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1. Introduction

We begin by defining and constraining the tople of the book, This is followed
by some comments on the scope of the subject matter and s onganisation,
We ronclude with a short imtroduction to the history of space research,

1.1 Definitions amnd Constraints

The broad topic *Physica of the Earth's Space Environmoent”, designated space
plggsies In the following, & wnderstood o mean the physics of partides and
fields within the space regions of the solar syatem and its immediave vicinity.
The ‘physics’ in this definition has the commeonly accepted meaning, namely
the study of natural phenomena thal can be explored empivically, described
mathematically and are subject to underlying universal laws. ‘Particles” will
be taken here to mean pas constituents such as atoms, molecnles, fons and
electrons, but not dust particles, 'Fields” are primarily of the eleciric and
magnetic variety; gravitational fields are present, of coumse, but sssumed
bo be given quantitics, Concerning the “space regions of the solar system’,
Fig. 1.1 provides an illustrative overview, Prominent among these regions are
the outer gas envelopes of the Sun, planets, moons and comets. Particularly
for the planets, it is essential that we distinguish between the newtre! upper
atmosphere and the lenesphere, the fonieed component. of the outer gas enve-
lope. Megnetaspheres represent other prominent entities of the solar system.
As the name implies, these are the regions dominated by the magnetic ficlds
of the planets, Outside of the magnelospherss, or outside Cthe upper atmo-
gphere in the absence of a planetary magnetic field, or directly adjacent 1o
the aurface of the solar syvstom object in the absence of an atmoapher., is the
region of inlerplanetary space, This is primarily occupied by a particle fow,
the solar wind. which blows contimually ontward from the Sun. Another key
rolo hero is played by tho interplanetary magnetic field. Similar to the way the
pressure of the solar wind constraing the extent of planetary magnetic fields
to their respective magnetospheres, the pressure of the intersteller wind con-
strains the gases and felds of interplanetary space o a finite volume called
the helipsphere. The boundary of this region, the heliopanse, is synonymeus
with the outer boundary of the “solar system’ in our above definition. [t fol-
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lows that the ‘immediate vicinity” is determined by the properties of the local
interstellar medium,

The scientific disciplines of space physics, as we have chosen o define
them. also imply some constraints. One of these & that we will not discuss
topics related to the solid bodics of the solar svastom. For plaoctary bodies,
moons, asteroids, comets, meteorites, planetary rings and interplanetary dust,
thi i the domain of planetology; the equivalent for the solar interior is
generally handlod by solar physics. Space research should also not be extended
downward into the established domain of the “weather watchers' - the thick
loweer atmospheres of planets and moons are traditionally relegated to the
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reatm of moteorology. Finally, spaoe physics, with its hmitation to the solar
aystem and its immediate vicinity, is well distinguished from the feld of
astronomy, for which the objects of interest are located far boyvond this local
foregroimd. The demarcation of these scientific disciplines thus follows the
scheme

Solar physics
Planetology < Space physics < Astronomy
Meteorology

and, raferred o our planot, this encompasses ronghly the following range of
distances

1081 km (Earth} % Space physwes % 1000 AU

where an sstropomical unit (AU} corresponds to the mean Sun-Earth dis-
tance, For comparison: the mean heliocentric distance of the most distant
planet Pluto amounts to roughly 40 AU [see Appendix A.3); the minimum
distanee to the heliopanse is ca, 100 AL

Separating the phyvaies of the lower atmosphere (meteorology) from that
of the outer gas envelope (space plvaics] may seem arbitrary and is in need
of justification. Some of the arguments for incorporating outer gas envelopes
inte the realm of space physics are that they have a different chemical eom-
position; are dominated by different transport processes: are often suliject ©
evaporstion offects; and are partially jomzed and thus possess the physical
proportics of & plasma. The main reason for this separation, however, s that
the energetics and dynamics of this region, in stark contrast 1o the lower
atmosphere, are greatly influenced by the solar activity and the properties of
the interplanctary medinm.

Betling an outer houndary of jurisdiction in the direction of astronomi-
cal pursuits is also worthy of explanation, After all, what we now call space
physics was once a most active branch of astronomy. Some reasons why this
relatively young field of study should be recognized as an Independent scien-
tific discipline are that it covers o well delineated and quite extensive mrea of
research; there is a sufficiently large number of seientists actively working in
the field: these scientists have formed their own national and internstional
organizations and hold ther own conferences; and finally they publish their
own scientific journals and have founded their own specialized research cen-
leers, Most of the above reagons, of course, also have a monetary component.
There can be no doubt that substantial resources have hoen invested in this
area over the past decades. To quote some nominal sums in this game, it
miay e nided that s quality rocket launch will cost about a half million US
dollars or more; a research satellite roquires an investment of ot least a fow
tens of millions; and an interplanetary spacecraft will easily run upwards of
a few hundred million US dollars,

A legitimate question is whether or not the above stated boundary be-
tween space physics and astronomy will expand outward with time. For exam-
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plo, will space research later claim hogemony over the rogions beyond the local
interstellar medium? The short anawer i3 “no’. After all. it is o quantum leap
from the heliopause region (= 100 ALF) 1o the nearest. star (= 270000 AL,
Just to get a feeling for the distance 1o the heliopause, note that the fastest
till aetive spacecraft, Vovacer 1, will have heen underway for almost 300
years when it reaches a distance of 100 AU in the year 2006. For all practical
purposes, space physics i thus confined to that part of the universe accessible
tir in situ exploration.

A number of other definitions of space research may be found in the lit-
erature. Somelimes evervihing explored with the aid of space technology is
included within this concept. In this case the orientation is aligned more with
the research tochniques rather than with the research objects. Such a defi-
nltion may be useful when organizing all possible activities related to space
tochnology, but it is not particalarly well suited for summarizing a branch
of resenrch. This is demonstrated by the many ivdependent disciplines of ro-
search, whether it be meteorology, oceanography, geodesy, malerials science,
hiology or astronomy, just Lo name a few, that make use of satellite technol-
oy today. On the other hand, apaee resoarch frequently utilizes ground- brsed
measnrements such as magnetie feld recordings, radio s;undings, photome-
try and radar messurement=, S another definition would understand space
resenrch to be plasma physics of the solar svstem, and this interpretation
would indeed cover many of the phonomens treated in this book. It would
leave out & munber of very important (opics, however, auch as the neutral
npper atmosphere, neutral interplanctary and interstellar gases. and high en-
orgy particles in the solar system, These are the primary ressons why we here
prefer the more precise [albeit somewhat lengthy and less elegant ) definition
of space physics proposed at the beginning of this chapter,

1.2 Scope and Organization of the Material

Ag indicated in the title of the book, our discussion is confined 1 & deseription
of the Earth's space environment. First, this Is the region elosest o us in
every conceivable way; seeond, it i by fur the most extensively explored and
investigated; and third, trying to include the space environments of other
planiets would extend the scope of this book beyond that of the Intended
introduction. Even so, the material selected for discussion is quite voluminous
and demands concentration on the essentials. These essentinls, on the other
hand, can be direcily applied in many cases to the space environments of
other planets (see, for example, some of the exercises In the problem sets at
the end of each chapter), If one is familiar with the phvsics of the terrestrial
ionoephere, for example, the structure of the Venusian jionosphere will be
quickly understaod,

The wrganization of the subject matter proceeds at Arst in ils natural
order, treating each reglon ln turn as they are encountered with incrensing
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distance from the Earth. The two subsoquent chapters are thus devoted to
a deseription of the nentral upper atmosphere and the absorption of solar
radiation in this region. This & followed by descriptions of the fonosphere,
thi magnetosphere and the interplanetary modinm in separate chaptors, The
concluding chapters, devoted to solar-terrestrial relations, troat the topics of
transfer and dissipation of solar wind energy in the polar upper atmosphere
and geospheric storms, respectively.

The description of the npeutral upper atmaosphere is given a melatively gen-
erous allocation within this organizational sirecture, One of the reasons is
that thiz important topic 8 frequently neglected in introdoctory treaiises.
This, in apite of the fact, that the vast majority of satellites, the Heet of space
shittles as well as the international space station [S5 gll operate within the
Eartl's upper atmosphere. Furthermore, many important concepis and re-
Intionships of pas phyvaics are tecapitulated in these first chaptors, This 8 of
Isenefit to the subsequent chapters, which can then be prosented more con-
cisely. This step by step procedure does mean that the book is probally less
suitable a8 a referenee volume, [t also implics that a person intoreated in
ionuspheric physics, for example, would be advised to first read the chapter
on the neutral upper atmosphere. Similarly, long period waves in magneto-
plasmas will be understood bettor, If one first, atudies the section on acoustic
WS,

Aw with all Introductions, this ome is also based on & great volume of pri-
mary and secondary references from the lterature. [t would be improper o
cite all of these here individually, The source is stated, of course, whenover
results from research are presented as lustratlons or in tabular form, Other-
wise we rofor to the mimerous texthooka, monographs and journals devoted
o the field of space research s a whaole or to one of the associated subfields,
A short list of such references, subject certainly to personal preferences. is
included at the ond of cach separate chaptor. Note that some of the older
treatises, althoueh dated to some extent, are still very impressive from the
stamdpoint of thelr physical insight and didactic skill.

1.3 Brief History of Space Research

Space rescarch s a remarkably older science than one might at hrst imagine.
Humankind has investigated some of the topics and fields for several hundred
youare and has spawned a number of brilliant tdeas along the way, Prior to
the advent of rockets and satellites, of course, one was Iimited to ground-
based observations, Le, one could only measure and inter pret those signatures
impased on the Earth by a given phenomenon in space.

Some of the earliest activities that would be classified as space research
today were undoubledly conmected with studies of the Farth’s magnetic feld
Some initial notions concerning 1ts nature were obtalned with terrella expor-
iments, In these investigations the Earth was modeled as a small magnotized
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gphote and its external magnetic feld was detesmi ped with the help of & com-
pass needle (Gilbert, 1600k note that here and in the following the specified
year only serves to order an event chronologically, not to identify a citation in
& reference list). About one bundred yoars later (1 722,/23) the London watch-
maker Graham discovered that the Earth's magnetic ficld was not really as
constant as previously assumed, bul rather displayed short-period Husctua-
tions. His scientific apparatis consisted of a very fine, free-hanging compass
noedle that he observed with the help of & magnifying glass. Irrepular distur-
bances of strong intensity were later designated as ‘magnetic storms’ (Hum-
baldt, 1808) and are a subject of intensive research up Lo the present day.
It was Gauss (1839), more than one hundred vears after Grabam, who first
succended in showing that a small part of the magnetic ficld mensorod on the
surface was not intrinsic to the Earth. He considered currents in the upper at-
maosphere to be the likely source of this extraterrestrial component. Another
fifty yoars later Stewart { 1583) formulated tho hypothesis, which is still valid
tday, that the regular magnetic wrintions are cansed by tidal winds in the
dyvnama region of the upper atmosphere. The first solar-terrestrial relations
pertaining to magnetic activity were discovered by Sabine (1852) and Car-
rington {1859}, Sabine showed that a relation exists between the intensity of
magnetic disturbanees and the solar sunspot cyvebe that had been diseovernsd a
fow vears earlior by Scheabe (18342). Carrington observed that solar Hares can
be followed by magnetic storms. This was also the time when the first “space
weather' effect was discovered: disturbanees of telegraphic communications
during geomagnetic storms were reported by Barlow (15497,

Parallel to the investisations of the Earth's magnetic ficld, there eoore
mimeroins studies of another phenomenon that is surely among the most
spectacular of all space research, the aurom (also called the polar Bghts).
One of the first definitive works on this subjeet was written by de Mairan.
His book, which first appeared in the year 1733, contained drawings of polar
light apparitions, a list of known events, a diseussion on the height of the
auroral arcs and speculation about their origin. These speculations sound
remarkably modern even today: de Mairan assumed that the Earth moved
within the extended atmosphere of the Sun snd that penetration of solar
particles into the Earth's atmosphere was the cause of the observed polar
lights. A short time later Hjorter and Celsius (1741) diseovered that partic-
ularly intense magnetic field perturbations were observed during periods of
enhanced auroral activity. They thus established a bridge between ten areas
of study that had previously been considered separate. The spectrum of the
polar lights, specifically the prominent greenish vellow auroral line at 557.7
nmn, was first recorded by Angstriim (1866). By the end of the 19th century,
Birkeland was even carrving out the first experimental simulations of mouro-
rae, [n his experiment, s terrelln in an evacuated vessel was bombarded with
eathode ray particles (Just discoversd st the time) and optical emission simi-
lar 1o the aurora was oheerved. At abont the same time, Stermer, a colleagoe
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of Birkeland, began to ealeulate trajectories of clectrically charged particles
in the Earth's dipole field and therehy established the theoretical basis for
diseribing rudiation belts and other related phenomeni,

A third branch of space rescarch began in the vear 1924 as two teams of
seientists (Brat and Tove in the DSA and Appleton and Barnett in England)
independently succeaded in proving the existence of the innosphere, Although
Muorconi (1901) had demonstrated the feasibility of transatlantic radio com-
munication much earlier, thereby instigating specnlation about & conducting
laver in the upper atmosphere, the first definitive experimental confirmation
of this layer is attributed to the two research groups cited above. Appleton
later received a Nobel prize for this and his subsequont work - one of two such
awards bestowed] on scientists engaged in space research (the other went to
Alfvén). Following the discovery of the ionosphere, it was Chapman who took
the lead in developing the thoory of this phenomenon. The first eorrelations
hetween Tonospheric disturbances and peomagnetic activity, however, were
observed by radio engineers (e, Espenschied and others, 1925). Alongside
artive radic spunding technigques, pagaive radio recordings were employed. As
an example, Storey (1953) succeeded in detecting distant plasma populations
while measuring whistlers, Lo, a special type of low-frequency radio wave that
propagates in magnetized ionized gaacs, This extension of the innosphere into
the magnetospheric region of space i known today as the plasmasphere,

The exploration of the interplanetary medium is another discipline of
space rescarch that traces its beginnings to ground-based observations, Alfvén
(1942) had shown that the Sun posssses an extremely ot and highly ion-
ized outer atmosphere. The Tact that this outer atmosphere i3 not & static
gas envelope, but rather a plasma flow streaming outward from the Sun at all
times, was first shown by Biermann {1951) on the basis of comet tail observa-
tions. This hypothesls stimulated Parker (1958) to propose his famous model
of the solar wind and interplanctary magnetic field, the validity of which was
eonfirmed impressively a number of years later.

In full appreciation of the many suecos stories associated with ground-
baged ohserwations, however, the decisive impetus for space research camo
from & direct exploration of the Earth's space environment with the help of
rockets and satellites, It could be sald that the era of space flight began shortly
after World War [, when the USA refurbisbed wousesd German V2 rockets
and launched them info the upper atmosphere as research probes. Among
these projects, a2 an exmmple, was the firgt recorded spectrum of solar 1TV
and X-ray radiption in the vear 1949, Although lacking the appropriste rocket
technology, systematic investigations of the neutral upper atmosphere were
also initiated at this tme.

A veritable explosion of activity followed the launch of the first artificial
orhiting satellitt, SPUTHIK L, on 4 October 1957, Shocked by this unexpecied
Soviet success, the Americans promptly launched their own artificial satellite,
ExpProrEr 1, in Jamnry 1958, into Earth orbit and, two months tnier, an-
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nounced the first important in #itu discovery of space research, the detection
of the Van Allen radiation belt. Meanwhile a large number of research satel-
lites have been propelled into near-Earth space, many of which have provided
important advances in our knowledge on the state of this fascinating region.
The following presentation of space phvsics, in fct, would not be possible
without having achicved the present day wealth of results accumulated Ty
these missions.
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2. Neutral Upper Atmosphere

The description of an atmosphers makes ime of a umber of characteristic
parameters that are introduced in this chapter. We describe the height vari-
ations of these parameters in the Earth’s atmosphere and the subdivisions
Iasend on them. The main part of the chapter is devoted to an explanation
of the observed density height profile. In this context it is necessary to first
understand the density variation in a4 homogeneous atmosphere and then
in A gravitatiomally settled atmosphere, Finally, we explain the caleulation
of the density profile for the outermost gas envolope of the Earth, a region
characterized by evaporstion cHects,

2.1 State Parameters of Gases
and their Gas Kinetic Interpretation

The peneral state of an atmosphere - like the state of any gas - is conve-
niently deseribed by a few selected parameters. Among these so-called state
parameters are, for example, the mass density, the fow velocity, the temper-
ature and the prossure. Representative values of these parameters near the
Earth’s surface and in the upper atmosphere are collected in Table 2.1,

While these state parameters are suflicient for describing the macroscopic
characteristics of an atmosphere, there are phenomena that can only be un-
derstood with the help of gas kinetics. Among these phenomena are diffusion,
viscosity and heat conduction. Moreover, gos kinetics prowvides a physical in-
terpretation of the state parameters as well as physically well-founded connec-
tions between them. The behavior of gas particles in the gas kinetic approach
is determined by three tvpes of variability: first by atomic parameters; ac-
ond by dynamical variables; and third by external boundary conditions, An
extremely simple description is usually adequate for the alemic parameters.
In the simplest case, the gas particles are considered as elastic (billiard) balls
with a certain radiug and mass, the infier structure of which is characterfzed
solely by the number of degrees of freedom. Values of atomie parameters for
the gas species of interest here are summarized in Table 2.1. The meaning
of the degrees of freedom will be further elucidated In our definition of the
Lo PETaLee.
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Table 2.1, Atmospheric parauneiors, Note that uniEs of the Systéme International
d'Unités {51 units} are used hore and in the follsdag - with fow exceptions,

1. ATOMIC PARAMETERS

s twpe
i it B o Ny Os Ax | ™
Particle radius r 1=3.10°10 tm
Mnas mumbsor M 1 4 16 28 32 4w
Particle mass m =y M = L66-10-7Tpq 1V kg
Degrees of freedom I 3 3 i 5 5 a !
(1) iy, = atomic mass anit
2 GAS KINETIC PARAMETERS
Parametor Symbol T Height 500 oo ] Unit
(300 K; Ny) (T = 1000 K; O)
Particle density n - 1n's 1/m?
Fnndom velocity il 47p @ Lung ¥ s
Collision frequency W i 0.4 1/s
Mean free path i I SO0 m

(1] For normal conditions (000, 101 kl'a) the tolel particle number

density n = 2.69- 10 m~* | Loschmidt number); (2) Mean absolute value

1 MACROSCOPIC STATE PARAMETERS

Parametes Symbol | —‘-‘;‘;ﬁ"ij“ﬁ:“ 1 Unit
|

Chomibeal THE N TR O
e e R OHR,

Mass Density P Y, ity 1.3 .10 1 kg m?
Flow velocity i {in - 50 LERILLY] s
Temperature T | (2/3kym e3/2 200320 600 - 2500 K
Pressiire P om0 I 10-* Pa
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Fig. 2.1. Estimating the mean distancs betwoen particles

For cases when the statistical behavior of the gas particles s known.
important gas kmetic parameters can be derived. OF special interest here are
the particle munber density, the characteristic particle velocities, the mean
colliston frequency and the mean free path. Representative values of these
parameters near the ground and in the upper atmosphere are also given in
Takle 2.1,

2.1.1 Definition and Derivation of Gas Kinetic Parameters

Particle Number Density. The particle number density (or simply particle
density) n(#.t) of & gas at the position 7 at the time ¢ is defined as the
limiting value of the number of particles AN divided by the volume clement
AV oecupied by them at this position and time as the volume shrinks 1o a
diferentially small element dV

n(ft) = lim (JN) (2.1}

AV —d¥ E

It is mecessary here that the dimensions of the differential volume are small
with respect to typical seales of density variations H,,, but at the same time
hig enough that dV still contains a large number of particles

H, = vdV = d

where d denotes the mean distance hetween gas particles. This distance can be
eatimated as follows, On the averape, let the pas particles assume positions at
equal distances from their neighboring particles and be located at the lattice
points of a cubic erystal system; see Fig. 2.1, The number of particles along
each edge is (a/d) + 1, 50 that the total number of particles in the cube must
be N = (a/d + 1)%. By definition, however, the number of particles in the
cube is N = n a?, 20 if a > f we obtain the following estimate for the mean
distance between particles

d = 1/{n (2.2)
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Sometimes more and sometimes fewer particks may be present in the given
volume element 4V, Requiring that these Quctuations do not exceed A cortain
limit, one may determine a minimum size for AV, It can be shown from
gratigtical physics that the npumber of particles in the volume will fuctuate
about the mean value N hy an amount 1/+/V [relative standard deviation ).
Demanding that this deviation be not greater than, say, 01.1%, requires that
the volume contain at least 10% particles. For a relatively low density of n =
10% m 2, the edpe of the cubic volume dV would thus need to have a length
of ca, 5 m. This dimension is substantially smaller than the variational scale
lengths typically observed in such low density wegions (H,, > 1000 kin) and
at the same time much larger than the mean distance between gas particles
{d = 005 m].

In addition to the spatial mean, one could alo compute a temporal mean.
In this case dV could indeed be chosen very small, but at the cost of the time
resalution, which should remain compatible with the tvpical time scales of
density varfations.

Flow and Random velocity. When describing an ensemble of gas particles,
it is important to distinguish betwoeen the followlng three types of velocities

s the actual gas particle velocity ©
s the flow (bulk, wind} velooty %
o and the random (thermal) velocity of a gas particle @

The fow velocity describes the motion of the entire ensemble of gas particles
and is defined as follows

1 nay
ik

i=1

As usual, the angular brackets denote the mean value of o quantity, and
dl’ 5 the differentially small volume element at position 7 and time | over
which the mean value & caleulated. Vector addition is performed, of course,
in the indicated sum and n AV is the munber of parcticles in the given volume
element,

Concerning the size of AV, the same arguments apply as those discussed in
connection with the definition for the density, One complicating detall is that
particles with velocities far above the mean value will also pass through the
volume dV. Whereas the mean density & changed here only by an amoont
proportional to the ratio 1/4N, tho effect on the mean velocity I8 muach
greater. This again raises the quostion whether a temporal mean s deairable
in addition to the spatial mean.

The random velocity describes the translational motion of the gas particle
relative to the flow velocity

i =

E=f =1 (2.4)
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Fig. 2.2, Calculsting the collision frequency

The random velocity plays a key mle in the definition of gas kinetic and
macroscopic parameters. Obwiously, its name is derived from the fact that
it deseribes the deviation from the ‘ordored” mean (Aow) velogity, Sinoe the
random velocity determines the temperature of a pas, it is also called the
thermal veloeity. It follows immediately from the above definition of 7 that

(@ =(F-i) =) -i=0

Collision Frequency and Mean Free Path. The collizion frequency s
understond to be the mean number of collisions exporienced by o particle in
& gad per unit time. As illustrated in Fig. 2.2a, a test particle of gas type
1 mowves with its random velocity &, In a gas of type 2 at rest. Particles
of gype 2 move at their own various random velocities & ;. Collisions oceur
often, producing changes in the magnitude as well as the direction of the
velocity of both collision partners, In order to facilitate a caleulation of the
mean munber of collisions per unis time, the situation sketched in Fig. 2.2a
Is reduced to o simpler, but statistically equivalent, scenario. As shown in
Fig. 2.2b, the interaction between the test particle of radius vy and a type 2
gas particle of radius rg is replaced by a test particle of radius ry + r; with
point particles of type 2. This Is allowed, becanse collisions occur in both
cases if the distance between the particke centers becomes equal to v + ra.
Furthermore, the interaction between the test particle with random velocity
& and a type 2 gas particle with random veloclty &, may be replaced
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by an interaction between & test particle with the mean relative welocity
Fra = (& — &) and a stationary polmt particle. This is allowed, because
the collsion frequency depends only on the relative velocity of the collision
partners. Finally, the zig-zag course of the test particle can be replaced by a
straight trajectory, unaffected by collisions. This is allowed, assuming the gas
Is homnogeneous over the spatial scales considerad, hecause then the number
of colllslons ks independent of the direction taken by the test particle

In this simplificd picture, the modified test particle cuts out a cylinder of
base area 7 (r) +rg)* as it ploughs through the type 2 gas, [t Hies a distance
#1a At in the time Af, colliding with all point particles located within the
eyvlindrical volume. The number of collisions per thme interval A, Le. the
eolllsion frequency, is thua found to be

meamaln+tralPhadin/Al=mgmn B g (2.5)

where we have introduced the collision cross section @y 5. This quantity is ex-
plicitly dependent on the particle types 1 and 2, but, at least for the idealized
collision model used here (billiard ball collisions!), is assumed independent of
the velocity and energy of the interacting particles

=7 (r+raf? (2.6)

In arder to derive an explicit formula for the collison frequency, we need an
expression for the mean relative velocity % 5. This quantity, in turn, depends
on the particular velocity distributinon of the reat and background gas par-
ticles. Becaunse realistic velocity distributions wre not diseussed until Section
F4.3, we limit ourselves here to an extromely slmple model that yields suffi-
ciently accurate results in many situations. This model, denoted the redyeed
velocity disiribution, 18 based on the following assumptions

« all gas particles 7 move with their mean random velocity 7 = {|&|)
o thelr directlon s chosen such that 16 of the particles fies in each of the
b principal directions £z, + y and =2 of a Cartesian coordinate system

With the help of Fig. 2.3, the mean relative welocity calculated from the
reduced velocity distribution ia found to be

= 1 e 1 4
fia= {6 —al) = El?h — | + Elfﬁ +Bg) + E-.,.-"ir:l}‘ + (F)?

Note here the way the mean value is calculated: the various relative velocity
magnitudes are first multlplied with their fractional oceurrence probability
and then added together. This method also works in more complicated situ-
ations,
The above expression may be reduced to the following approximate, bt
much simpler, form
Fra=Fy/ 1+ (Fa/E0 )2 (2.7)
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Fig. 2.3. Estimating tho mean relstive wedocity

Consider, for exarple, the case 7 = By, Under this condition our morne eom-
plicated expression for &) 3 reduces o

Bra =5 (1/3+23/TT @/aF ) (2.8)

Using various values for B /5, it can be readily verified that the ratio of the
factors of & in Eq. (2.8} and Eq. (2.7)

1/3+ 28 TF @/l
1 I:Fg,l'lﬁl]lg

attaing values berween 0.9 and 1.0 and can thus be set equal to 1 under the
approximation considered bere. This is also true for the case Fy > 7. Further-
more, it may be shown that the simplibed expression for the relative velocity
is exactly valid for the case of two gases, iF each of these is in thermodymamic
equilibrium. As such, Eq. (2.7} is wsed in a broad range of applications,

Jumping ahead for a moment to Eq. (2.94) of Section 2.4.3, we retrieve the
following relation betwesn the temperature and the mean random velocity
for a gas in thermodynamic equilibrium

E= Bk T/nm

where, as usual, & denotes the Boltgmann constant, T the gas temperature,
aned m the mass of the gas particles, For two coexisting gases with temper-
atures 17, T; and particle masses my, my. the mean relative velocity may
therefore be written as follows

Bk('f_‘t ¢ ".-i) ) [8 kT

Bz g f=—
m LU LU L

- (24)

where we have introduced the so-called reduced lemperature Ty o and the
rednced mass my 2 of the collision partners



18 2. Neutral Upper Atmosphare

ma 1y +my T,
Tig=——— 1%
LTI o 1

[2.10}

g = my iy +mmg) (211}

Inserting Eq.(2.9) nto Eq.(2.7), we obtain the following cxpresaion for the

eollision frequency
ko
¥ 3 =0 Ty 1”' T;;.L:‘ [21?]
13

In order to obtain the mean free path of a test particle between two collisions,
we divide the distance traveled during a glven time interval (= & At) by the
number of collisions occurring within that interval (= py A8

[l 1

=

M3 oyg g 1+ e )
|

{2.13)
1.z Ng ‘,.':1 + (17 Tg‘,l:'{mg T |

For the special case when the collision partoers are of one and the same type
(radius r, mass m, density n, temperature T'), we obtain the following simple
expressions

oa=47r, g =don vk T/mm and by = L/(e, n v2)  (2.14)

g =

2.1.2 Macroscopic State Parameters

Flux of a Scalar Quantity. A concept incorporating density and veloeity,
important for the gas kinetic as well as the macroscopic formalism, is the
Jur or curvend density of a scalar quantity. This s understood to be the
net amount of & scalar quantity trangported per unit area and per unit time
through & reference surface oriented perpendicular to the flow. The scalar
fquantity may be, for example, number of particles, mass, heat, charge, or
also the component of a vector quantity. The Aux itself is obviously a vector
quantity, the direction of which is determined by the transport velocity, and
is denoted here by the symbaol & A subscript, as customary, denotes the given
cofipanent of this vector, iy, The type of ux can be defined by a superseript
that denotes either the transported scalar quantity or the process responsible
for the transport, ie. ¢ for the energy flux or ¢ for the particle fux
generated by diffumion. If the Aux involves the transport of a single component
i of A vector quantity, this is given in an ndditional subseript of ;. Should we
be dealing with the transport of a complete vector quantity, rather than the
transpart of one component of this vector quantity, then the flux bocomes a
tensor quantity, [¢].

To illustrate the above definition, we calculate the flux of & particle cur-
rent. Lot the particle density be noand the flow velocity be uy; see Fig, 2.4
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Density n

Rederence aurface 4

Fig. 2.4. Deriving the particle flux

OF course, only particles cloger than the distance w, A1 to the surface A can
reach the surface within the time Af. Accordingly, only those particles within
the volume element e At A will puss through the surface during the time 1.
The particle fux is thus given by

e = (e A A) nfA A = noug

ar when extended to three dimensions

.

b (2.15)

The momentum flux associated with this particle flux is

o = ffyynu, =mnu; (2.16)
where fo{u) = mue i8 the r-oomponent of the kinetic momentum carried
by each particke with velocity u,. While the double subscripting of &f | is
unnecessary in the situation considered here. there are cases In which the
transport of the y- of z-component, rather then that of the r-component of
the kinetic momentum, is considered. The annotation 'f’i..,. or ¢ . would be
appropriate in these cases.

Aa a further demonstration of the flux concept we determine now the
change in density produced by an inhomogeneous particle flux, We consider
a volume with base area A and height Az; see Fig, 2.5, A total of ANT
particles flow into the volume and AN~ particles flow out during the time
At We may this write

ANt = —d(z2+ Az/2 A At

D0u: 22 o ik

= —(dgl2) + 5 3
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ﬂq&,{: + Az /2]

z 4 Asxf2 } "
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Fig. 2.5. Deriving the cate of change in the dendty produced by aninbhoma geneooas
particle fux

and analogoisly

g, Az

— - A AL
R T )
where the mims sign on ¢, accounts for the flux direction (negative z-
direction) and ¢,z & A2/2) hag been approximated by a Taylor series, trun-
cated after the second ferm (see Eq. (AL L3) in Appendix A1), The net gain
(o loss) in the number of particles in the volume s thus

dﬁf:dh'*—M':—Bi" AV At

AN~ 2 —{dg[2) —

Referring the net gain (or loss) to the size of the given volume element AV
and to the length of the given thne intecval A, the rate of change of denslty
in the volume produced by the particle transport may he written as

Yy _ ANAVY Do,
(_BT),:,., - ﬂv—'d]llt’.udrﬂdf( df )*. —_r= az S J& [2.17}

or, upon extending to three dimensions

Y _ 291, 08) _ _aim i
(_),‘._ (-E-".l: + = =divg = =V = d [2.18)

i

As usual, div ¢ denotes the divergence of the particle flux ¢ and ¥ is the
nabla (or del) operator; see Eq.(A.20) and (A22) in Appendix A.l. Note
that the rate of density change 5 not dependent on only the magnitude of
the particle fux. In the case of a strong, spatially constant particle fus, many
particles will fiow into the given volume element, but just as many will flow
out, cssentially yielding a null result. Equally important here is the spatial
rate of change, or divergence, of the particle Ausx. Taking the frst letter of the
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word divergence, we use the svinbol d to mean this transport-driven rate of
density change. Note also that, for positive divergence of the particle thix (i,
an increase of the fux inside the glven volume element ), the transport term d
correaponds to a density losa. Converaely, for negative diverpence (a decroase
in flux in the gven volume), d acts &8 a density source term. Obwiously, more
partiches flow ont than into the volume in the ficst case, and vice versa in the
second case. With ¢ = nu and dropping the expliclt indexing, we can write
the transport-driven rate of density change as follows

i A )

o B )
or generally
in _ .
i =diving) = —-¥{ni) (2.20}
This relation & called the contrrusly cqualion and we will be making frequent

use of it.

Pressure. In onder to interpret the thermodynamic pressure of a gas in a
manner consistent with experience and theory, we consider the momentum
transport dellvered by the thermal motion of the individual gas particles.
Using the pressure on a wall as an example, the pressure force is attributed to
the momentum transfer delivered by the reflected gas particles. Here, a more
peneral definltion of the state parameter prossure |8 preseoted. [t is shown
that this definition 15 comsistent with our traditional notion of prossure on a
wall,

The thermodynamic (miernal, statie, sealar) pressure is understood to be
the mean oot tramsport of kinetic momentum through a surface per unit area
and per unit time (=momentum Aux), produced by the thermal motion of
the gas particles, wherchy only the kinetlc momentum parallel to the surface
normal i3 considered and the averaging is performed over all directions, This
definition can be formally expressed in a Cartesian conrdinate system in the
following way

p= 300+l +ell) (2.21)
where ¢ denotes the (net) momentum fux in the direction . Only those
particle momentum components pointing in this same direction and assock-
ated with the random velocity ¢ are considered, and the average is taken over
the three principal directions of the Cartesian eoordinate system.

In order to caleulate p explicitly, the velocity distribution of the gas par-
ticles must be known. For the moment, we refer back to the reduced velocity
distribution introdueed in Sectiom 2.1.1. where all particles have the same
speed © and 1/6 of the particles moves in each of the & principal directions
+r, 4y and Lz It can be shown that one obtains the same result with
this simple model as with the more realistic Maxwell velocity distribution
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Fig: 2.8, Calculnting the thermodynnmic pressure

discussed later. Figure 2.6 dlustrates the situation considered for caleulat-
ing @1 o, As shown, only those particles located within the volumes 1 and 2
with velocities parallel to the z-direction can contribute to the momettam
transport through the surface A during the time interval At The momentum
transport from volume 1 to volume 2 per unit area and unit time is thus given
by

e _ 1o . 1 3
@ —ﬁﬂr. At A}n[rm]l.l’.qr_‘.l—“nmi.j

Hy analogy, &' may he written
Tch 1
=——ami
P2 8"

where the minus sign indicates the direction of the transported momentum,
not the direction of the momentum flux. The net momentum Aux in the
r-direction ks thus

dﬂii? = ﬂgir] =5 r.!l:”r:' - é nan o % nom e {2.22)
where the last equality is only valid for the reduced velocity distribution
considered here. Tt is noted that the effects of the two momentum fuxes
add together, Kinetic momentum in the r-direction is conveyved into volume
2 via the term drf{"]. Simultanecusly, kinetie momentum in the negative -
direction is extracted from volume 2 via the term &) corresponding to a
gain in positively directed kinetic momentum.

The identities g;'s’ = o't = ¢!'s’ hold for the reduced velocity distribu-
tion considered here, hut also for the Maxwel] velocity distribution (ot rapic
mamentum Hux, independent of direction ). In both cases, the thermodynamic
pressure ks therefore found to be p = ¢l'2 = g1's) = t's or, with Eq. (2.22)

1
puinmﬁ {2.23)
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This particular form for the prossuree, first derived by Danicl Bernoulli, also
represents o measure of the energy density stored in the thermal translational
motion of the gas particles.

The shove definition of internal pressure is consistent with the usual in-
terpretation of the pressure on a wall, as shown by the following arguments,
Amsuming the surface A shown in Fig. 206 represents a solid wall, then the
incident particles will each deliver an amount of momentum 2mt (direction
reversal! ] upon refiection. The associnted pressure on the wall is thus

o {_ force )_dlfdr _1{ZAAn(Zmy
woll \= surface area) ~ A4 6 1 Al

nmed = p

|

Momentum in 6 moving gas will not be transported by just the random
velocity, but also by the Bow velocity, For a surface oriented perpendicular
to the fow direction, the mean net transport of kinetic momentum per nnit
mren and unit time associated with the fow velocity is

pe=I(md)nii=mnn (2.24)

where pg denotes the dymariic pressare of the gas fow. Alternatively, and
conforming formally more with the definition of the thermodynamic pressure,
the dynamic pressure can be written as follows

pa= gl + 6l + ol

see B (2.16). Because the momentum fux points exclusively along the How
direction in this case, the net value and directional averaging caleulations are
UNDECESSATY.

When determining the thermodynamic pressure in a gas Aow, it should be
noted that the momentum flux associated with the dynamic pressure must
not be included in the caleulation, In this case, one should instead consider
the masmentum flus through a reference surface moving with the gas Bow.

Temperature. Phenomena connected with temperature or heat are acees-
sible from common experience, if only indirectly from the intensity of the
heating or cooling offects. Physically, heat i= nothing more than the kinetic
encrgy of the random (i.e. thermal) motion of the particles. transferable via
interactions. Handom motion implics deviations from the mean velocity ,
which can oceur in various forms. For gases this always includes the trans-
lational motion of the particles characterized by the velocity & Should the
gas be composed of molecules, the repertoire of random motione &8 enhanced
by molecular rotations and vibratlons. To account for these differences, the
degree of freedom f gives the number of mutually independent types of mo-
tion available for storage of heat. All gas particles possess at least the three
degrees of freedom associated with their translational motion: the velocity
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Fig. 2.7. Botational degrees of freedom for a distomibc dumbbell type malecule
such os Ny and O

components in the o=, p- and z-directions, which are, of course, independent
of each other. If the gas is composed of dumbbel-type molecules (see Fig, 2.7),
two additional degrees of freedom are available. In this case, rotations about
the axis along the line coomecting the two atoms do not contribute to the
thermal energy because of the wanishingly small moment of inertia. Molece-
lar mitrogen and molecular oxygen are examples of molecules possessing five
degrees of freedom (sec Table 2.1} Only under special cirenmst ances are Che
atorms of these molecules excited to vibrate along their connecting dumbhel]
axis, increasing the number of degrees of freedom to six (e.g. in vibrationally
oexcited nitrogen),

There exist 1 number of rather abstract approaches for the definition of
temperature, Fortunately, all lead to a very graphic interpretation of this
coneept for gases. The temperature T in this case is understood as a measure
of the mean amount of heat stored per degree of freedom

8%
T = (E) iF (2.25)

where Iy denotes the average amount of heat {or internal energy) per de-
gree of freedom, and & is the Boltzmann constant, When the heat is equally
distributed over all degrees of freedom (= equipartition), as is the case for
thermodynamic equilibrium, or when all of the energy is stored in the trans-
Intional motion of the particles — as with atomic gas particles or electrons -

then we have 5 .
r=(g) (37%) %)

This relation, which will usually suffice for our purposes, shows that the
temperatire can also be understood as & measare of the mean energy stored
in the thermal translational motion of a gas particle.

If the heat energy is not uniformly distributed over all degrees of freedom,
a specific temperature can be ntroduced for each degree of freedom
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Ty = (%) vy (2.27)

We make use of this possibility in our description of the solar wind {Chap-
ter G,

Comparing the gas kinetic interpretations of pressure and temperature as
given by the Eqgs, (2.23) and (2.26), one directly obtains the equation of state
for an ideal gas, also called the tdeal gas law or universal gas law

p=nkT {2.28)

This relation between the pressure, density and temperature of a gas will
plaoy an important role in the subsoquent discussions.

Spoecific Heat Capacity. Sinee the temperature is a measure of the heat
content of a hody, heat must be supplied in order to raise its tlemperature. For
o gas enclosed in a fxed volume, Eqg. {2.25) may be used to derive a relation
between the heat A) necded to raise the temperature by an amonnt AT

_2,4p, 240 2 4Q
ﬂT_l-ﬂFr_ka_k{M,f'm}f
fram which Wi
ﬂ{?{=-*1-'-’".l=m f EJT

Here, M is the total mass of the gas volume, & is the total number of gas
particles, and [ is the number of degrees of freedom available for heat storage.
The proportionality factor M fk2m is denoted the heat capacity of the gas
at constant wolume. This can be referred to @ unit mass of the gas under
consideration (Le. 1 kg in 51 units)

A (= Al") = AQ/M = e AT (2.20)

froan which we obtain the definition of the specific heat capacity at constant
vilimne k

2m

Al constant pressure, but variable volume, we need more energy to raise the
temperature of the gus. This is beeawse, in addition to the increase in internal
enotey, work must be done to expand the volume. This work of expansion
can be determined with the help of Fig. 2.8, Consider a gas in a cylinder that
is enclosed at the upper end by a mowable piston. The constant pressure force
Fy acts on the piston from above, Supplying heat to the gas from outside, not
only the temperature, but also the pressure will increase, and the piston will
rise a distance Az, The gas has performed work of expansion in the amount
AW given by

{2.30)

Oy =

AW =-F, Az = —p AV
where the minus sign indicates that this energy is lost to the gas.
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Fig. 2.8, Determining the work of expansion

Recalling the universal gas law, wehave p = o kT = N T/ = constant,
i.e, V/T = constant and therefore AV =V AT/T. Substituting this into tho
abiove equation, we obtain

"
aw:J—':__,- AT = —k N AT

which, when referred to o unif mass, vields

AW' = - % AT {2.31)

In order to raise the temperature by AT, one thus needs the amount of heat
PET umit mass

AQ) = ALY — AW = ¢, AT + % AT =, AT (2.32)
where the specific iicat copacity at constant pressure is defined by
k
':F:E (fi2+1) {2.33)

Exq. (2.32) evidently corresponds to the first law of thermodynamics,

A frequently used quantity is the ratio of specific heat at constant pressure
to Lhe specific heat at constant volume, also called the adinbatic expineTit,
given by

Ly F
Adiabatic Changes of State. In many situations it is reasonable to assume
that the change of state of a gas proceeds adiabafically. One thus sssnmes

that no heat exchange takes place betweoen an expanding or contracting gas
volume and its environment (3¢ = 0). In this case the work performed by a

: 2
I (2.34)
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gas volume against external pressure during expanskon is done at the expense
of its own internal energy. This demands that

d¥ = —p dV =dif = & _r (% 1|IT)

or, with N=nV and p=nkT
d” 2 dV

T fv
Integration of this equation yields the familiar adiobatic fow which relates
changes in temperature with those in volume
; Vv F
T="Ts [T) ar T V¥ = const. (2.35)
(]
Applving the universal gas law to a constant particle number N, an alterna-
tive form for this relation may be written as

1 = const. p'*'"" or  popT 7 = const. [(2.36)

We often make use of these various forms of the adiabatic law, Moreover, as
shown in Appendix A.7, the adiabatic law represents a particularly simple
form of the energy balance equation.

2.2 Height Profiles of the State Parameters
and Atmospheric Subdivisions

Because the atmosphere is a relatively complex phenomenon, #t makes good
sonse to partition it into more easily comprebendible subdivisions. The statbe
parameters of the gases and the physically importamt processes serve here as
convenient guides for defining such subregions. Different elassifications and
nometclature are introduesd aceording to the particular parameter or process
chosen,

The most common classification is based on the vertical temperature pro-
file, As shown in Fig. 2.9, this i3 characterized by three moxima and two
minima, together with the connecting layers of inecreasing or decreasing tem-
perature in between, The first maximum arizee from heating of the lovsest air
layers by the Earth's surface. This, in turn, reosives most of it heat from the
direct absorpuion of solar radiation. Additional beat comes from reabsorp-
tion of its own infrared radistion reflected primarcily from atmospheric water
vapor (greenbonse offect ). Considersd together, these effects produce a mean
surface temperature of 288 K.

Radiative cooling camses the atmospheric temperatire o decrease with
increasing distanee from the wiarm surface of the Earth. This region of falling
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temperature, designated the troposphere, extends up to about 10 km, where
a broad minimum in the temperature s reached, the so-called Tropepanse
Continuing upward, the temperature rises again due to absorption of ultra-
violet solar radiation at wavelengihs above 242 nm by the trace gas ozone.
This region of increasing tempemtune s desipnated the stratosphere and lis
upper boundary at roughly 50 km is called the strefopeuse. The tomperature
reaches the same values here as observed on the Earth's surface.

Abrorption of radiatlon # less important above the stratopause and ra-
dintive cooling, particular that due to the trace gas carbon dioxide, becomes
guite effective. The temperature thus falls again, reaching its absolute mini-
mum al a height of 80-90 km. This reglon of decreasing temperature and its
wsgocinted upper boundary are denoted the mescsphere and mesopause, ro-
spoectively, The mean temperatate minimum bere 35 160 K, but temperatures
of less than 120 K have been measured under extreme conditions,

The temperature increases dramatically above this minimum, making the
previonsly described temperature variations appear guite modest by compar-
ison. This region is appropriately designated the thermosphere. The temper-
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Fig. 2.10. Height profiles of ihe collision frequeney (2,3 ), the mean froe path (f; 2)
gnd the mean mass number (A1) in the terrestrial atmosphers

ature increase & caused by the absorption of solar ultraviolet radiation at
wivelengths below 242 nm, in combination with the absence of effective heat
loss processes.

Finally, at heights above about 200 km, the temperature asymptotically
approaches a limiting value refermsd 0 as the thermopouse femperafure or
erogphieric temperature, usually designated as T The thermopause temper-
ature & typically 1000 K, but can vary from GO0 to 2600 K.,

A somewhat eruder classiReation based on the temperature profile dif-
ferentiates only between the lower abmosphere (= troposphere], the middle
atmosphere (= stratosphere and mesosphere), and the upper atmosphere (=
thermosphere), We will be concerned exclusively with the physies of the
upper atmosphere in the following.

Also shown in Fig. 2.9 are the vertical profiles of pressuce and mass den-
sily. As expected, these two state parnmeters decrenss with height, the rate
of decrease clearly being determined by the prevailing temperature. Easy to
remember is that the pressure and moss density at o height of 100 km are
about one millionth of their values at the Earth's surface,

The height profiles of collision freguency and mean free path are shown (o
Fig, 2.10. It is interesting 1o compare the values at 500 km with those on the
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Fig. 2.11. Height profiles of various gas constituents in the heterosphere between
100 and 500 km. The associated thermopause temperature is 1000 K. nis the total
particle number density. Numerical values are compiled in Appendiz A4,

ground. While the collision frequency falls from nearly 10" ! o 10725771,
the mean froe path increases from 001 pm to 100 km.

An alternative classification of atmospheric veglons is based on the varka-
tion of the mean mass number {relative atomic mass) M. Figure 2.10 shows
that this quantity is constant up to about 100 km and then decrensea above
this height. The atmosphere is evidently well mixed below 100 km and all
constituents maintain their surface fractional abundance. This region is des-
igmated the homosphere, and its upper boundary is the homopause. Grav-
ilational settling, bowever, for which heavy pases fall off rapidly and light
gases grodually with height, becomes important above 100 km. This is illus-
trated in Figs. 211 amd 212 for two different height cegions and numetically
documented by the model armosphere presented in Appendiz A4,

As seen, molecular nitrogen dominates below 180 km, atomic oxygen be-
comes Lhe prevailing species at altitudes between 180 and 700 km, heliom
akes over in the range from T Lo 1700 km, and atomic hydrogen at higher
althindes. Appropriate to the changing mixing ratios, the altitude range from
OO to 1T kin Is designated as the feterasphiers. The reglon above this is
the hydrogensphers or geocorona. The above cited boundary heights are valid
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for a thermopause temperature of roughly 1000 K and can ahift upwards or
downwards significantly at other Lemperatures,

Tn addition to the temperature and neutral composition, vertical transport
processes, evaporation phenomena, and fonic composition all offer possiblo
criteria for elassification of the sl mosphere, Theae are summarcised in Fig, 2,13
and will be deseribed later in more detail,

2.3 Barospheric Density Distribution

The barosphere is that part of the atmosphere gravitationally bound to the
Earth. In order to determine the density profile in this region, we consider an
equilibrinm relation between the pressure gradient and gravitational forces,
the serostatic equation. Here, the pressure gradicnt foree is interpreted as
the divergence of a momentum flux. The solution to the aesrostatic equation
is the barometric law, which can be applied immediately only o the case
of a homogeneous gas mixture. When determining the density profile in a
grovitationally separated heterosphere, we must consider the force halance
relation for a single gas within a gas mixture, It turns out that frictional
fiorees belween Lhe various gas constituents vanish in the static state, so that
the aerostatic equation and barometric law are also valid for an individual
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pog in the heterosphere. Alternatively, the barospheric density distribution
can be understood as the result of & dynamic equilibrium between upward
and downecard Auxes. From a gas kinetic viewpoint, the upward Hux can
be interpreted 08 a molecular diffusion fiux and the barometeic law as a
diffusive equilibrium relation. Of special interest. here is the transition from
the homosphere 1o the heterosphere. Molecular transport evidently attains
the aame effectivensse as eddy diffusion st the homopause altitude. Finally,
the {often dominant) presence of atomic oxygen and atomic hydrogen in the
upptr atmosphere, both of which are not natural constituents of the lower
atmosplere, s explained
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2.3.1 Arerostatic Equation

To assist our derivation of the aerostatic equation, we consider a massless
membrane of area A that is subjected to the pressure from the gas below on
ils hotlom side and to the weight of the gas column above on its upper side;
soe Fig. 2.14. We consider the static case, for which the forces acting on the
membrane are in equiliboum, oo the pressure and pravity forees are equal
and oppositely directed. For the pressure force at the height = we have

Fplz) = A p{z)
and the weight of the gas column above @ is caleulated from

F{z)=4A f'- M=) gz} ds’

where @ is the mass density and g the acceleration of Earth’s gravity. For
static oquilibdum. when F;, = Fy, we obiain

p(z) = f o) ¢l2) a' (237)

This equation i3 much better known in its differential form. Differentinting
both sides with respect o = (see also Eq. (A1)}, we obtain the very important

relation d
':I[_f} = —plz) g(2) (2.35)
which is known as the hydrostatic or esrostatic egualion (Laplace, 1805), Since
wo are working here oxchesively with pases, we prefer the latter designation.
The aercstatic equation describes the change of pressure with height s a
fursction of the mass density and Earth’s gravitational acceleration. Provided
the relation between p and p i8 kpown, it allows a caleulation of the height
dependence of these two quantities.

The aerostatic equation has a wide range of applications, valid for a single
gas atmosphere &8 well as an atmosphere composed of various gases, regard-
lesg of whother the atmosphere js well mixed or gravitationally separated. As
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Fig. 2.15. Deriving the centrifugal force F. acting on a gas volume that rotatos
with the Earth

such, the eguation muy be applicd to the iteriors of the Sun and Faseous
planets, as well as to the solar atmosphere amd to planetary homospheres and
heterospheres. It is even valid when the mass density is nearly constant, eg
for oceans amd solid celestial bodies,

Twn assumptions were made when deriving this relation that should be
verified before going further, The ficst point & that only the weight, Tut
not the thermodynamic pressure of the gns. was considersd to act on the
upper side of the membrane. A ‘Lhoughtl experiment’ can justify this assump-
tion, T we could push & button aml turn the gravitational attraction off,
the gas above the membrane would guckly vamsh - after all, the entire uni-
virse is available for its expansion. As Lhe density gets smaller, however, the
thermodynamic pressure would also vanish, Tt follows that the pressure on
the upper side of the membrane is maintained solely by the gravitational
nooeleration: the gas particles ‘@I onto this boundary surface, producing
momentum transfer and pressure. The gas below the membrane, however, is
confined to a finite volume and actz on the boundary surface only by means
of its thermod viuamic pressure.

The other assumption is related to the neglect of the centrifugal force
acting on the gas volume in the rotating frame of the Earth. According to
Fig. 2.15. the radial component of this foree (only this component. can in-
fuence the vertical distribution of the gas) may be written in the following
form

Fr=F,. sint = M 12 P sind = M £25° rsin® @ {2.39)

where v is the procentric distance, @ the colatitude. M the mass of the gas
volume, and £2g the Earth's angular rotation velocity, This centrifugal force
component opposes the gravitational attraction of Earth and can he easily
incorporated into an effective Earth's acceleration as

gir, @) = gualr, d) — £26° r sin® 3 {2.40)
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Table 2.2. Terms coniributing io tho offective gravitational accoleration at the
cquator and the escape velocity as a function of height. The given height refers to
distance above the mean radius of ihe Earth, rather than ihe cquatorial radius,

Hefght | ¢ = GMe/r 2" M v = m
flema| |m /s’ [mfs’] [m/s’) (e /5]
0 .82 0.02 0.0k 11.2
10 .52 QL2 (gt 11.1
By 244 0.0 0. s
1 ) T.34 0.0 LR 10.4
10000 .49 < 1ot 1.0 T.0

Here the gravitutional accclerstion of Earth is given by

" A :
fmird) = [Lr-;,{}- x TL: (g cos? ff - %) SEE {2.41)
where (0 13 the gravitational constant, Mg the mass of Earth, and ' is another
constant. Numerical values of Lhese constants may be found in Appendiz A2,
The first term in the expression for gy, describes the acceleration exerted on
@ body from a perfectly round Earth. The sccond term scoounts for the fact
that the Earth i= not really round. but rather, to a first approximation, an
ubliate spheroid with its polar radins about 21 km shorter than s equatorial
radius, see again Appemdix A2, Additional terms describe the Earth's shape
and its gravitational acceleration with ever increasing sccuracy.

In order to assess the significance of the various terms appearing explicitly
in the Egs. (2400 and (2.41), numerical values of these terms at the equator
(i = 90" ) are summarized in Table 2.2 for various heights, The higher orders
of the gravitational potential and the centrifugal aceeleration are cleary only
small corrective fctors, They can be safely neglected 1o the following discus-
gions, which deal with only basic features, Further caleulations are therefore
b cme thee approcimation

o {,: J‘l:h' = m; )
R (1+h/Rgh?
where gy denotes the mean aceelerstion of Earth at sea level (= 081 m/5%),

B is the height (r = #g + &) and A is the mean radies of the Earth (=
G371 k).

(2.42)

2.9.2 Pressure Gradient Force

Since the gravitational force per unit of gas volume is glven on the right hand
sitle of Lhe aerostalic equation, it is clear that the foree on the lelt hand side
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a. dp/dr
Fig. 2.16. Deoving the pressure gradient force

misl also e a force per unit gas volume. The form of this pressure gradiend
force may be understood as follows., Consider the gas volume sketched in
Fig. 2.16 bounded on the left and right sides by massless membranes with
surface areas A, The hox volume is placed in & gas with a pressure gradient.
The foree acting on this volume in the r-direction is given by

F. = [piz) — p(x + Az)] A

Expanding p{r+ Az} in a Taylor soried and truncating after the second term.
afe olitain:

F, = [pﬂm}—(pl:::]+%dm+---)] A “_H—EE AV

It fullows that the foree per unit gas volume s
i ; ip
Fi=FfdV = - {2.43)

Extending this relation to three dimensions, one arrives at Lhe presaore gra-
dient force in it general form

oy Gp _dp . dOp

Fop=—(2 '}:+y?y+" - | = ~grad p = =Vp {2.44)
where #, § and Z are unit vectors, “grad’ denotes the gradient, and ¥ is the
nabla (or del) operator.

Because the pressure corresponds to a momentum fAux, the pressure gra-
dient force for the case shown in Fig. 2,16 can alse be written as
hL “j 1=

F: L _E :'Er]
As guch, it is clear that each pressure gradient force component corresponids
to the divergenee of & momentum fux, If the momentum fux d:“:“:' brings in

[2.40)
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more kinctic momentiam than 2 taken away, it leads to an acecleration of the
volume. This aliernative interpretation is quite satisfving in that a deivation
of the aeroetaric eguation & allowed purely on the basis of valumetric forces
and without introducing artificial membranes. We mention for the sake of
completeness that the divergence of the momentum flux, when extending
this formalism to three dimensgions, becomes the divergence of & maomentium
flux tensor (= pressure tensor), see Appendix ALG,

2.3.3 Barometric Loaw

The acrostatic aquation expresacs o relation between the two height depen-
dent state parnmeters presaure and mass density, IF the temperature profile
is known, the height dependence of both parameters can be determined alfter
first. eliminating one of them with the help of the ideal gas luwr Eq. (2.28)

p

=M n=M —
P ET

Inserting thiz into the asrostalic equation yields

dp_ Mg b
ds kT H
where we have introduced the pressure scale height H
b TR .
W= oh) {

Separating the varinbles p and : and integrating over the beight interval from
hg to k, where by is an arbitrary reference height and B is amy given height,
resnlis in the following relation

j”'“'ﬂ_hmﬂi'l,_ f‘ =
pihgy P plho) e Hiz)

- . d= s
ﬂ{ﬁ]rr{hurmp{ Eﬁf{zj} {2.47)

This last. equation is the well-known barometrie low for the vertical pressure
profile In an atmosphere. An analogous barometric law for the density profile
iz obtained when the ideal gas law (2.28) 15 wsed to replace the pressune with
the density

or

T[:ﬁu] h iz
rilfr) = ot - i 9.
(fe) = mfhy) T(h) mp{ H[:}} {2.48)
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Fig. 2.17. Interpretng the density scale height Hy

Allernatively, the density profile may also be wrtten in the form

S
h) = ... 2.49
M= il e:q:-{ he an?]} )

where, in analogy with our definition of the pressure scabe height i =
{|dp/dz|/p}~ . we have introdeced the densily scale height H,

H, = (ldn/dz|fn) " (2.50)

Differentiating Eq. (2.48) with respect to b by means of the product righe, we
obtain the following relation between the two scale heights

1 1 1dT o

i, "(H 1 Tdﬁ) (=l
Usanally {and certainly above an altitnde of 200 km) the second term of the
sum on the right hand side & small compared to the first, so that the density
scale height corresponds closely to the pressure scale height.

Since both seale heights play an important role in the description of the
upper atinosphere, we peed o have & clear urederstanding of their physical
meaning. Corsidering the density scale beight s an example, this may be
obtnined with the help of Fig. 2,17, We approximate the density profile nih )
by an exponential function of the form n'{h) = ae™*® where a and b are
constants The fitting is donpe in such & way that the functional valees and
the slopes of the functions are equal at the reference boight of interest hy

ﬂ'lﬂhu] - 'n'{'h‘ll h 5 dﬂr,l'rd-z:lhn = dﬂﬂ"d:jhu

(R = A ey LY e
n'{f) = n{hg) t:p{ (" 3 )*u (ki J'iu:ﬂ}
= Afhe) expl—={h = ha)/Hy}

This yields
dn
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The density scale hoight Hy thus deacribes o difference in height & — Ay, over
which the density changes significantly, e, by a factor of & or 1/e, Pespec-
tively, when the actual profile is approximated by an exponential function.
Correspondingly. the pressure scale height M deseribes o vertical distaneo
over which the pressure (for amy arbitrary pressure profile) varics appros-
mately by a factor e or 1/e, This interprecation, with the help of Eq. (2.50),
may be applied gererally to estimate ‘typical density scale lengihs®, fo. dis-
tances over which the deneity changes sipruheantly, We will make use of this
presibility on many oecasions,

2.3.4 Heterospheric Density Distribution

The barometric law is valid whether we consider a single gas atmosphers, a
well-mixed homosphere or a gravitationally separated heterosphere. However,
it can only be explicitly evaluated o the first teno cases, for which the mean
particle mass is known, In the heterosphere, 70 k) s an unknown function of
height that depends on the density profiles of the individual gases. In order
to determine these density profiles, we need a foree balance relation similar
to the aerostatic equation, bub this time for a single gas in & gas mixture,
Intuitively. one might be inclined to derive this by separating out selected
terms from the aerostatic equation for the entire gas. After all. according to
thie Dalton-Stefan law, the total pressure of 8 gas mixture is equal to the
gin of the partial pressuyres. This axiom follows immediately from the ideal
gas law for a smgle gas py = ny & T, Provided the individual gases are in
ther modynamic equilibrium (T; = T, we oan wrike

Zp,: En,kT=nkT=P

The acristatic equation for & gas mixtore can thus be written as follows

h 3 '.‘i.h‘l = - Zn. i g (2.52)

Unforturately, this breakdown into various terms provides no help because
we are not allowed to associate an individual term on the left hand side with
o solected term on the right hand side by writing, for example, dp; /dz =
fiyting, In this situation the only recourse is an ab indtio derivation of an
‘seroetatic oquation’ for a single gas in a gas mixture.

We consider a volume element containing a gas of species ¢ as sketched
in Fig. 218, Included among the forces that act on this volume elament is
the interaction foree £, in addition to the previowsly described gravitational
foree I}, , and pressure gradient force Fy,, ;. F) ; is the force exerted by all the
other gases on the single gas component of interest, In the case of charped gas
patrtichkes, for example, this might be an electrical foree, as deseribed in more
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Fig. 2.18. Derving the acrestatie equation for asingle gas in & gas mixture

detail in Section 4.4.1. The enly interactions available for neutral particles,
howewver, are frictional foroes, e forces that accelerate the gas volume via
collision-induced momentum transfer, The generalized form describing these
frictional forces is derived in the following.

Frictional Forces. We consider o gas noxture consisting of gas particles of
type 1 and type 2. The foree exerted on a gas particle of type 1 from collisions
with gas particlos of type 2 can be expressed in the general form

N .1

Fla=Fp, = r raade (ALY v 2

where (A€} denotes the mean change in momentum suffered by a type 1
particle from o collision. The change in momentum i= particularly simple to
determime e the case of a head-on coll=ion. Let @ be the mean velocity
of a type 1 particle and wg be the same for a type 2 particle. Since we are
interested only in forces acting in a specified direction (in our case the vertical
direction], we need only comaider the velocity components in this direction.
To simplify the caleulation, we chome 8 coordinate system that moves with
the mean velocity of the type 2 particles. This results in the scenario sketched
in Fig. 2.19. Assuming that the eollisions are fully elastic and the total kinetic
momentum and energy are conserved, we oblain

Bekive il culeling @’ﬂ' ™ @ vy =10

Epecified directim

s ol

oy vy
Aftos the eollision: @_.‘ ®_,

Fig. 2.19. Determining the change of momentum in the case of a head-on collision
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Specified direction

—

Fig. 2.20. Determining the mean change of momentum for collisions with arbitrary
inpiutt pararebor

iy Wy = vy T+ T, tl%' my 2= (o] m /24 (w3)F ma/2

As i nontrivial solotion of these equations, after some manipulation omitted
heere, we obtain
vy = wlmy —mg)/(my + mg)

so that the change in momentum of the type | particle bocomes

Aly = (8] =) my = 2L ) (2.53)
Ty 4= Trig

The situstion for the more general case of collisions with arbitrary impact pa-
rameter is shown in Fig, 2,20, The calculation has been simplified by reducing
the type | particles (radius ry) to point masses and letting the type 2 parti-
clea {radius re) assmme a larger effective radius £ = r + 2. When the impact
parameter b 3£ 0, the collision-indueed change of momentum is reduced by
the factor cosa, becanse only the velocity component perpendicular to the
surface of the type 2 particle contributes to the momentum transfer. Further
considering that we are iivterested here only in momentwm transfer in a spec-
ified direction, the change of momentum & reduced upon projection onto this
direction by another factor of coso. Accordingly, we have

Alib) = Alib=10) cos’ n

In order to determine the mean change in momentam, one must average over
the momentum transfer associated with the varions possible impact. param-
Qs
2ah db

Rin
Here, the factor 2wb db/ A= corresponds to that fraction of particles for
which the change in momentum is just Al (b = 0) cos® a. Using the relation
b = Rsine (Fig. 2.20), it &8 found that cos®a = (R — M)/, and one
abtains

M
m;t}:f AlL(b=0) cos*or
M [
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H L
{ML}=ﬂJ1{h:H}ET f [-ﬁ'u—bz;ﬁdb=ﬂnf i)
ft i) &

The frictional force acting on a type 1 particle due to eollisions with type 2
particles is this determined to be Fy. = A (b = 01y 2/2. Accordingly, the
gasociated frictional foree per unid volume acting on an onsemble of e |
particles is then FE_ = ny Fy,, . More precise caleulations {particularly more
precise averaging procedures] yield a slightly larger value (by a factor 4 /73]
Incorporating this correction faetor, the frictional foree per unit volume be-
COLES
s ook TR T

‘Ffﬁ o i L my + g
where we have formally introduced the momentum fransfer collision fre-
fueney

v (g —up) =amy my g (aeg — g {2.54)

_1 _ ma -
¥a= 3 e 2 {2.53)

Using Eq. (2,12}, this can be writton as follows

128 k I maTia
12 = —— 2,56
V]2 gy Cla M2 \'J#il P——— [2.56)

Upon extension to three dimensions one finally obtams
Fp =m ny v, (i —) {2.57)

A indicited, the frctional foree & directly proportional to the differenos in
flow velocities of the interacting pases, This verifies the intuitively plansble
suspicion. that neutral gosces exert forces upon cach other only if they arc
moving with different velocities. The interaction force vanishes for stationary
gases (uy = wg = 0) and they are basically ‘oblivious’ to each other, This
confirms the observation by Dalion, that stationary neutral gases in o mix-
ture behave as if each wore present alope,

Density Distribution. Since the interaction foree on the species i, F, ; =
Fir, s wéro in the static situation depicted in Fig. 2.18, the aerostatic oqua-
tion governing a single gas in a gas misture is formally the same as that for
the entire goe muxture. Thus we may writo

% =—14 Ty g (2.08)
The solution to this is the barometric law for o single hoterospheric gas of
species i in thermodynamic equilibrium with the gas mixture (T; = T')

wilh) = ni(ha) %hhi; -'11:{-[ ﬁ%} {2.50)
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where the seale height is given by

k T(h)
Ry = L) @
I(h) i gih) {(2.60)
The temperature in the upper thermosphere (A 2 200 ki) can be taken as
constant to a good approximation. Neglecting also the height dependence of
the pravitational acceleration, the barometric law simplifies to the relation

n () = ny(hg) e~ ARl H, {2.61)

This correaponds to a strajght ine ma semo-logarithmic representation such
as shown in Fig. 2.11. The density of the gas decreases by s factor 1/¢ for an
incrense in altitade by one scale height. The scale height. of course, is inversely
proportional to the mespective particle mass. As a rosult, light gases foll off
with increasing altitude much more slowly than heavy gases, Comparing ni-
trogen and heliwn for example, we find Hy. = T Hy,, e, the belivm density
decreases with height seven times more slowly than the nitrogon densioy {soe
Fig. 2.11). This explains why helivm, a trace gas in the lower thermosphere,
becomes the dominant gas constituent at altitudes above aboat 700 km. The
same argumentation hobds for the even highter atomic hvdrogen,

Later, the height range between roughly 200 and G600 km will be of par-
ticular interest. The transition to the exoephbers takes place in this range
and this is where the onized pas density reaches its maximwm. According to
Fig. 2.9 and Fig. 211, T = T and T = my, are good approximations in this
rogion, For a typical thermopanse temperatore of T, = 1000 K and a mean
gravitational scceleration of {200 - 600 km) =~ &8 m /s, the scale height for
atomic oxygen s found to be

Hy == w2 60 ki (2.62)

This means that the atomic oxvgen in this region — and thus essentially the
total density — decreases by a factor 1/e = 0.37 every 60 k.

In order to caleulate the density profile in the lower thermosphere, one
necds an explicit expression for the temperature variation in this region. A
frequently wsed approximation is the socalled Bales tempermlure profile

T(h) = Tas — {Tae — T(hy)) e~ 18—b0) (2.63)

Typical values for the constants are fy = 120 km, T{hg) = 350 K and = =
0.021 km ™ . This temperature profile has distinet advantages: it is in reason-
ably good agreement with the (admittedly sparse) observations, and admits
an analytical solution of the integral in the barometric law. For these reasons
it has found application in many atmospheric models,
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Fig. 2.21. Transport or diffusive equilibrium. ¢, and ¢y are the descent and ex-
pansion fuxes, respectivelby, and n s the density.

2.0.5 Gas Kinetic Interpretation of the Barometric Law

An alternative interpretation of the barometric density distribution & ob-
tained when it is understood as the resalt of & transport equilibrium. A het-
erospheric gas = subject to two opposing tendencies. First it i3 aceelerated
toward the Earth because of gravity. This motion, elowed by the mumer-
oue collisions with other gas particles, 18 tronsformed into a locally constant
descent velocity toward the Earth, Second it is located in a pressure gradi-
ent field that accelerates it in the direction of decreaging density, ie. away
from the Earth. This motion is also hindered by collisions such that a locally
conatant expansion velocity 5 attained. Both of these motions represent a
transport of particles, A static density distribution can only be maintained
under these ciroimstances when both fluses. the descent flux from gravicy
iy aumedl the outward expansion flux ¢, are of equal magnitude as indicated
in Fig. 2.21. This condition i= known as transper! sguilifrivm or also — for
reasons to be explained later - as diffusive equilibroem.

It is easy to show that this alternative approach again leads to the aero-
static equation. The descent velocity u, is derived from the requirement of
foree balanoe between gravity and internal friction

Fo + F',I = mym§ = mymef sy = H-ngmg — mpmyefaug ) = 0

or
Ay Ty = —Ty Wy g Ty
Here, other heterosphoric gases [index 2] are considered to be ot rest (uz = ().
The descent flar is therefore
dig, =11 tg, = —m1 /1] 5 (2.64)

Similar to the descent velocity, we require another balance between the pres-
gure gradient and frictional forees to obtain the expansion velocity
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g
g =™ s v,

dz
The erparsion fur ia thus given by
L dm

my ¢y daz

(2.69)

Al = Uy, =

The asrostatic equation follows imimediately from the condition gg, + 8 =0,
Should this equilibrivm not exist, either a descent Aux or an expansion fux
will be induced that strives to reestablish a density distribution compatible
with the acrostatic equation.

Molecular Diffusion. While the descent process i evident from prior ex-
poericnce {recall here the case of o falling feather). the expansion velocity
becomes considerably more obvious when understood as a diffesion process.
Diffusion is known to be a mediating process by which density differences are
smoothed out by the thermal motion of the gas particles. The exponoential
decrense of the gas density in the atmosphere represents a significant den-
sity gradient. Correspondingly, a diffusion Aux will Aow (o the direction of
decreasing density and thus increasing altitude.

In order to assess the effectivencss of this diffision process, we conaider
an fsothermal gas mixture consiting of & primary gas and a secondary gas
To sumplify the calculation, we assume further that the pases have the same
properties and differ only by an external label. Such a situation is also called
selfdiffusion. While the homogeneous, isothermal primary gas remains at
rest, the secondary pas exhibits s density gradient in the nogative s=direction;
see Fig, 2.22. Let us determine the gradient-induced particle fiux of tho soo-
ondary gas through a surface oriented perpendicular to the dersity gradient.
It should be noted that, since the particles can only move frecly betwoeen two

I::'.J'.il
v af .;m.ﬂ“ @ ) Q ! o [ : jbﬂnuiw pradivnt

secondury gas DBG ® of the seoondary gas

Fig. 2.22. Simple diffusion scenario. The primary and secomdary gra particles
are assymed to have the same properties {Le. the same radios and mass) and are
diseriminated only by an external label,
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Fig. 2.23. Deriving the difusion flux

congecutive collisions, the particle transport proceseds over seale lengths com-
parable to the mean free path. Consequently, we consider here the density
exchange of the secondary ges betwoen two volumes separated by just this
distance, Yolume element 1 lies below and volume element 2 above the sur-
face of area A; see Fig, 223, The number of particles in each volume element
Arnounts Lo

d
AN = A dz2 my, dﬁg=.4dang:ddz{m+EI$J'+---]

where all densities refer to the secondary gas amd the mean free path [, ;
abbreviated as [

Assuming & reduced velociy distnbution, a fracton 1/6 of the particles in
each volume will have their velocity directed toward the surface A, penetrate
the surface and enter the other volume without suffering a collision. The
exchange of particles occurs over a tine scale At = {/E where © i the mean
random velocity of the secondary gas particles. The particle luxes associated
with this particle exchange are thus

_ltljl'lri_]ﬂ!:_ _!.H.]__TT_' l__rlr:
dheny iy e dz, = ey tlu+ﬁ1.(l_h) dz +

an that the not fux through the surface 4 i

D_gs —di— Lz 9N
A0 = dgy —dips = ﬁe(dt) de
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In order t0 obtain the total diffusion flux, contributions from all volumes
within o distance < [ of the surface 4 must be added topether, Only thoese
particles within these limits reach the surface within the time interval Ab. In
our case we must thus integrate the not flux dg® over the distance !, This
wvields

_u__l_ d’t ] __l I."ﬂ f=|-+f ‘-__1-. dn
LR S zn_‘dz' e - de=-g =

where we have assumed that the density gradient (not the density itself) is
constant over the scale of a mean free path. Upon introducing the diffusion
eoefficient £ ~ ¢ I for simplicity, the diffusion flux assumes the following fortm
{ Fird:'s law)
dn
P=-p— 2.66
P FF (2.66)
Using the relations | = &/ and 3kT/2 = m /2 (reduced velocity distri-
bution!) the diffision coefficient may be written as 0 = £ & T/m v, While
for our estimate the walue of the constant £ = 1/2, a more exact calculation
buiased on a Maexwellian distribution yields £ = 3/2. In this case we may write
the self-diffusion coefficient as
3 ET kT
Diy = =

2oy moegy

(2.67)

where, for clarity, we have introduced indices on the colligion and frictional
frequencic: as well o= the diffusion cocfhoient. The foregoing troatinont is
based entirely on the assumption that the main and secondary gases have
the same properties. Correspondingly, when the geses are differont

(2.68)

In order 1o sheew that the expression derived here for the diffasion flux is iden-
tical to that derived for the expansion flux, we recall that, for the isothermal
case, changes in presgiure are propoctional to changes in density

kT Lhr 1 dl i

(4]
- = — =g A
e fre by iz fie pef g dlz e i

The barometric density distribution can thus be understoed as an equilibrium
state, for which the descent Hux and the diffusion Hux are equal. Extending
the diffusion concept to all phenomena for which a particle flux cecurs upder
the influence of an accelerating force (e.g. gravity foree or pressure gradient
foree} in the presence of an opposing frictional foree, the barometric density
distribution represents not only a transport equilibrium, but also a state of
diffusive eguilibrinm. A more detailed discussion of this extended diffusion
cotcept may be fonnd in Appendix A5
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In closing, it is worthwhile questioning just why an effect based purely
on the thermal motion of the particles, as diffusion is viewed in a strict
sense, can be inlerpreted a8 & pressire gradiont foree. Recall here that every
particle trangport & inseparably associated with o momentum flu, Tt is the
momontum gain or loss brought about by the diffusion that corresponds to
the cifect of a force

2.3.6 Transition from Homosphere io Heterosphere

Muolecular trangport such a8 descent flux and molesular diffusion create a
gravitationally separated atmosphere in the equilibrium stete, by which each
gns cstablishes its own height profile. Heavier gases have smaller scale heights
and decrease more rapidly with height. Conversely, lighter gases with their
Inrge scale heights decroase more slowly with Increasing altitude. A layered
atimoaphere (Lo, a literal strodesphere) B created in this way, by which the
heavy gases dominate sl lower heighis and bghter gases are more prevalent
at greater heights.

The gravitational separation would occur directly on the Earth's surface
for an atmosphere governed exclusively by molecular transport processes. As
we know, this 2 not the case. Tnstead, the atmosphere remains well mised
amd of homogeneous composition up to an altitude of roughly 100 km, Mix-
ing processes that counteract the effects of gravitetional separation evidently
dominate below this height. In order to understand why Lhe homopase is
located at 100 km altitude (and not, as suspected cardier, at the tropopamse),
we dotermine the effectiveness of the mixing and separation processes by
means of Ltheir respective characteristic time constants, This requires that we
first quantify the mixing process.

Eddy Diffusion. The primary resson for the mixing of the atmosphere is
what is generally denoted as turbulence. Air parcels of warving composition
are cxchanged via irregular whirling motion, leading to 8 homogenization of
the composition, This moderation process can be understood formally as a
type of diffusion, by which compositional differences are smoothed out by
aasocinted particle fluxes, In this sense one also refers bere to eddy diffsion,
A quantitative analysis of this phenomenon may be undertaken with the help
of Fig, 2.24.

Consider an atmosphere of total density r, within which a secondary gas
conatituent with density n, exhibits a gradient in the mixing ratio given Iy
d{n;/n)fdz. Due to the uneven distribution of heat, a cylindrical turbulence
eddy 15 created with a radius I and a ciccumferential velocity we. As 8 con-
sequence, air parcels in the lower part. of the eddy are carmed upward, and
parcels in the upper part are transported downward, Becase a complete m-
tation would merely recreate the original stale, only incomplete eddy motions
nre of interest for the moderating process considered here. For simplicity, let
s assume that the eddy motion is interrupted after a half rotation and then
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Flg. 2.24, Deriving ihe eddy dilfusion Bux

comes to rest. In this case, exactly the lower half of the evlinder will hawe
turned to the top and the upper half will be at the bottom. Due to the
gradient in the mixing ratio, this tumbling motion keads to a net fiux of the
secondnry gas throngh the mid-plane of the cylinder. To calenlate this particle
Aux, we consider two cylinder segments of thickness ds, width 26 and depth
i, locatod at the distance £+ from the mid-plane (see Fig. 2.24). The number
of particles of gas constituent § in the seement of volume dV = o 2 da ia

(AN =dV ny (mifm),

anel
(Nl = dV ng (nifnlg =dV ng |(ng/u) + ﬂ%‘# 25400 }

The cylinder segments move in the direction of the mid-plane in the conrse of
the eddy rotation. The gas density s changed as a result and reaches the value
#t{z) = n at ihe altitude of the mid-plane. The mixing ratio ia not modified
by this change in density, because the total ges and the secondary gas aro
rarefied or enhamced 1o the same degree by the pressure differences. The net
transport of the socondary gas particles through the surface A resulting from
the exchange of the cvlinder sogments is thus given by

{dV; )4 = [['l'l-l"ir;h = [d.l"lT,':Iglj =—dVn “H—::I'ii‘} 25
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Moting that the cxchange surface 4 = 2l d apd the exchanpe time At =
m {p/ieg, we may write the differential flux of the secondary gas through the
stirface A as

':'llﬂ"r}..ﬂ. B _E Il'_f fil:h' .'lﬂ} 2
def = Aat T =BT g =

where the width b has been replaced by the sqpuare root expression dependent
on & The total Bux is obtained upon summing over the contributions from
all eylinder segments

le
gf == ';‘L rI[n,,.l'Tr] }r IR —stsds= = uglgm ﬁfﬂ-ﬁ {2 70
Lt

where the gradient in the mixing ratio is taken as constanl over the scale
length of the eddy and the integral wee solved with the help of Eq. (A5).
Introduring the eddy diffiesion eoefficiend K, the eddy diffusion fux may be
wrilten as follows Al

of =~k n S @)
The formal similarity of this expression with Eq. (2.66), valid for the molec-
ular difhsion fux. is obvigus, The particle fux here 8 again directed such
that it opposes heterogeneity,. Moreover, a companison of the relations (2.70)
amd (2.71) shows that the eddy difusion eoeflicient is proportional to both
the size of the oddy and its rotation velocity, K ~ Iy ue. A formal similar-
ity also exists hore whon we recall that the molecular diffusion coeflicient 15
proportional to both the mean free path and the random velocity, Contrary
to the sitnation with diffusion, however, no general theory of turbulenee ex-
ists which allows a deriwation of the cddy siae and eddy velocity feeded For
the caleulation of K. Rather, one mist resort hers to indirect measuremenls
and their results tend to vary by orders of magnitude. Figure 2.26 shows a
representative beight profile of K, as found in the contemporary literatiore,
Noteworthy is the fairly sudden decrease of the eddy diffusion coefficient
abowve 100 km altitude. This is amociated with the exponentislly rising effec-
tiveness of the viscosity, which increasingly suppresses the eddy motions, One
alsn designates the atmospheric region of high turbulence as the turbosphen
and its upper boundary as the turbopouse {see overview in Fig. 2.13).

Time Constanis for Transpori Processes. In order to compare Uhe effec-
tiveness of the competing molecular and turbulence-induced transport pro-
orsses, |t 18 nocessary to determuine their respoctive time constants. These can
be evaluated with the help of o very simple disturbance scenario, Consider
an atmospheric laver of thickness 2Hjiurbunce) . Within which the density
of 0 secondary gas deviates from its ambient values by an amount Aey, We
wanl to estimate the time molecular and eddy diffusion need to eliminate
this density disturbance. According to Fig. 2.20a, the doeficit of sccondary gas
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Secondary gas density
Fig. 2.25. Estimating the time constants for transport processas

particles in a volume element of the layer is AN, = 2H,; A An,, This deficit
will be compensated over time by particle fluxes which increase the number
of particles by AN/(t) = 2 A t. Equating these two expressions, we obtain
directly the time constant for the smoothing process

7= Hq Anifo

The particle Bux required for cvaluating this expression 1o the case of molec-

ular diffusion s
any|  pp An

d: E

where the contimmlly changing density gradient has been approcimuted by &
crude mean walie; see Fig 225b. Combining the above, we obitain the time
nonstant for moleenlor offfusion

ﬁl?:ﬂ o [

mp = H3/D (2.72)

Because molecular diffusion and descent fux are of comparable magnitude in
the atmosphere, this expression is valid for both of these processes.

An alternative derivation of this time constant may be obtained from the
continuity equation (2.19), for which

o Bl o 2. (08 o0
(ﬂt)d,” - #: o m\a) 2 Pa ()

Here, the diffusion coefficient is assumed to be independent of position to a
first approximation. Equation (2.73) represents a simple form of the time de-
pendent. dilfusion equation, known also as Fieks serond fowe Assuming that
the teniporal and spatial variations of the density perturbation can be roughly
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Fig. 2.268. Helght profiles of the molecular diffusion cosificient 17, the sddy diffusion
coefficient K and the associated tline constants for molecular diffision ro and eddy
diffusion 7z, The vialue of i was set equal to the density seale helght

approximated by exponential functions, nit. z) ~ explt/7p)explz/H4), the
thme constant for molecular diffusion is derived directly from g, (2.73).
Correspondingly, for density compensation by oddy diffusion, we have

o =Kn i, fn) ~Kn (m - i‘-ﬂi) /H.:= K Ay
o n n Hy

e~ HK {2.74)

Homopause Heighi. Figare 226 shows a tepical height profile for rvooand
7g- Because the molecular diffusion coefficient s inversely proportional to
the collision frequency, which docreases cxponentially with heighi, mpoalso
devrenses rapkdly with increasing altitude, In contrast, e is relative constant
below the turbopause and then rises swiftly toward higher altitudes. These
two curves oross near 100 km altitude. Below this intersection ¢ < 1 and
the oppasite is truc above this height re > rp. Eddy diffusion thus domi-
nates below this altitude - the atmosphere is well mixed; moleeular transport
processes are more effective above this height - a gravitationally separated
hetercephere results. The intersection of the curves tp(h) and we(h) thus
defines the height of the hemopeuse by p
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relhge)l=Ttolher) o Kihgp) = MNhype)

where a typical value for the terrestrial atmosphere is Agpp = 100 km. Sinee
the diffusion coeflicient 8 inversely proportional to the particle mass, there
will be, strictly speaking, different intersections for each gas constituent
Theso differences are of little comseguence in view of the great variability
of the eddy difusion cocfficient.

2,3.7 Artomic Oxyvgen and Hydrogen

Atomic oxvgen., a highly reactive gas, is not & natural constituent of theo
Iewer atmosphere, [ts prominenee in the thermosphere i3 thus in need of ex-
planation. Atomic oxvgen is produced by the photodissoctation of molecular

HVERD
Oy + photon(A < 242.4 nm) — O + 0"/ {2.73)

where the dissooation products - depending on the photon energy - can ooour
in an excited state (*). Compared with the actually observed O densities,
however, this production rate i surprisingly small. Tn fact, at this rate it
woiild take weeks in constant daylight to accumiilate the measurod oxygen
density al an altitude of 150 k. That significant O densities are attained
in apite of this modest production rate may be attributed to the even less
cifoctive loss processes. Direct radiative recombination by the scheme O +
() — (g + paoton = very improbable becase of energy and momentium
conservation requirements. The only important loss process ks the three body
eollisional recombination

0+0+M 0" 4 M (2.76)

where the collision partner M (eg, Np) assumes some fraction of the re-
combination energy of § eV, Since throe body collisons very seldom occur
in tenuons gases, this liss process is extremely slow and the mean life ex-
pectancy of an oxygen atom, already o few months at & height of 100 km,
broomes orders of magnitude longer st 150 km,

In view of such a slow loss process, it may be surprising that the molecular
Xy Een component in the upper atmosphere is not fully dissociated and con-
verbod into atomic oxygen. That this is not the case may be attributed to the
effectiveness of trangport processes, The molecular transport time constant
for atomic oxyvgen above 100 km altitude 13 much shorter than the corm-
sponding loss time constant (see Fig. 2.26). As a result, deviations from the
barometric distribution produced by an excess of O and & deficit of Oy are
eliminated rather quickly. Surplus oxygen atoms are transported by a descent
current toward the mesopause, where they recombine quickly becase of the
large demsity there, The resulting oxveen molecules move upward Into the
reghons of the mid- amd upper thermosphere, Besides conserving the molec-
ular oxygen component, this exchange cycle has important consequences for
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Fig. 2.27. Height profile of the atomic oxygen density in the lower thermosphere.
The distribution below L0 km altitude depends strongly oo the solar zenith angle
amd thus on the local time.

the energetics of the thermosphore bocause each atomic oxyveen pair trans-
ports & recombination energy of 5 eV inlo the lower thermosphere /upper
mesosphere. Tho question arises whether or not theso additional descent and
ditfison Huxes have any mbuence on the density distobution of O and O
above 100 km altitude, This is s0 only to a very small extent. The transport
currents asyociated with the oxygen circulation constitute only a small frac-
tion of the descont and diffusion Auxes already present in these regions. The
equilibrinm state ia therefore only insignificantly distarbed.

A different situation exists below 100 km altitude. The lous rate of atomic
ey gen grows rapidly with decressing hoight (density scale height = 6 k),
and the mean life expectancy of these particles drops to only & few hours al an
altitude of B0 km. The loss proces this becomes considerably more effective
than the mixing process and the atomic oxygen density falls off rapidly; see
Fig. 2.27. This decrease has no ellfect on the total density profile, hooever,
becanse atomic oxygen is only a trace gas in this lower helght region. How the
density profile of an atmospheric gas is caloulated when production and loss
processes are important in addition to transport, processes will be descriled
later |n Section 4.3.1

If atomic oxygen i such an lmportant constituent of the upper atino-
sphere, why docan't the same hold for atomic nitrogen? This may be at-
tributed to the small prodisction rale and high loss rate for this species
Owing to the stronger bond of the Ny molecale, photodissociation Is much
lesg freguent than for the Op molecule (leetor 1079, Indeed, dizsoe)ative
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photoionization proceases and chemical reactions are condiderably more lm-
portant sotrces of N atomd than direct photodisociation. Farthermors,
atomic nitrogen s a highly reactive gas that 8 especially rapidly depleted
in the lower thermosphere (e.g. via reaction with oxveen to form nitric oxide
NO)}. This all leads to distinctly smaller N densities. Even the peak density of
this species at an altitude of TRO-2000 ko i two orders of magnitde smaller
than that of atomic oxygen.

Ay s hughly reactive gas, atomic bydrogen 18 also not & naturs] constityent
of the lower atmosphere. Like atomic oxygen, it & produced only at greater
heights, in this case by the photodissociation of water molecules

H;O + photon{A = 240 nm) — H + OH

Onee produced, hydrogen atoms possess similarly long life expectancies in
the middle and upper thermosphere a8 oxyvpen atoms. Those particles are
It either by chemical reactions or via evaporation effects in the upper ther-
mosphere. This latter process, with Its important consequences for the density
distribution of the outermost atmosphere, will be discussed in more detail in
the following section,

2.4 Exospheric Density Distribution

The excephere 5 the outermiost envelope of the terrestrial atmosphere. The
densities are so small here that direct escape (evaporation) of gas particles
is possible, a faet that provides the name for this region. In the follow ing
section we Brst determine that height at which the ssoape proces beoomess
possible, This lewer boundary of the exosphere s called the exobase. Tn order
to overcome the force of gravity, the evaporating particles must possess a
velority grenter than or egual to the eseape velocity, Knowing the velocity
distributlon furction at the coobase, we can determine how many of the gas
particks reach or exceed Lhis escape velocity, Particular attentlon 8 paid
here to the Maxwellian distribulion function and the distribuation of veloecity
magnitudes based on [t This distrnbution function allows an estimate of the
oecaping particke flux. an important gquantity for assessing the stability of
the terrestrial atmosphere. The acrostatic equalion, no longer valid in an
evaporating atmosphere, cannot be used to determine the density profile,
Instond of o foree balance condition, we Ltherefore consider the populations of
exnapheric particles In varbos orbital states, This leads to density models in
satisfactory agreement with the observations.

2.4.1 Exobase Helght

Al gas particles moving outward in the Jower thermosphere are prevented
from escape. Sooner or later they will suffer a eollision and are scattered
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backward in the direction of Earth. Since collisions become increasingly less
frequent in the apper thermosphers, & particle moving away from Farth has
a fair chance to avoid subsequent downward scatter and thus may escape into
interplanctary space. We define the erobase as that height above which, on the
average, a radially outward moving particke will suffer less than one (backscat-
tor) collision. This height may be determined with the help of Fig. 2.28a
We sssume for simpheity that only hydrogen atoms, because of their larpe
random velocity (~ 1/y/m), have a distinct chance of overcoming Farth's
gravity and escaping. Moreover, we assume that the exobase is located in an
oy gen-dominated region of the thermosphere. The validity of both of these
asgnmptions will be verfied later,

The number of collisions N, sulfered by a mdially outward moving hy-
drogen atom in the time interval df 8 py o di. The particle moves a vertical
distanee dz = & df during this time, 80 the pumber of collisions per height
interval will be dN,. = 14, , dz/F,. The total numbser of collisions encountered
along the path from the height h up to an infinitely large distance is therefore

'NI-'[.h] = f.h [_""‘ll:.lul::]'.lllﬁl_: iz
= Oyoy 1+ Ma/ma fm“u{i} e {2.77)
) ]

where in the second step we have made use of the relation (2.13) with T;, =
Ty = T The integral in the above expression is an important atmospheric
quantity called the colume density

N(h) -wf iz} dz {2.78)
b
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This correaponds to the number of partcles in a vertical atmosphernic column
per column bass area, e the number of particles in a wertical column with
a base ares of 1; see Fig. 2.28b. For a base area of unity and without the
density in the integrad, the integral just caleulntes the volume of the eolwmn.
T obtain an explicit estimate of this quantity, wo carty out a coordinate
transformation with the help of the asrostatic sguation

iy = =dpfm g

and arrive al
dp 1 i pih)
_ﬂ.lr ﬁ = - —_— —
W == mg malm Jum T o(h)
or
N{h) = n(h) H(h) (2.79)

In other words, the column density s given by the product of the density
times the scale height, both evaluated at the base of the column. Since this
derivation assimes that the particle mass can be taken out of the mtegral,
Figy. {2.79) is walid only in the homosphere {m = ) or for a single gas in the
heterosphere (m = m,]. On the other hand, the total column density in the
heterosphere (column densitios are additive guantitics!) is gieen by

v'"'mrrrluu.ﬁsm[h:' e~ Z ”r[-i:'-::I H-II:"’!] I:?ﬂ]}

i

The abowve derration also assumes the grovitationsl scocleration to be con-
stant even though the integral extends over a large height interval, This is
gtill posaible, because practically the entire colwm content is concentrated in
a very limited height interval noar the base of the column. 'We demonstrate
this with an example. For a eolumn of atomic oxypen with a base located al
an altitude of 400 km and o typical thermospanse temperature of 1000 K,
more than 9% of the particles in the column are found below 70 km. The
avceleration due to gravity, however, changes by less than 100 over the height
interval from 4h) to TOO km. Tt s tlus no serious error to approcdmate the
gravitational acceleration g as constant and equal to its walue at the base
of the eolumn (= glh)). No assumptions are made, however, regarding the
temperalure profile in the given ges column.

Using Eqga. (2.77) and (2.79), we may write the defining equation for the
exobase height b, as follows

N.r{hﬁ-ﬁ:' = Ty ‘q'] + ]']'1"|||Im|, H-n“'l'ru} Hu:-'['hmu]
_— Hﬂ“h.'u].“u.u{hmn} = ] {'33']'

This means that the {horizontal) mean free path of the hydrogen atoms at
the exobase height beeomes equal to the pressure scale hoight and thus alse
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very close to the density seale height of the primary gas atomic oxygen. In
gas physics the ratio of the mean free path 1o the typical donsity or syvatem
seale lengrh is also denoted the Fnedsen number. The Knudsen number near
the exobase thus reaches the valwe Kn(hg ) =~ 1.

In order to obtas an oxplel expression ior the ooobase beight, let us
assume that the temperature in the exobase region is nearly constant. and
may be approximated by the thermopause temperature (T{h, ) = T

fith H,, = const. and my /m,, = 1. %o obtain

o Ho Mol fger) mp{‘f-hrn = h-H‘-J’J.'an] o |

hes = hiep + Ho Moo He nolhaes)] (2.82)

For o collision eross section oy o = 2107 ™ m® (ry = 1, re = L5, in 107 "m),
a thermopanuse temperature of 1000 K, a scale height 5 (1000 K} = 80 km,
and a reforence density of ng, (260 km, 1000 K} = 1.5- 10 m™?, we obtain
an exobase height of 420 km from Eq.{2.82). This result s obviously con-
siatent with the original assumptions regarding the oxyvgen-dominated and
fsothermal exobase rogion. The exobase height shifts up and down for other
thormopause temperptures, but these assumptions do not lose their walidity.

2.4.2 Escape Velocity

In arder to escape from the Farth's atmosphere, it 18 not enough that & gas
particle above the exobase be simply moving outward. Tn addition 1o this pre-
requisite, it must also posses o sufficiently high velocity. The commonly used
designation for that minimum velocity a body requires to overcome Earth's
gravity is the escope velocity. All parameters associated with atmospheric
escape in the following will carry the index ‘es’. The escape velocity o, 18
defined from the condition that the kinctic energy of the escaping body is
equal to the work performied by the body against the Earth’s gravitational
field along itz path outwards

1 e i

5™ vl =f mgir') dr' = m gir} r

where ¢ s the geocentric distance and gir) = ¢ Mg/v* the gravitational
acceleration. The escape velocity is therefore given by

Poy = fﬁm — TI"‘“"—="] i (2.83)

W14k R

where in the second step we have replaced the geocentric distance r — Bg 4 b
with the hoight, Inserting the indicated values vields an escope wolooity
e = 11 km/s at heights near the exobase (see also Table 2.2).
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The mean random velocoity of particles, as taken from the definition
for temperature, is 7 = /3 & T /mt. With o temperature of T = 1000 K this
yields mean velocities for oxygen, helium and hydrogen atoms of 7, = 1.25
km/s, . = 25 km/s and & = § km/s, respectively. Evidently the mean
velocity of even the light hydrogen particles is too small for escape! To make
an estimate of the actual eseape Rux, i necessary o koow how many of
the gas particles possess a velocily greater than the escape welocity. This
information is contained in the veloeity distribution fimetions of tho gases

2.4.3 Velocity Distribution in Gases

The distribution of the velocities of the individual particles in a gas is an issue
of eritical importance, Only il this velocity distribution &= known, for exam-
ple, i 11 possible to determine such quantities as the mean relative velooty
{as needed for the ealculation of the collision frequency) or the mean squared
velocity (as wsed in the definition of the temperature). Specifically, the ve-
locity distribution provides the information how many gas particles have
velooities preater than the cscape velocity and can thus evaporate from the
atmosphere. Information about this velocity distribution can be presented in
various fortns. The general form is a so-called distribution function, the defi-
nition of which we explain in the following. Here, a simple but very important
specilic case of a dstribution function, the Maxwellian distribution, is con-
sidered. A gpecialimed distribution function for velocily magnitudes {5 peeds)
can e derived from the Maxwellian distribution that provides estimates of
Lhe mican speetd as well as the fraction of particles with velocities greater than
the escape velocity,

Definition of the DMstribution Function, Disteibution fumctions describe
mot only the velocity distribation, but also the spatial distribution of the gas
particles. Consider first a gas in ordinary space. The location of overy gas
partice in this configurniion space al the time ¢ s characteried by a position
veclor i — of more simply by a point at the tip of this vector., These points
represent the mstantaneous distribution of the gas particles in space at time t.
We now consider o small volume element 4% in this configuration space, The
dirmensions of this volume eloment are small compared with the local density
soale lemgtha, but hig enough to contain a statistically large number of gas
partickes, The position of the volume element i defined by the mean position
vector 7 of the gas particles contained within the gas volume, A sketch of the
gituntion in Cartesian coordinates is shown in Fig. 2,29, Evidently, the total
mumber of particles §& contained in d*r is

&N =n(F ) dr (2.84)

where n, as used previously, defines the particle number density, which can
be dependent on position and gme,
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As indicated in Fip. 2. 30, a distinct velocity may be ascribed to each of
the 6N particles. These velocities can be represented in a separate velocity
apnce, either in the form of velocity vectors 0 or, more simply and analogous
to the representation in configuration space, by a point at the tip of the
veloeily vector, There are a total of SN points in velocity space, wherely each
of these points describes the velocity of one of the gas particles contamed in
the configuration space volume element d7r,

Let us again consider 1 small volume element d%e, now in velocity space.
The dimensions of this volume should be small with respect to the scale
lengths over which the density of the velocity points changes rppreciably,
but big enough to accommaodale many velocity points. The position of the
volume is given by the mean vector # of the velocithes contained within s,
The situation in a Cartesian cooedinate syatem is sketehed in Fig, 2,200, As
in configuration space, one collld now define A density inowlooty space

dN = n,(7.7.1) d'v

where dN denotes the number of velocity points in d*v. Since this velocity
space density n, would then depend on the number of particles in d'r, it is
mare sensible to introduce a density normalized to this number 38 by writing
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dN/EN = g(@.7.t) d?v {2.85)

The quotient dN/§N describes the fraction of the gas particles in d*r that
have a velocity within the volume d*v. Noting that fractions can be inter-
preded as probabilities, the quotient dN/3N also represents the probability
that velocities are located within d*v. The function g can thus be viewed
az vither a rpctional density or & probabihity densaty in velocity space. It 8
usilly referved Lo as the velocity distribution function.

The number of particles having position vectors in d*r and. at the same
time, velocity vectors in the volume d%v is thus given by

AN = n{F, 1) g6, 7. 1) d*r de (2.86)

I is useful to combine the particle number density and the velocity distrilu-
tion fumction together into A disfribution funciion f

7, #.1) = nlF t) glv, 7 t) = ﬁ {2.587)

The last step above implies that the distribution fimetion can be formally

interpreted as a density in a 6-dimensional phase space, depending on 3 po-
sitional and 3 veloeity coordinales.

The distrbution function contains cssentially all necessary information

for a statistical deseription of A gas. In principle, it can be determined with
the belp of the Boltzmann equation

af . #
W + T Vi4E V.f= (Ef) e (2.88)

where ¥ aml ¥, are the nabla operators in configuration and velocity spaoe,
respectively, @ i the externally acting acceleration, and (§F8 ) amisians 18
the temporal change in the distribution function resulting from two-body
elastic collisions. Unfortunately, no general, closed solution to this equation,
introduced in 1872 by Ludwig Boltzmann, is known up to the present day. In-
deed, it i3 not even known f such a solution exists! An approximate solition
i obtained, for example, by expanding £ into a truncated orthogonal series
and then determining the coefficients of the series after subatitution in the
Boltsmann squation. This line of analysis will not be pursued further hers;
the interested reader iz referred to the pertinent literature al the end of the
chapter. We will matead content ourselves with introdueing an extremaely im-
portant soluiion of the time and position independentd. Bolizmann equation,
the Maxwellian distribution function, alse known simply as the Maxowellian
distribmtion.

Maxwellian Distribution Function. If a pas is close o its equilibeum
state, the distribution function will be subject only to slow temporal and
spatial changes. To a first approximation, this allows one to neglect the
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collision-induced changes in the distribution function. This abbreviated form
of the Boltzmuann equation with (60§ ) -aiisicns = 0 has a known solutior,
the Mazwellian distrifution function

kT
fulF) =n [2:: T] o B (2.80)
where the factors follownz the density 1 correspond to the Marwellion oe-
ity distriftion function g,,. MNote that the distribotion function depends
on the actual velocity of the gas particles ¥ via the relation & = {7 - a@)".
Before we apply the Maxwellian distribution function for a determination of
the escape Aux from the stmasphere, we should get a better feed for the ve-
locity distribution deseribed by this function. In particular, we should licther
irvestigate the velocity diatribution of the particles aa compared to the es-
eape velocity, We begin by considering only the velocity magnitudes (apeeds),
independent of the direction taken by the particles, Under this Hmitathon we
thus ask ourselves how many gas particles d V{c) in & gns at rest (& = &) have
random speeds in the interval bedween © and ¢ + de.

Since g, = f(e?) is a spherically symmetric function of ¢, the {differen-
tially small) fraction dN () /4N of gas partickes with speeds betworn ¢ and
& + de corresponds to the amount of points in velocity space lving within a
spherical shell of rading ¢, and thickness de, e within the volume d1; see
Fig. 2.30. Thig means that

AN (e} /8N = g, dV. = g,, 47 ¢ de (2.90)

In order to derive a generally applicable expression. independent of the size
of the wlocity interval de, we divide both sides of the above equation by de
and obtain

kT

This so defined distribution funetion of the velocity magnitudes hie) denotes
the fraction of gas particles with speods betwern e and © + de nnder thermal

hie} = w = 47 { x };m 2o TET {2.91)
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Fig. 2.31. Disi ribution fnetbons of the velocity magnitwdes b{e] for atomic oygen,
helium and atomic bydrogen &t & tempeeatire of T = 1000 K. Also shown are the
mogl probable velocity co. (he afdthmetic mean velocily 7, the root mean squared

(RMS) velocity !.-"ﬁ = woll as the escape velocity at the exobase beight oo,

equilibrinm conditions normalized fo the width of the given velocity dnteronl
de. Since fractions correspond to probabilities, bic) also reprosents a proba-
bility density du/de. As such, hie} gives the probability that a particle has
a gpeeid in the range © to e 4 de, again normalized to the width of the given
velocity interval.

Regarding the praphic ropresentation of this function, we note that be)
i= always positive, posssses wo seroes at ¢ = 0 and ¢ — 20, increases mono-
tonically proportional to ' at small ¢, decrenses monotenically as exp(-c*)
at large ¢ and must therefore have o maximum somewhere in betwoen, The
position and amplitude of this waximum g dependent on m as well 4z on
T. Figure 2.31 illustrates this behavior using examples for the three gases
aromic oxygen, helium and atomic hydrogen at a temperature T = 1000 K.

The position of the maximum of each curve, which also gives the maost
Irequently encountered and thus mest proboble speed o, . may be determined
by differemtinting hie) (or, more easily, the logarithm of b)) with respect to
¢ wnl selling the resull Lo sero. One obiains

cw =12k Tim (2.92}

Because of the asymmetric nature of hic), the mean speed # is not equal to
the most probable speed o, By definition

= jr“mc (%) = j‘:mr hie) de {2.93)
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The mean value is calculated bere in the usaal way by multiplying each possi-
bl spsed by its occwrrence eguency (e, its probability) and then swmming
over all values of e, One obtains

o &L Py
£ = == &a s ow] e
v o Jo

Making use of the substitution r = {¢/c,)* and then integrating by parts, or
directly with the help of Eg.{A.11), the above integral is found to yield the
value 2 /2. The mean speed is therefore given by

e=BEkT/tm (2.01)

Analogously, and in agreement with our definition of temperature, we calcou-
late the root mean aquared [RMS) gpeed from the formula

'L.-"|r‘=' - .u/fx-r'i ble) de =+ 3 &k T/m (2.95)
o

Im meneral

v"r.lz = 10867 =122 rw (206)
amd one makes only a small error when, as done earlior, £ 8 approximated
by ﬁ In any case, aven for hydrogen. the mean velocty = considerably
smaller than the escape velocity, so only & small fraction of these particles

will have enough energy to overcome the gravitational attraction. Denoting
this fraction by b, it may be calculated from

"""')( dh-'ﬁe]-,.-’&.‘:’:f hic) de = % f 2 e dr
Com (. ]

where we have introduced the variable r = ofe, and the constant y = g, /ey
Integrating by parts according to Eq. (A1) with
o= =xf2 ::-’=-—2.r.e'“. b=

yields

2 P 2 5 3 2 ¥ 3
B e =¥ i1 ;=T e e
wmgmyvet g [eta- 2 [

2 o |
=1,-'_’ny“ ¥ 41 -erf(in)

Here, the first integral is caloulated with the help of Eq. (A9) and the sce-
ond integral corresponds by definition to the error fimction, see Eq. (A.10)
Inserting typical values for ey { = 11 km/s) and cy | = 4 km /s for H at 1000
K} vields an cstimate of the relative nutnber of particles with speeds 2o,
equal 10 b =2 107, indeed o rather ting fraction.
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Filg. 2.32. (alcalating the escape flux

Z.4.4 Escape Flux and Stability of the Atmosphere

In gpite of the low escape probability of the hyvdrogen atome, a non-negligible
fraction of the hydrosen atmosphere will be lost over an extended time. In
order 1o estimate the length of time necessary for the entire available hydro-
gen atmosphere o evaporate, we mnst firgt determine the magnitude of the
excape flux,

To simplify the ealculation we assime that the exobase = a sharp boind-
ary that separates the inner collision dominated atmosphere from the outer
eollisioniess atmosphere. Since the collision frequency decreases oxponentially
with height, this assumption is nol a substantial imitation of our estimate,
Let the collision dominated region of the inner atmosphere be described by a
Maxwellian distribution function and assume that particles can only escape
il they penetrate the exobase in the upward direction {with arbitrary incli-
nation} and possess a velocity greater than the escape velocity. To calculate
the cscape fux, we consider a surface A at the exobase heght as sketched in
Fig. 2.32a. Clearly, particles with velocities & in "¢ will only pass through
the surface 4 in the time interval df if they are located within the indicated
parallelepiped, bounded at the top by the surface A, The direction and length
of this parallelepiped are determined by the direction and magnitude of U
velocity vector @ Particles outside of this volume dV, will either not pass
throngh the surfoee A or not reach A in the tine dt, The number of particles
in the parallelepiped with velocities in d¥c s

AN{A) = £, dV, dPc = f,, A4 o dt cosd dic
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so that their contribution to the Bux through the surface A s
de(d) = AN{E) A dt = f,, ¢ cosd d'e

In order to obtain the total fux throwgh A, we must intezgrate over the dif
ferent contributions of the velocity voliumes ¢ in velocity space, restricting
the integration 1o the space ¢, = 0 and ¢ > ¢, (see Fig. 2.32b). The form
af the integrand and the hemispherical boumdasy for the range of integration
suggest the uwse of spherical eoordinates. With e = sind dyp dif de we

have

n *2nas
Bralhipn) = nlhee) (V) f f feﬂe-l*f*w" cosd sind dg dif de
il =) B

The integration over the anghes @ and 1f are easily performed amd vield the
values 27 and 1/2, respectively. The integral over the velocity ¢ may be
ealculated with the help of the substitution = = e/, ¥ and Eq. (A.8) and
one obtains as a complete solution the so-called Jeans esoape flux

. Cip . w
Oealhpn) =mnlhgy) N o™ {1+ X) (2.97)
where we have introduced an ablweviation X called the escape parameter
2 -
X;(Q_'l :Hlﬂrrsﬂm-=run {208
Cu bon kT Hye )

A b& an important characteristic parameter of planetary and lunar atmo-
apheres, The larger the value of X, the smaller is the escape flux. As an
example, for hydrogen at Jupiter X = 1400 and the cscape rate s corre-
spondingly low. At Mercury, on the other hand, X = 2 and the evaporation
process is quite effective. For atomic hydrogen in the terrestrial atmosphere,
assuming an exobase temperature of 1000 K and a scale height of 960 km, the
cacape parameter becomes X o= 7, This results in an escape Hux of the order
S (1000 K) = 1002 m™25~! whereby we have taken a hydrogen density at
the exobase height of ny (120 km} = 10" 'm~? (sce Appendix A4

How long would it take this escape Qux to completely remove the hydro-
gen from Lhe terrestrial atmosphere” To answer this question we equate the
entire loss of hydrogen by evaporation over the time interval 7., to the total
hydrozen content in the Earth’z atmosphore. This vields

Do AT 12, Tow = Nylh = 0) dx B 2 n(h=0) H{h =0) 4x B3

where we have considered the escape flux as constant to g first approximation.
Meglecting the relatively small difforence hetween v, and Mg, we obtain the
excape bowe ns
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Fig. 2.33. Fscape times of hydrogen and belinm as a fnction of the escape pa-
rameter. The lmlicated ranges of X eefer to different thermopass temperstunes
{Aapted from Bhim, personal communicatbon),
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The entire available reserve of hydrogen io free and bound forms has a relative
fraction of about 1079 in the lower atmosphere. Assuming a scale height
of & km and an cscape flux of 10'%m %s~!, one obtains an escape time of
T+ 10 years, i.e. significantly less than the age of the Earth; see Fig. 2.33.

Conservation of the hydrogensphere this requires continual replenishment of
hyvdrogen atoms from the Farth, On the other hand, the belium component
of the Earth’s atmosphere, with X (1000 K)= 25, is quite stably boural.

It should be mentioned here that the Jeans theory of evaporation congid-
erably undercatimates the actually possible cseape fhie, which is determined
essemtially by nonthermal escape processes, On the other hand, only that
number of particles can evaporate as can be supplied by the atmosphere be-
low the exobase height via eddy and molecular diffusion. For hydrogen these
processes deliver roughly 10'? atoms m—?s—!, and this represents a rigid up-
per bound on the pessible escape M

2,4.5 Exospheric Density Distribution

At & minimm, when extropolating the barometrie density distribution into
the exosphere, one must sccount for the height dependence of Earth's gravity.
Replacig the height by the geocentric distance {the atmosphere can no longer
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be considered as planar in thia range of distanees), the aerostatic cquation of
a single gas assumes the following form
d-_Pi S G Mf
dr = T3

Sinee the temperature in the exosphere corresponds approximately to the
thermopause temperature, this relation may be written as follows

{2.99)

dny my & My ny

dr | kT, 12 (4.100)
Separation of the variables and subsequent integration leads to the density
profile
- {: y .
nlr) = niro) exp {% G - :—n)} (2.101)

Alternatively, this expression may be written as
ni(r) = nalrg) e~ Hitr) (2.102)
where the scale height M (r) now depemnds on the geocentrie distance

kTar

Hirj = alra) s vy

= Hi(ro) — (2.103)
ry

Evidently, the weakening gravitational attraction at larger distance results

in an increasingly slower decrease in density, 1o a semi-logarithmic plot, s

shown in Fig. 2.12 and more clearly in Fig. 2.36, this is revealed as a curvature

in the density profile.

Equation {2.101) is a sufficiently good representation of the density profile
for gases up Lo an altitude of a few 1000 km. This is especially true for the
heavier gases atomic dcvgen and helium, which have small escape rates. In
the higher exosphere, however, the density profile is increasingly influeneed by
the evaporation of hydrogen atons and the barometric law loses its validity.
This follows immediately from its asymptotic behavior

ni(r = ac) = ny{ry) o~/ Hire)

= const. (2.10d)
Sinoe a constant density would correspond to an infinite column density and
an infinitely extended atmosphere, this asympiotic value b= surely tunrealistie.

Why one would indesd expeet the demsity in the excaphere to decrease
more rapidly than predicted by the barometric low s allnstrated by the fol-
lrwing line of thought. Similar o a rocket thruster, the exosphere constantly
propels material as an escape flux into interplanetary space. The resulting
propulsion force produces an recoll acceleration of the remaining exospheric
giers in the direction of Earth, which 1s added to the gravitational accelern-
tion. This enhanced effective aceeleration, however, leads to & decresse 10 the
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Fig. 2.34. Orbits of excapheric particles passing throngh a valwms element d'r in
ardinary or conflguration space

scale height and thus to a more rapid decrease in density. In order to obtain
& more exact description of the expected deviations from the barometrie law,
we congider the partial densities pssociated with the different orhital charne-
teristics of exospheric particles.

Drhits of exospheric particles and associated partinl densities. The
atmosphere can be considered collisionless to a good approximation at exo-
spheric heights. At an altitude of 3000 km. for example, the mean free path
of hydrogen aroma is greater than 200000 km. The gas particles correspond-
ingly move undisturbed on Kepledian arbits in the gravitational Geld of the
Earth. These arbits are ellipses {circles) or hyperbolas { parabolas ), depending
on whether their velocity is smaller or larger than the cscape velocity. Since
m @ Mg, the foeus of these curves is located at the Earth's center of masa
Let us first consider particles with velocities less than the escape velocity.
Suppose their elosest approach to Earth along their elliptical orbit {i.c. their
periges} is located below the exobase within the dense atmosphere, These
particles have evidently traversed the exobase on their upward trajectory,
but lack sufficient enerey to cscape and thus fall back into the atmosphero.
These particles, denoted with the index 1, are called ballistic particles be-
cause their trajectory ks similar to that of & thrown ball or artillery shell; see
Fig. 2.34 and the accompanving Table 2.3, On the other hand, if the perigee
of their elliptical orhit 8 located in the sxsphere, these must be particles
which have experienced o rare colliston alter crossing 1he exobase and have
been catapulted into an orbit around the Earth. These particles, denoted by
the index 2, are thus called orbiting or satellite particles.
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Toble 2.3. Particle orbits in the exosphere axl gasociated partinl densities

Mo Orbit Type  Orchit Corve Origio Tstbnation Partial Density
1 Hallstie Ell pe Hamusphere  Barosphers fig
2 Hatellite Elli pse Exwmplore  Exosphere iz
4 Escape Hyperbola  Bamsphere  Helosphere A
4 Cupture Hyperbola  Helisphere  Barosphere riy
f Transitory  Hyperbols Helimphere Hellosphere g

Of those particles with velocities equal to of greater than the eseape viloe-
iy, we first consider those for which the orbits traverse the exobase, Should
these be moving away from the Earth, they are clearly escaping {evaporat-
ing} particles and are denoted with the index 3. If they are moviog townrd
the Earth, however, these must be interplanetary hydrogen atoms that be-
come captured by the Earth and are denoted by the index 4. Finally, we may
also find particles with velocities greater than or equal to the escape veloeity,
but for which the orbats do pot intersect the exobase surface. These must
be transitory particles from inferplanetary space that Ay through the onter
atmospheric eovelope and then vanish again into interplanetary space. These
particles are assigned the index 5.

All of the above mentioned perticle types will thus contribule to the
density of any given volume element in the exosphere, each population asso-
ciated with its particle density n,. These contributions, however, will be of
vastly different proporiions. The hydrogen density in interplanetary space,
for example, is g0 small that the partial densities associated with capture and
transitory particles can be neglected to o very good approximation. Moreoyver,
the production rate of satellite particles is small and their los rate (eg. by
photoionization) iz substantial, g0 their contribution to the densily can also
be neglected to a firet approcdmation. The only remaining constityents are
the ballstic particles, which deliver the main contribution to the exoepheric
dengity, and the escape (evaporating) particles, which gain in importance
with incressing height. In order to estimate the sum of the partiol densities
of these two particle populations, we pequire knowledge of the distribution
funetion valid in the exephers.

Exospheric Distribution Function and Density Profile. In gencral, the
s of all velocity points in velocity space corresponds exactly to Lthe number
of particle in the corresponding volume element of configuration space

8N = f dN = d*r Fd*s
Vs Ve
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where the integration is taken over the entire velocity space {VS). As such, it
is obwioms that the density of & gas is related to its distribution function by

i =f Fdin (2105}
v

Within the collision dominated barosphere, the distribution function hes the
following form

fharalrs ) = Mpgrol I a1}

where figgrelr) denotes the density profile arsing from the barometric law
under isothermal conditions, and gy, (v} & the Maxwellian velocity distribu-
tion function. In contrast to the Maxwellian distnbution, this special form
of the Maswell- Boltzmann distribution function is dependent on position. Tt
may be easily shown that fi..(r.v) i 8 solution of the position dependent
(bt not time dependent) Boltzmann equation. Aceounting for the spherical
gymmetry of both the density and the velocity distributions and assuming
an atmoaphere at reat {(§ = &), we obtain

7 Viiara + 5 Valftara

i i mo 32 Ly
X 4 =[r=rghf = Skl =
= &n ¢ 5o | nirole ]'”*“”’-"&-( ‘hiﬂ'"} £ ) "

A verification of Eq. (2105} also yields the expected resull,

nlr) = Nuacalr) f Eag () e
Vi

2 n®

a A
= NiparolT) f f f (ET:-{ET & e_ﬁr o sin tdgddde = nparolr)
e =il =1

The situation = different for the case of the exosphere. Here we can no longer
asmime that the velocity distribulion function sormesponds Lo a complete
Maxwellian distribution. Otherwise, for ressons of symmetry, just a8 many
particles would have to be captured as those which escape. Accordingly, 1o the
ease of the excsphere there are some regions in velocity space thal are prac-
tically empty and can thus be neglected during the integration over velocity
space. These are the regions ocenpied by the capture particles, the transitory
partick=, and the satellite particles. Assuming further thai the velocity space
in the remaining regions {(hallistic and escaping particles) can boe described
by o Maxwellian distribution (which implies that the density at the exobase
height corresponds {o a complete Maxwellian distribution}, we obtain

MegalF) = ru..,-n[r;lf it d*e (2,106
VEir)
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Fig. 2.35. Orbit types of exospheric particles and their corresponding ranges in
velocity space for an exospheric volame element ala geocentric distance of 7 = 3 Fen
(h o= 14000 km). 1,({= JT7) is the velocity of & satellite partbcle in o chroular
orhit at this haght and v.,(= T 7) is the esape velocity at the same helght
The dashed line delineates the range of lategration VS'(r) used for the caleolation
of the exospheric density. The complote regions in velocily spaee. actually theee
dimensional, are obtained by a rotation about the e-pxis {adapted from Fahr and
Shizgal. 1983; note that the references given bere and in the following Bgure captions
are summarized in Appendix B).

where V' 8'r) is the restricted volume of integration. The exospherie demsity
evidently becomes smaller than the barospheric density becanse of this ne-
striction. In order to carcy out the inlegration, each orbit tvpe (see Fig. 2.34)
contributing to the density in the configuration space element 4 must be
associated with a corresponding region in veloeity space. Those associations
are illustrated in Fig. 2.35 for an exospheric volume #lement at a distanee
of r =3 ruplie b = 10 kan). Since we have a svmmedchcal situation in
the horizontal direction, it is sufficient in this case to use a two-dimensionnl
deseription, with one veloeity component in the radial direction (1] and the
other in the horizontal or transverse divection (p ). Ballistic particles and
satellite particles have webocily vectors in this velocity plane with coordi-
nistess inside a circle of rading v = v 4+ 6] = v The velocity coordinates
of the other thres particle populations lie outside this circle, wherelw cscap-
ing particlos are all in the upper half of the diagram (positive v ) and capture
particles are all in the lower half {negative v, ). Furthermore, it can be shown
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Fig. 2.36. Densliv profile in the exosphere for a temperature of 1000 K, Cueve (a)
denaotes the sum of the ballistic and sscaps components (n = m 4+ mwa); curve (b))
denotes the extrapolnted barometric profile (m = m + ng +na + 0y + ng) {adaped
from Hanks and Kockarts, 1973).

that only particles with velocity coordinates located in a region bounded by
two mirror-symmetrie hvperbolas can traverse both the wolume clement dr
ax well as the exobase surface, The form amd position of these two hvperbo-
las are dependent on the distance (height ) of the exospherle volume element
econaidered, At greater distances, for cxample, the trajectories of the particks
traversing the volume element migd be more closely directed loward Esrth
in order to penetrate the exobase,

With the belp of these bounding curves the orhit types sketched in
Fig. 2.34 can be associated with regions in the veloeity plane shown in varioos
degrees of shaeding in Fig. 2.35. Satellite particles, for example, all le inside
the circle, bat outside the region bounded by the twin hvperbolas. Escaping
particles all e outside the crcle, but Inside the bounding hyperbolas and
their velocitios are directed sway from the Earth {positive v, component )
The complete three-dimensional form of the regpions is obtained by rotating
the velocity planc about the ve-axis

This association also defines the houmdary of the velocity space V¥ 5'(r)
over which the integral of Eiq, (2.106) extends; see dashed line in Fig 2.35.
The integration vields the sum of the partial densities ny and na, which is
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plotted 08 cirve {a) in Fig. 236 a5 a function of height. The extrapolated
barometric hydrogen density is shown as curve (b) for comparison. [t is seen
that the barometric law describes the densiny profile guite well up to an
altitude of 5000 km, but the deviation grows seadily toward greater heights,
reaching a factor 10 at an altitude of SO000 k.

Direct experimental determination of the hydrogen density in the exo-
aphere is difficult because of the low density and energy of the particles, Tmli-
roct density information may be obtained from the radiation emitted by these
partictes. This s sunlighl scatiered from the hydrogen atoms, and s partic-
ularly intensive in the resonantly scattered Lyman-o radiation at 1216 om
Figure 7.16a shomrs an image of the cxosphere st this wavelength, recorded 1o
1972 from the surface of the Moon by the APOLLO 16 team. The Earth seems
to be embedded in a Huorescent shell, an apperition that explains the origin
of the nume for this region, the geocerona. An ndirect determination of the
hydrogen density from such images cesentially confirms the density profile
baged on the hallistic and escape components sy + ng shown in Fig, 236

Exercises

1 Atomic oxygen is the primary constituent in the thermosphere of Mars
af heighis above ca. 200 km (planctary data in Table A.3). The gas
temperature there has almost reached its thermopaise value of 200 K.

i) Caleulate the relative decrease in density in this region for an increase in
altitude of 100 km. Assume the gravitational sceeleration to be constant
nnid equal to ts valoe at 200 km.

] How large is the relative error if one were to caloulate the axveen densily
at a height of 3000 km without acconnting for the height dependence of
the gravitational acceleration? Assume again a reference heighn of 200 k.

2 Estimate the density seale height at an altitude of 150 km using the data
given for the model almosphere in Table A4 and compare your result
with the scale height listed in this table.

A Calenlate the heterospheric pressure seale height for thennodynamic eoqui-
librium eonditions (T, = T).

« A spherical sntellite (1 m radins, 100 kg mass) orbits the Earth in the
vaquatorial plane at a height of 300 km.

n)  Show that the Knudsen nmber | = mean free path divided by the dimen-
sion of the satellite] at this height s moch larger than unity so that the
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How of air (T = 1000 K) onto the satellite corresponds to a [ree molecular
flowr [Le. no shock wave 8 formed in front of the satellito)

Caleulate the velocity of the satellite {and thus approximately the How
velocity of the atmospheric gases), ae well as its orbital period and its
todal (Le. Kinetic plus potential) energy,

How Jarge is the change in momentum ineurred by an oxygen atom, on
the pverage, during the impact with the ideally reflecting satellite? What
is the corresponding change of momentum ineurred by the satellite during
ite fight through the npper atmosphere amd how large is the associated
drag foroe?

The temporal change in the aatellite's total encrgy correspomds to the en-
ergy expenced during 1he atmospheric deceleration (= drag foree times
satellite velocitv). From this one may derlve an expression for the tem-
poral change in the satellite’s orbital radivs. What is the daily loss in
all ude?

Saturn's moon Titan (M = 135- 107" kg, B = 2575 km} has an extraor-
dinarily dense nitrogon atmosphere. The particle number density at an
altitude of 1000 km reaches a value of neacly ny, = 10'% m™. An almost
constant temperature of ca. |86 K prevails in this height region.
Caleulate the height of the exobase for molecular hydrogen (g, N, =
2 - 10~ mi},

Compare the random and eseape velocities for Hy molecules at this height.
What 18 the fraction of sscaping particles?

Compute the Jeans escape fux amd the eseape time for the Hy compo-
nent of the Titan atmosphere. Let the surface temperature be 34 K, the
gnrface pressure be 1496 mbar and the surface abundance of Hz be 0.2%
{primarily in boutded form),
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3. Absorption and Dissipation of Solar
Radiation Energy

While the temperature profile of the apper atmosphere was assamed to be
known in the previous chapter, its formation will be explained in the follow-
ing. This requires that we understand the properties of the solar radiation,
the primary sounce of energy for the upper atmosphere, and its absorption by
atmospheric gases. The resulting heat input profile and a gmple heat balanes
equation then allows us to understand the observed temperature varintions.
The spatial and ternporal dependence of the solar irradiation leads to temper-
uturs, donsity and preseure differences that stimulate thermospheric winds.
Ta caleuliste these, we introduce the momentum balance equation. which also
gerves to derive the lundamental characteristics of atmospheric waves.

3.1 Origin and Characteristics of Solar Hadiation

In the ollowing we will be talking about a rather nverage star, This star
does not have s Erticularly striking sige or luminoaity, nor does it have an
extraordinary surface temperature. Moreover, it & presently in that stage of
evolution where stars spend most of their lifetimes {main sequence). Never-
iheless this star s by [ar the most imporiant one for us: it gives us the oncrgy
we need to exist and poverns our fe cvce. Tt aleo happens to be the only
st we can study from relatively close range, thereby resolving the surfaee
structure and enabling observations of processes thal ean only be surmised
on other stars. We are referring here, of eourse, to the central celestial body of
aur solar system. the Sun. We hegin by summarizing some fundamental char-
acleristics of this object (solar physics in a nutshell!), OF particular interest
beyond the interfor structure is the atmosphere of the Sun, which determines
the spectral charncteristics of the solar radintion. Espocially intoresting for
the terrestrial upper atmosphere are the ulbraviolet and X-ray regions of the
solar specirum, which, as shown below, are subject to both gvstematic and
irregulnr varintions,

3.1.1 Interior Structure of the Sun

The Sun, a commonplace, middle-aged, main sequence star, is a gigantic
gascous ball with a radius of ca. 700000 km; sec Table 3.1. The gas ball
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Table 3.1. Physical properties of the Sup. I shoald be noted that the entrics for
composition and rtation poriod are somewhat grcertain (edapted gonerally from
Lang, 199 soe figure and teble reforences in Appendix B ).

Radius R OG- 10" m (= 109 k)
IMm M 196 10™ kg (= 333000 M)
Clompeosinion; particly fraciion 91% H, 8% He, 1'% A > 4

mase fraction T2 H, 2% He, 2% A > |
| Mass density: e 1.41-10% kgfm? (== 025 pw)
al conter L5 107 kgfm®
Energy production rate (lusminosity ) 3A6- 10" W
Effective radiation temperatore 5780 K
Equatorial rotation petiod:  sidereal @, LA days (=214 10" 5}
synodical ca 6.6 dmes (== 2230 10° 5)
Equatorial inclination to the ediptic ™18
Mistanee from Earth: e 1496- 10" m = 1 AU
periholion (January) | 147.1- 10" m
aphelion (July) 152.1-10%* m
| Solar constant L.37- 107 W/ m? (+£0.2%)
Ape 4.6 107 vears
Life expectancy (total) 10- 10° voars

i3 held intact by the extraordinarily strong gravitational force geperated by
the great mass of the object. This mass, roughly 2-10° kg, corresponds to
about J00000 times the mass of the Earth. In fact, 90.9% of the mass in the
entire solar system is concentrated in the Sun. According to mass fraction,
the Sun contains about T2% hydrogen, 26% helium, and 2% heavy eloments
such a8 oxygen, carbon and nitrogen. The dominance of vdrogen bocomes
mret obvious when ordering by particle density fraction: 9% H with an 85
admixture of He. Becanse of the extremely high temperatures in the solar
interior (hese constituents are all present in & complotely wonlzed state. in
other words we are dealing with o gas composed of ll'll!t:'tmm profons mnd
rv-particles (helium maclei, He SAnY

What prevents this gas ball from collapsing loto a superdense object un-
der the influence of the powerful gravitational foree and forming, for example.
a white dwarf star with s dismeter of o fow 1000 km? Similar to the Earth’s
atmosphere, it is the gas pressure that opposes the force of gravity, The stroe-
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ture af the solar interior i thus determined by an equilibrivm between grav-
jtational and pressire gradient forces; other forces such ss radiation pressure
play only & secondary role.

In order to generate sufficient]ly large pressure foreea in such massive ob-
jects, the gas must attain very high temperatures and densities. particularly
in the center where extraordinarily strong compression ocours, Model cal-
culstions show that the temperature here reaches ca. 15 10° K. Associuted
with this is an astoundingly high particle density of roughly 107* m 7, which
corresponds to a mass density of 150 5,:":::13. e, 150 times the density of
water, The density does drop rapidly with distanee from the center, however,
so that the mean density of 1.4 g/em” is only about one-fourth that of the
Earth. Owing to the nearly exponential decrease in the density, roughly 75%
of the S1n's mase s concentrated in a central core that occupies only 5% of
the total volume,

The most important property of stars for us, of course, is that they pro-
duece a vast amount of radiative cnergy. Indeed, this is why we notice them at
all at such laree distances, Avernged over all wavelengths, the Sun (Bt by no
means every star) radiates at a nearly constant energy rate. The Sun’s out-
put, roughly 4 - 10** W_is enough energy in one second to satisfy humankind's
encrey demand for untold ages. Where does this enormons energy come from
and how is it produced” We have known since the 1930's that this energy is
produced by mclear fusion inside the Sun. By far the most important fusion
process there is the conversion of four protons into one helinm mcleus with
ihe mass excess being tramsformed inlo free energy (profon-profon cyele or
for short. pp-cyele or pp-chain)

() "H+'H YW 2Hiet 4p, (025 MeV), 1.2 McV
2) *H+H <M He4q, 55MeV

(3)  *He+ *He " SHe+2'H, 12,9 MeV

The first two reactions above oceur twice and create the input products for
the third reaction. 'H designates a proton, *H a deuterium or beavy hydrogen
nuclous, *He a helium isotope meclous of mass oumber 5, *He an o-particle, o
A positron, v, an electran neutrine, and 5 electromagnetic radiation in the -
range. The given reaction times correspond to the inverse collision frequencies
nrdd a{nni) stands for years. The eoorpy relessed during these cxoothermic
reactions 5 denoted on the far right. ‘MeV' stands for megaelectronvolt,
a unit of energy that is not officially a part of the Systéme nternational
d'['nitds, but is used here in recognition of its long tradition. By using the
appropriate prefix (in this case ‘Mega’) one obtains easily comprehendible
numbers and the physical meaning of this unit is akoe immediately obwvious:
it is the energy an electron for any singly jonksed particle) gains upon being
accelerated through the given voltage difference. Conversion factors for 51
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units are given in the table of physical constanis found on the inside hack
cover of the book,

The mass excess between the input and oatput products of the above
reaction scheme amounts to aboot 0.7% of the four involved protons, corre-
sponding to an encrgy of E = Am -r.ﬁ = 26,7 MeV (rg i5 the spoed of light ).
The neutrinos carry away 2 - 025 MeV amd we are left with roughly 26.2
MeV avallable in the form of free energy, most of which appears as y-rays,
i.e. photons, either directly from reaction (2) with ca. 11 MeV, or indirectly
via clectron-positron annihilation (e7 4+ e™ — 5.

It is evident that the speed of the fwsion process is determined only by
the first reaction, hecause the fmion of two protons to a deuterium nucleus is
an extremely rare event at the prevailing tempersture. Recall here that the
protons st attain energies of 1 MeV to overcome their mutual repulsive
force, but the mean energy of such particles at a temperature of 15 10% K
is of the order of 2 keV. It is thus only the enormous number of particles in
the solar core that renders reaction (1) sulficiently probable, thereby vielding
the observed high energy production rate.

The well-known astrophysical problem of the missing newtrinos should
alse be mentioned. The Sun should produce some 10°% peutrines per sec-
ond according to the above reaction scheme. These neutrinos pass easily
through matter because of their eactremely small resction cross sections. Only
a tiny fraction of these solar neuabringg can be detectesd on FEarth from the
niclear reactions they induee. Surprisingly, only about 60% of the theoreti-
cally predicted counting rate is measured and this has led to new hypothoses
in nentring phyaies (neutring oscillations). Solar neutrinos are particulacly
interesting to us becaise they provide a direct link to the solar core.,

Another interesting question s how the encrgy produced in the Sun's
core s transported outward. Model calenlations show that electromagnetic
witvis wre responsible for this energy transport ot toabout 500000 km from
the Bun's center. This, radictive transfer is vory similar to the diffusion of
particles in a gas. The photons propagate at a speed of o along & siggag
path from one absorption and reemission to another, slowly working their
way Lo the outside. Because of the high ambient density and associnted short
mean free path, it takes more than 100 000 years on the average before they
reach the Sun's surface along their random journey, It s understandable
that the numerons internctlons also result in o degradation of the photon
energy and a simultancous incrense in the number of photons, Relatively few,
bt highly energetic s-rays start near the Sun's center and are absorbed by
nuclear excitation processes, The subsequent reemisgion can proceed stepwise,
however, distributing the excitation energy among several photons of lower
CIETEY,

Moving outward, the mean photon temperacure and thus the gas tempera-
ture continually decresse, slowly at first buot then increasingly faster because
of unrestrained radiative escape st the Sun’s surfsce. As the temperature
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Fig. 3.1. Cross section through the Sun

gradient becomes too steep, the gas laver strocture becomes instable, This
instability can be expluined ns follows, Consider a parcel of gas that gets
displaced from its state of rest toward the solar surface, The resultant de-
crease in pressure leads to expansion and cooling of the goa, IF the ambient
temperature decreases more slowly than that corresponding to the assumed
adiabatic cooling, the gas parcel will now be heavier than its environment and
will fuil back downward to its original location (see also Section 3.5.3). Baro-
metric density distributions are evidently atable with respect to disturbances
when the temperature decrepsea slowly {and, of course, for positive tempera-
ture gradients). It is a different story when the rate of temperature decrease
becomes more rapid than that corresponding to the adiabatic cooling rate.
In this ease the disturbed gas parcel remains warmer than its environment
and the buoynney drives it continually outward. At the same time, cooler
gases will flow downward becanse they stay cooler than their covironment in
spite of the compressional heating, This leads to the formation of large-scale
cyclic motions, or convection cells, as lustrated schematically in Fig. 3.1 (an
entire spectrum of turbulent motions 8 excited o reality). Transport of on-
ergy ocours alongaide these tarbulent pas motions becanse the heat content
of thear gases is also moved from one location to another, This convertive
heat fransport has a number of everyday analogues such as the hot ir stream
from a hair dryer or the heat transport of a Auid in & central heating system.
Convective heat transport begins to assume control of the radial energy flux
in the Sun at a distance of wbout 500000 km (0.74 Rs) from the center and
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Fig. 3.2. Formatlon of the photospherie emission layer. gi{r} denotes the photon
productlon rate and B asspmed proportional to the gas density nlr). we(r) is
the escape prabability, for which the helght profile is described by Eq. (3.4) in the
simplest case. Finoslly, ge.{r) Is the production (omission) rate of escaping photons.

rernaing dominant out to the surface. Hot gases flow upward and eooler gases
downward, much like the motion observed on & much smaller scale in the
lower layers of our atmoaphere.

Becanze the Sun 14 a gaseous object, its ‘surface’ & & matter of definition
It 1= entircly natural, however, to associate the surface with the limb of the
visihle solar disk. This boundary 15 very sharply defined, implying that the
light must come from a very thin emission layer. This is denoted the photo-
sphere and we consider its level of masdmum radintive emission as the surface
of the Sun. How such o photospheric emission layer is ereated may be under-
stood as follows. It is immediately plavsible that the intensity of the photon
flux reaching our eyes is proportional to the production rate of these photons
in the Sun. As a working hypothesis, we assume that this production rate is
proportional to the density of the solar gas, ie., every gas particle is consid-
ered to be a potential photon emitter. The photon production rate will thus
drop rapidly with increasing distance from the Sun. On the other hand, the
probability that & photon emitted in the solar interior can leave the Sun and
reach our eye without reabsorption is essentially null. This probability grows
townrd unity only in the outer, increasingly thin gas shell. The production
of escapmg photons thus depends an both the photon production rate al the
source as well as their probabillty of escape, resulting in the emission profile
sketched in Fig. 3.2, '

It cam be shown that the thickness of this emission layer is only o fow
pressure scale heights (a few hundred kilometers), so that the photosphere is
indeed only a very thin ‘shell’. More exact calculations account for the fact
that the primary ahsorber and emitter of visible light is not - as one might
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Fig. 3.3. Temperature profile in the solar atmosphere and heights of impartant
radiative emisslons. Emlsslon at radio wavelengths is represented by the 1007 cm
radiation (adapted from Lean, 1088).

perhaps expect — neutral hydrogen, but rather the relatively rare (concen-
tration only 1 ppm) negative hyvdrogen ion H ™. The variation of this rarefied
gas with height, however, is also regulated by its production and loss rates.

3.1.2 Salar Atmosphers

The above definition of the solar surface serves equally well for defining the
lower boundary of the solar atmosphiere, The description of this atmosphere
procesds i a manoer similar to that used for the Earth’s aptmodphere, Lo,
by describing the height profiles of the various state parameters. The tem-
perature variation serves again o o convenient guideline for subdividing the
atmosphere into different layvers. As shown in Fig, 3.3, the tempersture char-
acteristically decreases in the photosphere, rises slowly in the chromosphere,
undergoes an extremely steep inerease in the transition region, and reaches
an almost constant value in the coronn. Based on the temperature height
profile, the photosphere thus corresponds to the terrestrial troposphere. the
chromosphere to the stratosphere, and the transition region/corona to the
thermosphere. This latter analogy implies that the transition region be con-
sidered a part of the corona.
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Photosphere, Accoriding to onr defiuitis of the solar surface, the appor
pat of the photosplens i alse e lowest layer of the solar atomosphorne,
This laver is abomi 300 ko in thickoess and charactorized Do o decress:
in tempersture from approximetely GEKE to 1200 K. A diveet indicator of
this temperature decrease is the o dackeniogg s i Figs 3db. The lower
itersity at the Sun's limb, where the mdiation comes from highor Tayers o
the photosphere becmse of the greater absorption along the lengor say patl,
et D cxplained only by a lower e ton, see Big. (L14]. Analogons oo
the terrest rial troposplere, the temperatnre deercase s explained by radiative
CHCTEY sk,

Just like the solar imterior, thie photosphere qonsists mostly of hvdrogen
anel hedivme, exeopt thiese gases o exist in their neatral forom, The low degroo
of iwmtzation | = 0.1%)) comes from the Jow thormwl ecnergge of the gas particles.
A temperaturs of GUOD K corresponds 1o o particle encrgy of ca. (s oW, guite
small comparved with the jonization coergios of hydrogen (14,6 eV and helinn
{24.6 oV ). The dowsity height profile can be decormined ustog the baromet ric
liw. whore the surface density i n{fs) = 107 @7* awd the seale Loyt is
H=kT/Mgse=kT R/ TG Ms = 150 km at & temperature of GO K.

Ulsepving the Suun with s telescope throweh s Base (or through a dark
filtery, the solar disk appears foatnroless cxeopt for the romarkalle swespots.
These wmorphons spots. which often form grotgpes and have typical dinmeters
of 1000 o 40000 o (e, up to 38 tmes the Barths diameter), appoar darker
thaw the beaght photosphore; see Fig, 3.4l

Even as late as the 19th contury, sunsppds were thonsht to be part of
a dark solar sorfaee secn through paps i brightly plowing clouds. Today
we rouline that thow are relatively cool reghons (77 o 4000 K) which emit
stemificant v bess radiation than their hot socroundines s thos appeae dacl.
Tl renson for e baver Temiperatinge is thought to le a greatly rediced heat
gt due to strong magnetic felds that retand the convect e heat transpor
helow the sunspots, The stromng magnetic Golds within the sunspots (o o fow
togithis of a tesla, which & apeto en thotsaed fmes e normal plotosploric
magmetic feld) are direct evidenee in support of this cxplanation.

Sunapots con abso beowsl to determame the rotation pedod of the S
The vonstion period at fow Tanitides, observsd inoa Basd coordinate system
i ahout 25 days | sidereal rotadion periced: soe Talbe 311 the syrodie rotation
period (as olserved from the Eaeth] b abott two davs longer. This 2 doe
tip Uhe motion of the Earth sl the Sun, which = 0 the swone dircetion
ws the solar rotation. It s intercsting that the rotation period increases with
utitiaele and s two foll dovs longer at oeid-lationdes, To,045%) 2= 27 dave.
This is koown as the differesfeal rotation of e photosphiere, The inclimt ion
of the Sun’s equator witly respect o the eeliptic, e the ploe of Earth's
orhit phout the Son, cun abo be doteriniioed frou e motion of ETHEE T E
i oahaowal 75



.1 Origin wad Chaesctopistics of Sobu Bl bt iaan (5]

Flg. 3.4. The Sun observed at varlons wavelengths, {a) Corons in the visible, b
observed during a solar eclipse. The carona has been ocealied near the Sun becamss
of the high radiation intensity thore and observed at a Jowges exposure Timee in th
cater regions. The bright disk in the center is the maoo. iMumminated by light re-
flectod froom Earth (J. Didrst and A, Zelenka, ETH Stemiwarte, irich, 16 Febroary
1980} {b) Phooosphere with sunapots in visible light |[Baader Planetarivm, Mam-
mendocf }: [e) i,'_'hn'urn-:hphrrr_- im the rod Hie-Liee at 656.3 i { Kiepenlwaer-Institus
firr Sannenphysik, Freiburg): (d) Prominenees (coronal ares) in the rod bine of iron
(B Ab oot 6374 nm [ National Solar Ubservatory, Socramento Peak); () Corons
i the EUY-linwe of D1-times ionised fvon (Fe X1 at the wavedength 195 nm. CH
conrrse, this and the teo lolloeing bnages are ecdor coded representations of the
eecorded Lrgghiness (1L Sclrwenn, SOHOVEDNT - Consortinm, 11 September 1997 ):
(f)] Corota i M-rave 81 o wivelenegth of 6285 ten (L. Caodoh, Sipithsoninn Astro
phyeical Qbservptore 1D Septembser 1985 (@) Coione ol the radio savelengih 28
e [E. Fiist aned AW, Imh, Usnbeersitae Boma. 24 Jule 1078



3 Absorpion of Solser Radistion Euargy

Fig. .4, The Sut observed at various wweodengths (comt bt bon)
B
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In order to acconnt for the statistical appesranee of sunspots, the relative
srnspot mumber (sl called the Wolf munber| was int rodaced,

R=k(l0g+f) (3.1)

The symbol g denotes the oumber of groups of spots, s the oonber of in-
dividual spots, and k serves 1o standard e the observations (accounting for,
anonig ot hers, the secing conditions! ). As noted o Section 3,14, 7P displays
systematic variations that provide infornation oo the stste of the Sun,

Chromosphere. The chromosphene Tegins just above the temmperature min-
nnnen of the photaspliere. The name (chromos mowns color] stems Do the
faet thnt it = visible for o short Vime (ool a few seconds ) oo the solar imb s
a thin magenta slver ducing a solar eclipse. This roughly 2000 L thick gus
laver s charsetervecd by a modernte vise in temperatere froon about 4200 1o
L b, Simalar to the stratosphere, this temperatare versiom oan oily e
explained by local heating. Alsorption of photospheric UV radiatlon cannom
explain this because the overall radiation balanee of the chiromosphore & pos-
itive, Lo more cneray is rhadinted than absorbed. The most popular seenario
aclvaned toskay is that this region i heated by the dissipation of atnospleric
winves. The photosplerie conwoctbon excites a spoctrum of weonst i waves that
propagate oatward, The eneray associntod with these waves is dissipated in
the decreasing density of the ambicnt nwditm as soon s e wave prop-
pation becomcs nonlinear. As demonstrated in Section 3.5.2, the amplitude
of an neoustic wave = imverscly proportional 1o the square root of the pas
density in the propagation medino 17 the density b= steadily docreasing, the
amplitude of an owtward propagating wave must contingally grow in order
1o conseive encrgy, This s obviously only possible up tooa cortain i, o
whicl: point! nonlinearitios set in amnd the wave is destroved Ly viscosity and
heat conduction. Directed kinetic energy s thus transformed into heat.

Bonowing the temperatore, oné can determine the density height profile
with the help of the barometrie law, assuming a density 51 the lower boundary
of n(5M km) ~ 2. 17" m 3. The fraction of charged particles increascs
signmificueitly vpon appronchang the vpper Boundare and lends to a distinet
strcturing of the oniasd gas distrilation by the msgnetic felds, Classies]
examplis of these are the fifesds and spicules, which hrighton due to comission
from kot loniged pas in magnetic S b,

The elovmwsplione is observed pot anly on the Sun's limbs, bt slso from
phove on the solur disk. This i= only possible, however, in natrow-band ob-
servations of radiation produced predoninantly i the chrommosplere, Among
these are the well-koown red Ho (Baliner-a | radintion of stomie hydrogen at
G505 wim e the viedet ines of singly jonieod esbeium ae 3969 and 3934 mo
(Call H-lines and K-lines). Why the Haoredintion s stteibatod to Uie clirome-
sphere and not 1o the woderling photosphere enn be anderstood ss follows,

As shown in Fig. 3.2, 1hie it onsity of the radistion reaching ms s pro-
portional o the prodduction rate of 1his radiation [asd therefore assumoed
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proportional to the density of the emitting gas) on the one hand, and to the
escape probability on the other hand. For determining the escape probabil-
ity we can make the intuitively plausible assumption that, on a differential
scale, the probability of absorption i proportional to the length of the ray
path. We pote in passing that the prebability of a photon being absorhed
upon propagation through its associated mean free path is one, by debmition.
Hence the differential probability dw,, ., (d8) that a photon be absorbed
upon traversing the path segment de is

duw, . (ds) = ds /L, (2.2)

where Iy = 1/o'n is the photon's mean free path and ¢4 is its absorption
cross section. An illustrative confirmation of this concept may be found n
Section 3.2.2; see Eq. {3.21). Correspondingly. the probability 1w, . (ds) that
& photon traverses the path segment ds without absorption is

wyids) =1 - da/l

From this we can write the probabibity that o photon traverses frst o segment
& and then an additional segment ds without absorption

(s +ds) = we(s) wy{ds)

where we have accounted for the fact that the occurrence probability of twao
independent events is the product of the probubilitics of each separate event.
Alternatively, this probability can also be mpmm:l approximately as a Tay-
lor series

wy(s +ds) = wy(s) + —L ds+-

Equating the above two expressions leads to r.h:: differential equation

dur ;{s]l oW .J'.{”
ds pn

which can be easily separated and integrated. One obtains

wy(s) = welsn) exp (—f da’ﬂph) (3.3)
Utilizing this formula for a photon moving vertically opward from the starting

height & (wy(h) = 1) and propagating through an in.fl-ml-nly lomg distanee
withiut absorption, we obtain

wy(h to o) = Wy (h) = exp (_fh d:l.l".ipn)
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of, using lpy = | /o*n and recalling Eqs. 2.78 and (2.79)
wee(h) = exp{—H{h)/lpa(h)) (3.4)

Applving this result ta the solar atmosphere, the production rate of cscaping
photons may be written as follows

Ges(r) = const. n{r) exp(—H{r)/fa(r)) (3.5)

The position of maximum emission can be obtained by setting the derivative
of gea(r) (or more efficiently, the derivative of the logarithm of ge,(r) ) equal
to gero. This yields

d(lnge) 1 dn E(H)Tﬂ
n

dr dr ~ dr I;,_,;,

Assuming that the scale height i a constant within the relatively narrow
emission laver, it follows that

n dr [

La=H (3.5)

The maximum emission thus oceurs at the level where the mean free path of
the photons beoomes equal to the scale height of the absorbing (and reemit-
ting) gus, Referring to Section 2.4.1, however, this condition also corresponds
to the definition of the exobase, 0 the level of maximum radiative emission
is essentially an exobase for photons. At the same time, it may be verified
that the exobase is that height at which the probability of a vertically up-
wanrd propagating particle or photon reaching infinite height (and thereby
escaping) attains the value 1/e, see Eq. (3.4).

The magnitixde of the photon absorption cross section o is dependent
on the wavelength and attaing particulardy large values at the characteris.
tic transitions of the absorbing gas. This 5 the case for Hee radistion, for
example, which excites the first Balmer (o) transition of atomic hydrogen.
The hvdrogen absorption is so large al the line center that the condition
ot n H = 1 from Eq.(3.6) is fulfilled only for lower gas densities at greater
heights. This explains why the maximum o the He emission is shifted from
the photesphere to the lower chromosphere,

Upon observing the chromosphere with the help of Glters centered on
the Hoo or Call lines. it is found to he considerably more structured than
the photosphere: see Fig. 3.4c. Particularly conspicuous are the brighter
emission reglons calkd plage{= beach) or chromospheric faculae. These are
obviously regions of higher temperature. Similar to the sunspois, the ac
tivity of the plage regions has also been quantified using indices. Even
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more Temarkable are the clongated stouctures of strongly peduced radistion
called filaments, These are tubes of cooler and denser joniged gases con-
finexd by magnetic fields that extend high above the chromosphere. Situ-
ated betweon the glowing chromosphere and the observer, they absorb ra-
diation and are thus relatively dark. Seen against the dark sky on the so-
lar limb, their reemitted and scattered light appears as bright prominences,
see Fig. 3.4d.

Corona. The corona was originally understond to be the radiant ring of
brightness around the Sun that was visible for a fow minutes during s total
golar eclipse. Today we generally consider it to be the ontermost, very tenu-
ous and hot, gas envelope of the Sun, the source region of the brightness seen
at eclipses, The corona extends from the transition region at a height of 2000
to 3000 km (~ LM Rs) up to several solar radii, the upper boundary usi-
ally being associated with the beginning of the solar wind regime. Since the
transition from a collision dominated, quasi-static inner corona (2 Rg)toa
highly dynamic solar wind region above 6 g occurs gradually, the location of
this outer boundary s a matter of definition. Furthermore, the coronal mag-
netic field affects the density distribution and dynamics of this region in very
different ways. In the following, we set the bovndary at the coronal exobase,
located at a heliocentric distanee of about 3 Re (1.5 10% km altitude), see
Section 6.1.5.

Like the rest of the Sun, the corons i made up mostly of hydrogen with
a small amount of helivm and traces of heavier clements. The slow decrease
of the particle density (large scale height!), the strong Doppler broadening
of coronal emission, and the high degree of jonization inferred from the line
emission of trace constituents all show, that these gases are very hot with
temperatures from | to 2 - 10° K (Alfvén, 1942). The thermal energy of the
hydrogen and helium atoms is so much greater than their respective jonization
energy that both gases exist in an almost. fully ionized state (HT, He™ ™). The
corona is therefore a very hol gas mixtore consisting essentially of electrons
and protons, a small amount of a-particles, and trace concentrations of highly
jionized heavier clements.

Our contemporary knowledge of the corona has been gleaned primarily
from images of this gas envelope in various wavelength ranges. Particularly
important among these are the images in the visible obtained during a solar
eclipse, such as shown in Fig. 3.4n. Roughly 995 of the coronal brightness
comes from photospheric light that s scattered from coronal electrons. The
scatter prooess 15 similar to that cccurring in the Earth’s atmosphere. In-
deed, the blue sky (or generally, the dayvglow) is also a result of seatbering
from photospheric light, albeit in this instance from atmospheric neuatral par-
ticles, The contributiona of various contaminating components to a coronal
image are shown in Fig. 3.5. Evidently, If the Sun doesn’t just happen to be
opeculted, one is well advised to observe the corona from outside the Earth's
atmosphere, thereby avoiding its strong ‘light pollution’. This can be ac-



3.1 Origin and Characteristics of Solar Radiation a1

1k
10|
1w+ L
w0 L
b e
ln-!- B
w0-* I
-7
io-*
i

g1 hesfenes
e 1 2 3 4 5

Heliocentrke distance, Hg

Fig. 3.b. Contributions of various rediation components to coronal brightness.
Kiontinuum) stands for coronal scattered hght, Bimssion) conses from emisson
fires of coronal ons, and Flraunhofer) s the light scattered from interplametary
dust partickes. This latter component can be separated from the K-corona on the
basis of itz dark absorption lines (Fraunhofer lines), These dark lines, an integral
part. of the photospheric spectrum, are attributed to absorpiion in the cool upper
photosphere, Their radiation deficit, however, is compensated in the corona by the
strongly Doppler-shi fied scattering from fast electrons. The relative intensities given
ahove are referred 10 & wavelengih of 500 nm (adapted from vap de Hulst, 1933).
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complished with gatellite borne coronagraphs that block out the intensive
radintion of the photosphere and chromosphere with an external ocoulting
disk in front of the telescope. Figure 8,24 is an example of & coronal image
obtained with this technique.

Becanse the brightnesa of the scattered coronal light s proportional to
the density of the absorbing and reemitting electrons, coronal images can be
used to determine the olectron density and its dependemer on heliocentric
distance, Typical results have the form

. 6. 10!
ﬂ'-tlm ] _r l::rlllrﬂs}ﬁ + {I‘fﬂ's}"" ¥ 1"||‘I_RS 2 1-'3 [.'3"?}
where n, is the electron density, r the heliocentric distance and Rs the Sun's
radius. This must be considered as a mean value in view of the strong struc-
ture in the corona. We make use of this expression In Section 6.1.5,

Superposed on the scattered light from the corona are a series of emission
lincs | E{missions)-corona or L{ine)- corena), which at ficst remained uniden-
tified. For a while one oven introduced a new element, ‘coronium’, in order
to explain their origin, We know today that the emission comes from trace
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gas atoms in very high states of ionization, Classic examples of these are the
red line of 8-times wonZed iron (Fe X) at 637.4 nm, the green line of 13-times
ionized iron (Fe X1V ) at 53003 nm (neutral iros has a total number of 26 elec-
trons) and the yellow line of 14-times ionized caldum (Ca XV) at 569.4 nm
(moutral calelum has & total number of 20 clectrons). These transition lines
arise from the Feeman splitting of metastable states with correspondingly
small differences in energy. Emission from ‘regular” transitions of these highly
jonized gased lies completely outside the visible range.

The corona can be observed not only tangentially at the solar limb against
the dark sky, but alse from above agalnst the solar disk. As in the ciase of the
chromosphere, this s only poasible in those wivelength ranges dominated by
emission from the corona. Amonz these are the extreme ultravioket (EUV)
radiation, the X-ray mdiation and radio emission. The latter is essentially
thermal bremsstrablung, ie radiation produced by the deceleration and de-
firction of thermal electrons as o result of collisions with other partiches. Maps
of the corona at radio wavelengths can be reconstrocted from obserations at
a ground-based radio telescope. Tmages in the EUV and X-ray ranges can be
obtained only from rockets and satellites. however, becanse of atmospheric
absorption. Figure 3.4e,f and g show images in these three wavelength ranges.

Perhaps the most striking feature of these images s the strong spatial
variability of the radintion intensity. We can locsely distinguish three dif-
ferent types of coronal regions: active regions with unusually high radiation
ntensity; the ‘quiet” corona with average intensity: and coronal holes with
below avernge brightness (by a fuctor 1/3) that thus appear dark,

Coronal holes are observed preferentially st high latitudes, see Fig. 3.41,
but can alwo sometimes extend a tongue down into equatorial regions, see
Fig. 3.4g. Their low radiation intensity indicates that they are regions of re-
duced density that can also be detected in the visible, see Fig, 3.4a. Although
we will get to know coronal hales later as source regions of the fast solar wind,
we direct our attention here to the adiatively active regions.

The riee in temperature in the corona, similar to the earlier situation
found in the chromosphers, requires an explanation. Heating by magneto-
plasma waves Is a much discussed, but possibly insufficient mechanism. In-
deed, the energy source of coronal heating (and of stellar coronae in general)
is & poorly understond phenomenon of astrophysics. U s worth noting that
the amount of energy needed is not proportional to the observed increase
in temperature. Muoach more encrgy s transported into the chromosphere,
for example, than Into the corona. Of importance for the energy budget are
also the heat capacity of the respective gas layer and the effect iveness of en-
orey loss processes. These interconnectlons will become clear in Section 3.3.5,
where the temperature increase in the thermosphere (a proxy for the corona)
is discussed.
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Fig. 3.6. Defining the energy Bux of the solar radiatlon

3.1.3 Radiation Spectrum

The Sun's radiation I of imminent importance to the Earth and its inhabi-
tants. As such, it is advisable to know the characteristics of the solar spectrom
aa deacribed in the following section. After a short intreductlon, we focus on
the short wavelength range becanse of its special consequences for the upper
atmosphene.

Overview. The Sun's radiation impinges on the Earth to a good approxi-
mation in parallel rayvs. The angle between a ray fron the center of the Sun's
disk and another ray from the solar limb is only about 1/4 degree. The en-
ergy transported by the radiation s described by the radiative energy fux
¢ . This is the energy per unit time and unit arca at the Earth’s orbit, but
above the atmosphers, which passes through a surface pormal o the Sun’s
rays
E
At
see Fig, 3.6, Written in this form, Eq. (3.8) expresses the faet that the radia-
tion field is homogenous and constant In time when averaged over all wave-
lengths, Because of this temporal imvariance, mf is denoted the saler constant.
Table 3.1 lists this value as 1.37 kW,/m?, Integrated over a spherical surface
with a radius r equal to the mean distance between Sun and Earth (r = 1 as-
tronomieal wnit or 1 AL)), the total radiated energy of the Sun per second.
its luminosity, is calculated to be Ls = ¢f 4 7 (1 AU)? = 3.86. 10™ W.

In many situations one I not interested in the entire energy Aux, but
rather only the energy flux in o certaln wavelength interval. In this case it is
useful to introduce the spectral energy Aur density

k darE (X dE
) = ﬁﬂ - AtdA

of = (3.8)

(2.9)
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As indicated by the definition, this describes the energy flux per wavelength
interval dA, measured al wavelength A at the Earth's orbit. The fund amental
unit of this quantity is thus watt per square meter (of area) per meter (of
wavelength), but much smaller, more convenient wavelength units ane com-
monly used in practice, depending on the particular spectral resolution. At
radio wavelengths one frequently encounters a spectral energy Aux density re-
ferred to a frequency interval $5(v), where b = ep/A. This may be converted
to an enerEy Aux density per wavelength interval using

Ssu=d¢gfu}=d¢Efu=ﬂufl)A_2._(E ;._2) _
(v) ‘ du dA Ly} Ll LS h=eg e 1)

whereby only the absolute masnitude of the frequency and for wavelength
interval s of interest.

If one plots the spectral energy flux density as a function of the wave-
length or frequency, one obtaing the radiafion spectrum of the Sun. Figure
3.7 shows this spectrum in units of Wm—*um~—", whereby the values again
refer to the Earth's orbit at a solar distence of 1| AU, This double loga-
rithmic representation dramatically documents the wide range of the Sun's
sprctral energy flux density, covering 24 orders of magnitude over 11 decades
of wavelength, The usual designations of the wavelength ranges are denoted
for better orientation at the top of the plot. We can thus cstimate the relative
intensities of the Sun's radiation in the X-ray, ultraviolet, visible, infrared and
radio ranges. The vizible band and part of the radio range have been shaded
to indicate that this radiation can pass through the atmosphere and reach
the Earth's surface. Radiation in all other wavelength ranges 1s absorbed at
various heights in the Earth's atmosphere.

Figure 3.7 shows that the spectral energy flux density of the Sun attains
its maximum of slightly more than 1 kW m™ *um~! in the visible range and
decreases rapidly toward longer and |particularly) shorter wavelengihs, A
conspicuous interrupiion in this decrease i observed in the ultraviolet and
X-ray regions, where the energy flux density stays roughly constant over two
wavelength decades, Furthermore, the radiation in these regions undergoss
significant time variations. The range of quasi-regolar variations is roughly
indicated here by the dotted aren; the amplitude of short-term outhursis by
the dashed line, The variability in these wavelength regions has no significant
effect on the total solar Aux (solar copstant), because the energy Aux density
there is 4 to 5 orders of magnitude lower than that near the maximum in
the visible range. A similar, but less strongly pronounced, weakening of the
energy Aux density falloff is observed at radio wavelengths. Temporal changes
of the energy fux density, with quasi-regular variations of about the same
order ad these in the EUY range, are also observed at radio wavelengtha.

Figure 3.7 also implies that the solar spectrum can be very well approxi-
matod over a wide spectral range by the spectrum of a classical *black body’
{or, In our case, a ‘black sphere’ with the radios of the Sun). ‘Black’ denotes
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Fig. 3.7. Overview of the solar spectrum. The spectral energy Aux density is ref-
ereaced to & solar distanee of 1 AU (adapted from Malitson, 1965).

here an object with ideal absorption and emission characteristies in radiative
cquilibrinm. According to the Planck radiefion law, radiation emitted from
the surface of such a body follows & spectrum of the form

1
explhp g [AET) =1

) 1
In this expression hp denotes the Planck constant. oy the speed of light, A
the wavelength, & the Boltzmann constant, and T the temperature of the
black body. SEutA)l s the amount of energy (in joules) radiated per sec-
ond through a surface element of 1 m* at & wavelength A per wavelength
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interval dA (in meters). In contrast to the strongly beamed energy flux den-
sity observed on the Earth, the encrgy emitied from a surface clement of
& black body (here, the Sun) i radiated away in all directions, Henee only
& tiny fraction of this energy will actually reach the Earth. On the other
hand, every nonobstrucied surface element on the Sun will contribute to the
energy Aux at Earth. Rather than adding up all these individual contribu-
tions, we invoke instead the continuity of the radiated energy flux. All of
the radiated energy from the surface must pass through a concentric aphore
with a radius equal to the mean distance of the Earth’s orbit, in other words
SEa(AMaRE = (SEg(N)), oy 47(1 AU Using the units of Fig. 3.7, it fol-
lows that

(5B (M), 0y W™ 2um™"] = 1079 (Rs/IAVPSE(A)[Wm ™ m~"] (3.12)

The theoretical spectrum descoibed by Eq. (3.11) contains the temperature
of the black body as a free parameter, This can be determined by Giting
the curve (3.12) to the observed spectrum. For example, T is uniquely de-
fined if one requires that the theoretical spectrum sattains its maximum at
the same wavelength Apee 85 observed, In order to defermine the position
of the maximim. we differentiate the Planck spectrum (or even better, its
logarithm) with respect to A and set the detivative equal to zero. This vields
an implicit equation, the numerical solution of which corresponds to the well-
known Wien's low

ez = aw /T (3.19)

with ay = 0.002808 Km. It & evident that the wavelength of maximum
radintion shifts to lower walues with increasing temperature. A black body
temperature of 6400 K is obtained for the observed maximum radiation of
the Sun at Ay = 0.45 pm (blue light). Alternatively, one coold determine
the black body temperature of the Sun by equating the total cnergy Hux
of the observed spectrum with thal of the theoretical curve. Numerically
integrating the Planck spectrum Eq. (3.11) over all wavelengths yields the
Stefan- Boltzmann law

ﬂf'gff = f Sﬁﬂd.ﬁu =agp T (3.14)
]

with agg = 5.67-107% Wm™K-1, Sotting this relation equal to the Sun's
luminosity divided by the arca of the solar surface, one derives an effective
radiafion femperature of 5780 K.

A comparison of the black body spectrom with the observations allows
us to verify some earlier assertions. The good agreement in the infrared and
visible ranges demonstrates that the photosphere does indeed have a tem-
perature of about G000 K. Scen a different way, the radiation deficit in the
near and far ultraviolet (as revealed by the shift of the spectral peak to
larger wavelengths) means that the radiation must originate from cooler gas
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Fig. 3.8. The solar spectrum in the ultraviolet range. The spectral photon Aox
density ia referred to o distance of 1 AU, Because the bin widths are 5 nm, the
ordinnte scale directly gives the photon flux density (in m™2s~'} for each spectral
bin (adapted froom Heroux and Hinteregger, 1978; Torr and Torr, 1985).

lnyers, as indicated in Fig. 3.3, On the other hand, the strongly enhanced
radiation in the EUY and X-ray ranges implies that the gases emitting this
radiation must be very hot. These gases, however, must abko be relatively
tenuwous (and thus cannot represent a black body) because their radiative
output lics well below that of the photosphere and is thus incompatible with
the Stefan- Boltemann law. Both of these conclusions agree with our previous
conceptions of the corona, It is also clear that the EUV and X-ray radiation
must be attributed to the corona, becase the photospheric (black body) con-
tribution is negligible. Just based on these few examples, it is obvious that a
wealth of information 5 contained within the solar spectrum,

Ultraviolet and X-ray Radiation. As the most important energy source
for the upper atmosphere, the radiation below about 200 nm, encompass-
ing the ultraviolet and X-ray regions down to a wavelength of about 1 nm,
has particular relevance for us. Figure 3.8 shows this spectral region with
moderately high spectral resolution. In contrast to Fig. 3.7, this time we
have plotted the spectral photon flux density SP%()) rather than the energy
flux density. This quantity, which describes how many photons {per unit
time, per unit area, per wavelength interval, at wavelength A) pass through
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a surface oriented normal Lo the propagation direction, is obtained from the
energy Aux density upon dividing by the carresponding energy of the photons
Epph =hp v = hp ep/X

S = di'.'-”""[;!.}

= SE(X) [ (he co/N) (3.15)
Waorking with a photon fux dPnﬁit}' rather than energy fux density has prac-
tical reasons. Tremtment of the interactions botween photons (as partiches)
and gases, for example, can now be performed using the well-established grs
kinetic approach, This eonsiderably simplifies the calculation of the absorp-
tion of electromagnetic radiation in gases. We are thus interested in the num-
ber of photons per given wavelength interval that mpinge upon the upper
atmosphers,

As seen in Fig, 3.8, the decrease in the spectral photon flux density pro-
coeds relstively smoothly in the far ultraviclet range. Considerable Hucius-
tions are evident below ca, 130 nm, which result from superposition of a vari-
able background continuum with numerous emission lines. Prominent strong
emissions here are the Lyman-a radintion of hbydrogen at 1216 nm and the
encrgebic radiation of singly wnieed helivm st 304 nm.

Particularly important wavelength ranges for heating the upper atmo-
sphere are the so-called Schumann- Runge confinunm (130 - 175 am) and the
EUV {ertreme ultraviolet) radiation (10 - 100 nm). The energy flux o5 (4AX)
inchdent on the upper atmosphere in each of these particular spectral ranges
B

S2(AN) = ¥ S5(A) 68X = Y (heco/A)SPH(A) 62
A aA

The index oo reminds us that this is the unat tenuated energy Aux bmpinging
upon the Earth's upper atmesphere. Using A = 5 nm and the data presented
in Fig. 3.8, one ohtains

Schumann-Runge continuum: ¢£ (SRC) = 11 £+ 1 [mW/m?|

(.16}
extreme ultraviolet radintion: ¢Z (EUV) =4 £ 2 [mW/m?|

where the bounds correspond 1o the naturally observed variations, Later, we

refer back to these values for an estimate of the heating effects.

3.1.4 Variation of the Radiation Intensity

Within the spectral range of maamum encegy flux, e, n the visible and
noighboring infrared and uliraviolet ranges, the intensity of the solar radi-
ation i practically constant, varying according to contemporary measure-
medits by less than 0.3% (solar constant!). Even large sunspots are unahle
to influence the tolal intensity significantly, particularly because their radina-
tion deficit s more than compensated by the surrounding brightly emitting
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Table 3.2, Variations of radiation intensity in the EUV, X-ray and rodio spociral
regions, as observed from Enrih.

l 1. Totrinsic Variaibons
1.1 Growth and decline of emission centers (days to weeks)
1.2 Solar acthvity cyele (= 11 yvears, quasi-regular)
1.3 Solar Aares (minutes to hours)
2. Geometric Effects
2.1 Solar rotation effect (eg. 27 day, quasi-reguler)
12 Solar distanoce effect (1 year, regular)

regions (photospheric faculae). The situation i completely different in the
EUV and X-ray regions, as well as at radio wavelengths, Distinct variations
in the radiation intensity are observed here, brought about sither by events
on the Sun or by changes in the obsermtion geometry; see Table 3.2. A more
detailed description of the cawses and characteristics of these variations is
given in the following.

Growth and Decline of Emission Centers. A characteristic of the rawdi-
ation emiggion n the EUV, X-ray and radio ranges is that it is not uniformly
digtributed in the corona, but mestly concentrated in localized emission cen-
ters; see Fig, 3del and g The larger examples of these emission centers,
which grow and decline with typical lifetimes of a fow days to a few weeks,
can have measurable repercussions for the total intensity.

Solar Actlvity Cyele. Emission centers of EUY, X-ray amd radio radiation
belong to a class of phenomena known collectively a8 active regions, Generally
included in this category are any regions on the Sun with proportics that
deviate strongly from the average, in particular

o regions of abnormal brightness such as
- cononal emission centers in the X-ray, EUV or radio spectral ranges
chromospheric plages or faculae (Ho, Call lines)
photoapheric radiation deficits in sunspots
e regions of strong photospheric magnetic fields (mostly sssociated with
SUMSH0EE
o regioms with spectacular structures (Rlamenis, prominences, ele.); and
regions of explisive dynamics (solar flares, eruptive prominences, solar
MLASS Cjections )

The occurrenees of thess various anomalics are only Ioosely correlated in Hme
and space. A common thread, however, is o lnsting variastion with respect to
their occurrence frequency and intemsity. There are times when the active
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Chuiet Sun Acibe Sun
1 = 66 Cl=197

Fig. 3.9. Radio =scan of the 5un at & wovelengih of 10,7 cm during quiet nnd
active conditions. The mean spectral energy Hux density for the former case is
5F(v) = 66-10"" Wm *Hz ', for the latter this value increases by a factor of
thres. The length of ihe horigontal axis defines the diameter of the photosphere
(ndapted From the Natlonal Resenrch Council of Canada).

rogions are rare o only weakly debned. Under these conditions the Sun is
designated a5 ‘quiet’. An ‘active’ Sun, on the conirary, is characierized by
numeros strong and extended active regions. Figure 3.9 llustrates the dif-
ference between an active and quiet Sun on the basis of its radio emission.
The two traces show east-lo-west scans of the solar eorona using a cadio tele-
scope of moderate resolution at a wavelength of 10.7 em (2.8 GHe). During
quict conditions the eorona appears as a smocth featureless surface, clearly
ditferent from the active Sun with it3 numerous intense emission centers,
Variois indices have been defined 1n order to deseribe the solar activity in a
quantitative sense. The first such index used for this purpose is the relative
suhispot number K (Woll, 1847) defined by Faq, (3.1). Some 100 years later,
following the diseovery of solar radio radiation, the 10.7 cm radio flur index
or Covinglon index Cl was introduced (Covingtlon, 1946). This corresponds
to the mean spectral energy flux density of the solar disk S%(v) at a fre-
quency v = 2.8 GHz (wavelength: 10.7 cm) in units of 1002 Wm ?Hz™"
{solar flur units). For example, the quiet Sun in Fig. 3.9 corresponds to a
Covingten index of Cl=66; the active Sun to Cl=197, The Covington index
can reach values as high as C1=300 on extremely active days. Among the
newer, although less often used indices, is the so-called plage-inder, which
attempta to gquantify the intensity of the Ho and Call radiation.

All of these indices display a clearly proenounced varlation of the solar
activity with an 11-year periodicity. This b documented In Fig. 3.10, again
using the radio radistion as an example, These oscillations are designated the
solar cyele varfations. Both the period and the amplitude of (hese oscillations
are themselves subject to irregular wariations. Particularly striking are the
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Fig. 3.10. Solar activity cycle in 10.7 cm radio radiation. Monthly mean values
are plotted for an interval of 33 yewrs, The energy Hux density = referenced to 1
AU [(adapted from the National Research Councll of Caoseda).

strongly prooounced mascimum in L1957 /55 and the relatlvely weak maxinum
in 196770,

The solar cycle variations were first detected in 1843 by the pharmacist
Heinrich Schwabe from sunspot observations, A satisfactory physical expla-
nation of this phenomenon 1% still lacking up to the present day. Meanwhile,
has become clear that the fundamental period of the evele must be 22 yvears,
because the cscillations in activity are correlated with the dipole reversal of
the solar magnetic Geld, which follows a 22-vear evelic variation on the av-
erage. Over a period of 22 years, for example, the heliographic north pole
iz first associated with the magnetic north pole, then, after about 11 years,
with the magnetic south pole, and then, after another 11 vears, again with
the magnetic north pole. Maximum solar activity always oceurs during the
magpetic reversal phase. It is interesting that the reversal cyele not only regu-
Intes the intensity of the aolar activity, but also the spatial distribution of the
active regions on the solar disk, The so-called butferfly or Sporer dingram of
sunspot distribution has become a popular representation of this latter effect
Remarkably, solar cvele variations can be tracked backwards in time over cen-
turies using historically documented observations of sunspots (al least back
to o 1610, the vear of the first recorded observations of sunspots in Fu-
rope]. Ironically, the solar cycle was very weakly developed exactly during
the regency of the ‘sun king' Louis XTIV, because hardly any sunspots were
observed during this interval { Maunder minsmuwm, 1645-1715).

Solar Flares. Whereas solar flares are cortainly among the most impressive
apoctacks on the Sun, they play only a subordinate role for the terresirial
upper atmosphere. This s mostly because of the short duration (often just
minutea) of the obaserved emisgion outbursts, Tt thus seems appropriate to
treat this phenomenon (o detail Inter, within the context of solar-terrestrial
relations (see Section 5.6.3).
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Fig. 3.11. Radiatson intensity varsations caasesd by solar rotation. The panels show

the photon fluxes of various emission lines in the EUY and far uliraviolet raoges, as

well as the energy flux density st the radio woavelength 10.7 cm, over o time interval

of one vear {adapled from Lean, T988).

Solar Rotation Effect. As observed from Farth, the cotcentration of
EUV, X-ray and radio radiation in emission centers is responsible for an-
other characteristic modulation of the radiation intensity. A prominent emis-
sion center acts somewhat like the beam of a lighthouse that seeeps ontward
through interplanetory space as it rotates with the Sun. This emission cen-
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ter will attain its maximum dlnmination of Earth covery 27 days, thereby
presducing a corresponding modulation of the radiation flux. As illustrated
by the wvarfous intensity plots in Fig. 3.11, this modulation is best recog-
nized if all the significant emission centera are situnted on one side of the
Sum: one then observes a well-pronouneed, quasi-sinmscidal 27-day varmation
of the solar photon fluxes. Tn addition to the 2T-day variation (strongest in
June/July and November /Doecember), variations with shorter periods may be
abserved in this figure that arc eansed bw other longitudinal distributions of
the emission centers. For example, the 13,5 day variation seen in April /May
can be attributed to two emission centers locatod about 180° apart in solar
lomgitude,

It can also be seen in Fig, 3,11 that the variation of the radio flux density
agrocs to a certain extent with the variations of the TV line intensities. This
correspondence suggests that the L0.Y em radio fux may be used as a “proxy’
(substitute ohservation) for the EUV and X-ray intensities, which can only be
obtained on an irregular basis from monitors above the Earth’s atmosphere
This has now become standard practice,

Solar Distance Effect. The solar distanee variation 1s a purely geometrical
effect that is valid for all spectral ranges. It comes from the changing distance
of the Earth from the Sun due to the tiny, but non-negligible ecoentricity
(= = 0.017) of the Earth's elliptical orbit, The Earth peaches its minimum
distance to the Sun [peribelion) in January: its maximom distanee (aphelion)
in July. Because the radiation intensity is inversely proporctional to the square
of the distance, the solar fux decreases over the interval from Janunry to July
by ea. T%. Evidently, the Southern Hemisphere will receive more radiation
in summer and bess radiation in winter than the Northern Hemisphers,

3.2 Extinction of Solar Radiation
in the Upper Atmosphere

Radiation undergoes two fundamental interactions with a gas, emission and
extinction, resulting in a radistion enhaneement in the first crse and a tadia-
tion attenuation in the second. Here, the extinction of solar radiation during
its passage through the upper atmosphere is investigated. We first identify the
important absorption proosses that prodoee this extinetion. Using & general-
el approach, we then determine the extinction of monochromatic radiation
in gases. In the next step we apply this approach to the special sitnation of
the upper atmosphere. with particular emphasis on the absorption height.
Finally, the energy deposition associated with the absorption of radiation is
determined.
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3.2.1 Absorption Processes

Solar radiation propagating in the upper atmesphere is absorbed and thos
attenuated in varions ways. Particularly important absorption processes are
phiotodissocialion, phofsienization, and the combination of these two, disse-
ciative photoionizafion. The abscrption processes of interest here can be
written formally in the following way

»  Photodisseciation (A < 242 nm)
O + photon(A < 242nm) = 0+ 0, of, {3.17)
s [Photolonization (A < 103 nm)

0 4+ photon{A < 81 nm) —O%4a, g
N2 + photon{A < 80 nm) — N3 +e, o), (3. 18)
O3 + photon{A < 103 om) - O3 +e, o,

s Dissociative Photoionization (A < 72 nm)
Nj + photon{A < 49 nm) — Nt 4N 4e. off (3.19)

This notation makes wse of the photon particle concept of electromagmetic
radiation, even though the dissociation and ionization energies are given as
upper boumds on the wavelength. According to this concept, the given in.
teractions are understood as collisions between photons and gas partiches,
the probability of which is specified by the magnitude of an interaction or
eollision cross section of. This collision cross section is associated only with
the ahsorhing gas particle, the photon itsell being considered as 8 massloss
point. The formal definition of -:r:'- follorws from the approach used for ealon-
lnting the extinction of radiation (see Section 3.2.2). As such, it is clear that
the interaction cross sectlons of different absorption processes can be added
together to yield a total absorption cross section o, Le. we require that

gy =oef +e5+ef' +--)mol ol +of 4o (3.20)

where £} is the probability that an absorption ‘collision’ leads to a dissocia-
tion, an jonization. a dissociative fonization or some other process.

It may he surprising at first glance that the often disonssed radistion ab-
sorption by oeone = missing from the above interactions, Fecall bere that
the ozone concentration in the upper atmosphere is extromely low. Suffi-
ciently high densitics are reached only in the middle atmosphere (20 - 340
km height ), where azone absorbs practically all UV-radiation st wavelengihs
phove 242 nm. It may also come ag a surprise that the dissociation of moleen-
lar nitrogen is virtually insignificant. This has to do with the relatively strong
binding energy of this molecule, see Section 2.5.7. Finally, it may scem strange
that excitation processes play only A minor role in the absorption. It can be
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Flg. 3.12. Absorption cros secthon of molecular axygen at wavelengths 70195 nm.
The absorption is dominated by lonkzation below A = 1003 om and by dissociation
above this wavelengih (adapted from Banks and Kockarts, 1973).

shown that the associated excitation cross seetions are many times smaller
than those of photodissociation or photoionization. An exeeption to this rule
ia the excitational absorption of molecular nitrogen in the wavelength range
S0-100 nm (see Fig. 3.13).

In contrast to the collision cross sections for neutral gas particles, it is
important that the valne of the absorption cross section is strongly dependent
on the energy of the incident photons. Indeed, a certain minimum of energy is
newded to dissociate or jonize a gas particle and the absorption cross section
above this borderline wavelength is virtually zero. Considerable sariations
ean also oceur at wavelengths below this boundary, however, as documented
for the absorption eross section of molecular oxygen in Fig. 3,12, Particularly
striking here are the quast-periodic oscillations of the cross section by more
than an order of magnitude observed in the range of the Schumann- Runge
barids (175 < A < 195 nm). Even more remarkable is the spectral band from
105 to 1256 nm, where small changes in wavelength canse the cross section
to vary by more than three orders of magnitude. Interestingly, the strong
Lyman-a radiation of the Sun at 121.6 hm sits exactly in a minimum of the
absorption cross sectinmn.

The ionization cross section for O is nearly constant in the EUV range
and relatively large compared with the dissociation cross section. henee dom-
inating the total absorption cross section of this species. Figure 3.13 shows
this behavior in the wavelength range between 5 and 103 nm, together with
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Fig. 3.13. Absorption cross sections of molecular nitrogen, molecular oxygen and
stomic oxygen inthe extreme ultraviolet range. lonizstion dominates the aheorption
of radistion in this wavelensth range. An exception to this rule is the range 80-100
nm, where absorption of molecular nitrogen cccurs primarily by excitation into
sp-called pre-dissociation states {adapied from Torre ot al, 19700,

the absorption cross sections of molecular nitrogen and atomic oxvgen (esaen-
tinlly the ionization cross section for Q). It should be noted that o is plotted
here on a linear scale rather than the logarithmic scale used in Fig. 3.12. Tt
may be seen in Fig. 3.13 that the mean absorption oross section for atomic
oxyeen in the EUV range is o2 (EUV) =~ 107 m? and is about twice as
large for molecular nitrogen and ocygen. We will need these values later.

3.2.2 Extinction of Radlation in CGases

In order to caleulate the extinetion of electromagnetic radiation in a gas,
wo must first determine the probability that a photon undergoes a eollision
(and is thereby absorbed) upon propagating through the path length ds.
This probability can be visnaliged intuitively from Fig. 3.14. The sum of
the gas particle cross scetions projected onto the area A i3 a measure of
the probability for a collision over the path length ds. Conversely, the aren
remainimg on A after subtracting this sum s & measure of the probahbility that
4 photon traverses this length without & colligion. The collision probability
dur, . (ds) is thus the ratio of the area shaded by the projections to the total
available arca

dhw, . (ds) = (o) /A = (o* n(s) A de)}/A = o* n(s) ds (4.21)
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Fig. 3.14. Dweriving the probability of un absorption for a photon traversing the
path ds in a gpe

Of course, this will only be valid as long as there is no overlapping between
the projection arcas, This condition s fulfilled when the distance between
particles (= 1/ {n)} is large compared with their diameter (=~ /&%) and d=
is chosen to be sufficiently amall.

Using the above collision probability, we can caloulate the extinction of a
photon fux in a gas volume. It is assumod that the photon flux has already
passed through a certain path length in the gas and has a value of ¢##"(s)
at the entrance surfuce of the gas volume, The number of photons {per wndt
arca and time) suflering an absorption during their transit through the path
length ds is thus ¢™{s) dw,,(ds). The corresponding change in the photon
flux is

AP = — ™ (5] dw,, (ds) = —gP*(s) o nls) ds {(3.22)

Thia expression is intuitively understondable. Indeed. the change in photon
flux should be proportional to the initial photon flux, the size of the absorp-
tion cross section, the density of the absorbing ges particles and the length
of the propagation path. The minus sign indicates thai the photon flux de-
creases. This approsch basically defines the wvalue of the absorption cross
section (and, by analogy, the other interaction cross sections), Separation of
the variables 5 and ™" and subsequent integration leads to the Lambert-Breer
ertincdion fuw

PP (2) = ¢ (gp) 07T {3.23)
where for brevity we have introduced the optical depth T

B
1-=f o nlg) ds’ (3.24)
L]

Evidently, a large value of r corresponds to a strongly abeorbing and thus
opaque, ‘optically thick’ gas volume, while a small value of r indicates a
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Fig. 3.15. (a] Relations between 1he variables for application of the Lamberi-Bees
extinction law 1o the upper atmosphere. (b) Modification of the ahsorption path
at large zenith angle when accounting for the spharicity of the upper atmosphere,

weakly absorbing and thus tranaparent, “optically thin® gas volume. Although
originally introduced for the visible range, the term ‘optical depth’ i com-
monky used for all wavelongth ranges, The exponential factor expl=7) =
¢ (8)/¢" (s0) in the Lambert-Beer extinction law, for obvious reasons, is
alsn called the fansmission faoctor

3.2.3 Extinction of Radiation in the Upper Atmosphere

In order to determine the extinetion of solar radiation in the upper atmo-
sphere, we first consider the simple case of a planar (parallel plane laverad)
single gas atmosphere. The Lambort-Beer extinction law is adjusted to this
situation using the relations sketched in Fig. 3.15

r = hs fa=0=h—0oo

¢ (s) = ¢™(h), P8 =10) = ¢ (h — oc) = g2t (3.25)

ds = —dh/ cosy = —dh secy
Here, 6% denotes the photon flux of the Sun outside the Earth’s atmosphere
and y is the angle of incidence, or zenath angle, Substitution into the Lambsert-

Beer extinction law and exchanging the npper and lower integration limits
vields the desired expression for the photon fux at the height &

Ph(h) = @Bt o TR} (3.26)

where, with the help of Eqs. (2.78) and (2.79), the optical depth takes the
following simple form

rih) =f pecy o n{h') dh’ = sec x o* N(h) = secy o nlh) H{h) (3.27)
k
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Equation (3.27) mmst he modificd in teo ways when considering the real up-
per atmosphers, which consists of several gases and abo cannot be considered
planar at large zenith angles. It follows from the approach used for deriving
the collision probability in Eq. (3.21) that the contributions of the differone
gns components to the absorption may be added wgether. It is thus adeguate
b replace the gas specific product of absorption cross ssction, density and
acale haight in Eq. (3.27) with the sum of these products for the gas mixture.
Much more effort is required to account properly for the spherical shell form
of the atmosphere (see Fig. 3.150). This can be accomplished, without going
into detadls, by introducing the so-called Chapman function for gruzing inci-
dence chiy, h). [k s sufficient to know that chiy, h) = secy at genith angles
smaller than ca. 80° and that the Chapman finction remains positive and
finite for zenith angles y = %07 (in contrast to sec y). It s also understand-
able that the Chapman function must depend on the height. The sphoricity
15 wuch more important in the apper atmosphere than i the lower atmo-
sphiere, where the absorption is much stronger amyveay. The optical thickness
thus assumes the form

rih) = chix.h) B af nyth) Hylh) (3.28)

F=ik Mg,y

where only the most inportant gases are considered,

The height at which the absorption reduces the incident solar radintion
by a factor 1) 15 of special interest. This so-called absorption fheight by s
obtained - whenever the radiation is not incident at grazing angles - from
the conditien

rlhay=secx ¥ af nylha) Hylha) =1 (3.20)

A= My 0y

Becauge the expression from Eq. (2.59) must be used for the densities, this
implicit equation for A4 can only be solved numerically. Two representakive
rogults are shown in Fig. 3,16, The absorption beight is plotted as a function of
the wavelength (ot = FUAY) for two different conditions of solar zenith angle
and solar activity. A general result 5 that all radiation in the wavelength
range 5 to 175 nm is absorbed above a height of about 100 km. While the
fir ultraviolet radiation barely reaches down to this altitude, the oxtreme
ultravialet radiation is absorbed above 150 km (and even above 200 km at
times of high solar activity or for large sonith angle) because of the larger
EUV absorption cross sections. The dependence of the absorption height on
the solar zenith angle is indicated directly in Fq. (3.29). However, there are
also indirect dependences on the solar zenith angle and the solar activity,
via the density and scale height of the absorbing gases. Smaller zenith angles
and higher solar activity effectively increase the atmospheric temperature,
this leading to greater scale heights and densiths and, as 8 consequence,
higher absorption heights, The dependence on the zenith angle 18 therefore
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Fig. 3.18. Absorpiicon heights in the far and extreme uliravielet range for noon
conditions at md-Intikudes, The solid line refers to o spring doy during low solar ac-
tvity (CI=71]; the dashed line is o winter day during high solar activity (C[=203}.
An arrow denotes the relatively large penelration depih of the Lyman-o radiation
{ndapied from Kockaris, 1981).

more complicated than indicated explicitly by the fundion sec y. The lek of
variability at longer wavelengths is due mainly to the steep density increase
in the lower thermosphere (), = fikm).

3.2.4 Encrgy Deposition from Radiation Absorption

In the following we determine the energy deposition associated with the ab-
sorpiion of radinstion, which, of courss, is responsible for the heating of the
upper atmosphere. The first step = to caleulate the mamber of photons ab-
sorbed in a given volume element of the atmosphere. For this purpose we
consider & cylinder with a base surface area dA and length ds, aligned par-
allel to the ineident radiation; see Fig, 3,17, The number of photons entering
the cylinder on the upper end is N, = ¢ dA di: the number leaving at
the botiom mdhrh = (gPh — [dgw*|) dA di. The difference is the number of
absorbed photons dNps = |deé™| dA dt. The number of photons absorbed at
the height & per volume element dV = dA ds and per time interval dt s thus
given by
daN divps

D 1d¢=**| = o nls) ¢*(s)], = o n(h) PMh)  (3.30)
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Fig. 3.17. Determining the pumber of photons absorbed st height b per wolumse
element and timee interval

where we have made use of the expressions (3.22) and (3.25). It Is easy to
vertfy that this result is independent of the form of the volume clement used
in the derivation. Moreover, no assumptions were made concerning the solar
zenith angle, so Eaq. (3.30) must alse be valid for grazing incidence radiation
The only restriction comes from the fact that we have considered hore a
smgle gas atmoaphere. Clearly, the contributions must be summed for an
atmosphers with multiple constitnents,

Alternatively, the number of photons atsorbed per unit volume and unit
time can be caleculated from the divergence of the photon Hux, According to
Fe. (2.18), we have

f
;Id—g-ﬁ:; = EE%I-’- = ~divg™ = --d-T‘E- = ﬂ'""lllf.'ijﬂbp'"ih*} . u"’n[h}ﬁ”h{h}
where the path length eoordinate s, as before, is along the direction of the
phabon Hux,

Because the energy of the photons i alse transferred at each absorption
event, the extinction of radiation is always accompanied by an energy depo-
sition into the atmosphers. With B, = fpog /A the energy deposition rate
per unit volume g% at height h can be written as

dN, E
qe (k) = "'E':_mﬂ'k = (hp co/X) 0" n(h) (k)
o
g (k) = o* nlk) &, e—H (3.31)

where we have introduced the energy flux ¢8 = thpca/A) qﬁﬁ" pEaociated
with the unattenuated photon flux @F}. The height profile of this energy de-
position rate per volume can be understood from the following consideration.
Becauae the density at great heights is very low and the transmission faetor
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e~ cannot exceed 1, the energy deposition there will drop to very low
values. There are simply not enough gas particles at large heights to cause
appreciable absorption of the incident radiation. At lower heights the donsity
i7 high enough, but the transmission factor goes o zero as 8 double expo-
nential (T{h) ~ nlk) ~ e}, 50 the energy deposition rate bere also gquickly
becoanes quite small. There are simply no photons left at lower altitudes to
be absorbed by the gas particles. The maximum energy deposition must be
attained at that intermedinte height, where the density of the gases and the
incident photon flux are both sufficiently large to produce intense absorption
of the radiation.

In order to derive the height dependence of the energy deposition rate
explicitly, we consider the very idealistic case of a planar isothermal single
gas atmosphere. Equation (3.31) can be written as follows

gE(h) = (#E coax/H) r{h) e~"H (3.32)

The maximum of this curve may be obtained from dg® /dh = 0 or, more
readily, from d{lng®}/dh = 0. This latter condition leads to an equation of

the form . :
T
.Tﬁ(:")-”

Noting that dr/dh ~ expl=(h — hg)/H] vanishes only for b — og, it may be
concluded that

This corresponds exactly to the definition of the absorption height. In other
words, the maximal energy deposition occurs at that altitude where the in-
tensity of the incident radiation hne decressed from its original walue by A
factor 1/e. The energy deposition at the masdmum s caleulnted to be

Pl oS x

E - il
0 (Raz) = gn oy e

{3.34)
where e is the base of the natural logarithm.

It is useful at this point to introduce the height of maximum energy
depaosition at normal incidence k2. = Mpo(y = 0] a8 a reference height
in the barometric density heigit profile. According to Eq. (3.27) and with
Frnas = R = halx = 0), we obtain n(hy,; ) = 1/e? H, so the optical depth
can now be written as follows

rih) = sec y P L S

Introducing  the maximum energy deposition ate for normal incidence
(gE .. ) = qE,.(x = 0), Eq.(3.32) can be written as

: h=h* .
g5 (h) = (gE. ) cm{l e e L 'h--r]f"} (3.35)
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Fig. 3.18. Chepman peoduction function for two different solsr senith angles.
hrmar and i) denote the beight of masdmpm energy deposition rate and ahsorption
height, respeciively, at normal incidence, M s the scale height of the absorbing gas.
The height + 14 stands for 5., + 1H, ete. ¢¥ & the energy deposition rate per
vodume and {gE.. 1" is the maximum of this quantity for normal incidence,

=

Although previously diseussed by others, this ovpe of height profile has be-
cone known as the Chapman production function. Figure 3,18 illustrates the
height dependence of this function for two different solar zenith angles. As
may b soen, the maximum energy deposition rate 18 decroased and shifted o
higher altitudes when the direction of the incident radiation is slanted. The
half-thickness of the layer remaing unchangoed at about 2.5 scale helghts. Note
that the energy deposition rate above abhout &, ., +2H becomes independont
of the solar zenith angle. This can be attributed to the transmission factor
at groat heights, which s close to unity even for large solar zenith angles. As
a result, the energy deposition rate here & only dopendent upon the density
of the alworbing gis,

In order to determine the height profile of the energy deposition rate
in the real upper atmosphere, we must retract a number of the simplifying
asgimptions made so far. The upper atnusphere s certainly nob isother-
mal, thereby considerably complicating the analytical calculation. Because
we are dealing with & multiple component gas mixture rather than a single
gas species, we must also replace the product of absorption cross section and
density appearing in Fq. (3.31) with a sum of the products accounting for the
contributions from the various gas constituemts, The same correction mist
be made for the optical depth. These modifications alone foree us to resort
tor mumerical saloulationg. Furthermore, because the incident solar radiation
is polychromatic rather than monochromatie, we will also have to add up the
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Fig. 3.19. Encrgy deposition rale per volume [or nooptime conditions at mid-
latitudes. The solar activity on this particuler day, 23 April 1974, was Jow (CI=73).
Moie that the snergy deposition mate of the BV -radiation ris= again ai low alti-
tudes, This can be attributed to absorption of long amd short wavelengih radiation
in this region; see also Fig, 4.0 (adapted from Kockaris, 1981}

different contributions from the individual wavelength regiona. Aceordingly,
FEa. (3.31) assumes the following form for the real upper atmosphers

g%(h) = 3° % mih)af(a) o5 (A) i.-!xp{-i:fl{x_,.ﬁ.] S o (A) nih) Hy(h) }
A 1 i
(3.36)
where 5, indicates a summation over the different wavelengths of interest
and 37, EJ are sinnmations over the gas components of the upper atmo-
sphere. The Chapman funetlon again accounts for the sphericity of the upper
atmosphere. _

Ag an example, Fo. (1.36) has been evaluated for local noom on a spring
day at mid-latitude during s time of low solar activity. The resulting energy
doposition profile @8 shown in Fig. 3.19. This helght profile (given by tho solid
curve) obviously shows wery little rosemblance to the Chapman production
function. Examining the contributions from the various wavelength regions
separately, however, one may discern a qualitative agreement, The solar EUV
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range does indeed produce an energy deposition layer with a maximum very
close to the absorption height appropriste for this radiation (sce Fig. 3.16).
Moreover, the thickness of this layer is quite consistent with the relatively
large scale heights in this region. The energy deposition layer produced by the
Schumann-Runge continuumn radiation, with its maximum near the absorp-
tion height for this wavelength band and its moderate thickness {in agresment
with the small seale heighta at 100 km altitode), also bears similarity to the
Chapman production function, Coneerning the actual value of the maximal
energy deposition, it is seen in Fq.(3.34) that this should be dependent on
the scale haight, but alss on the intensity of the incident energy (photon)
Aux. Indeed, the scale helght is smaller and the energy tux s greater for the
cage of the Schumann-Runge continuem radiation, therely leading to a con-
siderable enhancement of the maximum onergy deposition rate. Remarkable
in our example is the absorption of the very intense and deeply penetrating
solar Lyman-a radiation, which produces a separate energy deposition layer
of even higher maximum intensity. Generally, the exact form of the energy
deposition profile will depend strongly on the solar 2enith angle and the corre-
sponding radiation intensity. The particular beight profile shown in Fig. 3.19
ghould thus only be comsidered ne an example,

3.3 Heating and Temperature Profile

As the preceeding discussion has shown, absorption of solar radiation has a
definitive influence on the properties of the upper atmosphere. Atomic oxygen
is produced, changing the chemical composition of the upper atmosphere and
henee its absorption characteristics. Photolonization transforms the upper
atmosghere into a conducting medium. Heat is generated during the radiation
absorption process, bringing important changes for the temperature in this
region. This latter process is investigated in the present section, We first
determine the heat production rate and estimate the temperature incremse
induced by this heating. It turns out that offective heat loss processes are
needed in order to prevent excessive heating of the upper atmosphere. It is
shown that key roles are played here by radistive cooling in the lower, and
maoleeular hent conduction in the ypper thermosphere. A simple form for the
temperature profile in the upper atmosphere can be obtained in the case when
the heat production = just compensated by the loss via heat conduction
Finally, svstematic wvarintions in tomperature and density induced by the
changrs in heat input, as well as airglow phenomena, are described

3.3.1 Heat Production

Only a fraction of the absorbed radiative energy is transformed into heat
Determining the heating elficlency s not a trivial task, as shown by a glance
at the enerpeties of photolmization, For example, the interaction
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does not produce direct heating of the neutral upper atmosphere. The jon-
ization enctgy of ca. 14 oV = first transformed into potential chemical encrgy
ani the excess energy of 27 eV appears in the form of kinetic energy of the
phiotoelectron releaged in the process, The further development of this energry
transfer is sketchod in Fizo 3,20, On one hand., the [ast photoalectron i: decel-
erated by collisions with the ambient thermal electrons, leading to heating of
the clectron gas. Subsequent heat exchisnge of this hot électrun gas with the
cooler nentral gas produces a first contribution to heating of the neutral up-
per atmosphiere. A corresponding heat exchange also occurs with the cooler
lon gas, a large part of the transferred heat going directly into the neutral
gas. In this context, it should be noted that the clectron gas temperature in
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the sunlit upper atmosphere 8 higher than the jon gas temperatune, which,
in turn, is higher than or about the same as, the neutral gas temperature (see
Fig. 4.3). On the other hand, the photoelectron is slowed down by collisions
with the neutral gas particles. Should these collisions occur olastically, this
will lead to heating of the neutral upper atmosphere. For inelastic interactions
o st distimguish between collisional ionization and collislonal exeitation.
Wherenas the enerpy transfer cyele bopins anew for the former case, the second
case 18 followed either by collisional quenching of the cxcited state or emisgion
of radiation. During the collisional quenching process the exeitation energy
s transformed into kinetic energy of the participating collision partners and
thus contributes to the heating of the neutral upper atmosphere. Emission of
radiation can have different eonsequences. The emitted photon could be lost
to the upper atmosphers if it escapes into interplanetary space or the middle
atmosphere without being reabsorbed. Should it have sufficient energy, the
phiston could trigger a secondary photoionization, thereby inducing a furt her
energy transfer cycle from the beginning. Finally, the emitted radiation could
produce a photodissociation and the associated heat production wonld b
to be investigaled in a separate energy Bow diagram. The following example
03 + photon( A = 150 nm)} — O + O™ 4 excess EMETEY
- - — —

= Te— e—
& eV 5 eV ERY

shiows, however, that this process will lead to direct heating of the neutral
upper atmosphere Decause the excess energy will be at least partly converted
to kinetic energy of the two resulting cocygen atoms (the asterisk in paron-
thesis indicates that the particles may be created in an excited state during
the dissociation process). Even so, a lurge part of the dissociation enorgy
(roughly 5 ¢V 1s lost to the upper atmosphere, bocause 1t s transported
with the oxygen atoms into the middle atmosphere and released there via
recombination (see Section 2.3.7).

As indicated in the lefe part of Fig. 3.20, the potential chemical energy of
the jon is mostly converted into beat and thus contributes to the heating of
the nentral gas. The primary reactions responsible for this process, treated in
maore detail in Chapter 4. can be skipped for the present. Only & small fraction
of the available energy goes toward heating the ion gas, and even most of this
energy is ultimately transforred to the neuteal ges via heat exchange.,

The numerous processes preacnted in Fig. 320 indicate that caloulating
the heating of the peutral upper atmosphere is a rather complicated assign-
ment that can really only be handled with the help of numerical models. This
is all the more so because Fig. 3.20 only shows the most important, by no
means all, energy tranafer channels. Moreover, additional processes beginning
with a primary photodissociation evont mmst be congidered when detormin:
ing the total heat production. In view of this complexity, it suffices here to
review aovme of the main results of the presently available model caleulations,

One of these results desls with the effectiveness of the various heating
mechansms. It turns out that the upper atmosphere Is heated primarily by




118 3. Ahsorption of Solar Radiation Energy

4000

-

Height, km
2=

&

i I 1 1 | |

1 1
o 0.2 0.4 0.6 03 1.0
Heating efficlency
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the photodissociation of molecular oxygen below about 150 km altitude; the
principal beat source Is exolhermal chemical reactions in the range between
150 and 250 km altitude {eg. O + Oz — 07 + O+ 156 eV; OF + ¢ —
40t £ 12 oV); and heat exchangs with the hotter electron and jon gases
is mustly responsible for the heating al altiiudes above ca. 250 kin. The
concept of heating efficiency has been introduced in order to describe the
total cffectivoness of these heating processes

" =q%fq" (3.37)

As before, g% s the radiation energy absorbed per unit volume and time
and g% is the heat produced by this energy deposition. The dependence of
this parsmeter on height 5 shown in Fig. 3.21. It may be seen that only 30
to 555 of the absorbed radiation energy @ converted into heat, The rest is
channeled primarily into potential chemical sporgy or into radiation out of
the given vohme element.

Knowing the heating efficiency, i i possible to delermine the heat pro-
duction profile from a given energy deposition profile; see Fig. 3.22. It is
important here to distinguish between the heat production rate per volume
and the heat production rate per particle As shown, this latter quantity is
essentindly constant above 200 km altitude. Indesd, the volumetric heat rate
decreases exponentinlly with height, but this is also the case for the number
of particles, which divide the heat input among themsclves, Figure 3.22 also
indicates that extreme ultraviolet radiation is mostly responsible for heat-
ing the upper atmosphere above ca. 150 km and the far ultraviolet range
{particularly the Schumann-Runge continuum) s the main agent below this
height.
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Fig. 3.22. Height profile of the heat production rate, The conditions correspond
ter those of Fig. 3.10.

3.3.2 Temperature Increase from Heating

In order to get a feeling for the temperature increase produced by the geners-
tion of heat, let us consider specifically the upper thermosphere, The optical
depth here is small and the transmission factor near unity, so that the unat-
temuated incident solar radiation s available, This will be the case alwowve
300 km altitude for average solar activity and moderately slonted incident
radiation. Under these conditions Egs. (3.31) and (3,37} may be combined as

g™ (k2300 km) = oV ot n oF (3.38)

This heat input increases the internal energy and hence the temperature, bl
it also leads to an expangion of the ges. Considering a gas volume that ex-
pands with the atmosphore such thot the weight of the gag column supported
by this volume remains the same, then the expansion ocours al congtant pres-
sure, In this case Eaq. (2.32) is valid and the heat input per mass AQ° will
produce an increase In temperature AT = AQ' /ey, We ean obtain the rate of
temperature inerease restlting from o given heat inpat per gas volume and
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unit time if we multiply AQY by the mass density ¢ and divide by the time
mierval Af. This vields

§:q=L(”du')=ﬂ_L {1.30)
At po \ At pey  nk(l+ f/2) )

or with Eq. (3.38)
aT_ o o4 of
At k{l+ f/2)

Substituting some numerical values into the above formula (" = 0.3,
cEUV) = 1007 m?, gL (EUV) = 4 mW/m?, f, = 3), we obtain the
astoundingly high temperature increase rate of ca. 125 K/h. This is many
times higher than what is actually observed. Under the conditions given in
Fig. 3.25, for examplo. the entire daily temperature increase &5 only about
160 K. This vadue would be exceeded in slighily more than one hour if only
the heating process s considered. The increase in temperature is evidently
moderated very effectively by heat loss processes, which will be deseribed in
more detail in the following.

{3.40)

3.3.3 Heat Losses by Radiative Cooling

Cme must distinguish between the loss processes by which the heat is really
lost andd those by which the heat is merely redistributed. Radiative coaling,
bwv which the heat is converted to electromagnetic rndiation and irreploce-
ably lost to the heat budget, bolongs to the first category. Heat comvection
arul molecular heat conduction are examples from the second category, be-
cause the heat & extracted locally but not destroyed. Whereas convection
rodistributes the hear by transport of the entire zas volume, neluding its
heat content, molecular heat conduction relies on the thermal motion of in-
dividual gas particles in a gas at rest. All of these heat loss procosses are
important for the upper atmosphers, heat conduction being dominant o the
upper thermosphere. Radiative cooling, the main loss process in the lower
thermosphere, will be discussed first.

Collistons betwern gas particles moving with their thermal velocities can
induce these o emil radiation. Checking the possible excitation states of
the main thermospheric gasea (0, Ny, O, He), it i found, however, that
such thermal excitation = quite rare at the predominant temperatures of S00
b 2500 K (= 0,06 10 0.32 V), Only fine structure transitions are exciyed
mere freguently, because their energy level differences are relstively small.
One of the more promment examples of such fine structure is the ground
state triplet splitting of atomic oxygen, for which the excited energy levels
are at 002 and 0.028 oV see Fig, 330, Excitation of the first of thes ton
transitions doms yield infrared emission a1 63 pm, but caleulations show that
the upper atmasphere loses only a few per cent of its heat content because
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of this process. As molecular oxyzen and nitrogen are known to be oven loss
effective in this regard, it may be concluded that radintive losses from the
major thermospheric gases are small.

Radiative cooling is important, however, for trace gases like nitrogen ox-
ide (N0} and carbon dioxide (CO2), because their vibrational and rotational
transitions are effectively excited at thermospherie temperatures, Examples
are the 5.3 um (0,23 V) mirared radiation of N0 and the 15 pm {008 2V
infrared line of COq. This radiation only becomes more intense in the lower
thermosphere (A= 150 km), however, where these trace gases attain suffi-
riently large densitics. Radiative cooling then dominates the heat loss of the
upper atmosphere,

3.3.4 Heat Losses by Molecular Heat Conduction

Comvection plays only a subordinate role in the sertice transport of heat in
the upper atmosphere because Lurbulence & suppressed by the large viscosity,
and the positive temperature gradient maintairs & stable stratification of the
gns. This mechanizm, just like radiative cooling, can thius be discarded as a
hent loss process in the upper (hermosphere, Molecular heat conduction is
esgentially the only remaining alternative capable of keeping the heating of
thig reerion within 8 observed limits. (More precisely, this is valid only for 6
horzontally uniform or o global mean atmesphere, within which korizontal
heat convection by winds can be neglectsl.) Because molecular heat condue-
tion is also important for other planetary and stellar atmospheres, it will be
treated here in some detail. We first examine the offectiveness of the heat
conductiom and then determine the associated heat loss,

Molecular Heat Conduction. Thermal gradients in a gas are associated
with a heat flux due to the thermal motion of the particles that sirives to
eliminate the existing inhomogencities. An assessment of this effect proceeds
in a marmer similar to that used for diffusion (compare with Section 2.3.5).
We consider a gas at rest of uniform denaity that has a temperature grodient
in the positive £ direction. 1o Lhe following we determine the heat fux indeced
bw the temperature gradient that passes through a reference surface oriented
perpendicular to the : direction. Remember here that the transport process
due to the thermal motion of the gns particls takes place at the random
thermal velocity of the particles aml over digtaness comparable with the
mean froe path, We are therefore dealing with the heat exchange of two
wolumes separated by just this distance, one of which is alwwe the reference
gurface and the other one below; see Fig. 3.23. Again assuming a reduced
volocity disteibation, 176 of the particles in ench volume will move towaed
the reference surface A, penctrate this surface and enter the other volume
without suffering a collision. The exchange time for this amounts to Al = {7,
According 1o Eg.(2.25), each particle carries an amount of heat equal to
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o= Comstant

Fig. 3.23. Deriving the molocular heat, flux

SFIET [2), thereby establishing a heat transport through the reference surface.
The heat flux emansting from cach of the two volumes s

i : ! z
(@), = [% n A ds (Efﬁ)]/(a -) =Sk T @A)

aune

; 1 . aodz 1 diz T dz
W = = LU —
(de. ]i—u-‘ﬂfﬂt‘:h : mlrfn (ﬁ=n+ - [+ )1

{342)
The net heat flux through the surfaes A resulting from the heal exchang: of
the two volumes is thus

. , . ; = 2
el = {dp; b —(def )2 - k fn d—ﬂ—[z:  ds = -—% kfne fld—-;d;.r

where in the last step we have made use of the expression for the mean speed
T o= /8T /wm. When adding these contributions to obtain the total hoat
flux, we assume that the temperature gradient (ot the temperature itself) is
constant over the distance of a mean free path, amd that the random velocity
can be approximated by its value st the roference surface A. In this case we

hve 1 T o I dT
q.'::“r=—§i|‘!fﬂf— d£=—gkff.r?'fd—‘ [3.4:3)

de S -1

As an abbrovintion we introduce the beat conductivify, which i proportional
to the density, the mean random speed and the mean free path

=k fnely =€ fvT/(Vma ) =a. vT (3.44)
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where £ and £ are pumericsl constants and we have placed indioss on the
mean free path and collision cross scetion for clarity. The relation for the heat
flux now assumes the following simple form | Fouwrier's law)

W dT

o =x (3.45)

or, when extending to three dimensions
% =k prad T (= —& VT (3.46)

The factor £ in Eq.(3.44) is about 0.14 in our estimate. More exact cal-
culations yvield the considerably larger value £ = 25 & /6d4 =~ 0.7, More
important, of course, is that our estimate correctly reflects the dependence
af the heat flux on the various gas parameters.

For later refurence, we write here from Eq. (3.44) the explicit relation for
the heat conductivity of molecular nitrosen

Ry, [W/Km] =210 T [K] (3.47)

to suficiently good apreement with experimentnl results. Remnrkably, the
heat conductiviey does not depend on the density, High densily does eor-
resporil to & lacger number of ‘heat carriers’, but al the same Lime it also
strongly inhibkts their mobility, The heat conductivity thus has a dependence
on the temperature alone, which, in turn, lesds (o a weak dependence on the
altitude,

Heat Losses hy Heat Conduction. The heat losses caused by heal con-
duction, of course, do not depend exclusively on the magnitede of the heat
flux. A large, but spatially constant heat flux will bring the same amount of
het imbo & given volume as it takes ot — the net effect ® 2ero. Evidently,
it 18 the divergence of the hoat Aux that determines the net gam or loas of
heat, Formally, and completely analogous to the derivation of the contime-
ity equation (2.17), this can be demonstrated using the following balancs:
approsch,

We consider a gns volume with base area A and height Az, as sketched in
Fig. 3.24 A heat flux transports the amount of hest AQF through the upper
boundary mto the volume durmg the time At Simnltancously, an amount of
heat AQT s transported out through the lower boundary. These changes in
the heat budget are given by

W -
AQY = ¥ (4 A/ A At = - (r.'ui"i:] oy O

B +) AAL (3.48)

|

W =
AQ~ =-¢f (a-Ar/N A At~ - (mﬁ*’::} P % 4 ) Adr (3.49)
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Fig. 3.24. Determining the changs in heat content of & gas volume per voliume and
por time caused by an inhomogeneows hest fox

whiere the minus sign on ¢ designates the flux direction (negative 2 diree-
tion). The net change i the heat content of our volume is therefore

iy 5 dep®
AR = AQT — AQ =—d—:d""dﬂ'

Aceordingly. the change in heat content per volume and per time indgeed by
the heat Hux can be written

w_ AQ _ de¥ .
df =t = - (3.50)

o, when extending to thres dimensions
dY = — divg®™ (= -Vo") (3.51)

It should be noted here that " {d again coming from divergence) s negative
and the volume under consideration loses heat (a heat sink) if the divergence
is positive, le. if & heat flux in the positive z direction Increases with z, or
(a5 in Fig. 3.24) a heat Qux in the negative : direction decrenses with z.
Converscly, the ease when dW s positive eorresponds to & heat souree,

3.3.5 Heat Balance Equation and Temperature Profile

Heat loss must be congidered along with the heat nput in order to obtadn
a lemperature increase rabe commensurate with the observations, A corre.
sponding extimaion of the estimate (3.39) leuls to the following heat balance
enuation -

pep o =gV — W +d (3.52)
Evidently, the tempoml change of the heat content of & gas volume i deter-
mined by its effective heating rate, 'This is composed of the heat production
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g™, the ‘real’ hent losses by radiative cooling [", and the heat gain or loss
from transport processes d™. In the case of the one-dimensional, hotizontally
uniform upper atmosphere considered here, d" is limited essentially Lo the
heat mflow or outflow caused by molecular heat conduction.

Apparently, the heat balance equation above 5 a partial, nonlinear dif-
forential equation that can only be solved numerieally. Just recall here the
complicated form of the heat production term given by Egs. (3.36) amd (3.37).
A general idea of the temperature profile in the upper atmosphere can be ob-
taimed, however, when a greatly simplified form of the heat balance equation
w congidered. Radiative cooling. for example, can be neglected to a good ap-
proximation within the npper thermosphere, Furthermore, for times during
the day and well removed from sunrise or sunset, the left side of the heat
balance equation ean be neglected with respect to the production and trans-
port termns on the right sdde. Ths s surely the case m the vicimity of the
temperature maximum (T = 0], but this approximation & even justi-
fiedl during the incressing temperature phase because the ineresse rate stays
modetate (sccordme to Fig, 3.25 it ia of the order of 17 K/h, i.e. negligible
compared with the production rate of 125 K/h). We are lefi with an equi-
kibirinm situation, in which the heat production & just compensated by the
heat eonduction loases

do®

iz

where the last step above assumes again thal we have a planar, hocisontally
uniform atmosphere. Integrating this relation over the height nterval from h
to oo yields

gV = —dW = divg" = (3.53)

f g% (2) dzzf do™ = —o% (k) = x(k) :l—]'_-(h) (3.54)
% EAN ] o

where the heat flux at infinity i3 sel equal to zero. Evidently, for this particular
equilibrinm situation, the total heat produced in a gas column with a base
arca of unity (left side of Eq.(35.54)) 15 converted ko o beat Hux passing
dowmward through the hase of the column. For an explicit caleulation of the
integrated heat production rate we consider a single gas atmosphere with
average properties (o, " & F(h)) and introduce the optical depth as a
new varinbbe, Dsing

T{z) =seoy cr'lf n{z') dz' or dz = —dr/(secy o n{z)) (3.55)

<

and Egs. (3.31) and {3.37). we obtain

b
f e Tdr =9" cosy ok (1 - "M

e
f a¥(2) di = 9" conx e
[ rih)

(3.56)
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Subatituting this into Eq. (3.54) finally yields

d?

ds
This eguation for the temperature grachient allows us to make some impor-
tamnt statements aboul the temperature profile in the upper atmosphere. For
example, if we let the height go 1o infinity, the optical depth goes to gero and
therefore also the temperature gradient. It follows that the temperature at
great heights mmst be nearly constant, in agreement with the observations.
Furthermore, becaise the optical depth becomes quite small at a point 2-3
scale heights above the absorption height, the asymptotic temperature (i.e
the thermopause temperature) should be renched already ot an altitude of
250 to 350 km, again in agreement with the observations. The isothermal
behavior of the upper thermosphere i immediatoly evident from a physical
point of view. The heat content of this region is very small because of the
low denzities, but the heat conduetivity stavs larpe. This means that even
the shghtest temperature gradients are sufficient (o indoce the heat fuces
necossary for equalizing the temperatuee.,

The Llemperature gradient st not disappear entirely, however, In fact, it
mist be large enough at any given height 1o enable downward flow of all heat
produesd above this height, This requirement oaplies that the temperature
praclient nmsl become incrensingly steeper with the increasing heat prodoe-
tion in the middle thermosphere (e, below ca. 250 km altitude), in order 1o
support a sufficiently large heat flux. According to Eq. (3.57), the maximum
temperature gradient reached this way is

(uﬂ") Ve x o
LLE TS N

(h) = o™ cosx 9, (1 — e TV )/x(h] (3.57)

dz " (8t
Arguming that this value i reachad at an altitude of about 150 km (most
of the EUV radiation is absorbed above this height) and using o' =
0.4, ¢E(EUV) = 4 mW/m?, Kooy (150 km) = 2.107% /T{150 km} =
52 mW/K m amd cosy = 0.5, one obtains a temperature pradient of ea
15 K/km. in rather good agreement with the temperature gradient actually
micasured there,

The explanation outlined here for the temperature pradient in the ter-
restrial thermosphere {5 also applicable to other planetary thermospheres. |n
any case, the outer regions of these upper atmospheres are nearly isothermal
beeaisa of their low thermal eapacity and high heat comductivity, Moreover,
sinee these upper atmospheres are composed of infrared inactive gases, molec-
ular heat conductivity is the dominant loas process. This further implies that
the outer gas envelopes will continwe to warm up until the growing temper-
ature gradient gnffices to discharge the heat prodoced at all higher altitudes
via heat conduction. Heat production and heat loss vin conduction thus com-
pemsate each othor in the equilibeium case. These principles sre also valid
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for the upper atmosphers of the Sun, a8 showm by the temperature profile in
the transition region and corona. Some differences in the details arise here
from the fact that we are dealing with an fonized, rather tham & neutral gas.
It thus follows that magnetic fields play an important role in channoling the
heat fluxes,

4.3.6 Estimate of the Thermopause Temperature

In order to derive the thermopanse temperature explicitly, we agnin consider
o planar, single gas atmoaphers with average properties, for which neither
[he alsorption cross section, the heating elficiency, nor the mean molecular
mnss depends on the height. We alo account for heating effects of the EUY
radiation only. Cembining Eqs. (3.44) and {3.57) we obtan

T2 AT = "™ cosy 05 (1 - e ") dz / a, {3.50)

Introducing again the optical depth as an independent varinble from Eqs. (3.55
aml (3.27)
dz = —dr/(secy ot n) = —dr H/r

we can write Eog. (3.59) in the following way

W E -T
P e B RO (1 - "—) dr {3.60)

iy T g T T

Integrating this relation from a lower boundary fig, where T'(hg) = Th and
{hg) = 7, up to a height where the tomperature approaches the thermo-
pause temperature and the optical thickness goes to zero, the left side of the
above equation goes Lo :EI:T'”2 - 'IT._,!"IE:I. The right sule, ot inteprable in closed
form, must be either numerically integrated or described by A (convergent)
BETHEs

1. ™1 1 AT P o
- ——— | dr = ——|==-14+=—-=4+—==—:+]|d
j:(f fj Z f; (r (1- TETETE )) .

i 55 e i

ot oI

(3.61)
see Also Eg. (A 14). The thermopanuse temperature can thus be expressed as

12
T, ~ [JTU +Coosy 0F (3.62)

where the constant  is a product of the time independent parsmeters
C=nq% k Jm)/(2 2. m g) (3.63)

In agreement with our assumptions, we choose the lower boundary height
as hp = 150 km and the corresponding boundary temperature Ty = 670 K.



128 3. Absorption of Solar Radiation Energy

R e T T T T 1 2.5
b E | =
E 1l r %
3 3
. s-
g F %
3 t 2
£ L
2w b .
s -3
=] E
z Ram £ 1 R L s

1] (] 12 s |

Loral timo

Fig: 3.25. Dally variation of the thermopass: temmperatire Toy and the mass dea-
sity @ at a hedght of 300 ke for mbd=latitudes (51" N, T°E) during spring egaino
(21 Mareh). The solar activity bk taken as moderate (O = 120); the goomagnetic
activity as weak (Kp = 2}, The variations were calodlated using the empirical (ie
oheervationally based) MSIS 86 model [ Hedin, 1987,

see Appendix A4 Using y = 60°, a*EUV)= 1072 m?, a(hy) = 5-10'F
m=*, M{hy) = 4 and H{hy) =~ 25 km, we obtain an optical depth of
m=sscy o n H =25 A caleulation of the series (3.61) for this value yiclds
Jits) = 1.5. Further selecting %% = 0.4,8, = {g.)n = 2-107% W/m K¥?
anil qﬁi[EW}t 4 |||"|-'|Fl.|'|||21 we obtain 7 cosy rﬁft = 11 and a thermopause
temperataro of T = 1400 K, in sufficiontly good agrecment with sctually
measured values, particularly in view of the many simplifications and un-
certainties associated with this estimate. Among these simplifications is es-
pecially the one dimensional atmosphere, for which any heat exchange by
horizontal winds remains excluded (see also Section 3.4 and Appendix A7),

3.3.T Temperature and Density Variations

As seen in Eq. (3.62), the thermopanse temperature depends on the incidence
angle y and the radiation intensity 6£ It should thercfore display daily and
seasonal variations as well as a sensitivity to solar rotation and the solar
eycle. This is indeed the case and Fig. 3.25 documents the day-night vari-
ations al middle latitudes. The amplitude of the diwrnal variation during
the spring equinox is seen to be about 160 K. One striking feature is that
the temperature maximum is i reached at iidday, but rather during the
afternoon. Among other reasons, this phase shift & doe o the previously
neglected horizontal heat transport fromn winds. Another factor is that o con-
giclerable fraction of the heat input during the morning warm-up phase must
be irvested in the work necded for the cxpansion of the gas, The accumi-
lated heat can be expended primarily for the internal energy and thus for
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Fig. 3.26. Hhetratiog the density increase associnted with wrise in temperature in
the wipgaer thermosphere. Anf Az} and An{ AT denote the transport-induced and
the theemally-induced changes in density.

increasing the gas temperature only after the gas expansion declines in the
afternoom hors.

A direct indicator of the expansion and contraction of the gases (some-
times called afrmospheric breaffring) is the warintion in demsity at 300 km
altitude, also shown in Fig. 3.25, Given the rise in tomperature, the incronse
in density observed during the day can only be explained by upward trans-
port of denser gases from lower altitudes induced by expansion; see Tig. 3,26
A pimple estimate confirme this offoct, Lot ng (A) be the denaity at the hoight
hoat a temperatire Ty(A) and naf) the density at the same height at a dif-
ferant tempoerature Tp(h) = Ti(h). Using Eq. (2.48) and assuming constant
lower boumdary conditions, tho ratio of the two densitios is

ng .. Ty " i dz ;
S =
=1 }.—I

where the firat factor describes the temperature-induwced decline and the aee-
ond represents the transport-induced increase of the density. Evaluating the
integral, it is found thar the exponential factor already boging to dominate at
& point two scale heights above the heat input altitude, thereby resulting in
a net inerease in density at greater heights, Tt may be noted that the relative
increase of the density in the upper thermesphere is considerably larger than
that of the temperature (see Fig, 3.25),

In mddition to the diurnal oseillation, distinet wriations of the tempera-
ture nnd density are obeerved that depend on the season, solar rodation, and
solar cycle, Examiples of these are shown in Figs. 3.27 and 3.25. In contrast,
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Fig. 3.27. Varistion of the thermopaise temperat are caused by solar rotation in
the time interval B0 Jone te 19 Jaly 1980, The maxionm Covingtan index during
this period was CI=25%; the minimom was Cl=147, The calcalation is hased on
the M515 86 model (Hedin, 1987 for a mid-latitude ocation (51°N, 7°E) st # kocal
time of 1400 hours,
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Fig. 3.28. Sepsonal and solar cycle variations of the thermopause temperature in
the yenrs 1970 to 19583, The calealation, based on the MSIS 86 model {Hedin, 1987,
15 carmied out for the 15th day of each month for a local time of 1400 hours at & mibd-
Ttitude location (517N, T°E). Semi-anmaal cscillations, which are a result of global
thermospheric dynamics, are clearly ssen in addition Lo the annusl variations,

because of the relatively long reaction time of the thermosphere, solar Hare
effectis are very small,

3.3.8 Airglow

The upper atmesphere is not only heated by the absorption of solar radintion
bt also stimulated to Auoresee. This airglow is below the level of visibility
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Fig. 3.29. Spectrum of the nighiglow in the visible, The ordinate scale §4 Intensity
per wavehmigth mterval {adapted from Brosdfoot and Kendall, 1965),

from the ground and therofore rather unspectaenlar. However, it doos contain
a wealth of information about the thermosphere and i2 thus a subject of
intongive research. We will be content here with a few remarks on this topic.

Similar to what we learnod for the lower atmosphere (kev: “bloe sky™), a
large fraction of the dayglow in the upper atmosphere consists of scatfered
golar radiation. For example, solar Lyman-o radiation at 121.6 nm excites
the Earth's hydrogen envelops, the procorona, to fuoresce (see Fig, 7-16a).
The intense glow of the sunlit upper atmosphere in Fig. 7.16d s also partly
attributable to resonantly scattered sunlight. The UY mdiation seen in this
image 1% dominated by eonission from atome oxvgen at 1304 nm {more pro-
cisely the triplet at 13002, L3305 and LMLG nm, see Fig. 3300, Thes: prominent
emisgion lines are also excited by inelastic collisions with photoelectrons.

Ancther component of the airglow is created by chemical reactions, This
chemical Huorescence is responsible for the nightglonw of the upper atmo-
sphere. As shown in Fig. 3.29, the nightglow spectrum in the visible range
is dominated by the green line of atomic oxyeen at 557.7 nm. This radia-
tion, which attains its maximum at & height of 95100 km, arises from the
recombination of atomic oovEen

O+0+M 0" + M
0 + 0 - Oy + Of'5) (3.63)
0{'S) =% 0{'D) + photon({557.7 nm)
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Fig. 3.30, Some excltation atates wnd cortesponcing emission lines of atomle ooy-
gen important for the thecmosphore

The aymbol A stands for an arbitrary three-particle collision partner {usually
Ma) and the asterisk means that the oxygen molecule resulting from the
recombination is often created in an exeited state. The energy dingram of the
tramsition responsible for the emission of the 557.7 nm radiation i displayed
in Fig. 3.30. Noting the long lifetime of the 18-atate, it i8 clear that this
metastable state i3 de-excited by a ‘forbidden’ transition. For comparison,
the ‘normal” life expectancy of an excited state is only of the order of 107 ®s!

The intonsity of the 557.7 nm radistion, as with all other sirglow emis-
si0ns, is given in umts of rayleighs (R, named after the som of the more famous
Lord Rayleigh, a pioneer of airglow research in the 1920s). One rayleigh cor-
respornds to the emission rate of 10% photons per second radiated [sotropically
from an atmospheric column with a base area of 1 em®. The form of this unit
i addapted 1o measurement conditions: a photometer or spectrometer is able
to record only the integrated Iaminosity within a colummn along the viewing
direction, It s sufficient to state here that 1 laloravieigh (kR) corresponds
approximately 1o the himinosity of the Milky Way. For the typical intensities
of a few hundred rayleighs measured from the groumd. it is obvious that the
fluorescence of the 557.7 nm line i5 hardly visible, Observied from an orbiting
space station in & direction tangential Lo the horizon, however, the emission
layer becomes clearly perceptible because of the considerably larger column
density (see Fig, 7.16¢).

Another conspicuons emission of the nightglow is the vellow doublet (e
solved ) 1 lines of sodinm at 580 and 5806 nm. The sodiom atoms responsible
for this emission were originally mleased from metcorites that disintegrated
in the atmosphere at altitudes of S0-100 km.
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Finally, a third prominent cmission is the red line of atomic oxygon at
6 nm, which orlginates essentially from the dissociative recombination of
molecular ooy gen ions

Oy +¢— 0+ o' D) (3.66)
OF P 2% 0(*P) + photon(630 am) '

The extraordinarily long lifetime of the metastable ' D state basically restricts
the emisgion of the 630nm line to heights above 200 km. At lower altitudes the
metasiable siate s de-oxcited by froguoent collisions with other gas particles
(eollisiomal quenchingl. The longevity of the excited state also means that
the emitting oxygen atoms are thermally {and certainly also dynamically)
integrated into their environment. Measurementa of the 630 nm line from
satellites or from pround can thus be utilized to determine the temperature
(from the line broadening | and wind velocity (from the line shift ) of the upper
atmosphere.

3.4 Thermospheric Winds

{ur previons considerations may have left the impression that the thermo-
aphere is a more or less static phenomenon. This impression is dooriving:
the thermosphere is actually in motion on all spatial and temporal seales.
The dominant mode of motion is corotation with the Earth. This corotation
is evidently transferred to the outer gas onvelope first by friction from the
Earth’s surface and subsequently by frictional forces between the individual
eas layors, The rosultant corotation velocity is given by

Ugorotation = FE(fE + h)cogy (3.67)

whore g and g, ws earlior, denote tho angular velocity and radins of the
Earth and  is the geographic latitude. For heights near 300 km, corotation
velocities of 50 m/s are reached at the equator and still a good 50% of
this value nt o latitude of 60°. Superposed on this corotation are numerons
pdditional motions. among which the most important arc the global wind
cireulation and atmospheric waves, The global wind cirenlation, taking the
diurnal winds as an example, B documented in the following, The momentom
balinee equation needed for the calenlation of such winds is thon presented.

3.4.1 Digrnal Wind Circulation: Observations

As indicated in Fig- 3.25 of the precocding section. considerabls temperature
and density differences exist in the thermosphere between the day and night
shiless, The resulting pressure differences are shown in Fig, 331 for a mid-
latitude location and in Fig. 3.32 on a global scale. The latter figure shows
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Fig. 3.31. Diurnal variation of the pressiure g and the meridional wind velocity o,
fiowr sam abtitude of 300 km at midlativades (51N, T'E) during the spring squinos (21
March). The solar activity b mederate (Cl=100% the geomagnetic acivily weak
{Kp=2). Positive velocities correspond to northwand directed winds (see Fig, 3.33)
The dizplayed variations were calenbted with the belp of the empirical {obserm-
thomally based ) models ¥S15 86 (Hedin, 1987) and HWM 93 {Hedin, 1996).

Lowal timwe

Fig. 3.32. Global presare and wind distribution for an altiiede of 300 km during
the =pring equinoax (21 March). The distribution was compited for the time 12
UT, moderate solar activity (Cl=100) and weak geomagnetic activity (Kp=2]. Tiw
contonrs are lines of constant pressune (sobars). The bighest plotted pressure kel
of the high pressure region (H) corresponds to s value of 9 0Pa; the Towest level
af the low presure region (L) to s value of 5 pPa. The diference between sohars
i thus 0.5uFPa. Wind speed and direction al a given point are denaoted by armows
dravn gway from the point in guedion, The wind speed scale s shown below the
whecissa gt lower left. The displaved disteibution was caleulated using, the empirical
mndels MSIS 80 (Hedin, 1987) and HWM 93 (Hedin, 1956).

300 km Height



3.4 Thermospheric Winds 135

lines of conatant pressure, isobars, as obaorved at an altitude of 300 ko during
the spring equinog amd moderate solar activity. Under these conditions there
eists nowell-defined zone of high pressure in the aflernoon seetor At equato-
rial latitudes. Because of its shape, this is sometimes called the pressure bulge.
By comparson, the low pressure remion shifted by 12 hours = considerably
Ratter and the position of its minimum is thus less sharply defined. The to-
tal pressure difference botween the high and low pressure regions, amounting
to somewhat more than 4 uPa, is sufficent to generate significant balancing
winds. This airflow, denoted the tidal wind becanse of its 24-hour periodic-
ity, is also displayed in Fig. 3.32. It generally follows the pressure gradient,
attaiming velocities as high as 200 m/s (= 700 km/h!'} at mid-latitudes, Te
shoald be noted that this dingram holds for an observer moving with the
rotating Earth, Otherwise the corotation of the upper atmosphere must be
sperposed onto the winds. In the following we address the ssue of how these
winds can be calculated. We begin by considering the warions forees acting
on & moving gas and then gum these together in a foree equilibriom relation.

3.4.2 Tnventory of Relevant Forces

Consider a stationary volume element in an inertial system, through which
various gascs are flowing at different velocities. We are iterested in those
foroes which act on any of these gases within the given volume element. Ap-
plving the condition that the sum of all forces must be zero, ane can derive
information about the dyvnamical state of the gas. When conducting an in-
ventory of foroes, it 2 convenient to discriminate between so-called internal
forces, forces acting from outside or external forees, frictional forees and the
inertial force. In addition, we must consider the apparent forces associatod
with the transformation from an inertial aystem to a coordinate sysbem rotat-
ing with the Earth. In order to keep the qualitative deseription of these forces
a8 mmple ag poszsible, we rostrict our attention here to the important case of
horizontal gas motion. The r-cooedinate points toward east, the g-coordinate
toward north and the z-coordinate is directed upward; see Fig, 3.33. Choosing
the r-coordinate (cast-west direction ) ss representative for the horizontal, we
first consider only the rcomponent of the relevant forces,

Internal Forces. Internal foroes arise from the momentum transport carriesd
by the motion of the gas particles. The gas in the volume element considered
can gain or lose o quantity of momentum f dee to the motion of the gas
particles. In cither case, the temporal change of momentum of the gas volume
corresponds Lo an internal foree acting on this gas volume given by 87 /0.
The volumetric foree generated by an inhomogeneonus momentum fux ean be
determined with cthe help of Fig. 3.3Ma. Independent of the particular form of
the momentum, a quantity of momentum A} will be transported into the
volitme through the surface A on the left side (the notation is the same as
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introduced in Section 2.1.2). Simultanecusly, a quantity of momentum AF7
is transported out of the volume on the right side. One obtains

dol. Ar

) A A
B ki)

A} = ol (x— Azf2) A At = (¢ ,(z) -

aurnd

dol , Ax
Al = dp, 0+ Ax(2) A Al = (8 () + 5=+ ) AM

so that the net change in momentum containcd within the volume element
AV may be written as Al = A} — AID =~ —(8¢' _ /02) AV AL Recalling
that the temporal change of the momentum contained within the volume
corresponids to a foree acting on the volume and dividing this by the size of
the volume element considerad, one obtains the foroe per unit volume

pe L AL/ B,
£ Ay dx:

Depending upon whether we consider the momentum associated with the
bulk or random velocity, or the momentum transport caused by bulk or ran-

dom motion, we distinguish in the following bereeen the flow gradiont foros.
the pressure gradient force aml the viscosity: see Fig, 334,

(3.68)

Flow Gradient Force. The flow gradient foree accounts for the flow-induced
transport of momentum associated with the How velocity, for which i‘_.—"' =
[rreag Jring,, see also Eg. (2.16). The low gradient force is therefors given by

SLLLTH] 2
ST U :
['Fr]'ﬂil'u' = H-T Lo lﬂ'.‘i' ‘.J'ﬁﬂj

Pressure Gradient Foree, The pressure gradient foree is generated by the
mamentum transport arising from the random motion of the gas particles,

Femithi

z
Marth
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e

Fig. 5.35. Coordinate system used for the description of thermosphoric winds
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Fig. 3.34. Internal forces genernted by momentum transport. For simphbcaton,
only the r-companent of the momentum, interesting for zonal winds, = considered.
(a) Tramsport of Lhe momentiin mae by the fow velocily w.. (b)) Transport of the
mckmeniaim ey by the random velocily oo (6] Transport of the momentiim mwiu,
by the random velociiy o,

Thereby, only the momentum component perpendioular to a given surfaee
is considers]. The associated net momentum flux bas already been deter-
mined in Section 2,12 a5 ¢:'Y = m n /3 = p, see Fos. (2.22) and (2.23)
Substituting this relation into Fq. (3.68), one obtains the already familiar
expression for the pressure gradient foree
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dors  dp
gr  dr
Viscosity. The situation is somewhat more complicated for the viscosity.
Here again, the random velocity of the particles is responsible for the mo-
mentum transport, but this time it is not the momentum componont perpen-
dicular to a reference surface — a5 for Lhe pressure — but rather the component
parallel to this surface and aligned with the momentum along the given Aow
direction that is considered. Taken as a statistical average, this corresponds
to the momentum associted with the fow motion mue. As such, we are
dealing here with the transport of a quantity, deseribed by 8 macroscopic
parameter, which is caused by the thermal motion of the particles. The sit-
uation corresponds to those cncountered carlier in connection with diffusion
or molecular heat conduction

For a better understanding, let vs consider the volume element shown
in Fig. 3.34c. Gas particles will enter the lower boundary surface of this
volume element as a result of their random motion, However, because of
the fow speed gradient in the s-divection, these particles carry @ smaller
momentum in the r-direction than those particles simultaneously leaving the
volume through the lower boundary surface, The result 15 & net transport of
momentum e, in the negative z-direction, ie. a net transport that strives
to eliminate the existing velocity differences.

For s quantitative trestment of this effect we refor back to the approach
ised when dealing with diffusion or molecular heat conduction. For example,
replacing the heat content of a particle fkT/2 in Eqs. (3.41) and {3.42) by
s meAn momentium i, one obtains (with =, 0 f(2))

(Fy :I'pfrlln'lll.‘l‘r = {3.701)

de;l“'"]l s é mnE (gl defl

arul
(dél™)y = —mnE(u ) dafl = %-m 1 E ({ug)y + (dug fdz) L4 - Jdz/]
The net momentum flux through the lower boundary surface is thas
He) o 1 oy e dte 1.71
C : e T i o [3.71})

where we have assumed that the flow speed gradient {not the flow speed
itsell} can be considered constant over scales comparable with the mean free
path. The wviscosily coefficient u (also known as the cocfficient of infernal
[friction, dynamic viscosity or simply eiscosity) is by definition

n= & mntl= EVmkTio, = agdT (3.72)

Similar to the heat conductivity, n is proportional to the product of the
density, the mean free path and the mean random velocity. Whereas the
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factor £ = equal to 1/(3./7) in our cstimate, more accurate caloulations yield
a distinctly larger value £ = 5/7/16.

In order to determine the volume force produced by the momentum fluxes
through the uppes amd lower boundary surfaces, we substitute qﬂi!;l ko
oquation of the ferm (3.68), but this time corres ponding to the r-direction,
and obtain

Iiu] ;
aere @ (T E)z A po

{f':}'rmwslru - _T o E ! Dz ! ?-;

where we assume in the last step that the viseosity cocflicient is indepenfent
of = to a first approximation.

It is important to note that viscosity, similar to diffusion and heat condoce-
tion, is an equalization process, While diffusion and heat conduetion smooth
out inhomogeneities in density and temperature, viscosity acts to reduce
bulk How velocity differences. OFf course, such velocity differences can also
be present in the horfzontal direction, but the associated viscosity forces are
comparatively weak. This is a consequence of the large horzontal scales over
which guch velocity changes oocur. In the vertical direction, however, tho
wind velocity can increase from gero to its maximum over a height range of
only 100 km. Congiderable nonlinearities are also observed in this case T s
thus sufficient. to account for only (he vertical velocity variations in Eq. (3.73).

External Forces. Gravity 5 the only external force acting on the neutral
pises of the npper atmosphers

I:F:- }gn:lll:ly = PE i;l?d}

Becanse this force is directed vertically, it plays no role for the horeontal
motion under consideration here.

Frictional Forces: lon Drag Force. The ion drag force is a frictional force
between neutral gas particles and ons. A certain fraction of the gas particles
in the upper atmosphere, a5 mentioned earlier, is ionized. When these charged
particles move through the Earth's magnetic fickd, they experience o magnet ic
force, Here we are not imterested in the details of this interaction, as they are
discussed atl length in Chapter 5. For the present, it is sulficient to know
that the charge carriers can move frecly onby along the Earth's magnetic ficld
and not perpewdicular to it. Since the terrestrinl magnetic fcld s filted to
the horizon in the meridional direction, these charge carriers cannot move at
all in the zonal direction and can move only conditionally in the meridional
direction. For the zonal dircetion, the ionized particles therefore behaee like
a stationary gax, an obstacle through which the thermospheric neutral pas
mst move, The frictional foree between two gases of different flow veloeity
his already boen determined in Section 2,3.4. Applying Eq. (2.57) to a zonal
wind flow, the ion drag foree with (w, )ipne = 0 is found to be
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(F2lion drug = — pulstia {3.75)

where p is the mass density and ] | is the momentum transfer collision fre-
quency between neutrals and ions. Becanse 1), <€ 1y ; (see Eq. (2.56)), the
corresponding electron drag foree s negligible.

Inertial Foree. The sum of all forees acting on a gas volume will produce
an acceleration which is opposed by the inertial force. According to Newton's
law, this aceelerution & equal to the temporal dhange of the momemtum of
the body. When the body is a gas, in our example & volime element with
mass density p and velocity w,, then the r-component of this inertial foree
por unit volume & given by

)
P

Apparent Forces: Coriolis Foroe, The above form for the inertial foroe
is valid only for a nonaccelerated coordinate system, ie. an inertial system,
Here we are interested, however, in the wind flow at a given point on Earth
(aee, for example. Fig. 3.31), e in the wind fiow in a coordinate svstem
that rotates with the Earth. Accordingly, Newton's w must be transformed
into this corotating svatem, This vields two additional isertial force terms,
which are denoted apparent forees bacause they arise only &5 4 conseqnence
of the transformation. These are the centrfugal forre and the Coriofis foree,
The centrifugal force has already been discussed Tn Section 2.3.1, Tts verti-
cal component can either be neglected or combined with gravity as pare of
& reduced gravitational acceleration for more accurste calculations. While
the centrifugal foree always acts on @ gas volune rotating with the Earth,
Coriolis forces appear only for gases that are moving relative to the rotating
coordinate system. As an example, the form of the Coriolis foroe for the zonal
a-direction is derived here using simple argumentation,

We coasider an alrflow directed from north to south: see Fig. 3.35. Viewed
from outside the Earth, this will follow a straight line trajectory. Observed
from the rotating Earth, however, it appears to be deflected toward the west.
For the corotating observer this behavior ean only be understood as an ac-
celeration toward the west, the magnitude of which is determined as follows.
Let the velocity of the airflow in the inertial system be uy. At this speed
it will cover the distance AB = y over the time & A stationary observer of
this airflow on the Earth's surface will move becanse of the Earth’s rota-
tion from point B to point C during the same length of time. The distance
covered by the observer ks given by x = Aw, ¢, where v, is the difforence
between the corotation velocitios at points A and B. With v.(A) = 24 ' and
e[ B) = 2e(r'+ Ar) the difference in velocity is found to be Ay, = Qg A,
Finally, noting that Ar' =~ y singe and y = uy {. we arrive at the relation
& = uyPpsing 1%, The observer on the Earth atteibutes this deflection = to
an acceleration perpendicular to the flow velocity w,. The fact that the de-
Hection ariging from this acceleration is proportional to the squarne of the time

{ ,"; :]mri fHal =

(5. 76
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Fig- 3.35. Desiving the Corlolis acederation

indicates that the acceleration a is constant (for which we have an expression
of the form x = a#*/2). Comparing these, we obtain a Coriolis aceeleration
0 i priotie = 2t Mp sing ., amd for the r-component of the Coriolis force per
it volume

{F::]{'-'anatu = 1 [ g Fi-“-ﬁ" {:-I'T?]'
The How is deflected toward the right in the Northern Hemisphere and to the
left in the Southern Hemisphere. An analogous expression can be derived for
the Coriolis foree in the y-dircetion associated with the sonal wind How. In
this case, however, the deflection is caused by the horizontal component of
the modified centrifugal force.

3.4.3 Momentum Balance Equation

In the following the forces introduced in the prececding section will be come-
bined in the form of a ferve squilibrivm relation. As previously, we consider
only forces in the cast-west direction (r-component )
_E"[,P'“i} _ @ iFifr -~ . i 'ﬁ'l:]""-"r_]
L Az + P (el S _ﬂl
Sinee the left side of this equation can be considered a2 5 tally of momentum
gaing amd losses, this relation is also known as the mementum balance egun-
tion. An alternative form of this relation is obtained if the frst and ffth terms
on the left side are differentiated | product rule) and then suitably combined

-(m'u D) +mn &—-ui+rﬂ T 2'3+m 1 ﬂ
T dr * B = i

(Eh-c, ﬂn,)
= —p _+'H.: —

+3puy Desngs 0 (LTH)

i ilr

where, in the sccond step, we have made use of the continuity equation
dnfii + N nug)/de = 0. Rearranging, we can write the momentum balance
equation in the following way
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dhig Ehr,)_ (H i
F(q':iﬂ' + tir 7 =p m+u,ml iy

_ _dp i . : oo
= =g TW 52 ~Pa ur + 2 p uy g sinyg (3.79)

Wi now extend this relation to three dimensions

i D
Here, for the sake of brevity, we have introduced the horzontal velocity 4y =
iy + gy and the convective derivative

P )
= -Vptngg +od+pvm (E-D+2pd x T (380)

D

D
The details of this extension will not e expluned farther here. Whereas
with some terms it 15 immediately obvions, with others it is lesg intuitive,
As an example, for the accond term on the left side, wedhg fie = (0% )i, 1t
should be recalled that the low velocities uy and wg (for threedimensional
flow in the -, - and k-directions) must also account for the transport of
momentum e if this fow has pradients in the 7- and/or k-directons, This
i elucidated by the various components of the quantity (7 V)T in Eq. | A.059).
Moreover, restrictions apply to the extension of the viseosity term. To a good
approximation, vertical winds are neglected with respect to horizontal winds
aml horizontal variations are neglected with respect to vertical variations.
More general expressions for the viscosity term may be found in Appendix
A, One must account for the Earth's acceleration, of course, when extending
the treatment to three dimensions. Finally, it should be explicitly stated that
the above relation is valid for a single gas (or a completely homogeneous gas
mixture with sverage properties). as indicated sometimes by indices on the
various parameters,

Equation (3.80) is denoted as the foree equilibrium or momentum bal-
ance equation, sometines also simply as the tronsport cquation or equation
of maotion. These latter designations are appropriate because the equation is
utilized to determine the flow velocity and therefore the transport and motion
of a gas. Before attempting such a determination, it is highly instructive to
explain the origm of the designation ‘convective derivative' for D/DE For this,
rather than the previously considered stationary (or Euler) volume element,
we now work with a volume of gas that moves along with the flow ( Langrange
violume element ). In contrast to the Euber case, the same gas particles are al-
ways contained within the Lagrange volume element. The acceleration acting
on these particlos can be resolved into two types, In the first case, one can
have a purely temporal change of the Row velocity. A second possibility s
that the gas particle ensemble can be accelerated because of spatial varintions
of the Aow Reld. These two sourees of acceleration are illustrated in Fig. 3.36,

i
=5 +EY) (3.81)
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Fig. 3.36. Las flow through a constricted pipe system

an exsmple showing aiflow through a constriction in a pipe svetem. In or-
dor fo maintain continuity of the airflow through the svstem. the velocity
i the narcower pipe must be greater than that in the wider pipe, and the
gas volume mist be aceelerated in the conical interface piece connecting the
two pipe sizes, The velocity increases by an amount Au, = (G, /Ja)Ar ws
the gas fiows through the distance Ar, The time required to move through
this distance s Al =~ Az fu,, so the change in velocity per unit time (i.e. the
aoceloration) is

Au,  (Duy/Oz) Ax _ o D

At Arfug ™

Another iype of acceleration occurs when the fAow velooity @ mgulated by
opening and closing the valve. The change in fow velocity in the entive pipe
system resulting from this action & purely temporal and is described by
the partial derivative of the velocity with respect to time G, /0f. The total
acceleration of our moving {convected) gas volume @5 thus given by

(E-’-H i L]
[ R T

where the expression in parentheses corresponds to the convective deriva-
tive. Mote that we do not ineur any temporal and spatial changes of the gas
mass with the Lagrange approach: the volume element always contains the
same gas partickes. Furthermore. there is evidently no fow gradient force act-
ing on the volume clement, because the volume moves along with the How.
The same momentum balance equation holds accordingly for every point
of our fAow field. irrespective of whethor wo choose the Euler or Lagrange
approach. Altermatively, the momentum balapee equation (like all other bal-
ance equations) can also be decived from the Boltemann equation | 2.88), This
derivation has the advantage that the mathemastical strueture and validity
regime of the momentumn balance equation can be more clearly recoeniped.
The disadvantage is that the derivation s less evident and mathematically
more elaborate. We thus content ourselves here by outlining the derivation
in Appendix A6,
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3.4.4 Calculation of Thermospheric Winds

The momentum balance equation (3.80) is a fairly complicated system of
coupled, nonlinear. partial differential equations, [t s a ‘system” because the
vector relation contains three separate component equatbons (the =, y- and
z- components in a Cartesian coordinate system), and it is ‘coupled” becaumse
the velocities of the other components appear in the viscosity and Coriolis
terms. Furthermore, the velocity of the jon component & must generally be
determined self-conskstently, We will therefore limit ourselves in the following
to a discussion of greatly simphned forms of this equation. These abndged
eqquations have analytical aolutions that can be compared with observations.
As a control, consider first the case of a stationary atmosphere. Setting .
ar; = 0, Eq. (3.50] is reduced to the aerostatc equation. Not surprisingly, this
is & special form of the momentum balanee eoquation,

Mext we conslder the case of horieontal wind Aow in the lower atmosphere
When examining weather maps, it is striking that the wind flow moves along
isobara rather than following the pressure gradient. The air just cireulates
around the high and low pressure gones without directly inducing a pressure
compensation. In the Northern Hemisphere, the creulation moves clockwise
for a high pressure zone and counterelockwise for a low pressure region. The
sense of cireulation s opposite to this in the Southern Hemisphere, This
ohservation implics that the Coriolis force plays a dominant role in the lower
atmosphere. Neglecting all terms except the pressure gradient and Coriolis
frces in Eg. (3.80), one obtains the so-called geostrophic spprocimalion for
the horizontal equation of motion

s ; E}E S —I-—.— G—'E ¥
=T @ p genyg) By ' W 20 Mesing br @0

which is valid for mid-latitudes. For a glven density and pressure distribution,
these equations yield horizontal winds that are often in remarkably good
agreement with the observations,

One ook at Fig 3.32 clearly shows that the peostrophic approximation
cannot be extended to the upper atmosphere, To a good approximation,
wind currents at an altitude of 300 km follow the existing pressure gradients,
aml direct pressure compensation occurs between the warmer dayside and
cooler nightside, Coriolis forces evidently play only a subordinate role in the
thermosphere. We will thus neglect these and, as & trial. all other terms in
the momentum balance equation except the pressure gradient and fon drag
forces. In this case the zonal wind component becomes

1o
L fx

(.83)

-
lig =

We examine this solution with the help of the model caleulations shown in
Fig. 3.32, noting that atombe oxygen is the dominant neutral gas and ion
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constituent at & height of 300 km., Using o, .+ = 8- 107" m? (o, 4+ i85 about
twice as large as o, due to resonance effects), nge (300 km) = 5- 101 m~—7,
My = g = 16 my and Ty, (300 km) = T,{300 km) =~ 1000 K, the momen-
tum transfer ecllision frequency computed from Eq. (2.56) becomes v}, | ==
4 107%s~ L. Further, we take the oxygen density from Appendix Ad to be
7, (300 km) = 6 - 10" m~?, and estimate from Fig. 3.32 a value for the pres-
sure pradient in the dawn sector at equatorial mtitudes: Ap/fAr = 4- 107"
Fa/m. Putting these values into Eq. (3.88), the sonal wind velocity in this re-
Fion is calomlated as n, == 60 m/5, in good agreement with the winds actually
ohserved there, Evidently, eonsideration of just the pressure gradient and fon
drag forces yields wind directions and wind speeds in rough agreement with
the observations. That ion drag & indoed a dominating force in the upper
atmosphere may be inferred on the one hand from an order of magnitude
compartzon with the compeling forces and on the other hand from the fact
that much higher wind velocities are observed in the night sector, where the
ion densiky 15 smaller, than on the dayside, (8ce Figs. 3.31 and 3.32).

The variation of the thermospheric winds with height i= determined essen-
tinlly by the viscosity, The viscous forces, which strive to smooth out velocity
difference?, become contimually more suceessful in this effort with increasing
beight. The height dependence of the viscosity coefficient is primarily deter-
mined by the temperature profile, even though strongly attenusted by the
sguare rook, see Eq, (5.72). At any rate, 1 goes to a constant maximum value
upon approaching the thermopause temperature. This means that a momen-
tum flux &;'y’ caused by a given velocity difference will be greater in the
upper thermosphere than for the same velocity differenee in the lower ther-
mosphere. This is true even though the smallest momentum fluxes are capable
of smoothing out velocity differeness in the upper thermosphere because of
the low density there. The welocily assimilation caused by the viscosity is
therefore much more effective in the upper than in the lower thermosphere.
Accordingly, the wind velocity in the upper thermosphere, similar to the tem-
peratire, tends to approach o constant Bmiting value, This is documented
in Fig. 3.37, which shows the meridional wind currents in a cross section
through the midnight sector, The limiting velocity & obviously attained in
thiz example even below the altitude 300 km,

It may also be seen in Fig. 3.37 that the mass flow directed toward the
cqiator in the upper thermosphere i@ balanced by & poleward direeted mass
fiowe in the lower thermosphere, OF course, the return Bow velocities in the
lower thermosphere are much smaller because of the greater densities there.
All thinge considered. however, the wind circulation resembles the flow field
of @ Hadley cell. Superposed on this How, easily recognized in Figure 3,37,
is a wind circulation from the summer to the winter hemisphere {seasonal
winds). This is evidently driven by the pressure gradient that exists between
the hotter summer and cooler winter hemispheres,
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Fig. 337, Cross section through the merklional wind ny in the midnight sec-
tor (0 hours local time, F geographic longitude). The distribution holds for the
noethern sumaner solstioe (21 June) at inoderate solar activity (Cl=100) and weak

geomagnetic activity (Kp=2). The winds were caloulated using the model HWM
93 (Hedin, 1996).

It = worth noting that jon drag can produce not only deceleration, but also
acceleration. This 8 the case in the polar upper atmosphere where intensive
electric fields can accelerate the jons to high velocities, Upon transferring
a fraction of this kinetic encrgy to the neatrsl pas vie collisional Friction,
substantial wind velocities { > 100D m/%) can be achieved. This additional
wind source will be addressed in more detail in Section 7.5,1.

4.5 Atmospheric Waves

Waves are omnipresent in the terrestrial upper atmosphere and, a8 such,
classic examples of thermospheric dynamics. A short introduction to this
broad field of study & given bere. We first refresh our understanding of the
formal deseription of waves. The parameters necessary for such a deseription
are then derived using acoustic waves as an example. This i= followed by a
study of atmospheric buoyancy oscillations. Finally, albeit only qualitatively,
we discuss atimospherie grovity waves, Le a phenomenon that unites elements
of hoth acoustic waves and buovancy oscillations.

3.5.1 Wave Parameiers

Various parameters are necessary in ovder to completely describe n wave.
Among these are the wave amplitude aq, which gives the maximum devia-
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tion of o quantity o from 8 equilibriom value due to the wave; another s
the angular frecency w = 28/7 (7 i8 the wave period), which determines
the number of oscillations per anit thime the wave generates at a given polot
in space; and finally the wavenumber & = 2x/d (A & the wavelength], which
defines the spatial density of tho wave crests and troughs. Additional parame-
fers are usel W odeseribe the phase, polarization and direction of propagation
of the wave, It is sufficient in the following to consider the case of a plane
barmonic wave. Letting the wave propagate in the z-direction, we have

aft, r) = ag sinfuwt — ki) {3.84)

An essentinl quantity is the velocity with which the various phases of the
wave, e 18 maxima and minima, propagate. Thiz phase celocity, which
miay be determined from the condition wi — kr = const., 18 glven by

Tphy = w 'k 13.85)

This must be distinguished from the group velosity v, . which gives the prop-

agatinn velocity applicable (o modulation on a career wave or impulsive dis-

turbances formed by i superposition of waves. The group velocity is glven by
i

e = F (3.8

1.5.2 Acoustic Waves

Plane acoustic waves are a particularly simple form of stimospheric waves, Al-
though ks important for the thenmosphere, they are nevertheless woll sulted
for an introduction into the more complicated physics of the dominant wave
tvpe, the atmospheric pravity waves, Furthermore, acoustic waves display
slinilariths to an important type of plasmas waves.

The physica of acoustic waves is explained in Fig, 3.35. Alternating zones
of density enhancement and depletion are produced in s gas by the rhythmic
nothon of & membrane, Pressure gradient forces —dp/de act at the edge of
n pewly formed enhancement gone, accelerating the gas in the e-direction.
This creates a new enbancement wone ab o larper distance from the mem-
brane and the disturbance toavels in the sodirection at the spoed of sound
(noowstic speed) vy, as the phase velocity i denoted.  Following each en-
hancement zone is a depletion sone with its associated pressure geadient that
pushes the pas in the negative c-direction. The gas moves back and forth
during the transit of the enhancement and deplation zones generated by the
alternating acceleration, bul il remains stationary when averaged over Lime.
We denote the spatial deflection of the pas by £ and the velocity of this
deflection by u,.

Clearly, waves must obey the fundamental equations describing their
propagation medinm in order to exist at all, For propagation in the ther-
mosphere these are the density, momentum, and energy balance equations.
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~bpfs -Bpjdr  ~dpfos  -Opfiz

Flg. 3.38. Density distribution in acoustic waves dod the posithbons of masximm
pressure gradient and gas velockly

Here we assume that the energy equation can be approximated by the adin-
batic law (2ee Appendiz A7), We also use a greatly simplified form for the
equation of motion

ihi ity ity
—_— o i H
# il Yo itr itr (3.87)

Comparing this with Eq. (3.79), it iz seen that the Coriolis foree [bo a very
good approximation), as well as the viscosity and frictional forces (o & first
approximation), are neglected here, Moreover, gravity also remains uncon-
sidered.

Evidently, Eq. (3.87) represents a relation between the three atmospheric
parameters uy, @ and p. In order to caloulate one of these quantities, the
other two must be eliminated. This is acoomplished with the help of the
contimtity eguation and adiabatic law. The former relation, of course, is a
gpecial form of the density balance cguation, and the latter relation assumes
that exchange of enerey via heat eonduction does not eocur with these waves
We use these two equations to derive an additional relation between p and
ug- Differentiating the continuity equation (2.19) for the z-direction

i i i [T

-._:-#-+ura-;+u A =10
and differentiating the adiabatic law [2.36) with respect to the variable
yields
it l o n dp
— - - Bl S e i L
F s 4 H o oap o

This expression can be used in the continuity equation with i = ¢ and i = .
The result i the ollowing relation betercen p and u;

dp  Op B,
:‘M'H'"‘ ﬂ$+1ﬁm L] (488

Simplifying further, let us asqume that the pressure and density deviations
caused by the wave, py and gy, are small compared to their equilibrium values
Pa and gy, and that the background atmosphere Is homogeneous and at rest
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plz,t) = py + plx, 8]  with p; < po, po # iz, 1)
plz.t) = +mizt) with p < o, po # flz,t) (3.59)
1'-1'[.4'!'!] o II-l_-rl:iT-‘ﬂ armd tig =

Uaing this amall perturbation approach, Bgs, (387) and (3.88) can be ap-

proximated by
I-j‘i-nr l-..'i'llu + | l‘:ﬁ'.'] ']

BT o Ty 0 30)
i i By
ot T Tye Br + 4 I = [ (3.91)

It should be mentioned that the disturbance variables gy < py and py < g,
but not necessanly their derivatives, can be neglected in the above expres-
sioris. W now meke the additional assumption that the nonlinear terms
uygihey /O and uy Opy /82 can be neglected with respect to the ofher torms
of their respective equations, The conditions under which this is possible will
be investigated later with the help of the solutions we obtain, Two linesr
equations for the disturbance quantities wy, and p; are found under this
approximation. Differentiating the upper equation with respect to ¢ and the
Iwer equation with respect to x and eliminating g by substitution, we obtain

Puye  po Puy,

Al 3:32)

This corresponds to a wave equation for the velocity uy,, for which we can
anticipate a solution of the form

iy = (Uil Bilwi — kz) (3.93)

where (wig)y 12 the amplitude of the welooty oscillation. Using this in
Fep. (3.92), we arrive at the following dispersion relation between the fre
quency o ard the wavenumber k

~w? + k*y pofpa =10 (3.94)

Combining the squations (3.85), (3.94), (2.28) and (2.34), one obtains the
frllovwing expression for the speed of sound

vs = w/k = /3 pip = /T1+2/f) KT [m (3.95)

where we have now dropped the index ‘0" on the background pressure, den-
sity and temperature. The spoed of sound is evidently independent of the
frequency and is thus also equal to the group velocity. Using the appro-
priate mean degree of freedom and the mean gas particle mass, Eq. (3.95)
yields typical values for vs near the ground and in the upper thermosphere
of ug(h = 0} = 30 m/s and vg{h = 300 Jon, T = 1000 K ) = 860 m/s,
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respoctively. A comparison with Table 2,1 shows that the magnitude of these
values i= condistent in each case with the ramdom velocities of the gas particles,

Ohur derivation wias based on the assumption, among others, that the
nonlinear term |u); duy, /x| s small compared with the other two terms
|haye feMt] and |(1/pa)itp /x|, which are of about equal magnitude under
these conditions. Substituting the solution {3.93) into Bq. (3.90] and compear-
ing terms, it is found that our assumption evidently requires w = (uyg)= k.
of [tnle € vy, In other words, our approach is valid only if the deflection
velocity is small with respect to the spoed of sound. An eguivalent condi-
tion iz that the deflection amplitude of the pas volume (0], mu=t be small
compared with the wavelength A. This may be easily shown by integrating
Eq. (3.93), (use)e = (£10)z w-

While acoustic waves play only a subordinate role in the thermosphere
{triggered, for example, by earthquakes or by the supersonic motion of the
aurora), they are of great importance for the solar atmosphere, Acoustic
waves, which are continually being excited by vertical photospheric convective
motions, travel outward into the chromosphere and contribute there to the
heating of the gas (see Section 3.1.2). The dissipation of the wave encrgy s
brought about, for example, by the strong growth of the deflection amplitude
and veloeity, & process that can be understond rom the Gollowing. The time-
averaged kinetic energy density of an upward propagating acoustic wave is
given by

(Bl = % p uf,) = % p (uyo)? (sin(wt - k2)) = & pluwlt  (3.96)

where p is the density associated with the deflection velocity uy, and the
temporal mean is caloulated with the help of the integral (A.6). As with all
wavelibe processes, the mean potentinl energy density can be taken as oqual
to the kinetic energy density, The total energy density ol an acoistic wave
is thus given by (E*) = p (uw)3/2 = p o (£0)3/2. Because this energy
density is tramsported at the velocity vg, the resulting energy flux (Le. the
wave intensity) is found to be ¢f = (B A{vsd)/AM = (E")vg, where
Alve At} is the volume of the sound wave that passes through the surface
A in the time Af. Assuming that this energy flux and the speed of sound
stay roughly constant during the propagation of the wave into higher atmo-
spheric layers, this requires that the deflection amplitude and velocity, which
are inversely proportional to the square root of the density, must inerease,
Le. (sale, (E1a): ~ 1/ /B, This increase can casily exceed a factor 100 as the
wave progresses through the opper photosphere and lower chromosphere. Tt
is thus not difficult to visualize that thie must sooner or later lead to non.
linearities ({ui0)s S g, (Ewo)e < A) and dissipation of coberent wave energy.
Furthermore, viscosity and heat conduction effects become more important
with increasing beight, inducing additional dissipation of wave energy. In
summimary, the heating by acoustic weves provides an important, eontribution
to the heat budget of the chromosphere.
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A al=l
plz) = plap| + Ap
Az |
' adiabatic
- Alzgh=p"[2a)
plza) = p*{z)

Fig. 3.39. Detivation of the buwancy oscillation frequency. The quantities with
asterisk refer to the gas volume ander consideration with copstan mass M*. The
acceleration of gravity g is taken as constant.

3.5.3 Buoyancy Oscillations

Whereas acoustic waves play only & subordinate role in the thermosphere, a
variation of this wave type modified by buoyaney effecta is of sreat impor-
tance. In order to understand this more complicated wave type better, it 8
appropriate to first explain the origin of buoyancy cecillations. We consider
an air parcel in g stable layered atrmosphere that @ raised from its equilib-
rium location &t z; to & height z; soe Fig 339, Bocause of the lower pressure
in its new surroundings, the gas volume will expand and perfornm work. This
happens at the cost of its internal encrgy and the gas must cool off, For an at-
mosphere in equilibrimn, the temperature in the gas volume i now less than
aiisicde and the gas parcel becomes heavier than its enviromment. As a result,
it sinks back down in the direction of its original position. The gas parcel will
overshoot its equilibrium position, however, because of the kinetic energy
gairwd by its downward motion. At lower heights the gas parcel, compressed
and heated with respect to its equilibrium state amd thus lighter than its
newr environment, will be aceslerated by an upward directed buovaney foroe
back to its original position. In this way, the gas volune evidently bobs up
and down about its equilibrium height, a phenomenon denoted the buoyancy
pscallation. We determine the fequency of this oscillation in the following.

A well-known result from elementary mechanics is that the restoring foree
of an oscillating system F,., is proportional to the deviation {defiection) from
the equilibrium position. Denoting M the mass of the oscillating body, 2o
its equilibrium position and Az = z — z5 the deflection from this position,
then Mewbon's lnw reguines

. d% . 47z ;
M E‘E- =M -\-:-I-EIE'\-' = .F-.-”, =— K Az {39?.::'



152 3. Absorption of Solar Radiacion Energy

where K i8 a proportionality constant (e.g. the spring constant). A solution
of this differential sguation i@ a simple harmonic oscillation of the form

Az = (Azy sinfwt) {3.98)

where (Az)p is the deflection amplitude and w is the frequency of this os-
cillation. Inserting this solution into the diferential cguation, we obtain an
expression for the cecillation frequency

w o= o KA {3.09)

In the situation sketched in Fig 3.38, the restoning force is the difference
between the pressure gradient and gravity forees for the given defiection

Frggm ¥ (2) Op/Oz|; - M" g

With V*(z) = M*/p*(z) and 8p/dz], = —plz)g we can write this expression
in the following way

Freo = M" g (p(z) = p"(2))/p*(2) (3.100)

Thi strength of this restoring foeee is controlled primarily by the difference
Pz} — p*{z), rather than by the particular value of the denominator. For the
small deflections considered here, the quantity p°(z] in the denominator can
thus be replaced without Turther ado by the somewhat larger value p"(z0) =
).

l-']'unhm'nmm. the deneity p{z) in the numerator can be approdmated by
the following Taylor series, truncated at two terms

pz) = plz) + Bp/ )y, As

The same approximation can be used for the density p*(z), whereby we as-
s that the density variation in the gas volume proceeds adiabatically, e,
with no exchange of thermal energy

: . ﬂ,l'-"- i N _;F‘_EE 30 P{EUJ{'
plzh=p*{z) + % ln'f"-"-"{‘““(w a;)m ¥ =)= g {=n]

In the seeond step we have made use of the adiabatic law (2.36) and the
approximation Ap ~ (fp/Bz) Az as well as the aercstatic equation (2.38). In
the third step we retrieved the expression for the speed of sound (3.95). The
restoring foree can thus be written as follows

o Meg [ap| | plzode A
R, =29 _f’l 0] A=K A
" plzo) [ , +Fﬂ-‘-n?] ’ :

This relation defines the value of the proportionality constant K and, using
Eq. (3.99), the value of the desired Fuopancy oscillation frequency
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g ) (3.101)

W
“Var |||| p{zq} ﬂz o Ui{z)
The quantity w, is also denoted the Brunt-Vdisald freguency in bonor of its
‘digeoverers’. In order to simplify the above expression, the term (17 phdpfdz
will be rewritten as [ollows. From the expression in Eq. {3.95) for the speed
of sound we oblain Inp = Iny + Inp - Inef. This allows us to write

_I. s {]“‘P:I ﬂ““-j.l:l 5 -I'Ij““ p§:|.

p bz @: e P
__pg_ 1 i g 1 i
B P 'ljy sz _-ﬁ: L_..!' Bz

which we can then substitute into Eq, (3,101 and obtain

I [ g i Jgfg  OT
*“w-y/r-z‘ Nk g5 = r( +m) I

5

where all quantities refer to the given equilibrium height z. If the speed of
soiind (or the temperature) can be assumed constant to a first approximeation
within the range of oscillation, the expression for the buovincy oscillation
frequency roduces to the simple form

we =g V=Yg =g/ /5, T {3.103)

For the upper shermosphers (300 km) ar a temperature of 000 K, the boov-
ancy oscillation frequency s found from this formula to be 7, = 27/w, = 13
LimLfes,

3.5.4 Gravity Waves

In order to dispel any possible misunderstandings: gravity waves have noth-
ing to do with the fascinating, but hitherto undetected pravitational waves,
Rather, we are dealing here with a special form of atmospheric wave, for
which buoyancy plays an important role alongside compressional effects. The
treatment follows essentially that of the acolstic waves, exeept that now, in
acldition to the pressure gradient, we aceount for the foree of gravity in the
mimentum balanes equation - therely also providing the name for this wave
tvpe. Equation (3.87) is replaced by the two-dimensional equation of motion

du, dp
PS5 =" % (3.104)
and
i [T iap

i s el (3.105)
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Fig. 3.40. Frequency range for ihe thiee ivpes of atmospheric gravity waves

where the nonfinear terms oo, (& and pu. du. /82 have already boen ne-
glected. Together with the continuity equation and the adiabatic law, we thus
have four equations available for determining the four anknowns a,, ., @
arwd p. The restoring foree for gravity wases is provided by both the pressure
aril buovancy accelerations, the latter, however, acting only in the wertical
direction, The wave propagation thus becomes anisotropic with the waves in
the horizontal direction behaving differently from those in the vertical diree-
tion. This circumstance calls for an approach using different wavenumbers in
the horizontal and vertical directions, generally expressed as follows

alr, z ) = agsinfet — ker — ko 2) {3,104

‘i again stands for one of the four unkowns. Inserting this into the simplifed
equation set and applying the assumption of small perturbations (3.80), we
can derive {after & somewhat extensive caleulation that = omitted here) the
fllowing dispersion relation

w = [d (k2 + D) + (vg/208)") ¥ + (vsw ) K2 =D (3.107)

Obwiously, this condition for the propagation of gravity waves is considerably
more complicated than the corresponding relation (1.94) for acoustic waves.
It i8 a quartic equation for w, vielding solutions anly for the cases

WP e = 9 g (3.108)

A {3.108)

where w, denotes the acousiic rescpance Srequency. Waves of the first case
are referred to as acoustic grovity waves; those of the second case are called
wnternal gravity waves. The frequency range for both wave types is given in
Fig. 3.40. As the name implies, acoustic gravity waves are a slightly modified
variefy of acoustic waves, which, because of their relative high frequoney, are
only weakly affected by buoyaney forees. Like acolstic waves, for which the
gns motion oceurs primarily parallel to the propagation direction, they are
fuasi-longitudinal waves, The internal gravity waves are propagating buoy-
ancy oscillations that are modified by density compression effects. They are
quasi-trapsverse waves. becayse the gas motlon is essentially perpendicular
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£

Fig. 3.41. Density and velocity distribution (arrows) in an idealized, plane internal
gravity wave propagating upward along a tilted path

to the propagation dircction, Figure 3.41 illustrates the density and velocity
distribution in a plane gravity wave propagating upward along a tilted path.

Equation (3.107) is already a special form of the dispersion relation. The
general form allows for an additional wave type called the exfernal gravity
wave or surfoee wive. These waves are characterized by a propagation in
the horizontal direction, a height-independent phase, and an amplitude that
decreases exponentially with distance from their defining surface. As such,
thig type corresponds to commaonly observed water surface waves or selsmic
waves o the Earth's surface Becanse the atmosphere has no well-dofined
surfaces, however, this wave type plays only & minor role

Crawity waves are most often detected by their ionospheric signature and
are held nesponsible for propagating, quasi-periodic fuctuations of the elec-
tron density and layer height. These effects can be detected by radio sound-
ir g methods (compare with Section 4.7.3). Such porturbations have also been
desipnited ax froveling ionospheric disturbances, or TIDs for short. A topic
of special interest in Chapter 8 will be the signatures of large-scale internal
gravity waves. Large-scale in this semse means wavelengths of a fow 1000 km
and periods of the order of one hour, Such waves have their origin alt polar
latitudes, where the upper atmosphere s repeatedly heated by energy injec-
tion during disturbed conditions. Trigeered by the sudden expansion of the
atmospheric gas, these waves (or, more properly, their impulse-like superpo-
sition} propagate equatorward with velocities of up to 800 m /s, Among other
effects, they produce a significant increase in the electron density (Lo, o pos-
ttine fonospherie storm) at mid-latitudes and a considerable disturbance of
the neutral gas density at equatorial latitides (see Sections 8.4.2 and 8.5.2).
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Exercises

3.1

3.4

3.6

3.7

{a)
(b)

Determine the mass of hydrogen converted to helinm in the Sun per sec-
ond. How many solar nentrinos pass throuph the sverage human body in
this time {Apoay = 1 m*)7?

Using Fig. 3.8, compare the magniiudes of the photon Buxes and partice-
ularly the radiated energy fluxes in the neighborbood (5-nm intervals) of
the Lyman-o and Hell lines,

Destlisee the present phase of the solar eyche with the help of the 10.7 cm
radio flux data reported on the internet (http: //wuw.drao.nrc.ca).

A monochromatic photon fBux penetrates into a homogeneous gas of den-
gity n. The absorption cross section is o7 . Caleulate the mean penctration
depth of the photons.

The intense Lyman-o radiation of the Sun is abeorbed mostly by molec-
ular oxygen (o7 (Lya) = 107%% m*) at heights near the mesopause
(T = 160 K, ngoat(85 km)= 2 - 107" m 7). Calculate the absorption
hieight for this radiation and the maximum energy depagition rate for an
incidenee angle of 50°. How large would the rate of change of temperature
be at this height if heat losses were neglected (o' = 0.3)7

As o result of *atmospheric breathing”, a gas volume of mass M in an
isothermal atmosphere s raised from the height by to the height hy.
Show that the work expended in this process corresponds exactly to the
adiabatic work of expansion produced by the gas volume during its up-
ward motion. How long must the Sun shine until this amount of energy
is available to the gas volume in the form of heat (h; = 300 km. bz = 350
km, ¥ = 17

An earthquake produces a seismic wave with a period of 10 minutes,
causing the Earth's surface to move up and down with a displacement
amplitiude of £5 mm.

Assumitig a constant speed of sound and neglecting losses, how large is
the amplitude of the resulting acoustic wave at an altitude of 300 km?
A radio wave at a frequency of 5 MHz is reflected from the ionosphere,
which moves up and down with the amplitude caleulated in (a) at the
frequency of the seisnic (acoustic) wave, How large is the frequency shift
of the reflected wave caused by the Doppler effect?
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4. lonosphere

By fonosphere we mean the ionized component of the upper atmosphers
This definition lmplies that woe are dealing with a mixture of thermal and
eravitationally bound charge carmer gases, Although only present as a trace
canatituent, this charge carrving component has important consequences. For
example, it enables the How of electric currents, thereby leading to magnetic
field perturbations and clectrodvnamic hieating effects. It also infucnoes the
dynamics of the upper atmosphere by producing or slowing down therme-
spheric winds. Finally it modifies electromagnetic waves, whether it be by
refraction or reflection, attenuation or rofation of the plane of polarization.

There were & mumber of early speculations on the existence of & conduct-
ing layver in the upper atmosphere similar to what we now call the jonosphere,
Gaubh (153 again note that, when given in the text, the year denotes the
Lirming of an event and does not identify & reference) and later Kelvin (1860)
theortzed that Auctuations of the geomagnetic feld were produced by up-
per atmospheric currents. This hypothesis was elaborated by Stewart (1883),
who attributed the regular daily variations of the gromagnetic field to dy-
namo currents caused by tidal winds, The physical nature of these upper
atmospheric currents remained an enigme, however, because the existence of
free electrons and jons was not generally accepted until about 19K, The no-
thon of a conducting kaver in the upper almosphers was rejuvenated in 1901
That was the year Marconi first succeeded m transmitting radio waves across
the Atlantic, a feat that was explained independently by Kennelly, Heaviside
and Lodge (1902) as reflection of the waves from free charge carriers in the
upper atmosphere. This explanation was supported by the work of Tavlor
(1905) and Flemimg (19046), who, following Lodge, sugeested that solar UV
radiation s responsible for the formation of these charge carriers. The exis-
tenon of the Kennelly- Heariside leger nevertheless remained controversial (an
*‘academic myth') until the vear 1924, when twn independent groups, Breit
and Tuve in the USA and Appleton and Bamett in England, were able to
prove the reality of the fonosphere with specially contrived radio wave expor-
iments. Appleton was later awarded the Mobel pose for his work in the feld
of ionospheric physics. The experiments of thes: beo groups mark the begin-
ning of experimental exploration of the jonosphere as well as the beginning
of active nvestigation of space,
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Monitoring the ionosphere with radio wwves is still an active branch of
research today. There are, for example, some 100 onosonde atations around
the world that investigate the structure and variability of the jonosphere
with the help of reflected radio waves (echo sounding). There are also power-
ful radar facilities that record the incoberent backscattering from this layer.
In addition to these ground-based observations, space technology has pro-
vided the possibility of in situ exploration of the jonosphere. This chapter
first deseribes the height profile of several important lonospheric quantitics
determined from these varions investipative techmiques, This is followed by
sections explaining the observed density distribution. The concluding section
is devored to radio wave propagation in the ionosphore.

4.1 Height Profile of Ionospheric State Parameters

Generally, all of the guantitios introduced for the desenption of a noutral gas
are alzo applicable to a description of an ion or electron gas. This holds for
ImAacroscopic state parameters such as mass derwity, pressure or temperature
a5 well as for gas kinetic quantitics such as the mean free path or the collision
frequency. In particular, all of the defining equations summarized in Section
2.1 retain their full valldity.

Figure 4.1 shows the height profile of the ionoapheric olectron denaity,
as observed during the day at mid-latitudes and for low solar activity, The
layered structure of the charge carrier distribution is obviows, For this par-
ticular case, the layer is located at & height of aboyt 240 km. peaks at an on
demsity of about §- 10! particles per m®, has a thickness of about 120 kin,
amnl contains & column density of a few 1017 particles per m?®. These layer

parameters are subject to strong Auctuations and the ranges of fypical daily
values nre

Maximum jonization density: Mg = 1= 30108 m—3
Height of the maximum: b = 23 — 400 km
Layer thickness: = T — 400 ki
Column density: A= 1—10.10'7 ;2

When trying to infer the ion density from the electron density shown
in Fig. 4.1, it should be noted that the jonosphere everywhere represents
& guasi-neatral mixture of charge carrier gases, for which the sum of the
positive fons is always equal to the sum of the electrons and negative fons. A
good approvimation above an altitude of roughly 80 kim 1%

b 2 00 bk J‘J.;=ZHJ,2IL|_.£H
i

where m; is the total density of positive lons, n; the partial density of the
fon gpeches §, n, the eloctron density and » (uo ndex) the density of the
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Fig. 4.1. Represntative densiby profle of the olectron density during the day at
tsid-Intitiudes and for low soler activity

clectrons or the total density of the positive ions (Dot oot the total density
of all charge carriers). The contrbution of negative ions above 30 km altitude
is thus negligibly small and the total density of positive ions is about equal
to the electron density,

The ionic composition of the ionosphere is shown in Fig. 4.2. The electron
density profile (e ) corresponds to that of Fig. 4.1, except that now the layer
structure of the distribution is not as easy to recognie with the logarithomic
representation. It is seen that the molecular ions OF and NO' dominate in
the lower ionosphere, which is certainly surprising for the case of the NO*
ioms. In the region of the maximum apd in the upper ionosphere, the primary
o is OF, which seems reasonable in view of the dominance of thermospheric
atomic oxygen in this region. Again surprising are the absence of larger He'
densities and the direct transition from O to H' as primary ion in the upper
inosphere,

We will use the ion composition deseribed above as a guideline for a clas-
sification of the ionosphere; see Table 4.1, The lower region of the ionosphere
dominased by OF and NO' ions is denoted the E region; the atomic oxygen
ion region ahove this @& called the Frepon. Continuing upward, we come (o
the region of dominant H' jons, the protonosphere or plasmasphere, which,
perhaps somewhat arbitrarily, is not considered as part of the lenosphere. Fi-
nally, following the alphabet, the lowermost region of the ionosphere, where
eluster inns and negative 10ns play an important role, is denoted the O repion
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Fig. 4.2. The composition of the jonosphere s observed during the day at mid-
lativudes for low solar activity (adapted from Johnson, 116864)

Ditferent and more detailed classifications are possible (e.g., one discriminates
betwern an Fl and an F2 region in the scientific iterature), but these need
not be discussed here. Note that the heights given in Table 4.1 should only
be ronsidered as typical values, This is particularly evident for the transition
from O to H' joms, which can oceur at an altitude anywhere botwoen 600
and 2000 k.

Ad seen from the magnitudes of the densities plotted in Fig. 4.1 and 4.2,
electrons and jons represent trace gases and the upper aimosphere is only
weakly ionized (n/n, < 1, where n, is the neutral gas density). Typical
values for the ratio of electron to neutral gas density are 10°% at the top of
the onosphere at a height of about 1000 km, 107 at the layer peak, and
107% at the bottom of the layer near 100 km altitude. In spite of these small
relative densities, the jonosphere 1s nevertheless the largest concentration of
charge carriers in the Earth's space environment.

Typical height profiles for the ion and electron temperature under noon-
time conditions are shown in Fig. 4.3, The corresponding height profile for

Table 4.1. Clasification of the ionosphers acoording to comprsition

T3 region f =00 km g HaO" - [(HaO}y, N0,
Irmisphore E region oS A E 170 km O, Mo

Fregion 1705 4= 1000 ko Lo
Flasmusphere foas 1000 ke H '_
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Fig. 4.3. Representative height profiles for the newtral gas, oo, and olectron tem-
perature In the noon merkiian at mid-latitudes and e low solar activity (sdapted
from Kohnlein, 1924)

the neutral gas temperature s also shown for cotparison. As indicated, the
cloetron component 15 in thermal equilibrium with the neutral gas only in
the lower ionosphere, A decoupling of the two components alpeady beging at
a height of 150 km with & distinctly stronger increase in the electron temper-
ature. Furthermore. in contrast to the neutral gas fempeorature, the electron
temperature does not approach & constant lmiting value, but steadily in-
credsps toward preater beights, This implies that a heat source must exist in
the plasmaesphere that maintaing 8 downward-directed heat curcent.

Chwing to the much larger interaction cross section, the on component
gtays in thermal equilibrium with the neatral pas up to a height of about
350 km. Tho ion temperature above this height displays an increase in the
direction of the electron temperatune, hovever, without cver reaching it The
different temperatures of the throe gas components result in a continml heat
flux from the clectrons to the ions and from the ions to the neutral gas.
Indeed, the jon and electron gases form the primary heat souree for the
neutral gas above about 250 km (see Section 3.3.1). Thig is trus, however,
only a8 long as the Sun is shining. At night the temperatures decline steeply
and assimilate so that, to a good approximation, 1, = T} = T. below roughly
SN ki altitude.
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4.2 Tonization Production and Loss

Cine of our main goals is to explain the obsorved height profile of the lonization
density and this is best accomplished using a step-by-step approach. First the
production and then the loss of ionization are described.

4.2.1 lonization Production

Various processes contribute to the prodoction of charge carriers, The pri-
mary process to be considered is photolonization of thermospheric gases by
solar EUV and X-ray radintion. Secondary processes include jonization by
photoelectrons and seaftered of reemitted radiation, but particularly charge
exchange reactions, Finally, precipitation of energetic particles plays an es-
gential roke in the onisation production at polar latitudes,

Primary Photoionization. Simple (i.e. nondissociative) photolonization
processes have the general form

X + photon{AS 100 nm) — X' +¢ (4.1}

where X 8 an atom or molecule in the upper atmosphere. OF particolar
importance for the ionosphere s photoionization of the predominant gases
(. No and Ok

0 + photon{A < 9l nm) - Q' 4o

Nz + photon(A < 80 nm) — NJ +e

0z + photon(A < 108 nm) — 07 + e

In order to obtain a quantitative estimate of the nomber of jons {and el
trons) created, we again consider the absorption of & monochromatic photon
flux by a single gns atmosphere of species X, According to Eq. (3.30), the
number of photons absorbed by this atmosphere per unit volume and time is

Once absorbed, these photons can produce ionization, but also dissociation
or exeitation of tho gas particles. Denoting the fraction of absorbed photons
leading to an ionization Ty EL. the munber of wons produced by primary
photolonization (superseript P per unit volume and time is given by

Ot =Ex 08 Ry PP (4.2)

The parameter ! s usually referred to as the donization efficiency. Note
that =4 = 0 for wavelengths greater than the ionization limit of the given
species. Moreover, £1 = | for atomic gases and for wavelengths less than
the ionization limit, beeause photoionization is the main absorption process
in this case, When considering the dissociative lonization process, it shonld
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Table 4.2, lonieation frequoncics pyvoraged over all relevant woarelengt bs. The runge
of values reflects Lhe variations in solar activity, Jy ~ ¢ (adapted mainly from
Torr and Torr, 1785).

| Ton species X* | Ty (10775
0° 27
N 3.0
03 5 - 14
Het 04 -1
H 0.8 - 3

be noted that net only photons absorbed by the mother gus, but also those
ahsorbed by other relevant gases may provide a signifieant contribution {eg.
My for the case of N' production, see Eq. (3.19)). Fimally, be aware of the
principal difference between the ionization efficiency = introduced here and
the heating efficiency 7" considered earlier. Whereas .-:i involves only pri-
mary photoionization. ' was defined under consideration of both primary
and secondary heating processes,

Alternative forms of the above relation are obtained by replacing the
product ! o by the tenization cross section ﬂri of, going 8 step further by
replacing the product =L o392 by the tonization frequency J.

af = ok ne 9™ = Jy nu(h) e ™ (4.3)

where we have made wse of Eq, (3.26). The form on the tght side of Eq, (4.4)
emphasizes that the ionization frequency J, . in contrast to the density ng
and the optical depth v, does not depend on the height. Typical values of Jy,
sveraged over all wavelengths of interest here, are summarized in Table 4.2,
As indicated in Eq. (4.3}, the height wariation of the primary jon produoc-
tion rate s governed by the interplay between the decreasing mother gas
density and the increasing radiation intensity with increasing height. This
beads to the formation of a production layer, the maximum of which oceurs
at a height where the radiation is atill sofficiently intense to vield a large
srnonnt of nization and the gas density becomes large enough to absorb a
signifteant amount of the incident radiation; see Fig. 4.4, Indeed, for the case
congidered here, absorption of monochromatic cadiation in a planar, isother-
mal, single gas atmosphere, this profile corresponds exactly to the Chapman
production function described by Eq. (3.33) and sketched in Fig. 3.18. In
contrast to this very simplificd situation, the real upper atmosphers involves
absorption of polychromatic radiation by a heterogeneous gas mixture. In
order 10 obtain the total production rate of an jon species, we must therefore
sum over all wavelengths A and over all possible gas constitoents j. This last
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Fig. 4.4. Formation of jonkation production livers

summation is necessary because not only the mother gas, but also all other
gneca, attenuate the incident radiation, We obtain

abl(h)=nxlh) 3 Jx(N) exp{~}_ m(h M)} (4.4)
A A

where we have neglected dissociative ionization to a first approximation, Fig-
ure 4.5 shows representative production profiles for the three lon species
NS, 0} and O, A striking feature of these profiles, doviating from the
simple Chapman production function with a single maximum near the ab-
gorption beight for ETTV radiation (ca. 170 km), i= an additional maximinm
in the lower thermosphers. This may be explained by breaking down the
production rates according bo wavelength range. Figure 4.6 shows the total
production rate
"R AN) = gPL iR AN) + q‘i_;ni{n, AN + g5t (h. AN)

Mg

=3 n (k) JLAN) exp{= Y 7lh AN} (4.5)
s ]

for ten different wavelength ranges A\, {5, 7 = N3, O3 and O). As indicated,
ihe maximum in the lower thermosphere forms as a result of the absorption
of the longest and shortest wavelength ranges of the EUV radiation {(intervals
1 and 10). The large penetration depth of this radiation arises from the rela-
tive amall absorption cross sections in these wavelength ranges (=e Fig, 313
and 3.16). Generally, the exact form of the production profile is strongly de-
pendent on the actual solar zenith angle and the solar activity, The profiles
shown above thus only serve as examples,

Secondary Tonlzation Processes, As mentioned in Section 3.3.1, the pho.
toclectrons released as @ result of the primary ionizatiol process Can attain
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Fig. 4.5 adapted from Matoara, 1966)



165 4. lTonospherse

sufficiently high encrgies to ionize neutral gas particles themselves, For exam-
ple, m photon of wavclength A =~ 30.4 nm can pronduee & photoclectron from
an oxygen atom with a kinetic energy of almost 27 €V, which is larger than
the ionization energy of atmespheric gases. Another possibility is that ener-
getic photoclectrons can induce neutral gas particles to emit EUV radiation,
thereby triggering additional photoionization events. Both of these processes
are included in Fig. 3.20. Tt is estimated that the lonization rate due to these
secondary ionization processes, when sveraged over all wavelength ranges and
constituents, contributes about 20% of the primary production rate in the
upper ionosphere, The secondary production rate in the E region can even
be as large as that from the primacy photolonization processes.

Charge Exchange. Simple (i.e. noodissociative) charge exchange reactions
have the general form

A E

X4+¥r X yroy {4.6)

Although ions of the species X+ are produced by these reactions, ions of the
species 1! are lost, so that the total lonlzation density remains the same. [m-
portant examples for this type of production process are the reactions (2) to
{5) in Table 4.3. The reactions (2) and ({) are an important source of 0 jons
in the lower ionosphere, and reaction (3) is even the main source of 1Y fon
in the plasmasphere. Somewhat more complicated are the charge exchange
reactions accompanied by dissociation and formation of new molecules, og.
the reactions (1), (6) and (7). It tumes out that these reactions are Che main
source of NO™ ions in the lower ionosphere.

In order to describe the offectivencs of the charpe exchange procrsses,
we introduee the reaction constant b} . Using the nomenclature of Eq, (4.6),
the reaction constant is defined by the following relation

‘;‘it =—"'r_ir|.-v Mg My ['I'Ti

The production of X * jons per unit volume and time by charge exchange is
thus assumed to be proportional to the densities of the mutoally interncting
gases X and Y°. The corresponding constant of proportionality k7% im-
plicitly contains the temperature dependence of the given reaction: see Table
4.3,

A pas kinetic interpretation of the reaction constant may be formlated
as follows, Every charge exchange reaction corresponds to an interaction or
an ‘inelastic collision' betwoen the participating gas particles. Referring again
to Eq. (4.6}, a particle of type X will travel one mean free path I+ betore
it suffers a charge exchange collision with a particle of type ¥ *. The mean
Lime reguired to travel this distance is thus

Al =1y 44 .I'Ii-x = 1."'"1.'.- i
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Table 4.3, lmportant chemical reactions in the ionosphers (ndapted from Schunk,
14353)

{1y OF 4 Ny — NO* + N,
by = 1.533-10'® = 5,92 107" (T /300) + 86010~ (T/300) ;
00 < T < 1700 K
k= .73 107" — 1155 107" (T/300) + 1.483- 10~ (T/300)* ;
1700 < T < 6000 K
2y 07 4+ 0y — or ¢ o
by = 282107 = .74 107 1R (T/300) 4+ 1.073- 10 # {T /300)°
517107 (T/300)" 4 9.65. 107" (T/300)%; 300 < T < 6000 K
(3 oO*+H == H* +O, ky= 2510 /TC
ka= 2210717 T
M NF+0: —  OF + Na ky = 51077 (300/T)
(B) NI+0 — O+ Ny,  ks=1-107" (300/T)"®;
T = 1500 K
(6] N+ 0 — MOt 4+ N, by = 1.4 10" (300,/T)"* ,
T < 1500 K
(7] Nt 0Dy — MO+ + O, by = 26. 10"
B N* +0; — OF + N, ko = 3.1 10778
(9) Het + Ny — N* + He + N, k=905 10"
(10) Het + Ny — NI + He, kio = 6.4 - 107"
(11} Het + 0y — O* + He + O, ku=11-107""

(12) Nf +e¢ — N+ N, by e LA 107 300/ T )
(13 0 +e — O + 0, ki = 1.6 107" (300,/T. )"
(14) NO%Y &+ ¢ — N+ 0, kg = 4.2 1071 {300,/ T, "=

(15) OF + 8 — O 4 b, ks = L4107 (11607

whers the reaction constants &, are in [m® ™', T = T. for sanall {fon deift velorities
amdd Ti = T, 1o the presence of polar electric felds, the temperature in the F region
increases ms T[K| = TolK| + 0.33 2, [V /|, where Egr=E. +@.xB (£, =

externally appled electric fleld component perpendicular to the mognetic Geld g,
iin = neutral gas veloclty and B = geomegootic field vector: see also Section 7.5.2).
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Mecordingly, all ny particles in o unit volume will be transformed into X
ions within the time span At, The corresponding production rate must ths
b given by

Qrt ™ Ny [ = ny #y oyt (1.8)

Comparing this relation with Eq. (1.7). we arrive at the following gas kinetic
interpretation of the reaction constants (peneralized form)

koy = i"a.rjrﬂ: (4.9)

One might be tempted to use Eq. (4.8) directly, sinee vy 4, in fact, is the
number of charge ewchange collisions per second. For the situation under
congideration here, it should be noted that each X particle suffers only one
collision before it is transformed. As such, il is more appropriate to work with
the mean free path, a quantity that may be defined as the aversge value of
travel digtanees for one-time collisions,

Particle Precipitation. ln addition to photons, the upper atmosphere can
be ionized by incident emergetic particles, and this process plays a particularly
important role at high latitudes. For precipitating energetic electrons this
process may be written as

x + *"Il' Lmd*‘HI:E 2- ]2 !-.‘"r} - r-l b H.lnla.rn:ln.rp =+ ‘.prunur'r |:'I.1|]]

where the index ‘primary” denotes the precipitating electron and the index
‘secondary” the newly produced secondary electron. In contrast lo photons,
energetic particles can induce many primary wonization events {auroral elec-
trous have energies from a fow 100 ap to many 1000 eV), thereby considerably
complicating a caleulation of the total effect. Furthermore, the secondary elec-
troms are mostly encrgetic enough to induce onization events themsolves, and
this holds as well for any tertiary electrons and all other electrons of higher
order. One possible approsch sinulates the penetration of energetic particles
into the thick atmosphere with the help of a Monte-Carlo technique. An-
other method is to solve a complex electron transport equation. Some results
of such calculations are summarized in Section 7.4.2.

4.2.2 lﬂﬁl!&ﬁnn l_m

Were we to account only for ionization production, the actually observed
jonization density would be far excesded in a very short time. Lel us take
the I reglon as an example. With n(130 km) =~ 10'" m* and ¢(130 km)
= 3-10" m % ! {compare Fig. 1.2 and Fig. 4.5}, one obtaing the time re-
quired to build up the observed jonization density v, = n/fg = 3 5. Were
it mot for very effective loss processes with similarly short time constants,
the ionization density of this region would grow to unrealistically high values
within minutes, Here we identify these jonization loss processes and describe
their beight dependence,
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Diissociative Recombination of Molecular lons. By far the most impor-
tant loss process for molecaler ons B the so-called dissociative ncombination.
Ag implied by the name. the molecular iom involved in this reaction divides
Lo 1t8 constituents
SO
XY* 4o 38 xie 4 yiv) (4.11)

The asterisks again denote the possible eocited states of the recombination
products. Specific examples for this type of recombination are the reactions
(12) to (14) of Table 4.3, The number of wns lost by this process per unit
volume and time is
vt = K5 s Mo (4.12)
Mote that the symbol ! (from loss) in Eq.(1.12) denotes a loss rate, Le A
logs of charge carriers per unit volume and time, and should not be confised
with the mean free path. Since the two particles involved in a dissociative
recombination event are again transformed into two partiches, there is no
problem in conserving both momentum and encrgy. The associated reaction
constants are correspondingly large, For the reactions (12) to (14) listed in
Table 1.3 at typical electron gas temperatures, these ar
ko "_-k,‘,'j' =~ ki%, =~ 107" m% ! (4.13)

mial
and this value is much larper than all other reaction comstants in the table

Radiative Recombination of Atomic lons. The most olwions loss pro-
cosg for atomic ons is direct recombination, whereby the excess energy is
cither entirely or poarily expended as radiation

RAE. o
Xt +e =% X 4 photon (4.14)

A concrete example s the reaction (13) given in Table 4.3. Since this type
of recombination creates one particle from two input particles, it is melatively
rare, Conservalion of energy and momentum reguires exact expenditure of
the recombination energy in excited states, but this storage is only possible
in precisely defined gquanta, The radiative recombination time eonstant for
reaction {15} is correspondingly amall

k8 o 10718 mP ! (4.13)

Charge Exchange. In contrast to radiative recombination, charge exchange
is & very important loss process. lons of a particular species are lost here, but
not the ionization density ag o whole

Wl ]

L
Xtay D xB eyt [4.16)
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whoere in this case X' and ¥ can be sither an atomic or moleoular particle.
Tahle 4.3 summarizes an entire suite of such reactions. Particularly important
for the loss of atomic oxygen are the reactions (1) and (2), for which the
reaction constants at a temperature T = 100N K are

oty 31070 g v REE L, ~125:107" mis~! (4.17)
These are not very impressive values eompared wich the reaction constants
for radiative recombination. However, comparing the associated loss rates in
the lower F region (e below the ionization peak), we find

IGF = kgl o, Mos gy +EET o nge np, 3 150 = K ng. ne (4.18)
The densities of the neutral gas constibuents Nz and Oy in this region are
muwch larger than the electron density. At a height of 200 k., for example,
T, /e 2 104 and ng,, fn, == TOD (see Fig. 4.2 and Appendix A.1). Only above
the ionization density maximum do the densities of the molecular constitaeents
decrease to & value that renders charge exchange reactions unbmportant. Sinee
transport-induced loss processes are plroady dominant at these heighta, how-
ever, radiative recombination is relegated to a subordinate role in the entire
ionoapliere. The molecular fons NO™ and H'z" created by the charge exchange
reactions of atomic covgen with Nz and O decay very quickly via disseciative
recombination. Considering the overall ionization loss in the lower F region,
it is found that this i controlled almost exclusively by the efficiency of the
charge exchange reactions (1) and {2).

Height Profile of the Loss rates
E Region (NO*,07 ). Dissociative recombination is by far the quickest

process responsible for the removal of the dominant molecular jons NOY and
O3 in the E region. As such, the total loss rate is given by

IE sugion 22 KRSy Mg+ e+ EED n. Mg
;| H

Using

i S8 JL“' =a {= 107" nis

and

Mlygs = Ml,e 2 T, =1
E

the loss rate can be rewrltten as follows
1 region (1) = @ 0 (1) : (4.19)

Since the loss coefficient o varles only weakly with height via its tempera-
ture dependence, the loss rate variation with height s essentially determined
by the ionlzation density. Accordingly. the loss rate in the E region grows
quadratically with inereasing ionization density.
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F Region (0 ). Destruction of atomic oxygen ions in the lower F region
progrosses essentially via the charge exchange resctions (1) and {2} in Table
4.3, The corresponding loss e is

eF R
e pagion zk”,m: Ty, Thoe —|-k“._I“= g, T

With

Mo = e =1

we can write this relation in the following form

IF regionlh) = d(k) nih) (4.20)

The height dependence of the loss term is determined by both the ionization
density and, to n greater extent, the loss coefficient F(h)

Bihy = KSE . ning () + KSE . misy(h) (4.21)

Wiy

Tsing Eq. (4.17) [for a temperature of 1000 K, this vields

Bls~Y] = 5-107" (ny, [m Y] + 25 ng,[m™Y)) (4.22)

4.2.3 Chemical Composition

Knowledge of the production and loss processes deseribed in the two previous
subsections provides the basis for understanding the chemical composition of
the ionosphers, The esesntial features are summarized here once again. For
simplicity, reference to the various chemical reactions will be according to
their numberz in Table 4.3,

o  The prominent role played by the KO jons in the E region may be at-
tributed to the very effective production of this spocies by the charge
mochange reactions (1), (6) and (7). Direct photoionization plave a subor-
dinate role, because the mother gas NO exists only in trace concentrations
in the lower thermosphere,

# The abeence of NJ ions in the E region, in spite of a copious production
rate {soe Fig. 4.5), ocours because the loases of this species via the chargo
exchange reactions (4)-(6) (~ g, ) are much larger than those of the
competing ions ['_12" and NO™ via dissociative recombination (~ ng),

o The lack of O ions in the E repion may be explained by the strongly
suprpressed production of this species in this region (see Fig. 4.6) and by
the exponential growth of the loas coefficient 30h) with decreasing height,

e The absence of the NO* and © jons in the F region. on the other hand, is
a conscguenee of the decreasing production of these species with height vin
reactions {1), (6}, {T) and photoionization. Another factor, as indicated
in Fa. (4.19), is the sharply increasing loss rate driven by the increasing
electron density.
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o The dominance of H ions, which can occasiozally extind doan to rols-
tively low heights (e.g. 600 km), is attributed io the effeetive production
of this species by means of the charge exchange reaction (). At the same
time, the dominant jon O is removed by this process.

s The dominance of the HY ions also explains why the He' jons play only
a subordinate role in the terrestrial ionosphens, This latier species is pro-
duced primarily by photoionization — a slow process compared Lo the
charge exchange reaction (3). Furthermore, the charge exchange roactions
(9)-(11) are effective loss processes for this species.

{Jne remark on this topic should not go unmentioned. The initia] identifics-
tion of the reactions so concisely summarized here was achieved only with
great difficulty. Even today, the measuretnent or calculation of the applica-
ble reaction constants 8 by no means a simple task and the results are thus
subject to some uncertainty.

4.3 Density Profile in the Lower lonosphere (h < h,,)

The approach we use to determine the density profile in the Jower wonosphaete
{i.e. below the density pesk) iz fundamentally different from that wsed to
calculate the density variation in the thermosphere. The reason for this is
that production and loss processes, in contrast lo the thermosphere, play a
decisive role in the lower ionosphere. We thus first introduce an equation for
the determination of the density that accounts for this feature. Simplified
forms of this equation are then used to determine the density profile in the
E and lower F regions,

4.3.1 Density Balance Equation

To determine the density of a gas in the presence of production and loss
processes, we consider a stationary volume element embedded In the gas
The temporal variation of the prevailing gas density in this volume element
depends upon the specific production of gas particles, the specific loss of gas
particles, and the net effect of the gas particles being transported into and out
of this volume element. In general: the change in density with time is equal
to the density gain by production, minns the density boss by destruction,
s S e demsity gain/loss by transport. Denoting the density of n gas
species ¢ with ny, the production term with s, the Ioss term with [, and the
transport term (which, in contrast to g, and {,, can assume cither positive
o negative values) with d,. the density balance equation may be written as
el Tiovws
dn,

=g, = 4.
o =0 1, +d, {4.23)

Thiz relation is formally analogous to the heat halance equation introdoeed
in Section 3.3.5, whereby g, aml {, are again “true’ gaina and losses and d,
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describes the changes brought about by redistribution. Moreover, this relation
corresponds to the continaity eguation {2.18), sxtended to inchede production
and lss terms. As shown there, the transport-indueed density gain or loss
rates are equal to the negative divergence of the particle flux. d, = —divg,,
g0 the density balance equation may also be written in the following way
% = o — by — divi, = q, — L, — divin,ii,) {4.24)

This relation is a partial, nonlinear differential equation that can only be
snlved numerically in the general case. Furthermore, self-consistently derived
density distributions of the other charge carrier gases are reguined, partic-
ularly for the cakulation of the production and loss terms. Just recall the
charge exchange reactions amd their importance for the ionosphere, Taken
together | this means that we must solve o syvstem of coupled differential egua-
tioms, Here we will limit our discussion to strongly simplified forms of the den-
sity balance cquation. These shorteped equations possess analytical solutions
and are adequate for understanding the fonospheric density distribution, at
least for the salient features

In the lower onospheric regime of interest hore, transport-induced donsity
variations are negligibly small, The reason for this s the strong friction in
the dense lower thermosphere that prevents any independent motion of the
charge carriers, Moreower, during the day the rate of change of the density
dnfilt s also small with respect to the production and loss terms, This s
eapecially true near local noon when the fonization density reaches its diurnal
maximurn and dn/dt — 0, but the observed rate of density change is alao
comparatively small during the morning and afternoon bours (a8 discussed
I Seetion 4.6), Under these conditions the density balance equation reduces
to a simple production-lose equilifrrem

Daytime: ge =1, (4.25)

If the production proceeds via photolonization and the loss is due to chemical
reactions, as is the case for the lower ionosphere, the approximation given by
Eq. (4.25) is also denoted as photo-chemical equilibrium.
During the night when the production rate is negligible we obtain
Nighttime: O i (4.26)
it
The range of validity for these approximations is investigated more elosely in
Section 4.5. First let us apply them to the E region and the lower F region.

4.3.2 Density Profile in the E Region

According to Eq. (4.19), the loss term in the E region assumes the general
forrim
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l=anr

The ionization density profile during the day under the condition of photo-
chemical equilibrinm is therefore given by

nih,¢) = Vglht)fa (4.27)

The height and time variations in the density thos follow those of the produc-
tion, the rate of change being modersted by the square root. This s shown
schomatically in Fig. 4.7a. In order to obtain an explicit expression for the
density profile, we approsimate gf b, ¢] by the Chapman production function
Eq.{3.35). The result is a strougly idealiced density profile, the so-called
Chaprnan o )-layer

* 1 h— i T
nihyt) = \/lags.) /o ""T'{E [z e ,.,,_,];H]}

14.28)
where (%%, )" denotes the maximum jonization production rate at normal
radiation incidence {i.e. ¥y = 0) and b, is the height at which this masimmm
AOCNrs.

During the night we have

H" 2
E——ﬂ'ﬂ

Separation of variables and integration leads to the following height and time
deprndent. density distribution

Hl:fl.fn':l

welh, &) = 1+ o mffi, tg) (f — tp)

(4.20)

Evidently high ionization densities decay faster than low densities after sunset
so that the altitude profike becomes flatter.

4.3.3 Density Profile in the Lower F Region
In the lower F region the loss term from Eq. (1.20) takes the general form
I~3n
g that the ionization density profile during the day becomes
m{h, e} == qik, &) J b0 {4.30]
Since the production rate § decreases more slowly with height than the loss oo

efficient A, the equilibrium density effectively increases with increasing heighe,
This is shown schematically in Fig. 4.Th. To obtain an explicit expression for
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a E region (O , KOY) : n= /g/a

Height
Heigit
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log g

h. Lewer Foregion (OF) n=qfd
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Fig. 4.7. Schematic height profile of the ionisation density in the lower jonosphirs
under Uhe condition of pheto-chemicsl equilibrium. by denotes the trassition height
froan the E region to the F region (adapted from Ratelife, 1972).

the height dependence of the density, we consider the region above the max-
imum of ionization production (h > b4, in Fig. 4.4). Here the transmission
factor @7 guickly approaches unity, so that the height variation of the O
production rate corresponds to a first approkimation to that of the mother
gAS N, see Eq (4.3). Neglecting also the height dependence of the tempera-
ture (this has reached roughly T0% of its thermopause value at the height of
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the production maximum), the variation of the production rate with altitude
may be writben as

oot (1) ~ 11y (R} ~ @ 1A=holi Ha
Furthermore, considering that molecular oxygen and molecular nitrogen have
nearly the same weight, the height dependence of the logs eoefficient 3 may
be described, to a good approximation. using a combined scale height Hy, o,
for both gases

Alh) ~ LCF ﬂh:tﬁﬂ:ll-'_l*_ﬁu”hl"i 3 1.51:.{.: nu:{hﬂ}e—l;h—ﬁ,]lfﬂmz

(e g
o g =l Mgy

We thus obtain

ot th)  exp[—{h — ho)/Ho|
Ay expl—{h - ha)l/ Hu, 0|

where we have introduced the scale height

nlh) = = exp|ih — hy)/ Hy|

kT
e . -1 _ '
Hy = (1/Hy, 0, — 1/Hy) 77 P {4.31)

The ionization density evidently grows exponentially with increasing height
and the effective scale height Hy with My, = 30 corresponds closely to
that of atomic oxygen.

For nighttime conditions we have

— = —fn
I

which leads to the helght and time dependent density distribution
nlh, £) = nih,ty) e NM (#-ta) {4.92)

where, to sufficient accuracy, we have neglected the time dependence of the
loss coefficient. Since [ increases toward lower heights, the density decrease
proceeds mueh faster thore,

The results for the E and lower F region must be combined to obtain
the density profile in the entire lower ionasphere, This is shown in Fig. 4.7c
Evidently, the details of the combined density profile depend on whether the
transition height from E to F region, hy(ranvitaon). lies above or below the
Icight of maximum production fpaee.

When applying this superposition procedure to the real ionosphere, it
should be noted that the production maximum at a height of about 110km
lies completely within the E region (soc Fig, 4.5). The density profile in this
region will thus follow that of the production profile to s st approsimation.
In contrast, the secondary production peak at about 170 km altivude is lo-
cated close to the transition height by, a0 thai either a secondary masimmm
or a ledge will be formed in the density profile.
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4.4 Density Profile in the Upper lonosphere (h > h,,)

Since the neulral gas densities decresse exponentially with height, the pro-
duetion and loss terms becomo increasingly less important. Considering quasi-
stationary conditions, this leads to the following approximations

thi,
W1 54 |IJ — 0 |:"33.|
Accordingly .

divie, — 0 (434

For a horizontally uniform jonosphere this implies that
ghe = m 2, — constant {1.33)

or, for the case of interest here, namely a stathe lonosphere that ks gravita-
tionally bound to the Earth
aiy — 0 {4.360)

This condition can only be used indirectly for the determination of the ion-
keation density profile. The velocity of a gas volume vanishes ooly if all of the
forees acting on the volume are in cquilibriom. We are clearly abandoning
the density balanee equation with this requirement and return to the force
bialanee relation or momentum balance equation for a determination of the
density profile.

d.4.1 Barometric Density Distribtion

Similar to the determination of the dosity profile for thermospheric nouteal
gases, for which Eq.(4.33) is certainly fulfilled to pood approximation, we
consider the case where the pressure gradient and gravitational forces acting
on an 1on gas and its associated electron gas are in equilibrium, This leads
immediately to the asrostatic eguation

dp
o = fil
where s stands for either the fon gas (in our ease the OF gas) or the electron
gas. Assuming (to sufficient accuracy for our purposes) that the ion and elec-
tron temperatures are constant, this relation yvields the familiar baromotric
law
nah) = n,(h) o h—balfH,

where the scale height of the fons is considerably smaller than that of the

lighter clectrons
kT k T,
H . <5 HH — M, 4.
Vo g e (4.37)
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Height

Fig. 4.8, Charge separation and baild up of a polareation feld by the dilferent
density distribations of the bon and electron grses

This results in the density distributions sketched in Fig, 4.8, These distri-
butions are obvioualy unrealistic becaise they lead to a strong separation of
the charge carciers. The positive dominated charge density at Jower helghts
and the predominant negative charge density at greater heights combine to
produce a strong electric polarization field, This i turn exerts an enormous
foree on the charge carrier gases and destrovs the above imposed squilibeinm
of forces, In order to obtain a realistic density distribution, we must consider
the clectric force caused by the polartzation ficld n addition to the pressare
gradient and gravitational forces, The implied extension to the force balanee
relation is written as follows

dp

o= Patnietp [4.38)
dp.

> = —pe §—nc e Ep (4.39)

where e is the elementary electric charge and £p is the electric polarization
field strength. Assuming that the electric polarization field k& strong enough
to enforce charge neutrality everywhere, i.e. ni(2) = n.(z) = n(z), in good
agroemint with the observations, then the above equations may be added
together to obiain

%‘.{Tﬁ:‘l—ﬂ = = M g [4.40)
w‘lm_ﬁ we have neglected the electron mass with respect to the ion mass.
Wi may again assume to a sulficiently good approximation that T and T,
are nearly constant in the upper jonosphere, These two quantities vary by a
factor less than three in the region between 400 and 1000 km (see Fig. 1.3),
eorresponding to a relatively small temperature gradicent. Under this approx-
imation the variables can be separated and the subsequent integration yields
the barometric law, valid for both the ion as well as the electron gas

nlh) = nlhg) e~ th—Nel/Hp (4.41)

where we have introduced the so.called plasma scale height
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He=k{Li+T1,) [ mg (4.42)

As can be seen, the scale helght of the jon gas in Bg. (4.37) i more than
donbled by the polarization field. In contrast, the clectron gas scale height
is reduced by more than a factor of 10*, Evidently, the light electron gas
nses the polarteation Reld to ‘pull’ the jons upward, Viee versa, in striving to
attain an equillbrinm state of complete charge neatrality, the hessvy ion gas
drags the electrons downward.

4.4.2 Polarization Field

The electric polarization field (also called the Panneboek- Rosselond fleld) re-
guired to establish the above plasma density distribution is very small. Substi-
tuting Eq. (4.41) mto Eq, (4.39) and using the fact that m, < my 1, A(T.+10),
we arrive st the relation
o t: O L
T e
so that we caleulate Ep < 1pV/m for the oxygen jons of interest here. In order
to produce a polarization field of this magnitude, it = sufficient to displace
the clectron gas only a tiny distance with respect to the ion gas. For example,
considering the upper lonosphere to a first apprcdmation as 8 homogenos
glab of moderate density, an upward displacement of the clectron gas pives
rise: to an electric field similar to that in a plate capacitor; see Fig. 4.9, The
field strength s given by

{4.43)

QR (4.44)

EII:EDA-_ EQ

where € is the charge stored in either the upper or lower layer and &g is the
dieloctric constant. The separation distance required to generate the given
polarization field is thus

A
Q ’.-"\\'""'"""..'
] gj_
- L
ST s
——————— ot
L * = e =
Electron gus —+'[‘I‘_+_+
*o= o lon gas
S S = 4+ = 4
+—'E"1-—-|..- ’
Az O Rt T
@

Fig. 4.9, Esiimazing the charge cortier separation distance weeded for ereating @
gpecific electric polerkzation Reld
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£

Fig. 4.10. The important volume forces acting on the on and electron gases in
the upper ionosphere (T = T.)

epfp mmyg To
= = 4.45
Az en net T,+15 L445)

Using the approximation Tj =~ T, (absolutely adequate for this estimate) and
taking a mean density in the upper ioposphere of 6 10" m~3, we caleulate
a separation distance of Az =~ 107" m. This corresponds to only a few jon
diameters. Qur pesumption r(h) = w.(h) s thue fulfilled to a very good
APPrOXImation.

The continnal striving toward charge neutrality, as demonstrated here, is
one of the fundamental properties of every plasmma. This concept has come
tor mein amy partially or completaly jonized mixiure of gases that exhibits
charge neutrality as a whole, In this sense it is justified and common practice
to speak of jonospheric plasma instead of onospherie charge carrier gases,
In goncral, it is the particular bohavior of partly or fully jonkzed pases that
is emphasized by the designation ‘plasma’. Beeause of the electromagnetic
interaction of the charge carrler gases among themselves or with external
electromagnetic fields, plasmas display an entire suite of colleetive phenomens
that are not found in neutral gases (see, for example, Sections 4.7.1 and 6.3).

Inserting the polarization fleld strength into the momentum balance equa-
tions (4.38) and (1.39). one can estimate the relative magnitudes of the vol-
uma forees. The resultant foree eguilibrinum situations, sketehed in Fige 4,10,
are different for the jon gas and electron gas,

4.4.3 Transport Equilibrium

As explained in Section 2.3.5, a barometric density distribution can always he
viewed as a transport or diffusive equilibrium. The dowoward current capzed
by the gravitational force and the upward eurrent induced by the pressure
gradient force are just balanced 3o that the net current vanishes. The valid-
ity of this interpretation should be examined here for the caso of the Hpper
innosphere. We consider an ion-electron gas mixture for which
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8 M, =7
® iy =, =

In addition to gquasi-neutrality (implying the presence of a Pannekoek-
Hoaseland Reld), we also assume that the ion and electron gases move together
{1.e, ambipolar) with the same velocity. Velocity differences correspond to rel-
ative charge carrier motions and thus electric currents. For the purely vertlcal
lnyering and motion considered here, siuch currents woulld lead inevitably to
charge build-up at the upper and lower boundaries of the jonosphera. The
charge separation, in turn, generates an additional electric polarization field
that will quickly =tifie any further relative motion of the charge carriers,

As shown earlier for the case of the thermosphere, the value of the down-
ward current can be determined by equating the gravitational amd frictional
forces, The mass density of our charge carrier gas mixture (or plasmal 8 now
erual to the sum of the single gas masa densities; the total frictional foroe is
the sum of the frictional forees acting an the single gases. Sinoe the lons and
clectrons are moving with the same velocity, only collisions with neutral gas
particles need be considered, For & neutral gas atmosphere at rest (ug, = 00)
we have

mim +my) g = -=n (e, +me v ) uy (4.16)

The common downward velocity of ions and electrons is denoted here by w,.
Alkernatively, thas relation can be derived by addme the momentum balance
equations for the jons and electrons, provided only gravity and frictional
forces are considered, see Eq. (3.80). Noting that my & m. and m; »f 5
Mta Ly . W mAy rewrite Eg. (4.46) as

L ming (4.47)

Pgs ™ M, = =

where ¢y, designates the deseent flux of either the jon or electron component.
To demonstrate that wy o, is really large with respect to m, !, we refer
back to Eq. (2.56). With 7., = [r. + rol?m =~ Mafd, e oy ooy ==
mal= lhmy) and 7, = Ti, we find that the momentum transfer eollision
frequency af the electron component Is a factor 60 greater than that of the
bon component. Nevertheless, with my = 30000 m,. it ks clear that the product
of momentum transfer eollision frequency and mass my ', % m, #2 .

The ambipolar upward Aux may be determined by equating the frictional
force to the pressure pradient foroe

dipn +pe)

dz

from which one obtaing

— v (g wg g vg ) (4.48)

=5 L dim +p)
By = Y N P (4.49)
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The total flux of the jon and electron components is thus found to be

0= dgs + Bpa = 1_dmip), By

m; M, d: M
dn n
= —Dp = Thist) 4.50
i (d; * Hp) (4.50)

where in the final expression we have assumed comstant 1on and electron tem-
peratures and have introduced the wmbipolar or plosma diffusion coefficient

Dp =k (T + 1) my v, (4.51)

Equation {4.50) formally eorresponds to the diffusion equation (A.45) de-
rived in Appendix A5 as long as the temperature gradients can be assumed
negligibly small. Representative values of the mementum transfer collision
frequency #), = and the corresponding plasma diffusion coefficient can be
seen in Fig 4.11. Setting the total flux ¢, = 0, s required in a static jono-
sphwere, we arrive immediately at the aercstatic equation and thus, what we
intended to prove, the barometric density distribution for the tonospheric
charge carrier gases,

A complication we have not comsidered up to now comes from the fact
that the Earth's magnetic field considerably limits the freedom of motion of

Diffusion cootfcient, mos !
w o ow' o w w o w o 1w* w* w"

-
.uf.l"'n DF'

Height, km
=

200 “HH‘
i T
b T
|m H i " i i e st | B
0,007 il 1 | 10k 1 . 1000

Momentum transfer collision frequency, s

Fig. 4.11. Typleal helght profile of the momentum teansfor collision frequency
and th plesma diffision coefficlent for OF fons in the thermosphere for daytine
condiicns Note thal o6 o 5 greater than oo beowuse of mesobance offects,
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fr L AL TE P A T
Fig. 4.12. Influcnes of ihe Earth’s magnetic field on the lonization transport

the onespherie charge carriers. The details of this interaction are discussed in
Section 5.3, It sufhices for now to realize that the charge carriers are only free
b move parallel along the terrestria]l magnetic Gelld. It follows that magnetic
forees may only be ignored for the components of the foree balance equations
[4.46) and (4.48) parallel to the magnetic ficld lines. This means that

g :

ws v,

where ¢ is the plasma flux parallel to the field and .F'J'I ig the parallel
component of each considered volume force. The motion of plasma in the
Earth's magnetic ficld is sketched in Fig, 4.12. Denoting the angle berween
the Earth’s magnetic field and the Earth's surface by the inclination I, the
parallel volume forces F are obtained from the vertical volume forces by
multiplying them with the factor sin /. Furthermore. the vertical plasma fue
of interest here ¢, is related to the field parallel plasma Hux ¢y by the same
factor gin f. Ag o result, we obtain

¢y; = d;p sin ~ Fj sinl = F;, sin® [ (4.53)
and Eq. (4.50) may now be written

d
(d.). = —Dp sin® I (d_’; + %) (4.54)

This modlified vertical plasma s clearly also vanishes for 8 barometric den-
sity distribution, which s evidently unaffected by the presence of & magnetic
finlcd.

4.4.4 Production-Generated Downward Current

A rather modest, but non-negligible amount of ionization production occurs
in the upper tonosphere. Insufficiently countered by the still smaller chemicnl
Iose rates, this production works to create an ionization density that increases
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with height (sce Section 1.3.3). In order to maintain the donsity distribu-
tion decreasing with beight according to the barcmetric law, this production-
generated surplus density mist be continually removed by a downward cur-
rent into the lower lonosphere where very effective chemical loss rates domi-
nate, The situation 18 rominiscont of the one encountered 10 the thermosphero,
where, in the equilibrium case, newly produced hest was continually removed
by a downward-directed heat flux (see Section 3.3.5). We can estimate the
magnitude of the production-generated ionospheric downward fux in a man-
ner gimilar to this earlier exercise. Consider the entire amount of lonization
produced by primary photolonization in an gimospheric column of base area
A in the time interval Af

= =] o
NTLR) -=Jel.r:.zjr g™ () dr = 4.4t .;r.,f n, de = A At T, n,th) H
[ h

where the transmission factor ™7 appearing in Eq. (4.3) has been set equal
o unity for the upper lonosphere. Neglecting chemical losses and assuming
the equilibrium case, this ionization amount must be transported downward
through the area A in the time interval Al This requires an ambipolar downe-
ward flux given by

g o (W) = NZI(A) /A M = T, no(h) Hy (4.53)

As an example, using Table 4.2 and Appendix A4, and assuming low solar ac-
tivity, we calenlate a production-generated downward Rux of & - (400 km) =
10** m~%s ! at an altitude of 400 km. This should be mmpmpd with the ‘reg-
ular’ downward fux associated with transport equilibriven: ¢+ (400 km) =
g owful, o= 107 m~%s~! where the ionization density and momentum
trn:ml': v collision frequency were taken as n(400 km) =~ 100" m~? and
# o LAND K} = 0.09, respectively (see Figs. 4.2 and 4.11). The production-
generatod downward flux amounts to only about 10% of the ‘regular’ down-
ward flux and thus represents a relatively small disturbance of the diffusive
equilibrinm and the barometric density distribution. It is sufficient that the
density decrease with height becomes somewhat less rapid than predicted by
the barometric density distribution, so that the upward flux becomes some-
what smaller than the descent flux. Then a production-generated downward
flux of the order @ = gy + By # 0 Hows toward Earth. It is the divergence
of this O% flux, incressing toward lower altitudes, that is by far the most
important ionization loss for the upper ionoephere, It is notewnrthy that the
upward flux completely vanishes at the height of the ionization maximum be-
catige dn/dz = 0. The production-generated dowmward flix thiss corresponds
here to the regular downward fux, $3(hp) = ¢y (i) = g 1l )05 ().
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Slope = —1/Hp

Upper
F region

-
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Fig. 4.13. Formation of the lonization density masimonm

4.5 Density Maximum and lonospheric Time Constants

The density profiles in the lower and upper onosphere described in the pre-
vipus sections elucidate the reason for the formation of the lonlzation density
maximum in the F region. While the lower F region is characterized by an
exponential wcrease in jonization denaity with a acale height /5, the upper
F region exhibits an exponential decrease in density with a scale height Hp.
Continuity of the combined density profile requires & smooth transition be-
tween both regions — a transition which must also define the maximom of the
jonization density. This is shown schematically in Fig. 4.13. The remaining
issnes ©o be settled are the height at which this maxdmum forms wnd what is
the peak ionization density there,

As explained earlier, the incroase of the ionkation density in the lower
F rogion 15 attributed to the fact that the loss rate, dominated by chemical
reactions, decreases faster with height than the production rate, This in-
crease should thus continue upward as long as chemical resctions remain the
dominant loss process. On the other hapd, the donsity decresse in the apper
ionosphere is maintained as long as the divergence of the downward current
is capable of removing the lonkation produced at these heights, The respec-
tive effectivencss of these two loss processos evidently determines whether the
pomization density increases or decreases. The transition from the lower to the
upper jonosphere will thos occur where chemical reactions are replaced by
fonization transport as the primery loss process, and the jonkzation mosinmm
will form at that height where the effectiveness of the two loss processes reach
the same magnitude. A quantitative messare of effectivenes is provided by
the associated thne conatants. These are defined and interpreted here, fol-
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lowed by a description of thelr height profiles. These height profiles are then
e to estimate the location and magnitude of the density maximum,

4.5.1 lonospheric Time Constants

In order to estimate the time constants of Interest, we write the density
halance equation (without indics) in the following form

O g o [ _iﬁ|i@|
i g at i ol
=232 (4.56)
!'q. i Td

The production, lose, and transport time constants are thus defined by the
following relations

1jdhn o n 2
Ty = (; EJTU - (4.57)
Liang ™" n <
TP = (; —Ei‘) = T {4.58)
_ (1| )" .
Td = (n xle) =7 (4.59)

They evidently estimate the time required for the observed ipnization density
to be either built-up by production, destroyed by chemical reaction losses,
or moved into or out of a given volume element by transport, This will e
illustrated by an example involving the lose time constant.

Congider the nighttime decrease of the ionization density as sketched
schematically in Fig. 4.14a. Starting at an arbitearily chosen time fg, the
loas rate observed at this time is linearly extrapolated. The intersection of
the associated tangent to the curve (straight line of slope dn/8t) with the
absclssa n = 0 yields an estimate of the time required to completely deplete
the jonization density present at the time . This ks expressed as

nifto)

|£"_” s ;
it leg T

= (GG

where we have suppressed the time variation of 7 = f{fa).
Another Interpretation that comes eloser to our conception of a time con-
stant Is obtalned i we approximate the actunlly observed density decrease

&0 that
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Fig. 4.14. Interpreting the kes tlme constant

n{t) by an exponential decrease n'(t); see Fig. 4.14b, The two curves are fit-
ted at the starting point g by equating the values of the functions and their
derlvatives, n'(lg) = n(te) and {dn'fdt)y, = (dn/di),,. This ylelds

u'(t) = nity) exp {— (% |% ) it —tnj}

Defining tho loss time constant as that time in which the approcimation
function n'(f) - and thus the original fonction to a good approximation -
decreases by a factor 1/¢ with respect to ils initial value, one again oltaing

1any
= (; ED (4.60)

These mterpretations are valid, of course, independently of the type of loss
process considersd,

In order to obtain an explicit expression for the time constants, we nse
the second form of their defining equations, The chemical loss thime constant
in the F region below the lonkatlon maximionm is then given by

rilh € b)) = nfl = 1/ 3{h) i4.61)

see Eqs. (1.20) and (4.58). This time constant evidently increases rapidly
with helght and reaches a value of roughly 30 minutes at a height of 270 km
tnder the conditions valid for Fig. 4.15.

An estimate of the time constant associnted with transport processes may
be obtamed by considering the rate of density change produced by a down-
ward flux in the upper loncsphere. Neglecting the Earth's magnetic field and
using Eqgs. (2.17) and {4.47), we have

dey din/af,)

i, = =m—— =
. dz g dz (4.62)
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Fig. 4.15. Typieal height profile of the jonospheric loss and transport time con-
stants for diytime conditions

Asauming 15, T- and 7] to be constant to first approximation, the height
variatioms of the jonization density and the momentim transfer collision fre-
quency may be deseribed by exponential functions

n(z) ~ g~ l=z—=l/Hp

LI SR P Y
ML finiz)

where n, and A, denote the density and scale height of the neutral gas
component, Le. atomic oxygen for the upper onosphere. Writing out the
derivative contained in Eq. (4.62), we obtain

F mgn( | 1 ).., i
T \H., Hp] ' He

In

where, for the expression on the right, we have made use of the very good
approximation my ~ - = m, =~ m,, a8 well ag T} = T, > T, also
a sufficiently aceurate approximation for our purposes, The transport tinme
constant may this be written as

rath > by =nfld| =, Hplg = Hi Dp {4.63)

Formally, this corresponds exactly w the diffusion time constant Eq. (2,.72)
derived in Section 2.3.6 for a simple disturbance seemario. Sloee 17 increases
exponentially with decreasing altitude, my quickly grows and reaches values
of aboit 30 minutes at an altitude of 270 km under the conditions valid for
Fig. 4.15.
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4.5.2 lonization Density Maximum

As indicated m Fig. 4.15, chemical loss processes predominate at heights
below ronghly 270 ki (72 < 7). Accordingly, the onization dengity increnses
with height in this region. In contrast, tramsport-indeced  losses dominate
above this height (g < 77}, leading to a decrexse of the jonization density
according to the barometric law, Separating these regions is o transition layer
where both time constants are about equal, and this transition also defines
the height of maximum ionkzation density My,

Tilhm) = Talhm) [ )

Under the conditions valid for Fig. 4.15 this equation 1s fulfilled at b, =
270 km, in besic agresment with observed valoes. The actuaal height of the
maximum i= a function of local time, season and solar activity, as reflocted
in its dependence on the neutral pas density (7)), a8 well a8 the plasma
seale height and plasma diffusion coellicient (ry). An important featura of
the ionization density maximuom is that it is not located at the same height
a8 the maximum of ionization production, but mther about 100 km higher.

The magnitude of the peak onization density can be estimated from ex-
trapolation of the photo-chemical equilibrinm conditions into the height range
of the maximum (see Fig. 4.13). This yvields

< if{ Fim ) = o niglfem )
Y ) RCE, Ty (hm) + RCE i, ()

(4.65)

where we have st the transmission factor e~ equal to unity n the height
region of interest here. Taking the maximum height A, = 270 km derived
above and assaming moderate solar activity, we obtain a peak onization
density of n,, = 10" m 3, again in good agreement with the observations.
Figure 1.16 summarizes the essentinl points of the present discussion.
More precise caloulations accounting for the effocts of the Earth's maznetic
field replace the plasma diffusion coefficient in Eq. (0.63) by the product
Dp-sin® I from Eq.{4.5). Farthermore, electric fields and particalarly ther-
mosphiric winds can trigzer plasma Huxes that are capable of considerably
modifying the height and magnivude of the jonization density maximuom | gee

also Section 8.5.2).

4.5.3 Tonoexosphere

DNoes the ionosphens possess a quasi-collisionles onter envelope, comparable
to the neutral exosphere, from which particles can evaporate? The basic an-
swer to this question is affirmatlve, albeit only for the polar ioncsphere. Only
in these regions are there so-called ‘open’ magnetic fickl lines (see Section
7.6.2), along which the particles can escape. In contrast, the terrestrial mag-
netie feld assamnes a clossd (dipalar) configuration at mid-latitudes, in which
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particles are captured like in & ‘magnetic battle’ and prevented from escap-
ing. As indicated earlier, this outer region is denoted the plasmasphere and is
treated in detail in Section 5,28, The escapo flux at high latitndes is appro-
priately named the peler wind after ita place of origin. The approach tsed to
describe this phenomenon theoretically s similar to that osed for modeling
the solar wind. The interestoed reader 13 thus reforred to Section 6.1.

4.6 Systematic Variations of the lonization Density

Sirnilar to the maesnitude of the energy and heat deposition. the actual
amount of ionization production is also dependent on the solar zenith an-
gle and radiation intensity. According to Eq. (4.3}, this dependence is given
by '

gt~ Jx (= Flehh)) e (= loeex)

Correspondingly, clear signatures of daily and sepsonal variations, as well as
solar rotation and solar eycle effects, are observed, especially in the lower
ionosphere where the jonization density s proportional to the square root of
the production rate. The situation is more complicated in the upper iono-
sphere, for example at the beight of the ionization density peak. While the
abwove described variations are observed, they sometimes appear in strongly
miodified, In some cases even Inverse, forms. First we illustrate ‘normal’ daily
variations as oheerved in winter at mid-latitudes during a period of high solar
activity; seo Fig. 4.17. Both the maxbmum jonizstion density and the jono-
spheric column density are plotted. Striking s the relatively sudden increase
in the lonization density after mmrise. We can use the steep rise in density to
estimate the sige of the previowsly neglected term containing the rate of den-
sity change and obtain &n/dt ~ 10® m~%~!, This must be compared with
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Fig. 4.17. Daily varintion of the maximom clectron density f, and ioespheric
column density M. The dats are for s mid-latitade bocation (Ottawa, 45°N), winter
conditions (6 December 1082) and & period of high selar aetivity {CT=210).

production rate of g+ = Jo na(hm) = 10° m™% !, where we have used
= 7-1077 57! and n, = 1.4-10° m~? (at A, = 270 km, To = 1200 K).
Evidently, the rate of change of density is indeed small compared to the
production term and thus also small with respect to the loss or LrinSport
Lertns,

The dependence of a typlical lonization density profile on solar activity and
season is illustrated in Fig. 4.18. Whereas the variations arising from solar
activity agree with our expectations, the clearly smaller fonisation densities
in suemier are surprising. This phenomenon, the seasonal anomaly, B caused
by the neutral upper atmosphere, more specifically by the seasonal variations
of the thermospherie composition and global wind eireulation.

Spatial variations are observed in addition to temporal chanpes. Hence,
considerable differences cxist between the ionospheric conditions at low, mid-
dle nnd high latitedes. Among the peculiarities of the low-latitude ionosphere,
for example, = the so-called eguetorial anemaly. This feature is distinguished
b highor ionization denaity on both sides of the equator, rather than at the
ocquator itself; see Fig. 4.19. The eause of this phenomenon i3 the aguaforin
plasma fountain sketched in the lower part of this figure. This fountain is
driven by an clectric field observed in the immediate vicinity of the magnetic
equator, which is directed from west to east during the day, In combination
with the Earth’s magnotic fleld, directed from zouih to north st the BLALOT,
this results in an upward directed £ = 8 drift in the F region (see Section
5.3.3} that transports the jonosphoric plasma to great helghts, Density dif-
ferences are thus formed with respeet to the neighboring latitudinal regions
unaffected by the drift. Aceordingly, the plasma drifts away from the high
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Fig. 4.18. Seasonal and solar activity induced variations of the electron density
profile for noontime conditions at mid-latitudes (adapied from Wright, 1962)

density region along the magnetic fidd lines, supported in its mothon by the
parallel component of the grovitational foroe, which becomes effoctive when
the field lines are no longer horizontal. This lateral plasma Aux s responsible
for the depletion of the ionization density at the equator and concurrent en-
hancement at subequatorial latitudes. Another anomaly of the low-latitude
ionosphere is the occurrence of spectacular plasma instabilitics as describved
in more detail in Appendix AL16.

The polar ionosphere also displays a number of striking features. Respon-
gible for these, among others, are

= additional fenization production by precipitating energetic particles

= :J-dd'lﬁﬂﬂlﬂ iomization loss from plasma escaps along open magnetic field
mes

= clmnges in the chemical reaction rates due to electric fields and particle
procipatation

—  horizontal jonization transport by electric fields

— heating by electric currents and

— heating by magnetospheric plasma via heat conduction .

Since these phenomena exhibit complex spatial and temporal variations, it
& not surprising that a systematic description of the polar jonosphere is
difficult and would require detailed discussions beyoud the scope of this
Fscsinks,
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Fig. 4.1%, The equatoeial ancmaly and its formation, (a) Latitudinal variation of
the electron densicy at & height of 470 km along the 110 °E meridian ab noon, The
data were obtained wsing radio sounding from the ALoUerTe @ satellite {adnptod
from Eccles amd Kiog, 1869), (b) The principle of the equatorial plasma fountaln,
£ donotes the eastward directed electric field strength, 8 bs the nocthward directed
fux density of the terrestrinl magnetic field, vram 5 the upward directed plasins
drift, —¥p is the pressure gradient force acting in the meridional direction. pgy is
the component of the gravitatbonal acceleration along the magnetic feld, and & is
the ambipolar fux of the onospheris plaso.

4.7 Radio waves in the lonosphere

Every clectromagnetic wave is altered during its passage through a plasma
Among the characteristics subject to change are the propagation direction,
the amplitude and the wave velocity. This can be exploited to extract infor-
mation aboit the propertics of the plusma medium from the type of changes
observed. On the other hand, one can make concerted use of avallable plas-
mas to induce desired changes (e in the propagation direction). Both ap-
plications play an important role In the propagation of radlo wasves in the
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innosphere. Radio waves, of course, not only serve as a diagnostic tool for
ionospheric research, they are also the longstanding earriers of classical ra-
dio communication ln the long, middle, and short wave ranges (30 kHz -
3 MHz).

The key to underatanding the wave-plasma interaction is the oacillation
of the plasma electrons induced by the electrie feld of the wave, Oscillating
charges themselves emit clectromagnetic rediation. This secondary radiation
i= superposcd on the primary wave and leads to the observed changes in the
characteristics amd propagation bebiavior of the wave. & generalized treatment
of these interactions requires considerable mathematical manipulation and
will not be pursied further bere, Instead, we constrain our consideration to
gredatly simplifed interaction seenarios, for which the result of the complex
superpaosition of primary and secondary wave fields is degeribed with the help
of macroscopic material constants such as conductivity and refraction index.
We first investigate the natural resonant oscillation of a plasma. Following this
we show how a plasma undergoing forced oscillations can sometimes behave
like & dielectric and other times like a conductor, The section is coneluded

with a discussion of the complications that arise upon applying 8 magnetic
field.

4.7.1 Matural and Forced Osclllations of a Plasma

Consider a charge neutral plasma sheet of density n = n; = n,. Displacing the
electron gas with respect to the ion gas by applying an external clectric field,
we produce a polarization field given by £p = (¢ n/eo)dr; sec Fig. 4.20 and
Eq. (4.44). Turning the external field off again, the electron gas will now feel a
restoring foree proportional to the displacement, given by F2 = —e n £p =
~(e? n?®/gp)Ax, that accelerates the eloctrons in the direction of the jon gas.
The electrons gain kinetic energy in this process, cauging them to overshoot
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their desired position of equilibrium. This then leads to the build up of a
polarization field amd its associated restoring foree in the opposite direction,
causing the elecirons to decelerate, turn around, and accelerate back again
townrd their equilibrinm position. The electron gas evidently becomes excited
in this way te oscillate about its position of rest. The same holds for the
ioms, but beeaise thelr mass & 5o much larger than that of the electrons,
their motion iz practically imperceptible. In other words, to o very good
approximation, it i3 the electron gas that oseillates while the jons stay put in
the mutual pesition of equilibriom.

Similar to our derivation of the buovancy oscillation frequency, we can
determine the clectron-ion oscillation froquency by considerine o balanee of
foroes for which the restoring force is opposed solely by the inertial foree

d?(Ax) e¥n?

T e A G5}

The aclution to this differentinl equation is a harmonic osclllation of the form
Ar = [Ax)psinfuwpt) (467}

where (Ar)g denotes the displacement amplitude and oy s the angular fre-
quency of the oscillation, generally known os the plasma frequency, The value
of the plasma Frequency, obtained by inserting the solution into the differen-
tial equation, ls
2
Wy = ) — {4.68)
Spiily

or, expressed as a handy rule-of-twmb

wipla” I] =~ 8bdy/nim =], [fi[Hz = 9/a[m-9| (4 60)

A more precise description of this plasma oscillation requires the inclusion
of damping processes. Among the dampine processes in the ionosphere are
collisioms of the oscillating electrons with the jons and neutral gas parti-
cles, assumed to be at rest. The foree balance equation (4.66) wust there-
fore be extended with a friction term of the form F; = —nmeel u, =
—mimngt) d{ Ar)/dt, see Eq (2.67), where s stands for the neutral gas and
ion components. Moreover, there are radiative energy losses for which the
neanciated damping, in many cases, can be formally described by an oopres-
sion similar to the friction foree F*; = —nmg vt d{dx)fdt. In this case v
represents a type of momentum transfer collsion frequency that summarizes
the effects of radiative damping. The differential equation for damped plasma
oscillations thus assumes the following form

d*{Ar di{ Az o?p?
"”"—“_{{I'FJ_I + rmt [dl ) + % Ar = 0 {4.70]
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where we have made use of the abbreviation #* = v}, + ¥5 + ), The
solution to this equation is an exponentially damped oscillation at the plasma
frequency wy.

Finally, we consider the case when the plasma sheet shown in Fig. 4.20
is excited to undergo forced oscillations by an external alternating electric
field. The corresponding force halinee equation may now be written as

d_z[-_"l.:r:l . d{ar) rip? o
1Ty i 4 ML R + E—Uﬂ.r = —en &uinfwt] (4.71)

where & and w are the amplitude and frequency of the applied AC electric
field and the minus sign comes from the negative charge of the electrons. As
will known from mechanies, an externally excited oseillator will oseillate at
the excitation frequency, perhaps phase shifted and with smaller amplitude,
following an initial svnehronization period. The time dependent displaccment
of the electron gas thus takes the form

Ar = (Ax)sinfwt — ) (4.72)

Imserting this into the differential cquation (4.71), we obtain & defining equa-
tion for the amplitude and phase of this meeillation

—w?{Ar)osin{wt - @) + wr"(Adzk cos{wl — )
+ wilAr)o sin{wt — ) = —(e/m.) Eysinfuwt) (4.73)

Sohitions of special forma of this equation are discussed in the followins,

4.7.2 The Tonosphere as a Dielectric

As will be shown, the type of interaction between a radio wave and the
ionosphere depends on the frequency of the wave. Sometimes the ionosphere
behaves like a dieleetric, sometimes like a metallic reflector. Let us illustrate
the first case with a concrete example. Consider a radio wave in the short
wave tange at a frequency of f = 5 MHz transmitted vertically upward in
the direction of the ionasphere. This can be taken as a plane paralle] wave
at great distance from the transmitter. Assume firther that the electric field
oscilkites in the + z-direction and the associated magnetic field in the + 4
direction; see Figz. 4.21. Since the air molecules are only weakly polarizable
and the ionlzation density in the lower and middle atmosphere is negligibly
small, this region can be considered a vaeunum from an electromasnetic point
of view. The phase velocity of the radio wave is thus equal to the speed of

light
tpe = p = 1/ /oo (4.74)
and the index of refraction, defined by

firet = Co/Tpn = /€, 14.75)
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Fig. 4.21. Configuration of a plane radio wave impingiog perpendiculardy onts a
horizontally-layered jonosphere. £, and H, denote the electric aml magnetic feld
strempihs of the radio wave and &, its wavenumber, dr indicates the magnitwde of
the displacement. of the electron gas with respect to the on gas.

hias the value 1. The other guantities appearing in the above equations are
the magnetic permeability pg and electrle permittivity £y of free space, and
the dielectric constant &,

The propagation characteristica of this wave are changed when it mects
the rapidly increasing electron density of the lower Tonosphere. Let s first
congider & tange of altitudes for which the radio frequency is large compared
with the plasma frequency and at the same time large compared with the
mormentium transfer colliion frequency. The first condition applies well into
the E region for the transmitted frequency f = 5 MHz. For estimating the
lower boundary of the region, we assume that radiative damping oceurs only
fior frequencies near the plasma frequency and that Coulomb collisions with
ioms are important only above the E region. In this case the secomd condition
may he written as follows: w % ¢} . We use Eq. (2.56) with m, < m,, and
T < Fy, for a determination of the momentum transfer collision frequency

. Bk T,

For gnn =310 m® and for n, = 410" m=3, 7, =~ T;, =~ 200 K {typical
valies at an altitude of 80 km), we compute a momentum transfer eollision
frequency of ¥2_ (%0 km) =~ 3- 10° 571, This is, however, a factor of ten less
than the wave frequency w =3 107 a7 L. We are thus assured that our subse-
guient treatment is certainly valid for the upper D region and lower E region
at this wave frequency,

With w® = w}{ and w % »* =~ 2 . and noting that the sine and cosine
functions are nevor groater than undty, Eq. (4,73 ) assumes the following simple
forim

—wh(Ax)osinfwt — @) = — (e/m,) Ep sinfwt) {4.77)
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This physical situation corresponds to a high frequency regime, in which
the friction and restoring forees can be peglected because of the amall dis-
placement amplitudes and velocities, and only the inertial foroe opposes the
glectric force of the radio wave acting on the electron gas. Equation (4L77) s
fulfilled for « = 0 and Az} = ¢ &a/mae?, so that

4

Ax =
Tt

& sinfuwt) (4.78)

We use this expression to determine the conductivity of the plasma. Jumping
ahead to Eq.(5.4) for a moment, the current deasity may be expressed as
follows

diAzr) ein

ji= 2 fiMathy =-ERU =—€m g Epcoa(wt) (4.70)

fromm which the conductivity i= given by

- 2
¢ = L == wilig) (4.80)

E w
The temmporal average of this expression, however, is equal to zoro, so the
wnosphere behaves ke an insulator at thos frequency for the range of alti-
tudes considered here. Strictly speaking, it behaves like a dielectric because it
is a polarizable medium as a result of the induced charge separation. Similar
to the more familiar usage in optics, we characterize the proporties of this di-
electric with an index of refraction. From classical electrodynamics we utilize
the following celation between the index of refraction n,.; and the dielectric
polarization P (= electric dipole moment per unit volume |

e
firey = Y1+ Plegl (4.81)

In our case, the dieloctric polarization [ positive in the direction of the positive
charge) is given by

e'n
P= —enAr s — —re Ensinfut) (4.82)

#0 that the index of refraction becomes

neey = y1- (2) (453)

The index of refraction becomes smaller than unity when w > wy. As a
consequence, the phase velocity of the radio wave vpr = €0/frgy actually
excends the speed of light. Evidently, the phase of the secondary wave radiated
by the oscillating electrons runs ahead of the phase of the primary wave
such that the superposition of both wave fields yield an effectively higher
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propagation volocity. Purthermore, if n,,y < 1, a wave impinging obliguely
onto the jonosphere will be refracted according to the familiar Seell’s lou

gindy = BTE?'E‘F“I‘ (4.84)
fl.-lf

with iy = i,

In addition ta the refractive characteristis we are interested in the losses
in our dielectric, Important for this issue i the phase shift between the current
density and the electric ficld strength. The power absorbed per unit volyme
is given by

F = & =~ —cos{wt) sinfwt)

This means that power & transferred from the mdio wave to the oscillating
clectron gas during the socond and fourth quadrants of the osollation oycle
(1 = (). The power is returned to the radio wave again in the first and third
quadrants (P* < 0). The returned power is incomplete, however, because of
the always prosent frictional damping. Denoting the friction foree per unit
volume by Fi ., the dissipated power per unit volume is given by

. |pe dldz) . fd(ax)y?
P'rfr o IF_fr '_&'E_ - nm”ﬂJl(T) (4.85)

For Qo we use the expression given in Eq. (4.78) and, after averaging over
time, ohtain

1- €265 Mg,
{ :fr:f - '3_ T EAE

M.

The lnages are thus inversely proportional to the sguare of the radio fre-
quency, implying that one should work with the highest possible frequencies
for improving radio commumcations. The losses are also directhy proportional
to the ionization density and to the momentim transfer collison frequency
(and thies also to the neatral gas density ). This leads to the Tollowing height
dependence for the frictional losses. Variations of the functions n(h) and
iy () oppose each ather below the ionization density peak and their product
reaches a maximum at that height where, on the one hand, enough electrons
are available to extract significant power from the radio wave and, on the
other hand, enough neutral gas particles are present to provide significant
friction. This is typically the case below an altitude of 100 km in the upper D
region and lower E region: see Fig, 4.22. Neverthelesa, even here the damping
i3 relatively weak so that our radio wave can traverse the lower jonosphere
without severe losses, Only in exceptional cases {eg. enhanced X-ray radia-
tion or intense precipitation of energotic particles| does the ionization donsity
grow to such high valaes that radio waves are significantly or even completely
absorbed (sce Sections 86,3 and B.7).

{4.86)
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Fig. 4.22. Formation of the absorption maximum in the lower wonosphere. Here
w denotes the clectron density and ny, is the nestral gas density, The absorption
is proportional to the product of these two guantities. The electron density profile
correaponds to local mon conditions at mid-latitudes for a period of low solar
activity.

4.7.3 The lonosphere as a Conducting Reflector

The ionization density and 18 associated plasma frequeney contime to in-
crease above the previously considered D and E regions. If the plasma fre-
fuency reaches the transmission frequency of our radio wave, Le. w,(h) = w,
then the propagation conditions of the ionosphere undergo a fundamental
change. As shown in Eqg. (4.73), the restoring foree and inertial force com-
pensate each other in this case and the amplitude of the oscillation is limited
only by the damping. To emphasize the unigueness of this situation, we eguate
the transmission frequency to the plasma frequency and write Eq. (4.73) in
the form

wy v (A} coalwyt — ) = —(e/m,) Eqsinfuwyt) (4.57)
With (Ar)y = ¢ &y/martw, and p = =72, it follows that
T - i
Ar = =g Eysinfuwyt +7/2) = s Eq cos{uwy,t) (4.88)

Considering at first only the damping by neutral gas collisions, the ampli-
tude of the oscillation becomes a factor w/u*, larger than for the dielectric
cie. The electrons thus possess a much greater mobility, thereby significantly
increasing the current density amd conductivity
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]

jlwy) = ”::i Eosinu,t) (4.89)
anil 3
Sy

o) = —+ (4.90)

This can be demomstrated by the following numerical example. Taking the
previously used transmission froquency f = 5 MHz, the electron density must
Tnerease to no= 3- 10" m~® in order that the plasma frequency reaches the
wave froquency, Such densities are typically observed in the lower F region at
an altitude of about 200 km where the momentum transfer eollision frequency,
according to Bq. (4.76), is less than v} | = 200 s7". The actual value of &} .
is about twioe as large becanse collisions between electrons and jons are also
important in this height region. Even when accounting for these Coulomb
enllisions {see Section 5.3.5), the conductivity reaches walues of about 20 5/m
(5 = giomens = 0271}, which is eguivalent to that of an electric conduetor. Tt
ia well known, however, that oloctromagnetic waves are reflected at eloctrie
conductors, and this is exactly what happens in the case of the iongsphere.
Radio waves from Lhe ground peneteate into the jonosphere up to that height
where the local plasma frequency reaches the wave frequency. At thizs point
they are reflected back toward Earth,

This lonospheric property 19 exploited using the technigque of redio sound-
ing. A wave train at frequency o i transmitted npward toward the ionosphere
and the clapsed time At s recorded when the reflected signal is received
by the ionosonde Assuming that the average group velocity of the wave
Vg = € Ny doos not deviate greatly from the speed of light, the reflection
hFIl.EJ'I.t- may be estimated from .b..-.-‘” = q,.ﬂ:,.-"ﬂ. Ome then immm‘li.ntnl}' knows
the electron density at the reflection height from the relation walheon) = @,
By warving the transmission frequency, this method can be wsed to deter-
mine the entire ionization density profile below the jonization dersity peab:
see Fig. 4.23. Radio sounding from orbiting satellites, in fact, are not only
eapable of determining the density profile of the upper joncaphere, but can
also investigate the density profile of magnetospheric plasmas, e.g. the plasma
sheet of the magnetotail or the magnetospheric boundary layer, two regions
which will be introduced in the next chapter.

Comparing the relations given in Egs. (4.87) and {(4.59), we note that at
resonance (f, = f} the current depsity is in phase with the electric wave
ficld, Thi= means that the radio wave must be continnally losing energy,
P = 5 E = . If only frictional damping were present, this energy would bo
transformed into frictional heat and the wave would be strongly aleorbed,
This is only partly the case, however. The electrons, with their large displace-
ment amplitudes and associated large accelerations, become very effective
dipole radiators. Absorption and subsequent coherent (e, equally phased)
recmission of the impinging radio wave i thus the primary damping process
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Fig. 4.23. Examples of reflection amd transmission of artihcial and natural radio
waves, [ fylmar comesponds to the critical Fequency P2

in the case of resonance, The reemitted waves are radiated in both the for-
ward and backward directions. Indecd, if one approximates the lonospheric
reflection layer by an areal array consisting of innumerable tiny dipoles, then
upwand and downward are the main directions of radiation. Concerning the
phase of the reomitted radistion, it mav be verified that the olectric field
is 180 degrees out of phaso with the current density, Eeecondory = = Jiipole:
Hinee the primary wave field i in phase with the current density, however,
the primary and sceondary waves cancel cach other in the forward direction
and are superposed to form o standing wave in the reverse direction (i.o. back
toward Earth) in the case of contimons transmission. The reflection and su-
perposition characteristics become more complicated for inclined incidence.
The primary and secondary waves again interfere destructively in the forward
direction amd constructively in the backward direction, but now the reflected
wave does not return to its source transmitter. The familiar reflection law
holds in this case: the angle of incidence is equal to the angle of reflection.
This is exploited for global radio communications to overcome the curvature
of the Earth’s surface; see Fig. 4.24.

In order to avoid a misunderatanding: radio waves with frequencies above
the muximum plasma frequency of the ioncsphere (also called the eritical fre-
quency and denoted for the ‘ordinary” wave by fyF2) are not reflected for nor-
mal incidence and pass with only moderate damping through the ionosphore.
This holds for radio waves in the VHF and UHF bands {30 - 3000 MHz), for
example, which, among other uses, are reserved for tramsmission of delevigion
aignals, Of course, solar radio nojae at 2.8 GHz (A = 10.7 cm), used for the
previously described Covington index, is also not reflected. The same is tre
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Transmitter Receiver

Flg. 4.24. Principle of subionospheric radio communications in the short wave
reglme {330 MHz), Note (o lew of a detalled explanation) that the reflection
frequimey incresses o foopp = S/ cosd for inclined incklence at the angle .

of the cosmic radw nose at 30 MHz, used for the determination of absorption
effects (riometer), Clearly, no reflection oocurs for the microwave signals at
S and X band (1.6 < f < 10.9 GHz), which are standard radio communi-
cation ranges for satellites within or above the jonosphere. Polar kilometric
radiation in the 100 to 400 kHe range (see Section 7.4.3), on the other hand,
is reflected from the topside of the jonosphere and cannot penetrate down to
the Enrth's surface,

It remains to be mentioned that every radio wave, whether it 5 refected
or not, & subject to (even if only very weak) frcofierent (differently phased)
backscattering, This may be actnibuted esontially to the ublguitous small
scale irregularities in the onospheric density distribution and its associnted
index of refraction. Because this incoberent backseatter radiation contains
walunble information about the physical state of the lonosphere at the scattor
kncation (e.g. the local ionization density and velocity as well as the local ion
and electron temperatures), radar stations have been buill to measure these
quantitics. The frequencies used for this purpose are in the VHF and UHF
ranges, 50 the radio waves penetrate through the ionosphers and only their
incoherently backscattered signal is recorded. Large antennas and powerful
trangmitters aro neoded here because of the very modest degree of backseat-

tering,

4.7.4 Magnetic Field Influence

Completely ignored up to now is that magnetic forces also act npon moving
charges. As explained in more detail in Section 5.1, the magnetic foroe per

it voliume may be written as
fE =7xB

where § = ¥, qettifs i8 the current density and 8 is the magnetic flux den-
sity, Consider firat the foree exerted by the magnetic fiekl of the radio wave
For & plane electromagnetic wave in a haless dielectrie, we utilize from elec-
trodynamics a relathon between the magnetic and electric field strengths
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from which, making wse of the relations {4.74) and (4.73), we obtain an
expression for the magnetic flux density of the wave

B = uoH = & g £ = neey Efen (4.92)
The resulting ratio of magnetic to clectrical volume foree is thus

55 Tl tuyble il Y. (4.93)
Fz —enf o iy

The ineguality at the far right may be verified from the resonant case consid-
ered in the previous section, where we inferved that ulw,) < e & f(mef )
Ewven for a relatively strong electeic field strengeh of £(200 kmj==10 mV fm
and a collision frequency of v (200 km) = 200 57, this yields a rather
small ratio of velocities a, fey = 008, The influence of the wave magnetic
field i= thus negligibly small, even in the resonance case with its large current
densities,

The much stronger magnetic field of the Earth, however, cannot be ne-
glected. We account for it by includiog a term io the (Dow required) vector
form of the force balance equation given by Fiy = —e n (d(AF)/dt) = Bg.
Cloarly, an additionn] term of this tvpe considerably complicates the descrip-
tion of the wave propagation, which now depends on the angle between the
propagation direction of the wave and the Earth™s magnetic feld. Further-
mare. the ionosphere now bocomes birefringent, i.e. the incident radio wave
18 gplit into an erdinary and an exdreordimary cotmponent. These two compo-
nents have differing propagation veloeities, which, among others, leads to a
rotation of the plane of polarization of a linearly polarized radio wave [ Fara-
day effect). To a good approximation, the Faraday retation of a radio wave
traversing the entire jonosphere is proportional to the column density N and
can be used o measure this physical quantity.

Exercises

.1 An atomic oxygen ion is produced at an altitude of 200 km. Following
its creation, it moves through the ambient neutral oxygen gas as a result
of its thermal motion. Statistically, because of its random walk, one pre-
dicts that it will move a distance of d = 5N from its place of arigin,
where s corresponds to the step size {= mean free path) and N the num-
ber of steps {= number of collisions}. How large is this distance over the
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{a)

(b)

(e}

(d)

4.3

4.4
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oxpocted lifetime of the oxvgen ion and by what factor is this distance
derreased at 5 heisht of 150 km?

An electron density of 10" m~* is measured at an altitude of 500 km for
noontime conditions at mid-latitudes during average solar activity.
Using the production time constant, estimato the time needed to baild
up this electon demsity by photoionization.

How large is the chemical loss rate at this height apon accounting for
both charge exchange and radiative recombination?

By what factor does the photo-chemical equilibrium density sowceed the
observed valie? Knowing the transport time constant, estimate how long
it takes until density disturbances cansed by photo-chemical procosscs
are eliminated,

How large are the regular and production-indueed downward eurrents at

this height?

Figure 4.16 sugeests that the transport torm s negligibly small becanse
q = Indeed, measurements show that this term has a ool at the posi-
tion of the mavimmm with pegative (pogitive) values above (below) the
maxmnum. On the other hand, sccording to Eqa. (4.64], (4.58) and (4.59),
Ta = nffd] =7 = nfl ar |df = [ Discuss the reason for this apparent
contradiction.

The planet Vemus. like the Earth, possesses an ionosphere. For hoights
above about 200 km, this consiats of oxyvgen ions and asseciated electrons
in static equilibrium (barometric density disteibation). The jon density
at 200 km can be taken s ng, . = 100 m™?. Assume the fon and electron
temperatures in this region are independent of height and of the same
order of magnitude T =~ 2000 K, Ty, ~ 5000 K. Contrary to the terrestrial
nosphere, the Yenusian ionosphere has a relatively sharp upper bound-
ary. the ionopause. This iz located at the height where the pressure of the
innospheric plasma is equal to the pressure of the Incddent solar wind. Tt
should be notod that Vomis has no magnetosphere that could intercept
the solar wind far above the ionosphere and that the magnetized solar
wind plasma is unable to penetrate into the jonosphere. Caloulate the
stand-off distanoe to the ionopause for the case when the solar wind ram
pressure takes the value pop = 4- 107 N m~*. To a first approxima-
tiom, comsider the gravitational acceleration at Venus to be Independent
of height and use its value at 200 km.
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5. Magnetosphere

The Earth's external magnetic feld plays a key role in space physics. This
arises [rom its strong interaction with charged particles, resulting in a number
of fascinating phenomena. Among these are the capture of energetic particles
in the Farth's radiation belt and the striated configuration of the aurora.
Furthermore, the conductivity of the lonosphere is substantially modified
by the magnetic field and important solar-terrestrial relations are basoed on
the interaction of the solar wind with the magnetosphere. The large-seale
structure of the geomagnetic field and its associated plasma populations are
described in the following. In this context it is appropriate to distinguish
Esetwoeen the near-Earth and the distant geomagnetic field. As an introduction
to the topic, we first review some lundamentals of magnetostatic theory,

5.1 Fundamentals

The primary quantity for describing a magnetic field s the magnetic flux
density or magnetic induction B, This detormines the strength and direction
of the magnetic foree acting on a charge g moving at the velocity ¢

Fa=qixB (5.1)

Although first presented in this form by Heaviside, F is also known as the
Lorents force. An equivalent macroseopic definition of the magnetic Hux den-
sity is obtained by considering an ensemble of charge carriers moving in a
given dircction [ at the velocity 4 see Fig. 5.1, According to Eq. (5.1), the
force acting on this ensemble of particles of density » is given by

dFfs=gnAdiiixB

where thf'a and dl are differentially amall guantities, not in an absolute sense,
but relative to the particular macroscopic dimensions. Introducing the electric
eurrent associated with these charge carriers (i the net charge transport
through a referenee surface per unit time cansed by their motion)

T=gynid
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Fig. 5.1. Defimtion of the magnetle Aux density using macroscoplc quantjthes

ofe obitains the well-known relation
{haﬂ =dl TxB=Tdix B (5.2)

This describes the differentially small force acting on a directed current ele-
ment of length Al im0 a magnetic ficld, The foree per unit volume dV acting
on the charge carrier ensemble is thus found to be

£ =

d.-ﬁg AT=B -
W= a4 =irE

where we have introduced the current densicy :,i" = f,.-‘:l. Mote that the current
density corresponds to a charge carrier fiux, ie. charge carrier transport per
imit area and time, and that each charge carrier species & is associated with
its own current demsity

(5.3)

_?i = (g iy Uy (5.4)

The definition of the masnetic Aux density aceording to Fq. (5.1) 8 formally
similar to that of the eleciric Reld

Fe=qf (5.5)

It is thus more appropriate to designate the quantity B (rather than the
quantity H = B/u - as usually done ) as the magnetic field. With fow
exceptions, this convention is followed throughout this book,

The unit for the magnetic fux density (here magnetic field strength) s
the tesla (svmbal: T)

; ., Wb Vs Js _Ns
Emﬁﬁlﬂ.l-- ]—Tl—iu-_ -l;.--i-_a.-_m:—j _{:']“
Two other non-SI units are often used in geophysical applications, These are
the gausg (") and the gamma (), derived from the Gaussian system of units,
both of which pose no conversion problems
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1M = 01mT, 1 = I ol

The [amiliar feld lines, the most common pictorial representation of a mag-
metic feld, show the direction of the magnetic feld at all locations in space,
From a practical standpoint, this is the directional alignment assumed by the
north pole of & test magnet {compass necdle). The intensity of the feld is de-
scribed either by the density of field lines or by a contour map of isodynamic
lines. i.e. loci of equal field strength |B].

5.2 The Geomagnetic Field Near the Earth

In this context ‘near the Barth’ is understood to mean anywhere within
roughly 6 Earth radii of the Earth's center or ca. 30 000 km above the Earth's
surface. This oundary can vary, depending on the particular geophysical
conditions and the particular direction one moves away from the Earth. The
pomral configuration of the near-Earth magnetic field has been kmown for
some time. William Gilbert, whose book ‘De Magnete' appeared in 1600,
realized that the Earth itsell was a piant magnet {*Magnus magnes ipse est
globus terreatria’). He modeled the Farth’s ficld with a small magnetic globwe
a ‘terrella’ — and was able to bring some order to the obscrvations available

at the time

Or contemporary view of the structure of the near-Earth magnetic field
is shown in Fig. 5.2. This field is characterized by a magnetic field direction
parallel to the Earth’s surface (i.e. horizontal) [or regions at low grographic
Intitude and perpendicular to the Earth's surface {i.e. vertical) for reglons
of high geographic latitude. The position where the field direction is exactly
horlzontal, 1.e, where the inclination or dip engle with respect to the Farth's
surface poes to zero, & designated the magnetic inclination or dip equaler,
Correspondingly, the two points where the magnetic feld is exactly perpen-
dicular to the Earth's surface are designated the magnetic inclination or dip
poles, Une distinguishes hore botwoon the boreal pole (BP) in the Northern
Hemisphere (which, since the field points into the Earth, B magnetically a
soiith pole!) and the sustral pole (AP) in the Southern Hemisphers (which,
since the feld points away from the Earth, is magnetically a north pole).

"The positions of the magnetic inclination poles are subject to secular vari-
ationa. In the year 1966, for example, the following values were applicabile,
BP(1966): (TH.67N, 250°E); AP(1965): (66.3%8, 141°E). A recont determi-
nation of the southern inclination pole by ship in the yenr 2000 revealed that
it had been displaced in the interim by about 3° to the northwest, AP (2000):
64.7°5, 138.1 °E. A [ollow-up determination of the northern inclination pole
alsn showed a considerable displacement. to the northwest, BP (2001): 81.3°M,
249.2°E. The magnetic dip equator is fairly close to the geographic equator,
but deviations of up to —17.5% are olwerved near the South Atlantic enomaly
(=~ 293°E); see also Fig. 8.5.
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Fig. 5.2. The near-Earth geomagnetle ficld for 6 December 1989, 11 UT, during
moderate magnetic activity (AE = 250400 0T}, according ta the semiempirical
model of Teyganenko, 19940, Upper panek: Reld Lines; Jower panel isedynamic lines,
Arrows show the direction to the Sun wnd prographic north, e, along the Earth's
rotation axis.

The isodynamic lines display an elliptical form with stronger field n-
tensities near the poles and weaker field strengths around the equator. A
remarkable feature is the rapid decresse in fold intensity with distance from
the Earth, thereby leading to considerable wariations In the field strength
along the magnetic field lines
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Dipale axis
B, 8.3)

A=
Fig. 5.3. Spherical eoordinate gystom for deseribing a dipole held

The semiempirical model used to construct Fig. 3.2 uses o large numbser
of eoefficients and s much too complex for the analvtic calenlations to be
performed in the following. Even at the expense of losing some precision, it is
much more matructive to work with a simple, manipulable description of the
geomagnetic feld. A promising approach for such an approcimation is sug-
gested by the configuration of the field shown in Fig. 5.2: the strueture of the
near- Earth feld corresponds quite closely to that of the familiar dipoke held.
In spherical coordinates (see Fig, 5.3), such & dipole feld may be described
by the following simple expressions

1
By = “‘::‘l = sind (5.6)
3 :Ejln.-'k"l 1 .
B.= T e (5.7}
Bj‘ =1

where M denotes the magnetic dipole moment and pg = 4v- 10 " Tm/A is
the magnetic permeability m vaeoum. The dipole moment evidently charac-
teriges the intensity of the dipolar magnetic field.

Rather than the fictitious, infinitesimally small magwetic dipole, one can
portray the origin of the magnetic ficld as & current loop or o bar magnet:
in both cases the far feld of thess sources closely approsches the dipole feld
configuration. This can be checked for a eurrent loop using the Biot-Savart
law. As it turne out, the dipole moment of a current loop is given by the
product of the eurrent strength T times the area 4 enclosed by the circuil

M=ATé =l (5.8)

As sketehed n Flg 5.4, 7 and { are unit vectors in the direction of the
cirenlar loop radius and the current flow, respectively, The dipole moment
for the case of a bar magnet is given by the product of the pole strength
times the distance between poles, A = I'Pﬂl d.

Fitting a dipole hield to the Earth's magnetic field is a quite satisfactory
approximation of the true field configuration in near-Earth space. Placing
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Fig. 5.4. Defining the masnetic dipols moment A4 for & cireular cureent loop mod
a bar maghet

the dipole at the Earth's center, the remaining free parameters of the dipole
approximation assume the following values

Mp = 7.7-10% Am?, 4 = 115, A7 ~200°E (T0°W)

where M g denotes the magnetic dipole moment of the Earth, & is the dipole
axis tilt with respect to the Earth's rotation axis. and JL_‘E”“ i3 the goographic
longitude of the northern intersection point of the dipole axis with the Eath's
surface; see Fig, 5.5. Tn combination with Eqs. (5.6) and (5.7). these valoes
viold the centered dipole approgimation of the geomagnetic ficld. A summary
of the components of this model is presoted in Fig 5.6, Position ks given
in terms of the geocentric distance v and the {geo fragnetic fotitade . The

Rotation axls
[¥pale axis
g Field lines

o

BPF -

PE .
|y L ," ET:&Dd:rmﬂtllr: linses

Fig. 5.5. The Earth's magnetic feld approsimated as a geerenttic dipole Reld
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Foolpoint

CGioomaygmitic polise

Harizontal oormpsanemt:
Vertical component:
Intensity:

with

BF (mFEN, J0°E)

AP ([7FE, 110PE)

B, = By (Re/r)! comg

B, = -2 By (Re/r)'sing

B =B (Re/r)* 1 + 3sin* 2
o = geomagnetic latitude
rlz Re) = peocentric distance
By = po Mg/l4x B} = 30uT

Field line equation:
Shell parameter;
Foutpoints;
Inclination:
Declinat i

Curvature:

rip) = L R cos®p

L=r{p=0)/Rg

#lRg) = nrecos J/17L

1 = arctan(2tan )

I = — arcsinee ,:l_ff" sin{Ag = AJF )/ cosa)
pe = B[V, B

Fig. 5.6. Grocentrie dipole approximation of the geomagnetic feld
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latter is measured relative to the (gen Jmagnetic equator. ie. relative to a plane
oriented perpendicular to the dipole axis and passing through the center of the
dipole. For the ceptered dipole approximation, of counse, this is the Eanrth's

corler.

A caleulation of particle trajectories in the geomagnetic field requires an
equation for a dipole feld line. This may be dedived from the copdition that
magnetic feld lines are defined ar all points to be co-aligned with the direetion
of the magnetic field, According to Fig. 5.7, this beads to the following relation
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Fig. 5.7. Relation hetwern the radius voctor and the intitude of o ficld line

between the geocontric distance and the magnetic latitude of any point on s
feld line

rdy B, lceosy
ekl Eh B,  2sing

Separation of variables and using the substitution * = ecos . we obtain the
differential equation

with the solution

Introducing the shell parameter L, defined as the geocentric distance of & field
line in the geomagnetic equatorial plane measured in units of Earth radii, ie.
o =rip = 0} = L Rg, the equation for a feld line assumes the followring
form

r=L Rg cos’ (5.9)

Graphical instructions for constructing field lines from this equation are pre-
semted in Fig. 5.8,

Of further interest, are the foetpoints of a field line and the tilt or incling-
tion of these field lines at the Iootpoint. The magnetic latitude of a foot point
ut a height & above the Earth’s surface (r = fe 4+ b)) may be caleulated from

]_.c+h
fig L

Slomee, for most of the cases of interest here, b < B, B (5:10) reduces ta
the following simple form

wllg + h) = arcoos 15 LK)

wiflg) = arccos /1 /L {5,11)
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Fig. 5.8. Guile for constructing dipole field lines {(adapted from Kertz, 1969)

In arder to determine the tilt of a Reld line, we introdioee the characteristic pa-
rameters sketched in Fig. 5.9, The parameter H (not to be confused with the
magnetic field strength H) denotes the projection of B onto the Horksootal
plane, and the angle between B and H is defined as the Inclination 1. For
the centered dipole approximation considered here, the horizontal cemponent
corresponds to the w-component of the magnetic field so that

I = = arctan (B, /B_) = arctan{2 tan o} (5.12)

Thiz angle s independent of the height and, as indicated by the minus sign.
is taken as positive in the Northern Hemisphere, Figure 5,10 illustrates the
steapness of the magnetic inclinathon for varjous magnetic latitwdes.

Zenith (=)
#

o+ Morth (X7

e mmmes=a===-= East (¥)

Fig. 5.9. Definitions of the horigontal component §, the inclination § and the
declinstion £ of the geonagnetic fickd. As wu alternative to these three parameters,
Cartesiun coordinates X, ¥ and 2 can also be used to describe the magnetic ficld
vortor ysing the above coordinate systen.
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Fig. 5.10. Inclination of the geocentric dipole field in the Northern Homisphero at
virtous magnetic fatitudes

The deviation of the horizontal component H from geographic noith,
denoted the Doeclination, s obtained from

D{p.Ay) = —arcsinfeos o BF sin(a, = AFF) fcos ) {5.13)
= = aresin(0.19 sin(dg + 707 )/ eos o)

w hene Af""h .;.f"' are the geographic longitude and latitude of the geomag-
netic north pole, awd Ag, ¢ are the geographic longitude and latitude of the
otserver. As indicated by the minus sign in the above eguation, a deviation
fo the east is considersd to be positive

Another noteworthy property of a feld line i its curvature. As shown in
Appendix A.11. the radius of curture for a planar field line is given by the
CXPression

B
Pe = LB (5.14)

where VB is the magnetic held strength gradient in the direction perpen-
dicular to the magnetic field. In the equatorial plane we thus have

1P| |35
|VLB| = 55‘1' e {5.15)
and henoe
pelg=0)=L Agfl (5.16)

The radius of curvature of a Beld line in the equatorial plane is thus exactly
one third of the geocentric distance of the field line. This result can be useful
when constructing dipole field lines (see Fig. 5.8),

Finally, we consider the variation of field st rength along a given field line
This is obtained by inserting Eq. (5.0) into the expression for the magnetic
field Imtensity given in Fig 5.6

Bog w14 Ef.ill!;

Bificld line) = 5% -
eost o2

(5. 17)

An evcembric dipole approzimation s often nsed mstead of the centered
dipole. For this approximation the magnetic dipole s displaced about G0
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km in the direction of the Mariana Islands in the Pacific Ocean, bat without
changing the orientation of the dipole. A better i to the promagmetic Held
i thus attalned, but at the expense of complicating the conversion to geo-
graphic coordinates. In this case the gecsgraphic coordimates of the magnetic
poles become

BFP (821"N, ZT0"E)

AP (74.4°5, 119°E)

Agreement of these values with the position of the observed magnetic ineli-
nation poles is clearly better. NMote agnin that all magnetic ficld parameters
display slow, but noticeabls variations

An even better approximation to the geomagnetic field can be achieved
by using the meariant magnetic lafdftade or the corrected geomagnetic lntitude
{CGL)Y. Rather than going into their definition and derivation, et it suffice 1o
say that these parameters further improve the ordering of geomagnetic feld
dependent. phenomena.

ercentrie dipole approgrmation | 1985):

5.3 Charged Particle Motion in the Geomagnetic Field

The motion of charged particles in the geomagnetic field is complicated, even
if one approximates that feld with only it dipole component. A quantita-
tive description of this motion begins with the force equilibrium condition
for a single particle, considering an inertial force F; a velocity dependent
nmglrr.‘hr foree ﬂg anil other, velocity independent, external forces F' b
Fig. 5.11. Frictonal forees, however, are not considered. We thus assume
that mreractions with other particles can be peglected, which is often the
case. Fortherinore, by excluding the reaction effect from particle motion on
the existing magnetic field. we acknowledge that our trestment is not sell-
consistent. Neglecting this feedback is tantammuot 1o the assumption that
the currents associated with the charged particle motion and the magnetic
fields produced by these currents are relatively small. This condition is also
usunlly fulfilled. We thus ook for solutions of the sqintion of motion

Fig. 5.11. Furees aeting on a charged particle. Fy = inetial forco, Fy = velocity
dependent magnetic foree and F, = velociiy independent, external forees,
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dir

m E=E+qiﬂ'xﬁj {5.18)

Separating this equation into components parallel and perpendicular to the
magnetic field, we obtain

dfy

mo - ﬁ‘JI, {5.149)
defy - =i - ]

TR +q (G = B) {5.20)

The first equation corresponds to Lhe ‘tormal’ eguation of motion, valid as
well for neutral gas particles, and can be directly integrated if the external
forves are time independent

& (t) = 7 (to) + %n = 4) (5.21)

The solution of the second equation proves to be comsiderably more difficult
i derive and 15 critically dependent on the magnetic held confipuration. This
is because the magnitude and direction of the magnetic force are themselves
functions of the velocity, thereby preventing a ditect separation of the vari-
ables. In this situation it i helpful to break down the total motion of the
particle into its individual components. Beeanse these components evolve at
very different time scales, they are nearly indepetdent of each other and can
thus be summed binearly to obtain the total motion. For our purposes. it
anffices to consider the following special cases:

(1) JEI_:1J_ =0 , B uniforom — gvration
(2} JEL =0 , VB|E —  houneing
3 Fi=0 , VBLE —  drift

{4} F:J_ £0 B uniforms —  drift

The followlng discussion of the various types of motion is largely intuitive
and perceptiual. A more formal derivation of the cited results may be found
in the apecialized literature.

B.3.1 Gyromotion I:F'jJ_ =08 uniform |

Magnetic felds produce an acceleration of charge carriers perpendicular to
their direction of motion without changing the magnitude of the velocity. In
the alsence of other external forees, we have

=
m d;—:‘ =gi, x I (5.22)
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vy =10

| B

Fig. 5.12. Particle moton in a uniform magnetic field for o, =10

=

The tramsverse acceleration from the magnetic force Fa oon the right side of
this equation krces the particle into a apiral orbit with increasingly greater
curvature. The imertial foroe, which is manifested as a centrifugal force F.
that increases for greater curvatiire, oppaoses Lhis iransverse accelerntion, This
residts in an equilibrinm condition for which the magnetic force and the
centrifugal foree become exactly equal. This state corresponds to constant
orbital eurvature and thus circular motion. The radius of this cireular orbi
may e determined by equating thess two forces

F =gl vy B=F.=mul/ry

The gyreradius or Lormor mdizs @ thus given by

muy
B — 523
o= 1 7 B {5.23)

Hinee the direction of the magnetic force s dependent on the charge polarity,
the direction of the circular motion for poaitively charged particles is opposite
to that for negatively charged particles; see Fig. 5.12. For simplicity, we will
assume in the following that the positively charged pariicles are lons and
the negntively charged particles are electrons. The ceniroid of the orhit, for
reasons that will become more apparent later, is referred to as the guading
CEflET,
The orbital period of the particle s

_drTte _ i

= = — e .24
T8 o "B (5.24}
Accordingly, the gyrofrequency may be written as
2 B
o 27 _ gl (5.25)
TH m

The above relations may be derived more formally in a Cartesian coordinate
system with the :-axis oriented along the direction of the magnetic field. The
 and y components of Eq. (5.22) may then be written as follows
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dr du
m—==qu B .n%.:_m-,ﬁ (5.26)

Differentiating with respect to time and mutually substituting, we obtain

d?v. iy e
Ei— = —';‘_Ié Ty o d_;?E = _'."-"g [ET ‘52!':'

The solutions of these differential equations have the general form
v = (velo sin{wmt + 920) vy = (1), sinfwat + 9]

Inserting these imto Eq. (5.26), we obtain the following relations between the
constants: (v:)o = (vy)o = Jv7 + v = v, and g, = ¢, £7/2, where the plus
(minug) sign holds for electrons (lons). Setting the phase conatant @, = 0,
omie okt el s

vy = +v, conlwat) . vy = vy sinfwet)

and thus for the tranaverse displacement
r=krg sinfwet) , = =rpcos{wgt) (5.28)

where we have set the integration constants equal to zero. The plus sign on
the r component holds for electrons; the minus sign for ons, These equations
thies deseribe the circular motion illhestrated in Fig 512 with the above values
of pyroradius, gyropeniod and gyrofrequency.

It 15 important o note that g and wg do not depend on the velooty (en-
ergy| of the particles, More energetic particles are faster, but must traverse
a longer orbital path (rg ~ vy ). Also important is that the particles do not
gain energy from their forced circular motion in & magnetic feld: the mag-
netic foree is always directed perpendicular to the velocity, Finally, it ahould
be noted that the gyromotion of the charge carriers produces an electric
current loop and thus a magnetic dipole moment. Considering a reference
sarface parallel to a magnetic Reld line, a charge gyrating about this field
line will pass through the surface once per gyroperiod; see Fig. 5.13. The cur-
rent strength associated with this particle motion (Le. the charge transport
through the reference surface per unit time) is thus T = |¢|/rp. Inserting this
into Eq. (5.8), one obtains the following expression for the magnetic dipols
moment of a gyrating charge

- : " lg| rén B myl = E, B
JH“*AIrrrKE_-_l_fELE=_ﬁE=_ E {-ﬁ_?ﬂ:l

Every gvrating charge carrier is thus the source of & magnetic field, the
strength of which is described by the above given magnetic dipole moment.
The far field of this seurce again has a dipole character and is described by the
formulas given in Egs. (5.6) and (5.7). Note that the dipol® moment is pro.
portional 1o the component of particle energy perpendicular to the magnetic
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Fig. 5.13. Currend and mapgnetic moment of a gyrating ion

field and mvensely proportional to the magmetic feld strength. Furtbermors,
becanse the magnetic moment 5 always aligned opposite to the external
magnetic feld, therebw weakening i, an ensemble of charged particles thigs
represents a flamagnetic medium. Finally, we note that the gyration-induced
magnetic moment of a particle remains nearly constant in a ‘slowly” varving
magnetic field, this leading to the concept of the first adisbatic meariani
given by the quantity Jy = (drm/|q|)M,. ‘Slowly’ in this case means that
the gyroradius and gyroperiod are small compared with the spatial and tem-
poral scale lengihs of the magnetic field variations, We will test this assertion
with an example in Section 5.3.2,

Extending to three dimensions, let us now consider the case where the
particle alsn has a velocity component parallel to the magnetic field. This
velocity component, oblivious to the magnetic field, s linearly superposed
onto the gyromotion. The resulting helical trajectory is sketched in Fig. 5.14
The inclination of this trajectory with respect to the local mammetic field
line is denoted the piteh angle. The components of velocity parallel and
perpendicular to the magnetic field are thus given by

t=uwv cosa  , ¢ = sina (h.B0)

where e 18 the pitch angle. The field Line at the center of the helical motion =
denoted here the guiding (eenter) field line and describes the guiding center
trajectory of the gpyrating particle.

5.3.2 Oscillatory {Bounce) Motion (F,, = 0, VB || B)

In the following we consider a nonaniform magmetic field that displave an
intensity gradient in the direction of the feld lines, Such a magnetic field can
have convergent (intensity increase) or divergent (intensity decrease) mag-
metic field lines, whereby the gradient is reflected in the changing density of
field lines, This is a direct consequence of the fact that the divergence of a
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Fig. §.14. Pariicle motion in a uniform magnetic eld for vy # 0. The pitch angle
o cheseribes the inclination of the helical trajectary to the magnetic ficld.

magnetic feld vanishes. Magnetic field lines, which have no bepinning and no
end, squesze together in regions of increasing feld strength and spread out
in regions of decreasing field strength

Figure 5.15 shows the gyration orbit of a charged particle in such a mag-
netic field configuration. The on clearly passes through regions where the
magnetic field has components both parallel and perpendicular to the guiding
center field line. This, in turn, leads to magnetic forces that act in directions
both perpendicular and parallel to the guiding center feld line, While the
force perpendicular to the guiding center field line, F,_ is responsible for the
gyration of the particle, the force parallel to the guiding center field line, F,,
produces an acceleration in the direction of the diverging field lines. Anotber
way to ook at this effect = that the gyrating particle = pushed away from
the region of higher magnetic field strength. Using the cylindrical coordinate
system of Fig. 5.15, the parallel force may be written as

F: — |IJ'| 1"'; Hr

The magnitude of &, is obtaimed from the Maxwell equation (A93), which
recquires the vanishing divergence of the magnetic field. For cylindrical coor-
dinates and azimuthal symmetry, this means that
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Lower
field strength

Guiding cepter Feld Jine

B-gradiem

Fig. 5.158. Particle motion in an nonuniform magnetic field with a gradient along
e maggnetic feld lipess

divﬁ'-! i(rﬁfuﬂﬂ‘ =0

r iz

see Bq. (A.28). Multiplication with r and subsequent integration yields

T
jl;ﬁrﬂr}ldr_—ﬁr B dr'

For the case when the gradient 98, [tz is independent of v it follows that
Bitr) =5 2 (5.31)

At the position of the gyration orbit (r = rg), this becomes

- ety dB, L Mt E
Belre) = ~3015. & ~ 2B @

where in the second step we have assummed that B, 5 only a small perturbation

and thus, to a good approsimation, B, corresponds to the total field atrength.

The field-aligned component of the magnetic force thus assumes the form

Foo MY L dB
2 B d:
or written in vectorial form
= E
Fr = - —H£ V8 (5.32)

The magnetic gradient force is therefore proportional to the perpendicular
ecomponent of the particle energy and to the parallel gradient in the magnetic
field strength, but inversely proportional to the magnetic field strength itself,
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~ Mirros poind (o = 907 )

Mirror point -
(Br = By/ sin? exg)

Fig. 5.16. Bounce motion in the Earth's dipole field

The situation that arises upon applying this to the dipole held of the
Earth is sketched in Fig. 6.16. A particle moves along a helical path, follow-
ing its guiding center feld lme in the direction toward Earth. The increasing
field strength - indicated by the convergence of the field lines - leads via
the magnetic gradient foree to a continual deceleration of the particle until
its entire energy parallel to the field line is exhausted and the motion of the
guiding center comes 1o a halt. At this point the pitch angle has reached 90°
and the entire kinetic energy of the particle (which is conserved) i concen-
trated in its gyromotion. The gradient force, which t8 dependent only on the
gyration energy (and not the parallel energy component), continues to act
and sceelerates the particle upward in the direction toward the apex of the
guiding center field line. The particle is thus reflected back into the direction
from which it came. The point where the trajectory reversal ocours is appro-
priately called the mirror point and the gradient force is also known as the
mirror force. The pitch angle decreases as the velocity parallel to the field
increases until it reaches its minimum value o = 0} = ag at the apex point.
Upon passing through the magnetic equatorial plane, the particle is again de-
celerated right down to its conjugate mirror point in the opposite magnetic
hemisphere. There it is again reflected back in the direction of the field line
apex, The particle thus continually bounces back and forth between its two
mirror points and is captured in the Earth's magnetic field as if in a magnetic
bottle. An approximate expression for the bounce or oseillation period (the
exact formula contains an integral that can be only solved numerically) is
given by

4L Rg

FeT

L
sylag) = vBm Rg s1(00) 7B 15.33)
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with
spleen) = 1.3 — 056 sin o (.04)

The length of the helical path between mirror points is thus of the order
of 2 LRg. This is only weakly dependent on the particular equatorial piteh
angle ag (0.7T4 < 5;{a;p) < 1.3) and thus insensitive to the actual position
of the mirror points. The helix is evidently pulled apart like an aceordion
for lower lving mirror points. 1T the equatorial pitch angle has the relatively
gmall value oy = 30°, one obtains the explicit formula

(] = 58 L{\/E[keV]
7o 8] = 1.4 L[/ EkeV]

and the oscillation (bounce) period is only 27% shorter for oo close to 907 In
any case, the bounce period is directlyv proportional to the geocentric distance
of the guiding center field line at its apex and inversely proportional to the
soquare root of the particle’s energy.

In contrast to the bounee period, the position of the mirror points is
critically dependent on the particular equatorial pitch angle. This may be
shiown from the following argumentation. A particle cannot gain or lose energy
in o static mag petic feld — Py always acts perpendicular to the velocity, Under
this condition. no accelerating electric felds may exist along the grration
nirhit

g = H°

(81(30°) == 1) (5.35)

§ Edi=ty=0
gyrathkn arhie
The drop in voltage along the gyration orbit I4;, however, is coupled via the
Faraday induction law (A.101) to the magnetic Aux ¢ passing through this
gyration bop, This requires that

dd
dt
from which it follows that 1‘33 7 B = constant. The area enclosed by the
gyromation is therefore adjusted during the bounce motion in such a way that

the magnetic lux passing through the gyration orbit loop remains constant.
With rg =m vy flg| B, ¢4 = v sina and o = const., this implies that

d F
H“.=— -_r—m {TJHTH:Iﬁﬂ'

B/sin" o = cunst. (5.36)
The magnetic field stremgth at the mirror point i this given by

B = B sin® e = Ba/ sin® ap = ”—?“l'i_ (5.37)
A sin® ag

where By is the magnetic field strength at the apex of the guiding center
fiedd line, Knowing the variation of the magnetic field strength along s field
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line from Eq.(5.17). it is thus possible to determine the magnetic latitude,
and therefore the height, of the mirror point. Note that the mirror point
height is Independent of either the type or energy of the particle. Taking as
o apecific example a particle with an equatorial picch angle op = 5.3 at the
shell paramoter L = 4. the mirror point is located at the Earth's surface, This
means that particles with equatorial pitch angles srnaller then 537 cannot. be
preserved on this feld line. These particles have pitch angles within the so-
called foss cone, and they are lost by absorption st the Earth’s surface after
one bounce. It is a trie loss cone beeause the particles are lost without regard
for the particular phase of their gyromotion. In reality, the width of the loss
cond s somewhat larger. becanso any particles thet dip into the denser upper
atmosphiers will be deflected by collisions from their bounce trajectory and
eventually abaorbed.
Finally, it follows from Eq. (5.36) that

g

mﬂﬂﬂ “_‘Ef foc EEJ; = M, ~ J; = const.
The magnetic moment of the gyrometion is therefore indeed an invariant of
the motion, This, of course, is only true as long as the charged particle is not
accelerated by external forces, Le. as long as the motion s ‘sdiabatic’.

5.3.3 Drift Motion

Gradient Drift [f'“_ =0,%¥8 L E.':I Consider now a nomuniform magnetic
ficld with an intensity gradient perpendiculer to the feld lines. The motion of
charged particles in such a magnetic Beld can be understond with the help of
Fig. 517, where, for simplicity, the gradient is represented by a discontinuons
Jump in the magnetic feld strength. A particle that traverses this disconti-
muity will gyrate on a semicircle with & large gyroradius in the region of weak
magnetic feld. but will transfer to a small semicireular gyration orbit wpon
entering the region of the strong mapnetic feld, rg ~ 1/8. This leads to an
effective drift of the particle along the discontinuity, 1.e. a drift perpendicular
to both the magnetic field and the magnetic field gradient.

The velocity of this gradient drift motion. derived formally in Appendix
AL1Z, s given by the expression

. -
% = _L; A ExUB- qEEJ Bx«W,B (5.38)

This drift velocity corresponds to the time-averaged value of the actual par-
ticle velocity i) = (#, (t)). It i5 obvious that the above expression correctly
describes the direction of the drift motion, but its magnitude is also readily
understood. In order 1o demonsteate this, we make use of the approsimea-
tion [V B| = B/Lp. where Lg is the scale length over which the magnetic
field strength changes significantlyv. The tenor of this approximation is similar
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Fig. 5.17. Particle motlon In a nonuolform magoetic ficld. The feld gradient =
perpendicular to the magnetse field direction. For simplicity, the gradumt & taken
to he o sadden jump in the magnetc Feld strength at the dotted line, and the mitind
maotion of the particles is assumed to be perpendicular to this discontinuity.

tiv Lhat wsed for the definition of the density scale height or the estimate of
ionospheric time constants (see also Appendix A.13.3). The magnitude of the
drift velocity may thus be written ag follows

u"r St Er'-!;p
B g

Sinon the ratio rg/Lg s a measure of the field strength differences encoun-
tered along the gyeation orbil, the dependence of the drift velocity on this
quotient is immediately plausible. Also intuitive is the direct propertionality
to the gyration velocity.

I follows from B (5.38) that jons and electrons of equal energy drift at
the same velocily. The circular orbit segments of the electrons are consid-
erably smaller tham those of the jons, but this 5 compensated by the much
greater gyration spesd of the electrons. Sinee ions and electrons drift in op-
posite directions, a current 5 created that Bows in the directlon of the fon
drift (see again Fig. 5.17).

The situation in the geomagnetic dipole Geld is sketehed in Fig. 5,18, The
largest gradients perpendicular to the geomagnetic field lines occur at the
equator and are directoed toward the Enrth. Accordingly, the drift of positively
chargred particles is directed to the west; that of negatively charged particls
to the east, For an equatorial pitch angle of ag — 90° and using Eq. (5.15)
the drift velocity is given by

uh =3 L2 E/lq| By Re
or, in a readily usable form (5.30)
uly[m/e] = 15.7 L? ElkcV]

g = B
(e =10)
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Flg. 5.18. Gradient drifl in the geomsgnetic dipole fokl. T denotes (e ring
current associated with the gradbent deift motion,

Meutral Sheet Drift. For Inter application, we consider a case where the
magnetic Beld direction is even reversed al the discontinuity of Fig. 5.17. The
particle motion in such a magnetic feld configuration & sketched in Fig. 519,
1% 1= assuwmed that the magnetic held strength on ench side of the discontinuty
is the same and that the particks cross the discontimity surface perpendice-
Iarly. The magnotic field strength at the discontinuity itself {more precisely:
the magnetic field component perpendicular to the plane of the drawine)
must be gero, thus leading to the designation newdral sheel for the plane of
the discontinuity, As seen, lons and electrons drift with wavelike trajecio-
rice along the noutral sheet. Since they are moving in opposite directions,
they form the so-called newdral sheel current, Nentral sheet currenta play an
important role in the helicaphers and in the tail of the Earth's magnetosphers.

External Force Drift (F;, # 0. B uniform). The magnetic feld is again
assumed to be uniform in the following. We consider the sitnation when an
external force F,y, independent of the charge ¢, is applied in a direction
perpendicular to the magnetic Held. Figure 5.20 illustrates the charge carrier

~ =% === - Neutral sheet
Electron

Fig. 5.18. Particle motion along a neutral sheet for perpendicalar incldence onto
the discomtingity
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Fig. 5.20. Particle motion in & uniform magnetic beld with an external force,
independent of charge g

motion in this combination of foree fields, The particle, originally at rest, will
be accelerated in Lhe direction of the external force immediately after it is
applied. As soon as its velocity Is nonzero, it will feel the magnetic foree and
Isegin Lo move in & gyration orbit corresponding to its instantancous velocity.
Since the direction of motion steadily changes, the particle will eventually
move in o direct lon opposite to that of the external foree. The accompanying
deceleration leads to A loss of its nowly ganed kinetic energy and it comes
to rest again al the level of its starting position, but laterally displaced.
This motion is continually ropeated, resulting in an effective drift of the
particle in the direction perpendicular to both the magnetic ficld and external
force. Because of the different sense of pyration, positively and negatively
charged particles drift in opposite directions and a current b5 established in
the direction of the ion drift, Note that, for the stationary case, no onorgy
i extracted from the external feld becaase the work expended to accelerate
the particle is completely returned during the deceleration phase. Energy is
consumerd only during the start-up phase in order to accelerate the particle
Lo ity efective drifi velocity,

An explicit expression for the drift velocity may be derived from the
following arguments. As shown in Fig. 5.20, the particles exeoute n serics
of identical cycles, implying that the drift velocity must be constant and
independent of time. This requires that the external and magnetlc forces
acting on them. when averaged over time, must exactly compensate cach
obher. This we may wrile

(FL +qiL x BY=F, 4+ qiih x B=0
where the drift velocity again coresponds to the time averaged particle ve-
locity, iify = (FL(t)). Forming the cross product of this vector equation with
B viclds the relation
FixBaglif x ByxF=F x B—qBif =0

where we have made use of Eq. (A 19). I follows that the velocity of the
extermal force drift i
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ﬁrj-'; o F-l- > .B-.
q B2
This drift is thus directly proportional to the magnitude of the external force
and imversely proportional to the magmetic Geld strength.
In arder o describe the total motion, we separate the particle velocity
into its time dependent and time independent components

(5.40)

iy () =G5 +&.(t)

where €0 (1) plays the role of a random velocity, Inserting this into the eoqua-
tion of motion (5.20) and separating the variable from the constant eompo-
nents, we obtain

dif

Tu—-dt——l:l'ﬁ_lfg=f_'=1 +q1'1'f;=-cﬂ_'=ﬂ

It follows that

e % =g o 1

which corresponds exaclly to the equation of motion of a charge carrier in
& uniform magnetic field without an external foree, see Eq. (5.22), The total
motion thus conststs of a superposition of the gvmtion motion correspomling
to this equation plus the constant external force drift of its guiding eenter. For
a particle starting from rest this motion s a eycloid, Le. imagine the particle
attached to the circumference of o rotating wheel, which eolls in the direction
of the external force drft. 1 the partiele bas some nonzero starting velocity in
the direction of the external fores, the curve becomes a more general trochoid
(spoke ciirve ). Note the difference between the motion along a helix as shown
in Fig. 5.14 and the motion aleng the cycloidal trajectory deseribed here,
While the guiding center moves parillel to a magnetie field line in the frst
case, it moves perpendicular to the magnetic field in the present case.

Similar to the gradient drift, positive and negative charges move in op-
posite directions, and — for the same foree — at the same speed. Again, the
smaller gyroradius of the electrons is just compemsated by the higher gyrofre-
LTy,

Ambipolar £ x # Drift (F,, =g £,, § uniform). An important special
case of external force drift occurs when the particle is accelerated by an
external eectric field, F| = £, in which cuse

(5.41)

The charge dependency of the drift. motion evidently cancels ot in this case.
Pogitive and negative charges move together (ambipolar) with the same ve-
logity in the same direction: see Fig, 5.21. This is often simply called £ « 8
drifl, although it should not be forgotten thot the assoclated drift velocity s
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€ ub,

Fig. 5.21. Particle mothon in s uniform magnetic febd with an electric field imposed
perpendicular to the magnetic feld Tees

inversely proportional to B. Tt is somewhat paradox that the drift eurrents
disappear upon applving an clectric fickd. A collisionless ensemble of charge
carriers In a magnetic field (i a magnetized plasma) is thus an insulator in
the direction perpendicalar to the magnetic field.

Curvature Drift (F,| = F.. B homogeneous). Centrifugal forces, which
arise from the bounce motion of particles along curved magnetic feld lines,
deliver the mest important contribation to force drifting in the Earth's dipole
field. The situation in the equatorial plane is sketched in Fig. 5.22: positively
charged particles drift to the west; negatively charged particles to the east.
Curvature drift and gradient drift thus constructively superpose and reinforce
each other. Together, they form a ring current that flows westward around
the Earth.

The magnitwde of the centrifugal force is needed in order to determine
the curvature drift velocity. This may be written in the general form

Fe = fic may* [

where 5o s A umit vector in the direction of the radins of curvature. sing
the expression (5.14) for p., we obiain

Fig. 5.32. Curvature drift in the Earth's magnetic dipole field. F. desotes the
centrifogal foree, wp o and wf, . ase the cnrvature drift velocities of the lons and
alectrons, respectively, and T3, B the ring corrent associated with the curvature
drify.
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The last step accounts for the fact that the radiue of curvature vector and the
perpendicular gradient in the magnetie field intensily are antiparallel. With
F, = F. in Eq.(5.40), the velocity of the cereatere drift i thus given by

2 i
f;;f =T;L B« %.8 (5.43)

In addition to the curvature drift, there exists an oppositely divected grav-
iational drift. This gravitational drift, however, 5 amall even at thermal
energies. This can be demonstrated osing the examplbe of a 1 €V proton with
an equatorial pitch angle ag = 45" on a guiding center field line with the shell
parameter L = 4. Comparing the two forces near the equator and making
use of Eq. (5.16), we oblain

E.=myn?/p. = 6 E, cos®ag/(Re L) =2.100% N

(5.42)

ﬁ.;j =1

BFy=mp glh=0)/L% = 10-F N

Total Drift. Adding the curvature and gradient drifts together, one ohinins
an expression for the total drift of a charged particle in the Earth’s dipole
fie]ed

Gp=iify + if = = 74 53 (v +20%) Bx V. B

- i i5.44)
_ &[]+ o8 o
_—ijl E“ g-“ ?J_E

The total drift corresponds to the gradient drift, of course, for the case when
the equatorial pitch angle oy = 90°(vy = 0). The calculation for oy < 90°
becomes more complicated because the drift no longer proceeds only in the
equatorial plane and one must consider variations of magnetic field and pitch
angle along the helical path of the bounce motion, The drift welocity in the
vicinity of the lower lying mirror points, however, is considerably smaller
than in the equatorial plane. This is not only because the perpendicular
field gradient and field line curvature are smaller there, but also because
the parallel component of velocity is almost zero near the mirror points,
Averaging the drift velocity over the bounce period {which can only be done
numerically |, one obtains the approsimation

{..u}=M
o] Bwy REe

This corresponds to the gradient drift velocity at the equator derived in
Eq. (5.39), but multiplied by the correetion function

sz{mo) (5.45)

salop) = 0.7 + 0.3 sinag
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Evidently, this is only weakly dependent on the actual valse of the pitch
angle (0.7 < sa(og ) = 1), lgnoring this dependence and using sy{og) = | to
a good approximation, the drift period of a particle & given by

2% 1
o = 2% Rgl/ {up) = 5 R |4l Boo A (5.46)
or, for caloulating from a ready-to-use formula
tp[h] = TI0/L E [keV] (5.47)

Evidently, the drifi period is inversely proportional to the energy of the par-
tich: and to the shell parameter of its puiding center ficld line.

5.3.4 Compaosite Charge Carrier Motion

The composlte motion of charge carriers in the inmer msgnetosphore s
sketched in Fig. 5.23. This consists of gvration about the local magnetic
field line, an oscillatory bouneing motion along that field line and a super-
posed azimuthal drift around the Earth, Table 5.1 compares the magnitude
of the associated time constants for three different combinations of particle
energy amd geocentric distance (shell parameter L), corresponding Lo impor-
tant particle populations in the inner magnetosphere. The time constants are
clearly so different, that a limear suporposition of the three types of motion
1= a very good approximation.

Note that the mirror points of the particle trajectories are neatly arranged
along a ring of constamt height only in the dipole approximation wsed here, In
reality, the heights of the mirror points vary according to the local magnetic
field strength. Notoriows in this regard is the South Atlontic anomely with
its remarkahly weak field strength, The mirror pomts here e especially deep
in the denser atmosphere, leading Lo enhanced loss of magnetospheric parti-
cles. Note further that the above described motions can only take place, of
course, if collisions with other particles are sufficiently rare to be peglected

Table 5.1. Comparison of the gyration, oscillation {(bounce) and drift periods for
representative particle populitions in the inmer magnetosphere

Particle type Protons R
{rmltiplication fuctor)
) (L ey . ,

Enengyr (~sonk) PRV AWMV ~
b ] 3 B SR . i

™ 0.1 s 0.1 s 5 ms fd-10™4

Period 7o 2 hours 1 min 0.5 s 23 10"
™0 40 years 4 howrs 4 min 1
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Fig. 5.23. Compesite motion of charge carrlers in the inner magnetasphere. Uppes
pancl: gyration and bouncing: bottom panel: bouncing snd dreift

This prerequisite can be tested with knowledge of the collision frequency or,
equivalently, the applicable time constant for collision processes.

5.3.5 Coulomb Collisions

Elastic collislons are intersctions between particles, by which signifieant
changes in velocity and momentum oocar in a short tme, bat sithout incur-
ring loss of kinetic enerey. The oocorrence probability of such events depends
on, among other parameters, the collision cross section of the participating
prarticles. The collizion cross sections for the previously considersd elastlc
collisions between neutral and charged gas parcticles, o letwsen two neutral
gas particles, were assumed to be independent of particle energy to a very
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Fig. 5.24. 007 deflectlon of an electron with welocity v in the Coulomb potent il
of an jon at rest

good approxmmation. This was because we were dealing with particles inoa
viry limited energy range (ca. 0L1-005 2¥), and also because the interaction
force of these particles varied with the distance taken to a high power (e.g.
1/r%). This latter property means that the interacting particles ‘notice” each
other rather suddenly” within a small range of distanees, [t was thns a good
approximation [n these cases o introduce an effective distance (a cross sec-
tion radius) at which the interaction instantancously sets in. Important for
this assumption is that this distance s only weikly dependent on the relative
welocity of the colliding particles because the steep increase In the repul-
give force prevents faster particles from approaching their collision partmers
significantly closer than slower particles,

The situation is different for collisions between two charged particles. The
interaction here s subject to the Coulomb force, which has a comparatively
long-range 1/ dependence on distance. The interaction thus occurs more
gracdually for these Cowlomb collisions, and particles of higher energy must
approach ther collision partners 