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1984 Autumn gourse on Yi{roposphere, stratosphere,iesopheret

Sir Jranville 3eynon

Quiline rlan of Course

Three introductory lectures*wlll provide a swamary of the main physical properties
chemical couposition,thermal structure,electrical properties etc.,of the atmosphere
from ground level to about 120 km - the level at which the composition of the
atmosphere begins to change significantly. In Zection 2,2 group of 12 lectures
deal with measuring techniques % also describe some measurements carried out
with these various experimental methods.The techniques to se covered include
ground-caged methods (including optical,laser,radar etc., },0alloons,radio-gonds,
and satellite techniques.Segtion 3 ,totalling some 18 lectures is devoted to the
subject "Eadio propagation in the Lower Atmospherem.This topic is of importance
not only %o radio engineers,but is also one of concern in environmental science,
earth resources,pollution.etec., Section 4 deals with the dynamics of the lower
atmosphere,mass motions,tides,waves. another major aspect of weather & climate
—'Humerical lodelling'-will be covered in Section 5. The sasic principles of
nunerical weather prediction,general circulation models of the atmosphere,
special features of the itropics & equatorial regions,monsoonsl circulations
will be included.Section & covers the detailed composition % complex chemistry
of the atmosphere including the vole of minor constituents. The'iiiddle Ahtmospheret
(that part of the atmosphere vetween about 10-15 km to 100 kn) has recently been
singled out for a cocordinated world-wide study and at the present time,and
continuing well into the 1930's,scientists from many countries are participating
in a cooperative study of problems of the Liddie Atmosphere.Thia is the so-called
'HAP' project and it will be discussed in Section 7. Section 8§ covers the impertant
subject of polluiion of the atmosphere -phoiochemical smog, the ozone & C02 problens,
acid rain and the effects of global poliuticn.Finally in Section 9 we shall deal

with aimospheric electricity & tropical thunderstoras.

*2riefly summarised bslow.
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Fhysical Properties of the Atmospheréd

I: we apply the eguation of state py¥ = ¥kt and the baromeiric equation
dp = — 5. «dh we derive the pressure/height or density/height profile -

92 =op, exp={heh,)/H where H = kT/mg is the

"gcale Height . From the p/it (or ©» /h) expressiom the Scale Height can be defined
/

&s the height change in which the pressure (or density) changes oy a factor of ‘el
Mternatively the scale height can be defined as the 'heighit of the homogenecus
atwospheret or the height the atmosphere would have if its densiiy & preasure
were yniform - if this was the case then only some 3 km of atmosphere would be
necessary to account for the observed pressure at the ground i.e. the 'scale

is about 3 laa.

height' of the atmosphere near ground level

We note that H = T/m or Hx T if m is fixed. H can be measured in various

ways and if m iz known, then E gives a measure of tha temperature T.

Chemical Composition of the itmosphere (Hean molecular mass)

The composition of the atmosphere ias the result of chemical progesses which
tock place after the formation of the earth & there may ode a long-term variation
in this composifion though none seems to have been discovered yet.

Direct sampling of the lower atmosphere (the troposphers) shows that the four
gonstituenis For 02 1A and 002 between them make up all but 0.003% of the
atmosphere by volume. There are alsoc minute fractions of inert geses & "minor
conatituenis’=the latter are often variable in amount,depending on local conditions.
{zee Tablé). The He content of the atmosphere is bheing ‘epntinually replenished
by an outward flow from radiocactive aources in the =olid earth & the =small obeerved
concentration may be ascribed %o its escape at the top of the atmosphera {the
texasphere') at which high temperatures exist. Fifty years ago many balloon..
experiments were carried out to sample the composition of the atmoephere up to
altitudes of aovout 30 km but no conclusive evidence was found for any change
from that observed in the troposphere. The temperature in the troposphere decreases
upwards aad this;together with other facltors,results in continual mixing & hence

we would expect that the composition would be maintained at least up to the

. o
tropopause. In the lower siratosphere the tempeﬁ}ure is eagentially constant and
ng
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one might anticipate diffusive separation to occur —with the li hiter sases
on top. In fact theoretical work by Chapman X dilne 1a 1325 suzgested that this
was to de experted and fugrthermore,there was strong indireci evidence from
studies of the avsorption of sunlight,of emission spectra of the aurora Z of the
night sky, indicating that up to 100 km at least,the douinant constituents of the
atmosphere are mtill iy and 0, as they are in the troposghere.

In the period 1920-30 & even in %he 1950's there was still interest in this
qusestion a5 to whether the upper ainosphere consiated of light zases.However
many experiments conducted first with balloons,and later with rockets,provided
no evidence for diffusive separation with the lighter gases on top.

Wfe now lmow that the compositior af the atmoephere only begins ta change
significantly at about $90-100 lm. above thias level the ~nerpy of the ionising
solar radiation ia suffigient $o ensure large-scale disscciation of O, «focket
experiments)made some 2J years ago by Friedmann in the USA,showed that as the
rocket ascended seiween 90 % 140 km the intensity of solar radistions in the
142.5 = 150 nn wavelenyth range, increased rapidly & that heavy assorption of
these radiations wede giving rise to the transition from 02 to 0 between these
heights.

Minor Consjituents

Although the main features of the chemical composition of the atmosphere are
now fairly well established,a great amount of data is still required on the number
density dieiributions of several of the minor constituents,and I may briefly r_efer
to the measurement of two such minor constituents which serve to illustrate two
widely different technigques which have recently veen employed.

Atomic oxygen in the upper atmosphere is an important minor constituent
becanse of the key role which it plays in the naué;al & ion chemistry of the
atmosphere in the height range 60 to 120 km. Thus the electron concentration below
70 km is influenced 9y the reie of atomic oxygen in detaching electrcns {rom
negative ions; around 186 km atomic oxygen is closely involved in the excitation
of certain airglow emissions : it plays an important role in the thermal balance

of the lower thermosphere % the vertical distribution of atomic oxygen is relevant

1o considerationa of vertical transport by eddy & nolecular diffusion.Hence

—

for these,& other reasons, it has Jecome imporiant %o measure atomic oxygen
concentrations in the height range 60 to 120 km & infrecent years this has been
succeaafully accomplished with & rocket—borne experiment. 4 specially construcied
lamp provides an intense beam of ulira~violet radiation at the wavelengths of the
oxygen triplet near 130 nm & is used in the measurement of beth the abporption
% resonance fluorescence of atomic oxugen over the height range 60 - 120 lm.
Atomic oxyzen concentrations obtained with this type of rocket payload are shown
in Fig.2.

Another, & in some ways surprising, minor constituent in the upper atmosphere,

from the high atmosphere
is sodium. The intensity of these sodium emiasiona/ remains fairly constant
throughout the hours of darkness, but during moraing & evening twilight periods,
it i8 enhanced by a factor of 50 to 100. Observations of the times at which this
ttwilight flash' disappears have long been used to determine the height of the
emitting layer & it is now known that the sodium atoms are comtained setween about
80 & 150 km,with a maximum concentration around 95 km. It is believed that the
main source of these sodium atoms is the ablation of meteors but a contribution
from sea~apray carried upwards from the troposphere has aleo been suggested. It
may e noted that in addition to sodium,other metallic atoms ablated from meteors,
& deposited around ihis level,are potassium,magnesium & silicon.

In the past decade,tuned laser beams directed upwards from the ground have been
successfully used to study the distributions of some of these metals in the high
atmosphere. The sensitivity of this ground-based technigue is emphasised bj the
fact that the maximum concentration of sodium near 95 km is only about one part
in ten thousand million.

Satellites have also been used successfully to study the distribution of
certain minor constituents. Thus remoie sounding techniques using infra-red
emissitons can,subject to certain assumptions,give the temperature proefile.In
circumstances where the temperature profile over the relevanit height interval
is either known yor can be measured,lthen these eatellite infra-red emission
measurements can be used to give the distribution of the emitting constituent

& the distribution of ozone & water-v_apour have been measured by this technique.
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PFig.3 shous a water—-vapour profile over the height range 0 to 12 km
ovtained by a satellite—borne radiometer,together with profiles obtained from
the usual meteorological radiosondes.

Table 2 gives values of the mean mcleeular mass at various zltitudes from
ground level to 800 km. It will be seen that no signilicant -change in mean

molecular mass is observed in the first 90 km and thereafter it gradually

decreases upwards. {ith increasing height, above 90 ka diffusion gradually dominates

over mixing tendercies and the lighier zases predominate more & more,until at
very great heights atomic hydrogen,& Tinally ionised hylrogen,becomes the sole
constituent, Fig. 4 18 a rough block diagram resresentation of the change in
composition up to about 000 laa.

Temperature in the atmosnhere

Long been known from balleon flights that in the Tirst 10 - 15 kn temperature
falls alumost linsarly al the rate of about locvin 165 . (4 lapse rate of this
order was deduced in 733 by Dalton from a atudy of temperatures at the tops
of mountains -his figure was 1°%¢ in 166 m l) The main atmospheric constituents in -
the lower atires;lLere ere essentially transparent to radiation in the vigible and
hear infra~red,and consecuently the iroposphere iz not heated very wuch by direct
absorption - the ener:y. ol the incident radiction is telren up by the surlace c:f
the earth which then re-radiates e ner F at much longer wavelengths,: it is
adsorgtion of this long wavelength radiiation (vetween 7000 & 15000 ma) by gases
like II20, G0z and 2y which heats the troposyhere. {Vireenhouse effect? ). The
principel heat source For the troposphere is thus at the sround 2nd the temperature
distribution in this pert of the atuosphere is deterwined by o_onvection. is we
nove u.pt-.';ers the d—msiﬁy 2. the otnosphere fzlls oiT,cad o coes the avundance ol
tieso wosorbing coustituents,end ot aliitudes o the orler of 10=12 s a linit is
reached beyond vhich couvestion cewses to dominate and the teuperature is
deternined .iore iy radiation consideraiions.aid levels Lawedictely coove the
tro_:»ope.u.':e’ conditions cre more or less igothermal with the tcaperature sonsiant

w0 v
at some walue of about 00 less thon that at the cround. However ot 30 on or 30,

b
these isothermal conditions are disturbed by the selective absorption of certain
solar wavelengths by (,'v3 and this produces a very large temperature fbulget
between 30 & 60 km. The general hezt balance in this part of the atmosphere is
the result of & muder of factors incekx.ding:

(1) absorption of solar radiation by O3

(ii) heating of the atmosphere by long-wave radiation from the earths surface

{iii) heatdng produced by radiation from 0y,

At night, some cooling of the region by radiation upwards & downwards will be
expected,but this is nothing like large enough to dissipate all the heat energy
accuwmlated during the day and this temperature maximum cenired around 50 km is
pretty well maintained throughout the night. {'Stratopausg.l.

Above this level the effeot of 03 absorption decreases and the temperature
falls again to & narked miniaua of 175% at 83 ka ('uesopause'). Some of the
earliesi evidence for this iinimun was based on the observation of 'noctilucent
clouds'=the estimated temperature required at this level for the production of
ice—crystals as adout 160-200%K. Gonfirmation of this low temperature at ihis
altitude .came in 1939 from experiments using long (138 km) radio waves. These
long-radio-iaves are relflected from ionisation at this le\%l. and these radio
mezsurenents estimaied that the scale height of the atmosphere at this level was
about 25,5 less than that at the ground,indicating a temperature decrease ol this
order. Tidel theory also indicated the need for @ low temperature at this level.
Subsecuenily rockei weasurements provided further conlirmation of this minimun.
hocket experiuments have provided good data on temperature in the high atmosphere.
In some cases tenperature has been deduced from measurements of pressurs or
density but in other inportant rocket experiments the temperature has been deduced
in a auvre direct wwmner.Thus in the so-called 'srenade experimeni' tanperature
has veen deduced Irom velocity of sound measurenents made over different height
ran;es as the rocket cacends,.

1 swanery lfavle of T for the internutional reference atmusphere is given in

Cilaole 3.
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The rapid height gradient of temperature at,& just above the 100 km level R
results from the very heavy absorption of solar u.v. radigtion which takes place
here.Above the 85 km level all u,v.radiation of wavelengih less than about 17504
is gradually absorbed & an important fraction of the energy so obtained goes into
heating the atmosphere,

The thermal balance of the atmosphere above 100 km (in the so-called"thermosphere!
is a complicated process involving many different factors & it is convenient to
consjider separately the lower thermogphere (100 to 250 Im),where there is a large
pogitive gradient of te:uperature)and the upper thermosphere where there is
Practically n o gradient.

In the lower thermosphere, the principal source of heat arises from the absorption
of solar uv & X-radiation which ionise or dissociate a good proportion of the
atome % molecules. A second important heat source arises from the entry irto the
high atmosphere of energetic charged particles. Other contributory sources of
heat arise from Joule heating effects by electric currents flowing in the ionosphere,
The heat from these various sources will not necessarily remain at the place where it
is deposited initially,but will he distributed to different levels by conduction,
convection -4 radistion and wind motions. The very marked heating of the atmosphere
above 90 — 100 lan (with resulting temperature gradients larger than at any level
in the atmosphere)} is main}y the result of photodissociation of molecular oxygen
by solar u.v.radiation in the wavelength range 110 to 130 nm. “

Avove abJu.t 300 -1000 km the atrnosphere consists maialy ol ionised heliuam,
ionised hydrogen 3% elec‘ti-ons.Fiu'thermore,soma of the princijzal sources applicable
to the lower thermosphere are no longer ol si;nilicance and ihermal conditions
at these hish levels are nainly deteriined Ly conduwciton of® heat parallel to the
eart}}fs mametic field. The nei result is that the thermosphere at trese levels
is an isothermel reg.ion with the fenperatures at an upper limiting value which is,
in lar e ueasure,deterizined by conditions in the lower thermosphere, % all altitudes
the temperature of the atmosphere shous sone mezsure of change w:i.thfcir.ne oi day,with
season,vith latitude and (ot oreat altitudes) with solar activity. The really
lar;e variztions occur avove avout 150 km « Pgze 3 shous tenperature u to 300 lan

Jor latitude 3(?"=rith a .ean curve 3 extrene variations which can sowetines ocour.--

—8...

In recent years increasing concern has sometimes been expressed

Atmospheric pollution

about the possibility.that some of modern man's activities may produce
serious permanent changes in the environment. In particular there has been
concern about the possible influence of such nctivities on two minor but very
important constituents of the upper atmosphere'viz. carbon-di-oxide and
ozone,

The exchange of carbon-di-oxide between the atmosphere and the
oceans and the terresirial biosphere (the 'carbon cycle') ig of course critical
to life, Carbon-di-oxide in the atmosphere also plays an igportant role in
determining the rate at which the earth loges energy and an increase in COg
content'will enhance the 'greenhouse effect' mentioned earlier. Although
this reduction in the loss of heat from the earth's surface: would only be
expected to increase the temperature by a degree or so;:a 'more imporiant
secondary effect would come from an expected small increase in global
The burning of fosail fuels .agp & direct and major source of
stmospheric carbon-di-oxidejand there is now a general concensus that the

clond cover

amount of CO3 in the atmosphere has increased from about 290 parts per
million in the lagt century to about 330 parts per million at the present time
and that by the end of this century the figure will have increased to about

380 parts per million,, The contribution of fossil fuel buriing is between
four and five times thﬁt of the contribution from the biosphere and calculation
indicates that if the present rate of increase in fossil fuel burning was
maintained,then the CO5 content of the atmosphere would increase ten-fold
by the year 2100, However interaction between the atmosphere and the
oceans rapidly removes CO5 from the atmosphere and it is estimated that as
much as 60% of any increase would be removed from the atmosphere in thia
way. The rapid 1ncrease in fossil fuel burning of the past hundred years may
of course not continue for another centur;g, but nevertheless, the problem of
increasing CQg in the atmosphere (and the oceans) needs to be carefully
watched,



4 The second minor constituent of the high atmosphere which i the
sﬁbjec;c of general concern is ozone. The ozone content of the gtmogphere iz

minute but it plays a criticel role in gcreening the earth from harmful golar -

d,v. ond X-radiation. The hinxdintin conketittatlon 6f bzohe 14 Ibcited ot 4R
aititude of about 25km 1,0, well into the stratosphere ~ in fact a large
fraction of the totnl ezont in the atmoaphere |8 concentrated in the strato-
sphere, The constant temperature conditions of the lower stratospherej and

the positive temperature gradient upwards in the upper stratosphera):tepd to

ensure that conditions at these levels are comparatively stableiwith Iittle
vortical mixing - unlike the continual vertical circulation processes which
accur in the trolposphere.. Hence stratospheric pollutants of any sort are
Unble to stay in the stratosphere for long pericds and so have ample iime to
upret the delicate chemical balance governing the concentration of minor
constituents,. Pollutlion of the troposphere is generally not too serious a
- matter and does little pormanent damage bécause there is continual large
geale mixinm‘mul rain rapidly removes all soluble pollutants. However, in
the stable condltions of the stratosphere pollutants stay arouna for very long
periodsiand poliution effects thus tend to be cumulative, . The pollutants which
give ris.e to concern are thoge which act as catalysts in the destruction of
ozone, Two possible sources of such catalysts which have been much dis-
cugsed are (i) the release of nitrogen oxides and water-vapour, by the engines
of supersonic aircraft flying at stratospheric levels.. With the present
numbers of such aircraft this source is probably not a major danger but it
coufdﬁ)ecome one,if in the future supersonie travel became the normal form
of air transport, Exhausts from rocket motors aleo introduce subgtantial -
amounts of water vapour into the high atmosphere, (iif the Ei‘llbroﬂuoro- '
methanes (CFMs) which are extensively used as aérosol propellants and in
refrigerants. These CFMs are accumulating in the atmosphere at rates
cloge to thelr release rates since no gignificant destruction processes for
these compounds on land, in the oceans,;or in the troposphere, have yet been
discovered.‘ These compounds can be transported toyand accumulate inythe
stratospherelwhere they can be decomposed by solar ulira-violet radiation
and react witlh atomic oxygen to yield chlorine atoms which can then destroy
ozone. It has been estimated that in the 25 year period 1948-73 the release
of CFMs increased from 5 million pounds to 666 million pounds and with a
predicted lifetime of many years in the stratosphere;the possibﬁity of this
pollutant pr‘oduci.ng a aignificant reduction in the alréady minute quantity of

20 |

. ozcin,a J.s meburally a aatter ol ser:kous ﬁmcﬁrn-

' '.L't is ,.. thm.., 49 oY e’lpn..m.sm that JEG&\).BG 24 the conplem.ty $i the problem,

cou*)'l.ed W,ltl ‘tn‘e légk- ol precize mfor,na.tmn Ui severdl a‘pects cu upeT 1t~mosphere

chemistry  dymemics,it is difficult,at %hé present ‘tlme, £o reach pos:Ltlve
unequivoal conclugions avout these pollution hazards.However we do well to
recognise . the urgent need [or wigilazice & for continuing ra.sea.rch.of course the
geele of these pollution problens of the atmosphere ~the €O, & 03 provlemns,acid-
-rain etc.,~these will be as nothing to the atmospheric pollutionfor perhaps one
should say atmospheric devastation) likely to [ollow a nuclear conflict.This is
a4 ftpollution provien' which ome mipghi say is almost unthinkable,but as the

'‘pollution problem in extremistit can never be sxcluded from our thinking.

Ioniéation in the Jbtmosphere

The siudy of ionisation in the atmosphere falls into two broad areas. In the
lower atmosphere (at tropospheric levela) the amount of ionisation present at any
time,is pgenerally quite small and it is only under certain weather & cloud conditions
do  the concentration of electric charges become very large-as evidenced by
lightning discharges. The subject of 'atmospheric alectricityt will be _covered in
a special group of lectures in this course &% I do not think I need consider it
further in thia iniroductory lecture.

The second bvroad field of ionisation in the atmosphere refers to ionisation
at mesospheric & thermospheric heishis.it altitudes above about 55 km ionisation
becomes a regular & very lmportant feature - &i,and above tuis altitude,a number
of different sources -so];r u.v.& ¥-radiations,charged particles from the sun (the
tsolar wind!},meteors & cosmic rays all contribute to produce,d maintain,a
significant deyree of ionisation in the aimosphere.This is the so-called 'ionosphere!
-a term first suggested by the late Sir Robert latson-iWatt (the inventor of radar)
in 1924.

The only part of the ionosphere whi ch may be said 1o lie within the heighi range
covaered vy this course is the lower ionosphere —extending from zbout 55 km to 110 Im.
The most important single parameier of the ioncsphmre iz the electron density and

in the past 50-GO years,the distribution of electron deasity with height has been
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imtensively studied,chiefly by radio sounding techni-mues. It iz not diffioult to
ghow that for = radio-wave incident normally [i.e.vertically}:m the ionosplere the
electron density if required to reflaect a radio ave of fre-uency V is approxinciely

ziven bLY;

3
T=(i7 E,m/ez).f:') where éu is the permitiivity of free space
(##5x 't Al'fm.l ct

@ is the electronic charye
o x f07%C
m  the eleciron rest mass
91 % o £y
If we insert numerical values we set ;
f
H=1.24x 200, £2 where £ is in Hz 2 N in elecirons/cc

Thus ¥ o £°

Hence from this simple expressi‘_’on,we can infer that lower radio frequencies
will be reflected at lower valuss of N i.e. low frequency radio waves will be
reflected from the lower end of the iondsphere  hircher fre.uencies from levels
higher up where § is larger.

Experiment shows that the ionosphere consists of 2 series of tlayers? of
ionisation in which the electron density senerally ircreases upwards. The layers
are designated by the letters D,% & F and are produced at levels of { 90kaa,
S0-110 km and about 180-220 ion and with peak electron densities of the order of
102—103, 104 --165 &5 x 105 - 106) respactively. These are of course,only order of
magnitude val\_llee.‘, since the actual electron densities;at all levels of the ionogphere,
will vary considerably with time of day,season & with the sunspot cycle,magnetic
activity efc., The actual situation is also often more conplicated than is indicated
by a simple D,E, 7 subdivision — all the various rezions or layers show different
degrees of siratification, at different times,

Routine radio sounding of the ionosphere has now been estabdlished for more than
fifty years and need not be described here . The small group of three or four
stations which started these soundings in the early 1920's,developed in the I.G.Y.
of 1997-58 into a world-wide nefwork of stations,and although $he number of stations

currently operating is less than the IQY number (170), there are probably well over

120 which make routine soundings.

] e

Incoherent Scatier Technicue

In the past twenty years a very powerful radic technijue For probing the
ionosphere has Deen developed - this is ihe so-czlled 'Inccherent Scatter Techniquef.
In this very stromgradio sijnels (ooth pulse & ¢ sijnals can e used) radiate

the ionosphere & give rise to weak scattered zignals,and measurements of the

amplitudes ,frequency spectrum!a'tc., of these weak scattered si;mals,enables not

only the electron density to be measured over a great range of heights,iut al so
many other ionospheric parameters,such as electron temperature,ion temperature,
plasna velocities eto., Incoherent scatier insta.l\_lations are very powerful too}s,
out they are also very expensive,and there are only a few such instalvlations in
operation.

Origi.nalvly. these incoherent sceiter radars were developed for the study of the
ionospnere fo gzreat heights ,but it has “een shown that they oan,with suitable

technical modifications be adapted to study the atmosphere at mesospheric heights.

The production of an ionised layer in the upper atmosphera

The basic theory of the production of an ionised layer in the upper atmosphere
by solar radiation was first given in 1931 by Sydney Chapmen and an outline of
this theory is given below. (Appendix 1).

Radio—sounding of the iunosphert;r’rea.d.ily yields information on the variation of
electiron density wi*r.lflnaight and with the altitude of the sun,and. these experimental
data can readily be compared with those predicted by the Chapman theory. The

main result is given in expression (8) which gives the rats of electron production
as a function of solar zenith angle X and height h (measured in terms of scale—
~height H above & below ho the level of maximum production for overhead sun).

From the plot of I/Io for different values of x we conclude;

(i} the rate of electroa production falls off with increa.sing/-t ise.for an
ionised region of this kind (& so~called'Chapman region') the eleciron. production
will be a maximum at noon % decrease symmetrically about moon.It will be larger
in sunmer than in winter & will decrease with increasing latitude.

(i1} The level of maximun electron production increases with inoreasing K

i.e.it will be lowest at noonylower in summer than in winter and lower at
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low-latitude stations than at high-latitude stations.

(iii) The rate of dectron production is nol symmetrical about the level of
maximom production —there iz a sharper gradient on the lower side than on the
upper.

The theory outlined above makes at least five simplifying assumptions :

(a) the ionising radiation is monochromatic

(b} the atmospheric density varies exponentially with height

{c) the atmosphere is homogeneous (uniform composition} 2 static
(4) the atmosphere is isothermal over the height range considered
(e) *g* is assumed constant

Assumpiions (c),{d) & (e} taken together effectively mean that the scale-
—height of the atmosphere has been assumed constant over the heighi-range
considered.

The theory gives & convenient expression for the rate of electron production
but,of course what we measure in practice,is the electron density.The transition
from electron production rate to electiron density involvei assumptions about the
electron loes process, F'or?reém‘oiha‘tion (or'recombination—like'proeess) we
I - Nz and at noon (or any time when equilibriws

write  dfdt =

conditions exist) we have I = o ¥ .
In radio-sounding azperimants)when we measure the 'critical f‘requency', we
measure Nmax-' the peak density of the layer. If now in the theory,we make the

assumption that the level of maximun production % the level of maximun density

are the same,then we caan set I = ok 1\12

max max « The theory give I = Iocosx

L 1
so that B, = (Igos X fot ) = (s, 8 cosk/e ne¢ }*
-Since we assume & +{o be constant throughout the height-range considered,

K (cos X ¥

we have the result Nmax

1
o4 543 - 2
5ince the feritical frequency' f, & (1)

fg & (cos A )‘Le

or £, (oos X

=14~

ieagurements of the critical frequencies (electron—densities) of the normal
region B and of region F1 of the ionosphere show a grod measure of agreement
with this prediction of the Chapman theory. These two regions of the ionosphere
are closely solar—controlied and show the expected variations with solar zenith-
angle and with variations in the intensity of the ionising solar radistions -
-Bolar cycle changes. (S,  in the theory}.

Sporadic E or F_ ionisation)

From time to time a thin stratum of ionisation ,which maybe oa}'y hundreds
of metres thick) appears at G-region heighis and although it has some measure of
regularity inli"or exanple,at temperate latitudes it is more prevalent in swamer
than in winter & more preva.ljnt in the day than at night,it is,in faci,very
tgporadic! both in time & in apaf;ia.l extant.Sometimes it can be very intense
& give rise to quite abngrmal hf radio propagation exhibitng a very high reflection
coeffient such as would arise from a layer with a wvery sharp height-gradient of
ionisation. At high latitudes a form of Es is aspociated with the occurrence
of aurorae & no doubt particle bombardment is a major source of high-latitude Es.
Near the mag netic equator there is another distinctive type of By which can
be associated with the equatorial electro-jet —plasma instabilities. One
explanation for B at temperate latitudes is the su—called ‘wind-shear' theory.

The D-resiocn of the ionosphere

The part of the ionsphere below about 90 km is thatl in which,partiocularly
during the doytiue) substaniiazl attenuation ol Hr radio signals occursd it ia
also the level at which L VLF waves,aimospherics elc., sre reflacted,or refracted
e D-rejion,like the normal E—region,sha‘r": a large measure of polar-control -~ it
is most fully developed in the daytime and the electron density is much reduced at
a} sunset but there is also evidence that this lowesi part of the ionosphere
souetives exhisiis meteorclojicalslike influences. Thus it has lon; been Xnowm
frow rodio sounding expericents that the ioncspheric absorpiion of Irecusncies
in “he 2 = 3 [hu rane (avsorption uhick is knoum 1o occur mainly in the D-region)
is oftea ;juite abnormally large on individual days (or groups of deys) during the

winter period.[his is the so-called twinter anomaly' in ionospheric avsorption.
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Some years ago evidence was produced to show that this winter enomaly &MM mm W' N VD

sometimes,but not alweys,was accompanied 5y enhanced teuderwture in the v‘ﬂ .c‘“ ‘; I (x") d { k d" “ ;t

.
stratosphers (lstré',ospheric warmings') and more recently rocket experiments have ¢ kd’;n ”.J‘Cb'h \’"‘. "
clearly shown that the winter abscrpticn anomalies are due tc abnormal alectron l"d o w d [ .‘)

X :
density in the D-region and that furthermore the increased glectron density may " R‘ .’ > o

be associated with enhanced nitric-oxide content at these levels at certain 1 J J . dr
“\ wd I & 5( REY I MU wﬂ.

winter periods.ilovemenis in the atmosphere on a planeary scale play an important

role in the gemeral circulation, particulurly during winter,d& it may be that this - RA’ ’

A
is the mechanism wherby,at certain levels, the composition,2 hence the electron HH sec x
density,a.nd. hence the winter absorption of the radic waves,are affacted, (Fig, 6). P.

Sources of the iomisation at D-region heights are: &«'t @ h. (3) J‘w‘

(i) Bolar Lyman-& radiation 1216 4 ionising the trace constituent nitric

@Sa X ()
(ii)Solar X-radiation 1-8 A ionising the 'tail' of the L-region I x R = =«
| LU S He

(iii) cosmic pay radistion producing ionisation below about 7O km.

It ig probable that solar X-rays are more important at solar maximum 2 x
Lyman-®& important st solar mimimum. We would thus expect sunspot—cycle {in vaﬂ.t'OR °{ r‘.’_(x 3 e) M
addition of course,to diurnal : seasonal) changes in D-region ionisation and in &X’a
| fev ovevfesd sun Xr0 ¥ bt Loy
 J

the absorption of HF signals & this is what is observed.
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