ION I 
c o . t , . u u M  

1 ' 
LYMAN o~ 11. 

I I I I I I I I I I I I I 
100 150 

WAVELENGTH (nm) 

HERZBERG 
CONTINUUM 

m 

m 

I I I I I I 
2 0 0  25O 

Figure 8.12 Absorption cross section as a function of wavelength for molecular oxygen. After 
Brasseur and Solomon (1986). Reprinted by permission of Kluwer Academic Publishers. 

of 03, whereas photodissociation of 02 dominates at shorter wavelengths. Ow- 
ing to the inverse relationship between wavelength and penetration altitude 
(Fig. 8.3), these bands influence different levels. Absorption by 03 in the 
Hartley and Huggins bands at A > 200 nm dominates in the stratosphere and 
mesosphere, where it provides the primary source of heating. Ozone absorp- 
tion in the Chappuis band at A > 400 nm becomes important below 25 km. 
On the other hand, absorption by 02 at A < 200 nm prevails only only above 
60 km. Despite its-secondary contribution to absorption, photodissociation of 
02 plays a key role in the energetics of the stratosphere and mesosphere be- 
cause it produces atomic oxygen, which supports ozone formation (1.27). In 
addition to molecular oxygen and ozone, water vapor, methane, nitrous oxide, 
and CFCs also absorb in the UV through photodissociation. 

8.3.2 Line Broadening 

Absorption lines in Figs. 8.11 and 8.13 are not truly discrete; rather, they 
occupy finite bands of wavelength due to practical considerations surrounding 
molecular absorption and emission. The spectral width of an absorbing line is 
described in terms of a shape factor. The absorption cross section at frequency 
~, is expressed 

O'a,, - -  S f ( v -  v0), (8.30.1) 

From  Salby (1996)

See  Heays et  al.  (2017)  for  a  compilation  of  cross  section  references.
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Figure 3.11: The altitude of unit optical depth calculated for zero zenith angle.
Ionization threshold wavelengths for several molecules and atoms are marked by
arrows (as well as the Ly-↵ wavelength).

so that well above the maximum the ionization rate profile decays with height in
the same way as the atmospheric density. This holds for h > 2, i.e. at distances
more than two scale heights above zm,0. This relation arises because at those heights
the intensity of the radiation is only weakly reduced, and the rate of production is
essentially proportional to the gas density.

Eq. (3.68) can be used to show that at the altitude of maximum ionization rate
zm, the optical depth ⌧m = 1. At the very same height the intensity of radiation
has a value Im = I1/e according to eq. (3.59). Figure 3.11 shows the altitude of
unit optical depth at wavelengths below 300 nm. Some spectral wavelengths are
absorbed very strongly, but the hydrogen Lyman-↵ at 121.5 nm penetrates to the
D region, where it ionizes NO.

The calculation of ion production rate in a real atmosphere with an incident
solar illumination with its true spectrum is complicated. The upper atmosphere
is composed of di↵erent gases with di↵erent scale heights and the solar radiation
spectrum consists of a myriad of lines and bands with di↵erent intensities (which
vary with solar activity). The di↵erent constituents in the atmosphere have di↵erent
ionization and dissociation threshold energies. Table 3.1 displays these energies in
eV for some of the most common neutral particles and the corresponding wavelength
(Vp = h⌫ = hc/�) which fall mostly in the EUV regime. Photons with energies larger
than Vp or wavelengths shorter than � can ionize or dissociate the given species.
Dissociative ionization threshold wavelengths for O2 and N2 are 662 Å and 510 Å,
respectively (not shown in Table 3.1).

Altitude  of  unit  optical  depth  calculated  at  zero  zenith  angle.    
Ionization  thresholds  are  marked  by  arrows.

O3 Hartley  
continuum
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02 + hv ~ O + O (J2), (17.1.1) 

0 + 0  2 -+-M --+ 0 3 -~-M (k2), (17.1.2) 

O + 03  ~ 2 0 2  (k3),  (17.1.3) 

03 + hu --+ 02 + O (J3), (17.1.4) 

where the rate coefficients indicated parenthetically to the right character- 
ize the speeds of individual reactions. ~ Reactions (17.1.1) and (17.1.4) de- 
scribe photodissociation or photolysis of O2 by ultraviolet (UV) radiation in 
the Herzberg continuum near 242 nm and of 03 in the Hartley and Huggins 
bands near 310 nm, (17.1.4), operating at all wavelengths shorter than 1/xm. 
Reactions (17.1.2) and (17.1.3) describe recombination of O2 and 0 3 with O. 
The molecule M represents a third body needed to conserve momentum and 
energy in the recombination of O and O2. Atomic oxygen produced by pho- 
tolysis of ozone in (17.1.4) recombines immediately with molecular oxygen in 
(17.1.2) to reform ozone. Hence, those reactions constitute a closed cycle in 
O and 03 that absorbs UV radiation efficiently. 

17.1.1 The Chemical Family 

The rate coefficients determine the photochemical lifetimes of these species 
(Problem 17.1), which are shown in Fig. 17.1 as functions of altitude. Lifetimes 
of the odd oxygen species O and 03 are short by comparison with that of 
O2, which is present in fixed proportion. Moreover, the lifetimes of O and 
03 differ by several orders of magnitude, which complicates their treatment 
in numerical calculations. For this reason, it is convenient to introduce the 

Figure 17.1 
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Salby (1996)
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Figure  17.2 Vertical profile of ozone number density under photochemical equilibrium, as 
calculated from Chapman chemistry (solid line), and observed in tropical (dashed line) and ex- 
tratropical (dotted line) regions. Chapman chemistry was calculated with rate coefficients from 
Brasseur and Solomon (1986) and Nicolet (1980). It yields realistic vertical structure, but a col- 
umn abundance of Eo3 ~ 1000 DU. Observed data are from Hering and Borden (1965) and 
Krueger (1973). 

the ozone column is concentrated, the photochemical lifetime is long enough 
for 03 to be transported by the circulation and therefore to pass between 
widely differing photochemical environments. Even at higher altitudes, other 
species participating in the complex photochemistry of ozone are influenced 
importantly by transport. 

17.2 Involvement of Other Species 

Photodissociation by UV radiation produces a number of free radicals from 
less reactive reservoir species of tropospheric origin. Photochemically active, 
these free radicals can then go on to destroy ozone in catalytic cycles that 
leave the free radical unchanged. 

From  Salby (1996)
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Figure 1.17 Zonal-mean mixing ratio of ozone (contoured) and density of ozone (shaded) 
averaged over January-February 1979, as functions of latitude and pressure, obtained from the 
Limb Infrared Monitor of the Stratosphere (LIMS) on board Nimbus-7. The shaded levels cor- 
respond to 20, 40, and 60% of the maximum value. 

distribution of ozone in the upper stratosphere and mesosphere is controlled 
chiefly by photochemical influences. 

Even though its mixing ratio ?o3 maximizes near 30 km, atmospheric ozone 
is concentrated in the lower stratosphere (Fig. 1.17). Because air density de- 
creases exponentially with altitude, the density of ozone Po3 (shaded area) is 
concentrated at altitudes of 10 to 20 km (1.24). Largest values are found in 
a shallow layer near 30 mb in the tropics, which descends and deepens in ex- 
tratropical regions. The column abundance, or total ozone, Eo3 is expressed in 
Dobson units (DU), which measure in thousandths of a centimeter the depth 
the ozone column would assume if brought to standard temperature and pres- 
sure. Figure 1.18 shows the zonally averaged column abundance of ozone as a 
function of latitude and season. Values of ~o3 range from about 250 DU near 
the equator to in excess of 400 DU at high latitudes. The entire ozone column 
measures less than one-half of 1 cm at standard temperature and pressure! 
Even though most stratospheric ozone is produced in the tropics, the greatest 
column abundances are found at middle and high latitudes. Like the temper- 
ature distribution in the mesosphere (Fig. 1.7), this peculiarity of the ozone 
distribution illustrates the importance of dynamics to observed composition 
and structure. 

As is true for water vapor, the circulation plays a key role in determining 
the mean distribution of 03 and makes the global distribution on individ- 
ual days dynamic. Figure 1.19 shows the distribution of ~o3 over the Northern 

Salby (1996)
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Figure 1.18 Zonal-mean column abundance of ozone, or total ozone, as a function of latitude 
and month. Based on the historical record prior to 1980. From London (1980). 

and Southern Hemispheres on individual days, as observed by the Total Ozone 
Mapping Spectrometer (TOMS). The distribution over the Northern Hemi- 
sphere (Fig. 1.19a) has been arranged by the circulation into several anomalies 
in which ~o3 varies by as much as 100%. Figure 1.19a, which is contemporane- 
ous with the 500-mb circulation in Fig. 1.9a, reveals a strong correspondence 
between variations of ~o3 and synoptic weather systems in the troposphere. 
Both evolve on a timescale of a day. The distribution over the Southern Hemi- 
sphere (Fig. 1.19b) is distinguished by column abundances of less than 200 DU 
(white) that delineate the '~ntarctic ozone hole." Anomalously low ~o3 ap- 
pears over the South Pole each year during Austral spring and then disappears 
some two months later. The formation of the ozone hole, which emerged in 
the 1980s, is attributed to increasing levels of atmospheric chlorine. Its disap- 
pearance each year occurs through dynamics. 

M E T H A N E  

Several other trace gases also figure importantly in radiative and chemi- 
cal processes. These include species that are produced naturally, like methane 
( C H 4 )  , and species that are produced solely by human activities, like chlorofiu- 
orocarbons (CFCs). Methane is produced primarily by bacterial and surface 
processes that occur naturally. However, anthropogenic sources such as min- 
ing and industrial activities may constitute as much as 20% of C H  4 production. 

Figure 1.19 Distribution of total ozone (color) from the Total Ozone Mapping Spectrom- 
eter (TOMS) on board Nimbus-7 and pressure (contours) on the 375 K isentropic surface (see 
Sec. 2.4.1) over (a) the Northern Hemisphere on March 4, 1984 and (b) the Southern Hemisphere 
on October 25, 1983. 
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17.3.1 The Brewer-Dobson Circulation 

The latitudinal gradient of heating in combination with geostrophic equilib- 
rium favors motion that is chiefly zonal, with only a small meridional com- 
ponent to transfer heat and chemical species between the equator and poles 
(Chapter 15). In the winter hemisphere, ozone heating establishes an equa- 
torward temperature gradient over a deep layer (Fig. 1.7), which, by thermal 
wind balance, produces strong westerly flow. Stratospheric westerlies intensify 
upward along the polar-night terminator, where SW absorption vanishes, to 
produce the polar-night jet (Fig. 1.8) and the circumpolar vortex (Fig. 1.10b). 
In the summer hemisphere, a poleward gradient of heating, which follows from 
the distribution of daily insolation (Fig. 1.28), produces a deep temperature 
gradient of the opposite sense and strong easterly circumpolar flow. 

Under radiative equilibrium, the circulation is zonally symmetric and ex- 
periences no net heating. Then, by the first law, individual air parcels do not 
cross isentropic surfaces. This implies no net vertical motion and, by continu- 
ity, no net meridional motion--analogous to the zonally symmetric circulation 
in Sec. 15.2. Therefore, mechanical disturbances that drive the circulation out 
of radiative equilibrium play a key role in producing the gradual meridional 
overturning that accompanies strong zonal motion in the middle atmosphere. 

The behavior of long-lived tracers (Figs. 17.4 and 17.7) implies upwelling 
in the tropics, where tropospheric air enters the stratosphere. Downwelling at 
middle and high latitudes, which is required by continuity, can then explain the 
large abundances of ozone observed in extratropical regions. Air drawn pole- 
ward and downward from the chemical source region of ozone in the tropical 
stratosphere (Fig. 17.9) would then undergo compression to yield the greatest 
absolute concentrations /903 (Fig. 1.17) and hence the greatest column abun- 
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F i g u r e  17.9 Streamlines of the mean meridional circulation of the middle atmosphere, in 
a quasi-Lagrangian representation. Adapted from Garcia and Solomon (1983), copyright by the 
American Geophysical Union. 

Streamlines  of  mean  meridional  circulation  in  the  middle  atmosphere  
(Salby 1996)
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Figure 17.10 Radiative-equilibrium (a) temperature and (b) zonal wind in the middle at- 
mosphere during solstice, as calculated in a radiative-convective-photochemical model. Thermal 
structure adapted from Fels (1985). Zonal wind calculated from thermal wind balance and from 
climatological motion at 20 km in Fig. 1.8. 

flow is continually disturbed by planetary waves that propagate upward from 
the troposphere. Planetary waves in the Northern Hemisphere are stronger 
than those in the Southern Hemisphere because of larger orographic forcing 
at the earth's surface. Able to penetrate into the strong westerlies of the winter 
stratosphere, planetary waves drive the circulation out of zonal symmetry and 
away from radiative equilibrium. As illustrated by Fig. 1.10a, air then flows 

Radiative-‐equilibrium  temperature  during  
northern  solstice  (Salby 1996).
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Figure 17.10 Radiative-equilibrium (a) temperature and (b) zonal wind in the middle at- 
mosphere during solstice, as calculated in a radiative-convective-photochemical model. Thermal 
structure adapted from Fels (1985). Zonal wind calculated from thermal wind balance and from 
climatological motion at 20 km in Fig. 1.8. 

flow is continually disturbed by planetary waves that propagate upward from 
the troposphere. Planetary waves in the Northern Hemisphere are stronger 
than those in the Southern Hemisphere because of larger orographic forcing 
at the earth's surface. Able to penetrate into the strong westerlies of the winter 
stratosphere, planetary waves drive the circulation out of zonal symmetry and 
away from radiative equilibrium. As illustrated by Fig. 1.10a, air then flows 

Zonal  winds  from  thermal  wind  
balance.
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Figure 1.10 (Continued) 

as gravity waves, owe their existence to buoyancy and the stratification of mass. 
Gravity waves are manifested in wavy patterns that appear in layered clouds, 
as are often observed from the ground and in satellite imagery like that shown 
in Fig. 1.11. Like planetary waves, gravity waves contain both transient and 
steady components, so they are present even in time-mean fields. 

1.2.4 Trace Constituents 

Beyond its primary constituents, air contains a variety of trace species. Al- 
though they exist in relatively minor abundances, several of these play key 
roles in radiative and chemical processes in the atmosphere. Perhaps the sim- 
plest such trace species is CO2 because it is chemically inert away from the 
surface and therefore well mixed throughout the homosphere. Like N2 and 02, 

The  contours  are  
isobaric  heights  

in  meters  
(from  Salby 1996).
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Figure 1.7 Zonal-mean temperature during northern winter as a function of latitude and 

altitude. Adapted from Fleming et al. (1988). 

are quite cold, and lowest in polar regions (~8 km). A sharp change of zonal- 
mean lapse rate is not observed at midlatitudes, which is symbolized by a 
break in the tropopause. In the stratosphere, temperature increases with alti- 
tude. Temperatures are warmest over the summer pole and decrease steadily 
to coldest values over the winter pole. In the mesosphere, where temperature 
again decreases with altitude, the horizontal temperature gradient is reversed. 
Temperatures are actually coldest over the summer pole, which lies in per- 
petual daylight, and increase steadily to warmest values over the winter pole, 
which lies in perpetual darkness. This peculiarity of the temperature distribu- 
tion, which is contrary to radiative considerations, illustrates the importance 
of dynamics to establishing observed thermal structure. 

The thermal structure in Fig. 1.7 is related closely to the zonal-mean circula- 
tion ~, which is shown in Fig. 1.8 at the same time of year. In the troposphere, 
the circulation is characterized by subtropical jet streams, which strengthen 
with altitude up to the tropopause. These jets describe circumpolar motion 
that is westerly in each hemisphere/ Above the subtropical jets, the zonal- 
mean flow first weakens with altitude and then intensifies with opposite sign 
in the two hemispheres. In the winter hemisphere, westerlies intensify above 
the tropopause in the polar-night jet, which reaches speeds of 60 m s -1 in the 
lower mesosphere. In the summer hemisphere, westerly flow weakens above 
the tropopause and is then replaced by easterly flow that intensifies up to the 
mesosphere. Reaching speeds somewhat stronger than the zonal-mean flow 

4In meteorological parlance, westerly refers to motion from the west and easterly to motion 
from the east. 

Zonal  mean  temperature  during  northern  winter  (Salby 1996).
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Figure 17.22 Mixing ratios of ozone (solid line) and chlorine monoxide (dashed line) and 
temperature (dotted line) along a flight path into the Antarctic polar-night vortex. Temperatures 
colder than about 196 K (shaded) coincide with the formation of type I PSCs. Source of O3 and 
C10 profiles: Anderson et al. (1989). 
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Figure 17.23 Time series of atmospheric total chlorine and total ozone over Halley Bay, 
Antarctica. Adapted from Solomon (1990). 


