
AD A O 7I 130 ADVISORY GRO&P FOR AEROSPACE RESEARCH AIC OEVELOPNfl4T...41C F/s 20/1; 1T AEROSPACE PROPASATION MEDIA MODELLINS AM) PREDICTION SCHEMES FO—CYCCU,MAY 79
UNCLASSIFIED AGARD—LS— 99

~~~ Iui us it
_ _u-ni_ _
ii iflfl ’_ii. _

_

p



I .0 :.~ 
IHIL

I . I 
2

_________________ 8

I 25 llIll~ IUhI~!~
I~~’~~’ I\ ~~~~~~~~~~

~A N \ ~ ~~~~~ fl H A



~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ r

1. ~ 
I

AGARD-LS-99

11111111.
AGARD LECTURE SERIES No. 99

Aerospace Pro pagation Media
Modellin g and Pr ediction Schemes

for Modern Communication s,
Navigation, and Surveillance Systems

Thia document ha ibp-qi ~~~~~~~~ ‘
~~~ 

Q
I~ pubic r.Iaao~ aikl ~~~~
[~~st1butIc~ ~a wiliittit~4~ ‘M~

8
‘L~J
— Is  I £ I I 

~U-

DIS TRIBUTION AND AVAILABILITY
ON BACK COVER



(/ ~ ‘, AGARD-L~~~ _J

NORTH ATLANTIC TRE ATY ORGANIZATION

ADVISORY GROUP FOR AEROSPAC E RESEARCH AND DEVELOPMEN T

(ORG ANISATION DU TRAITE DE L’ATLANTIQUE NORD)

AGARD Lecture Series No.99

\ AEROSPACE~ ROPAGAT1ON MEDIA MODE WNG AND~~REDICTION /
SCHEMES FOR MODERN çoMMUNICATIONS,~~AVlGATION~AND /

SURVEILLANCE SYSTEMS. ~~~

1~~/ ~1~~ ~LI TJ L ~~~~~~ J’

The material in this publication was assembled to support a Lecture Series under the sponsorship
of the Electromagnetic Wave Propagation Panel and the Consultant and Exchange Programme of

AGARD presented on 4 5 June 1979 in London , UK 14 15 J:ne 1979 in Boulder USA



.- -,
~
---.. .-—~—w -—-.— ,.- . - -~

- - - -

~~
- ~~~~~~~~~~~~~~~~~

THE MISSION OF AGARI)

The mission of AGARI) is to bring together the leading personalities or the NATO nations in the fields of science
and technology relating to aerospace for the following purposes

Exchanging of scientific and technical information;

Continuously stimulating advances in the aerospace sciences relevant to stre ngthening the common defence
posture;

Improving the co-operat ion among member nations in aerospace research and development;

Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the field
of aerospace research and development;

Rendering scientific and technical assistance, as requested, to ot her NATO bodies and to member nations in
connect ion with research and development problems in the aerospace field;

Providing assistance to member nations for the purpose of Increasing their scientific and technical potential;

Recommending effective ways for the member nations to use their research and development capabilities for
the common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Boa rd consisting of officially appointed senior
representatives from each member nation. The mission of AGARD is carried out through the Panels which are
composed of experts appointed by the National Delegates, the Consultant and Exchange Programme and the Aerospace
Applications Studies Programme. The results of AGARL) work arc reported to the member nations and the NATO
Authorities through the AGARI) series oi publications of which this is one.

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

The content of this publication has been reproduced
directly from material supplied by AGAR I) or the authors .

Published May 1979

Copyright© AGARI) 1979
All Rights Reserved

ISBN 92-835-1322-3

L 

~ Printed hs ’ Teehnleal t.dIUng and Reproduction Ltd
Ilarford House , 7 V (‘harIoffr Si . London. WIP l i i i)

_ 
_ _ _ _ _ _



—------ —- ~ —.---..~—,-—-—-~.—----—-.—~-,.--.— --—-—- -.-..-—.--.-—.--.. .. ..
~ .—..,.-.-.—-——-—.

~
-—— .-—--—-, -—— ,-. -~~ — -.-.-,-- .—..—--- —- .--— --.

I
K

PREFACE

This Lecture Series No.99 on t he subject of Aerospace Propagation Media Modelling
and Prediction Schemes for Modern Communications, Navigation , and Surveil lance Systemsis sponsored by the ElectromagnetIc Wav e Propagation Panel.

The Lecture Series will review modelling and prediction topics which have been
presented at a number of meetings of the AGAKI.) Electromagnetic Wave Propagation Panel
in the last few years. Modeling and Prediction Schemes of the aerospace radio and optical
propagation environment based on media characteri7ation have become essential to meet
requirements of operational accuracies in communicat ion , navigation , and surveillance in
military and civilian systems.

The lectures include the following topics
General modelling and prediction schemes
Aerospace I atmosphere , ionosphere, and t he space environment) media-characteriiation

• Short- and long•term prediction techniques across the RE and optical spectrum and
agreement with observational data
Detection and communications through scattering channels
Adaptability of prediction techniques to radio and optical communication, navigation
and surveillance systems operating in the aerospace environment

— Effects of geophysical disturbances on the state of the media and their predictability

A Round Table l)iscussion will conclude the formal presentations, with participation
of all speakers. Such interchange of ideas will serve as the basis for an up-to-date review of
the state of the art .

ll.SOl(’IIER
Lecture Series l)irector
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High — performance curre nt arid planned mil i tary  and civilia n systema opera t ing in the aerospace
snviron.snt across ths electromagnetic spec t ru. require propa gation med ia cha racterization to meet
rel iabil i ty and accuracy $0.1.. The atmosphere , ionosphere , and the space environment constitute the
med ia vt-thin which the EN (inc lud ing opt ical) waves propagate. Th. operationa l users of ca inications ,
navigation , and surveillance systems ~~ .t have continuous background information regarding the state of
these .sd ta as well as their variabil i ty &nd their res ponse to natura l diaturba ncea . Designers of
fu ture  •ystems most have long range estimate, of propagation parameters associated with these syste .
Further , given the geograph ic (and geomagnstic ) var iabi l i ty  of the media and the global nature of today ’s
and to.orro w ’s systems the stats - of-the -med ia information has to be given on a region a l as well as on a
globa l basic .

The user requirements pertain to the spec ification of .ed iuu conditions on a va r iable time and
specs scale . The user wou ld l ike to know the state of the med iu, through wh ich h i.s prop agation circuit
passes at the present and in the future . Furthe r , should any change , either gradua l or abrupt , occu r ,
the user would l ike to know how his circuit is affect ed and how to compensate for a possible adverse
ef f ect. The system plann e r requires long-range (years In advance) predictions , while the systems
operator needs short —ter m (days to week. in advance ) pred ictions wh ich are s~~~ tmnns referred to as
fo r .ca.ts.

A way of obtaining a prediction capabilit y is through the creation of a model wh ich enc ompasses
the important physical pa rameters which describe the medium , and whole change cause a variabi l i ty  in
th e msd ium . There are two main types of models, The first is a morp hological ( empirical ) model which
att empts to prov ide a global description of the average behavior of the med ium under given condition..
Th is typ e of model is based on a long—term data base taken at many locations under vary ing conditions .
The extension and ext ra polation of the localized measurem ents to entire regions , as well as from one
set of conditions to another is implicit in the model. The second type is the physical model wh ich
a ims at a description of the med ium throu gh the understanding of the interrelated physical processes
wh ich govern the state of the med ia and its var iab i l i ty .  A world—wide long-term measurement program
coupled with the ava ilability of large scale computer systems able to “digest ” the large quantities of
data has greatly advanced the stats —of—t he -art in empirical modeling . In fact , the models may be
reaching their limit in terms of accuracy of prediction , with further improvement. posaibl e through
measure ments previously unavailable at geop hya lca lly unique locations , and more soph isticated data
evaluation techniq ues . The physical models which hold a greater • tomi.e of fu ture  improvement
currently suffer f rom a lack of total understanding of the physics of the med ia .

Wha t ar , the med ium parameters that  a f fec t propagation and thus require character ization? They
are best divided by the system freq uency of operation and the med ium of traver sal. The earth’ s
atmo sphere ( including ionos phere and the space environment ) mainly hinders propagation . It provides a
means to gu iding propagation energy in only a few instances . The two regions of interest are the
neu t ra l lower atmosp here - the meteorological regions , and the ionized uppe r atmosp here which ranges r
fr om about 60 Km to several thousand Km fro. the earth ’s surface.

The gaseous lower atmosphere is of importance in refraction and t ime delay ( due to its refractive
index which La variable in space and time ) and in attenuat ion (due to atmospheric gasses ) at frequencies
above 10 GHz at all angles of elevation . Hyd roseteora ( p r i n c i pa l l y  rain ) are of importance in
attenuation of frequencies above 5 GHz , and in the scatter ing of EN energy.

large amplitud e f luctuat ion, oft en referred to as moltip ath fading. , occurring on horizontal or
low—elevation (below 50) paths result f rom either reflection f rom the earth’s surface under abnormal
refractive conditions , Cr f r o m  the influence of large gradients of atmosp heric layers . Theee
fluctuations are the main factor in attenuation at f requenc ies below 10 GHz . Rapid f luctuation, in
signa l amplitude (scintillations ) may be produced by small  scale turbulent fluctuations in the refractive
index . These inhougenitias in the refractive ind ex may also give rise to scattering of the wave,.

In the infrared and visible frequency range the lower atmos phere ’s mixtu re of molecu les , aerosols , -•

(haze , fog, dust , clcuds — anything which is a suspended part iculate in the atmos phere) and hydrometeors
which are variable in space and time , are the med ium pa rameters. The relevant propagation eftects  caused
are refraction , absorption, scattering , turbulence effects and path radiance. These hold for a wave-
length range of 0.3fIm up to l5øCwhich covers the area of optical and optronical systems .

The ionosphere gu ides EM energy at frequencies up to abou t 30 !41z through its reflective qualities .
It may gu id e higher frequenc ies due to scattering ionization irregularities . However, the ma in
effec t , of the ionosphere at the h igher frequencies is disruPt ive.

icy frequenc y (IF) and very low fr equency (VIP ) wave, prop agate in a waveguid e mode with the uppe r
boundary being the D layer (at about 100 K.) and the lower boundary being the earth’s surface, and with
electron density gradients along the weveguids boundaries. Changes in the t ime and space doma in of these
boundaries obviously a f fec t s  the prop agation cha racterist ics. At the medium and high frequency U’V, HP)
range to~~30 Pits ) the denser ionospheric layers , the E laye r and the F layer , reflect the waves and
thus guides them.

_ _ _ _ _ _ _  
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*t VHF and above a rad io signa l transmitted along an earth-sp ace path normally penetrates th~
ionosphere and is .eatf tad by th, presence of electrons and th. earth ’s magnetic field . The s igna l
is at tested by large scale variation In the path tmtagrat.d electron concentratio n as wel l  as by small-
scale d.nett y irregularities . Th. effects which are frequency depend ent and generally decrease with
increasing frequency inc lude scintillation ( VHF and above up to..7 OH.) , absorption , direct ion—of-
arrival va r iations , propagation ti -dslay, frequency chaig. and polarization variation.

At VII? and in the upp er portions of the HF bane sporadic E plays a signit icant role in the scatter-
ing radio waves . Zosisatton irregularities (pa tches of ion isatioe with densities vary ing from -‘2% and
higher f rom the awhiest desaity) also caus. scattering of waves I.e thssa frequency renges .

Smper tmp.e.d on the norma l variabil ity of the near-earth environment (diurna l , seasona l , and solar
cyclica l variation. ) are the occas iona l abrupt emission. of elec t romagnetic and particulate rad iation
from Sb, sun . TheSe cause direct and indirec t effects  on the aerosp ace med ia tha t adversely affect the
performance of IN Systems . Observation of the solar disc may be used for the prediction of an oncoming
solar flare tha t will emit a burst of X~ray s , radio waves, and energe t ic particles - although not
accurate ly . Solar activity appea rs to intensif y in Il—yea r inte rvals with the maximom level due to
occur in 1979.1980. The solar flare generally gives rise to bur .ts of X-ray and extrem l ultra violet
(WV ) rad iations , a burst of radio noise, emission of snerge t ic particles , and ..is.ion or a plasma
shock wave . X-ra ys a ffec t the structure ot the 0 layer of the ionosphere within minutes , and tnus may
serv, as forecasters for tutur . oncoming disturba nces . Radio bursts , also almos t instantaneous , cause
alt increas, in radio noise. itIV bursts af fec t the density structure of the ionospheric layers . Solar
part icle (proton. , heavier pa rtic les, and electro ns ) events may cause addit ional ionization at polar
regions . The most energetic particles may reach the earth within 20-30 minutes , ar,d the e f fec ts  of
solar pa rticles may la .t for hour. and up to severa l days . A blest of soLa r plasma Into the inter .
planetary space, which reaches the earth a ft er three or fou r days , results in a geomagnetic storm ,
aurora. , and the heating of the neutral atmosphere . Thess will  cause alteration or propagation
condttic~s, and in enhanced opt ical background (due to auroras ).

In the Lecture Series the intarrelat ionship between the propagation parameters of the med ia and
ths design and perfor mance of current and future EN syst~~~ operating in these med ia will b. d iscussed.
The physical structure of the med ia and its variability under norma l and disturb ed cond itions will be
pce.sctsd . Th modeling of the med ia and the pred ict ion of their stats in ordec to assure the
reliability of system performance wilt emerge as the optImel solution.

_ _  -~~~~~~~—~~~~~~~-~~~~~~~~ -.-, --- —--  -~~~~~~
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PROPAGATION AT MEDIUM AND HIGH FREQUENCIES , 1 PRACTICAL

RAD IO SYSTENS AND ~5)DELLING NEEDS

by

P. A. Bradley
S.E.C., App l eton Laboratory, Ditton Park , Slough, Barks. SL3 9JX , U.K.

0~~

SU!*4ARY

The principa l phenomena associated with ground wave and sk y—wave propagation at HF and HF are dis-
cussed. Particular consideration is given to transmission loss and coverage range, the dependence on
ground—reflect ion properties, the state of the ionosphere and the Earth’s magnetic field. Regular temporal
changes dspending on tins—of—day, season and solar activity, together with short—term fading are noted.
The importance of antenna design in system operation is emphasised. Practical usage of the MV end HF bands
is illustrated.

A review of propagation parameters susceptible to modelling is followed by an examination of require-
ments for long—tern propagation models for system design, frequency allocat ion and assignment. Short-
term models a r e shown to be of potential value for frequency management, but the logistic difficulties of
pro d~cing and disseminating results from these models are emphasised.

1. INTRODIJCTION

The medium and high frequency bands of the radio spectrum are used almost exclusivel y by terrestrial V
services; al though under certain conditions transionospheric propagation is possible , space services em-
ploy higher frequenc ies for which propagation charac teristics are more favourable. Ground—wave propagation
is mor e effective the lower the frequency, but there are difficulties in providing efficient antennas. The
HF ba nd ( 300 kH a- 3 MHz ) is particularly suitable for sound broadcasting. HF (3.30 P1Hz) ground-wa~ c s igna l s
are of value in certain mobile services requiring onl y a rela tivel y short coverage range. Reflection £wcn
the ionosphere provides a means of long—distance propagation tha t has been exploited at HF since the
earliest days of radio. HF sky—wave signals are usually onl y significant at night because of the large day-
time ionospheric absorption ; they tend to be a nuis*nce rather than supporting a primary service, but none-
theless their propagation characteristics need to be known.

The princ ipal propagation phenomena encountered at HF and HF are reviewed ground-wave propagation is
considered in Section 2 and sky— wave propagation in Section 3. Section 4 gives particular consideration to
curran t usage of these f requency bands and in Section 5 peramaters susceptible to modelling are discussed.
Some reference ground—wave models formulated by the International Radio Consultative Coninittee (CCIR) of
the lntsrnationat Teleconemmication Union (flu ) are presented. Sky-wave models are examined in depth in
the companion account1. In Section 6 the requirements for propagation models are considered.

2. GRO UND-WAVE PROPAGA TION AT HF AND HF

in the case of propagation over a plane earth between elevated transmitting and receiving a n t e n n a s
the received signa l is the resultant of a direct and a ground—reflected wave. The amplitude of the direct
wave f a l l s  inversely with distance as in tree space. The resultant of these two waves, depends on the ir
difference in path Lengths and on the ground—reflection properties. At reflection there is loss of ampli-
tude and chan ge of phase.

Fresnel theo ry leads to expressions for the ground—reflection coefficient p in term s of wave frequency
- f, elevation ang le A and the electrical properties of the ground , characterised by its relative dielectric

constant and conductivity a .  For horizontally polarised waves

2 2 ~
— 

.in A — (n — 005 A)
2 2 ~-

.in A + (n  — Co.

and for vertically polarised waves

r 2 
~ A — ( 2 

— ~~~~ A) ’
p — —,~ (2)

sin A + (n
2 

— 
2 i~)F -

whe re n is the complex refractive index given as

2 180C0
~ = r — j  .

and wh en f is expressed in negaha rts and C in Siemens/metre. ( and C depend on the nature of the soil , but
a re also a function of its moisture content and temperature, wave frequency, genera l geological structure
of the ground, effective depth of penetration and lateral spread of the waves.

The moisture content of the ground is probably the major factor determining its electrical constants,
but temperature change s are a lso important. As temperature is reduced conductivi ty decrease., but the
effect on the dielectric constant is small down to freesing point; then there is  a large reduction in both
constants. Waves of different frequency penetrate the earth to different depths. At HF penetration depthsL 

~~t 
:
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at HF theqe are onl y one or two metres Since annual temperature
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ve riations decrease rapidly wi th depth , reflection properties at HF are relatively stable , whereas at HF
and greater f requencies marked changes tend to arise. Th~ CCIR has adopted reference values of ground
constants for a range of conditions 2. There is no variation of ( wi th frequency at HF and HF. It is
taken as SO for fresh and pure water at 20°C, 70 for sea water at 20°C, 30 for wet ground , 15 for medium-
dry ground and 3 for very dry ground and ice. C for these conditions is as shown in Figure 1.

The radio energy received does not travel solely via a single ground-ref leclion point , but rather by
a large number of indirect paths distributed about the geometrical reflection position. It is necessary
therefore to consider the constants of the ground over an area covered by the lateral spread of the wave
paths. No definite l imits can be ascribed to this area but it is taken as the first Fresnel half—wave
zone. This consists of an elliptical area containing the geometrical reflection point and within which
contributions irom all other points lag i i i  phase by 1800 or less. Contributions from within the zone re—
in t . rce each other , but contributions from points outside the zone differ widel y in phase and tend to cancel.
Thu s the contribut ions from within the zone are mainl y responsible for the reflected wave , and the size of
the zone therefore Influences its field strength. Hence eq. (3) is frequency sensitive. Although surface
objects and undulations have no direct influence on the constants of the ground itself , they can reduce
the reflection coefficient ; the effects of such energy losses nay be taken into account by using
appropriatel y mod ified values of the ground constants.

The first Fresnel half-wave zone ellipse has the transmitter acid receiver positions as its foci and
ma jor and minor axes of length (D + A/2) and s~~~ respectivel y, where D is the length of the direct path
and A is the wavelength. Hence as 0 changes so the Fresnel zone size and the resulting signal strength
vary. For finite transmitter—receiver separations the area of the ellipse is less than if the antenna s ‘~
have i r f i n i t e  separation , for which eqs. (1) and (2) app ly. Reductions in area on typical paths at VHF
and higher frequencies are usuall y less than lO~. and the above models are adequate. However , a t HF and
sometimes also at  HF a co r r ec t ion  te rm must be applied. The derivation of this corre~ tion was first
formulated by Sommerfeld 3 in 1909 and has been expressed in convenient form by No rton . The direct and
ground—reflected waves are together known as the space wave. The correction term can be identified with
a furth er wave known as the surface wave pro duced by energy travelling close to the ground. The surface
wave is so called because it is the onl y wave present when both antennas are a small fraction of a wave-
length above the ground.  Under  these c o n d i t i o n s  the two components  of the space wave have equal magni-
tude and opposite phase and so give zero resultant.

E x t e n s i o n  of  the above theory  to a spher ica l  Ear th  was f i r s t  i ;n dertaken b y van der Pol and Bremne r5
and  r e s u l t s  have been presented  in convenient form by Norton6. Tne surface wave is diffracted to follow
the curvature of the Earth. The diffraction is dependent on the ratio of the wavelength to the Earth’s
radius , decreasing steadil y as the wavelength is decreased. This means that surface waves are weaker at
the higher frequencies. Diffraction is also influenced by the imperfect conductivity of the ground.
En ergy is absorbed by currents induced in the Earth so that energy flow takes place from the wave down-
wards. This produces wavefront tilting and the bending of the wave is assisted. The loss of energy
diss ipated in the Earth leads to attenuation dependent on conductivity and dielectric constant, At MV
with wavelengths of around a kilometre elevated transmitting antennas are impracticable and vertical
radiators are used. For hori zontal polarisation with low antennas not onl y do the direct and ground—
ref lected waves cancel , but the theory shows that the surface wave suffers very rapid distance attenuation.

Now the space wave i~ also i nfluenced by atmospheric refraction because the refractive index is a
function of height above the ground. Assuming a Spherical Earth surrounded by concentric retracting
layers , this refraction can be taken into accoont in the calculations by giving the Earth an effective
radius in excess of the true radius. At VHF and UHF this is 1.33 times the actual radius. At VLF, however ,
the thickness of atmosphere traversed is small compared with the wavelength and there is no significant
refraction; hence the true ,Earth radius must be used. At LF5 MV and HF the atmosphere has some effect on
ground—wave propagation. This has been studied by Rotherhani ’, who has shown that it can be allowed for by
a frequency—d ependent factor. At 1 MHz , for example , the effective radius is about 1.25 times..the true
rad ius. This topic is discussed in a text of the CCIR8.

For practical purposes there is no need to appl y the detailed theory repeatedl y and families of
ref erence propagation curves have been produced. In the past the CCIR has published sets of curves based
on the true Earth radius.. Figure 2 shows a sample of these for a selection of frequencies wi th propagation
over jry ground (n j~—3 S/rn, E = 4) in comparison with an inverse distance attenuation. The cur .s re-
late to the vertical component of the -electric field~ in the case of a transmitter dipole moment equivalent
to 1 kW radiation from a short vertical grounded monopole antenna above a perfectl y conducting ground
(corresponding to a cyrnomotive force of 300 Volts). Other curves produced by the Federal Conununications
Commission in the U.S.A. for these frequencies assume an effective Earth radius factor of 1.33. The CCIR
now reconinends use of a frequency-dependent facto r9 and is in course of implementing a computer program
based on this; it plans to publish curves in due course.

All curves relate to a given set of ground constants over the entire path, a condition rarely met in
prac tice. For an all—land path with variable ground Constants , su f f icien t accuracy can normal l y be
obtained by using the prop’sgation curve appropriate to wqighted mean values of these constants. This
approach is not sufficiently accurate, however, for mixed land—sea padis because of ~~e marked differences
in the Constants. Instead an empirical method of evaluation developed by Millington is reqoninended. In
this , sections of curves corresponding to the lengths of path trave rsed with different sets o’f ground
constants. are combined to produce a continuous single curve and an estimate of the received signal
strength thereby derived. The strength should be independent of direction of propagation , and so the
process is repeated for propagation in the reverse direction and a mean of the two sets of results taken.
This method may also be used for propagation over land where different conditions apply on separate
sections of the path.

As a l ready no ted , f o r a~ tennas close to the ground and verticall y polar ised rad ia tion the direc t and
ground—reflec ted waves approximately cancel because of the phase reversal of the latter during reflection.
As the antenna he igh ts are increased there is a f u r ther  phase change of the reflected ray due to the extra

L I .
~~~~ T:~

TTt: two components no longer cancel. Hence the resultant h g  St be computed
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as the vector sum of the space and s u r f a c e  wave s .  The e f f e c t  may be m o d e l l e d  through so c a l l e d  he igh t-
gain factors app lied to the estimated surface—wave field strengths. Since  the s u r f a c e  wave i n t e n s i t y  is
reduced at the hi gher frequencies , so the heig ht-gain factor is increased. For antenna elevations which
are a small f r a c t i on  of a wavelength  t he re  is  l i t t l e  change ot field strength , but for typical heights of
gutennes , height-gain factors cati be s i g n i f i c a n t  a t  f r e q u e n c i e s  above about 5 MHz. They can also be of
i mpor tance  at LF and HF when app l i ed  to l I n k s  in a i r c r a f t .

Other phenomena influencing ground-wave propagation should be mentioned associated wi th obstacles
along the path. Propagation in wooded terrain caii lead to additional signal absorption and this has been
shown to vary with season depending on the amount of foliage and with whether the leaves are wet or snow
covered. The effect Is most pronounced at VHF and UHF 11 but is also apparent at HF. Although practical
data exist , empirical models to quantif y this are l imited. Buildings end hill y or mountainous terrain
cause wave reflection , diffraction end abso rptlon ll . Again fortunatel y at HF and HF these are not so
serious as at higher frequencies where more obstacles have a size comparable with a wavelength. The effects
of Isolated features such as mountain ridges may be modelled mathematicall y assuming knife—edge
diffr action 13. More corm~~nly though resultant fields are subject to composite factors and it is difficult
to model these, other than to fit empirical relationships to a wide range of measured data.

3. SKY-WAVE PROPAGATION AT HF AND HF

It is customary to say that the ionospheric layers reflect radio waves , but more accuratel y these
waves experience successive refraction in regions of differing electron concentration and therefore of
differing refractive index. The refractive index is always less than u n i t y  and u sua l l y decreases w i th  in-
c rease o f  height so that the waves  become bent away from the v e r t i c a l .  The net e f f e c t  may lead to r e—
f l e c t i o n .  M agneto ionic  theory provides  equat ions  fo r  the r e f r a c t i o n  in a t h i n  slab of ionosphere .  This
r e f r a c t i o n  depends not  onl y on the e lec t ron  concen t r a t ion  but also on the ang le of incidence and the wave
f r equency ,  since the ionosphere is  a dispersive medium. It is greater the lower the f requency and the more
obliqu e the wave or  ray.

Figure 3 shows the r aypa ths  via the same single-layer model ionosphere fo r  rays at three separate
f r e q u e n c i e s  launched with a series of different e leva t ion  angles f rom a ground—based transmitter. A
number of f e a t u r e s  are  apparent  —

(i) fo r  the lowest fr equency  there is  s u f f i c i e n t  i o n is a t io n  p resen t  to r e f l e c t  the waves at a l l
elevation eng les , including the v e r t i c a l ;  a t  the higher f r e q u e n c i e s , rays  launched with an
e l e v a ti o n  g rea te r  than  some c r i t i c a l  va lue  escape f rom the ionosphere  and travel into space

(ii) waves launched  more  obli quel y in  most  cases t ravel  to g rea te r  ranges

(iii) waves s u f f e r  more r e f r a c t i o n  at the greater  heights

( i v)  waves of h igher  f r equency  are reflected from a grea te r  heig ht

(v)  waves launched m o r e  obliquely are reflected from a lower height .

In this examp le , the curvature  of the Earth is taken in to  account and i t  is assumed that the same iono-
sphere exists at all ranges from the transmitter and is concentric with the Earth. If follows that the
maximum range attainable after one ionospheric reflection arises for rays launched at grazing incidence
and that this depends on the height and form of the model ionosphere and on the wave f requency .  Changes
w i t h  f r equency  and model fo rm tend , however , to be of a secondsry na ture , and the pr inc ipa l  dependence is
on the l aye r  height of maximum electron concen t ra t ion .  For typical E, Fl and F2—layers , the maxiimmi range
is  2000, 3400 and 4000 km respectivel y. W h i l s t  undoubtedl y grea ter  ranges are sometimes poss ib le, the
above va lues  represent  p rac t i ca l  upper  l im i t s  when account is taken of poor antenna performance  at low
e leva t ion  angles  and i t s  i n f l u e n c e  on signal s t rength .

Because of the presence of the E a r t h ’ s magnet ic  f i e l d , the ionosphere is a doubly r e f r a c t i n g  medium.
Magn e to lon ic  theo ry shows that  there are two separate waves wi th  d i f f e r i n g  but re la ted  po la r i sa t ions  tha t
once excited can propagate within it. The polarisations change as these waves progress and are dependent
on f r equ ency  and ray direction , the electron concent ra t ion  and co l l i s ion  frequency,  and the strength and
direction of  the field. In general the polarisations are elliptical with the so—called ordinary (0) wave
having an an t i c lockwise  sense of vecto r ro ta t ion  viewed in the di rect ion of propagation for  an angle of
less than n/2 between the ray and field directions. For these conditions the other wave , the extra—
ord inary  (X)  wave , has a clockwise vecto r ro t a t i on .  The 0 and X wa ve vecto r ro ta t ion  senses reverse fo r
greater  angles between the ray and field directions. The 0 and X waves experience different amounts of
re f rac t ion  so tha t once exci ted a t  the base of the ionosphere they travel independently along somewhat
displaced raypatha. Fortunately for prediction purposes the 0-wave, which at HF suffers less absorption
and so is usuall y the s t ronger  and hence the more important , tends to fo l low a path which is nearl y tha t
which would arise if there were no f i e l d .

Returning to Figure 3, i t  is noted that for a given ionosphere there will be some limiting upper
f requency which is re f lec ted  vert ical ly.  For this  frequency the re f lec t ion  occurs at the height of maxi-
mum elect ron concentration. The frequ ency is known as the critical f requency. At frequencies above the
critical frequency there is a ground distance out from the t ransmit ter  at points  along which i l luminat ion
is not possible by waves reflected from the ionosphere. This distance is known as the skip distance. The
skip distance increases as the wave frequency increases and in the limit for a very high frequency can cx—
tend to the maxinsim ground range possible for rays leunched at grazing incidence; in that case all rays
escape into apace.

It follows for a fixed point of reception that there is some maxinsim frequency at which the waves can
be reflected to i t .  This is the frequency making the distance from the transmitter to the point equal to
the skip distance. The frequency is known as the maxirmim usable frequency (MUF). A distinction is made
between the classical HUT which is the highest frequency providing illumination by the above means and the
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standard MLIV w h i m  i s  an a p p r o x i m a t i o n  to i t  d e t e r m i n e d  b y s- .me mo d e l l i : y  t e c h n i que such as the  use of
verticaf - in clde nn cre ionospheric sounding data with ar a p p r o x i m a t e  d i a t a i ic , - -conv e r s i on i  f a c t o r , as discussed
iii Part ~~~~, The HUF increases  w i t h  ground d i s ta i i c e .  C l e a r l y it depends also on the anio urt of ionisation
present — it the critical frequency Is doubled , so will be the MUF for all distances. It depends to- , on

— the heig ht  of the luno&phere since the determining facto r as to w h e t h e r  ref  le ct i o n  or tra snission occurs
ci the an gle of i r c i d e i c e  at the layer. The sa lle i nc iden ce  a n g le  yields d i t t e r e r t ground range s f o r
different l a y e r  hei gh t s .  The g r e a ter  the  l a y e r  hei gh t , the  Steeper the ang le of iric id e~rce to achieve
propagation to a fixed range , ari d therefore the lower the HUF. This mean s that althoug h the critical
f r e q u e n c y  of the t - l s y e r  is  less  than tha t of the Fl— layer which in turn is lcss than that of Ui F 2 — l a y e r ,
som et ime s the E— HU F can b~ t he g r ea t e s t  of  the three  sepa ra t e  l a y e r  HUE ’ s. Th i s  i s  most  l i k e l y  to be the
case in the summer d a y t i m e  at low solar epochs (when the ratio of E to F2 c r i t i c a l  f r e q u e n c ie s  i s  g r e a t e s t )
over path ranges of 1000-2000 kin. Again , the Fl-MLJ F may exceed the F2 -HU F beyond the  maximum E r a n g e  a t
dis ra rce n. of 2000-3000 km. Since the  E a r t h ’ s f~~n r l d  l eads  to the  p r o d u c t i o n  of  0 and X waves which follow
different raypaths, these waves also have ditfering HUE’s. The 0 wave is  r e t r a c t e d  less  that the X wave ,
becomes r e f l e c t e d  trom a g rea t e r  h e i g h t  and so has a lower critical frequency sod MLIV. For propagati r
betw een , a pa i r of fixed terminals the p ath  HUF is the greatest of the individual ftYF’ s for rr ,fle ctiori
f r --’ . the different layers. Thi s frequency undergoes systematic variations with time—of—day, season arid
solar epoch as the e1ectr .~ concent ration arid layer heights vary; th~~rr -  a r e  a l so  l a r g i -  d a y — t o - c a y  changes
which create proble~-~ f0 r mo delling. Figure shows t Ie m axi mum observed frequency (HUE) on a sample path
re c- rded in a singl e m o t h  using an obli que sounder and , f o r  compar i son , the estimated monthl y :,edia
tar dard HiT determined by conve n tion al mode l Ii rig techniques.

No w con sider propagati on to some poin t beyond the skip distance. Figure 3 shows that as the elevation
angle is increased at a fixed frequency, rays travel to shorter ground ranges until the skip distance is
reached. Rays of slig htl y larger elevation an g le do riot penetrat e the ionosp here into space because ,
c o n t r a ry  to a p opular misconcep t ion , ray apogee at the MUF is below the hei ght o f rnaxirmarrr electron con-
Ceritration , except in the l imiting case of vertical incidence i .e .  p ropaga t i o n  to zero g round  range. These
Larger el e v a ti nru rays are then reflected fro m , a greater heig ht , and they travel back to ground at increased
ran ge b y virtue of having a significant length of near— horizontal path close to apogee . in p iinciple such
so—called high— angle or Pedersen rays can exist Out to a lititing ground range where ionosp heric reflection
i s  fr~m the layer maximum.  Th i s  l i m i t i n g  range can exceed that of the low—ang le ray and may well be in
excess  of 7 500 k n - . in t e m p e r a t e  r e g i o n s  and 10 ,000 km in equatorial regions 1”. The band of elevation ang les
provid cng high— angle rays is usuall y onl y a few degrees. .There is then a range of ground dista nces at all
p o i n ts al ong which there are both low arid high—ang le rays. The path length through the ionosphere of the
hi gh-ang le ray exceeds tha t ‘1 the low—ang le ray by an amount which increases when moving out frorL the skip
distance. So the strength of the high—angle ray tends to be less tha t of the low—ang le ray both because of
increased spatial attenuation arid also , particularly in the case of reflection from the E— layer , because of
increased ionosp heric absorption. It is usual then in practice tha t signal—strength considerations deter-
m ine the effective upper ground~ range limi t of the high—ang le ray. Conversel y for propagation to a fixed
ground range , there is a band of frequencies below the Mill over which the hi gh— angle ray has appreciable
an-~p litud e . As the frequency is reduced f rom the MUF so the excess path length and excess group—path length
of  the hig h—ang le ray relative to the low—angle ray increase , whilst at the same time the differential
absorpti on also rises. The presence of two ra’ wit h d i l l - r e n t  group—path lr-n gtf s is a disadvantage fur it
g ives r ise  to signal distortions. Since the low and high—ang le rays merge at the MUF, this frequency is
sometime s alternativel y known as the junction frequency JF. Both the 0 and X waves have their own separate
fami l i e s  . 1 hi g h - a n g l e  r ays  and a s soc i a t ed  JF’s. Figure 5 shows an obli que—incidence ionogram recorded
over a 6700 km path in which propagation time is disp layed as a function of wave frequency. The separate
traces are associated with signals successivel y refl ected twice, three and four times from the F2 region
arid being sustained by intermediate ground reflections. The corresponding junction frequencies , l a b e ll ed
2F2J F , 312JF and 4F2J1 respectivel y, together with the hi gh-ang le rays, can be seen. In thi s example there
is some smearing of the record in the region of the JF’s which is attributed to ionisation gradients along
the path.

As ide from signal—strength considerat ions , for a particular propagation path to be possible , i.e. that
anode to be present , the wave frequency must be be low the  MUF and , in the case of F-modes , also the lower
ionosphere must not screen or blanket it. Screening of the lF2—mode , but not of the 2F2—mode because of
the le sser path obliquity , is a connx~~n surrener daytime occurrence at certain frequencies. The strongest or
dominant mode on a long path is usuall y the lowest—possible order F2-mode unless the antennas discriminate
against this. Higher—order F2-modes traverse the ionosphere a greater number of times to become more
absorbed and also experience more ground reflections , so that they tend to be weaker. A given range can
be spanned by fewer F than E—hops. Modes involving more than two reflections from the E-layer are rarely
of importance. Reflections from the Fl—layer ari se onl y under restricted conditions and the 111 mode is
less cornms,n than the lE and lF2 modes. The lFl mode can be important at ranges of 2000-3400 kin , part ic—
u l a r l y at hi gh lat itudes. Multip le-hop Fl modes are very rare in practice because the necessary iono-
spheric conditions to support an Fl-layer reflection do not tend to occur simultaneousl y at separa ted
positions.

So fa r, no discussion has been made of the effects of geographical changes in ionisation. These cause
so—called mixed modes with successive reflection from different layers. Mixed modes are a com mon feature
of  t ra nsequa tor ial paths and east-west paths across a day ligh t—darkness boundary. Figures 6(a) and (b)
show cases of a 112 + lE mode for an eastwards path at dawn and of a lE + 1F2 mode arising at dusk. (Modes
are labelled in succession outwards from the transmitter). Other more complex examples of mixed modes are
those i nvolving upwards reflection from the E—layer between two F—reflections , known as H—modes (Figure 6
(c)).

Now geographical changes in ionisation of a smaller scale size influence raypaths on single hops.
These changes are variousl y r e f e r r e d  to as ionisation gradien ts, horizontal gradients , or ionospheric tilts.
They cause the upwards and downwards legs of a hop to differ in length and they modify their directions
so that the equivalent triangular path must be regarded as involving reflection from a tilted plane mirror.
Longitudinal tilts (Figures 7(a) and (b)) produce differences in the elevation anglea on the two legs;
l a t e r a l  t i l t s  give r ise to o f f — g r e a t — c i r c l e  pa ths .  L on g i t u d i n a l  t i l t s  are u s u a ll y the more impor tan t  be-
cause they can give rise to changes in propagation modes. Lateral deviations are generall y small in
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comparison with annt enrna beamwtdthni . An exception , even for propagation via the regular modes , where iono- I -

spheric ti lts lead to marked  depar tu res  from the g r e a t - c i r c l e - p a t h , a r ise s  when the t r a n sm i t t e r  and re-
c,iver are almost an iti podsl. Simultaneous propagationn may thenn t eke place inn severa l d i r ec t i on r a  anrd  the
dominisnt erode direction , may vary with tim e of day, season and frequency. An effective tilt nay r e s u l t  I -
l r r nn geographical changes inn either electr omn conneentrat tomi m r  layer height. For an upwards ray of elevation
anrgle A a longitudinal plane—mirror tilt 0 results in a downwards ray of elevation an gle A ~~~~, 5 . .
there L a a difference of 28 for the two legs in the sense indicated inn Figures 7 (a) and (b). It follows
t ha t l ngi tud inm al tilts modify the MLIV irver a fixed path length. On long paths with low elevatio n anng les
these lontgi tudlnral tilts can, give rise to modes involving multip le reflec tion, from the ionosphere without
innter nnme diate ground reflection (Figure 7 (c)). In such cases , if ray perigee at the middle of the path
is within the ionosphere and above the 0 amid Lower E regions there is little resulting absorption so tha t
received signals are relativel y strong. Hence these so-called perigee modes can be important on long
pa ths , particularl y across the equator and at hig h latitudes where signi ficant ionisationr gradients
cinrnsnmmn n l y exist. Associated with peri gee modes are ground dead zonnes , additional to the skip zone, for
which rsypath Lllumi niati onn is nno t possible.

irn addi t ion  to propagation modes resulting from ionro sp freric reflections , the re are others ass, - ’ na ted
with scattering arid ductinig. Various mechanisms are believed imnvo lved and so It is riot surp ’—ising that
there are uncertainties in the interpretatio n f par ticular observational data and therefore in , assessing
the relative importaiice of the differe nt phenomena. These crea te m o d e l l i n g  d i f f i c u l t i e s .  S i g n a l s  are
scatte red by ionospheric irregularities f r i  the 0 , E arid F—regions — patches of varying electron c m i i —
centratio nn such as those which give rise to the phenomena observed on vertical-incidence ionograms known
ai sporadic—E and spread-F. The scattering may result inn onwards propagation (forward scatter), deviati on
Ou t of the great circle (sidoscatter) or return along the sannne path (backscatter). Ionospheric Scatter
modes are usuai l y weaker than the correspornding reflected nodes and they tend to fade more. However , they
are important at the higher frequencies of the HF baud since they enhance the practical (o~ erationai HUE)
so tha t it exceeds the classical MUF. Their geographical arid temporal occurrenice ic governed by the
incidence of the irregularities. Spo radic~~E is most prevalen t at low latitudes inn the da~,timo and at
auroral latitudes by night. It tends t’ be opaque to the lower HF waves and par tiall y reflec ting at the
hi gher frequencies. F—region irregularities can exist simultaneousl y over a wide range of heights. They I -

are found at all latitudes , but are par ticularl y connsmnon at low latitudes in the evenings where their
occurrenrce is related to rapid changes in the height of the F—region. Hence forward-scatter modes
associated with the  v e r t i c a l — i n c i d e n c e  ionogram p henomenon I spread_ F are i n m i p o r t a n n i  on l i n n r g  t r a i n s —
equ atorial paths. F-region irregularities are field alig n ed and sidescatter from these has been observed
u r n  pa ths at high and low latitudes; inn some in sta n ces the received signals were incident sinmrultaneousl y
f rom a ra n ge of  directions.

Norma l ground terra inr is sufficientl y rough that it too scatters sigr ni tica ni t sigrral power out of the
great~ ckrcle directio n .  Cround sidescatter and backscatter result. Since sidescatter paths are longer
than the more direct routes , they tend to have correspondingl y grea ter MIjF ’ s, There is some practical
evide nce supportinrg a dependence of sig nal intensity on scatteri ng angle arid whe the r  sea or lan d is I ns —
volved. The backscat ter mechanism is of value inn providing a mean s ot remote probing (e.g. stud ying the
s t a t e  o f  the  sea)  or for mo nitoring ionospheric conditions. Special backseatter sn,nunnders cain be used to
determinne the skip d ista n ce and dep loyed in su jp mr t of systems operation m . It  is  b e l i e v e d  t h a t  a n o t h e r
mecha nn i sm for wave propagation in the ionrosp he re con cern s channelling as In a waveguide. This waveguide
may be formed within, the F— lave , arid have an upper but no Lower boun dary, bei n g sustained by the concave
ionosphere , or i t  may be double—walled duct in the electro n—concentratio n min imum between the E and F—
regions. The waveguide is sometimes knownn as a whispering gallery. Signal coup li n g inr to the waveguide
is assumed to involve iornosp heric tilts like those which develop in the twili ght periods or to be caused
by the existence of ionisat ion n irregularities such as Es or those responsible for spread—F . A further —
duc ted type of signal propaga tion occurs along colurnnis of field~altgned tonisa tton . Figure II ill ustrates
a rnunnrber of the separate propagation features discussed in the above paragrapfrs arising on paths at high
lati tudes.

Men tion has been made of ionoSp heric absorption. This arises from innel astic collisio n s betwee n the
free electrons , oscilla ting under the in fluence of the incider rt radio wave and the nwutral and torniseni
constituents of the a tmosphere. Expres~ ionis for the absorption are givenr f rom nnag nme toionic th e n r y 15 ’~~~.
For propaga tion along the direction of the Earth’ s magnetic field the absorption in decibels L(f

~~
) at

ver tical incidence inn traversing a height region h at a wave freq uerrcy ~ is given as
L(i ) K J ~~~~ 

. 

~~~~~ 

. + 

( 4)

where K in a constan t of proportionality, N is the electron concentra tion , in is the collision , frequenncy,
p is the refractive index arid f~ is the electron gyrofrequency. This equation app lies approxima tel y over
a considerable range of wave directions wi th I, taken as the electro n gyro f requency about the component
of the Ear th’ s magne tic field along the directro n of propaga tion. The positive sign is taken for the 0—
wave and the negative sign for the X—wave. For ground—based reflection the limits of inniegration are trom
the base of the ionosphere to the height of wave reflection. For propsgationn at oblique incidence the
absorption is proportionately increased because of the greater lengths of path traversed. In spection of
eq. (4) shows

Ci) the absorption in a given slab of ionosphere is propo rtional to the product of e lec t ron  con-
cent ration and colliaionr frequency. Electron concentration irrcressos with increase of height
whereas the collision frequency for electron s, which is proportional to the atmosp heric pressure,
decreases. Hence the absorption reaches a maximum in the lower E—reglon with most of the con-
tribu tion to the total absorption occurring in the D—region .

(ii) large amoun ts of additional absorption arise n,ear the height of ref lectio n where p i~ small.

_ _
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This is known as devi a t ive  abso rption i n n con t ras t  to the n o n— d e v i a t i v e  a b s o r p t i o n  inn regions
whe re there is l i t t l e  re f rac t i on .

( i i i )  absorpt ion decreases wi th  increase of f requency.

(iv) the 0—wave absorption is less than that of the X-wave and differences are accentuated the lower
the frequency, provided the first term of the denominato r of eq. (4) remaimis dominant.

Some of the above features can be seen in the data of Fi gure 9 showimig estimated values of oblique-
path ionospheric absorption at two high frequencies in different seasons. The absorption is low at night-
time because of the reduced 0 and E—region ionisation. The non-deviative absorption reaches a maximum

L around local noon in the sunasner, but the influence of deviative absorption can modify the resultant
seasonal variation. Ionospheric abso rption is one of the most important factors influencing received sky-
wave si gnal strengt5ns at Ml and HF so that accurate methods of modelling it are rneeded. There are
part icular difficulties at HF because raypath reflection heights of around 85—90 km are common and much of
the absorption is deviative absorption occurring within 2—3 km of ray apogee. Such electron—concentration
data as exist at these height s disp lay considerable irregular variations.

Both sky—wave and ground—wave signal strengths are dependent on transmitting and receiving antenna
gains and in system design the aims are to choose antennas with beamwidths and directions of maximum gain
mos t  appropriate to the principal propagation paths encountered. Unfortunatel y at HF there is little scope
for optimisation. Transmitting antennas tend to be large vertical monopoles less than a wavelength high
and for reception short whip or loop antennas are used. Particularl y for broadcasting with imntended re-
ception via the ground wave there are advantages in using so—called anti-fading an t e n n as 17 aimed at
suppressing high-angle radiation which can propagate via the sky wave , thereb y leading to self interference.
At HF there is more flexibility in available antennas. Rhombic or log-periodic anntennas are favoured for
point—to—p oint transmissions and curtain arrays of dipoles for broadcasting. Anten nas for reception depend
on whether these are for fixed or mobile terminals. There is renewed interest in the design of arrays of
recei- ing antennias capable of steering for optimum signal reception or for interference rejection. Refer-
ence data for a range of antennas are contained in the CCIR handbook of antenna diagrams 18; other computer
formulations to determine antenna gain are available 19. Practical tests show tha t typical antennas often
di sp lay a performance which differs from tha t predicted2° and for desi gn purposes the CCIR has reconmm~nded
stan dards for mimn imum values of radiation in directions where theory indicates the existence of nulls j.
Further work is needed in the modelling of antenna performance at HF amid HF, part icularl y the inclusion
of allowances for imperfect ground on radiation resistance and the separate determination of the polar—
isation of the waves to which the antennas respond.

When signals are propagated between terminals via multip le paths , whether these involve di1fere~ t
modes, low a nd h ig h—ang le rays or 0 and X—waves , there exists a difference in the group paths of the
separate components. Hence there is a spread in time of the received signals. Multipath time dispersion s
can limit system performance just as can an inadequate signal/noise power ratio. Large time spreads are
often associated with scatter propagation and under these conditions classical—type obli que—incidence iono—
grams are replaced by others with diffuse traces; in some cases the traces associated with the different
modes coalesce (Figure 10). There are also large variations in the angles of elevation of the incidermt
signals (Figure 11). It seems unlikel y tha t such features can ever be modelled satisfactori ly.

If the ionosphere were unchanging the signal amplitude over a fixed path would be constant. In
practice, howeve r, fading arises as a consequence of variations in propagation path, brought about by
movements or fluctuations in ionisation 22. The principal causes of fading are (i) variations in absorption
(ii) movements of irregularities producing focusing and defocusing (iii) changes of path length amon g
component signals propagated via multip le pa ths , and (iv) changes of polarisation , such as for examp le due
to Faraday rotation. These various causes lead to different depths of fading and a range of fading rates.
The slowest fades are usuall y those due to absorp t ion  changes which have a pe r iod  of abou t  10 minutes.
The deepest and most rapid fading occurs from the beating between two signal componen ts of comparable
amp l i t u d e  propagated along different paths. A regularl y reflected signal together with a signal scattered
f rom spread—F i r r egu la rit i e s  can give r ise  to s o — c a l l e d  ‘ f l u t te r ’ fading, with fading rates of about 10 Hz.

Amp litude fading is accompanied by associated fluctuations in group path and phase path, giving rise
to time and frequency—dispersed signals. When either the transmitter or receiver is moving, or there are
systematic ionospheric movements , the received signal is also Doppler—fre quency shifted. Signals propa-
gated simultaneousl y via different ionospheric paths are usuall y received with differing frequency shifts.
Frequency shifts for reflections from the regular layers are usuall y less than 1 Hz, but shifts of up t
20—20 Hz have been reported for scatter—mode signals at low latitudes. Frequency spreads associated with
individual modes are usually a few tenths of a Hertz (Figure 12).

The effect of ionospheric propagation on a radio signal may therefore be expressed in terms of a
corresponding channel—scattering functi~ n (Figure 13) in which each mode has its own attenuation due to
transmission loss and its own time and frequency offsets and dispersions. As a caution , i t  must however
be noted that even thi s representation is an over simplif ication. Particularly for transequatorial aind
auroral paths the modes coalesce because the spread associated with each is so great. Time spreads of
several milliseconds and frequency spreads in excess of 10 Hz have been reported under such conditions
(Figure 12).

4. PRACTICAL USAGE OF THE Ml AND HF BANDS

Use of the radio spectrum is controlled by ~he lii). Emissions are authorised which ful f il the tt’c hnnical
requ irements specified in the Radio Regulations 2 .. a set of standards laid down arid amended from time Un
time by special international Athninistrative Radio Conferences. The Radio Regulatio n s define various types
of radio service (e.g. broadcasting, maritime mobile , amateur) and allocate sub-bands of frequenci es for
use by these separate services. This allocation is a compromise based on a consideration of’ potential
service u sage, bandwidth requirements and propagation characterIstics.
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Al l , r c a t  b u s  are cn n mn si ds rs d separat e ly f o r  thre , spec I f  i r a l  l y  de f i n e d  lo m mgi  tude  re;tu . m s a n n d  Wi t f m i  ml a
t rop ica l  a u m m e given appr oa tm as te ly  as f o l l o w s  $

R.g io’, 1 $ Eu r ope , A f r i c a  and no r t her um A s i a
Rugiom , 2 * Nor t h ammd South  Am imeri ca
Re g ion I * southern Asia  and Au stralia
Tropical  Z o ume u l it i tu d e s  l.s~ tha,m about + JO°.

Snnme tieque,icy sub—bands are shared betweemi two ,nm ’  more s er v i c e s , e i t he r  on an n equal b as ia  or w i t f n  c e r t a i n
se r v i c e s  de sign a t ed  as s.commdary. Individual t r a m n s m m m i a n . t n n m n s  are assig n ed t im sp a c i f i r  t r e q u e m n e t e s  w i t t e t m n
th e a l l o c a t e d  sub—bands fo r  t h e i r  p a r t i c u l a r  s e r v i c e  o m m  the bas i s  that  no new t r a n m a m n n i t t e r  s f m a f l  i m e a t e  i n n —
a c c e p t a b l e  i m m l r r f e r e m , c e  or be udged l i k e l y  t o  i m m t e r f e r e  w i t h  ammy . m s t s t i u m g  t n - i  fna m min,-i on a d l a c e m m t  eha , m mme t
system . 1mm t h e  case  . n t  a aecoumd ai- v s e rvice  there  i s  no such se rum I t y  i f  t e n u r e  ii sun i.statn t isfr m ’d systemni
i s  touum d t o  cause  m i t e m  f e re , i c e  to souse m mew system s  and mmii 1,r i n t ec  t U m m i  i s  at $ n n r d e d  a gai m i s t  I m i t e r f e r e u m e e
c rea ted  b y a m y  m n ew primar y service stat loi n. The liii mi n a i n i t M i n i a  a body k n u i n w u n  as the lm m t e rm natIomnal I-rcqu rnn i’v
Ragi at  r a t  iu mn  hoard (11KB ) to c a r r y  out  t u c h m m i c a l  uxami  i n S t  f l n i l s  o f  prnnp m.naed mmew cmiii ssto n,s i m u  lun ,f m mng  a s s e s s —
mm , smn t a of  the l i k e l i ho o d  cr1 c a u s i m n g  or  b e i m u g  i n n t t u e m m c e d  by i m m t e r f e r e m m c e ~ ~ ls,n f i n  keep a master m . g n s m m ’ m  of
a l l  a s s i g n e d  t r an ~~n i t t e r a  amid t h e i m  s c h e d u l e s .

The ME b a mmd i s  del i m n e d  as the I r e q u e m m c y  ran ge 4(10- 1(1011 k f l s  amid the HF bam u d as 4- it) HUg . B e l o w  lb0~ 1Hz
the re  ar e f o u r  p r i m n e i p a t  s u b — b a n d s , rr p r e s e , i t i m m g  ~~m’. of  t h e  a v a i l a b l e  ME spee t rulmn , w i t h cn rmnm,n nr alln rn a tii nmn s
im ,  t he  t h r e e  reg i srm ns *

425—405 kilt Auro,maut icst radii’ mn av igs ti om m
4t~~—49O kflg Maritime mobile —

‘0)t)~~’n 1 t 1  kHt  M o b i l e  d i s t r e s s
m l ’ ,. lrnO’m ki lt  Sound b r oadcast  i m ng

O t h e r  sub — b *m ids be tow lb0~ k it s , yam cling f , n  m t h e dli I i m e n i t  re’g i n r n n s , em ,’ a 1 l n n~ ated t i n  m a r  I t  ime r a d i o —
,mavi gatbo ,m ammd aer inmm autica l m m ro bi l m’ se rvIces.

A e r t n m m a i m t i c a t  amid  n n m a r i t i i m r e  n . e rv i ces  a t  HF , I r k e  ( f e ’s , -  a l so  ( in r i l i n g  at LE, ret -n )r r nnii n lna tl% - ni in t i n , ’
g r i n u n m d— w a v r  ins Ide . Ikn w er v er , s m it e t h e r e  i s  a t  sn at nim ne p rinpagat innum fiy the sIc wave , f a d in g  n i  c o n m a n i i  infa n t c
at nig ht due t , n  im mt e rt ereii c e with the ~k v wave.  ( r n r em n , d — b g sed a .’rinm lanmt t,al m i n i m — n i l  t e n t iom na l radio lneacn nmms
a t  t requenmuc m e , ,  o f  21)0—1 i ntl kits a r m ’ used n m n  c l i i i  f u m r c t i n n u m  w i  t i n  n i t  r e ’ct t n n i ~ — f  i m m n f i i i g  t q u i ~ u unie ’ m m t  i n  a i m i  raft tn nm ’ n I
in a v i g n i t i n n m i  pu rposes n n v , r a t e w  hu m r dr e d  n r su t i c a l  m m m i  tn-i. anr d  as.  lo c al  n m .  t o  I n  m a t  a lr p n i n S c f r  ou t  I n n e’ e mn g, .s n ’ f
tO— l’n naint te s t  re m te*. Lirrg— ~t t  sLan t en a e ro n n a cmt  l est  rra v i  gal non at ifs l i i i  tu l le ’  1~ n rain A wm th I requennc ten. S rnnunnif
2 Ntis based n m  r e cept  ( our  n i l  m m  1 sm ’s. I rum a cha n i t n i l  t ramm am i t ter s i t  m ’s. amid Cn n i i s . n n  I ( 200— . 1’, kilt) c o r n s  i st  n u ng

n m t  in n s, t r a n n s i m m t  s . s n n n i i s  n i t  which a i’ , ’t l i i t  I s  mnm snfe m m  the airc raft i f  l ire i f n m t — d s s f i  c h a r a c t e r s  fmt ’ard n f u r i n g
t irv k e y n m n g  t t ’arrs~~im isiomi p e r i o d,  By re f i ronic ,’ I n n  appr op n ’I ate .  I hari n. t h e  ,rbse’*’ve~r tf es t,-m ’nnir n im’s, a ix’~~i
li nme, M i n i t li nn e c oa s t  s t a t i n m n n a  a t  ME 1nt’~nv ide ra d in n te ’ti’grap iny ar id  m a d m n n  d i m e c t  i n m i _ f n m m d u i n g  t a c i t i t  in -S .

Sinn mm n d broadcast i n n g  hi s  tradi t i n n r i a i  l v  r e t led n n n i  tine n n n u ’ d l u m n n  I m - ,- qin .-n a v gr~mu nid—wave sigm nal .-n , 1l, - s . ( n t  t n  t in e
advan m t a g e ’s o f i m n m p r e r v e d  s i g m n a l  qu a t  n t c  a t  I n - r i l e d  fn alt n - rmm u t ive VHF s n ’ m v m t  l ’s. . p a r t  t i  n m l a r l v  i n n  gen n gma ~i fit, al l c
i fm ’ i i s m l v pirpu Latmn d m ’ e g t n n n i s. st~~ h as  Cm - n i t  ral f i n  t’o 1n ,-  wi~e m m -  ME i n n — _ n  lnemn n ne’ l i n n t n - m t  m m  n - u , - f n -  n i gh t  i s .  ~ 1nm’ n n tnl, -iim , a
r~~c e i n t  t ’l”d Anbr r t m n i s t r a t i v , -  Br oa d c ast  ( m g  t n n i i t , ’ re n n c e . 2 s f n n n w , - l f  i n n  lit I o f  I m n t t ’ m’ m’st  n i n  r e t a i m n ( n i g  tt mt s at to nat i n t l .
Wi t i n  t r a m m s m i m  m o m  p o w e r  a t y p i c a l l y  c r1  LImO 1W tm’  i m s n m m - a r i d  t a l l  y en  I i  n m f  a i r t e m i n r a  m a s t s  g n ’ i m n g  t r n n n i n t d i  m n - n I m n n m n a t
n i u i n n n n n t  ha l  r a d i e t i n n , c1n v c r ag e  ra r n g e s  n r l  ~((_ 100 l i i i  ar .~ u s t n a t  l v  a d e n q l n a t m  l n n m  n f t i m i t n - s I  i i  m e ’ _ n n ’~

n i n o n  n i t  t h e  stein,-
( i e n n g r a n n a n r m  m m n a t c r t a l  • Tire spread m t  t i l e - v t  s t o u t  i n n  m m _ n  e m i t  c m - a m - s h is  lin t ractn- nf I t-t r mn Fr eak esvn n m m i n i g  snn i nn m t f bmn n ad—

a s ;  r m l  ep t i omm requ I remrr e’ n i t  a , but the ’ ni c e ’  d t~~n nina i n n  ta i n  i cn n v i - m a  gm reins n t i s

The renuma i n m d e r  oi  t h e  I-IF ba u d i s  n i l  L i f n i n ’ tI w i t  in i n S t I l amid i n n i n i r n  I n - 5, - m i n d  i - s m m ’ a d i i m r n a v n g n m  i n m n n  arid mmci e m  —

n n i n n g l i a l  allis, Ma ni t lin n e e’ln’i s i-iits. mn ~cItu de _ n n i ast s t a t l i r u m n n , sfnm p int at ll n n i m n i d i n - I m ’ t m n (r irn n nin ’ w t nm’knii g t n t  l u t i s t
st a t  l o r i s  an n i l  l n m t e m n l f n i ln wsnrk i uig. Ae nr nnra imt i _ n  n i l  s ys t  n - i l l s  n ic lode s l u n g ) .- — s i  d eb anrd  HF radi nnt es le ’phnnmie I n mIs. be—
wee,, a n rc r a t  t am ,d iii.’ g r ouu m d i n n  the a en m n  lieu t I cal mnn _ n r b I I  in i-ins n m nr en I s. n n I h. — 2 .  MO i bni mn if air ii mad i t  e’lt’ t vpi

I lin ks irentwe’e’nr gi’ouumd * .‘e m n i im n e Is, Inn then d e m ~nlnau t h a l  I ixe ’d c - in i m m nn o t  s I hi’ 2. ‘n —  0) MH z b n i i m d .  I n n ’s, ’ Ou n n i n l n i s
ESK i n u i n d u t n i t  m m  w i t h  I r r q u u m m r v  sli t i t s  ‘ f  200~~n00 H z. Vai’ie t Inn o. i i i  I in’npie ’i n v a t  l n n c nitlni ii s In r Iw,’m’ m n t i n .  I n ’ g i n n n l s .

ar ise j n m n n i c  p a l  l v  f r i n n nu c h m n i g m - s  i i i  Inperat I n n i n a l me qem i nt’ u nni ’n n l  s , na t i r e ’r t h a u n  I u n t i l  ~n m’ ln f r a g a t l o i n  n i  lt ’l t n . . lknwev .’* ,
i i ,  m i’n n 1 n i~ n i l  r e g i d n n m  ham . be ’enn den t ( r u e d  t in  n i l  Low st~t’~ L i i i  alt c t n t  tin .- d i  t 1.- i  t m t g  pn _ nn~nsg4t m i i i  1n ht’ u e n mnmt n rn a  an n _ n i  t i n —

c m  n a s . i ’ nf In al  k gm ’n n n m n n n f in n m Se I romnu * l r n i m r n i , ’e’ s. t n , * m n n s  a t  l n n w  t a t  i t  m u m -s. Sn n u i n t f  ir l’n n a d t c a s t  i nn g n n  t i r e ’  t r n n l n i l a l  i n n n m , n I s .
m r , *Th i l l , n f  hc l w ci ’m n 2 ilm& i .r n 1 4 n  kilt , as  w e ’l l  t m ,  d i n  l i i i  u - n -  n i t  l ie - n 5m m-i  i a l  s n i f n _ l n u m i i n f s  u n  I n .’ ln ’w e ’ n  p a n t  n n l  t in,’ Iii-
b a n d .

At  IF t h e r e  are’ a m e m t t i t n n n f n ’  l n f  * re’qun’n ni  V s . m m t n — f n a r n _ n i s  ( n  the ’ d m 1  I , - t , ’mii s,’n y n _ n m ’s w i t h  i n n a i n y  t n t  tin , ,,,

being nifrared a m r n n n r g  s m . m v t c , n M .  Som,’ sufr— fnnimmd , . are cl nrmr snm n I n n  t Ire ’ timnil lnin ’tn l Ii- and mmm i I mimi c - i i i n n n l  Ie~ sn -m s - n I n ’ s ;
u r n - m s  a re  s t e p a m ’ n i t  v .  i i i  t he  n~7 M h z  l’l ava i fnible . s 1n m - t  I mum n~ t h i s  n s e s t  t n m n a t m - d  as b, ’ I n i g n ’i c i i ( n ( u ’d at l ir e ’ p rn’ snuit

( p m ’ i n i  t , n t he ’ t n ) Y Wor ld A dn m - tm ih’ .tr ative ’ Radio t lmmnl, * .’ii c n- 1 A l n l rm _ nnx i unna t nl c as loll n n ws * 
—

I l x e ’n t  ,ne r I I t s n n n i r .
I_ m id send unarm tirn m ,’ mnm.n lni l e n  s e ’ ry i cm ’n n 151,
Souird b rcnaei cas ttmm g ‘,, rv ii e - l4l~i
Ae r n ’ u u a m u t  l i - a t  num ohi le  ,i, ’ r v i c v  10’ .

The’ r e i m n a l m n i n r g  ‘% n n l  apec t mmmiii  I ’ , u s , ’ nf by ti n,- amnia t m’u I ’ n n ’ m v i i  o , t i n, ’ s* aiinlannl Ii , ‘qi ~ ,’ i i n  s amid ~ 4 n m n  n- — u  u - n In
s m- mv i c es .

Ti, rib t a t i m  I n n l i ’n m a t u n - n i  inn~ tie’ path  l e ’ m u g t h n m  i ii  I cpu Ill I C  h i lt  Is ~ipi ’iat  r i n g i i i  ( u n  ( i t l m m n  u p a l  sepatati ’
sni ’ r v i n , ’s and b r  w h i l  h 1 n r n r 1 n a g a t l m n u m  da l e  .me niu ’e’ ih,’d, i elan n at I I  n i l  ‘. u i m n t c  Ira, i n n - n - t i  ~~m m m  m, ’lf n i m i t  a t  l i i  n n s i m r g
samp les n n i  I i i l n n r m u r a t 4,rn ir n nilai m r e ei wi * l in e n time’ I m m t e ’ n m i a t  t n n m i a t  i i  m ’ q n n n ’ r m l  i I n s t  n ’ *  i f , , ’  I F R R  (Sn i rm mem et  i r m n l  1 m m  st
lm m- iv it e  couisism,uii at l ,nmm ). r n - n  r n i r i a l v s i  ~. n n n m e n n k - i  I i r a u n g u s wn t i n  * m n ’ q , n m ’ n m i  s- w i t in t ur the bam mnl . 1 , 1 ,  m r - - n I l  I , .  f - i

a l t  I requenic t u.s g r . n m u p n - n i m g i l i nn -i s u m -  slm nnwr n n un E l g u i m - f - n .  f i r m - n , - a m , - su’i’nl I n ’ in~~ I n n n n l u im m t i n . m u a t u ’ l  g i n - t i m  n i

uu ,m mbc r s  n n i  c i  r c e m i t a  n i l  r amn g u ’  ‘n O t m  kin n i  t m ’s.s n r % ’ e m a t  l u n g  t i n  th,’ In s~-d a n d  a e ’r nsm naut I i  al m ms n hnt I n - s,-m i’Inm ’s. i l i u m i i i
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the broadcanetlen g and mariti m e m o b i l e  services. The maritime nru nr b il e service sinus to prirvide longer-di stamuce
conln umu icati _ n num thai, then aeronaut ical m o b i l e  serv icu n . Use’ n i t  br u a dcast i iug at the longer dua tamuces is no doubt
5 5 , 5 _ n n _ n iat.’d w i t h  the apparent needs n n f  mu m m y co uunt nl ee . to pn_ nnvide overseas  nnrw s and prop agemnd e i n l n n n ’nnne t m i n i .
There Is c u r r e m u t l y am , up s tmr g e  in , the use ol  the  HF baurd , both f o r  c i v i l i a m i  amrd m i l i t a r y  a p p l i c a t i o u n s .
Wh erea s the  m a j o r i t y  d m 1 loumg —d is tam u ce l ime d redl um circuits m m n n u  rel y our s a t e l l i t e s  amrd c a b l e s , in c r e as e n .  i ’ m
thi unu nnube sme Imuvinl v ed meanm that there are actually more HF cir cui t -n. than say 20 years ago. Particularl y f~~r
sum lita r y pu rposm’s, tIE systems amen regarded as p r ov i d im i g  a mnec esaary back —u p ujervice- to fixed lin n ks. p rt nm tatm t y
es tablished by other mm ueann s. High f resquenmuc ies c reate a usetut way ii eatab lia hhmu g con lnuur ica tni nuls with snnna ll
j s,,n lated comn um ,uuu htte s tm r such places as tin e Arctic arid Middle ’ Eastermr desert areas. Commuercial use i i i  lIE
syst ems c_ nni n ti nu e s b un tin,- provlsloun of leader limuk s t n  satellite tem rmii na ls . The re qtm i ren mn en nt s are hot hi gh—
grade circuits tha t can be tmntegra ted into a general mr ctwork , FIgure 16 shows tha t the nuediaun range for
the fixed circ uit s . is arirunud 1504) km.

S. PARAHETtRS SLISCEYTIBLE 11) I DDELL1NC

A radio waves is specified In termrr s of five parameters * its amplitude , phase , dire ’cti omm d m 1 pr inpaga ti oum ,
p oi sr i s a t b o m n  en .d I r e qu en r cy .  In geur e ra t , p ro p a ga tid n mn l e a d s  t u n  changes n ’ f  each n i l these so tha t t he re  are
nnriud, ’l l i u r g  requ i r e m e i r ts  t1 n be’ ab ln ’  to estimnra te tire extent n t  the re ss u l tim n g mnerdi f i c i t i t n u t s .  Tine inmost i m n n p i n r t e m n t
pamaulmet,.r tnm nms, de l  I s  anurp l i tunic , u j umi c,- wi t h~nu t adequate sigu nat streung th at  tire red ,‘ive’ r use c a m n n u o t  be’ nnna dc ’
of t h,’ information cn nn uta i nned wit l’u i ui t h e  wav e. E s t l m m n a t e s n n I dl mec t i m n i m  _ n u f  propagatiour are t n t  value to
am nte -n m nua selection, snmd are needed In, n iman n y cCses to a s Se s s  then  t u’ a m i s n l i s u i i n n i i  I i n 5 ~ , on which tiu m - re’cn’ived signal
st  r e n m g t h  d m - p e m u d s .  P a r t i c u l a r l y f , i r  at rp l l c a t l n t u s  inn wh ici n waves a m ’  mmse’d n _ i t  n iavi gat loun and me ’m nmotu- ( n m - n i  b i utg
p u r pnise ’ s , nm 4 _ n i t n i w l edge is  nu e ed ed  01 pt ,anme—path I n -ingl h, whictu is gtv cuu aln inni xinnatel y iii then lirt egra l n u t  t iun-
r e t  rac t dy e  m m dcx w i t h  r e , s ( n e n c  t t n n  the raypath length , sun n m l the g r u m p  delay, togetiner wi t in  s .t a t i s t  i t a l
c hinge s I mr tiuc i.e ( n a e d t m n o  t i -E s , .  Ilte ck g rn n _nmim d nrni u s . - I urt enu si ti e- s at so Sri’ l’n’qmmi red to be’ knr dnwnn.

l”or  co n n 5 n n e m n i i c a t l n i m u  s y s t e m s  nu snd el  ( t r i g .  s i g n u a t a m n d  n n _ n i l s m - i n u t n - n n s i  t i e ’s, mi nay be compar ed w i t h  m n - f e r , - i i c e  Inn
s t a i r d a r d  r eq u i  m d  v a l u e s- 1i t s i  g r i s t  l u _ n  i s . - (nn n w e - r  ra t i n n  ldm r a ‘n m t i  s.f di t n n  rv grad . ’  n I  s i - r v i cn ’  • Acc ounit nai l n i l  Sn i

be t a k e n  inn the’ m o d e l  I m u g  n n I acceptable v a l u es  in m n n u t t i pa t i r  d e 1n t ’e u d mnug  u r n  ( Ii.- nnu _ nndo t~~t t _ n n m n typi’ send data r a t , - ,
Interf e- r n’t uc e - u’ lI ,-’cts ‘f  s . ( n , ’ _ n  (tic cdn .c l n a nn mn m ’l s ug m uats Ca In a l s n n  h. nmuo d e ’ I l e ’ m I  I n t n  s~ m p l i c a t i o n n  to possibln ’
f r e ’qe,e n m c v — s h a r i n g  s i t u a t i c r m n ’.. I -

For sound brima dcastiing t h e  n n i n n l n n u u n u  u s a b l e -  t i n - I d  s t r e .n n g t h 2b , d e l i n n e d  as t h a t  necessa ry  t in pe’nimtt s
di’-. i red recept i_nnn r qnia L u  t y  t i n  t i re  l r r n - s c n n c e - _ n i f  nna t u r a  1 am i d uu auu—m mia de min im Se’ but m m  t i n e -  a b s e n m c e ,  o f  I u t e r i  e- n i ’ i u _ n  n-

f rom _ n r t her  t r an n s m i  t t , - r s , may be m m m o d m - l l e d .  For  p l a n n m m  t u g  pur 1nn im~ -n. , tm ni we’ve’r , use nmuust be made ot the usable
I m I d  st r e ng t h 2b , w h i c h  is  t i m e -  n m n i n n t n r u m n  I i e ~1d ~ t r c n n g t h  m m ec,nssnn r\ to pe’ rnn i t  a dod rid recept iomu quality l it
the p r e s n - n i c.’ nil nm _ n i l sen am i d  i m m t e r f e r e m n e - e- , n i  th or in  a r m  ex i s t  l u n g  si t u at lnnm m or as de tn -nnii nr r ’d by agt’.- m ’nn un’i ut h r
I r e quencv  i r l a m m .  The s e rv ice  area is  time - m m  g i v e u n  as t i n e  a rea  wi  t h i n n  w h i c h  the  f i e l d  s t r e ng t h  n ’ q ulr l s  n i t ’

exceeds the u s a b l e ’  f i e l d  s t r e n g t h .  ~eq n m i r e d va lue - s  l i t  n .j .  slgnial to in u tr’r lerenncn- ratio (or sati,. I actorv
r i ’ c u ’ p t i ou n  are’ i m n t e r m r a t i o n n a l t y ag reed  7. These vary depem ndiung onu the’ I m ’e-qo eincy separatiu nni of tire m m n n w a u u t e d
anu d w anit n-t i ai g m r a t s  enrd a re  dl f f u ’ r e n n t  b r  gr o m m n i d  wav e stud sky—wave sigu num l n,. list’ n n l  these  data  iii i mn n p _ n nrta nmt
to  n- in u m s i  dm ’ra t  i o u m s  o f  brcnad cast coverage • A r i a  c o ver a g e’ iac t or s  m a y  be e v a l u a t ed  f n n  t sy c h r on n i  send t r a i n s —
m i t t  e’r g r mr up s 28 based cm ref  u - m m m c m - p ropaga t  i o n n  a n n  pr ir  tec t t o m  r a t  i _ n i data , either i mn ( i n n ’  abse’m nc e n i t  , t i n

wI th account  for specific im n t n - r f n -mim r g si gmm als.

~~. PROPAGATI ON ~UD E L REQIi1KEM~~ TS

S i n c e  tire e a r l i e s t  days o f  r ad io  t r a m r s m n i s s l o n s , the rm’qu t rennme’ mm t s for si gura l propagatiour amid rot Sn m ’ pre’—
d i~ t i o m n s  we re  recognn i sen d.  M a r r y  gr irups  iii di f t e r e m u t  i’ t n u i i i t t i e’st have , ‘v on the y ear s ,  b t ’e mu p u r s u i n g  the’
pe r tect -toem of predict in n im techni ques. Their ci torts stand an testimony I _ n m  the difficulties i i i  t Ime tnis ks arid
tine disparity of “iews as to how t tres e  s h o m m t d  be ai ’ c n i t i t l m t  i s ir ed .  A d i s t i n n c t t o m i  c a m  be mmrad t ’ b etwe cin  l o n g — t n - c n n

F p r e di c t i o n  m o d e ls  tha t may be produced  a t  a m u c  t ine, ’  I ncur e x i s t I n g  r e f e r e u m c n ’ da ta  amrd  e h o r t — t e s rmnn nmunmi,f ts l si
rei n ing u r n  parameters measure’d mi  n e a r  m e a t — t i m e .  S h n i m t — t e - rmn n n a n d e t a  a re  n i l  v a l u e  i n n  c a ses  where-  tire ’
quantities to be n-st ima t~-d change i i i  an n irregular way. l,teiig—tenn model s have app licat it imi s at both HF umntl
HF for ground wave and  s k y — w a y , - p ropa gat  m m , bu t  it is for 1W sk y wave ’ s tha t pro c e ’dm m rm ’ s nre ’ed t _ ni be nn_ n nst

comp l e x .  Gr o u u r d — w a v e  s i g n a l s  t end  to  be r e l a t i v e l y s t a b l e  and HF broadcas t  s e rv i ce  c h a r a c t u - m I s t  l C a  can imn o t
be chann ged at short notIce. )Im’nuce’ short-te’rnmn predicti on models have greatest potential app li catin mnn t in
1W sk y—wav e systems.

6.1 Long- t e rms  p r e d i c t i u m m m  m o d e l s

I , omr g— t emm predt~~t ions  art- nreede d ( or  s y s t . e’im i p la n n i n g .  They can v i e - I d  e s t t m m u a t e ’ ni t i  t h e  I re ’qu i ’nm c-i-
coverage requ i red amid m m 1  tire ’ Inm ’ci ’s sary t r a m r m n i n m i t t , ’r power t n n  provide a speci t i ed grade  n I  service .; als _ n m (lit-v
e n a b l e  the  t ypes  and s ize  of the most su itable anrte’nnas tIn be de termtne ’d .  In t Ire case of sk y—wave systems ,
p r e d i c t i o n s  ccrm*nnonl y a re  made I t m m  eve ry  two o r  f o u r  h n n u m s  t h r o ug h o u t  t in.- 24 hours f o r  samp le sumnun er ,
equinox an n w t n n t e r  months a t  r e t er e m n c e  epochs of  low amid h igh  solar  a c t i vi t y ,  depeendi n g on th en in i t en de m t
u sage .  C a l c u l a t i o m r s  assuming the  use of  o m n i d i r e c t i o n a l  an t I -h ira m serve to i m r d i c a t n -  t he  nme’an wave l aunch
annd arrival dirt -ct i ons  o f  the a t ronges t  s igu r a l  a a u r d  t h e i r  va ni atit n ims u . R, n c n , t m  i sn ’ to staurdamd amn teur t n a dessi gnn

da ta 18 then  i mr d i c a t , e s  the opt lnnmum c h o i c e  m l  a m n t e ’ m n m n a  t ype  ~nd the  pre’ f e ’m red d i n m m ’n m s t o m n s .  The’ I n c l m n s i d n n u c r1
s l l o wanr ces  i u i r  t he  ga i mi s o f  the  s e l e c t - n d  a tr t e n u u n a s ,  t o g e t h e r  w i t h  es t imates  of  t ramnamis siom, loss , r-.-quirt’d
s i g n a l/ n o i s e  power r a t io  and me nu munni s m’ p wers l e ads to t h e  dete’ r m m u t m m a t i o r r  n n (  then  i n e c e su m a r y  t r a n s m i t te r
power. II cont innu m men s coverage is required the tra n usum ui tter power mneeds t o  be se l e c t e d  om, the  bas is  of  data
f o r  summsnrer noon a t  sunspo t m a x i m u m  when s i g m n n i l s  are weakest  because cr1  i o n u o s p h e r i c  a t i s o r p t i _ n n n n .

R e l a t e d  to sys tem desi gn Is  the s i ’le ’ct lon  of  the  requ I red t r e q e m e u r c v  a sn n l g m n u m r e ’ m u t s  am i d , i f  a d e c i s i i m m m  i s
mat i e to have a l m u l t a m i e n i u s  m u l t l l r c q u o n c y t r a n u s m i s s i n n u m s i , thn n c h o i c e  cr1  t i n e  u rumbem oh  s e p a r a t e -  t r sn n n n n i t t e ’ r s
wsurte’d. The nn. nrc ass i gned f r e q u e n c i e s , the ’  g r e a t e r  shou ld  h~’ the  ach ievab le  p e r f on n a n c e .  A t y p i ca l  n - n- -
qu i remn eun t is likely to involve tine use cl two f requeuncies , ones selected principally f o r  mnig ht—timnn..’ amrd the
other for day working. Lourg-temm predictions cnluu aId in the~ c respects. By comparing me’nm n m l t s for the
different occasiomna an optimum frequency selec t lire, may be mad e ,

Finn  Cn ) mmlnrer Ci a l  systems  i t  Is  nuc nwaday s  a commutmo n r e qm u ln em eu r t  t h a t  n n r g au n i a a t i o m n a  who t ende r  tIn supply
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these  must dsmoeust r at e  to t h e i r  p r e m ap e ct i v e  cus t i n l u er s  tha t th ,  pro posed i m u s t a l l a t l i n m u  m l  t h en  um m imuimm ai m
neecessar ’, to 1o C t 11 the Intended t u m u e t t o u r .  In some cases , p a r t i c u l a r l y those  c i n n i c - e n m u e d  w i t h  the ne-
furbishIng of  establIshed h u nks , pa st experienc e’ may w e l t  prove p r e l e ra b l e  Un t he  use ot  p r u d i c l t i n u n s ,  h u n —
f r a q u e m u t l y though the mu e. d i i  t on  th ~ bum si prediction models p o s s i b l e .  G r e a t e s t  ac c u r a c y  i s  ~nrub~ bt y
ure eded ( m u  si g m n a l — I m n t e e i m m i t y  p r e d i c t  i n , m u ,  A p r e d i c t  i m n i l  accurac y  ~n I  b clii appears  a nem e s eu mmable  dub jee tl’,’.’ I n n

seek to a t - l a t i n ;  any ak y—wøve  nma m de l  a chi ev i i r g  t h i n .  t I n  ~4Lfl. n u t  o c c a a l o e m a  w . n mml d  a l m o s t  c- e r t a i u n l y r ep resen t  a
si geill i c am ut imp r’,mvemnaumt over a m e i s t m n m g  procedure..  P’or sys tem mn des ign , whute  c a l c u t s t t u m u ~ may be regarded as
‘m mmc . o f t ’ , the coat of  these Is sn ua l l  by comparisom i with the total  system Cim its . Hemuc e’ model accuracy is
of paI’aeesium.t Imupurtsnce and i t ,  c o m p l e x i t y  is  i i i  l e e s  c o n c e r m m .

A secound r.qui remeent lot long—tens predic tiomn s is  aesoc la t ed  w i t h  t rau ma nm i t t t a r  1 i c e n s m e n g  amid Lieu assess—
men m t  of t he possible immterfer .muc . caused by aumy m ew system. The 111th is charged with this task. u se is
smile m l  lee hmni cal Stm ui _ ntar ds to give estimates oh the lin t - ennui t i e s  ci prup cn ,n ed m e w  t raun sum m i s s i d n i u n m  a t  t ine  re-
c e i v in g  s i t e s  n m f  a l l  e x i st i n g  co—channe l  mind  a d j a c e n t  cha mnn el system s which may poss ib ly  be ci ( ac ted .
Since there ar. several thousand tr eq tme ,mrc y n u t - i t t - i- s t - i o n s  made I n n  the  IFP.8 ascii  week I t  l o t I _ n , w s  t h a t  n.n n fl n e
L oss in accuracy of tim, models used by tha t  O r g a m m i s a t l o m u  may have to b~ tol e ra ted ti n under to bri ing the
am man uu, t of  c a l c u l a t ion , e v a um w i t h  modern  compu t l u g aide, to eur anna ge ab le propo ,- t lomi s .  He mn c e , the hE R B u m e ed a
a model , w i t h i n  th . c o u u s t r a i u n t s  of a v a i l a bl e  com p u ter s ,  r e l y i m u g  more m m mi data s t o r ag e  mind less mm calculation, .
Tb. system des igne r  Ia  m int r .s t r ict .d  In  t h i s  way.

In adnf i tiom , to the  above mm ee d s , a lu r t h e n  separate  r e q u i r a m i s m u t  has beenr i d en e t i t i e d  t o r  p r e d i c t i o n n a
where  nanre l i m i t e d  aids m ain a l ul l — a i s e d  computer are available acid where’ reduced a c c u r a c y  I s  a c c e p t a b l e .
This r .qu t rememm t ar ises , (or examp le , In  t e c h m n t c a l  nn e a t t n n g a  where a p p r o x im a t e  r e s u l t s  are needed amid then.’
is  no w i s h  to suspend d l s c us s io m u s  for  a day or more whilst awaitimeg computations. In such cases look- enp
ta b les , cha r ts , or  s imp le al gor i  t hins fo r  use w i t h  a pocket  c a l c u lat o r  m r  d e u k — t o p  computer  nay lm rerve .
adequate. It Is evident that In each appl i catiom i the reqe m im e me mnt s are f o r  t ine  s ln u p l e s t  predictiomu macdel
giving accep table  accu racy ,  bu t mmci i sir obvious wha t this accuracy should be . A case’ cain be made lint a
family of dif leremnt predict -loin mod.ls r an ging (rum the most soph ist icated uneoding hi gh—speed computers witte
considerable  at -enrage to s imple  mnam uua l mimrt hods m equirimi g cum nl y mnodest aide.

Both for  the I F R B  s t u d i e s  and a l so when s u b m i t t i n g  tender  docum u m m ta t i m n e i  i n n  support  ot  i m , t e r n n s t t o u u a l
coun t racta , the re quitem e nits are f o r  i n t e r m m a t i o u u a l l y  accepteq p r e d i c t i o m r  mn e ,th ods .  lIcence , tine CC III  t , amm S t u d y
Prugraemea ten being to d.v~ top such agreed procedu rrs. The policy w h i c h  is beimm g tollowed jim order inn
f i m n i a h  u l t i m a t e l y  w i t h  a h e lr a r c h y of predIcti on methods mneetl u rg the above need . is t I n  c o i l c m ’m n t - r a t e  a t
pre .emnt  urn th. dev. lup memut -  of then mnm e ’at a c c u r a t e  method s  poss ib le , wi t h om m t ov erdue  mm ’ gard l i n t ’  t h e ir  com-
plexity . It is  argued that - count -rolled aimp liticatio mu. cain then be i n t r o d u c e d  when, t h e i r  e I f e ’ i t~~ have f,e ’ ,’m u
examined and quantitted . That, is not to say the task ot agreeing im nt - e r eu a tin nmua l ’ty wha t simp h i h icat i om i s are
acceptable will be easy, but rather tha t this exercise must be accomp l ished later. There’ inn ruow a growling
awareness of the comp lexity of exis t uuug pred ictiomu umiodela amud a m p le ev idemic e that the p rmn du ct iou m of
effic ient an,d faith ful computer progrsnns to match the technical bases which have benem u formulated in. a
l e n g t h y  t a s k .  D I I f l c u l t l c s  arise j un i m p l e u m e e u u t i n u g  those  progt’aeea produced on e the range _ nnt  cmsme rpu t ens  t i n
worldwide use.  In some case . computatiotual d i t te r e n c e s  anise ’ which it in .  not easy t In a s cr i be either t n n
pr ograni sn iung e r ror s  or changes im i computer characterIstics. It Is it, the credit - of tire im nt en r mr e timum ua l
comueni ty  that inn recent years  there his bee’uu , through the’ medium ni t  the CC1R, sccaptanucen m l  u mm ode l s  w h i c h
mamuy p a r t i c i p a n t s  wou ld  r e a l l y  p r e f e r  to  seen ch amn ge d 1 m m  am ine ( b e m t  d i f t e r i m u g )  r e s p e c t s .

6 .2  S h o r t — t u n e  p r e d t c t i o m r  models

There i s  mm ci doubt tha t p r e d i c t -t o , , .  ares  a l sm n  1n f  p o t e n t i a l  v a l u e  f o r  I r e q u e m u c y  um n am nag u n i ne n m ut -  of  lIE s k y — w a v e
syst ems, tiS determine ‘what trequenicy t rism the ass igned  co mp le ’me nmt i s  l i k e l y  t m  be insist s u i t a b l e ’ m i m I  a g i ve ’m n
occ a siem mn , Unfortunatel y, though, iii this riule they are ~ot ti n_ni succe m sa lut  because the mequ i n e nuuennt  i s  t o ,
a s o — c a l l e d  s h o r t — t e n s  p r e d i c t - i o m i  based om, a kun owled ge of  the  Iou i mr mn~m t nm ’r m -  I n m t  the p art -i ce m lar day. TIre ismunci —
sphere i, subject to consIderable spatial aund t empora l  v a r i a b i l i t y ,  amud n un e ’t - he m d s  of mn i i nm f elh im ug It s st-at.’ mm n m n m, t
re l y e i t h e r  our a few samp Le direct um ee sauru me mrts  m r  t u n c d n n m i l n l n - t e s  c i n r r e l a t - i d n m u n .  with either geophysical para-
meters that can ben measured. Eurt-hennemre, there are ma l _ n n n l o g i s t i c- d i f f i c u l t i e s  ii. devimi ne g o1ne’rattiimr st
pr ocedures  to make us ,’ 1n f  such mnnm d~~t a .  Both the above approactn . ’ nm im i v e n i v i s  uni easm ire meun t s  hol liu we ’ d b y cal-
culations. Scheme s based our the general b r o a d c a s t - l u g  mmi s m a l l  m iumbur s of panaune’termi f, ’n luuc orpen mat ii mun inn
simple calculatio,,s by tramns m itte r pera omm m mel could perhaps be e’nvts sge’d. W h i l s t  i,rlni n’nmr at lnnmi cmi storm,, nm

abm wi nna l c o m m d t t l o n , s  cou ld  be processed in t h i s  way, t he re  is real dcimmh t w h e t h e r  uman n en e m s u a l l y  mi m e -h cal-
c ut a t t o u n a  would be adeqema te .  The detaIled •vatua t iom u s probably umeed ed are l ikel y to be’ beyond a v a l l a b l e s
manpower amid computational resources at t raursmm,ltte’r sit-i’s, This su ggests deploying a few cemntn ehised
m e a n i n u m e s m e m n t  and compute r  i ,n s t a ll atin n un s to serve large nrummmbrrs c it  radi i ’ i i r c e m i t a , but Licenc e there i~ s nuemi
tn mr extra counumxmntcs tio ,, Lit ek s to convey the p red ic ted  da I s , lea d in g  to e x t r a  co a t s .  Moreover , d elay s  u n
pr ov idmmu ~ predtctioen. mean, that these have h n m  be produced b u r t -h e r  t i n  advan ,i ’ m’ , l e a d i ng  to reduced a c c u r a c y .
I t  i s  e v i d e m m t  that th ere are  o t h e r  d i f f i c u l t i e s  with anny real—t im e treqcnei ncy—mensgenrrmnt syStem In  e n . e m n i u u g
t h a t  both t m a n n , m m i t t e r  amid r ece iver  opera tors  know what Ir eq uency  t i n  use.  h u n l o f l n a t t n m n u  on change. t i n  fr e q u e -n n . ’ v
cane be smnpptled t In the receiver once a link is  e s t a b l i s h e d , but i u u i t i a l  5 e ’ t t i m r g — m m p see ’muu s likel y t o  i m u v e m l v , ’
a search process.

I t  should a lso be rea l i sed  that  {utimemm s e l e c t i o n ,  m l  niperat tm num s l f~ .quency depends nm u m h a v i n g  a c l e a r
cham i ne l ,  W h i l s t  une nd e l a  ex i s t-  for  some of then types ot back gr ot,nnnt noise ’ , i t  i s  not p o ss i b l e  tt ’ p r e d i c t
cer— ch an n et imnter ( e re ,n c e’ f rom o ther  t r a nsm i s s t n ,n s .  T h i n  po in t s  t 1n the need lot  duplex wi srk tumg w i t h  mease mn c-
m e m n t s  o f  m i o l se  at the receiver beimn g tram nnem itted back to the  o the r  t e r m i n a l .  G l e .r l y  t h i s  t - o nn adds t i n  ( hi’
c o m p l e xit y  ol th, system , sdda ten spectrum c e n n g e a t l n m m n  ami d r a I ses  the q u e . t i o m n  I I I  wh e t h e r  a two—way  rea l .
t i m e  sounding syatem u si n g  n ’mn ly ass igned  f r e q u e n c i e s  w ou l d  not be p r e f e r a b l e .  A p a r t i c u l a r  app l i c a t i o n  ci t
such a procedure  would be f o r  c o u u i n n m m u l c a t i n m n n  f r om n u j ibi le ten inim ial t , where there are o t t - eu , d t t l i,c’utties cr1
r e a tr t c ted  I rsiram i tb -er  power , m e l  t i c  l e u n t  a u r t e u m u n a s  amid v a r y i ng  c I r c u i t  l e n g t h  l ead ing  to o p e r a t m m r  un—
familiari ty wit - h the likely rauug. of prnnp agattour c,m,,dt ticn n~a in n  be e x p e r t e m u c en d .

1, CIrMCWSIt)NS

A revi ew of the princi pal propaga tion phenomena encoumrt.r.d at - Ml’ and 1W , together with a counnntet.ra tton
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of the operational use of these frequency bands leads to an assessment  of the parameters useful to model.
It is comicluded that a case can be made for a family of different prediction models ranging from simple
manual procedures to others requiring advanced computing aids.
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whereas the collistonu frequency for electrons , which is proportiomnsl to the atmospheric pressure ,
decreases. Hence the absorption reaches a nnnaximum in the lower E—regiomm with must , of  the con.
tribution to the total absorption occurring inn the D—region .

(ii) large smounta of additional absorption arise near the height of re f  lectionu where p i s  sm a l l .
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Transionoapheric Radio Propagation

by
Dr. Charles M. Rush

Chief , Performance Predict ions and Model Development Group
Ins t i tu te  for Telecommunication Sciences

National Telecommunications and Information Administration
U . S. Department of Commerce

Boulder , Colorado 803 03
United States of America

SUMMARY

The e f fects of the earth’ s ionized atmosphere on radio waves that propagate through
the ionosphere are reviewed . Emphasis is olaced on transionospheric radio propagation
systems and how their operational performance is impacted by the structure of , and changes I -

in the structure of , the ionosphere . The normal ionosphere leads to ref rac t ion and slow-
ing down of radio waves that propagate through it. This refraction and slowing down
varies as the ionosphere itself varies. Irregularities in the ionospheric electron
density can impart fluctuations or scintillations onto radio waves that pass through the
irregularities. The morphological behavior of the ionospheric characteristics pertinent
to transionospheric systems, as well as actual observations of these characteristics are
discussed in terms of impact on system performance. Also discussed are models that have
been developed to represent these characteristics under conditions of varying geophysical
ac t iv i ty .

1.0 INTRODUCTION

A radio signal which penetrates the ionosphere is modified by the medium due to the
presence of electrons and the earth ’s magnetic  f ie ld . Any frequency can penetra te the
ionosphere when the critical frequency of the ionosphere is lower than the frequency of
the radio wave. Thus, it is possible for frequencies as low as 2-3 MHz to pass through
the ionosphere in regions of the ionosphere that are characterized by low cr i t ical  fre-
quencies. For most applications , however , propagation of radio waves through the iono-
sphere is considered only for frequencies greater than 20 to 30 MHz.

A radio wave passing through the ionosphere will be slowed down by an amount that is
directly proportional to the total (integrated) number of electrons along the radio propa-
gation path. This slowing down of the radio wave is referred to as ionospheric time
delay in order to distinguish it from the normal delay or transit time associated with
the propagation of radio waves in free space. In addition, radio waves that are l inearly
polarized will be subjected to a rotation in their plane of polar ization upon passage
through the ionosphere. A radio wave passing through the ionosphere will be bent from
its straight line trajectory by the electrons along the radio propagation path. This
bending or refraction results in the radio wave appearing to be at a higher location than
it actually is for waves propagating in directions other than truly vertical. These effects
as well as others to be discussed later are all dependent upon the large scale ionospheric
structure and the total electron content (TEC) along the radio path.

In addition to effects associated with the large-scale ionosphere , rad io waves
passing through the ionosphere are also impacted by small-scale structures in the iono-
sphere. These small-scale structures are irregularities in the electron density and are
referred to simply as “irregularities.” These irregularities have wavelengths from a few
meters to several kilometers and can give rise to fluctuations in the amplitude , phase ,
polarization and angle of arrival of a received signal. The fluctuation or variation in
signal characteristic is known as scintillation. Ionospheric scintillation is the varia-
tion imparted to radio waves by ionospheric irregularities as the radio wave passes through
the ionosphere.

In this paper we will describe in some detail the impact of the ionosphere on the
performance of electromagnetic systems that rely on the propagation of radio waves through
the ionosphere. The discussion will be concerned almost exclusively with radio waves
whose frequencies are grea ter than 100 MHz in keeping with operational and proposed trans-
ionospheric propagation systems.

2.0 IONOSPHERIC EFFECTS ON TRANSIONOSPHERIC PROPAGATION

2.1 Ionospheric group Deluty

The time delay above the free space transit time between a signal transmitted through
the ionoaphere is given by ~T = 40.3 / cf 2 TEC (seconds) where TEC is the Total Electron
Content; c is the velocity of light in meters/second, and f is the operating frequency in
Hertz. The TEC is general ly expressed as the number of electrons in a unit cross-section
column of one square meter area along this path. Extreme values of this TEC parameter
vary from io t’ el/rn2 to 10 ’’ el/m 2 . For a system operating at 1.0 GHz , a typical TEC va lue 
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of 10 I 5  el/rn2 would yield an ionospheric time delay of 133 nanoseconds or about 40
meters.

2 . 2  P o l a r i z a t i o n  R o t a t i o n

When a linearly polarized radio wave traverses the ionosphere the wave undergoes
rotation of the plane of polarization. At 100 MHz and hi?her frequencies the amount
of t h i s  p o l a r i z a t i o n  r o t a t i o n  can be described (Klobuchar ) by:

Il — 10 1 B cost) N dl (radians) (1)

where the quantity inside the integral is the product of e l e c t r o n  d e n s i t y  N t imes  the  lonq i
tud i na l component of the earth’ s magnetic field (B cosO) integrated along the radio wave 

I 
-

• path. Ionospheric workers have used this effect , called the Faraday effect , to make
measurements of the TEC of the ionosphere. Since the longitudinal magnetic field intensity
changes much slower with heiqht than the electron density of the ionosphere , the equation I 

-

can be rewritten as

~l 
!~,. BL

a TEC (2)

where B — B cosO taken at a mean ionospheric height, usually near 400 kilometers ,
K - 2.3k * 10 9and TEC is IN dl. Typical values of polarization rotation for northern
mid—latitude stations viewing a qeostationary satellite near their station meridian Ire-
1 to 500 radIans. The largest portion of TEC data available today from stations through-
out the world have come from Faraday rotation measurements.

2.3 Refraction

The refractive index of the earth’ s ionosphere is responsible for bending of radio
waves from a straight line geometric path between satellite and ground . This angular
refraction or bending produces an apparent higher elevation angle than the qeometruc
elevation. Klobuchar t , using a relationshi p derived by Millm an and ReinsmitlY rela tes
an gu lar ref r act ion to range error  by:

(H + r s in  E ) (r cos E ) AR
ttE = ° ° ° — - ( 3 )

h
~ 

(2r + h
1
) + r0

2 sin 2E0 R

where F is the apparent elevation angle , R is the apparent range , AR is computed from
AR (4 8 . 3/ f ’ ) * TEC , r is the earth’s radius and h - is the hei ght of the centroid of
the TEC distribution , g~ neral1y between 300 and 450 ~m.

For high elevation angles and satellites well above most of the ionization , the
angular refraction can be expressed as :

cos F
AE ° AR ( 3 a )

2h 1

For low elevat ion an g les :

AE cos F (3b)

Typical  va lues  of elevation refraction error at 1.6 GHz for an assumed worst case
elevation angle of 5 degrees and a 10 19 el/m ionosphere will be 0.3 milliradian s . For
the same viewing angle  and TEC ~nd an operation frequency of 400 Mh z the angular refraction
error will be approximately 4 milliradians.

2.4 Phase Path Effects

A radio wave propagated into the ionosphere wil l  have its phase advanced with respec t
to what  it would be in the absence of an ionosphere. For a radio wave passing t hrough
the ionosphere, this phase increase (which is related to group delay discussed in 2.1) is
given by:

1 34~~lO ’
-
~ 
. TEC (cycles) (4)

where f is the system operating frequency in Hertz , and TEC is in el/n . In practice ,
the amount of this phase advance cannot readily be measured on a single frequency.

The change in phase between two coherent siqnals transmitted through the- ionosphere
can be used to determine ionospheric electron content unambiguously along the entire radio
wave propagation path. This method provides one of the best method s of deducing TEC .

2.5 Doppler Shift

Since frequency is simply the derivative of phase , a Doppler shift results due to
changing TEC . This additiona l frequency shift is generally small compared to the
Doppler shift due to satellite motion but can be computed by:
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= 
1.34 x 

~~~ d (TEC) ( H e rt z )  ( 5 )

For high orbit satellites where the diurnal changes in TEC are greater than orbital changes,
an upper lim it to the rate of change of TEC is approximately 0.1 ~ 10 ‘~~ el/rn 2 per second.
This value yields an additional frequency shift of less than one tenth of a Hertz at
1.6 GHZ which would not be significant compared with a typical required receiver loop
bandwidth of at least a few Hertz.

2.6 Scintillations

Scintillations are fluctuations in the amplitude and phase of a received signal that
result from the passage of the wave through electron density irregularities. Scintilla-
tions in amplitude can be characterized by a depth of fading index and a fading period .
A useful index to compare scintillation data is the scintillation index, S.., which is
defined as the square root of the variance of received power divided by the mean values
of the received power (Briggs and Parkin 3). An al ternative , less rigorous quantitative
measure of scintillation index which has been adopted by the Joint Satellite Studies Group
(JSSG) to ensure a standard method of data scaling in long-term statistical analysis is:

I’ P • ~P + 
~
2
m~ 

where P is the power amplitude of the third peak down
f r~,M ~he m~~!mum ~ur~~~ n of ~Re scintl~~~ ions and 

~m
• is the power amplitude of the

third peak up from the minumum excursion , measured in

Scintillation in the phase of the received signal is defined as those variations
that are as fast or faster than the slowest amplitude scintillation . The magnitude of
phase scintillation is usually characterized by the deviation of the phase denoted as c

4
.

3.0 SPECIFIC TRANSIONOSPHERIC PROPAGATION SYSTEMS

A number of radio propagation systems are currently in operation or are in the planning
stages that depend upon the propagation of radio waves through the ionosphere. These
systems can involve the propagation of radio waves between satellites and earth terminals ,
the propagation of radio waves between pairs of satellites or the propagation of radio
waves from the surface of the earth to a space object. For the purposes of this discus-
sion , any radio propagation system having a satellite at one of its terminals will be
referred to as a satellite system while systems relying on radio waves propagated from
the ground without a specific airborne or space—borne receiver as part of the overall
design will be referred to as a radar.

Transionospheric satellite systems usually operate at frequencies greater than 200
MHz although substantial data concerning transionospheric propagation have been obtained
from experiments using frequencies as low as 136 MHz.  The exact frequencies used for
ground—to-satellite and satellite-to—ground links and for the different types of systems
are in accord with the internationally agreed frequency allocation rules and regulations.
Navigation, communication and surveillance functions are performed by transionospheric
satellite systems.

Radar systems employing transionospheric- propagation tend to be surveillance-oriented
systems. For the most part , they are operated as part of the national defense system in
a given country. These radars have functions that include detecting and tracking aircraft,
ballistic missiles , and space objects. The systems also operate on frequencies that are
in accord with internationally agreed rules and regulations .

In the following sections, examples of transionospheric satellite and radar systems
are discussed in terms of the effects of the ionosphere on overall performance. As a
means of providing an indication of the magnitude of the possible ionospheric effects ,
Table 1 gives the estimated maximum values for ionospheric effects at a frequency of 100
14Hz. It is assumed that the total zenith e1ec~ron content of the ionosphere is 10’’electrons/rn2. An elevation angle of about 30 is also assumed . The values given are for
the one—way traversal of the waves through the ionosphere .

Table 1. Estimated maximum ionospherig effects at 100 MHz for
elevation angles of about 30 one-way traversal

EFFECT MAGNITUDE FREQUENCY DEPENDENCE

Faraday rotation 30 rotations I/f 2
Propagation delay 250ps 1/f 2
Refraction <1 1/f 2

Variation in the
direction of arrival 20 mm of arc 1/f 2
Dispersion 0.4 ps/Hz 1/f’
Scintillation See Sec. S of this paper See Sec. 5 of this paper 
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3.1 Satellite Navigation Systems

The United States is current ly  developing an advanced satellite navigation system
called NAVSTAR-Globa l Positioning System (GPS). The GPS will basically consist of three
constellations of eight satellites each, in twelve—hour synchronous orbits , at 63 degrees
inclination. The transmissions front each satellite give the satellite ephemeris , clock
error and capability of determining the ionospheric time delay correction along the
direction to the satellite. The latter capability is achieved by the use of two carrier
frequencies spaced sufficiently far apart to enable a direct measurement of the ionospheric
time delay to be made. The ephemeris an satellite clock frequency standard error are
Sent at low data rates on carriers that  are modulated wi th  pseudo-random noise codes.
Each user must have knowledge of the unique PRN codes which will enable him to synchronize
his receiver to each of the satellites. The satellite orbits are chosen such that for all
t ime at least four satellites are in view of any point on the earth. Satellites at
optumum viewing angles are chosen to obtain the maximum geometric precision in the incas—
urements. Elevation angles from five degrees to the zenith are used. Due to tropospheric
time delay errors elevation angles lower than five degrees are avoided .

The operational frequency of this system is 1.6 GHz. To allow users with high accuracy
position requirements to automatically correct for the ionospheric time delay, a second
frequency at 1.2 GHz is available , The actual ionospheric time delay is obtained by meas-
uring the difference in arrival time of 10 MHz modulation envelopes on both the carriers.
This is an actual measurement of the group delay.

The ionospheric time delay for each of the two frequencies can be written:

AT , —f— TEC, AT2 = _!_ TEC (6)
cf ~ cf~

where AT, is the value needed to correct for the ionospheric error on the frequency f,,
and AT2 is the ionospheric error encountered on the frequency f2. If the normal system
operational frequency is f i and we choose f, at a lower frequency for ionospheric
correction purposes, we obtain

K*TEC 1 1 f~ — f~A ( A T )  = 1— — — ) = AT ( ) ( 7 )
c

or

AT, — A ( A T )  (8)
( f I  — f~~)

The value A (AT) is obtained from the difference of the simultaneous measurements of the
total range , including ionospheric time delay, at the two frequencies f, and f 2 , since
the geometric distance is , of course , the same at all frequencies. The quantity
f~ /(f~ - f~~) is called the ionospheric scaling factor. For small ratios of f ,/f2 this
factor is much larger than unity and the required precision of the differential measure-
ment may be unreasonably large. A plot of this quantity, normalized by f1, is given in
Figure 1.

If the user does not correct for the ionospheric time delay using a two—frequency
receiver system , then a model of the time delay must be employed . Models of iono-
spheric time delay will be described later ; however , it is worthwhile for illustrative
purposes to obtain some idea of the magnitude of the time delay that could occur for
the GPS operating frequency of 1.6 GHz. Figure 2 shows the world—wide delay at a
universal time of 20 hours for equinoctial conditions (March 1968). This f igure was
presented by JUobuchar ’ and was derived from the time delay model developed by Bent
et al.5.

In addition to time delay effects , scintillation effects could also impact on the
performance of satellite navigation systems. Fading of the signal could result in low
signal margin for some users and prevent acquisition of the signal. Also the phase
coherence across the band could be degraded by phase scintillations.

3.2 Satellite Communication Systems

The advent of the satellite era significantly changed the methods by which man can
communicate with his fellow man. Satellite communication systems provide enhanced band-
width , permitting more data to be transmitted at more rapid data rates. Although they
operate at frequencies greater than conventional high frequency (HF’) communication
systems, satellite communication systems are impacted by the ionospheric structure and
irregularities in the structure of the ionospheric electron density. These irregularities
give rise to scintillation of the signal.

Many of the satellite communications systems employ satellites in geostationary orbit
(INTELSAT, COMSAT, DSCS, NATO , t4ARISAT ) but lower orbit communications satellites (APSATCOM )
are also operating . Satellite communication systems have recorded fading effects at Ire—
quencies to 6 GHz (with peak-to-peak values of a few dB); fading of over 20 dB was noted

L recently at 1200 MHz , In the band used bg MARISAT (Fr:mouw et al.’). A high 0:cutre~~e 
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- r  fading qreater than 20 dB peak-to—peak has been noted at 250 MHz, in the band of
frequencies used by FLEETSATCOM and AFSATCOM ’. In system operations , a t t e n t i o n  mus t also
be~ paid to this phenomenon at equatorial latitudes by MARISAT and AEROSAT (the L Band
Marjttme and Aeronautical Satellite Systems). At both equatorial and high latitudes ,
scintillation etfects w ill be seen on UHF communications systems (100 — 600 MHz) as well
as L band systems.

Figure 3 is a f i gu re  g i v e n  by Aarons 1 and gives a tracinq of observations made of
equatorial scintillations at Huancayo , Peru , while observ ing the synchronous satellite
LES-6.  Thee top portion of the figure shows the amplitude and fade duration while the
lower p o r t i o n  shows the statistics of fade duration and signal probability. This illus-
trates how ionospheric scintillation can impact the performance of satellite communica-
tion systems.

3.3 Satellite Surveillance Systems

In a d d i t i o n  to c o m m u n i c a t i o n  and n a v i g a t i o n  sys tems , s a t e l l i t e s  are  used f o r  surveil-
lance purposes. Examples of this type of system are the SEASAT system that was designed
to monitor activity in the ocean areas of the world and the LANDSAT system w h i c h  p rov ides
information about the earth’s na tur a l resource s. Both these systems u t i l i z e  f r equenc ie s
between 2.0 m d  3.0 (‘.Hz. Signals are sent from the satellite to the earth’s surface and
the satellite observes the return signal. It is assumed that as the satellite moves
between the time that the signal is sent and it is returned that the propagation medium
remains frozen in space. The moving satellite gives the appearance of a wide aperture
antenna and such systems have been denoted as synthetic-aperture radar systems .

During passage of the signa l from the satellite to the earth and return , the medium
does not remain constant. Irregularities in the medium can introduce fading and changes
in the phase of the signal. The synthetic-aperture radar surveillance systems rely on
the principle of coherently integrating the return signals over a (simulated ) large
antenna aperture . Phase scintillat ions could result in loss of coherence across the
aperture. In addition , fad i ng due to ionospheric irregularities could limit the amount
of time the systems integrate on a single target.

3.4 Space-Object Identification Radars

There exist in actual o p e r a t i o n  and i n  the p l a n n i n g  stages , ground-based  r ada r s
whose function is to detect and track space objects . These objects can be either ballistic
missiles or orbiting satellites. The radars designed to perform these functions operate
at frequencies as low as 250 MHz and as high as 1600 MHz. The effects of the ionosphere
on the performance of space-object identification radars are to slow down the transmitted
radar wave and to refract the wave . This results in the detected object appearing to be
at a further range and a lower height from the radar than it actually is.

Detection radars could conceivably employ dual frequencies in order to reduce the
uncertainty in range and elevation angle resulting from the ionosphere. Suppose that such
a radar is operating at 400 MHz and that a correction for an electron content of 10 ’’ el/rn ’
is required . At 400 MHz , this value of TEC corresponds to an ionospheric time delay of
840 nanoseconds , or 250 meters of range error. To determine the 840 nanosecond delay at
400 MHz , further suppose that a second system frequency at 350 MHz is utilized. The
differential delay will then be 4.27 times smaller , or 197 nanoseconds. To measure this
differential time delay to a one percent precision requires a 2 nanosecond accuracy.
Rather than use two f requencies, most space-object radars relay on single frequency opera-
tion . Thus , some compensation for ionospheric effects must be employed .

At VHF and higher frequencies , the electron density along the radio propagation path
is the on ly var iable  tha t needs to be con sidered.  The rada r wave can be con sidered to
travel a straight line from the radar to the space object with a first order correction
for the change in the apparent range (AR) . The apparent range is related to the group
path delay given in Eq. (6) by:

AR — c AT (9)

where c is the velocity of light or

AR ~~
,. TEC (10)

In the case of Eq.(lO), TEC must be evaluated from the base of the ionosphere up to the
hei ght  at which the space object is located . The change in elevation angle is simply
related to the change in range by Eqs. (3a) and (3b) .

The correction for AR may be modeled us ing  ionospheric models. These models tend to
be monthly median in nature and help account for the average range error in t roduced by the
ionosphere . Because the range correction depends on ionospheric electron density, it
shows the same d i u r n a l , seasonal and solar c1cle dependencies as do the electron density
and the TEC. Figure 4 given by Allen et al. provides an indication of ~he monthly meanrange correction that must be applied to a 425 MHz radar operating at 50 N geographic
latitude. In developing this figure , Allen et al. ’ assumed that the radar was looking at
a target at 1000 km altitude with an elevation angle of five degrees. The values of
range correction were computed from the model of Bent et al. 5 and are applicable for the
midday per iod when the electron content (and hence the range correction) is maximum .
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The range correc tion is given for various levels of solar activity (denoted by ~ , the
twelve-month running mean sunspot number). It is readily apparent that the rang~ correc-
tion is greatest in winter and equinoctial months and minimum in summer months .

Because of radar accuracy requirements coupled with the fact that the ionosphere dis-
plays significant variations on time scales considerably shorter than a monthly median ,
there have been developed methods to adapt and update the median corrections using real-
time or quasi-realtime time delay, range correction or ionospher ic da ta ‘~~~‘ . These
methods attempt to account for the observed ionospheric variability in reducing overall
system uncertainty.

3.5 Satellite Power System

It is worthwhile pointing out a possible ionospheric impact on the pe r fo rmance  of the
proposed Satellite Power System (SPS). The SPS is not a typical telecommunication system
but it does represent a new and unique application of satellite transmission of electro-
magnetic energy .

The SPS, according to current systems concepts , will involve a number of satellites
in geostationary orbit collecting solar energy using solar cells. The radiant solar
energy will be converted to microwave energy and transmitted to a station on the earth’s
surface . The effects of the passage of the high-power microwave beam through the iono-
sphere will not be discussed here. The interested reader is referred to the work of
Perkins and Roble ’2 . It is worthwhile to mention , however , that the control and beam
steering sub—systems that will be part of the SPS rely on a pilot beam operating near
the SPS frequency of 2.45 GHz. The pilot beam will transmit energy to the satellite to
steer the microwave power beam to the receiv ing station on the e a r t h .  I f  there are
irregularities in the ionosphere along the path traversed by the pi lot  beam , it  is
possible that the control sub—system could be impacted . Studies to investigate these
and other SPS—related phenomena are being undertaken within the United States.

4.0 TOTAL ELECTRON CONTENT

Because the range errors , group path delay and elevation angle deviations that a
transionospheric radio propagation system experiences all depend on the integrated
electron density between the two terminals of the system , the total electron content
(TEC) represents a convenient parameter for characterizing ionospheric effects. Knowing
the TEC as a function of time and space and the TEC as a function of various heights
above the earth, enables one to assess the potential impact of the earth’s ionized
medium on the performance of a transionospheric propagation system simply by employing
the appropria te  geometry and frequency dependencies. Generally the range error is the
main ionospheric problem for advanced navigation systems , and eleva tion an gle error s
are insignificant. Satellite detection radar systems , on the other hand , have require-
ments to know accurate pointing elevation angl~ts for their large aperture arrays , though
generally the accurate tracking is done by using range rate information , and elevation
angle is of secondary importance as long as the radar can see the target.

Because of the importance of TEC on systems that have m iJitary missions , Department
of Defense laboratories such as the Air Force Geophysics Laboratory and the Ionospheric
Laboratory at For t Monmouth , New Jersey , have been instrumental in the collection of ,
distribution of, coord inat ion of , and description of total electron content data. It
is for that reason that the discussion which follows borrows heavily f rom the work of
Klobuchar ’.

Much of the data on TEC have been obtained from Faraday rotation measurements. These
measurements are such that the TEC up to about 2000 km altitude is obtained . Fortunately,
most of the ionization in the ionosphere is contained at the altitudes below this height
and the Faraday data and models derived from them are extremely effective in assess ing
system performance . These data and the resultant models can be adjusted to include the
effects of ionization observed well above 1000 km. The models can also be used to
determine the integrated electron content at heights below 1000 km by again adjusting
the models according to specific system data . The changes in TEC that result from diurnal ,
seasonal and solar cycle variations all tend to display comparable periodicities that
are not too dependent upon the height to which the electron content is integrated .
Obviously, the magnitude of the TEC is dependent upon the height to which the content is
integrated .

In the following sections, we shall discuss the morphology, the models and the obser-
vations of total electron content. Since TEC is directly related to group delay (Eq.(6))
and range correction (Eg.(l0)), these terms will be used interchangeably. Figure 5, taken
from CCIR Report 263—4 ’’, provides a convenient display of the tine delay in seconds as a
function of frequency for various levels of TEC.

4.1 Morphological Behavior of Total Electron Content

Sufficient TEC data are now available from various locations throughout the world to
be able to describe the diurnal , seasonal , geographic, solar cycle, and magnet ic act iv ity

— dependence of this parameter so that systems design engineers are able to determine the
potential effects on any new transionospheric system. To a first approximation , the global
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behavior of TEC is comparable to that of the critical frequency of the P2 region foF2,
accounting for the fact that the electron density is proportional to the critical frequency
squared . The daytime values are larger than the nighttime values and the sunsnertime
values are less than those in winter dr equinoxes. The TEC of the ionosphere depends
strongly on latitude, local time, and geomagnetic activity. At low magnetic latitudes ,
TEC exhibits the same latitudinal behavior and equatorial anomaly as does foF2 ’’. In the
mid-latitudes , the TEC has been observed for many years at a number of stations and the
behavior of TEC is well documented ’5’’’. A continuing effort is underway to enlarge the
TEC observing network and data base.

9.

As mentioned above , most of the TEC measurements have been obtained using the Faraday
method . This TEC is usually referred to as ionospheric TEC as distinct from the total - -~
content measured up to the qeostationary satellite height which will be denoted as TEC,~.
TECC can be measured by a VHF group delay method which is practically independent of tf~e
geotttaqnetic field ’’ .

Continuous TEC data have been recorded at various stations. An example of a year ’s
TEC data taken at Hamilton, Massachusetts, with the daily values for each month over-
plotted , is given in Figure 6. Note the large day— to-day var iab i l i ty  wi th in  each month
and the seasonal changes, with the lowest TEC values occurring during the summer months
and the largest values during the equinoxes. Some, but by no means all , of the daily
var iability of TEC about the monthly mean curve is due to magnetic storms which have been
extensively studied for the behavior of the TEC parameter ’’.

The distribution of the differences of TEC from monthly mean values is approximately
normal or Gaussian. The standard deviation of daily TEC values from the average behavior
for Hamilton , Massachusetts, for 1969 is given in Figure 7 separately for the winter ,
summer, and equinox seasons as a function of local time of the day . The percentage
standard deviation is perhaps most important during the midday period when the absolute
values of TEC are highest. During this midday period , the standard deviation is approxi-
mately twenty percent. Figure 8 shows similar data for the solar minimum period of
1974-75 when the midday standard deviation of TEC at Hamil ton  is between 20 and 25 per-
cent. The nighttime values of standard deviation are considerably higher , but the abso-
lute TEC values are much lower at night during solar minimum conditions than at other times.
These are the deviations of TEC that must be taken into account in many transionospheric
systems in addition to the average level of TEC.

W h i l e  the standard devia t ion  does give a good estimate of the variability of iono-
spheric time delay , there are rare times when the distribution of TEC values departs
greatly from a normal curve, such as during a large magnetic storm when worst case
departures from monthly average conditions are likely to occur. Any system design engineer
must be carefu l  to consider worst case TEC values , even though they occur infrequently.

Under certain conditions involving transmissions between the surface of the earth
and high altitude satellites or other space objects, the TEC is needed. Recent studies
by Soicher 1’ have shown that the portion of TEC not due to ~he ionosphere but due to the
ion iza t ion  in the plasmasphere varies anywhere ‘from 45 percent (dur ing  the n i g h t )  to 10
percent (during the day) of the ionospheric content , TEC. The plasmaspheric  portion of
TECT shows a much smaller d iur na l , seasonal , and day-to—day ionospheric contribution.
The relatively small magnitude of these v a r i a t i o n s  suggest tha t  the models of TEC can
be ad justed to give TECT simply by adding a constant correction ’s .

4.2 Models of Total E’.ectron Content

Because measurements of TEC are made at discrete points on the globe and because
system requirements are such that the system engineer requires the flexibility to
evaluate TEC and its effects at any point on the globe, models of the world-wide distribu-
t ion of TEC have been developed . These models generally represent the average behavior
of the ionospheric density or total electron content. Models of the ionization density
in the form of profiles can be used to evaluate total electron content simply by numeri-
cal3.y integrating the electron density profile for the base of the ionosphere up to the
desired height. Models of TEC can be classified as either physical or empirical in nature.

A physical model is one in which attempts are made to mathematically describe the
physical processes which result in the free electrons in the earth ’s ionosphere. Given
initial conditions of the earth ’s atmosphere , the solar ionizing radiation which impinges
upon it , and a knowledge of the many reaction rates involved , electron densi ty prof iles
as a function of geographic position and height can be calculated. Such electron density
values can then easily be integrated along any radio wave path used to compute ionospheric
time delay at a system operating frequency. The Penn State Model2° developed by Nisbet is
perhaps the most well known physical model.

While physical models certainly have the greatest long term potential of solving
and describing the world-wide TEC , at present, their use and accuracy are severely limited
by a knowledge of the input conditions. Also , considerable computer resources are re— —

quiz~ed to run such models. Their use by system design engineers is not recommended at
this time ’ for other than initial planning purposes.

Empirical models are usually mathematical descriptions of available experimental data
that have been grouped in some coherent manner . Many of these models combine specific
representations of the behavior of selected ionospheric parameters with formulae describing 
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the vertical distribution of the ionized atmo9shere . Perhaps the most complete empirical
model is that given by the CCIR in Report 340’ . Th is model g ives values of the globa l
behavior of various ionospheric parameters in the form of equations and coefficients that
are related to solar activity. Empirical models developed to represent the vertical
d istribu tion of the ionospher ic electron dens ity have been g iven b~ Flattery et al.

22 ;
Chiu 23 ; Bradley and Dudeney~~~; Rawer et al.

2 S ; and Rush and Miller ‘.

An ionospher ic profile model from which TEC can be easily obtained has been developed
by Bent i in which he used the analytic representations as a base and developed topside
ionospheric thickness parameter values from the Alouette satellite topside sounder. Hi8
model , while world—wide in application, contains topside information mainly from the 70 W
longitude meridian region , and is expected to work best in that region . The Bent model is
perhaps the best presently available state—of-the-art empirical TEC model.

Klobuchar ” constructed an algorithm of ionospheric time delay for users who do not
have large computer resources. It was designed to obtain an approximate 50 percent  correc-
tion for ionospheric time delay including day-to-day variability. His model representation
attempts to fit the monthly average TEC at those times of the day when t ime delay values
are greatest, the makes no attempt to update for day-to-day variability, though the model
representation can easily be adapted for this purpose. Only eight coefficients are used
to represent the world—wide behavior of ionospheric time delay.

An example of how these models can be utilized in systems design applications is given
in Figures 9 and 10. These figures , deduced using the model of Bent 5 , show contours of
the percentage of yearly daytime hours that the time delay at 1.6 GHz (determined for TEC
by Eq.(6)) exceeds the indicated number of nanoseconds. Figure 9 shows the results for
low sunspot number (SSN’.lO) and Figure 10 shows the results for high sunspot number
(SSN-ll0). The highest percentage contours occur over the equator and the lower latitudes.
Unless a system is designed that can operate with time delays of this magnitude , correc-
tion factors in the form of models must be developed .

The models of TEC fairly well represent the monthly average values at many locations.
In the near-equatorial locations , there are little available data against which the models - 

-
may be tested , except for a few locations such as Hawaii and Hong Kong . The near-equatorial
regions are very important for world—wide navigation systems which require TEC corrections
bec~iuse the highest TEC values are found in this part of the world.

To make any  si g n i f i c a n t  improvement upon the monthly average climatology of TEC near-
r eal t i m e  measurements  must be made. DuLong ’’ has shown that , for data taken from the
same location in the same direction , useful improvements to climatology can be made with
data up to three hours old. Figure 11 , der ived from DuLong , shows the percent TEC remain-
ing after correction for near-realtine TEC data . The improvement over monthly climatology
is h i g h  d u r i n g  so la r  max imum d ay t i m e  per iods  when the absolute values of TEC are highest ,
which is when a good correction is most required . During solar minimum periods , a
three—hour forward prediction based upon actual measurements , in the same direction as
the one for which an updated TEC value is required , is not any better than the use of a
nonthly or seven-day running value. During the sunrise and sunset periods, the use f u l
time interval over which a measurement can improve upon cl imatology is shorter , due to
the large geographic gradients which exist during these periods.

Because the  TEC that is used to update the models may be measured at locations that
are not exactly those where the models are to be applied operationally, i t  may be neces-
sary to extend and extrapolate the observations. The usefulness of the observations in
providing accurate information decreases quite rapidly with increasing distance between the
observation location and the location where the updated information is to be applied ’’~~~’ .
4.3 Behavior of FEC D u r i n g  Magnetic Storms

Because of the variations in TEC that occur during some geomagnetic disturbances , a
great deal of attention has been devoted to describing and predicting the effects. The
changes in TEC during magnetic storms can be larger , faster , and more extensive than those
associated with normal day—to—day variations. The changes in the ionosphere r e s u l t i n g
from magnetic activity have long been the subject of detailed studies. Figure 12 prov ides
an indication of the percentage change in TF.C as a function of loca l time . This figure
was taken from the work of Mendillo et al.’’ and represents the disturbed daily variation
of TEC averaged over 75 mid-latitude magnetic storms.

The electron content in the plasmosphere usually shows a marked depletion as magnetic
activity increases but enhancements in electron content have been observed (Davies ’3 and
references contained therein) . The plasmospheric content appears to return to values corn-
p ar a b l e  to the  m o n t h l y  average  a n ywh e r e  f r o m  seven to fourteen days after the onset of the
re- q n e t i c  s to rm ‘. 
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5.0 TRANSIONOSPHERIC SCINTILLATIONS

5.1 Basic Theory of Ionospheric Scintillation

When a radio wave passes through irregular structures in electron density of the
ionosphere, i t is diffracted and fluctuates in amplitude and phase . Early studies revealed
that the irregularities giving rise to ionospheric scintillation occurred mainly in the
F- reg ion  and were aligned along the geomagnetic field lines. It  is now known t h a t  irregu-
u n t i e ,  associa ted with preci pi tation of charged particles at high latitudes give rise
to i r reg u l a r i t i e s  at heights in the E-ragion of the ionosphere which also induce scintil-
la t ion phenomena on signals traversing the irregularity structure .

The status of scintillation theory and the agreement between theoretical predictions
and obse rva t ions  have r ecen t ly  been reviewed in detail by Crane ’s . The in terested reader
is referred to the work of Crane for the details of the mathematical treatment necessary
to derive the pertinent equations. We will concern ourselves here only with selected -

~~

pertinent aspects of scintillation theory.

The electron—density irregularities responsible tot- ionospheric scintillation form a
volume of random refractive index irregularities along the propagation path. A complete
theory for wave propagation through a medium with random dielectric constant fluctuations
is not available. Approximate solutions or models have been proposed that apply under
restrictive conditions. Contributions to the development of these models have come from
the areas of optical propagation through the lower atmosphere, acoustical propagation
through the ocean and the atmosphere , and radiowave propagation through the lower atmos-
phera , ionosphere , and interstellar space.

Using the assumptions that the wave may be represented by E Eeiut , where - - 2 ” F ,
F is the carrier frequency, t is the time , and E is the electric field vector; that a
component of E is represented by ii; that the dielectric properties of the medium change
slowly in time in comparison with 1/F and slowly in space in comparison with the w a v e l e ngt h
\ ;  an d t h a t  p o lar iz a t i o n  e f f e c t s  are  not i mp or t a n t, the  p ropagat ion  of the wave through the
the irregularity region is governed by the scal~ir wave equat ion . I 

-

+ k 2 ru — 0 (11)

whe re k — 2~i/ \ , is the dielectric constant (~ = 2n , n is the index of refraction), and
both u and t are random variables. If further , the dominant variations in dielectric
constant occur on scale sizes of t he  or d er  of the  si~~e of t h e  first Fresnel zone
(r * /V~ where Z is the reduced distance equal t o  . - (L - .-)/L , L i s  t he  p a t h  l e n g t h  and

the d i s t a n c e  f r o m  one end of the path  to the irregularity) or larger , the ener ’v i s
s cat ter e d in t o  the  f o r w a r d  d i r e c ti o n  and ( 1 1 )  may be replac~.d by the diffusion approxi—
mat ion :

—i 2 k ~~~~ + V1U 4 k~~t U 0 ( 12 )

where u — ~~~~~~~~ x is t he  d i re c t i o n  of p r o pa o at io n , an d  3 / ~~y ~~~~~~~ the tr~ ns—
verse Lap l a ci a n .  £

In order to solve either t~-1 - ( 1 1 )  or t~q . ( 1 2 )  , cert i in al t-rox i m a t  ions must he made con-
cernin g the refractive i ndex (the spectrum of the irregularities) ~a nd the  manner in wh ich
t he  rad io wave i n t e ra ct s  w i t h  the  i r re g u L i r i t i ~’s.

The q en er a  1 ly  ~
,ccet t ed mod,’l fo r  i o n o s p her i c  s c in t  i i  tat ion has bet-n the thin phase

diffraction screen model - In this approximatIon , the irr e~iula r itv region or the effect
of t he  i r re gu l a r i t i e s  i s  assumed to occur in a thin layer. The t h i n  phase  screen a p pr ox i -
n a t i o n , however , does not p r o v i d e  a rec ipe  for e s t a b l i s h i n g  a c onn e ct  ion  between t he
electron-density fluctuations in  the  ge n e r a l l y  t h i c k  i r r eg u l ar i t y  region above the  r e f e r-
ence plane’ which is used for the thin phase c h a n gi n g  screen. The phase fluctuat ions at
t he  screen are calculated using geometrical o p t i c s .  Th~ geometric~,l optics approxinia t ion
may be obtained by assuming that the scale sizes of t h e  e l e c t r o n — d e n s i t y  f l u c tu a t i o n s  a re
much larger than the size of the first Fresne l zone for ropaqat ion from th~ source tothe  screen. In this approximation, the effect of di ff i - a ct ton by irregul ariti es above the
screen is ignored by calculating the field at the screen. This approximation is 3us ttt iesl
if t he L3yer i s  thin enough for .~~Z— .-l where 1 is t h e  size of the smallest tr i - eguls ri ty,
a situation rarely encountered in tran~ ionosphe~ ic propagation.

Recent work in the analysis of strong sc m i t  Lition has attempted to use the concept
of multip le thin screens to remove the requirement for the use of the geometi- sc~~l opt ics
approximation in the thin—screen moejel’ .

The intens ity tt which scintillations are observed depends upon t he’ position of the
olisorver rei~s t ive to the irroqul~ r it ies in the ionosphere t h a t  cause’ the scintillation. -

Keeping both th e t h i c k n e s s  of the irregularity req ion and \N , the electron density dev -ta-
t ion of the I rrequ 1 ar  i t y ,  con sta n t , qeometr tea l f~actors have to be considered to e v alu at e
data. Among these factors are:

(I) the zenith distance of the irrequ1ar~ ty a t t h e  ionospheric layer;

(2) the propagation angle r e l a t i ve  to  the earth’s magnetic field;

(3) the distance from the irregularity region to the source’ and to the observer. 
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Concerning the frequency dependence of s c intil li t i on , observations ’’ employ ing ten
fr equen c i~~s between 138 MHz and 2.9 (‘.Hz transmitted from the same satellit e ’ , show -i con-
sis tent ~ behavior of S, for S, less than about 0.6. The frequency dependence is less
steep for stronger scintillation , with S. attaining 1 maximum value near unity with ‘ few
rare exceptions. The same observations show that the phase scintillation index , c, (de-
fined as the standard deviation of phase in the fluctuation-spectral range containing
intensity scintillations ), varies as under most conditions.

The fading period of scintillation varies o v t - r  qu~~te a large range. The fading
p er i o d  depends  b o t h  upo n the apparent motion of the irregul arit ies relative to the ray
path and in the case of strong scintillation on its severity. For strong scintill ation —
with S. ~ 0.4 or where peak to peak fading is grea t er than B dR , the fading period is
shorter than for weak scintill ation with the same relative v e l o c i t y .  The fading period
of g igahertz scrnt illa tion at the equator ranges from 2-15 seconds. The gigahertz mess-
uremen ts were in  the weak scintillation limit and were made when both the transmitter and
r eceive r  were stationary; therefore , the observed fading periods reflect the motion of
the i0 0 0sphe -r i c  irre gularities.

The fading rate is a function of ground ~- t t  tern size and motion of the ionospheric
winds , the observer and the source. Essentially at ill latitudes the ground pattern size
is frozen when observing low altitude satellite- signals. When observing synchronous
satellites from ground stations , the’ wind pattern determines the fading rate.

5.2 Ionospheric Scin tillation in Equatorial Reqions

The morpho1oqic~a1 behavior of scintill ~it ions in the t-qua tori al regions of the globe
and a discussion of the causes of the scintillation producing ionospheric irregularities
has beer recently given by Aarons ’ ; the discussion present ed here ’ will closel y f o l lo w
that work. Further information is available in Pearons et

In the equatorial region , the t y pi c a l  development of scintillation from an ionosphere
devoid of intense irregularities to t h a t  where  deep fading is observed is often abrupt
and dramatic as shown in Figure 13. The start of scintillitions can often be noted to
take pl.ace within a f~-w seconds. An example of t he  f a s t  onset , the deep r ap id c o n t inu o u s
fluctuation end finally the slowing and more- sporadic f a d i n g  is shown in the top panel of
the figure. The observations illustrated are of the 254 MHz transmissions of LES-6. The
use of a large antenna (in this case , 28 ft in diameter) has allowed deep fading to be
observed , frequently of the order of 20 dB below mean level. Rapid deep fading character-
izes the beginning of the scin tillation a c t i v i ty .  As the night proqresses , the scin til-
lation frequently becomes more sporadic. The small scale irregularities are contained in
the large scale patches tha t move across the path. Finally, at the end o€ the scintilla-
tion activity, the scintillations change character , and long fades may remain below fade
margins of 6 dB for 5 to 30 seconds.

The patterns of scintillation activity show g r eat  variety. One pattern that has been
observed frequently is of a patchy nature . Scintillations on one satellite path start and
stop during the nig ht several t imes , with the patch moving through the propagation path in
times of the order of 20 minutes to severa l hours . Similar lifetimes of the patches of
irregularities , as we ll as their velocities , have been reported in transequatorial studies
of irregularities by HF transmissions.

In the equatorial region , experiments were performed to study the development and
maintenance of the large scale irregularity patches (several hundred kilometers EW and
many times that NS) which often contain the small scale irregularities of approximately
3 m to 1 km which  produce VHF to microwave scintillation.

Figure 14 shows typical patch three-~dimensiona l structure at local times depending on
the stage of formation or dissolution. With the formation of a thin layer of irregulari-
ties (approximately 1930 local time ) UHF scintillations Start with 5 dB peak-to-peak values
typ ical. Fading rates (on the ground) are typically 10 mm . During the formation of the
plume , scintill-stions show greater depth (approximately 20 dB peak-to-peak); irregularit y
thickness increases as well as strength of returns; rates exceed 10/m m . It is during
this time that microwave scintillations are probably observed .

_ 1Af ter forma tion , an irregularity structure moves east at speeds between 50 and 150 m
sec . Scintillations observed during this phase are still high. At a l a t e r  s tage, i r r egu-
larities within a s’~’ecific patch begin to decrease in intensity, resulting in lower sc i n t i l —
lation levels. Limited observations suggest that the’ eastward motion of these patches
slows down in the later stage , around m idn igh t .

There are seasonal maxima of the occurrence of equatorial scintillations. The pre-
cise pattern varies as a function of longitude and solar flux. The seasonal pattern and
the solar cycle dependence can best be illustrated with the aid of Figures ISa and lSb ,
utilizing observations at Huancayo , Peru, of ATS—3 transmitting at 137 MHz.

Figure l5a utilizes data taken at the peak of the solar cycle (August 1969 to
July 1970) with another period (Figure l5b) centered around a minimum in the solar cycle
(August 1973 to July 1974). There is a higher occurrence of deep scintillations (a scin-
tillation index (SI) greater than 60 (6 dB peak-to—peak)) with an S . of 0.3 during a year
of high solar flux (August 1969 to July 1970) than during a year with low solar flux
(August 1973 to July 1974). The magnetic index K range is in both cases from 0-3 to avoid
possible confusion with magnetic storm effects. p 
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Mullen and Hawkins ’ found that the  peak of the e qu i n o e t i a l  a c t i v i t y  took pi ece in
Hovember and March a t  Aecra , Ghana , whereas  Hu an c a yo  d a t a  show a diffuse maximum from
October through March , with only a s l i g h t  decrease  in  scintillation ict~~vi ty in  December.

The seasonal  p a t t e r n  f o r  the eas t e r n  r eg ion  of A s i a  is not  c l e a r l y  ~t s c e r t - I i n e d .
N i ch ol s ½ O  f o u n d  the  seasona l  p i t t t - r n  of  250 MHz f a d e s  to r n a x m i z e  be tween  A p r i l  and Oc tobe r .
Taur~~’ , u s i ng 4 and 6 GH z d a ta , found  maximum occurrence in February to April and September
to N o v e m ber .  He worked w i t h  g l o ba l  s t a t i s t i c s. I t - i s u  c t  al  . p r e s e n t e d  t he- e s t i m a t e d
wor ldwide  e q u a t o r i a l  morphology of pe rcen t age  s c i n t i l l a t i o n  g r e a t e r  t h a n  or e q u a l  to 4 . 5
dB at 140 MHz for November—December 1969 and 1970 d u r i n g  1900—2300 LT on magnetica11~
qu i e t  days  based on 250  Ogo-6 o r b i t s  ( F igu r e  1 6 ) .  A g r o a t  v a r i a b i l i t y  in o c c u r r e n c e  as
a f u n c t i o n  of long i tude is seen.

5.3 Ionospheric Scintillation at H i g h Latitudes

In the high latLtude ionosphere , scin tillation tends to maximize above the aurora ’ -
.

At polar latitudes , the observed scintillation level is high but somewhat lower than at
aurora I latitudes ‘~~~~.

D u r i n g  m a g n e t i c  s torms , sc i n t i l l a t i o n  l eve l s  increase  d r a m a t i c a l l y  w i t h  loca l  e x c u r —
sions of the magnetic field . Statistically, scintill -ition level .; increase with K and
with PeE index ”. Recent  a n a l y s i s  of d a ta  of several hig h la titude stations show ~ genera l
trend of an increase of s c i n ti l l i t  ion excursions w i t h  both  increasing so lar  flux and
inc r e a s i n g  K ~~~~~ Th i s  t r e n d  is affected by t h e  seasonal character of the scinti llit i 8n
excursions. ~These are  shown in Figures h a  and 17b for a st ition at approximately 63
under both quiet and disturbed magnetic conditions. The mean scintillation index as

0
a

function of invariant latitude - varied w ith magnetic activity. At 1at~~tudes above 53 , a
higher K was associated with increased scintillation , while below 53 there was a sma l l
decrease~~in s c i n t i l l a t i o n  w i t h  i n c r e a s i n g  K~~.

Perhaps  t he  largest contribution to understanding the causes of i o n o sp h e r i c  i r r e g u -
lari ties is due to in  situ measurements of various ionospheric parameters. These include
electric fields , thermal electrons , super therma l electrons , and ion density measurements.

C o r r e l a t i n g  in s i t u  measu remen t s  w i t h  s c in t i l l a t i o nt s can o n l y  be done unde r  c o n d i t io n s
involving severa l assumptions. In Situ measurements give no indication of thickness , an
effect of importance on scintillation excursions. In si’- : measurements are frequently
higher in al titude than the 350 km level found to be the  : edominan t  hei gh t  of the  ( o f t e n )
thin layer irregularities. In situ measurements , unless configured carefully, do not slow
the effects of irregularity elon~ ation , field alignmen t or zenith angle. Mo r e basic -ails ,
however , in situ measurements may measure the causal element for the oroduction of the
irregularities (superthermal electrons) , for  examp le; therefore , the ambient atmosphere
m u s t  be t a k e n  i n t o  c o n s i d e r a t i o n.

One series of -aignif icant measurements was obtained with an electrostatic probe on
I S IS- l ;  t h e r m a l  positive ion observations were made~~~. A spatial resolution of 150 meters
was possible. The equatorial boundary of the irregularity reg ion was defined as the
latitude of onset of persistent small scale ionization irregularities extending over at
least a few degrees in latitude with amplitudes amounting to 20 percent or more of the
mean background levels.

The boundary of the irregularity zone was found to be 30 ~~ 9
0 

closer to the pole in
the southern hemisphere than in the northern hemisphere. The seasonal variation of the
mean location was small. The boundary is closest to the pole in June and far the st in
December. No poleward boundaries for the irregularity zone were found ; the inhomogeneities
extend across the pole. Comparison of the irregularity boundary of this technique and
that of the scintillation boundary were excellent at ni ght and between 2100 and 0600 ~ec al
time but dif tered at 1700 LT (Figure 18).

The severe topside irregularity zone was observed u s i n g  the ionosonde on I S I S - 2’ ’.
On the dayside of the earth , the equatorward boundaries of this zone and of the 300 eV
electron precipitation coincide. However , the boundary does not coincide with eTectron
prec ipitation above 300 eV. The zone extends beyond the poleward boundary of the particle
prec ipi tation , probably due to magnetospheric convection transporting irregularities pole-
ward of the region of produc tion.

5 . 4  S c i n t i l l a t i o n  E f f e c t s  on Transionospheric Systems

In order that the observations of ionospheric scintillation can be readily utilized
to assess the performance of telecommunication systems that rely on the propagation of
electromagnetic energy through the ionosphere , various indices have been developed . The
intensity of the s c i n t i l l a t i o n  may be c h a r a c t e r i z e d  by the variance in received power or
by the va r i ance  in the logarithm of received power . The measure S. is defined as th e
square root of the variance of received power divided by the mean value of the received
power. The measure o~ is the square’ root of the va r i ance  of the l oga r i t hm of the received
power. For periods of s c i n t i l l a t i o n  having a constant value of either one of these meas-
ures,  the signal level fluctuations may be described by an emp i r i c a l  p r o b a b i l i t y  d e n s i t y
funct ion (pdf). Sample empirical pdf s  are given in Figure 19 for several S. values. The
strength of phase scintillation may be characterized by the standard deviation of phase,a . Empi r i ca l  p d f s  for  phase f l u c t u a t i o n s  a re  given in Figure 20 for  the same cases shown
i~ Figure 19. The data d9icted in Figures 19 and 20 were obtained at a mid-latitude
station at 150 and 400 MHz ‘ .

— .- _______________ ___________ - - - -
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Attempts have been made to model the observed amplitude pdf. Whitney et al.” ’  and
Crane ’” have constructqd model distribution functions based upon the use of the Nakaqami-m
di stribution (m (S..) ‘ ) and have shown that the models provide a reasonable approximation
to their observed emp irical distribution functions. In addition , the Rayleigh pdf pro-
vided a good fit to the data under conditions ‘if very strong scintillation (S.. > >  0. 9 ) .
The Nakaqami—m distribution is a Rayleigh distribution for m = 1 ( s t r o n g  s c i n t i l l a t i o n ) ,
and is a log-norma l distribution for m > 1 (weak scintillation).

The log-norma l and Nakagami-m distributions are both characterized by a single param-
eter which can be related to either S.. or i . More comp lex models  e x i s t  w i t h  more param-
ete r s  t h a t  can be a d j u s t e d  to f i t  the dat a . X

S i g na l  fluctuations may also be described by their power spectrum. The power spectrum
for phase fluctuations shown in F i g u r e  21 continues to increase with decreasing frequency,
showing the  domination of phase fluctuations by the large—scale refractive—index changes
as predicted by geometrical optics. These data show that for a sufficiently long observ-
ing time , the variance of log-amplitude (proportional to ~~ 2 ) reaches a fixed lev I, but
the variance of si gnal phase continues to increase with in~ reasing observing time . Since
the power spectrum for phase fluctuations behaves approximately as f , and doppler or
ang le—of—arrival fluctuations may be related to the temporal or spatial derivative of the
phase fluctuations , the power spectra for doppler fluctuations will vary as f . The
angle-of—arrival or doppler variances will also continue to increase with increasing
observing t i m e .

The data dep icted in Figure 21 were o b t a i ned using a rap idly moving low orbiting
satellite. During the portion of the satellite pass used to generate the spectra , the
ionosphere could be considered frozen. The temporal fluctuations , therefore , may be
interpreted as s p a t i a l  f l u c t u a t i o n s .  The scale s izes  at  a he igh t  of 300 km are indica ted
on the second scale. For a geostationary satellite , the spatial fluctuations will not
change , but the temporal fluctuations will. The spatial fluctuations may be expressed
either as fluctuations at a point in the ionosphere or fluctuations on the ground (and
normal to the line—of-sight). At the ground , the peak of the log-amplitude power spectrum
occurs at scale sizes near I. = 2 . 5  r z ,/(z~~-z1). The data shown in Figure 21 are for
motion of the satellite nearly perpendicular to the magnetic fie ld . The resultant scale
sizes , therefore , are for a direction perpendicular to the field . For a direction along - -

the field , the scale size increases by the axial ratio of the irregularities. - -

The effects of ionospheric scintillation on satellite communication systems have been
described by numerous workers. Whitney and Basu ’9 , for exam ple , demonstrated how scintil-
lation observations made using the ATS-6 satellite could be interpreted in terms of
message reliability . Figure 22 shows an indication of the message reliability deduced
using ATS—6 signals at 137 and 360 MHz measured during a period of intense scintillation.
The curves show that as the message length increases , the reliability decreases as would
be expected . For a message length of four seconds , 40 percent of the messages would be
perfectly received at the —8 dB fade margin level at 137 MHz. As the fade margin decreases.
the message reliability decreases for a message of constant length. More recently, Davies 3’
has described in detail other studies that have been undertaken to demonstrate how iono-
spheric scintillation impacts the performance of satellite communication systems , particu-
l a r l y  as revealed by the observations of the ATS-6 satellite .

Because of the potential for degradation of circuit performance due to scintillation ,
e f f o r t s  have been unde r t aken  to overcome possible degrad ing  e f f e c t s .  Most of these  e f f o r t s
are directed toward developing optimum diversity schemes.

Diversity schemes attempt to reduce the effects of fading during a scintillation
event by combining two signals that are fading independently. For a Rayleigh process ,
si gnal fades are greater than 18.4 dB for one percent of the time . For two independent
Rayleigh processes , the larger of the two signals at any sample point fades to 9.5 dB
for one percent of the time yielding a gain in protection against fading of 9 dB. In
general , the diversity gain depends upon the correlation between the two samples of the
fading process. If the correlation coefficient is less than 0.6, the diversity gain is
8 dB or better. A correlation coefficient of 0.6 may be used as a threshold for diversity
action for .‘ f a d i n g  process al though it s t r i c t l y  appl ies  O n l y  to a R ay l e i g h  f a d i n g  ( s t r o n q
scintillation). In the limit of weak scintillation , a correlation coefficient less than
0. 6 occurs  between observat ions  a t  two f r e q u e n c i e s  for  s i g n a l s  p r o p a g a t in g  a long  the same
path only if the carrier frequencies are separated by more than a factor of three
Suggesting that frequency diversity is not generally effective in combating scintilla-
tion ’’

Two diversity schemes are viable for both weak and strong scintillation conditions:
time and space . For a two-way station configuration , time diversity requires that the same
message be sen t at two d if ferent  t imes separa ted f a r  enough for  the co r r e l a t i on  coef f i -
c ient  to be less than 0.6. Space diversity requires that the same message be detected at
two receiving points separated far enough for the coefficient to be less than 0.6. The
corre l a t i o n  f u n c t i o n  may be ca lcu la ted  f rom the powe r spectrum for the received signal
fluctuations. The time separation corresponding to a c o r r e l a t i o n  c o e f f i c i e n t  of 0.6 is
given by r 0.3 r0/v. For space diversity, the distance for a correlation coefficient of
0.6 is 1. = 0.3 r z2/(z,-z 1 ) for a direction normal to the line-of—si ght and norma l to the
f ield , and a. = 0’?3 r c t ( z 2 / z , — z 1 )  for a direction normal to the line—of—sight in the
direction of the fie?d , where a = axial ratio of the i r r e g u l a r i t i e s .  For ob l ique  m ci-
dence , the projection of these distances onto the ground is required for the estimation
of diversity distance.
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Diversity schemes are normally only required to overcome the effects of intense scm-
tillations; weak scintillations are offset by a reasonable fade margin. In the equatorial
zone, measurements of the spatial cross—correlation function for strong scattering cond i-
tions have given typical values for the correlation coefficient of 0.6 for 300 m antenna
separation and 0.3 for 1000 m separation ’’ . Space diversity seems only practical for fixed
ground s t a t i o n s.

5.5 Scintillation as an Indicator of Ionospheric Processes

Because ionosphere scintillation results from the passage of radio waves through
regions of irregularities in the ionospheric structure , observat ions  of s c i n t i l l a t i o ns
can assist in d e p i c t i n g  the dominan t  phys ica l  processes at  work in the ionosphere under
certain conditions . For example , the large sc in t i lla t ions  observed at the equatorial
regions have spurred work directed toward obtaining an unders tanding of the causes of
irregularities in the equatorial region . In recent years, an understanding of the forma-
tion , generation , and maintenance of equatorial irregularities has emerged .

After sunset , for reasons still under study, a localized depletion of electron density
may form in the lower F layer which then rises and moves into the middle and upper F layer.
This upwelling results in “plumes” on VHF radar maps of irregularity intensity versus
height and time .

Another phenomenon , observed on many backscatter  records and not neces sa r i l y  re la ted
to the plumes , is the formation of a thin layer of irregularities of moderate intensity
near the bottomside of the F—region. Scintillation activity associated with this back—
scatter is of the order of 5 dB on UHF records at 249 MHz whereas VHF records at 136 MHz
show a sharp onset of scintillation with rapid and deep fading when the bottomside irregu-
larities appear . The apparent difference between the behavior of the two bands is
probably due to the f requency dependence of s c in t i l l a t i on5 0 .

From in-situ measurements~~ it appears that in the equatorial F reg ion ambient
electron density dep le t ions  over 50 km may be of one to two orders of magnitude. Small
scale perturbations within these depleted bubbles produce scintillation effects. From a
stud y of in—situ irregularity data , irregularity amplitudes ranging from 10 percent to
100 percent are found to occur in the equatorial region ’2 . The electron density deviation
AN (10 percent of the ambient in one case cited ) res~ ons~ ble for moderate level UHF scm —
tillations appears typically of the order of 6 x 10 ’ m with a thickness of 200 km .
Stronger electron density deviations result in S—band scintillation activity 52 .

With the formation of a thin layer of irregularities (approximately 1930 local time),
UHF s c i n t i l l a t i o n  s ta r t s  wi th  approximately 5 dB peak-to-peak values.  Fading rates (on
the ground) are of the order of 10/mm . During the formation of the plume , scintillations
show greater depth (approximately 20 dB peak—to-peak). Irregularity thickness and radar
returns become stronger; fading rates exceed 10/mm . The occurrence of microwave scintil—
lations most probably takes place during this time .

,A f ter formation , irregularity structures move east at speeds between 50 and 150 m
sec . Scint i l la t ions  observed d u r i n g  this phase are still strong . At a later stage ,
irregularities within a specific patch begin to decrease in intensity , resulting in lower
scintillation levels. Limited observations suggest that the eastward motion of these 

Hpatches slows down in the later stage , around midn igh t 50 .

High latitude scintillation observations have also been a spur to better understanding
the physical processes at wor k in the high latitude ionosphere . Recent studies by
Rino et al. 5 3 , for example , demonstra te tha t i r regularities in electron dens ity in the
polar region give the appearance of being sheet-like (due to alignment along the geomagnet ic
field lines). These sheet—like irregularities exist in the region of the instantaneous
nighttime auroral oval. The cause of these irregularities is proposed to be due to
acceleration mechanisms in the magnetosphere that are manifested in the auroral region of
the ionosphere 5 3 .

6.0 CONCLUSION

In this paper , we have attempted to point out how the ionosphere impacts on the per-
formance of te lecommunicat ion systems whose energy is propagated through the ionosphere.
The discussion has concerned i t se l f  almost e n t i r e ly  wi th  the propagat ion of radio waves
in the VHF and UHF por t ions  of the electromagnetic spectrum . Telecommunication systems
that employ these frequencies (30 MHz to 3.0 GI-lz) as a means of propagating energy can
s u f f e r  a degrada t ion  in performance because of the ionosphere and its structure. The
ionosphere can be considered as a nu isance  for these systems since the system performance
can be degraded compared to propagation of energy in free space (or in the absence of the
ionosphere) .  This is in complete contras t  to telecommunications systems operating in the
HF portion of the spectrum where the very existence of the ionosphere permits long d is tance
propagation. For HF systems, the ionosphere is an i n t e g r a l  par t  of the System ; for VHF/UHF
systems , the ionosphere is a potential source of error.

Telecommunications systems--satellite communication , satellite navigation , radars,
etc.——can be impacted by the ionosphere. Regardless of their ultimate application , radio
waves propagated into and through the ionosphere will be slowed down and refracted by the
ionospheric electron content and the same waves can fluctuate in amplitude and phase as a
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result of encountering irregularities in the electron content along the propagation path.
Thus , system des igners and planners, telecommunication policy makers, and eng ineering per-
sonnel must have at the i r  d isposal methods to assess the e f f e cts of the ionosphere on the
performance of their systems and must develop, i f warranted , techniques to mitigate these
effects. Through systematic observation and understanding of the phenomena giving rise
to poten tial adverse impacts , this information can be supplied .

The f u t u r e  course for  te lecommunicat ion u t i l i z a t i o n  appears to be one of expanded
capabil ities resulting from greater demands. It is rather safe to speculate that require-
ments for increased system reliability and performance will ensue. It is also safe to
speculate that in this age of silicon devices and computer “chips” that  the errors in
overall system performance will primarily result from causes other than equipmental. The
medium through which the systems propagate their energy can in the end provide the final
limitations to overall performance. It is for these reasons that a great deal of activity
is devoted toward assessing the impact of the natural atmosphere on the performance of
radio propagation systems and why such activity should reasonably continue in the foresee-
able future.
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Figure 11. Total range error and percent error remaining after correction
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data , taken at different times before required value . All data - 
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are for the daily maximum TEC value. (Derived from DuLong T .)
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The op ti1 -I1 modelling of the atmosphere requires bo th  1 knowledge of the
physica l properties o t the atmosphere and the spectroscopic properties of the
- ;~o ses 411(1 (lirti culates of which it is composed . The pertinent atmospheric proper—
t ies of temperature , pressure and constituent distribution will first be discussed .
The AFGII Atmospheric Absorption line Parameters Compilation will then be described
wi th emp hasis I’ l l  t h e  a c c u r a cy  of the data base and its application to high resolu-
tion p r o p i , t t i o n  modelling . The necessity to deal with molecular continuum absorp—
t j O i i  and its relationship to absorption l i n e  formation will be discussed. A dis-
cussion of the k n O W l I C t I ; 0  and applic ation of aerosol optical properties to the
development ot aeroso l models is presented . Finally, the LOWT RAN atmospheric
transmission model will ls’ described with emphasis on its accuracy1 its applica—
hili ty and i t :  l im it - I ti o ns .
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1. INTRODUCTION

There a re  many m i l i t a r y  sys tems which  depend on the  a b i l i t y  e i t h e r  to t r a n s m i t
radi ation through the I tmosphere or to d e t ect , an  ob jec t  l q I j n s t  a complex r a ( I ia t i on
b a c kgr o u n d . In gene ra l  such systems f a l l  i n t o  two broad c lasses :  1) H iqh  spec t ra l
r e s o l u t i o n  systems typified by laser  sources~ and 2) Broad—band detection systems
t y p i f i e d  by a Forward Looking  I n f r a r e d  (F L I R )  i m ag i ng  sys tem o p e r a t i n g  over the 8—13
micrometer region. These different types of systems d i c t a t e  s u b s t a n t i a l l y  d i f f e r e n t
req u i r e m e n t s  on a tmosphe r i c  p ropaga t ion  m o d e l l in g .  Both k i n d s  of  m o d el l i n g  techniques
and  the re~ ationshi p between the two will be described here.

The ultimate objective of atmospheric transmission modelling is to be able to predict
the opacity of the atmosphere along any geometric path under any atmospheric condition
at any wavelength given a set of measured or predicted meteorological parameters, We
would l i k e  to c a r r y  out such predictions at extremely high spectral resolution pertinent
to the t r a n s m i s s i o n  of laser  ra d i a t i o n  or a t  low s p e c t r a l  resolution consistent with
broad—band systems. For the purpose of this presentation , the spectral range will he
limited to the region from 0.25 ( I m  to the submillimeter region (about 22 GHz).

In order to understand the propagation characteristics of the atmosphere for radia-
tion in t h i s  broad spectra l region , i t  is necessary  t o understand the details of mole-
cular e x t i n c t i o n  processes (both absorption -tnd s c a t t e r i ng ) is well as the details of
aerosol abso rp t ion  and s c a t te r i n g  processes.

Deer ’S law for linea r propagation 0 monochromat ic  r a d i a t i o n  a t  f r equency  V in a

homogeneous medium can be expressed as follows :



dI(X,v) — — y( v) I (X.v) (1)

where I(X ,’v) is the intensity of the radiation at distance X and y (v) is the attenuation
coefficient.

Transmittance of radiation in the atmosphere is complex owing to the dependence of
scattering and absorption coefficients on a number of different physical properties of
the atmosphere. Solving Equation 1, we have for the monochromatic radiation observed
at distance , X , from the source:

I(X,v) — I ( O ,v) r (v ) (2)

where I(O ,v) is the intensi ty of rad iation at the source , and i (v) is the monochromatic
transmittance which is given by

t (v) — e x p — y ( v )  ( 3 )

where  ‘I ( v )  is an attenuation coeffIcient and X is the length of the path traversed by
the radiation. The attenuition coefficient y( v) is given by

y (v) =o (v) + k(v) L
where CC (V) is the s;’atterlnq coetficient and k(v) is  t h e  Ib s . 1 r 1,t i o n  coefficient..
Equation I is o n l y  s t r i c t l y  v a l i d  when apolied to monochromatic radiation.

The scattering and absorption coefficients defined in Equation 4 depend on both the
c o n s t i t u e n t  molecules and aerosols in the atmospheric path. If olectro—maqnetic radia-
t i o n  is i n c i d e n t  on a mo lecu l e  or an  aerosol , i portion of the radiation is absorbed and
the rest is scattered in ~r ll directions. Thus , we must make the following definitions:

~‘ (v) = (1 ( v )  + a (v) (4a)

k(v) — km (V) + k~~( v )  (4b)

where the subscripts , m and a , indica te molecule and aerosol respectively. In  order to
comput.- the attenuation quantative’ly, it is necessary to consider all four of the quanti-
ties .ilotined in Equations (4a) and (4b).

The mo l ecular s.’Itter lnc coett icient depends only on the number density ..t molecules
i n  t he  r t d  jot ion palo , w t l , - r (~~I C i  I to-  molecular absorption coe t I i Ci en t  is a I unct ( 7 1 1  I ll 110t

onl y the amount of IbsIlrhino gas , bu ’ also the 1oI ’al t emperature and p ressure  ( C )  the  .1~ I s .
The waveleng - dependence ot mel ecula r ( Ety leigh) scat I el i nq is v er y  ooe~ r ly  7 m ~ ~~ The
v~t r  i t t  ion ot the m o l e c u l a r  ab s or pt  ion (‘(let t - - l e n t  w i t h  w a v e l e ng t h  i s  much more complicated ,
being .1 highly o s c i l l I t o l  funct ion of wavelength due to t h e  presence of numerous mole-
c u la r  ab s o r p t i o n  band complexes  as i s  j n d I c ~~tod in Fi l l i r e  I .  (h ose bond complexes result
f o r  t he  most p a r t  I ron m i n o r  it  m os (Che r  i ~ ‘ cons t  i t u t ’n t s  • ‘( he res;~ons  i hi e  mol ecul  (‘S l I t ’
( i n  o r d er  I C t  i I 1 ( 1 1 ) r t 1111’ti ) : 0 2 0.  (0,, 0~~~ , N O , ( ‘0 , 1) 2,  CU 4 ,  N _. . A l l  of t h ese  molecu le s

~ -XI I ’( ’t  f o r  11
2

(1 and 03 are assumed to  bt’ U I ) f o r ml y  m i x e d  by volume in the models p re s e n t  1-d .

___________________________ The quantities ka and - ‘
~~ 

depend on t h e
number densi ty and size distribution of

~~~~~~~~ ~~~~~~~ — aerosols ~ts weLl as on their complex index 

~ t m I ~sphe1 IC iOlOSC are known to de’pend on
1 ~p the l ’lative humidity of the atmosphere.

! ‘: — -  - ~~..  I - The p r I ’ l . l t ’m  0) a c c u r a t e ly  m o d e l l i n g  aerosol
04 0 0  ~~~0 e f f e c t s  Is currently the most diff icult and 

- .  - 
1 -an t resolved problem area (especially for

• ~~ -. - . broad—band appl ic~~t ions) . The reason f o r
F , 

I 
‘ 1’ - t h i s  is r e l a te d  t o  the  d i l t i c u l t y  of m e a s u r —

• — ~~~~~~~~~~ - I in.; aeroso l e t  t e c t s  and their great varia— —

—  . , - J h i l i t y  i n  the a t m o sp h e r e , bo th  in  time and
It ‘ -. S S I ’  I. IC 5 p I I ~~I’ . In  the case of molecular absorption

C 
0151 1 I 0 •(~~ I P I m d  sC ’a t t or i  nq , t h e  d i g  t r  i but ions of mole—

FIGURE 1. Iliglo Resolution Measurement ~ cult s Ire I’i ther rat her well known or can 
- 
be

0 Solar Sp..ct r,m made from Ind icated readily obtained from standard meteorological

Altitudes and Observing the Sun it t he’ m e a s u rem en t s  (sIR-h as relative humidit y in
Indicated ~ ‘ni th Angles , the case of water vapor). The onl~’ commonly

- 
measured (or observed) variable of di r e c t  use

Ln aeroso l modell ing is the v i s i l i l i t y  (or vj sli-t ) range). Despite the unreliability of
many visua l I i IO (IO n I , ’I su r e !m ent s , it :; uSC .15 i n  important i nput parameter i n  the  aerosol
models w ill be d iscussed .

In  o rde r  Ill model the 1. 1-I ical properties of the atmosphere , it Is necessary to study
and understand the spectral properties of t h e  m ; - ; ’ o i p r i a t e  mo lecu l e s  and aeroso ls  and in
- 1 1 1 , 1 1 1  ion , I t  Is necessary to define the l t I l l .C: Iphl’t t ’  i n  t e rm s of (‘ I l l IS ti t  uent di gtiihu t ions ,
tempe r .o I ure InII ( ‘ I  ,‘ssure • (‘I I I l C L ’t n i l l - I  t h e  ;Il -171cm of molecul ar l l n I , .r p t  ion , i t  is requ i r Oll

that we know the frequencies , intensities , widths m d  shapes of a l l  spectral l i n e s  i n  t h e
C I “1 110 1 1  of i f lt t’r(-l l  6 . In ilid it ion we mu~; I be I l ’  Ic I,’ model or measure the’ di st r i (III I ons
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of wate r  vapor , ozone , and the other absorbing atmospheric gases as well as temperature
and pressure along the intended atmospheric path. An uncertainty in the definition of
the physica l  proper t ies  of the atmosphere can a f f e c t  the computed a tmospher ic  t rans-
m i t t a n c e  in much the same way as an uncertainty in the parameters defining the absorp-
tive properties of a particular molecule, C

In order to provide a base for transmittance modelling , we will discuss the varia—
bility and uncertainties in physical models of the atmosphere. We will tIten describe
the AFGL Atmospheric Absorption Line Parameters Compilation , indicatinq the requirements
for such a data compilation and some of the remaining omissions and uncertainties . The
Line—By—Line (LBL) transmittance calculation technique will be briefly descri bed and some
resul ts pertinent to laser propagation will be presented ,, A discussion of the I.OWTRA N - 

-

model w i l l  be presented w i t h  an emphasis on the accuracy and efficiency of the model fo r
system applications.

2. ATMOSPHERIC MODELS AND MEASUREMENTS

2.1. Standard Meteorological Parameters

A series of six standard atmospheres are described by McClatchey , et al ’ in terms
ot height , pressure , tempera ture , density , water vapor density and ozont density. With - -

the except ion of the water vapor and ozone distributions , these models are taken directl y I —

f rom the U . S .  S tandard  Atm~~sphere Supplements, 1966 and the Handbook of Geoph ysics and
Space Environment , (Valley’). The water densities above 11 km were taken from Sissenwine - -
et ai 3 . Three of these model atmospheres are summarized in Figures 2 and 3. More details
can be found in the references cited above.
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FIGU RE 2. Temperature Distributions for PICIIRE 3. Water Vapor and Ozone Distribu-
Three of the Standard Model Atmospheres. tions for Three of the i tandard Model Atillos—

pheres .

2.2 Composition

The atmospheric  path , over w h i c h  the atmosphe r i c  t r a n s m i s s i o n  is to be computed ,
must  be completely described in terms of the parameters responsible for both molecular
and aerosol extinction . As will become more clear later , the description of the atmos-
phere in terms of its temperature , pressure and the concentrations of molecular species
along the pa th w il l comp letely describe the meteorologica l properties of the atmosphere
for purposes of molecular scattering and absorption .

Table 1 is a list of atmospheric constituents , together with a representative
atmospheric abundance. It is important to realize that although nitrogen and oxyqen
are the most abundant molecules in the atmosphere , their effect on atmospheric propaga-
tion is small due to their lack of a permanent dipole moment . Atmospheric gases of
main interest here are carbon dioxide , water vapor , ozone , methane , carbon monoxide and
ni trous oxide. Although with the exception of water vapor and ozone, a sinqle mixing
ra t io  has been l isted for  each mol ec u l a r  const i tuen t , there is substantial evidence f o r
v a r i a b i l i t y  for a l l  species except n i t rogen and oxyqen.  However , reasonable r e s u l t s
can be expected in the troposphere based on the constant mixing ratios indicated in
Table 1. ForI’iinately, the requ ired quantities for the computation of atmospheric mole-
cula r absorption are regularly measured it most meteorological stations around the
world. In the case of aerosols, however , this is not so . The only quantity measured
routinely at some stations is visibility and there is great non—uniformly in the
methods of measurement. Furthermore , the relationship between a measured vis ibility 

-at visible wavelengths and the required aerosol quantities (concentrat ion , si ze distri-
bution and refractive index) is not straightforward and is certainly not unique. There-
fore we must depend on our general understanding of aerosol distribution s and properties
to develop models for qeneral use. We must then develop the relationships between these
models and standard meteorological information so that the models can be optimally
applied to real atmospheric situations or to atmospheric statistics.

L -
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TABLE 1

C 
ATMOSPHERIC CONSTITUENTS

Cons tituen t Fraction by Volume

Nitrogen (N2) 0.78

Oxygen (02) 0.21

Argon (A) 0.0093

Carbon Dioxide (C02) 0.00033

Methane (CH 4) 1.6 x 10 6

N itrous Oxide (N 20) 3 .5  x l0~~

Carbon Monoxide (CO) ~~~ x l0~~

Ozone (03) variable (lO.8)

He, Ne , Kr < i0~~

Water Vapor variable ( < . 0 3 )

Aerosols
Dust
Salt variable
Liquid Water ~

Figure 4 provides a set of models for the vertical distribution of the number
of aerosol particles. This set of curves is based on an extensive set of extinction
coefficient measurements made by a large number of investigators. Further information
on these aerosol models may be found in the AGARD report by Shettle and Fenn9.
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FIGURE 4. Vertical Structure of Aerosol FIGURE 5. Lorentz Line Shape Used in Atmos-
Models, pheric Calculations from the Surface to 30km . —

3. OPTICAL DATA (MOLECULAR) AND COMPUTATION TECHNIQUES

3.1. The HITRA N Data Base and Computation Techniques

The AFGL Atmospheric Absorption Line Parameters Compilation (McClatchey, et al~ )
is the data base available for computing the contributions to the atmospheric extinc-
tion from discrete molecular absorption lines. It forms the basis of the various HITRAN
transmission codes. The HITRAN transmission codes are designed to replicate measured
spectra of thp kind shown in Figure 1. The spectral resolution of these measurements is
about 0.5 cm~~ and they were taken from a balloon 

platform viewing the sun from the m d i-
cated altitudes and at the indicated zenith angles. Absorption features of water vapor,
carbon dioxide, ozone and methane are clearly visible in the figure.
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The seven molecules for which parameters are contained in this data compilation

include water vapor, carbon dioxide , ozone , nitrous oxide , carbon monoxide , methane
~~~d oxygen, Calcu la t ions  proceed from the descript ion of an atmospheric model, the
input spectral data from the compilation and the application of Beer ’s law to compute
a network of monochromatic t ransmit tances.  The parameters which make up this data com-
p i la t ion  include (for each absorption line) the line po~ i~~i9n (frequency) , intensity ,
half—w idth , energy of the lower state, quantum nuxnbers,b~~

f ,O isotopic identification
and molecular identification . Efforts have continued to update this compilation as new
experimental results become available.

The u t i l i za t ion  of the Line Parameters Compilation requires a knowledge of mole-
cular absorption line shapes . Our HITRAN model currently assumes a Lorentz line shape
in the lower atmosphere for all pressures less than 10 nab, a Voigt shape in the region
from 10 mb to 0.1 nab and a pure Doppler line shape at lower atmospheric pressures.
Although the applicability of the Lorentz line shape remains in some doubt for distant
line wings, it has generally been found to represent experimental data adequately within
a few wavenunabers of the centers of absorption lines. The Lorentz line shape is m di— —

cated in Figure 5 and the mathemat ica l  form is given in Equation 5. Equation 6 repre-
sents the temperature dependence of the line intensity.

S~ s -f ~~v (5 )z [(v — v0)2 
+

where ci,~~~co~~~~~~~~~

S(T) - S(T0)(~~) 
exp - E” (bo _ T ) (6)

Apar t from cons tan ts, an examination of Equations 5 and 6 show that the absorption
c o e f f i c i e n t  as a function of frequency is determined if the line posi tion (frequency ),
in tensi ty ,  half—width at standard conditions of temperature and pressure, and the
energy of the lower state (E ) are defined for each line. These are the four funda-
mental parameters used in the HITRAN calcula t ions  for each absorption l ine .

The application of the molecular data compilation to the generation of a mono-
chromatic transmission or to a high resolution spectrum then follows the straightforward
application of Equations 7-10. Equation 7 computes the monochromatic transmittance due
to a single line of a single molecular species. Equation 8 then sums the contributions
to the absorption c o e f f i c i e n t  at the frequency , v , from all lines associated with a
given molecular species as well as all lines associated with different molecular species.
Equation 9 indicates the necessity to integrate this result through an atmospheric path
containing temperature, pressure , and concentration gradients. Finally , Equation 10
indicates that, in general, it is necessary to convolve the resulting monochromatic trans-
mittance results with some kind of finite instrument spectral response function if one is
to generate a spectrum for comparison with measurements. Examples of such calculations
are shown in Section 3.3.

t (v) = exp — [k(v)m] (7)

I
t(v) = exp 

~~~~~~~~~~~ ~~~ 
k~~~(v) m~ 

]

= exp -E~[ f ( L~ ~~~ (v )  dmj ) ( 9 )

ut (v)  g ( v — v  ) dv
= ° (10 )

fg(v — v0) dv

Appl ica t ions  of this calculation scheme repeatedly at small frequency increments will
generate a high resolution absorption spectrum. The PLFGL data Compilation continues
to be updated and modified . Recently, a Trace Gas Tape has been made available to users
(see Reference  9 ) .  This tape conta ins  data on f o u r  a d d i t i o n a l  t race qases (NH 3, NO ,
NO2 and 507) not contained on the original AFGL Compilation . On the o r i g i n a l  da ta  tape
recent modilications have been made to the methane data and previously omitted data on
water vapor in the visible and near infrared have now been added . A complete review of
all CO7 bands has led to some sign i f i c a n t modifications in addition. All water vapor
half—widths have been revised and additional oxygen bands at visible wavelengths have
been added . The AFGL Compilation now contains parameters on more than 139,000 absorption
lines in the spectral region from 0.3 to 17 ,880 cm 1.

- --rn - - ---- -_~~~~~~~~~~~ -----
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3.2 Continuum Absorption

As noted above , in addi tion to molecular absorption by discrete absorption lines ,
there exists a slowly vary ing component of the absorption coefficient which is observed
experimentally in the laboratory under certain conditions when absorption by some atmos-
pheric gases is studied . This same kind of absorption has also been observed in the
atmosphere , pa r t i cu la r ly  in “window ” regions where absorption by discrete lines is small.

It is difficult to separate this “continuum” absorption from absorption in the
distant wings of strong discrete absorption lines. Indeed , for  our purposes , i t really
doesn ’t ma t t e r  as long as we unders tand  the dependence of th is  cont inuum absorption on
the physical  parameters describing the atmospheric path.  In reg ions of more substan tial
line absorption , the problem reduces to that of deciding how far into the wings of each
l ine to assume individual l ine  c o n t r i b u t i o n s  and how much of the exper imental ly  observed
absorption to model as a “continuum ” , even when we are qui te certain tha t mos t of th is
contribution results from line wings. Two significant absorption features, trea ted as
continuum absorption and of particular significance in atmospheric window regions will
now be described.

Water Vapor Continuum

The absorption coefficient per precipitable centimeter of water vapor is given
in Equation 11 where  C5(v,T) is a s e l f — b r o a d e n i n g  c o e f f i c i e n t  due to c o l l i s i o n s  of wa te r
molecules w i t h  other wa ter molecules, CN (v ,T) is a nitrogen broadening coefficient due to
co l l i s ions  of wa te r  molecules  w i t h  a i r  (primarily nitrogen) molecules , P5 is the partial
pressure (in atmospheres) of water vapor and 

~N 
is the partial pressure of the remainder

of the atmosphere (primarily nitrogen). It is necessary to establish the Cs and the CN
quantities and their frequency and temperature dependence in both the 8—14 and 3—5 micro-
meter regions . As of this writing , existing laboratory measurements have been analyzed
thoroughly and the resulting coefficients and temperature dependences are described
here. The laborat9ry evidence for the 8—14 ~im continuum absorption is given in Figure 6
(Take n f r om Burch lo).

k(v ,T) = C 5 (v ,T )  P5 + CN (V ,T)PN (11)

i )  The 8— 14  micrometer  cont inuum11’12 ’ ’3

C s (v ,T) C5 (v , 296)  exp — 1800 ( # — th )  ( 1 2 )

where C5(v ,296) = 4.18 + 5578 exp (—7.87 x l0”~ v) (pr. cm)~~ atna~~

and CN (v,T) 0.002 x C5(v,296) (pr. cmY’1 atm”1

ii) The 3.5—4.2 micrometer continuum~~

— 1350(4 - th ) (pr.cm)~~ atm~~ (13)

CN (V,T) = 0.12 x C5(v ,T)

where the C5(v ,296) values are given in Table 2.

Using these continuum functions and a series of atmospheric models,’ Figure 7 has been
constructed to show the relative effects of the water vapor continuum at 4 and 10 urn.
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FIGURE 6. Measurements of the 10 C m  Water Vapor
Continuum Self—Broadened Absorption Coefficient
(see Burch , 19 7 0 ) .
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FIGURE 7. Absorption Coefficients ~ue To
The Water Vapor Continuum.

TABLE 2

SELF—BROADENING ABSORPTION COEFFICIENTS FOR
WATER VAPOR CONTINUUM (3.3-4 .2 urn )

1 
(pr .cm~”~~) ( a t m. ”~~) (pr.cm~~ ) (atm.~~~)v (cm ) C9 (v , 2 9 6 )  V C5 (v ,296)

2 3 5 0  0 . 2 3 0  2 7 0 0  0 .12 0
2400  0.187 2750  0 .147
2450  0 .147 2800 0 . 17 4
2500 0.117 2850 0 . 2 0 0
2550 0.097 2900 0.240
2600  0 ,087  2950 0 .28 0
2650 0.100 3000 0.330

N i t r o g e n  Continuum

In  add i t i o n  to the more or less cont inuous absorption due to water  vapor described
above , there is another quasi-continuous absorption feature due to molecular absorption
by the nitrogen molecule centered near 4.3 urn ( 2 3 5 0  cm’~

L ). In the spectral region from
2400  cm~~ to about  2800 cm 1 this absorption feature is of particular importance to laser
t r a n s m i s s i o n  as it tends to provide a background transmission level for paths in the
lower atmosphere regardless of the presence or absence of absorption lines and regardless
of how dry the atmosphere may be. It is of little importance at frequencies smaller
than 24 00 crn”1 due to the overwhelming absorption by atmospheric carbon dioxide.

3.3 MODEL VALIDATION

The validation of the HI TRAN models aqainst careful measurements both in the
laboratory and in the field constitutes an important continuing element of our research.
Figu re  8 is an example of such a compar i son  made w i t h  the l abora to ry  measurements of
Gryvnak , et al 14 at a spectral resolution of 0.5 cm’~1 in the 15 urn CO2 band, Figure 9
compares a c a l c u l a t i o n  wi th  a por t ion  of the 1-km spectrum shown in F i g u r e  1. Most l ines
can be seen to agree favorably, although there are some discrepancies , particularly in
l i ne  intensities. Figure 10 compares a calculation with measurements made by Dowling ,
et al 15 in the 4 micrometer region. The results , aside from a smal l  c o n t i n u u m  s h i f t  are
in excellent agreement. Many other workers are now makinq measurements and checking
their results against the AFGL data compilation after perforrninq HI TRAN transmission cal—
culations. Another example is shown in Figure 11 which is an example of a solar spectrum
compared with a HITRAN calculat ion (see Nor dstrom , et a l 16). Aside from a continuum dis-
crepancy, we note a line near 1208 cm”1 which is absent in the upper computed spectrum .
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FiGURE 8. Comparison ot Hiqh ~esolution 14 FIGURE 9. Comparison of University of
Laboratory Measurements of Grvvnak , et al Denver (Murcray) Measurements and
and Calculati?ns in the 15 h Ill Region . HITRAN Calculation . Height of Ob~erva—= 0.5 cm ) .  tion = 1 km. Solar Zenith Angle
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FIGURE 10. Comparison of NRL Measurements 15 FIGURE 11. ComparisoQ of H i gh  Spectral
and HITRAN Calcu la t ions .  Resolut ion (0 . 125 cm ’) Measured (lower

curve) Solar Spectrum with Calculated
(upper curve) Spectrum (from Nordstrom ,
et al)15.

The applications of HITRAN are numerous. The ability to confidently generate a
hi gh resolu tion syn the tic spectrum is of great value in establishing the best frequen-
cies for the operation of any kind of high resolution system. It is of particular
value in generating laser transmission results for selected frequencies. Recently, a
computer code has been described and made available called , LASER , (see McCl atchey and
D’Agati’7) which places this capability into the hands of the user. There has been much
recent interest in the appl icat ion of HITRAN techniques to the computation of exhaust
plume s ignatures  as seen through the atmosphere. This appl icat ion requires a care ful
analysis of the HITRAN data base at elevated temperatures. We are constantly appl ying
the HITRAN codes to the problem of remote sensing of atmospheric gases and meteoro-
logical variables. All these applications are plagued by the requirement for large
amounts of computer time. Therefore , substantial efforts are underway to find mathe—
mat ical procedures to reduce this burden without substantial compromise in the resulting
ca lcu la t ions .  An example of such ~~ e f f o r t  is contained in the new HITRAN development
known as FASCODE (see Smith , et al’0). A final application of the HITRAN calculation
technique is the development and validation of LOWTRAN , a transmission model of aI~catcomputer efficiency and reasonable accuracy for many systems app lications , but which is
limited to a spectral resolution of 20 cm ’ or lower. LOWTRAN will be more fully dis—
cussed later in this paper.

4, OPTICAL DATA (AEROSOLS)

4.1. Aerosol Model Development 
-

In addition to the continuum absorption by atmospheric molecules described above,
extinction by aerosols (absorption and scattering ) is treated in much the same way in our
t ransmission models.  That is , it can be thought  of as a slowly vary ing continuum func tion
which is added to the more complex rap idly vary ing molecular absorption coefficients ,
The primary difficulty in the case of aerosol extinction is our lack of a complete des- —

cri ption of the physical models for any given atmospheric pa th.

The fundamental quantities required in the determination of extinction coeff i—
cients due to aerosols are the concen t ra t ion  and s ize  d i s t r i b ut i o n  of the par t ic les  and
the complex index of refraction of the aerosol material4. Assuming spherical particles ,
r4ie theory can then be applied and extinction coefficients for both scattering and

2 
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absorption determined . A great deal of work has beçn carried out to determine the
complex index of refraction of atmospheric aerosols’9. Figure 12 presents the complex

refractive index data used in the construction of the Rural and Maritime models.

In addi tion to the complex r e f r active index , the size d istr ibu tion of aerosols
plays an important role in determining the exti’~cLion as a function of 

wavelength,
particles having a dimension similar to the wavelength having a greater effect on
scattering c o e f f i c i e n t s  th e a  ot i ler  pa r t i c l e  s4zes.  Par t i c le  size di s t r ibu t ion  measure-
ments made by a large number of mnvestigators

4
~~
20t 2l indicate that they can best be

represented by some form of bimodal distribution. Examples of the size distributions
used in constructing the Rural and Maritime aerosol models are provided in Figure 13.
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FIGURE 12. Refractive Index of Aerosol FIGURE 13. Aerosol Size Distributions Used
Material Used in Construction of Rural in Construction of Rural and Maritime Aerosol
Aerosol Model. (After Vo1z19). Models (See Reference 4).

Aerosols can be continental  in orig in (dust and organic matter) or maritime in
origin (sea—salt component). In urban industrial regions the aerosols can include soot—
like particles, At stratospheric al t i tudes the background aerosols are predominantly
about 75% sulfuric acid solution , although significant amounts of volcanic particles may
also be present. At higher altitudes (above 30 km), a s ign i f i can t  portion of the larger
aerosols may be meteoric dust. They can be dry or they can contain substantial quanti-
ties of liquid water , especially as relative humidities increase above 70%. A series of
models representing a Rural , Urban , Mari time and Tropospheric environment have been
constructed based on a variety of experimental data and these models have been incorpor-
ated into our LOWTRAN transmission model.

The application of Mie theory to the complex index of refraction data and particle
size distributions produces the normalized extinction coef f ic ien t  (scat ter ing plus ab-
sorption) curves shown in Figure 14. These aerosol models have been included in the
current (LOWTRAN 4)13 transmission model. Applying these models to a 10—km horizontal
path at sea level for a visual range of 23 km and including all molecular absorption
effects generates the transmittance spectra given in Figure 15.

Low values of the visibility (less than 2 km) are usually associated with the
transition from haze to fog and the concurrent growth of particles by accretion of
liquid water. This occurs more rapidly the higher the relative humidity. These effects
are not accounted for by the present aerosol models. Therefore, we are currently ex—
tending our aerosol modelling efforts to describe this particle growth with increasing
relative humidity. Figure 16 shows the results of applying our knowledge of this par— C
tid e growth process to the Mar itime aerosol model. It is apparent that the wavelength
dependence becomes much less as the relative humidity is increased. Such humidity
effects are being included in our LOWTRAN transmission model.

4.2 Model Validation

The validation of aerosol models is particularly difficult because we seldom
have measurements of all the required parameters. However , it is important tha t the
range of validity of the different aerosol models be determined even when we do not
have all the required supplementary data. In general , we may have to mak e estimates
of  some quant i t ies  based on a broader knowledge of the air mass and meteorology in
which the measurements take place. Two examples of model validat~9n are given here.
The first involves some measurements made by EMI Ltd. in the U.K. Figures 17 and 18 
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compare the results of the Maritime aerosol model with the measurements in the near
i n f r a red  ( 3 — 5  micrometer  region)  and the 7— 11 micrometer  region.  Due to the very
subject ive  na tu re  of the ava ilab le  v i s i b i l it y  va lues , v i s ib le  t ransmiss ion measure—
ments were used to determine the visibility.

The second example of aei sol model va l ida t ion  is shown in Figure 19. This
figure represents a time history during the winter of 1977 of the broad—band trans-
mission over a 500 meter path in Meppen , Germany and was collected as part of the
OPAQUE (O p t ica l  Propagation Quantities in Europe) Program. The LOWTRAN result for
both a Rura l  and a Maritime aerosol model are included and compared with the measure-
ments . Visibility was an input to the LOWTRAN calculations. An indication of an
apparent air—mass change can be seen in the curve corresponding to the rural model. It

•-.. is clear tha t  the Maritime model represents the measurements much better during low
v i s i b i l i t y  condi t ions .  We w i l l  depend s t rongly on the measurements  made as part  of the
OPAQUE Program and elsewhere for data to continue and extend these aerosol model vali-
dation studies.

5. OPERATIONAL TRANSMISSION MODELS

5.1. Low Resolution Propagation (LOWTRAN) -

As indicated previously ,  the LOWTRAN transmission code is applicable to a spectral
resolution ~f 20 cm ’ or degradable to any lower spectral resolution . The primary moti-
vation for the construction of the LOWTRAN code is computer efficiency , flexibility, and
appl icabi lity to broad—band systems problems. We feel that all of these goals are met
with  t h i s  code. It  covers the spectral region from 0 . 2 5  to 2 8 . 5  micrometers  and handles
ex t inc t ion  by both molecular and aerosol atmospheric constituents. A recent modifica-
tion to the code has generated the LOWTRAN 4 model , (See Selby, et al 13) capable of
computing atmospheric thermal emission as well as transmission, The construction of
such an efficient and flexible model of necessity involves some approximations. Our
aim is to make the program accurate in transmission to +15% of the transmission value.
Although we are close to this accuracy overall , some atmospheric conditions remain where
this accuracy is difficult to achieve. Problems involving molecular continuum effects
and aerosol extinction continue to receive the majority of our attention. Figure 15
shows the effect of the different sea level aerosol models on the total LOWTRAN computed
t ransmiss ion  over a 10 km sea level path . The ma jo r  d i f f i c u l t y  is to decide which of
the several aerosol models to use for a given atmospheric path . Some meteorological
judgement , not currently included in the LOWTRAN model- is required in order to achieve
the best results.

Efforts are continuing to validate the LOWTRAN model , par ti cu lar ly against field
measurements. An example of a recent comparison is shown in F igure  20 .  These measure-
ments made at General Dynamics by Ashley , et al 23 were made over a 1.3 km path at sea
level con ta in ing  0 . 7 2  pr . cm/km of water vapor. Figure  21 compares a LOWT RAN 4 em ission
result with m~ asurements of atmospheric emission made from a balloon platform by
Murcray et al’4.

— M U R C R A Y  CT AL.  IIOLLOMAN A FO NEW M E X I C O ,
19 FEOR UA RY 975
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Excellent agreement has been achieved here across this atmospheric “window ”
region and includes the nitric acid feature near 11 micrometers inserted for the
first time in to  LOWTRAN 4. Other LOWTRA N validation efforts are aimed primarily at
aerosol model comparisons and have already been discussed in Section 4.2.

5.2  Appl ica t ion  of HITR A N to Laser Transm ission

A version of the general 1-IITRAN transmission code known as LASER15 has been - -

developed and is ava i l ab le  to the communi ty.  This model uses the HITRAN data base
described in Section 3. 1 and also includes the same cont inuum absorption models and
several of the same aerosol models contained in the LOWTRAN transmission model . Out—
put from this model provides extinction coefficients for absorptio’-i ~nd scattering byboth the molecular  and aerosol species in the atmosphere as a function of altitude.
An example of an output extinction coefficient chart is shown in Table 3. The report
descr ibing th i s  code also provides computed high resolution spectra which can be used
to judge the high reso lu t ion  propagation characteristics of the atmosphere at any wave—
length between 3.3 and 13 .5 micrometers.

TABLE 3.

E X T I N C T I O N  C O E F F I C I E N T  FOR LASER PROPAGATION
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5.3 Modell ing ~he Background Radiation Environnient

Figure  22 shows the r e lat i v e  importance of s u n l i g h t  and therma l emission as
they both contribute to background radiation levels. We can see that during daylight
hours , the background radiation environment results primarily from therma l emission
beyond about 5 micrometers . Similarly, at wavelengths shorter than about 3 micrometers ,
the background radiation arises primarily from scattered sunlight. Between 3 and 5
micrometers , both sunlight and thermal emission contribute to the background radiation
environment, In any event , we can be sure (day or night) that the emission of thermal
radiation by the atmosphere and surfaces will dominate the backgrounds at wavelengths
longer than 5 micrometers. Furthermore , once our transmission model has been shown to
generate valid transmission results , it is relatively straigh&forward to use the same
model to compute the thermal emission of the atmosphere . The LOWTRAN 4 model provides
this capability and i comparison with nteasurements has already been shown in Figure 21.
For shorter wavelengths , the development of i simple model t o generate the scattered
radiation field is more complex. It will depend on solar anglo and in the oene oal case
depend in a complex way on the p a r t i c l e  s ize  d i s t r i b u t i o n .  The i~~fo r e , to da te  no s imple
models exist for carry ing out this calculation . However , if single scattering is assumed
and if an average phase function for iscottering is assumed , -o simple model could be
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developed. The validity of such a model would have to be carefully tested and limita-
tions noted before such a model can be generally distributed . In the meantime , we must
fall back on more complex and time—consuming procedures of calculation or resort directl y
to measurements in order to estimate the scattered radiation field,

~~7o~ 

-

p0

4.0 /

~~ 3_ 0 /
/

~~2.0

- - 
t I :

0 .0 20 ~ O 40 00 50 70 90 90 0.0
WAVELENGTH ( I,IIO,.m.l.,s )

FIGURE 22.  Comparison of the Level of Reflected
Sunlight and the Thermal Emission from the Earth—
Atmosphere System .
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The Transfer of Electromagnetic Radiation in the Turbulent Atmosphere

By E. Raschke , University Kdln , Federal  Repu b l ic  of Germany

Summary and Introduction

Electromagnetic radiati on on its way through the terrestrial atmosphere interacts with

the environment by absorption 0 thermal reemie8ion , scattering, reflec tion and refraction .

In the mathematical description of these interactions , as required for the interpretation

of fields measurements , not only the properties or the quiet atmosphere , but also turtu-
C lent phenomena need to be considered.

In this paper are briefly reviewed the principle properties of the terrestrial atmosphere

up to an altitude of about 50 km , with inclusion of general principles of theoretical mo-

dels for the calculation of its motion fields. This is followed by a description of the

transfer of electromagnetic radiation in the turbulent atmosphere and a brief outline of the

general radiative transfer theory .

Since McClatchey ’s paper in this Lecture Series 99 describes in great detail the modellin g

of radiative transfer in the atmosphere , we give only a short basic outline of it.

1. The Atmosphere of the Earth

The composition of the atmosphere in its present state , the stratification of its mass

field in the vertical and horizontal direction and the circulation phenomena occuring in

it are result of a long time history and of complicated interactions between the atmos-

phere and its boundaries : Through exchange of radiative energy with apace , and through

physical and chemical processes occuring at the lower boundary , the land-ocean-ice system .

1.1 Composition and Thermal Stratification

Our lower atmosphere consists mainly of gases with constant mixing ratios. These are ni- C

trogen , oxygen , argon. For its motions and stratification , however , are of great impor-

tance the carbon dioxide (and perhaps also for the glass house effect the nitrogen oxides),

and water vapor and ozone.

The latter two gases occur with mixing ratios variing considerably with space and time ,

due to atmospheric circulation phenomena and phase changes (1 320) or photochemical reac-

tions (0
3).

In Table 1 are summarized the mixing ratios of the most important gases. Figs . 1-3 provide

an overview on horizontal and vertical distributions of water vapor and ozone and their

changes with time. The liquid and ice phases of water vapor in the air , i.e. clouds , in-

fluence dominantly the transfer of electromagnetic radiation of all wavelengths up to the

centimeter regions . Their occurence is a result of up- and downward motions in the atmos-

phere and turbulence and water vapor supply. Due to their importance on the heat budget

and also precipitation , their climatology belongs to an old desire of research. But no

quantitive correct statistics has been obtained so far.

Fig. 14 shows a world map of’ total cloudiness , i.e. fractional cloud cover , as obtained
from satellits and ground-based observations.

The average vertical and meridional thermal structure of the well mixed lower atmosphere

is 4llustrated in Fig. 5, We describe the lowest layer of 5000 m to 2000 m thickness as

the planetary boundary layer, where the dynamics are considerably effected by groud C

e f f ec t s  (dray , d i f f e r e n t i a l  h e a t i n g) .  I t  belongs to the troposphere, where the tempera-
ture drops with about 6. 5 X/l000 m up to 10-17 km altitude , the tropopause. In the stra—

tosphere above the temperature rises with height. Above the stratopauee at about 50 km

a l t i t ude, the mesophere is located ; and about that spere follows the mesopause at about

85 km altitude .
This average temperature structure , although it is a result of complicated circula tion

phenomena , can be explained to a large portion by the pure assumption of radiative equl-
librium , i.e. absorption of incident solar radiation by 031 0-,, 1120 and CO2 and the ground

and thermal emission by the ground and the same gases back to space .

L ~ - 

Sinking motions In the troposphere, but also radiative cooling of the ground and adjacent
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air layers cause the formation of inversion layers , i.e. layers where the temperature in-

creases with height . At the top and bottom of such layers strong fluctuations of the tern-

perature , due to vertical motions may occur.

1.2 Scales of Motion Phenomena , the Mean Circulation

Our ceaseless atmosphere shows motions whose scales range from wavelengh t s  of several
thousand kilometers down to the molekular scale turbulence. A descriptive overview in-

clud ing “ typ ica l”  l i f e  times of phenomena is given in Fig. 6.
A height—latitu de diagram shows the mean zonal (east- , westward) wind field in Fig. 7.
There are , h owever , in the average and caused by many disturbances also meridional winds.

In general , one ma y exp l a in  the mean c i r c u l a t i o n  in the troposphere , being driven by the
steady heating of equatorial regions and cooling at. the poles , where the Coriolis forces
cause a pronounced meridional circulation. Statistical investigations show a three-cel l

structure (Fig. 8) .

1.3 Modelling of’ the Circulation

The modelling of the circulation of any scale , either in global models or for a vertical

profile , require s a simultaneous consideration of the motion field , the heat budget , the
continuum and the state. These basic principles are usually for’toulated by

- the Navier-Stokes-Equations , which are another formulatic~rs of Newton ’s second

axiom;
- the first and second heat law (thermodynamic equation), w h i c h  e x pl i c i tely includes

also diabatic heating due to radiation
- the euqation of continuity, and

- the equation of state

In any atmospherical model this set - formulated in more or less trunkated or modified

versions - need to be solved at each grid—point , with careful considerations of energy

transfer processor - in particular at the boundary layer.

This might be a very simplified explanation of the basis of numerical models currently

used for weather forecast or the modelling of the global circulation. Such models are

now wide ly  in use , where a large variety of the mathematical treatment is used.
The current most advanced circulation models are global. However , they are in many cases

still bounded below by ocean and land surfaces with prescribed properties. Moreover , the
lack in a complete hydrolog ical  cycle , in p a r t i c u l a r  the formation of cloud fields . The
parametrisation of such processes , whose full-detail description is in many cases hardly

possible only by a large number of field experiments.

During the last years , many of such experi ments have been conducted under the coordina-

tion within the GARP-program .

As an example of present—days model capabilities an example of computed precip i t a t i o n
fields is shown in 1~-ig. 9.
2. Radiative Transfer in a Turbulent Atmosp l-ere

Atmospheric turbulence “elements ” whose “size 1’ is smaller or comparable to or slightly

larger than the wave lenght may interact with an electromagnetic wave passing through it ,

if its index of refraction deviates from that of its environment . Einstein (1910) and

also von Smoluchoweki (1908) considered , pet haps at first time , these scattering pro-

cesses and ob ta ined equa t ions  which  were similar to Ray1eig~fs formula , when the distur-

bances are much smaller than wavelenght of radiation .

In this paper we will consider only the interaction of turbulence with plane electromag-

netic waves. Recent developments with very narrow beams such as of miser and radars , re-

quire a more sophisticated treatment. They will not he covered here , although they mig ht

be of fundamental interest to the audience.

2.1 The Atmospheric Index or Refraction
For optical wave lenghts the index of refrmction for air n may he given approximately by

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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where - (n-i) is the derivation of n from its free space value , A is the wave lenght in

urn , p is the pressure of ambient air in millibars and T is the temperature in Ke lvin.

Further terms of partly less significance describe the effect of atmospheric water vapor

on N , which is of particular importance over water paths (Wesely and Alcaraz , 1973). For

radio waves , usually the following equation is used :

N .  77.~ L • 3 . 7 3 . ~~~~ ~~~ ( 2 )

where e is the water vapor pressure .

2 . 2 A Short Description of Atmospheric Turbulence
Laminar flows become turbulent , when the Reynold’s number reaches large values. Obstacles
or buoyant forces force the formatio,o of turbulence. Turbulence in principle acts on the

account of the kinetic energy of the mean flow , which  through it is weakened and trans-
formed into heat in the final stage, the dissipation. We sh ould consider here only such
turbulent motions , whose amplitude is much weaker than the mean displacement flow .

In principle turbulence is treated as a random process. Kolmogorov (1961 ) defined a struc-
ture tensor by

~~~~
. 
~~~~~~~~~~ 

- ~P~- ( . - ) J ~~(~y,.. •~~~~, - y ’JJ~> (3)
which is the mean square difference of velocities at two points , separated by the distance

r. v~ and v~ are the two velocity components.
Usually several assumptions are now made :

- local homogeneity: difference depends only on r 9

- local isotropy : only the magnitude of r is important - 

-
- imcompressible turbulence: v 0

Then the structure function for the displacement parallel to r, Drr ) can be expressed by

.( 
~~~~~~~~ 

- o._(; ’• ) J >  ( 14 )

In the socalled inertial subrange of turbulence , where turbulence cascade develops itself
from larger to smaller sized turbulence elements (eddies), Drr has a universal form :

c~’~ 
p ’-”

where C~ is the velocity structure constant.

It can be shown now , that also a conservative property of air , the potential temperatur~
can be described by a s t ructure  funct ion

c.’ 4~~~~ /3 ( 6 )

2.3 Turbulent Variations of the Index of’ Refraction

With the above described very simple turbulence models we can relate the turbulence of
air to variations of the refractive index.
From (1) we obtain

• 77 (. (~i ~‘ 7 ,r,~~.. io ’!A )  ‘L (5’ — ~~ T )~~ i~~
’ ( 7 )

7 ‘1’ ~
‘

Since pressure fluctuations tç~ are usually much smal ler than temperature fluctuations ,

and with the introduction of the definition of the potential temperature 0, we may wri te

in analogy the structure constant of the refractive index by

~~~~~~ ~ (i t  7. L . /o~IA
&
) ~.L. . ,0- ’J ~. c~

& 8
Thus, we have found an expression relating the variations of n to those of 0.

The behaviour of C~ and CT is illustrated in Fig. 10. V a r i a t i o n s  of CT can easily be ob-
served with acoustic sounding techniques.

2 . 14  The “Classical”  Theory of Radiative Transfer in a Turbulent Medium
As In the classical theory for optical propagation in quiet media , as used by G . Mie (1908) 

- -- - - -~~~~~~ -- -~~~~~~~~~‘~~~~~~~~~~~~~~ --
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thi8 theory starts with the wave equation , derived from Maxwell’a euqations , which is

then solved for small perturbations .

wave equation : ti LE ~ k ii. € - 0 (9)
E magnitude of the electric field

k u/c wave number, U: radian frequency

with E = E0 + E 1 + E 2 + , where E
~ 
: small per turbat ions,

and 
“r (~~k~~J (10)

one obtains after some manipulation and dropping all terms Em (m > 1 ) :

c7 &e • k ’ ’ — .2. k’~,, •~~~~~ ( 11)

where n 1 local refractive index fluctuation.

The solution is known by

- 
.~i;~ ;’./

• ~~~f ( 2~~~.,(r ’) e ’’ ] 

~
_ -

~ 
4’”’ (12 )

which is the electric field strength at r originating from a spherical wave emitted at r ’. - -

The further analysis requires now the calculation of the Poynting vector , which deter- C

mines the f l u x  of scat tered power. By i n t eg ra t ing  over a volume element and over t ime , to
obtain the average power , the covariance function of turbu lence is introduced. In the case

of a Kolmogorov—spectrurn , this function is related to the s t ruc tu r e  f u n c t i o n  Dn~
By the definition of the scattering cross-section do as the f r a c t i o n  of the incident er-icr-

gy f lux  per unit  area per unit time , that  is scat tered i n t o  the solid angle d~2 , one final-
ly may obtain

d r(o ) — c.~sl- . . C,,’ k 
‘
~“. 

_
~~:_i 

~~~~~ 
( 13)

l~-

where x z an angle between the incident wave and the vector r, and 0 scattering angle.

This equation holds for the range

L. ~ ‘ (114 )
.2~~~

. &... /L

where L
0 

ari d 10 are the outer  and inner scale of turbulence. Near the groud L0 is of the
order of several meters , the size of eddies , while  l

~ 
is of the order of m i l l i m e t e r s.

There are more modern approaches , where larger perturbations are considered , since this
“classical” approach does not explain many observed featur—’s, i.e. strong scintillations
over long paths or lines—of-sight . Since this paper may be considered as an in t roduc t ion
to the hole subject of the lecture series, we should not go in to  deeper details of this
subject.

2 . 5  The Rad ia t i ve  Transfer Theory - a General Outline

Depart from scin tillations , eas i ly  observed in star l ight  or near groud p a t h s , the at-
mospheric constituents by themselves absorb , scatter and reemit radiation , In such a

medi um the t ransfe r  of monoc hromat ic  rad ia t ion  is descr ibed by the we l l -known d i f f e ren-
tial equation below .

- L ~~~~~~~~~~~~ 4 . — ,J
’
f (a;~ )L (i t iI? L’ ( 15)

where L = mon:chromatic radiance

B = Planck-Function of thermal emission
= single scattering albedo; (1—si) absorption number

T = optical “distance” between two points

p angular scattering characteristics of a volume element (phase function)

In this equation the change of radiance along an “optical path” dT is related to the m ci-

dent radiance L and source terms , due to thermal emission and scattering of radiation in-

cident from all directions. This is i llustrated in Fig. 1 1.

Formal solutions are easy avai lab le , in pa r t i cu l a r , if the medium is modelled as a plane-

parallel layer with horizontal uniformity. But , there are also solutions for spheric
shell-atmospheres available , which ar in particular required for the interpretation of f 

~~~~~~~~~~~~~~ -~~~--~~~~~~~-
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l imb radiance measurements.
Computation methods, easier now due to the availability of large and fas t -enough compu- -

- 

-

ters , than during  the beginning of this century when simple approximat ions  we uaed ,range
up to l i n e - b y — l i n e  in tegrat ions. The major d i f f i cul t ies  arise in the fo rmula t ion  of ra-
diative transfer input data.

The optical depth between two points F~ and 
~2 

separated by the distance ds can be calcu-

lated from 1

r( ~ r, , )  ~ ) 
~~ (16)

where 0a and o~ are the volum e absorption and scattering coefficients.
The single scattering albedo ~ is defined by

0,, ( 1 7 )
• Cs

and expresses the fraction of scattering as compared to the total extinction . The phase

function is simply a directional function. A typical example of such phase functions corn-

puted for a mixture of’ gas and aerosols is shown in Fig.  12.
Values of the absorption coefficients o~ can be obtained from atomic theory and for la-

boratory measurements for all gases involved . The requirements of modern remote sensing
techniques led to a very large number of such fundamental investigations , that for al-
most all gases such values are available. There are also numerous approaches to inte-

grate  over f i n i t e  spectral  i n t e rva l s .
The d e t e r m i n a t i o n  of s ca t t e r ing  coe f f i c i en t s  and phase f u n c t i o n s, however , may be even
more d i f f i c u l t , since it  requires at present s t i l l  the assumptions, that such scattering
is due to turbulence (see chapter above ) and to ~~~erical particles. There are very few

i nves t igations , where now also non-spherical particles are considered. Such are re lated
for ins tance w i t h  investigations of the scattering cirrus ice needles or the interplane-
tary matter. The basic tr-~atments are due to Rayleigh (1881) and later 0. Mie (19o8),

where the first considered the case , when the wavelength is much larger than the size of
the sca t te r ing  element , whi le  the  l a t t e r  considered the more general case.
Recently there have been many laboratory experiments where the scattering properties of
more irregular particles are measured directly by illuminating them with laser or micro-
wave radiation . An example of such measurements i8 shown in Fig. 13.
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. 1: Map of the mean tropospheric relative humidity. In the average the mixin g ratio

decreases exponentially with increasing altitude , in the stratosphere it amounts
to about 2-5.10 g/g (after Mdller , 1973)
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2: Map of the total ozone A N ~ 
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con ten t  in the  s t r a tosphere,
where about 9o percent of it
are concentrated in a layer
between about 20-35 km. The ~~~ 3 : The annual change of the
ozone concentration in the total ozone content , as observed
troposphere is very low from groud ( - )  and with satelUts

(af ter Gha zi , 1977) (dots) (afetr Ghazi ,Ebel ,1976). —

Ii: Mean fractional cloud-cover , obtained from ground-based and satellite
observations (from NAS , 1975)
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~~ - r ~~ r~~ e 0:’ sy s~ r~ ~ ~ ~~~~ ~s-

- -~~~ - r-.e-i t - 2  c~ -~~:~~ te 1:. ~he :~bs -
~~~~~ . oY scat.~ er~~1 .

3) 7h~ ~-s s -:n  tal feat nr~-s - sys t er ’ : r— I kni t a:’,- I es t  : i l - le  - - c’: -r at e  thnc-u -h
In w b t  -h  the : :-op i - ‘ io n  is Ion :— ’ - I- ’, : l t  t 1v—soatte:’ ~- -:

r ad la tl on .

Thn is t h e  pu rpose of the ] e c t  u r e s  h — v  are br -I - ‘1 y siir r ’ :ri ce-i l:. h - s e  not ~-s -

in  S e ct I o n  1 a ~ - ucit- le , t in. I n c - c n n - - I c , st at  I s t i - : i l nc- - I - i  t o-n th, - a n d - t n : - - f i~- i i
is l t :~~r - ~~- I and  t h e  c h a r i ~— -~ lr. the J t : i  t v e f - - -

~ture f t b -  Id w l t t ~ l : : e
sca t’  or Is r e vi ew e  I .  In $oct I or: 2 t:te perfor-:- n - - v d - .nn I - ’ or: - 1- n i  o.ys. eros ho- a - - r n - n  f o r
cl, - _’’ wc --,t h- c r or- e:-n t Ion suffer in the face of I :  c - - a - a ’  e r  I s  n o t  eu  as a :‘elun-s t o -
a he- - n c r  discussion of  tl ,e e s s e n t i a l  f e a t ur e s  arc h :- er’fç -’r:-:an-e of syst e - h a t  are
des I~ r ;eh to :0- 0 :-at  - - in mu lt 1’.- — o c o t  t e r I r i~ at  

1. The__A pe rtur e__FIeld

~e:’o 1 t:o- t for he al mo srhore , t h e  sicri a 1 cc:- :; -
~ e:d. o t tti e - ;~t I cal ft ‘‘ Id  a t  t h e

a p e r t ure  of t h e  r e - - c lv e r  s o - u i - i  be r e lat ed  to t h e  ¶ nn: - . a n l Y- -t f Ield th r - - :  Ic the Fres:.el or
Fr~~~~ n~~1, — u - I n ’.~ - o r a i  . In  t h e  p re s e n c e  of  t h e  c l  n , u t  t u n l - : u l e t u t  , a t t o - o p h o i n -  I: r ece ived
-o t t l cal f I e l d  w I l l  be dIstorted In space  and , t o  sore e x t  en  , i n  - t o ’ - a : -l f n o nu e n c v .  The
e f f ec t s  of a t o-.cspn or c t u: I- :. I ,-r:. - t- have been St ad I oh s t  - n a I v e  i v ;  • r - v  are - c  -our - - n -. - - c
here.

As the p o r t  I d e  c o r i t e r u t  o f  I a t  t o - u a p h e r e  n on e  ac - o s , I h o o d :  he p. ’ - S O n c e  of  h n . e  -
sr c k e , f o g ,  : . in , or snow , O n e  r e ce iv e d  o-; - - :  t c a l t I - - l i  sI  - I be :es-.e I n c - r e  ~si:. - l -  cc :  o p t e d

t I m e , space , a n d  f r - o  r ue : : :  v . i-~o:- e satIn I c  , w h a t  to cl-n ha -c c been a p1 ane wave In he
lean atmos; 1. -cc w t h I It le o r - I  a lenc- e wi ll now t O  r e - e l  ved as :1 r- a  n b :-: f I e l d  w h i c h

c o n t a In s  a le t  -r:- .lnls tl c ur: scat Ocred C : - .; -ne : . a n d  a : o l r . c c t .  ( : , - : o  n e ar ’ sc:tt t crc-i
c o mp o n e n t

To t h e  e x t e n t  I t~~t the  :- - - - - v et -  a r e s p on u ;  ye  o n l y  t o  t h e  n c - I  I - red -c - ’- n r . e n t  c- f
t he  field , as rn-s’ exis t tn t- receivers are , the :-o: ot - e f f e c t of  i t  -: o s rh’ - r l c u n - t v  ~e t - l n . - t c-
t .c in cr e a s e  the  p a t h  loss f or ’ I h i s  con r o r : , -n t  I - y  a f a n  o t ’  of  ~- s .  ( — u  ) , wh e r e  is ho
path length and  ti a the  o p - i t  I ally — aver- c -n-h x t  I n o t  Ion ~o € - f t ’ c l o u t of  t h e  r o e i I  ~c- -

Although the relationship t etw co and - o l s I l - I l i t y  i s  t e n u o u s , a t  be~~t ,~~~ cr:e ;~p n i - e c t a —
t ion for the r.a~ nI tud e  of  t he at terius t ion is p t o y  I l1 -~i b .v I he  -

, c roon  i~ t i c  c o -p t O: a ;-pro-  x1 - —

t i on  t ha t , at v i s i b l e  w a v e l e n f t  is , s- x p ( — u l  ) w i l l  be on the ot’i et- of lC’ - wt:o -n I ho - - p - - r n —
In~ :‘ange e q u a l s  the  v i c i b  l i l t  y . That  i s , w h e n  I : - : i p r ro  t o : i t e l y  e q u a l  t c I he

v i s ib I l i t y , t h e  power that. reaches  t h e  r e c e i v e r  w ithout b ’ t n ~ ~ c - a t t - e r e h  I s  o n I v  1~ of ’
th at which  would  have reached i t  in  the  a b s e n c e  -~ f s c a t  t o r i  n o - . C l e a r l y ,  11 r e  I I I -  le
o p e r a t i o n  Is o be m a i n t a i n e d  over d t o t a n c e s  o onp o:’:il -l, - t o  or 1 r0:ve: ’  h a n  t h e  v iolbI—
l i . v , there is nor It in at. c- - p t t n~ t o  i i i  11 to  t he i n f o  u ntil I .r: -- ou t  :: 1:0 I I I he corp en - : - ’
of t h e  r ece ived  f ie l d  t h a t  has been scattered.

W h e t h e r  or not  such  ut.i11 it I o n  I s  p o s s I b l e  h e r o - u : h c  i t i  detail nrc!: I t:e s t a t  t i n  
p r o p e r t i e s  of the  sc at - t e:-ed field in I he ape: ’t u re  . T hos e  ; r ’ o t-e rt  1, -s are v e r y  - o r - ; -  I c a t  , i
f un c t i o n s  of t h e  I : - an r n i t t  oh f i e l d , the  -o r : p o s i t  I o n  ci  t ic ’ - s c a t  t e n t  h f  m e d i a  : i n l  I ho~ ~oec—
m e t r y  of t h e  p r o b l e m .  In i o

~ : :- ~~
i o l  - suu -h a dose r i p t i o n  is  e s s e n t I a l l y  1r:po~~sI h1e t o  c t - I n t o

and , even i f  i t  w vu I - 1 1 - - , I t W O O  ld be far too comp 1 1 - a t  eh I 0 USC f o r  sys 1 ‘1’
analyses. This i s so ev en I t l o u i l t : , for the c h a n ne l fo~’no - t  : i e S  ot  1t- ~t et ’ e O t  he re , the
scattered fl ’ - 1 - 1 is almost- certainly a :-u- r-e mean f’,aussian random process for wh Ic h It is

L - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~ - 
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c u l t  an d  has ye t  to be o a t  isfact.or llv solved.

As ou 1~a ’ ed I r: the  I n t : o - I u u t  I - n , i h a ’ ~t I Ii - i i ]  - V u-u I l l  n et  I I - u t - l h : - e c c e h  here . i n s ’ 
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obta ined  through  a coastal  fog at a w a v e l e n g t h  of 0 . 2 5  sm over a 1, 000 foot  pa th  w i t h  an
o m n i d i r e c t i o n a l  source [11] . Note  t h a t  the b roaden ing  is s i g n i f i c a n t  at op t i ca l  t h i c k —  I 

-

nesses , r , of 2 to 9 a nd Is severe when r exceeds 10.

Increased scattering also results in multipath spreading of a short transmitted
pu l se .  As il lus tra ted In FI g . 1, in the absence of scatter the transmission of an
impu l se  in t i — c  w i l l  r e su l t  in the  r ecep t ion  of an impu l se .  However as s ca t t e r  becomes
p reva len t  photons  can reach  the receiver  by s ca t t e r ing  pa ths  of d i f f e r e n t  lengths  and
the received Impulse will be spread Into a wider pulse. The magnitude of the spreading
depends upon the  c h a r a c t e r i s t i c s  of the channe ’ bu t  values in excess  of mic rosec onds
have been observed in some s i t u a t i o n s  [12] . “ :,e amount  of m u l t ip a t h  spreading is impor—
tan t  in t ha t  i ts  r ec ip roca l  is u s u a l l y  the coherence  b a n d w i d t h  of the  channel , i. e . ,  the
max imum bandw id th  that ma y be used w ithout su ff er ing select ive fa ding.

The final listed effect is caused by the motion of the Scattering particles. This
motion imparts a Doppler frequency shift to the field scattered from each particle.
Since different particles may have different velocities and since even for the same
velocity they may introduce different Doppler shifts if their angles to the receiver
differ , the bandwidth of the received field will spread in frequency. The reciprocal
of this spread is a measure of the correlation time of the channel and is particularly
impor tan t in tha t  it is a measure  of the time over wh ich the  channe l c h a r a c t e r i s tics do
not change [ii]. In a channel measuring system it is this time over which measurements
would be made .

2. Sys tem Cons idera t ions
In this section we first briefly review the effect of scatter upon a system that is I 0

designed to utilize only the unscattered component of the field. Then the essential
features of systems designed to operate through scattering channels are introduced. - -

Finally the performance of such systems is discussed for a representative situation.

The discussion of performance is not intended to be the most general one possible.
Ra ther , in the interests of simplicity, only simple on—off binary detection or communi—
cation will be considered. The results presented are, how ever , representative of more
general ones.

To see why it is important for systems that operate through scattering channels to
utilize the scattered component 01 the field , let us briefly examine the performance of
systems that utilize only the unscat .tered field. Assum ing that 1) the energy incident
upon the aperture is not random , 2) state—of—the—art optical filters are employed , and
3) the system is not thermal noise limited , the error probability of such a system is
given approximately by [13, 1]

exp — N E(p ) (1)

where IJ ~ is the  average number of pho tons  d e t e c t e d  when the on—signal is detected ,

N
(2 a )

where TI ~ is the average number of noise photons detected and

E — ( 1  + I i ) l n ( l  + i i )  — ln [ ( l  + .o ) l n ( l  + ~-i~~ ] — l  ( 2 b )- 
ln (l  + 10 )

The functIon E ( p )  measures the degrees to which the system performance is quantum
limited or thermal limited. For p much larger than one , E( p ) equals  one and the
system is quantum limited. For p much less than one , E(p) can be shown to approxi—
ma tely equal  p18 and the sys tem is back ground limited . For our purposes E(p ) can
be approximated by

1 p > > l
E ( p )  ( 3 )

p < < 1

Now suppose that such a system is used with a scattering atmosphere. Since it
responds only to the unsoattered field N will drop markedly as the scattering
increases. This alone will quickly causeSthe performance to become unacceptable; a pro-
cess that is accelerated by the attendant decrease i.n p. Moreover , although the
details differ , the same conclusion applies when therma l noise dominates background
noise. Thus as stated in Section 1, there is merit in attempting to utilize the Infor—
mat ion contained in the scattered component of the received field.

The extent to which such utilization is possible depends upon the energy contained
in the scattered component of the received field and upon the way in wh ich this eneri’v
is d iv ided  be tween  the  s t a t i s t i c a l  degrees of f reedom of the  f i e l d .  Most i m p o r t a n t ,
however , is the fact that the energy contained in the scattered component is sometimes
su bstant.ially larger than that contained i n  the unsu altered component . For it has been
found repeatedly that the performance of a commun icat it n i system is determined acre by the
total ntgnal energy available to the receiver than by the degree of’ coherence of the
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signal——provided that the signal is properly processed by the receiver.

The conceptual nature of the required signal processing depends upon the statistical
structure of the received signal field and Is relatively well understood [l—~~~. For our
present purposes it suffices to say that the receiver should separately detect each of I -

the statistically independent components , or modes , of the received field and then com—
bine the results in a manner akin to diversity combining.

The needed structure Is illustrated In a somewhat abstract form in Fig. 3 for the
situation in which the receiver has essentially no knowledge of’ the modal amplitudes and
phases. Then , as shown , the energy in each of the modes should be separately detected;
or in the language of diversity systems , incoherent combining should be employed.

A l th o u ~ob instructive , and useful in determining system performance , the structure
of Fig.  3 is not  u s u a l l y  s u it e d  to d i rec t  i m p l e m e n t a t i o n  in a system . The difficulty
is that  I t  ca l l s  for  the separate detection of each of the many s t a t i s t i c a l l y  i n d e p e n d e n t
pa r t s  of the  received s ignal  p r i o r  to c o m b i n i n g  the  r e s u l t s .  F o r t u n a t e l y  the ope ra t ions
of de t ec t i on  and d i v e r s i t y  combining somet imes  can be implemented  app rox ima te ly  in a
s ing le  d i s t r i b u t e d  ope ra t i on  t h a t  is much  s i m plo r  to imp lemen t .

One I m p o r t a n t  example  of such  an i m p l e m e n t a t i o n  is p rov ided  by a d i r e c t  d e t e c t i o n
r ece ive r  whose p rede tec t ion  spa t ia l  and tempora l  b a n d w i d t h  and p o s t d e t e c t i o n  i n t e g r a t i o n  - 

-

t i m e  are  chosen to m a t c h  the  regions of t ime , space , f r e q u e n c y ,  and angle  w i t h i n  w h i c h
si~~ niai  energy is expec ted  to be found  [1]. Such a r e ce ive r  w h i c h  is i l l u s t r a t e d  in
Fig.  14b fo r  o::—uu-ff s igna l i ng ,  p rov ides  a u s e fu l  a p p r o x i m a t i o n  to the  r ece ive r  t h a t  would
be o p t i m u m  In the absence of modal phase i n f o r ma t i o n .  I 

-

At i n f o rr r a t i o n  r a t e s  less than the channel  coherence b a n d w i d t h , the r ece ive r  of - -

Fig.  14b w i l l  be a f f e c t e d  by sc a t t e r i n g  on ly  th rough  the  changes in the  t o t a l  co l lec ted
signal  and noise  energ ies .  Indeed , in the l imi t  of severe m u l t i p l e  s c a t t e r i n g  (low
p h o t o n  c o h e r e nc e s) ,  the  bound to  the  error p r o b a b i l i t y ,  F , of the  o n — o f f  sys tem shown
in Fig .  4b is i d e n t i c a l  in form to E q ( l )  and ( 2 ) .  That is

ex p — 11 5 E ( p )  ( l l a )

N - -i

10 = ( 1 4 b )

icr - a , however , N5 and are the total average numbers of Signal and noise photon

collected by the receiver.

It is interesting to note that the loss of coherence through scatter does not cause
the performance to suffer so long as the Signal energy (IJ~ ) and classical signal—to—
noise ratio (p) remain constant. Of course , in most situations , even if N5 can be

kept relatively constant with increasing scatter by openino-” up the receiver ’s field of’
view , p will decrease. That is the noise power collected by the receiver will Increase
as the signal energy becomes spread over a larger space—time—frequency—an fle domain with
decreasing visibility and increasing scatter. Hence , as sca tt er ing increases , the sys—
tern will ultimately fall below the quantum threshold and its performance will bt-come
limited by other noise sources even if the average received signal energy remains fixed.
When t hat occurs the performance will drop markedly below that of a comparable system
operating in the absence of scattering .

This l i m i t a t i o n  can be overcome when knowledge  of the complex modal ampl itui - Ies are
available to the receiver [1, 13]. Then , coherent combining of the modal complex amp: i—
tudes , i.e., coherent diversity combininf- allows the i’ - -~-eIve:- to limit the domain of the
si~~riul , an d hen ce of the  de tec ted no ise , to a sint ”l ,° :t.ode. In such situations that sys— H
tern is  a lmost  sure  to  be q u a n t u m  l i m i t e d , i.e. except for the possible consequences of
N5 be ing  random , the performance will be given by Eq. 14 with p equal to infinity ~l

0 
.

Realist ically, of course , the c o t o p l e x  modal amplitudes are not known a p r -~~c : - t  to t he
receiver- . However , if’ they are y l u t y i n o  slowly enough rel :itive to the basic ~~ ec ‘ t o : .
or eStirti a t;ion Interval I I  may be p r a c t i c a l  t o  measure t h e m  I . e .  i t  may be pc- i- : n i t ° l e  n _ c
t r ack  the  c h a n n e l .  In more phys ical terms , the amplitude and phase of the field mus t be
tr icked w I t h i n  each coherence  area c o n t a i n e d  w l l b i n  t h e  receiving aperture.

I t :  the number of such areas may well excee l 1010 In a sirongly scattering channel ,
the l r o l ~ lementation of a tracking receiver n : : l ,h : ’ seem I t  be an i m p o s s i b l e  t a s k .  h . -w, -v - i - ,

i t  may w e l l  be p o s s i b l e  if the needed measurements and mode combining are I m p l er n : u - : u t t - il  by
a l i s t r l b u l  oh p e r : t t . l on t h a t  does not r e q u i r e  t h ’~ c- - p : i t ’ a t  e h e n  , o t  ion  of each c o n : , p l o x
modal  a m p l i t u d e . When the  a m p l i t u d e  f l u i d  O a t  I ons  ey , -r t h o -  aper t  i t - c  are m u c h  less
sev ere t h a n  t h e  phase  f l u c t u a t i o n s  one can co t :  - - l v i ,  of C e t ’n ’ e c t - I : t f  fo r  t h e m  W I ?  h t he  ::yuu~
tem shown in: F i g .  5.

The key  e b -mont. of t h e  sys tem is a “ i - I : : t s ’t p l :n  - “ whose loca l  e’~ a t  lal p l : : i so ~ b l a y
can b e a -I . l u s t o - d  so as to  - u n - - , -  I t h e  s p a t i a l  p l t :t :uo v a r i a t io n  I n  l b ’  r c c c]  v - I  signa l Cl - -id.
To the  - x t en t  t ha t  a m p l i t u d e  V : , : ’ l : u I  I o n S  I n  I l ’ - r - , - ,- e i y o - b  s ign a l f i e l d  can h o - n e g l e c t e d ,
the output of the plate I s  a spat  t a l l y  u - t t , :’ u - : t  f i e l d  • C . f .  , a p l a n e  w a v e .  T I t , - r e su l t  I n t o  

—--- —_--
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field can then be processed by a receiver which responds to a single spatial mode , that
is , whi ch has a di f f r a c tio n l imi ted f ie ld of v iew.
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~i_~~~ SI SL CA L UISTUH tANC~ EFFECTS c~N THE STATE OF ThE PHOPAGATION MEI IU M AMI) I t i t l i -  ~b E

E V Thran e
Norwegian Defence Research Establishment
P 0 Box 25 — N~~’OQ r Kjeller , Norway

ABSTRACT

Ditferent types of disturbances in the upper atmosphere can change its properties as a propagation
medium for electromagnetic waves. The paper reviews the most important of these disturbances , w~ discus—
sea the possibility of predicting, not their actual occurrence , but rather t - ~~i r ef fec t on the  atmosphere
once they have occurred. The review is based upon current knowledge of ionospt~ ic and upper atmosphere
physics , and concentrates on efrects of importance to radio wave propagation. both natural phenomena , such
as magnetic storms , and man—made disturbances are discussed .

1. IN TRODUCTION AND OUTLINE

Different types of geophysical disturbances influence the state of the upper atmosphere ajtd change
i ts  properties as a propagation medium for  electromagnetic waves. This paper discusses the problem of
predicting these changes. The prediction of the  actual occurrence of a certain cisturbance will r,~~t be
dealt with here. I shall star t by assuming that t h e  occurrence of a disturbance with certain characteris-
tics has been (correctly) predicted , and then - l i o c u s s  the  poss ib i l i t i es  we have at present for estimating
the atmospheric changes,  relevant to wave propagation , that wil l  result .  An exhaus t ive  rev i ew ct the
effects of D—re gion ionizat ion on radio wave propagation has recently been given by Larsen 11979).

A definition ~f a geophysical disturbance in the context of this paper is not straightforward , and
will of necessity be somewhat arbitrary . The upper atmosphere has certain regular variations that repeat
from day to day and from year to year . Superimposed on th i s  regular p at tern  are changes that do not repeat
themselves in a systematic manner. These irregular changes are , t o  the extent that they in f luenc e  radio
wave propagation, the d is turbances  that  are of in t e r e o t  in t h i s  discussion . When the irregular changes are
frequent and pronounced it may not be easy to establish a regular baclcgroun d :~attern . Cuch is the case at
high latitodes , particularly in the auroral zones , where strongly irregular ht -,av iour of the rced~~ot. i s
the rule , rather than an exception . Although it is difficult t o  give an exact efinition of what we mean
by a dis turbance, cer ta in  types of major disturbances may usually be i d e n t i f ie c , and these  are d i s c u ~~ e i
in the following sections. Section 2 briefly describes the important types of disturbances and their
effect  on radio wave propagation . The remaining sections deal w i t h  these types of disturbance one by one ,
discussing their causes and the possibility of pred ic t ing  thei r e f fec ts  on propagation .

2. TILE MOST IMPORTANT TYPES OF DISTURBANCE

There are many ways of classifying upper atmospheric , or ionospheric disturbances , none ~- t ~ t hen
very sa t i s fac tory. Most , but not all disturbances of importance for radio wave propagation are part c t  the
sequence of very complicated phenomena called a magnetic storm . Time does n~ct permi t a discussion of al~aspects of magnetic storm s , and I choose t o  list and discuss a few cole-t ed inport ant types of disturbance ,
without any attempt at systematic classification according to cause. Table 1 gives this list.

TABLE 1 IONOSPHERIC DISTURBANCES (Rishbeth and u ar c i ct t  , 1969 )

Disturbance Propagation effects Time and duration Possible cause

Sudden Ionospheric In sunli t  hemisphere , ct -ong All effects start Enhanced solar x—ray
Disturbance (Sb ) absorption , anomalous VLF— approx simultaneously and L7JV flux from

reflection , F—region effects Duration -~~ hour from s o la r  flare
Polar cap Absorption Intense radiowave absorption Starts a few hour s after Solar p r o t o n s  1—100 Me\ ’
(PCA) in magnetic polar regions. flare. Duration one to

Anomalous VLF—reflectjon several days

Magnetic Storm F—region effects ; increase May last for days with Interaction of solar low
of foF2 during first day , strong daily variations energy plasma with earth’s
then dep ressed foF , wi th  magne t i c  f ie ld , causing
corresponding change s in ~4JF energetic electron preci—

E—region effects , storm E5 
pitation

0—region effects , enha nced
absorption , VLF-anomalies

Auroral Absorption Enhanced absorption along Complicated phenomena Precipitation of electrons
(AA ) auroral oval in areas hundred las t ing  from hours to with  energies a few tens

to thousand kilometers in days of keV
extent. Sporadic E may
give enhanced ~~IF

Relativiptic Enhanced absorption VLF- Dura t ion  1-C hours Precipitation of electrons
Electron Precipi— anomalies at sub—auroral with energies of a few
tation (REL’) latitudes hundred keV
Travelling lonos- Changes of foF: w i th  ocr— Typica l ly  a few hours Atmosphe r i c  waves
pheric Disturbances responding changes of ~-LJF( T I D )  s~~ etime s periodic

Winter Anc~a1y (WA) Enhanced absorption at Cm- t o  several days I’roba bly many causes , such
mid lat i tudes  as changes in conc entra—

1 c-n c-f minor species ,
temperature clou - ,tos • par-
ticle precipitation

Stratospheric Changes in absorption , Day s or weeks , in Changes in global
Warming VLF-anomalies late winter circulation pattern

-- ~~~-- --~~~~~---
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- IWe are interested in the propagation eff ets of the disturbances Propagatton is determined mainly
by the spatial and temporal variations of the electron density in the ionosphere. For extremely low fre
quencies ions may also be important. Our primary concern is therefore to predict the changes in plasma
density resulting from a disturbance. Once these changes are known , the propagation effects can normally
be esti mated with reasonable cer ta in ty .

3. SUDDEN ION OSPHE RIC DISTUR BANCES (SID ’ s)

It is well established that SID’s are associated with solar fluxes and are caused by enhanced X—ray
and EUV emissions. Whereas the X—ray intensity may increase by orders of magnitude during such a flare,
the EUV flux normally only increases by a few tens of per cents. The main propagation effects are pro—
duced in the lower ionosphere by radiation with wavelengths in the range 0.05 — 102.7 mit , and extend over
the sunlit hemisphere. They are : HF—absorption , sudden frequency deviations (SFD) of HF—signals, sudden
phase anomalies (SPA) of VLF—signals (See Figure 1). The capability of a flare to produce an SID depends
upon the flux level as well as on spectral composition . Rain and Hammon (1975 ) find that SPA’s are the
most sensitive indicators of an SID, and report on the observed percentage of optical (Ha ) flares of
various classes associated with SPA ’s. The percentage increases from 12% for subflares to 100% for class 3
flares. Fluxes greater than 6l0~~ Jm 2s~~- in the 0.05 — 0.3 nm band will always give an SPA . letailed
studies of SID effects by for exanple Rove et. (1970), Mon tbriand and Belrose ( 1972 ) and Mitra and
Deshpande (1972 ) have shown that the X—rays not only cause enhanced ion production , but that they also
influence the ion chemistry and produce changes in the ionization loss rate. Figure 2 shows electron den—
sity profiles Ne(h) measured during a flare of moderate strength (Montbriand and Beirose 1972). From
satellite measurements of X—ray and SIN flux, the ion production profiles q(h) may be determined , provided
that the height variations of the density of the major neutral atmospheric constituents are known . Using
a simple form of the continuity equation - 

-

aN

~
t-

~
- = q ( h )  — q i ( h ) N ~ ( h )  (1)

the effective recombination rate q- (h) may be determined. —

There are several problems involved in estimating the ionospheric effects of a flare. First, very - -

accurate knowledge of the spectral Composition is required to compute an accurate ion production profile .
The usual satellite instrumentation , such as the Vela satellites , did not provide sufficient spectral
resolut ion , particularly at the shortest wavelengths , and model spectra have had to be fitted to the
observed X—ray intensities. New satellites have brought the evaluation of SID ’s to a turning point , how—
ever. The ~UV and X—ray fluxes over the full wavelength region are now available with high time resolu-
tion and in near real time (Donnelly 1976).

Secon dly ,  the ion production profile will be quite seOsitive to the state of the neutral atmosphere ,
and accurate information on atmospheric density and composition is necessary .

Thirdly, accurate knowledge of the ion chemistry in the lower ionosphere is required to predict the
changes in effective ionization loss rate during an SID. Figure 3 shows experimental evidence that the
loss rate decreases during a flare , and that the decrease depends upon the strength of the flare. Thus
the changes in loss rate will enhance the e ffects of an increase in ion production. Studies of the lower
ionosphere by means o± mass spectrometers have given us very detailed knowledge of the positive ion
chemist ry. In terms of this chemistry a decrease in Loss rate between 70 and 65 km may be explained by a
decrease in the concentration of hydrated cluster ions with large recombination rates , relative to the
concentration of the molecular ion s 0~ and N0+ which recombine rapidly . The reaction chains leading to
cluster ion formation are not completely mapped , howeve r , and modelling is still boun d to be uncer ta in .
This is even more true for modelling of the negative ion formation , that is important below about 75 kin .
The effective loss rate derived during a moderately strong flare by Monthrian d and Belrose (1972 ) shows a rvery large decrease relative to normal conditions near 70 km and below . This indicates that the negative
ion population may have been depleted during the flarre , but no models of the negative ion chemistry have
as yet beeO developed to explain such observations. We must conclude that the effects  of an X—r ay f lare
can only be described in gross terms at the lowest height s in the ionosphere .

In the absence of adequate D—region models , predictions m a y  be based upon empirical relationships
between X—ray spectral characteristics and BID par ameter s , such as phase height and field strength change s
of ref lected VLF— and OF waves , and increased absorption of HF waves. Desph ande et al. ( 1972) have shown

• that the flare X—ray spectrum may be reasonably well described in terms of two parameters , available from —

satellite observations. These are the peak gray body flux in the wavelength band 0.1 — 0.8 nm , indica t ing
the size of the event , and the ratio R 12 of the peak gray body fluxes in the bands 0.05 — 0.3 nm axi S
-0 .1 — 0.8 nm , indicat ing the hardness of the spectrum . The two parameters and the solar zeni th  angle then
spec ifies the peak ion production rate in the 0—region . Fi gure ~ (Desphande 1978 private communication)
shows an example of the emp irical relationship between r;easured electron densities at selected heights and
the peak gray body flux at 0 .1 — 0.8 nm . The zenith angle is in the range l~O° — 65° and B12 in a narrow
range 1.03 — 0.O~. In this case a clear simple relation emerges . The relation between the loss rate and
the flare intensity is shown in Figure 3.

Such results indicate the possibi l i ty —f p redic t ing the SID effects of moderate and strong flares,
given the X—ray spectrum and its temporal variation . However , there are still uncertain factors. For
example the D—re gi on effects  of a flare depends to some extent upon preflare aeronomic conditions , and
here our models are still inadequate to explain the observations. Furthermore , whereas the emp irical app-
roach has shown promise for VLF and HF e f f ec t s , no clear patterns emerge for LF signals. This is presum—
ably because LF waves are ref lected in the upper 0—region and t h e  ref lect ion c o e f f i c i e n t  depends -‘r i t i - -
cally upon t h e  detailed structure of the ionization density prof i le  at the re f lect ion  point . In tir. y case.
considering the c omplexity of the photochemistry of the lower ionosphere , further work tø  e st a b l i s h  s t a t i s —
tical  empirical re lat ions of’ BID parameters may be the most practical  approac h to SIlt p r o u d  ions f~r some
years to come.
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I . POLAR CA D ABSORPTION hV E N :ni  (P cA)

The energetic particle bombardement of the polar cap ionosphe ree during a PCA cause long—Lasting
and Large changes ~~ plasma density , particularly in  the  l o w e r  ionosphere. Severe d i s r up t i o n s  ot HF—com—
muniCat iOn as well as large errors in positioning by means of \OF-na-J igation systems result . ft•- frec ;-c•-m . -~ y
oz

_ 
occurrence c-f PCA events varies I ron a few events per year during sunspot minimum con d i t i on s  to  one or

more per month in 5—inspot maximnuni year s see Figure ) .  A Pt’A covers the en t i r e  polar caps down to about
b -I ° magnetic latitude and lasts for a fe—. to several days i-er event . The intense ionization in the 0o~ er
ionosphere is caused main ly  by solar px ct ol .s. F igure  6 (Reagan , l~~~7)  shows the  ic -mi prc -L -ct ioD profile
for the August  1972 event  , one of the ~t r ~cng e st  ever r ecorded .  In t h e  region below 80 km the ion p rc du o—
tic r. is enhanced by a factor of lO~ -lC relative to quiet daytime conditions. From a knowledge f the
proton energy spectrum the ion production profile may be computed , but such events are also belie -el to

have profound influence on the c hem i st r y  of  the r o g iom . , and th er e fore  on the  elec t  ron loss rate.  Figure 7
(Reagan 1~ 77~ shows results of a neutral and ion chemistry analysis  during the August 1972 event based
on incoherent scatter measurements of ionicat i on densities. Ncte the large decrease in electron loss rate
near ~0 km felative to quiet c on d it i o ns  and the increase near DO km.

The effects on propagation of a ~~A event ~f this magnitude are dramatic. Large absorption may com-
pletely wipe c-ut cr-dinary HF communicat ion , although the decrease in signal strengt h over a ccnmn-u1 ication
link is partly ccnpem .sated for by a decrease in noise level. Absorption at n c - m e t e r  frequencies i ~~ P h - : )  

( 
-

may be 03-20 dB atcve normal , corresponding to 100—200 db at 10 M h z .  An omol- ir ical relat i onship be tween
proton flux and riomets- r 30 MIt: absorption is quoted by Reid 197~~

J(’oo t-le\’) ~ 60 A 0 (2)

when C is the 2~ omnidirectiona l flux in cm’2s~~ and A the ubsorpt ion in desibels. Although it is derivs- i
for a rarticular event (February , 1965), (2) is nevertheless a ucoful approximate guide .

Althc-cg ti successful  deta i led modell ing of the response of the iower  ic m :c sp h s r o  t o  solar proton events
have been accomplished for a few selected cases (Reagan 1977, Swider et el. l97~~), the models are not yet S

i n general useful for pred ic t ion  purposes. Enpirical re lat ion s of the type quoted above are therefore
valuable , and par t icular ly  at lower f requenc ies  a number of s tudies  have been car r ied  cut to establish the
e f f e c t s  on propagation (Potenra et al. 9t-7, lOt-9, Egeland and N austvik l9 e 7 ,  ~- 1cm et al. l9t- , Westerl~. 
et xl.  l9t-9 , Colberm an 1970 , Field and Grei fimger 1972).

n the lower frequenc y bands VLF ~2— 3C k H z )  mind OF ( ~0-302 k H :: ) b o t h  phase aol amp li t -ode changes
are observed on transpolar paths du r i ng  }C A ’ s cWe s te r l un d ot  al. l9 t -9) .  Amplitude changes , particularly
for paths cross ing the Greenland ice cap , seem to be e r ra t ic  and d i f f icu l t  to  p r e d i c t , hut  t h e  na~or syste—
matic e f fec t  cml-. all paths is a phase advance , corresponding to a lowering c-f t h e  re f lect ion h e i g h t . VOF
phase changes nay be several cycles , and at tenuat ion during the  day may be greater than 30 h .  An example
is shown in Fig-crc 8 (Larsen 1977). Wester lund et xl.  (1969) have inves t iga ted  the phase shift d,~ of VOF
waves over trarmepolar t’atlis as a f-cnction of the prot on flux F. Theory predic ts  a linear re la t ionshi p
between the phase shift -~~~ and ln (ln F ) .  Figure 9 Je toc-mis trate s  that this assunptic-n is reascr~ab y accu-
rate and also shows that the phase advance is significantly increased for paths across the GreerThn~i ine—
cap.

The phase s h i f t s  duri ng PCA events  are important  for navi g a t i o n  systems such as Omega , and t e s t s
with a part ial ly deployed Omega system show that errors in posit ic - n  f ixes by as mu ch as 10 km may occur
(Swanson 1971). It should be noted that , due to the conf igurat ion of the earth’s magnetic field , t here is
a marked longitudinal variation in the part icle precipi tat ion , the fluxes be ing greatest in the American
sector.

Swanson (1911) has derived a probability distribution I’unction c-f the phase perturbations induced at
Omega frequencies (10 .2 kH z )  by solar proton events. Figu re 10 shows the results for data averaged over a
solar OyQle , and compares these with SIlt data.

Figur e 11 shows an example c-f t h e  ref lect ion height change for IS waves during a PCA (Larsen and
Thrane 1977). These authors have studied the possible interference of Loran—C skywave sxid groun d wave
during F c A ’ s. A drastic lowering of the reflection height may cause such in terference , because the skywave
arrives at the receiver at a point in time before the navigation information is ext ract e0  from the ground
wave pulse.

5. HA GNE TIC OTCRP EFFECTS IN THE F—REGION

Magnetic storms have a profound in f l u e n c e  on the F—region , par t icu la r ly  at high la t i t u d e s .  The cri-
t i c a l  f requency in the  P2—layer may decrease s ign i f i can t ly  and the F—layer becomes thicker. The total
elect ron Content  normally decreases . Figure 12 shows typical behavioci- of N m F c fOr strong and weak s’ c- rIt e ,
for various latitudes (Matsushita 1959). F—region storm ,- f f e c t s  present many proDlems and are probably
due to several different causes, ~u-ch as heating causing thermal expansion of the  atmosphere , s t o r m  i n-
duced composition changes , acceleration of the neutral stmosphere due to ioim drag . Considerable pr c -~.. -s
has teen made in recent years in understanding how energy is deposited in t h e  ionosphere during a magn et ic
s torm , and in particular how e lec t r ic  f ields can influence composit ion , dens i t y  and mo\-,’tsent , both c-f ions
and neutral atmospheric gases.

Models have been developed (Mayr and Hedin l97~~, Noble 1977) to predict the effects c-mi thermos—
pheric ci r c u l a t i o n  and oc-mapos i ion of storm induced heating, and these show reasonable agreeretit with
observations.  Near t he  dayt ime P2—layer peak , observations tum- t m - g  a sto rm show (H ed in  et x l .  -

~~~~~~; Lri~lss
and von Zahn 19714 , Chandr a and Opencer 197t-) that  there is a close correlation between the electron ten—
sity N5 and the ratio 1O ) / L ? 1 -~ I . Examples are shown in F i g u r - s  13 and IL The resu l t s  f i t  w i t h  t heoretical
predictions that the ionosphere at these heights (1200 kin ) is in phctochemical equili brium , t h e  i - t i  pro-
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duction from atomic oxygen being balance-I by charge transfer to molecular constituents. It is also clear
from Hedin et al. (1977) that , at the same invariant latitude , the storm effects are different at diffe—
rent longitudes.

During storms it is well established that electric fields are a common feature of the high latitude
ionosphere. Generally the ma~~ itude of these fields are of the order 25—150 mV m~~ , but fields larger than
200 mV m 1 have been observed. It has been pointed out (Banks 19714) that such fields can significantly
influence the ion composition and thereby the electron density in the E- and F—regions . Recently, Schunk
et al. (1977 ) have estimated the effect of electric fields on the daytime high latitude ionosphere .
Figure 15 shows that substanti al decreases c-f F—region electron densities may occur. The effect is mainly
due to the reactions ~+N -‘ ~fl + +N and O~ -~-O-’- • c~~ +O , the rates of which depend strongly on ion energy.
The elect ric fields will increase these reaction rates t hrough Joule heating and through the dependence of
the reactions upon the relative speeds of ion and neutral gases. The ratio of atomic ion density to mole—
cular ion density will decrease and electron loss rates increase as a consequence.

Much work remains  to be done before an understanding of F—region storm effects , sat isfactory from a
prediction point c-f view , is reached. iicwever , recent advances in theory and in observational evidence
have uncovered several import ant mechanisms h at  seem to gcvermt the state of t he  upper ionosphere during
storms.

0 . o:-:F~-t ~~ FE~~ F IN ThE OC-~~ y Cl CO} - hbhb

The magnetic St c-rn effe~ ‘ts - tt the Lower ionosphere are caused by complex global patterns of emerge—
tic’ rarticle preci p itation that cause enhanced ic -m~i oation , as well as changes in loss rate and ion and
t eutral composition . Both increased radio wave absorption in the P—reg ion and improved reflection proper—
ties from sporadic E—layers may result. \~e have already discussed L~ A events -caused by solar yrctons ,
arr iv ing  wi th in  hours c-f cer tain types c-f solar f lares , and in th is  section we shall discuss the e f f e c t s
c-f electron predop ita tic— ~~~ These depend strongly upon geomagnetic atit-c-de , and also long it-ode , and may
somewh at ~-bitrarily i-c divided into three classes; a) auroral absorption and Es, b) ‘ . id—latit ude after-
StormS. effects , and c) relativistic electron precipitation m-v-’t. ts .

6. 1 Aurcm ra l  Absorp tion

Auroral phenomena are often associated with radio blackouts. c-hile the aurora itself is caused by

~cft electrons (1—10 keV), the enhance d absorpt ion is caused by electrons with energies in excess of
10 keV penetrating intO the 0— and lower E—region. Although the general mcrp ho1o~~- of the a-crcral zone is
-sel l mapped on a statistical bases , t h e  auroral structure is exceed i n g ly  complex , and anyone who has wi t—
messed an acroral break—up will appreciate the difficulty in predicting its Jetai lei behaviour . The auro—
ral particle precipitation occurs in two zones as shown in the now classical Figure 1t~ by hart z and i-rice
-9c7), a di ffuse zone with drizzle type pre cIpitatio n and a zone vith discrete , splash tOTe precipitat ion .

Figure 11 shows the occurrence pattern c-f mt-crc -rn ! absorption (Hartz et xl. 1963 m expressed as the per—
centage of time the absorption exceeded 1 di- -it ~0 tO t: . As will he seen the si-sorption has maxim-u-n occur—
re m -c e rate along the auroral oval and shows a strong dep e n d en c e  on local geomagnet ic  t i m e  w i t h  greatest
values in the morn ing  hour s , cor re op ot .d ing  to t h e  1-ehav iour  c-f the  d i f fus e  zone . In general auroral a r —
sorption at any one location will have time scales c-f hours and spatial extent of a few hundred  k i l o--
me -’i-s . A great number of ionization density profiles have beer, measured during auroral events by rocket
techniques. Figure 15 shows some examples w i t -h  labels i t i d i c s t i r . g  the associated r iometer  absorpt i on
::espersen et al. 1965). The great variability in the profiles reflects t h e  va r i at - i l it y  in t in e  and space
of the spectrum cf prec ip i ta t ing  part icles .  As discussed earlier (sect ion 3)  large ion i z a t i o n  rates may
also influence the ion chemistry in the lover ionosphere and change t h e  icni :at  ion loss ra tes .  These pm - c-
cesses are Oot fully understood , which makes the  predic t ion  c-f the e f fm -ct  c- f a distu rbance  ott radio wave
rrcpagation all the more difficult .

Radio communication may also be favoured in auroral condition-i V-I ottat ion of st r o n g l y  reflecting
E5 layers produced by soft particles nct p enet ra t in g  below 102 kr.. Figure 19 shows the ;met - cet- .t age occur-
rence rates of E3 and illustrates that the t im e  variat ion ccrr espo~ ds to the  behavi our  of the d i scr e  to
auroral zone . This type of Es ( fE 5 I t-ltlz ) is t hus  most fre cpcemtt at a t i ns  of day when ahsorpt i c - mt is
least probable . A t’ew examples will i l l u s t r a t e  the  effect  of auror al zone d i s t u r t - a n c m -  s upon propagation .
Fig~re 20 ( l e ache d  ; E3’ - shows the occur renc e ra t e  c- f  iS b l a c k — c u t e  d u r i n g  a ~-u - i c po t  cyc le ~~~ a path
from Ocr t n— i - c r va y  t o Op i t obe r gem , and Figure 21 shows circuit behavi cur dun itt a part i cular diet  ur b i t t i c o
from oblique i ncidence soundings (Folkestad 1 9 o i - ) .  The gremi ’ var iab i l i ty  is a i t m - i k i n g  fe at  um- m- of the
joitter figure .

Present standard p red ic t ion  schemes are not well adapted t o  p ropaga t ion  conditions in polar m- egic ns.
i -o r example the CCIR “ bi ue -leck ’ does not include freipoom -icy and l a t h  lengt h dc-p e i i d c m t oe c-f auroral absorp-
t ion . i-tg - cre 22 shows an a t t e m p t  at circuit evaluation and comparison v i t h  predictic-as for hi soc-saga-
tion over t -~o paths in and to No rth —O ont. av . A digital signal was t r a n s m i t t e d  and the error rate cc-untej ..
Oe-j s  than 10’ erro r rat s was considered as acceptable . The test du r a t  i c - m t  was h.) day s d at - i  rig summuzer ciot:-
ditjcn~~, and the period included days wit ,h auroral absorption . I m i s t  nt-I-ed conditions were de fi ~eJ as
periods with riometer absorption (30 h-hHz ) greater t han  0.2 dD. We n o t e  that for cmsdie t urt - m- -i co n d i t i on s
the agreement with pr-J:c tions is reasonable , except for the lowest frequency, whereas h e t e  is a cle ar
deterioration for d: i t  5 c o n d i t  ions. ffort s are being a l -  t o  i trp r o \ - - p r e d i c  ion s  by i n c l u d i n g
salient features of auroral absorption (P A Brad ley pr i r a te  commuttica t ic -n i .

A large amount f work has been done to map aurcral suhetorm behaviour, see fcr exampl e
l9t9,  Berkey at  al. 1000 . No ttot hod for re l iable  short em p’eli nt ion s has iC ye t  hot— n dcvi sect , i-ut
the re are ce r ta in  interesting po ss ib il itH es .  Harg renv -r  t~ x l .  ~197 0 ’  have p c -in te l out tha t  an a u m ’ c r n
absorption substorm is usually preceded by weak abrot-p ’ i c-ti ob served f i r s t  a ’ ii gl: 1st i - mide~ i i  t tie h i  g h t

~~~ sector and moving equatorwardi . Fuch “precu r so r s ” may provi de shor t  t ir e  wartti ng -1 t h e  cm- t i er  of ens
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of m t r i u t e s  - : s i g n  t~~: cat. t absorpt .c-n --i-e: . t s . targr . -eves ( p  r : a t e  ct. ct. c. t at  ion ) t a t  also pci mc - ed out
th at at - s o r p t i o n  sp ikes ’ o ft en t ~ t ec ,  -tt t he  t a c t - t sit at sc rp t ict .  ove r  cool  m be .~o- d fo r  r a p i d
iete~ t .c-h - and t.a: - t .  rig of t r cpa~’a :c - t :  t - t t e c t s .

0 ~~~~~~~~~~~ e mid-la t :tude s t - t ~r . a  t t e r  e f fe c t

:t is well established that radio wave tisc -m-~ t :c-m. at mid-la titudes may be enhanced a few days after
t i _ c  :t set c-f a r x gm ~ - t  ic - ‘ . it . ( b -& ’t r c - se  nod Thos e 19t0  . It also seems clear t~ at one c-I t ia’ ma jor  causes
is ,ett em- gettc part ic le pre~’:; :tati cn . Figure 23 ~ : . w . art -tampl e ~ t tt ~ -e rot-paclogy -of pre cipitation of
energet ;c e l e c t r o n s  i .tt l ke Vt  r e a~ urt d in  ‘w.  po lar  .m lit :t :e  satellites t mi .o f  et al. 19 ’E ) .  This s t o r m
af ’er  et ~ ct has aLso  h e e t .  st ud i€- 0 l i t  t et a i l  i-I .s m c - et al . i 1976 )  who used s imultaneous observat ions
c - f  ~a r t t c l e  Cp e c t r a  it:  S a t e t  . :t c - s  and groun d h-~~~ed obse rv ation s of e l ec tr  t .  d e n s i t y  to study the  res—
ponse of t : e  :cwe.  ‘- t o t - c  - sp he re to  t h e  st rri p a rt i c l e s .  ~ ig-~ m- .- ~ 0 c t c w ~ t t - .e l at i tu d t t t a  variation of elec
t r o t :  flux  1>130 ~ie .  ~ before and aft e r- th e  storm , i l l u  s t  m a t i n g  Ite enhanced i r t ’c i p i t a t i on  down to lower
Iat:tudes after toe storm . Fi gure 25 shows t h e  cot  ~;ponding va1~~t-s c-f e~ ectr on  loss rates at Ottawa.
There is a s t rong  var iabi l i ty  it . the heig~.’ r am:ge “ 9 1  kiz , a:d no s imple  re la t ion bet- seem: t h e  i n t e n s : t y
- i - ion p ro duc t  tot ~ an-I e lect  m . ~ u- - loss ra te  is evident Ir s-” .. t h i s  study . I n c  r u s t  - - c i t c lud e  t l c t  eve n whet .
a ~etai ed particle spe- -’ n-az: is available and hence tl .e ict . prod-action is known , the electron dens:ty

~ 
ni- :’:le a::d r i t e radio propagatio n e f f e c t s  - -al mos t yet i-c prec:~ - t o  d w i t h  reasonable accuracy itt tue  lower

:or.csphere . We o b v i ou s l y  lack s u f f i c ie nt  knowledge ~ f th e  pl: c t o c l t e t : u st t y  of th is  region.

C .  3 i-e attvt sttc electron ;-re c-lpl tat iotc events (REP)

bailey and i c-neraritz (1967) first ::oted a tyre of ionospheric disturbance affecting ‘th e very lowest
pant  o ~~ t :~ .5 - reg io r ~ causing radso wave absorpt ion , enhanced VHF forward sca t t e r  and large phase changes
ci VLi waves. :he disturbances are closely correlate-i with substorms . Iltey occur at subauroral latitudes
I L ~~~~~~~~~~~ ar:d are most Fr c lash t between mc and 15 hours local t ime .  h- h o st events last fncm 1— c - t o u r s , and
t:.e montitly numler nay be as large as 25. It is clear that the effects are caused by precipitation of re—
lativistic electrons -b - ~atthewc and Simons 1973) with energies 1500 keV . Rosenberg et al. ~I9T2) and Thcrne
and arCen ~l97c~) have stud ies such events. i1:ey conclude t l at substcrm activity is a necessary condition
fo r  i- V- F events , V-ut tha t  not  all suV - s tc r -~ . a lead to the  in t ense  p r e c ip st a t i c-n caus ing  -i -~ ‘ 5. A p p ar en t l y  the
absolute i n t e r - a iry  of the s- t V - c - t o r m  is  t c - t  a good in d i c a t or of whether or not a hEP event will  occu r .  An
i n t e r e s t i n g  fea ture  is the absence of i-h i- event s  in the early mor n in g t i c -a r t  (local time ) as observed in
Alaska.  t a y t i m e  e v en t s  are often delayed by several hours relative to the onset of’ a substorm , wherea s
nighttime events are directly cc-i-re lated with r-ubstortt: activity. Ihorne and henmtel ( 19 ’a  ) , lhor t : e  ( l 9 I~~)
suggest that NIl events are triggered by ion cyclot ron waves in t t .e ma~~ietosphere causing parasi t ic  d cc—
tron scattering. A d e f i n i t e  t e s t  of this theory is still lacking, and the prediction of REP events and
t heir effect or. prop aeat  ion can on 1~- be made -sri a statistical basis.  L arge a b a c -r p t i o n  (>10 SB at 30 Ihiiz )
arcS large phase advances at VLF ( f o r  short  paths 50— 100 a s )  are cc-rinot : features of liSP events .

~
‘ . iitI ~:N:El - Y N L ’ l SPHIRiC AhSCF?PICN

~t n i d t e lst:t.Ses , —~ 2 , i o n o s ph e r i c  radio wave a b s o rp t i o n  in wt:t te:- does not follow the simple
solar :eO.at:: angle desetl lctc ce to  be exp ecte d from averaged summer obse rva t ions .  The general backgroun d
f ic-otter absorption is enhanced relat ive to s-unmet- values at the  same zenith angles , and in addit ion

days or group s of day -or in winter when IS—absorption is greatly enhanced and seriously a f f e c t s  radio
ccmmunicatior ..~~ne -oct for c ommun ica t ion  cci i be serious , since absorpt ion values c-f cC ii- t i t
excess of tccm - m a na~ on b-P and IS c i r c u i t s .  The horisorc- al extent of a disturt-ance is of the order
of 10CC km or more • ;-u ets cy of c -ccu r r et i c e  of such events increases wi th  increasing la t it  t :de .  No dcut- t
1505 ix p a r t l y  I c e  - i n f luence  c-f particle p r e c i p it a t  ic -n , sac-i: as t h e  st orm a f t e r  e f f e c t s  discussed
earlier . nowever , :t n c w  seems clear that at least at the lower latitudes , t he main winter anomaly eff,-ct
is due t o  interac ’szr.s : f ’ h e  icitosp he re w i t h  the neutral atmosphere at and below ionospheric heights.
This  “mete orc iog ical type” of winter anomaly was recently studied during the “tieeter i-c-rope winter AnOmaly
Campaign conduct ed frott c i c-- lt hern cpait : during the winter 09~ 5—76 (Offermann i9~ 7 ( . Lhe enhanced absorp—
toon was out - to increased electron densities in the height region 7t—95 km . These enhanced electron den-
sities were , however , not caused by increased ioni zitl~

- radiation , in the form of solar electrotsag:cetic
radiatic -~~~r energet ac  ~art  s O l e s , but  appeared to be die to at least three di fferent factor- i- (Thrarse et al -

1915, :

a> Enhanced density of mesospheric nitric oxide N C causing increased ionization by solar H— : yr-ru . — ‘
radiation .

b) Dec reased e lec t  ron loss rate in the  range , 75—8 c km. This decrease coincided w i t h  a depIct lot . -

heaYy positive water cluster ions with large recombination rates,

c) Enhanced density of mesospheric excited molecular oxygen 0, (~~S~~) causing i t s c r e e i . - d  i c’n i tats - -

solar UV radiation .

The period of enhanced absorption in January 19Th was associated wit h va vels ic - s tr  
marked deviation of the atmosphere from t h e  reference atmosphere (CI RA 19 ’ 2 ) .  1-i cur- - -
absorption and Figure 27 shows rocke t  measurements  of atmospheric temperat ure - - :early - -

temperature wave di- in g  the normal stratospheric— and mesospheric t en ;  era’ r -

1977 , Ltecke r et al .  3 78 ) .  The disturb ance coul d be t raced all t he way ‘ . the er .r -

promise letter cinders : rrnding of ionosphere—atrtosphere c c u p l i n g  and show lIce ~~ - , t  -

i o n  of ou c -t . events. A I - a r t  h e r -  i n d i c a t i o n  of the  possible role c - t~ t rarss~or~ -

at al. 197c who shoved a connection between - t - eg l c - t i  electr ctt iet.si’~~.- v ‘r -

radar drift obaerve: i c - mitt • Fr: f’s It ’ I ’tt the t o r t  h was c c - o r ’  let e l  w i t h  er .~ - - - -

Such observat ion iii be explained by southward t ransport sf : i t r s . - -

tat on in t h e  sw al zone.
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of minutes of significant absorption events. Hargreaves (private communication) has also pointed Out
that absorption “spikes” often observed at the onset of an absorption event could be used for rapid
detection and warning of propagation effects.

6.2 The mid—latitude 8torm after effect

It is well established that radio wave absorption at mid—latitudes may be enhanced a few days after
the onset of a magnetic storm (Belrose and Thomas 1968). It also seems clear that one of the major causes
ia,emergetic particle precipitation. Figure 23 shows an example of the morpholo~ ’ of precipitation of
energetic electrons (>160 keV) measured in two polar orbiting satellites (Imhof et al. 1976). This storm
after effect has also been studied in detail by Larsen et al. (1976) who used simultaneous observations
of particle spectra in satellites and ground based observations of electron density to study the res-
ponse of the .ower ionosphere to the storm particles. Figure 2~ shows the latitudinal variation of d cc—
tron flux (> 130 keV) before and after the storm , illustrating the enhanced precipitat ion down to lower
latitudes after the storm. Figure 25 shows the corresponding value s of electron loss rates at Ottawa.
There is a strong variability in the height range 75-90 km , and no simple relation between the intensity
of ion production and electron loss rate is evident from this study. One must conclude that even when
a detailed particle spectrum is available and hence the ion production is known , the electron density
profile and the radio propagation effects cannot yet be predicted with reasonable accuracy in the lower
ionosphere. We obviously lack sufficient knowledge of the photochemistry of this region .

6.3 Relativistic electron precipitation events (REP)

Bailey and Pomerant z (1967) first noted a type of ionospheric disturbance affecting the very lowest
part of the D—region causing radio wave absorpt ion , enhanced VHF forward scatter and large phase changes
of VIZ waves. The disturbances are closely correlated with substorms . They occur at subauroral latitudes
(L — li .5—6 ) and are most frequent between 6 and 18 hours local time . Most events last from 1—6 hours , and
the monthly number may be as large as 25. It is clear that the eFfects are caused by precipitation of re-
lativistic electrons (Matthews and Simona 1973) with energies ~5O0 keV. Rosenberg et al. (1972) and Thorneand Larsen (1976) have studies such events. They conclude that substorm activity is a necessary condition
for REP events , but that not all substorms lead to the intense precipitation causing REP’s. Apparently the
absolute intensity of the substorm is not a good indicator of whether or not a REP event will occur . An
interesting feature is the absence of REP events in the early morning hours (local time) as observed in
Alaska . Daytime events are often delayed by severs], hours relative to the onset of a substorm , whereas
nighttime events are directly correlated with substorm activity. Thorne and Kennel (1971), Thorne (l97~ )
suggest that REP events are triggered by ion cyclotron waves in the magnetosphere causing parasitic elec-
tron scattering . A definite test of this theo ry is still lacking, and the prediction of REP events and
their effect on prop agat ion can only be made on a statistical basis. Large absorption (>10 dR at 30 MHz)
and large phase advances at VIZ (for short paths 50—lOG ie) are common features of REP events.

7. TIlE WINTER ANCMALY IN IONOSPBERIC ABSORPTION

At midile latitudes. 35—60°, ionospheric radio wave absorption in winter does not follow the simple
solar zenith angle dependence to be expected from averaged summer observations. The general background
of winter absorpt ion is enhanced relative to summer values at the same zenith angles, and in addition
days or groups of days occur in winter when HF—absorption is great ly enhanced and seriously affects radio
communicat ion . The consequences for communication can be serious , since absorption values of 60 dB in
excess of normal may occur on HF and 1fF circuits. The horisontal extent of a disturbance is of the order
of 1000 km or more . The frequency of occurrence of such events increases with increasing latitude. No doubt
this is part ly due to the influence of particle precipitation , such as the storm after effects discussed
earlier. However , it now seems clear that at least at the lower latitudes, the main winter anomaly effect
is due to interactions of the ionosphere with the neutral atmosphere at and below ionospheric heights.
This “meteorological type” of winter anomaly was recently studied during the “Waster Europe Winter Anome ly
Campaign ” conducted from Southern Spain during the winter 1975—76 (Offe rmann 1977). The enhanced absorp-
tion was due to increased electron densities in the height region 75—9 5 km. These enhanced electron den-
sities were, however, not caused by increased ionizing radiation , in the form of solar electromagnetic
radiation or energetic particles , but appeared to be due to at least three different factors ( Thrane et a]..
1978):

• a) Enhanced density of mesospheric nitric oxide NO causing increased ionization by solar H—Lyman—u
radiation.

b) Decreased electron loss rate ili the range, 75—85 km. This decrease coincided with a depletion of
heavy positive water cluster ions with large recombination rates.

c) Enhanced density of mesospheric excited molecular oxygen 02 (
1dg) causing increased ionization by

solar UV radiation.

The period of enhanced absorption in January 1976 was associated with wavelike structures giving
marked deviation of the atmosphere frmm the reference atmosphere (CIRA 1972). Figure 26 shows the noon A3
absorption and Figure 27 shows rocket measurements of atmospheric temperature clearly demonstrating a
temperature wave distorting the normal stratospheric— and mesospheric temperature profile (Offe rman n
1977 , Becker et al. 1978). The disturbance could be traced all the way to the ground. The new results
promise better understanding of ionosphere—atmosphere coupling and show the way towards possible predic-
tion of such events. A further indication of the possible role of transport processes was given by Geller
et al. (1976 who showed a connection between 0—region electron densities at Urbana, Illinois and meteor
radar drift observations. Drifts from the north was correlated with enhancements of electron density.
Such observation s could be explained by southward transport of nitric oxide produced by particle precipi-
tation in the auror a]. zone.

i
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8. GTRATOSPRERIC WARN INGS

The coupling between the ionosphere and stratosphere was f i r s t  ~lear1y demonstrated in studies of
the correlation between ionospheric absorption and strat ospheric warn ings (Shap ley and Reynon 1965) who
showed that ionospheric absorption increased a few days after  a temperat~ :e inc rease in the  stratosphere .
Stratospheric-m.sospheric midwinter warnings are synoptic ocale events associated wi th  a reversal or
“breakdown” of the polar circulation at a l t i tude s  at least as low as 30 km ( Labitzke 1971). A major
warming may result in temperature increases in the upper stratosphere &nd lower thermosphere of more that
50 K. The events occur in late winter and last for days or weeks. They are apparently forced from the
troposphere , but no complete explanation has been given .

In view of the recent results from studies of the winter  anomaly it seems clear that changes in the
st ate of the neutral atmosphere , such as changes in composition and temperature , can in f luen c e  ionospheric
parameters . A better understanding of the coupling mechanisms may lead to reliable synoptic predi t i on  of
the lover ionosphere based partly on the meteorological situation at lower levels.

9. TRAVELLING IONOSPHERIC DISTUR BANCES ( T b )

Radio communications are Sometime s disrupted by moving ionospheric irregularities that may alter
the characteristics of the wave (phase , amplitude , polarization , direction of propagation ) on time scales
ranging from seconds to hours. Extensive studies have been made to identity the sources and map the be-
hav our of such travelling disturbances. A review of the results has been given by Georges (1967). He
identifies three distinct types of travelling disturbancen :

a) Very large disturbances retaining a wavelike structure over large dietances. Art example is shown in
Figure 28. uuch disturbances are closely correlated with magnetic storms, an almost one-to—one corres-
pondence is observed between this kind of disturbance and storm s with Kp indices greater than 5. The
source is believed to be joule heating by the aurora]. electrojet . Typical speeds are ‘300 rn/s and
typical periods 30 minutes to more than one hour.

b) A second typo of TID is the “medium scale” events which travel at speeds less than the speed of sound
and have periods from 10 to leO minutes. These TID ’a do not retain their shapes over a more than 100 km
and are not well correlated with known geophysical phenomena. They have the ~haracteristice of internal
atmospheric waves and may originate in the lower atmosphere .

c) A third typo of disturbance seems to be directly associated with severe weather systems such as large
thunderstorms, and show oscillations of the order of A minutes.

Prediction for communication purposes of TID ’s would seem difficult until their  behaviour is better
understood . A possible exception are the very large disturbances that are clearly correlated with severe
magnetic activity.

10. MAN-INDUCED IONOSPHERIC DISTURBANCES

Man ma~- , inadvertently or on purpose , alter the state of the upper atmosphere and produce distur-
bances of importance for radio propagation . Such disturbances fall into three different categories.

a) Changes induced by heating the ionosphere from the ground by powerful radio waves.

b) Release of chemically active substances in the atmosphere that alter the composition and photoc,hemical
properties of the medium .

c) Nuclear detonations releasing ionizing radiation and producing shock waves that significantly change
the state pf the uppe r atmosphere.

Effects of all three kinds of disturbance have been observed and are now reasonably well understood.
The first category includes the classical cross modulation, or Luxembourg effect, and the creation of ir-
regularities or spread F conditions. Since appreciable power is needed for the “heating” transmitter, the
affected areas have limited geographical extent, of the order of 100 km in the F—region (Bailey and Mart yn

• 1937, Utlaut and Cohen 1971).

Releases of chemical ly active substances also have transient and limited effects unless very large
amounts of material are released. For example an ionospheric effect was observed after the release of
water into the ionosphere during the launch of Skylab (Mendillo et al. l97~). There is , however, thepossibility that man ’s activity over longer period, may change the state or the upper atmosphere throu~threleases of long lived species that are transported from the lower atmosphere to greater heights.

Undoubtedly nuclear explosion s in the upper atmosphere have produced the strongest and most exten-
sive change. in the propagation medium. Radiation from a nuclear charge ha. produced ionospheric effects
such as black—outs, pha~te deviations and TID ’ s over areas many thousands of kilometers in extent . With
present day knowledge of the atmospheric response to radiation , effec ts of’ a known type of nuclear weapon
discharged at a known height should be predictable with reasonable accuracy.
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11. CONCLUSIONS

Geophysical disturbance effects in the upper atmosphere present a very complex and sometimes bewil—
tering p icture to the scientist as well as the user. Predictions of conditions relevant to radio commun i-
cation, have been greatly improved in recent years as far as skwrt time forecasts of certain kinds of dis-
turbances are concerned. However , our knowledge of the propagation medium is far from complete , and pre-
dictio ns of the response of the medium to an imposed stimuli such as particle precipitation , increased
temperature etc are as yet bound to be uncertain and qualitative in nature. A picture is nevertheless
emerging of the main physical mechanisms triggered by the disturbance sources , and the extensive efforts
made in the field should result in usable prediction schemes in the future.
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FIgure 18 Average electron density profiles for different  amounts of euroral absorption
(Jespersen and Landmark 1968).
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Fi gure 19 The diurnal vstiatis’us in the percentage occurrence of sporadic K echoes that
extend beyond 7 MHz on ionograins from auror&1-zone stations: the data are
the average of 5 years ’ d ata at Point barrow (68.ls°N) , Churchill (68.7°N) ansI I’
Ft— I~himo (69.6°N )  (Hartz l9T~8).
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Figure 20 Oce~srrence rate of black outs during a sunspot cycle for the path North—
Norvay — Spitzbergen (Veastad 1968).
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Figure 2]. Circuit behaviour during auroral conditions compared with riometer absorption
(Folkeetad 1968) 
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Figure 23 Schematic drawing of electron fluxes (K i t O  keV) for 7 satellite passes,
(Imbot et ml. 1977). 
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Figure 2i~ Latitudi nal flux profiles of the locally—trapped (HEE S) and locally—precipitat-
ing (ItEES) electrons > 130 key before (upper panel) and after  (lover panel) the
magnetic storm of December 17 1971 (Larsen et al. 1976). 
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Figure 25 Effective electron loss r ates , ~s s as a function of height for moderately
d isturbed conditions ( Larsen et al. 1976). 
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Fi gure 26 A l absorption and infrared radiant fluxes (1*0—1*5 kin ) (ch 2115 ) during a period

with win ter anomaly conditions (Offermann 1977).
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Figure 27 Rocket temperature measurements compared to CIbA 7.’ model profiles. Rocket
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Figure 28 Vj~ t~ a]. height variations observed during a large scale t rave l l ing  ionospheric
disturbance (Georges 1967).
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LONG AND SHORT-TERN HOVELS

by

F. A. Ir ad l.y
S.5.C., Appl e ton Laboratory, Di tto., Park , Slough, Bsrks . SL3 9.JX , U.K .

SUP*IARY

Proc.&arsa fur the long—t.rm estimation of sky—wave signal streng ths at HF and HF as proposed b y the
CCLR ar , discussed. At 147 an empirical kit  to past measured signal da ta is used. Particular consider -
ation is given to modelling th. increased losses at aur ora l latitude s and the excess polarisation—coupling
loss on auNA low—latitude path .. Ssa—gain-inhancetuent allowances are also presented. Models at HF are
shown to involv, a detaiLed representation of the state of the ionosphere , idealised height distribu tions
of •lectro n concentration , a n .pproximatr scans of raypath determ i nation and separate allowances for the
diff erent factors contr ibut ing to the tr~nsaission loss. The degree of agreement wi th observational data
ac hieved is illustrated (or both frequency bands.

CCIR models (or atmospheric , maii.made and galactic no i se are reviewed and example s presented of
computer—based calculation s . The use of statistical day— to— da y signal and noise variabi li ty statistics
to provide system per formance estimates at HF is in dicated. -

A brief review is given o f  short—te rm mo delling approaches at HF involving real—time updates of Long—
term predictions and geoph ys ica l and ionospheric disturbance forecasting.

1. INT~ 3DUCTION

In th. companion text 1 the requir ements are discussed for long -term and short—term mo dels of signal
propagation via the ionosp her e and of no i se reception characteristics. Long-term models are represent-
a tiv . over time scales of a month or more; short—tern, models relate to curre nt conditions in the light of
day—to-day variability. At HF , lo ng-term mo dels are of use in system p lanning to determine necessary
tra nsmi tter powers and preferred operating fre quencies. Since this band is occup ied for the most part
by sound broadcasting, for which transmission schedules have to be published well in advance , there is
li tt le iced for short—term prediction models , even if these were fea sible. At HF long—term models are
required for system design and netwurk p lanning; short-term models have potential for frequency manage-
ment.

There are many publicat ions discussing pred~c~ ton and modelling aspects of sky—wave radi o propagation
at NY and HF. These Include earlier ACARD text s ~

‘ . Here attention is paid to current in ternational
models for MT and HF services . Some aspects receiving further study at the present time are also mentioned.

2. LONG-TERN HODELS

2.1 Sign al characteristics at HF

HF signals penetrate the lower ionosphere and are usually reflected from heights of 85—100 kin, excep t
ov er distances of less than 500 km by n i g ht when reflection may be from the F-region. Larg e amounts of
absorption occur near the height of reflection and so day time signals are very weak , interest theref ore
centres largel y on nig ht—time sky—wave models for potential interference calculati o ns , but there is also
a seed for signal—strength estimates in the twili ght peri ods.

Some success has been obtained wi th a wave-ho p prediction scheme 5 ba sed on the results of ray
traci ng and absorption calculations for propagation via reference model ionospheres. Thi s approach has
merit for cases where non -standa rd transmitting an tennas are involved , or for propagation paths leading
to large polar isation-coup ling losses. There are difficulties , however, in deriving representative values
of absorption for alt conditions, particularly at aororal latitudes , beca use of  the extreme variability of
the abao rbing D— region of the ionosphere and the paucity of electron — con centration data f rom which the
corresponding amounts of absorption can be deduced. The internationally preferred pr edic t io n mode l f o r
ge neral use at frequencies up to 1600 kHz for path lengths of 300—12000 km is therefore now based on an
empir ical fit to past measured field—strength data 6, it Is fortunate that br oadcasting organ isat ion s pay
particular attention to the monitoring of system pert ormsnce. Hence , unlike the position ~ t HF , a con-
siderable quantity of such data exi sts , collected under standardised cond i tions fo r many years .

Mea sured night -time results have been grouped together independentl y of season to give annual medi an
half — hourly field strengths for a reference trun ami tter power and for standardised transmitting and re-
ceiving antenna S . Results have been examined as a function of distance, fr equency, geograp hical reg ion
and path orientation. Although not surprisingl y the measurements show appreciable scatter , it has been
found possibl e to produce empirical curves of best fit in accord with expected general trends. Sever al
sets of such curves have been proposed over the years.

The i irst propagation curves used were the so-called Cairo curves adopted by th e CCIII in l~~J8
1 , One

curv e applie S to N-S paths and the other to F-V paths. These curves were deriv ed ftom measurements made
in 1937 and 1938 at a frequency around 1 MHz on N-S paths on the American continent , on E-W pa ths across
the North AtLant ic arid on paths between Europe and South America. The degree si f ma iL-h achieved b y thes e
curve s is shown in Figure 1 where the ordinate scale re l ~e5 to the reference cond itions that have now
been adop ted to ex~ ress the measured data. Also illustrated for compari son are curves given by empirical /
equations of Ebert fitted to more recant measurements collected over European paths in campaigns organised
by the European Broadcasting Union (EBLI) and by the Internati onal Radio and Television Organ i sati on (OlRT).
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In part icular the Ebert equations include a fre quency dependence. W.ch controversy has centred on whether
signa l strengths are larger at the hi gher or Lower frequencies of  the band. It is now believed t hat for
most paths there L 5  more absorption at the highe r frequencies, but the dependence is not Large at low arid
mi ddle lat i tudes. This Is because the increased contribution to the abso rpti o n from the upper heig ht ranges
as the ref lect ion height increases is compensated by the reduce d absorption in all regions traversed.

in recent years a Working Part y of the CCIII has re—ana lysed earl ier meas urements and combin ed resu l t s
f rom these wit h later data , inc luding those from geographic areas not previousl y inc luded , to produce new
curves. These are based on resul ts for approximately 300 sepa rate paths. With the inclusion of correct ions
to the curves for pat hs subjec t to cer ta in additional fac to rs  such as above average polarisation —coup l ing
lo ,s or sea gain , t he model thereb y forme d has general internati o nal acce ptance 6. t

the annua l median sk y—wave f ie ld strength measured by a loop antenna s i tuated over ground of
ave rage conductivity and aligned in the vert ical plane along the great -circle path to the transmitter at a
time when nig ht condit ions have become establ ished ( f rom 6 hours a f t e r  sunset to 2 hours before s unrise)
is give n a.

E — V + C~ — L,, + A — 20 ~~~~ ~ 
- ( 1)

where E is measu red in dB above I ~LVIIU

V t ransmit ter c ymo motiva turs.e, dE above a reference c ymomo t ive f orce of  300 volta

C5 sea—gain correct ion , db

L,, — excess  polarisation-coup ling loss , dB

A factor depending on latitude

p s lant-path propagation di s tan ce , km

a nd K~ loss factor incorporating effects of ionospheric abso rption , f ocusi ng, termi nal
losses , ari d losses between hops on multiple-hop paths.

V is  related to th e transmi tter radiated power PT(dB above 1 kW), Cv the transmitting antenna gain factor
due to vertical d i r r c t s v i t y  (relative to the radiation in the hori zontal direction fro m a short vertical
antenna) expressed  in  d3, and CH the corresponding gain factor due to horizontal directivity in dB , by

V ~~P~~ + G ~~+ C ~ (2)

is the additiona l s ignal gain when one or both terminals are s i tuated near the sea . Values
a doptea have been derived from theoretical considerations , but supp o rted by some experimental evidence.
is a function o f frequency, path length , distance f rom the coast and distance to the next section of  land ,
measure d in the great—ci rc le  path direction. It rises to a maximum of 10 48 for a single terminal for tong
paths when t he terminal Is on the coast and there is 100 km or more of sea in the receiver direction
(Figure 2). Sea-gain a llowances for the transmittin g and receiving terminals are additive.

is an allowance for the extra polari s ation —coupl ing toss  between vertically polarised transmitted
and received signals tha t arises over Low—latitude paths where the magnetic dip I is below 45° . This loss
is particularl y severe on E—W pa ths where the ordinary wave , which is stronger than the extraordinary wave ,
is  essent i a l l y horizontall y polarised. As deduced f rom de tailed theoretical calculations , L~ is taken as
being given by

L,, — 180 (36 + ~2 + l2)~~ — 2 dB/terminal (3)

tl i s the path azimuth measured in degrees f rom the magnetic E—W direction such tha t ~ 90
g . f~ i s

eva luated separatel y for each terminal because of the d i f fe ren t  9 and I that may app ly, and the two Lp
va lues added. figure 3 shows values of L.p calculated f rom eq. (3) .

p is based on mirro r re f lect ion at a height hr o f 100 km for E modes and 220 km for F modes

p . .‘J D~~+ h 2 - 
(4)

for a great—circle ground range V (k in ). F modes are assumed to occur for signals of wave frequency
f (kflz ) whe n

r
> 350 +[ (2 .8D)  + 2.7 x 10 J (5)

The b a .  factor 
~R is a funct ion of frequency, geomagnetic latitude S and twelve-month smoothed

suns pot number R 12s

KR — K + l0 2 bR 12 (6)

with b ~ 4 for North Am erican paths , 1 for Europe and Australia and 0 elsewhere. This expression takes
account of  t he increased absorption for the higher levels of  solar activity. K is referred to as the basic
toss facto r and is defined as

K 3.2 + 0.19 (0. 4 tan 2 (1  + 3) (7)

w here C is the frequency in ki lohertz and empirical rules depending on pa th leng th are provide d giving an
e f fec t i ve  S in terms of the geomagnetic latitudes at the transmitter and receiver terminals. S is taken
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as p o sit iv e in the cio rt he ri , hemisp here. For I’& l -‘ 60° values of 4 _ 60° fur the northern hemisp he re arid
of - 600 (o r  the sout hern hemis p here are adopt ed. Fi gure 4 shows that K increases to a maximum ii, the .
aurora l and po lar zo nes where absorption is g rea tes t .  The depeui deii ce on fre quency is 0,11)’ s ig n I Ican t at
t he highe r lat i tudes. It corresponds to au in creaa e of absorption with increa se of  frequency, which Is
i i i  the reverse sense to tha t b o n d iii the U.S.A.  This as pec t is under current iu i vest ig at ior i .

The fac to r  A is a s lowly -vary ing function o f I given as

A — 106.6 — 2 sin • (8)

Use of eqs. (1), (-. ) , (5), (1) and (8) leads to the propagati o n curves of  F I g u r e  5 for a i requ eri cy of
1 KNa and a cymomotive force of 300 V whir,, C5, 4, and R 12 are all sero.

Sunrise and sunset reference times are taken at the ground at the mid—pa th position for 0 2000 km - 
-

and at 750 km t rom the term i na l where the sun sets last or rises f i r s t for longer paths. The medi~ ir sk~--
wave field atrength £ t at some other time t relative to these reference times Is

— E - (9)

where Li is a diurnal loss fac to r  (s ee Figure 6). —

for irr t erter eu ,ce protection co ,ns iderat iorrs it is important to be able to estimate sky.wave signal
intensit ies other than ann ual median night—time values. The field strength exceeded for 10k. of the total
time on a series of irights in a given, season , during short periods centred on a specific time ii. taken as
being 8 UB greater than the median value derived trom the above expressions, although ii. is rioted that
l a rge r  differences (roe the median may occur at the peak of the solar cycle. Seasourel variation s in
tropical latitudes are relativel y sma l l , but at tenrperate latitudes spring and autumn field strengths
are the largea t and sumner field strengths the least. Suggested values for p lauirrii,g purposes are that
the overall seasonal var iat io , r  may be 15 dB at the lowest frequencies of the banrd , decreasing to about
48 at the upper irequ encies. Inn Europe the median daytime field strength iii winter is 25 48 less than

the ni ght—time value ; in suursnie r it is about 60 d~ teas. Further inr t oniiati ~~ri oun the day—to— day van —
ability of measured field stren gths is available

Var ious sets  o f  compariso ns have been produced br twe enn measured arid predicted field strengths arid
these have been used from time t o  time to e f f e c t  changes to the pred ic t i o n  models.  Fi gure 1 shows one
set  of compar is ons produced t in l91~ b e t o r e  the la tes t  ve r s ion  of the model was adopted. Although rot row
va l id in , detai l , it nonetheless g ives air r u i d i ca t io r r  of  the genera l range of accuracies achieved in
di f f e r e n t  regions. Using the current model , Wa n g 10 has ma de a de ta i l ed  stud y of  North America n path data.
He finds that measured fi e ld strengths on N—S paths exceed those predicted by as much as 15 dB. Cor-
responding measurements ton E—W paths give fie l d strengths 10 dB less than predict ed. Wang has produced
a nCw model~~ in which the ir,ilueurce of sn rlar ac r 1v ~ t y is expressed b y a parameter which depends riot only
on sunspo t number but also on distance , frequency and geomagnetic latitude. Other models have been form—
uLated to give a better match to the data in the different individual geograp hical regions. However , it

i s generall y recognised that the loss of accuracy inn using the present CCIII model is an acceptable p r i ce
to pay før havirrg a sing le prediction model of worldwide app licability. Whenr app lied to 266 paths for
which in divid u al results are available , the erro r in prediction has a standard devi dti oli ol 7 dB.

2.2 Signal characteristics at HF

2.2.1 Path HUE and FOT

Waves t rave l  via the ionosphere at f lY w i th  r e f l e c t i o n  f rom the E, Es , Fl anrd F2 la~’ r- rs .  The
path HUE is de t ir i ed as the hig hest frequency tha t ca,r propagate between a pair ~ t sp.- c i t i n -d t e - rinrirrals via
ally ionospheric mode. It is a function of path length , geographic po si ticrr r arid t u n e .  There are ~~‘stn -

matic variations with time—of— day, seaso,r and solar epoch, slid al so i rregular day—t o—day chan ges. Methods
ot prediction are restricted to determini n g smoothed monthl y median values and to prov id ing  s t a t i s t i c a l
para meters descriptive of  the dail y f igures. Propagation by mea rns of F 2 — , E- arid Fl modes is a l low e d  i~~ E,

depending on the path Length , but it is not usuall y appropriate to take account of Es—nnie ’des because of
their generally intermittent occurrence anrd dii tenin g signal characteristics. The- 1r .ttti M IIF is take n as
the highest fitlY of airy mode reflected from the different layers , so tha t i t  i s  l i e - c essary  to t r r st deter-
min e the separate F?- , E— and El—MUF’s, dependinrg on the path length.

MUF’s may be evaluated by ray—tracing procedures. However , a simp ler alter ,rat ivr - approach
currentl y reconm,e,rded by the CCIII and rel yi n g on empirical relatiorrships makes use ~ f the equatio n n

?*IF - 1) — 
~o M ( D )  (10)

where

MUF—D is the MUF for a sing le—hop mode reflected f rom a give n ionospher ic 1a~’er arid propagated
to ground distance 0

is the cr i t ica l  Lrequency o f  the layer

and H (D) is known as the ‘H’ or ‘KLIF’ f ac to r  (or dis tan ice 0.

There ar e three separate stages in the HUE determination process

(t) sel ectio n of procedures to def irru- positions along the pr er pa g a tto u r path at which io n ie r sp hc riu
informati on should be sought anrd to fo rmula te  appropr iate s ing le-f rop path lengths I)

(t i) evaluation of fo and H(D ) f o r pa ths cen t red on these p o s i t i o u r s , and 
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l i i i )  use of •q.(l0~anid where appropriate the compari son of  MIlE’ s f o r  insides reflected t rerm the.
d i f f e r e n t  layers.

E c i  nat h s sh o r t e r  than 4000 km predint eor is  a l e - nr,atte. f o r  bent h an F? mode ennd air E inside. Between ,
2t)tft) km arid i~an&1 km the El ,ns,de i~ also con si d e red. Fer n lonn g rr paths o i i ly ann F2 inside is taken , in~t~ accou n t .
i i  path lenngths of  4000 km and less , calc ulatic .n,ni are basird on sing le—ho p pr u pege t io nn  v i a  th ir n l ~~ sp t n e n . -
g i ven  at the niit d path po-.it tSin .  With greaten d is tances  the se n— ca l led two~ conn tr ol—p oin e proced u re Is used
i ni wh ich the path HUE i s  tak e rn as the l~-we r c it thir two HUE’ s f a -.110(1 kin hop ce-n t red oil locat iorns 2000 km
alon g the great c i r c l e -  f rom the t ran ,s ,nnr t t e - r arni l n e - c e i v e r .  Althou gh th ere is  no rigo rous basis f r  this
approach arid o pt ii ion a are divided crn i t a mer its, its uSe is con,s ide red j u s t i f i a b l e  in man iy app l i cat i o n s .

i~ nr the basis of  t ran ,sto n- rneatio n n r l a t l o r rs h i 1 ’s  f rom vert ical to oblique propagatic nn , sta ndard HUF
t a c t u r s  leave b~ irni ciete rmi nrect to i r e f l e c t i o n ,  t i - m I the dii fenen nt  l ayers .  These f a c t o r s  de.pe~nid pn innc i pa ll~
oni layer he i ght. Curves showing re lrli -se-nnt ative fac to rs a s  a t u n i Ct io im - I dis an ice for singl e-ho p re--
tt e.ct i~c~i f noi,r the 1-2--- , 1- and E l— lay e rs are given inn Figure 14. Values are larger the lower the. layer
hei ght ~nd ~.- ‘ are gic - at.-st t o t  E—urx ,des. A fixed HUE factor r e l ati om n atn ip Is adopted for all E ref lect n. ,rr s
sinc e. th is t a t , - ,  nnig iurt~ n u i a  a near l y  c -o n ,s t a n l t  f , ei ght . A (ans i 1~ - - t  Mlii factor re La t ic - l ist l ips parannietnic i i

ansiothed sun s po t number i s  cI~.e - cf  ion Fl— inc -des. These. are- co r si s t e - n t w i t h  F l—lsv . -r heights bei ng s ignni in -
c’ * n t l-( g r ea t e r  at Scl l spc t nnaxinnsim. The tennn 1r .ral a i d  spat ia l  chan ges o f  F2.layen tmr1g ht~ are s comp lex
that a nnxrre. d,- t a i l r d  trcat~nm , -Imr ii. needed t n  F2—nm ,drs. Fanri t lies ~ f HUE t~ ct ot c urves  have t her,- f o r e  bee- in
del t o e -c f wh ich are pa ra nrn e. t n ic iii the value t on a 41100 kin path , N( 3000)F2.

Henrce the k,-rn ,- l t o  the prediction procedure is the d e t e - r w i t i ; i t i o n e  of values of  roE~ t1F 1, t oE?
A I d  H( I000)F2 f r  the appr o pr i a te  l o c a t i o n s  annd t imes.  Nunrer t ca l  r e p r e s e n t a t i o r n s  have - bee n app l i ed  to past
measured ver t ie  a l— l rn ~ idt.iice lo ino so nud e. d~ t a t2  ire- i mauny le ncat ionns throughout the wenr ld where standardised
recc rrd inigs ar e made eac h hour o f  ev e r y  day to 1-tc-vi de predicted value-s ot these- ionospheric characteristic -s .
The CCIII has pnc-dut- .-d ann At las t I givi n g nnx nrr t hly median estimates by mea nns o f  char ts , nnornnogranrms arnd connpute-r—
based t nrnmutat ion~a. to~ is c-b ta ir red t roini empir ical e x p r e s s i o n s which assunrie a vanr -iat ioi with latitude ,
tu ne—o f—da y and Se - msou  tha t depends on the sotar— nienit h angle X~ This an g l e is ca1culat~ d read ,l- . The
solar — a c t i v i t y  de 1n en dein c e is inc luded hs’ nineann a -t a rio t t i p lyi nrg t4ctor inn ternrns cn I the snnncrot hed sunspot
nne.rnrtrer . t~-F1 e nb ey s  the emnq’i nical equat uo n i

toll i cos t (11)

where both 1 5 and n depend o rn geomagnetic la t i tude and R1,.

Iii th e case- of the F2— la~ e.r the. Atlas co ntsi m rs pr int ,d world m aps of the parameters EJF (ZEIIO)F2
and EJ*’(4000)F2 every two hours UT t o t  each nr sim rth ~ t nr-terence years with R12 0 anrd 100 (Fi gure. 9 ) .
E.t irn a t es for other 

~12 
are- determ ine - cf by linear iru ter po lation i or extrapolatIon between these figures. The

nioirangnannrs pi-ovided w ith the Atla s giv,- EJF(D)F2 in tenris cm i (JF(ZERO)F2 anud EJI(4000’4F2 by inr eaurs o f  an
equivalent pt\rce-duure to that described above. These two rnna p ired paramet e rs are related to to E? arid
H( 4000)F2 , as gis-eni d i r e c t l y  I nn the compute- n tormu tati c-ni , by

LtF(1E 12 i -Fl + 0.5 (tHe

EJF(-.tiOti)F2 toF 2 s 1.1 s H(3000)F2 (1.’)

The re A t e sep 4 ra te-  cc rnneputen tonirulatto ms t o n  L-F2 annd M(3000W2 ton- ev e ry nnmon nth ot  the two
ref ,-r ,- nmc e- s e -A r i .  Each consi St  S o f  o r t f iogc -i ial pun l vn o intia l e-xp re-s s I Oils in tennis o t  geograp hic lat itude

~~ o~~~ap t i i c  long itude. ~ arnd t tn iversat  T u n e  T. The geric-ra l c h a r a c t e r i s t i c  ~~ 
-~ .~ .t~ is ~-xp r n - se -d as a ti ne-

se r i es  i

~~~~ 
(( ,~ ) co~ ~T • 1 . \ \ ,:i~ ~in JT~

where the- a ’s anrd b’s give- the. b at u tu d e and long itude variations , bei n g  defined as

r . (~~~ n~ \ U , .

(t .~~ - 

- 

~ - . -

lFie~ L ’ s are I ris, - i n~~al oe- l  f i t  i ,- n r t  a a n ne t the C’ -. are- t r igcnueo metr ec tunic t tO l ls  ot  geographic Ic-nigi tude and a
combi ire.d ~, g na p t n i c - anid ni~ gnet ic latitu de para nnr et n -u . Sr-v e t-al fi n n s  of  thoin sannds -i ~ c , i  f i c i e n t S  are- inn—
volved in dc- t r i g  i - F l , M4~3000)F2 ~nd th,- ot he- r i nc- spher i c  c h a r a c t e r i s t i c s  which are ie - j l i ,- s e n t e -d iii tf iis
sannie. way . These co e f f i c i e n t s  a n -  conta ined oit a spe-c ia l  data tape.

ibm t reqi u e .nncv r f - j r  inr iunin t r a f f i c  ( Ft1T), kr nowui at tn -rn nat el as the- opt intruuni working I nequcnc~- , is
del unm e t A s  the tn igh est n r ecjcnu-in c \ that  is Li ke ly t o premp agati- at a give-ri time betweeur a ap e-cit icc1 pair of
t e~nn rui r af — vIA A t  no is .sp 1-n.- r i c - ‘tode for iL~. 1n I the days. It is ~n v,-n n nm tc nnrrs c n I th e - nnu or nt hI t niediaun j n nm - —
t iC n , - t path M it I no a fenunwied ge o f  dav tc day I~- mc - ip h c ri c va r nu t n r  l i t v .  The I~— and Fl—l ayers exjn ,-, re u ic e
,‘ .- l a t , v e l c  Ii i t I, - u-ann ahi f r i  s- t io ut  c i  c dat to  aio-the -r , an t whe-ni these- c c - n n t n - o l  the. path NtiF the (VT is
tak en a- . U • ~ o f  t h, ML’i • - n 1- —nrc de s F em u th,. ratio of the- l o s e r  cte- ~ n Ic to nrc-ci t a n u  M1IF , has bee-rn eva luate-d
I fenm a wlml,~ ran ge c it p.i s n  e i g nn al me-asti r m u , ’ it s and t~~tru lat,-d is -~ lunc~t i c mI i o f  so fan ’ epoch, seasonn , lou -a l tinnie
u - ~ t ge-cmg ra pfr ic  tat i f i nd , t.- pri-vi de a reference i.e I st - cilime -s 1 - m

A onn i m n i  en pr c m g i an n , an,- ! IgnEFy , has be-err nt, v,’ Iopr - ct at th e -  App l e - tour  ~~hcr ratou’ s- , S I - g b  sj’ecif u—
ra l l y f~-r t h t 1mati ~- ur ~~ path 1-I’f amid Fl)! in-c f lit- itIoVn ’ CC III  proc edure-s. The program car r ie -s c’uI al l

_______ 
~~~~~_ 

~~~~~~~~~~~~~
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lecessary c u i c  ula  in , - , ,  i n n  ludi i g  path. fe r rgth  dete nunim ,at i - - - . Tab!.- I pr- t i de~ a -  it  Iu~ t rat i - m n ol the I -rn o t .
- - Ut .

Studies are in p ucrg rm -ss c o r m p s n i n n g  the relative values ii HIJF givenn b y this (tIE t a r i - r  procedure-
with t b1 --., deduced from ray tracing. Some data are available j r n d u c .-d as supp !enmienmtary intor mmati ou n in the
first CCIII field — strength rnsidr L (computer plc-grams HFMIIJSS and KlPIlA) m iii in the. I st i t u t e -  f i t  Tele—
co ,n,numnl catnc ,m Sciences , IIurulder, procedure to~ systenin— pe•rfoni~~unce assessnucunt (program HFHUFES 1) — see
Se ctions 2.2.2 and 2.~, respectively. Table II shows results i - r  a short and a lung path. There arm - d iffer—
m ’ m c  c- i, ben we -c- I, HFMWSS and HFHUF1S I because s eparate  re presentat ions i f tcrF2 are used. However both programs
g ive - en nhan nced Ml!F ’ when compared w i t h  HUFFY amid t h e r m -  i s  s imS, - cv id.” c m- that this is a ge neral feature.
Al though - - r n -i, - aj j ,lica t Lo in s  t i m - s c ’  di t i e ’ n - u ’ i c  e s  ma t  i t  t -c - r,-gardi-d as t o~r se - r i m - ., there appears a nneed
to re—ex am ~ ii.- ex n s i t  i g  Ml - — lit t o t  ci- tat ionishi ps in, S pa ii -,on w i t h ray— t nac r i g  nc ’ su lt i ,  base d  -m n the. b e s t —
avai lable ic~n mm - ~ pheric models.

2 .2 .2  S i g na l  s t re n mg r  h

Ann interim computer—base d si~ na l - p re - d i ct n n procedure was developed b y the CCIII in 19?0 14 and a
se - c ’ r d procedure- was produced in 1971, 1 

. The computer j i r - g n a n -  f~-r  th us second nine.thcnd is still  in coursm-
- I  preparation. At the samee time various part ic ipat ing organ isationns an,- at tempt ing to for m ulate further
improvements i n  the- predict ion technique. F~-r the pres ent , th e CC III re-comranme ids that the t i r s t  procedure
should be used f.’r aLL computer—based predictions at frequ .-n m c i e -s above 2 Mlix until the computer program
m c  the -ic-c - n d  procedure has been produced and tb, method tested. N ’ nna,nual signal-prediction model has
y m i  beern adopted by the C CI I I , a l th e- ug h several d I i f e . r e c n t  proc edures e x i s t .  Whilst use- n- needs vary, the
innc r e as in r g a v a i l a b i l i t y  m t  c i m j - I  tr i g aids s m m g g u - s n  s tha t t he•  p r inc i p a l requ irement, w i l l  be~ t1 r  a very simple
man ual metho d, albe i t  i n c l u d i ng  c m v  approxintiati  

A~ nnoted inn St-ct i - n  2. 1, two di t i e - r e m i t  appu- ac hr ’s to sky—wave sign al— in le n sit s- prediction are
possible - . One is I -  f i t  empir ical e quat ion ts  n measured data fo r  d l ften - ent paths , times and freque ncies.
The other is to es timate  i~~ t , - , - s i  t-c i n n term s -1 a r , n y h m - r -i separate t a , t o t s  k im in i , . ,  t o  influence the signals.
Th.~~ ’ a ct ,’rs may be giveni by expr . -s su c -mis which have been deduced ei ther f r - rn . t he- c - r s  ~‘r measure ment. Un—
I t -  ti n r a t e l t  both approaches have limitati o ns. Tb,- fonner is li k e - i t to be simpler but crl. - -c s a large data
base ex i s t s , (t i - n i! -. r u st  be i nterred ammd a r -  liable Ic ,-rr-r . The latter approach is co inceptua l lv  more
elegani t  and enn ab l , - ’ . v a r i a t i o n s i i -  be s pec  if it’ d in a phys ica l l y rmmra lnngt mt nma rnmn er. However , there remains
the pos s i b i l i ty  ot error due t o  f a i l , n n -  t~ - all ow for a aignnfi cant term or to a n inexact  a l lowance.  There
i s  a l s c m a I iluel t b - n t  ‘i devi st in g a m e - t b - c l  which is ovm -r — n mrn p lex annd ton which the accurac v achieved does
m i n t  mer i t — - - t t he  cc nnp l i c a ti i nr i . that have been introduced. lit vtiew of the shortage ~- I  ava i lab le  and
re l iable measured si gnal data at  HF , i t  i s  g e m n e r a l f -  agreed ii con t n-s s t  ic r the pos iti on at ME that pre-
diction ’ nnmethcids should rel y on allowances for the separate tac tot-s. ~x is t inig  inside- lu d i tt e r  in regard to
what tac t~n c -  t -  rm mclcnd e and what a l l owances  to use 1 - n -  these,

HF pre d i c t i o n  methods usua l ly  y Ie l d unon mthlv rime-d ian a ‘ 1 hourLy smoothed h e ld s t re ng ths  and
avai labl e receiver pc ,wers and their statistical day—to—d ay variations about these values. The. separate—
f a c t o r  approach involves spec i fy ing  mod e- is -t the hei ght distributions -1 electron concentrat ion in tennis
o h  global representat ions of  the standard ver t ica l—incidence. ionospheric charac te r i s t i cs  d iscussed in
Section 2 .2.1. The raypaths ill all propagation modes that can exist between the transmitter an d receiver
A r e - determined using some form of ray t rac ing .  The prcnbabi l i t ie-s ot mode occurrence (availabili ties) are
evaluated from es t imates  i f the irs-dc MtIF’ s and their li km -l y day—to-day variabilit y . Si gnal strengths are
given b-i computi ng the s u- para t e  term s c o n t r i b u t ing  to the transmission loss of  each node , with due a l low—
ance t int the- raypath ang les t nnv n lved .  Din tere nit methods include thinse ten-ntis considered appropriate , but
all allow b r  the most important fac tors which are generall y agreed as transmitter power , transmitting and
receiving antenna gains 4 spat ial attenuatio n and ionosp heric absorption. Data based on relative si gnal—
intensity measu re- intentst 

, te’i~ which the- re are many nsire available than absølute measurements , give the
l ikely  da y—to—day s c a t t e r  in si grma l in tensity  about the. predicted monthly—median values.

2. 2.2.1 F i rs t  CCIII procedure

In the f t  nst procedure the model of  the ve r t i ca l  d istr ibut ion of  e lect ro n conic eni t  r a t iO n i  cons iSts
of  E and F—region segmenrt s wi th  a parabolic height variation (Figu re 10). The sporadic-f layer is in—
ckuded as ann opt ion.  The F-region is taken as having a plasma t requency which is a maximum equal to toF2
at height hznuF2; it becomes zero as t h ~ heigh t is reduced by srinF2. The E- reg~on is ri-prest-nited by a toll
parabola with maximum plasma frequency foE , height øt maximum linE = 110 km and semithtckness vmE 20 km.
The sporadtc-E layer is tak en as a neg l igibl y th in i layer at a height ot 110 km anrd o f  nnaximmn nnn plasm a trequen mcy
foE s. The model is comp letel y del lined ton any spe-cit~ ed time and place , in,, term s ut  monthly median pre-
d ic t ions of  the standard io m m n sp heric charac ter is t i cs1 feEl , t c F ,  toE s , M(3000)F2 and h’F.

limE? i s give n b y an enmrpirical equation based ott M( 3000~E2 n

hnmnY, = ~~~~~~ ‘ - -
~~ — 1 7 — \ - , km (15)

where ,\!-n is a c~nrr ,- c t i n t  tac tc n r f o r  undenivinig ior,i sa t t o m i , eva luated as

3 0 1 1  ~“V ,, -
~

-—--
~

. — 2

wi th  z — 0.834 
t o E

ymF2 ta ex pte ~~ ed in term s of h’~~, tIne virtual heig ht n t  the base of the F-region , by
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ymFl ~c,u~’ — ( i ’~~ — (17)

To evaluate the pr up agatiem nn nm,,cl,, e tha t ex is t  betwee - , n def inned trai ,sunitt .- r a m d  r e c e i v e r  l - c a t n , - , , s ,
raypatha are asaun un ed to ta l low the great d u n  le arid are deduced f rcmnin a st in g le in ,cr del i f  the vertical
d i stributi on ut e lec t ro n ,  c o u n c e r n t r a t i o n n  take ,n as a p p l y i n g  over the whole path. The values of the pana n ir e-te -r s
c- f th i s  nunidvl are given inn teflumi c f  the average nit the- ~‘redicted n -m m o sp hrric characteristics at up to f i V e
d.tin.d ps-si Lions , 4cp.unm~inng on pa i l, length. Fer n di it am s - e s  l ess thanm .~(,tli0 km , c- m t  S t ine inid pm n i m n t i s  n o n —
,~ dered. At other di stan uces the separate p nisi tic -n nun are tal ent as

~ i)  the mi d—path p5-nnnt

i i )  the F — m m - g n - i  - r e - il cc t i _ -n , ~mu i n n  t me -a re- st the t n a ’ smrnn t i m  r i , ’n the trait posS ibl e m urrmbe r ‘1 to f n

( l i i )  th~ E— r e ’go ’’’ r et t e ct i enni po i t c t  mm ea re st t ime, r ec e i v e r  n , - m that sS,n’m - mn cnn nh n ’ i em t  Ins-pi

I i v ) the F— regi c-mm re - i ICC t i~-n pun mit m e a n e s t  the t ran,snmi it er f c i  the leas t  i - -  s n i  b In - nmum he r en t

iv) the E— reg i .- n m r e - t i m - s t i c l i  p s - i t t  m e a n e s t  the - re ceiv e - n t~ - n t h at san nm e nnu n rmbrr c f  1m ’ ps .

Re t Ics I i c m n  psn i m m t s  are ta k m ’ i n  to be’ at each n nn i ch ~~henp t-~- s i t i~ arm d are e s t i m a t e d  by as s u m nn um n g a l l  he-ps have.

equal length mini t ex c eedi ung .~0t’n km tm the - case of 1—n a n - h e ’ ,. or ..ii _ii) km t~ - n  F— mnmc -~ te - ,.  Whe n t~~ ps’ ini ts  as d’- —
fi n ned an- - c- e- c n i m m c i d r  t h e - s ar e’ award ed o n l y  a s i n g !.- w e ig h t i n i g in , ev a l u a t i i 1~ th e- averages.

The ns -dc -~ which are ,- x a c n n n  ‘im- t dc- pm - n d  on t he- ram nain t t t e n  — i c c  m i  vm ’n se-pan t ion . They i mc lude- c a s m -s
cii s i m m gle a - n d  m u l t i p l e - — f o p  r e -f le - c t i _ n , ,  t n ~ - ,n the I , Is and F— l i t m i~~. an nd C i s c - hc m r path s e ’ a c m - e d n n g  h u ll knnn

ta  ~~e , mixed monIes oiv ,’ tv t ng  t et l rc t i e-n b r - n ,  the E or l i i  la enrs together with re1le - cti~n m t i o ’- the i— l a t e , .

E r  the shc n r t e r  path s (ln-ss tha n h c)Oli k~~ a ,e ’ a n c t n  is made h r  tIme’ fc n l i s - wii ,c i ni ch e s f the l m ’ a s t _ , n m , t m ’ n
pe-i s ible a n n c ~ t he n e x t — h i g he r  orde r E— nrc ,- ctm ’s , th5-  least on~h-t amid the m e a t  two t n t g h e - m — c ’ n d t m ’ n  1n,’,~s i h i Ie ’ F_ nr c _ d i m s .
In  des~~n m -J , n:c,- J m s n n c s -o lv i m m g  re- f l e c t i o m  I m ini the is—l ayer cann be- n, o n n s i d e n e c h  as ann opt  i c ’ h-n f n e - q c n m ’ c i m - s  ‘ I
~ t s - i ’ n g  pe- m e - t r a t i c - n I  c i t  the’ ne -gcnl ar I— i s - e r r , bu t the - scn re ’e nni um g e t l e c t  Oi  the - i n — l a t e - n is ni _ - I  t~~k e n n  i m n t c - - 

-

h r  a mis- che t e n be p O s n n L ’O l m ’ at a g n v n ’ i ’  f r,- q c m - i i .  t t im e ’ t c n llowimmg c - m n d i t i o n i s -nnin,- t be’ ’ ’ m ’ t m u d  are-
te s t e - d  i

ii~ the- ray i s  r e - t i e - c ted f nirm the l av m -r 1,-n the L r e ’q c ne ie annd ain g le ’ of e l e v 5 t n c m m  tha t  ~p i -lt

( i t )  The’ e lrva t iom n am n gl e enc ce-e-ds a u n- ni t i i~~ . nm in it n nt m,tm value - wh ich iii nipm e i f  i e-d, Thi s cain i-, ,i,- n —  ~ m r c -

I , ’ t a k e  ac cour nt  of  t ,- m m a u m m  scre,- i nn ni g in, cn m nc hulat i n i~ -n nrK’urn t a u m m c -c ns rn - g i c nn s

liii ) i nn  the case  o f  re - I l  s-c t ic -mm f toni the h — i  a t~ - r , Sc re- r i  i n n ~ by the - f—l ay er dim es rio t -ccit t

For path lengths e-Sc e -c~f i ig lOOt1 k,rn , two ni, iXr ’~i nn a~ct, s are- also co nsidered. Oins’ nimi xe -d nod ,- cc - m n s i  St S if a
s i n n gle E (or i i ,)  las -r re - f ie~ t i c - n  aund the least  po ssible nn c m n~nbe -r c i  F— re’ t l e c t i c - n i ’ . The other  flu xed node
cO n S i s t s  c n t  ti~ n F (-n Isi retle - i t i, - - .  amid the- least p oss ib l e ’ miunrnber c i t  F — r e t i s - c t i c - n , .  S i m s ’ s- a in i c i c i ~ .
ionn ni sphere is a s n . c c , n - - d  to e X i s t  cnv m ’r the whol e pa th . no d i s t i n n c ’ t i, - i , is ma ch e’ inn nh, ,- nde r u rn wh ich  the
separate mixed .nm,nde’ retlm ’ct i o i s arise - .

‘tn l i que raypa ths to r a I requenmc v I are ’ de tenn i i n ch as s n,ui n~~ p — n nn i i i- - r n m t  1, - c t i n n n I noun a
height h’ equal t o  the v i r tual  heig ht t i n t  vn -t ’ t t c a l — L n n 5 -tch e-nnce- prdnpa~~at t ,-i at ant m- q t n t \ a l e - m t t  t n e q m n e n m c v f ..
From the w el l—kn i owm m secannt law

— t • k s,’c i 1$)

wheic i is the Se -n it—verte X sing ’ ci at he ig ht h’ such k is a correct Cc i f as- t c i  ess -ce -d i ‘- ~~ hu t c tcii e - i~ n unit s- ,
an s u n g  f rom ear th  amid ionosphere cun~’ature.  k gii- en nn b y aim appruuximniat e’ m ’c_c p i m s-al e x p i e - - c s i c ’ n i  i n  t n- n- inns
c f  i, h’ aund the tru e he ig ht ci t re ’t le - s - t i o n n  at ver t i c a l  i n r c i c h s n n c - m- t c ’i tre-quencv t~~. For a icps- c i t i n - _ I hop
l e m n g t h  d and virtual heig ht h’

tan , i = s i n  (
~ 

‘~~~
‘ / 1 - cos -

~~~~ \ 
+ -

~~
— “ (iv)

where II is the radius c ’ f  the’ Earth.

A n a ly t ic a l  ,qcna t i c s are  ~vai tab le  Ic - n the t nue’ amid s m rt cna l m e - u  gtnt s at s- n- n t i s - a l  i ic i chm i c c i .
Iteration oh nq s. ( 18)  amid ( i f l  arid the e x p r e s s i on  te - r k leads t o  .u m atche d S e t  c~ I s A l c n m ,- . t mn par t  ic te lar n
the e levat ion amig lu - .\ i s  therm giv,-m f ri-rn

tarn ~ ,- n t  -~~~~ 
‘
~ — h1 • s -c ’ S e ~s- ç ~ h n ’i

In detennining the hop i m , i g t t n  u n  t he’ case’ of ret l e- ct tc - n n t romn i the - F’— l a v m - r , a s eparat e cullci w num mc e ’ is miracle’ t~- r
the cont r ibuticmn n due t _ n ray bending which tak e -s  fm lcuc ’s-  iii pe nme t rai m n i c ~ the ’ F — l a - c - e r  c-un bo t tm t in , u pward and
de’wniwar .f legs of the path.

Itera tive m x p r m ss i c n n s  i nnv s-lvirn g the above equat io ns  are~ ii s us_ - ct f den ,-nnninre’ t i e ’ mmncief e’ Mt ’i- anmc l
i t s  assoc ia ted  e levat ie- n anmg le.  Inn this c’ a s m  n~~ 

i s  isc _ in’ m ’ ci iunnkti e’wni annc l the ’ pe - c m - c hinre ~ i s  base -c l cnn the
tact that at the MilE the ten’mn d t cm b /d t y i r e  se -r e ’. rtmm - path (t)II’ i s  ta ke -mn is the’ hi gtn ,-st value sit nnxn de’ M U I  t~’r
the’ ditter e nmt m m d c x  that  ar t - examinie’d. Ray p a th parameters and M1 1F ’ s evalua ted inn this way an n mrn on ntht s —

Li
- -—- -- - -  -—
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un i n ’ d t c s t t  I n $ m m r m ’s , s u i t s .’ m t i n y art -  t mas ec t  m i n t  u m - j n u n - n n - t t t i i t  I m l t t s  o h  I itu ’ 5,- t m  I i  y l t i t i i i u  l u - i  tu i s 1 i tim -u t c tm - i u a c t m - i t h u c : .

i t in- c h u r n  i t  ) t t t  i, - ,  c t  dai lt- titlE ~ h,mm m e, t i ftc minc n i mt i u l nt m I m- t t i , , l m  v ni l tm n -s  jim , .,snnumm ne ’cl f i ,  h _ - i  I nst ,e c hnh ~ s qdumlIm ’ I ,,sn . u sc-
n u n  mm m cii’ e’t t hin rn- h n n  m ’ n i c  n’ tab u ulmi n’ vat m n-’ , m o m - c l  tin S.c n t i n t  2 . 1 .1 , cmi Fe tine- I d i i  n _ I  o f  t hue iow m ’m d,’e’ n In-  u,
the - mnme ’ d ia t i  titlE ante ! jilin,, oh cnn  m r e -s ~rm n nm t t i m m g  va lue-s c m I F0, n it , - mcm i i i —  i t t  I tmm ’ m n t i n- i t in’ s I I n . mu- i tn ’ mn n’ m tl ii , ~ u ’

u hn’t et i i u i in’  t , u  ‘ I t  it W j iVC  t n m - q u t m ’ t u t  v s ims! n-mc au nm imie -cl in tenet,’ Chic- t i e ,  i t , n t cn t ,hc,n ~n, f m - n  win ich f inn- miens! ,- s-air u-Xf tt l yn n
this’ u _ m n  t m ,  i ’ tmi - ‘ r a ki , ’t-n m , ,mn . l i m m ’ c * u l5-  r no t ,d , as t ine- iscm n h u r t  l n n n t ’ . Si n e ,  n him’ da y—t o— ti nny HIlt- v a r i a b i lit y  n t
I- — n n u ’ , t m ’ s  n ,. s m u t ’  nomin a l! , th u - t n  avat  Ice hu t 1 I n s- Is t , k e m m  d in .I f ine-n it ,t)t~ c- n zn -r n - , de-p ,-mtdt rig c — un w i nn- f tue- n- m ’i m i - n  I but-
n rme - d iam n i-tUE s’xcm ’n’ cl- thi n o t m i n  n 1 n c - — s n I v m ’ h i  n ’ dit n ’ mtt n t .  K e t i , ’c I t n m  f t c- i gu n .  i ii’ ,,~t,n n’iii f j c ’ — F t n -tin- , den t e n t  van’y
gre-at  1 v it  nit so MU F vs ii atm ill t y a pp nm,u5 tmli.I i n ’ 1 v Chi c- n~~ n nt m ’ is t lust it I m a  xi  unnunun I-la stun I ne qu n urc y lie-inc n in vii i 1 —
jh t i i i i  i n s  In n -  ciu dcuce’ sh iii I e I ’ n n t  cmi l~ an,d t En, aunt insn ’ n s mig u i ti t,mint h e’ ‘i thtn cl u l— u e qu n nn i- lt iw. il i m l mu-n’ arts! lttw n-r
the _ c i In tnt  Es are la ke -mn I mn-mn nn i inmne nit -sf m m ’ p u m ’ n , ’ in I nn h -mis rot m mm i tar  t i n  I tm ~t Sn- h - - u ’ n e t! i ant i f - ,.

W i t h  n tm , ’- .m ’ nmne- c lu- ne w fn lc h  c d in n - s t  no t k mt wm t a rms! t h n n ’ t r  inst m t&’iatn d ,‘levjn t ico n a i t g l n s  giv , mm , t hin n e x t  metagu-
is I n  c vii i ut ~u l  m ’ Ib m - c , n r m n -.. 1t, ’ t t t t i  ung s ,  gtt.I I t i l l  m ’ n t . n  t i n ’ ’  at f I ne- n - c m ’ t  y e - n ’ . Mem n it t i l y u mim ’ t It a nt e n  i tn t ’ nc ii tue - A n a v a i l —
ti tm le - l n ’ c n t  vu- n ~t ,-w ,- n f - n  i tim ’ s e - p a n - s i n  pn’ dm~magat 1 d m  unu, -uh , - 5 inn-u’ ti n t  m m m i i mt , ’ti inn ter l u n no t’ t tn an ms urt t t tn - I n’ nitt i t , t e d  nmnwn -n ,

- n it t r ig m u t t  mn-c m - t v i m n g  a m n t m - r n mnnc g nn i mt n .  arms!  tin,- bas i c - t rau nnm nnif s - i t - i t  i n,. ,

+ ~ f + n I
~in 

(hi)

w ire-n - u- E’
~ 

t n i t — m i t t  t n m - n -  f n u I W t ’ i  ( nh iiW )

I — n ‘-c - n - m i - n - h  lm mnw l r ( mJBW)

— t i n ,  t n _ un t n t  t r i g  a n u t m - n t t u m  g,,lit ( t i n -c  n t in - Is n m - lin t t v, icr mi nt iscm t rc n l rn c  1,1 mm e ’ m n m i m i )

t n • m m n n ’ lv i  m g  am i te-ut n ia  ga i rn  (elm -i ub i l s relative ’ 1 m m  aim m mn nm t i’c p ic ’ n , r t t e - r m n m , n)

I n c  - - t c t m , ,  - i l i u m ,  n t - u t  i o s n~ mice ib m-I s

ii u’ s - I  r i ’,,p - n d i n g  nmms sky—wave’ t i e - m I  n m u - n i g n  ins F (clff - t i N / r n )  mi ne- g i ve -mn  u r n  n n - u n  n i  
~n hi -c’

u 2(1 l~~~10 
I + 1 0 1. 2  (1.1)

wire rn t I . the wave I n-n’ qun n- nmc ’y Inn Me gahie r

i - n ’  r t hr ,, m n nun. I t i - n t  II it~ ,~n c I nt ,  I sin i I - I  i l i  s f hun - s1tii i u c u t u i  m ~ n imcn I r u ,  1 no I cuk m u  t tr bn.- t hu nt win l e t ,
w i- in st i n i s , - nun I n  I c e  rit cc I t  - f a u n c e  e q u a l  i n  f lit- m i mi u m u —  rn - h f m -n t i n mm n  stn i m n f — pn n tfr t .cttaI I n ’ im gf In. Ic turcrs jni nn ’ I Ic 

)tt t nm ir m - - gn V m - n I  i t t  ann emimpi r i m  n i e’qdnnn t it,n ni dim - n  i vu ’ch I u t- nit iiu n . intt r e -tI o u t  u q tnn - — u nt u l it si gim tu i ula fin . ft Is Im n k n -m n ii

m t  ing a I mimic r t I m  e t i  I n n ’ m f n , t - u u t  i, it hi crbl imp m t  i t ’ , sin lmi i’— su ’ i i i  I tn amig lu- u n i t  nci ut ,l m i n Im , ’c i suinnups n t u niumm nb e r .  Ab u t ’
— t m  f tre ‘~m ’p.I m,n n t i t t - j - In u - t i l t  lii i t i’m ’ ,

Mcii t i1n l • -— t ie np gr i mu mm ut — t e l  t e c i  i, i ti  i,i sr ’S  mn - u e v a l ua t e d  inn tn f lm n nn tt I tIne gn-tn u nm ch— rn -f tm,ct t nmnu c m i’l l i e ie ’r m t nc
i - i -  i’m - rn  i s - a l i t  au nts! m o n  z m n t m l  a l I t  fuc m lanl ni e- d waves, Tine-se cfepn -m m d m tm I re - que-m nn,’y ,  e ls- v a t l i t u n  inung le- nun,) gn- n nmuuu d

- i c ,  i l L s  iI~, d i n  itt t m l  i i’m m,i in n m m nr m m u n c -a l wet m I d  mnnni p m~~t gn’nt el u nni c i  t i c t t ns -  I I vI  n y a mmci n c - l a  i i  ye chin -h- c t n - i c  c - n  mi nd c l i i i
Aim mulct i t i tm nn I t, nmnn inn s ’ leude ’d f un I m m ’ Imins is- tn -arm s,nn is ‘ le nin l emin ni i no I nm nmw n m as f lit- n- a c’ m ’ n . s— n , y s  1,-Ill i n s .  Tint s
n i i t n ’ tt ,hm ih n take, a c c u i tn mm t m t f  lmt ~~sn ’s m r t l h  u’x p i t c lf  i s - a l l tm wn ’ d  ic m t ’ i_ itt _ tm -i re tt u,tse ’ nfut I m t  lmt n l ru rf ren t i r rur  m t  i n - c m  .‘ ,

c — h : m mm cl nann rc nn m n l iii ,-~ - r ,t  I m m  n h l u-c Is, Ku- I e r , m i c m  v aim t n -n; nt I m ’xc -s. — .c ’no n n i l  m uss n t  f lue ’  nam mg i- t i _) it  silt
lu ’  ‘I m i  i u n — m m mn e— iisn,nc- th 5 ( grist ~~ m e l  ci m ’ l lm ’ nu t nm m m mmm i t h i mmi lb gec um nm mn grtn - t Is - lii n I t i n t , ’ arms ! u I Iltu ’ I t  I day, nee-ris ci nt arm s! wiis— tf ne- m’

s hmn ’ i ’ I c nn’ lmn nmg- .pii n In-c ii i’s i nmv,m l vn ct. C r  m n m - n d l t t i m m t t t mtg rn -I n re iit ’ u vu,ln,,e’ s mire’ tl lsnr g i ve - nm n t i  tins- nt pp e n i, mtm i ltmwe ’ n
- .1 , nuu ,h . , u ul nie - vlci l nm , ,  n i t  the ih,ns n _ t m r — d a y  si gmu mi l  v i , n t i i h n t  t i n y ,  i i’ 1me - nmni I t in , ’ ,‘,n t l,nnuatin nmr c i i  i him ’ sigmunn i, St u’m - i tg t bnn ~
,-xs ’ e-,- c ted f r  It in-n - n-tim t u ni c - n t i -mi s c ml  t ire- m imc -nn t hn ,  ‘tin,- t n ,  inn hl~ h i n s -  I nei l ii giv e - rn nnnsmuin’ p r uneh uc e ne a mnne — anm anva i lmibln- —

n m -n m - I v~- r pnlwn n m x m  m m c i  I ru g sounme ’ . p m ’  c u h i l_ cl ru’quu I n-c d perwem r ( I Inn’ thu 1t m ’ mm clii liii ii v ) in n g Iv e-un as fine p n-c, due I ci I tine-
ic-n . m I , m h i m  I t t y  ~uu d  n him ’ i u- ,,It i i int  i t t n t ’  tha t  ii lnn ~. f l u m  I t u c u n c n c n i n \ ’ stu’ em r gl tu,

l’wnm n ,n n n t j r nn t  - m I nn , l g n i n u u ’ - in n , - inven t l~~i m I e ’  t n-tril l I Inn C t f K  n t nu - n ’ h , t m- mnu c a l c u , ha t , i enm ms f r i  ac cn m n’ cfamm e ’ n- w i t h  ( inn
abn mvc’ p u u l c ’ n- m h c n n , -ni i pn ng ra tn i hIt- ’MLA)SS w i n  in i St nug in’ ‘ -ur l pun l i n rrnta t an d  it iii lcnwa nnc ’e’ 1,- n’ e m It emm mrn n gal un , nin th
pnnmgraiut ilIMlA which -. s t u n  I a n , ht unt tune I rui n -s  nnin i m n mm i nt  I nti s I ci cats - un t r i m  i ii,- gal nu n h  ii n e  i , n ’ I i c n m  cii emit u’mn mn m, s
u m n u t h u m s  I_br, - n n_ m ’ ;l nlm n i l  m ’ opt t u ’ l u un l t in  i t m i t t u t l  i , u i u u i , l

Tabh- III I I Inumu l t -at ,’s t In,- 1 t c l u u m , - , n r  1 m m  iil-’MiAnSS . I mm i nent d a t a  i i is lue le’ traumn nn muml t t e n  rmn ei t ni t e— ci pc~W(- r
a mmit  m• -1 m nI r id svn, n I ni t - i , ’ l,’ c m t  v, ’ m  It Iwn i • an c s t t , t I ig  all t c - i  n , n 1 n I c I e m s s l u s t  n-n’c e ’ i v u  mg lI lt n’ i i l tn l ,  l” ,-m i nns - in tnnne,n-

In ,  mi t nuncilin l t , - , m  cmi t in,’ 1mat in Hilt’, mi nuet I tr u mm l u  ,‘jis’tm t I c-qc~I—r n c’ - nn ,-jrti rmm tu ’i v l ine’ In t l  lenw inmg pt im ’ t lt nt u I u- u- s mi re’
gi v m i i  I—

MkitTh~ — I’ r~n pa gal l n u u  Inn _m elt’ w i~ in I in, g in-at  ,‘mm t ule’pt’undab iii n v
ANt; Li-i — ,‘ I n’vaf t im um am rg i  n ’ ( h g n ,,’’ ) ci I m t i n ’ n,um ci,’ wI t ii tin,’ great  n - u  dcpe - urn t mi b l I t  i v
DElAY — ~mro pagat ini um n t ,nne ’ (t It I  I I I  n., n ‘I tn t in,’ unmcm mt,’ w i t h  tin,- grnnaf i t t  uie’pn’nnnlabi l i l y
V I RT ill — n’ q cul va t t mtt m nt i r r nmr—m n i  t m ’ t i m , l t l  It, I gfm n (kin ) cm i t i,, ruin — nit- vi tin fi nn- g m m -unl  n’n , t c i,’10 mtt l , u t n l  t I n - c ’  —

‘rfn i me re’lmi t ,’s u i— l a y e r  n u t  Ic ’s-i i m l t i  I nn the- C a no n- in  uni x e c i It t e ucles
F • DAYS — nnva I taint l i t v cii u t t m ’ nmmn nh, wi tin ii,.’ gm -a te s t de jme -nn uiabi l I t  v
LAISS DII — tramnsnn l ncst t ,mi lt rsnn (clii ) it liii ’ untende wt tf n t in, gre -at e-st  rival laIn i- mn - c - u t  y I n  jnn wn n
Diii , — nu n, sky—wa y ,- i t ,’ I c l  s i n  m t t g m in (clii > I m V /m m )  t n t  the mu u cmc in ’ w i thu thu.’ grn’at. ’cL rival Iabi c’

,- tv c r  l n m tw u-  m
S IC 1)11W — gnn’ a t er i t  available ru- ee l yen ptnwl’ r I m ini am, (self m m n l m Is - len mis l c- nu n, ne -ce - i  vi mug auut c ’ununa

(ciii - 1 watt ) (or I tm c di i l , ’ r cuu t  mnmmi,’ me
I-’ . 510 — I ract im nn n I-I uiaynn that t in,’ mcm l,- w i t in I hi’ gr ,matc ’sn aval lm, tn tc  power I n-comm ann Is e - n ri- 1 , It

r,m ’ u’ tv i  mug aim t ,um nun a is pre. sn’ un I , i cur w htci n t ime’ punwer c,x ceneds the- rcqci in  m c I  f uoW er.

Slums - .- mauuy iiF s- i rt ’uu i Is fu nv nn lvc m au,tc ununa ri w i t h  si guni I leant dl nc’c t ivi ty at unu n o s--n berth t, e rmtu nal s~
thn ’rc an ,- p a r t l c u n l a r  advaun tage s inn latc h mug ac- cn n-ru n t n~ l thi mu la c  I (mu tb, nit gnal — ~ treu ng th pr euh i cl ioun s . The i n —
ceurpunra t le nun m i  ril lunw aunc i ’ u to r  t ransmi it t u g am id rc s - c iv tuu g— am n tn n mn u u u g ai m n s leads uncu t i l mmi y t o  esti mate ri cmi
nmi gm ua l st r i ’ umgtl n aund syste m pent nm nirau,s-e tha t arc imire di re’c tl-y app ll cabl,’, but aul rio n ’ m t $ e n rn -nc that the

i_~~l ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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at ru i nges t mode is accurate ly ident i f ied, aiu,ce I_ his caIn depend omn tine au nte unnua s used, hum RIH1A , lot Icmwuu n g
procedures developed at the lmnst i tute ion- Te leco nnntn numuicat io rn Sc ieuu cc ’ s, Boulde r, ann array matrix ui aunt e nm i a
gal., as a funnctiou, cit Irequenicy anud e levat ioun amngle I n  Ionrme-d (or both the tna uuam um tiuu g am ud rm- c - i v i m t g
tenmui,,a ls . Table IV shows an abbreviated vcns iomm 01 this matr ix  inn the case of in stacked hor i jo mut a l—
dipole auntennuna c -I t he type MR 4/4/1  (4 bays cmi 6 ha l t—wave eleme’nits wi th a ret lecto r s cn ee mn .  The eln’mmnc-m ,u s
are spaced halt a wave length apart inn height a m m d w i th  the Iowe ’st e le unnei nt cc i u e ’  wavn - In’ it gt ln abovn’ I t i m ’
grouund). In the program, iuuterpo tat ionu (mm made with t mn array nnmas - ris - u’s c)i thin type in t -rnnns c i  tInt- cn,mputu’d
naypa t h d t ne c t i o u u a.  RIMIA has tour nnutpci t formats — a short pnimutout t - I  HUE amid FOT similar to t huat  n - f
program HUFFY , the an t e - umuna gat u n pr iuntout , a d ta gnn ost is - prinutout tu nd ica t iung L mmtenniediate paname’t e’rs m m  tin,’
catcu latio m na of use tm special iunv esti ga ti nnmls , ann ,) a main printout il lus t ra ted  in, Table- V.  This i,,sI j m r l u n t —
ocit int simi tar to that o t  HFMWSS , except  that addi t iorna l I ntis, rrnatton tin I mm ci ud ed In, tine’ hre’ mndi rug data i
inidicatu’ the amn t em ununa types e n s u d , the- in  dinnuensiouns aund nu n c i t la t  louts , aurd thin’ as scn c t a t , n-d gr IIuutnt~ r t  i c ’s L u
constanuts . Revised deiin u it iouns oi ‘SIC P11W’ anus! ‘F. SIC’ an-c i—

SIC DBW — greates t  avai lab lu-  rece iver  power h rsm nmn a n e cu -l v ii ig Cm n t e - un m u mi  cii the- tcypc’ e’mp i u i s m ’ I h
(dii > I wa t t )  [or the c i t  is -remi t  mcid es

F. SIC — t r a c t i o m n  t t t  days that the mode with the gre - ann-st av ai lable power t romn a mI e n’ u v u m n g
ant I_cu rIa c t h  th em typo em p loyed is pie-se-m it, Ion wh it it I_ b u n ’ power exceeds the’ n n ’ q u I n-n’s!
power.

The pr i nm i n ndn t also iunc lude- s tine du-pendabi lily (PEP.) n i  ti re node w i t h  the g rc ’a te -s t  ava i lab le’  pttw n ’r i rcu utt -,

nc ’c m ’ivi mug a mut e mn mr a nmh the t ype m ’ m m m 1 t lu , sn u ’ d  (i.e. the product t n t  F. SIC amid F. DAYS) .

For the purposes n t  testimig the- accuracy , nh  1W sigmna i pnedict io ru mcmd e’l in , the’ CCIII Inas n ’sI .h hl S l I m ’ ,i
a data banm k sti past measuns - nnn e nmts am nd has hc , nm nutated stammdard is ed prcmccdures ton the s- ,u I le cticu m n , tabuln i in ’ t l
aund a m nalys is  o f  fulure data ’9, A representat ive saurmph- oi the data a l n- n -a d v  deposited I c r  Im n paths with
raunge s of 450— 16 200 kim has be’s-nu studied. The nnne ascnreurie nntnn have bee- ni nnorniraln mmcd t n  gi vu ’ the s i - n - r i -  p m t  cl i u u ~ n
mnnru th ly me-d am va lue-s c m i  minu s sk y—wave [ m id strength for  1 1W nad ia t i m l rm  I rum air n silt r m n 1 m  i c  t ma un sn muu I lung
amnI_ enmna and compared with the- model es t imate - in  i mmdica t u - d  by 1IFMLQSS2O. Th e n-c IS  s u mlu u r ’  ey i ch c’ t l c c -  tha t ti m ’
dif  terences between predict ions and rnreasu rememn ts vary w i th  tirmm un—o t ~~day, se - a si m ni annul path n A l I gn ’ w i th a
greater tenude m ucy hc ’ n  the predicted im nte ursi  t i e - s  s - t m  exceed those which ar, meas urn ’d by m i g h t a m ne l inn nine -
w i n t e r , also [or discrepaune Ics  1 c m  be great s- -n- dm nn the lounger paths. Hnmwevc r the slepc’ndeuicn’s are- mm cm l  lan g e-
by compar isc nnm w i th  the- sca t te r  in the- re’sults. Fi gure- II shows a conm bi mmc d hi stcngranm mIt  cli t i n  m m  n i c n ’ s
a l l  herons , I re qcue - nncin - s , mms,nmu th s amid ci n- s - tn t u s gn- nnupcd loge-then. The mniu’duam n discrepancy s ,in- rc ’s 1t, ,mndni u ’ a
pred is - te ’d  f i e ld strength 3 dii greater thann measunc’d. 90~. oi the disc repamnc i u-s are tn-s t thu r 2(1 dii .

2.2.2.2 Se-conud CCIR procedure

Thu sccc mnd prcuce du n-c incorporate-s marry I eatc ,re’ s umu s- ir ci ung ed I noun the Ii rs t pmlmc edu rn annul m t  inn ’ i s
which dii te n  Illll y in deta i l  • The- pni muc ipal cha muges an- i Sn- inn tine h , nf l tm m l  the - isnurosphe nis ’ mnte nde l euc ic mp t m ’d , m n u d  F
1 mm aspec ts  oh the rgypath de’tt’nnrination , w i th  Urn’ i mu c ls ,n i i u ’ ,c  o f  f o c u s i t l g  u ’ s l tnnna t e - s  amid inn thu a l l , ’w cu nu n m ’s
ton  iounosp heric absc rrpti i lml , po iar msat io n—coup li rtg  loss , s psn rad tc — E n- ,- f lu - c t  i ,n t i  aund c lh s s - c n r,a i i , ’ m n  l , -ss n ’s m ud
a bov e -—t he—14iF lcnss u’s . These - are descr ibed bele mw. Th,- c ’x n n ’ ss—s y s te ’ m loss  s m m mc n-Il l I n i  not re-I_ au m i n d .

The model height distr ibution, o t  e icct nc mnn csr unce mn t mat to u n is titc u st ra te - ,) Icur  comparison I nc Fi gure
i t). As with the first method the F,— and F2— regions have a parabn~lic fn nm’m, but at immte rmnit-ciiatc (Fl .ru’gi~’n i ’i
heights there is a l i me - a r  increase tnt electron conncenti- ationr rather I_barr a vt -te l . Tb,’ I requcuncy I ~~ which
t Ine linear and parabolic segmncmr ts meet is Sn ’i as 1.7 i c m E .  Tests hay,- shnmw un that th is  node- I prc mv l m lu- s n h
improved lit to measured iono spheric ’ data. Agree -me-nit wi th results m t  tn-cue—height anal ysis app l ied t m  sample
measured t cnmno gram s is shownu Inn Figure’ 12. Again the model is complete l y s pcc i l i ed  inn term s u - I the s taumdar e t
ionospheric character is t ics  whic h are predicted , but it is f m t  be umc,t ed that tur n a givn’ni sn- i ol value’nn cu
these charac te r i s t i cs , the- im ,c lusion ci t ( m u t e -  F I—r eg lo un ionn m sat ioui  in-ads m c i a lcnwe niurg in ht’ight ol the
F2—l ayer  segnm nennt. Thc- equat i sm ns adopted ic- n i-unF2 amid yurnF2 ar e m

(I) hmrnF 2 M( 300~~~~ + ~~ 
— 176 , km (23 )

$ 
0.096 

~~12 - 
25 )

wi th /nN — 
0:1~~~4 + m~ o 

(2’c )

where in =m J.2L~ or 1.1 , whichever is the larger
foE

(ii) ymF2 -= lvmiFZ — h’F ,T2 + ,\h’ , km (2”)

where Ah’ ~. 
(

0.(uui \
). (hmF2 - 104) ( 2 m m )

h’ F,F2 i s  t hnn ’ minimum vi rtc ial heig ht of  r e - f l e e  lion [rem the F2— l a y e r .  Purl ng th,’ nil ght i t Is cqu ,al tnm
h’F. A numerical repreaentat ion ot h’F,F2 i s  av i i iable. yuuF2 has a pru’ -nn~- t  minimum value m~i 3’n Ltn anus 1 a
maximu m va lue of  ( linnF2 - hunE).

For the dete rm inat ion of  naypatha a somewhat compl icated meti nnmn l cml i t n’ nat iumnn is  l n t c ,n u 1 ~,lr at ed  nn
which the ionospheric mode l is geunerat ed repeatedl y at d i i t c ’ r u - mnt  Iocat icm num a it mung the gre -at t u r n  Ic b,’twcc ’ nm
t ransmit ter  and receiver. Hid —i mp poa l tio u n models arc thereb y derived am ud these l i t t e r  tnn r each hsmp . A nt
in t he f i r s t  procedure , m i rro r r e t t e c t i o u u  is assumed to occur i ncmm a hei ght equal to the virtual he lg in f

a t am equivalent trequency fo r propagation at vertical Incidence - . This vi r tua l height is rn’ rielils- giv e -un
by anal y tica l am quat iona 2t . A aeparate re-f lecticm height Is evaluated i c tu each hemp.
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1
( lun e - part In u i lar f ea tu re  c i  tht-  p res - e dur e  is  that Isnun gl tud inia l l e I l t i  satin,,,, t i l ts  can t  be ta m -ui i nitu

ace n-u nit as a m ,  nu pt [tu i t  us t iug empirical equat b ums nt - tat I mu g the - ch a ing, in, v i r tua l  he- i gfnt a h e u l u g the path tn a n
e qu iva lc u m t  p l a u m n u  ml i i , ’ .  t i l t  C 1 • W i t h  C~ tak e n , as pu-si live nit the am use i l l u s t r a t e d  1 mm i i  guTs 13 , th.n m
n - -n aum u pgcn n u u g r a y p a t h  o i  elev at lonu amu g l e ‘c 1. the c k w urs - cm numi nu g laypath iml nv an I n l u n  aun g le Is

‘c , ,c
1 

— ‘C
1 ( 2 1 )

P lan ie c m i  rrn-r t i l t s  cut ~ u 
- ‘ n 1 .-as ar e n n Ium ~~ m r u (ml4 c r. Th,’i r m i i  l u - cc e oiu the g r cuunud — ra nnge - spa,. s -m i  a s t i r g l . —

hup u n c u t.’ r e t  i,’c’t e’d I r emmum a he’ t glut - f  t’nO km m -. i I I  us t r a  t ed  I n  in 1,~c u i. 1-. . Tilt r I le - u  t i n  be’s nmuu n e ni g mi n I In a~t u
t , - r  elev~~t n , m t ,  aun g i.,, l e s s  thami abem 1 gun1 ,,t-, at me re nun ict raun ges nfl u- C c u- s. ~- I  11)1)0 torn . l, m p a r t i c u l a r ,
1I~~ % i t  iv, t i l i  -, c anine , u n t - . I annmrs h.-d at t m - v  ami g i r s  tsr a t t a i i i  a i- u’, mg. -, , rm t hn- i  t hamu rrtur,r t c i  t i m, ’ gn’suuurd
a l t e r t , ‘ “ , ‘ sI n ~m , - n i e  r e - t i m - e l i - m u . C l e a r l y  lb.’ i r ,s - lua I  ‘nm s , I t i l t s  u.n the - )lte’ m t i c i  n c - u ,  ums del is n m n u p e l i t a l i t , but
u uu l tm r t u n u a t e f n t  i t  i s  m u m  s , ’ r t a m l u  whit -th e -n t he’ t i l t s  i i t c i ica ( ,’ nj n m - i ,  t i ne  I m e n u n t n I m t a l  u u - 1 m 1,- s n - n i  ia n i l i u m ,  of  the 

s l m ) I , ’ m t c  e i l i n l d c  i ,- n i ’ .m n e ,  ~~~~~ l i kels  u~ - be muieamt t m i g (c n l , - un  avera g e.  S t u d i e s  hay, ’ ‘ .tu, ’ w i , 2’ u i,n nm the t u n i c ipal
reg 1 ciii - - I ra y re - i rae I i -u , m a n  m I l d  ‘. I yp j e a l l  y - cm- n - .,IIu,,- 10(1.. 400 Inn cii’ 1u ,- tm n i  1 m m  g on , pat h - - I’ ii quit -,- , aund t h a t  t hr,
s c a l e  m u ,’ n t t  th. grau l leunts gi s- n o  ircum the n,unnuwr ic a I map s g ru- a t ly ,-m, ,, e’.mh s tn , -’ ..- valu,,’ ,e . ThIs me- anus that
e v e - mm , I the ’ ~- n ~‘lI i l  I im, m nns an ue, - u u u ’  ral ly Sn en , a i r  -c ,-  n a large dn S ta l in .- • the net In at  n’ct t m i t  i,m the’ r .-gi , n l m  nil
ray  re- i rae - I  i t l ut ‘sa y be ~- I  the w rnmtm g s,’u m s e ’ (are F t  gin n , 1’ - ) .

S inam ua i  a t t , -m nt , ui 1,’u~ is  t h a t  ‘cc t i n - n m  mg t m  I n , - ,- spa s e’ , (nmg , ’ n tm, - n  W i t h a e ,‘l m Vm’, gm’ I t n , - c , n  r l u - c u m u m . K.t’ —
1nat h e , ’ I u  vu -rg ruis n. tems - u s tuc g i s  all smwrd h r  by m u l e a m n a  - - I  em u4 uir te ’aI  e.quai n , I I l s  cf,’n-lv,’d I n - i t t  ravp ath c a l ,  m n i a t  n c - I t s

- - , sannm 1n 1n’ n - c m , -  ,, 1mtm, ’ m i - c m  mmdl Ii,’ t u  S.  I~u . m i t t  t u e  tan g, wh i s- h a , is,’ ’. 1n , i n n s  n ina I I s ‘mu l ow— c l  n-vat  to ur (nat hin , i s
g t v r n m  separatel y i c  n annul i- —unun’dr u a ’. a h u m , ,  t i ,u i u eni e l i -va t  m u m  aun g lu’ . 11 u s  t aic~ - i t  as Inmv i mng a I lmas I nuscmn,u
v al n ie ci ete r nmmnn, sd lInt i , ‘ m c , ’ - ,1-hu , ’i m e  rn nu ghn me ’s-. ‘ ‘ I  ‘ n c iii (i’ lgunre i t - ) .  t in h u n  equal m - u i - . predic t  i hue’ ai ,t ipnu ui a f

‘ e l i - n i ut u,, tha t n — n,nu ye’ my I cunu g path. in .

E qunat i ’ l t s  I , - r the u rina l il lncn ’ .) ibm.- m n c  a tn ’, , ’ n 1 n n  n i ,  a r i s u um g at l w  a,td unmn dc tlr L atitude s are based
p r i m u s - t p a l lv - m c  mn ,’ int t nrrn i s’.-, t i c  a l — i u n c  n ni emme ,- data arrd sm t he’ resent t s cut n a t  c a le  nn la t i onu ’ , I ’ m  s a m u t l I l ,  umlci , - l
i m t u ncm*p he rca. Thi , IS  i i n  c c l  un t T ax i  i I t,,- i n  r’ .u p red ic t  isun n method whit-re ’ c - I d  n q nn e— I nat h u,uu’a mnur ,’n ,,eunr ar e - us u- ni.
11 Is  r , - b, nun - t i’s! that thu’ aba u m r 1m t i,t ,n ,‘s1u ,- m i  ,‘ I lc ,’u i i m u  t rav n’ rn ti ur g a t h n in i  s l a l m  - f  i,’ l u , s a u n - l u  is ujn,, -n m t y pru~
p c ur t i n nm ua l ml ’ the 1m i , m , hmne  n cn i  the ,‘l,’c t n t ,  s , n m i s e ’ t t t r a l  t nmuu , the e , ’ i l i s i n m m t  tr equ u-un e -v a nuni tb , - t at - t t u i n k u n , - s s ,
an,d n cv. ’ m s ,  ly prunpo rt i m , i u a l  t o  the ’ n u t  rae t lye -  umtet , ’ ru. Tb,’ iunup cmrtann t a dvannta ges - - I  thl m. s.c ‘lI d I- n ‘ e n ’ m h m t u , ’ are ’ z

(I ) the vs. u a t n , ’i u w i t h  i n  u-up u - u,, r u i n  li i i, ’., t h msmugh t tie mmmcm i t  u n  in a n n v, tn-mimi , 
- i i  I gin r,- Ii) , II a I 1 1mw —

ance m u m  the e haun g t ’ n u t  u . n  g u n  - i  n . )  I n c  i nen in m m m l  I~ur tIn.’ m lii I , - r, ’u mt n u t  ISn t i v n  in u d i n  i-n, a t  d i)  I n - n - e n nu i
h,’lgh ml ‘.; c~I s , m r  the way r tm , -s m m ci m l i i  1ua t h ‘ t nt uqu i u s

( i i )  l a t i t u d e ’ a m t e t  s,-u’ .,-m ma l van m a n  m , m m u s  n u m d i s a i e ’ d in’. the mu , - a ’m t t r , ’ l u u m ’l t in an , m m c c  i u m , i , ,i m m 1 l m ’~’. n m d enu t  lv  I n - u,
the e i i enmnma l va n ia t n , ’ t u  (i’ ige nn - .’ lit) , l u t in,- iu r ’c t - n , ’ tt m ,  t n -ti n t-ti m - - i  1 , ’ ’ m u  i - u ,  an nul t i t u u, ’ c tca mi ge ’ s an ,-
ccnm binucnl s ’ ua  I in, - an. - ,c lm ,u , ’ ,l s - f a r s . - t u  m m  hn —am n glm ’ de peunud e unc e

( m m , )  h u m  IC atn s~~m pi  i t t  is h u m - c u , t e d  an u u i g h t . t  I mum ’

Ex p l i c i t  a lle uwaum e .-,. ar e I l I c  le idn’ d I ’ m  a u , n ,i nal , , iu ’ ,, ’ u 1 m u  c u - m n  , l r n s u  a t  hngtu lat  m m i n d , ’ - i m uc 1 1 m m - c i~ m i n a h i u n g _
par t n n  In - iumdue-ed ,,‘ m i i sn , u i ’i ,, s - tim - nil’ s , ’ n 1 ’ n  u - mu i s  i c n k , - t u  a,, nm ’sm n l t m m c g  n u - m u ’  1w, - s ,- jma ratn ’ ,.,‘ir ms m’,. -i (‘A u n u n  I m ’s

F I gu re l’~ . I- - - n n-as In t imer ,’ i s a gmnun as r au c-ar n a I m - ‘ I u  w m m in I at u t d cl, ,, u u , i  n m mii, ’ — ‘ I  i — clay atnein , t t h. mu tt mc i lnucuntn ,m lii -

I . , n n n m g n l c m ~i i m t a l mn i i u i  ‘e , ’ a s c - t t a I 11, 11, m m, i, ’mc c m’s i nn ’ r u I n  lu m ui , ’ u l . lm pc um u a n tu s I l l — c  Sc 1’ ’ -ha uuge -s i n n  t I n, i n r t e m i s l l i , -n n ,
p n l n t m n  n - u n .  , n n u , l  w i , l n i i ’, t I th,’ au m nm r at all u i I  c -nm ‘ l u m ’ s  a n , ’ i i’,,- nmin ui, - l I u - ,h m u  m ini - u ,- 1’ r m - s, u l u , , i  m u m .

Wiu , um arm m m p gm inn g way,- is itte m ,hm ’u m m m iii n il, - i , m t u l ’ 1 l i l m ’ i m ’ it l ndds  In ’ thin u’tn c m t a t n , - m i  c - I  ant u ’ n , I u t u , , m m , (i n )

aut ,‘ s t  ran urn i cunar y (X ) way,’ , i ’ im m ’ s n ’ twn u win ym s hityn’ cli 11 , - n , - m tn  but m m ’  lit e d  pn u l ar i sat u, ’ u m s  w t , i n  h s Isanig, as
t t n u ’t’ (‘‘‘‘C n m ’ , . , may be- re’gandn d as lurcIpagut m m t g  m m , c i , - 1 n n ’ u u , i m ’ m m t i t - w i t  h i n t  r i m , - t uneu p mn - i t - , amud ins- su tu I n c  m m

c u t  1, - r u - m u t  a un , c l m mm n u .nn i ahauurpt n -mt. -rh , lnm Ila i ’ n s i t u - m I - i  a wave- t t idmn n u m l  I u, ’in , - m tra munc nm n i I t  u i m g  , , u u t  m m m i , n

on thu , it mute-nunta e ,‘ uc i t g t t m c l r i - u i  a rms!  Ii,.- way,’ elm mu- c t m u ’tu ~ m nnI i n  .‘qmn. - ii ~ l i ke -w i’ . ,- i - u  t in,’ wavu ’ pcu la n i sa t l smnr  i~
w h i c h  a rn-c u- n v n f i g  auut ,’mm n ,a n-.’’n~ un ’ ii h’.. W ay,’ s t nave l t tn i m i c i g h i n . ’,’ 5 I~i~~ ’ w I t h  umu nct nauu ge .ch p lan t  ,mat i , muu i - in n u ii,-

‘1 )1 1 lung ii,- n w,-, ’ m t  i l l s  iei,’,ut - i  m n ll , ’mg,’ muu  way,- ’. ami d n t,, m m a ,nd X— wav n ’ nc at thn ’ tu a sn - ci i  the ’ i,n i t l ls lllnn ~u ’ ctm ’—
1 m m ’ t t c h i on I tm,- m n r e - la I n v. pn m la rn  s u m n - i t s .  I mu m ime - s u- n o  t n t  i m r u - d in  m n, -mt  ,t,,’ t tnm nd t h i s  c ‘ , t~ ’i lung is nx lu l  in  in  Is ’ s - a l —
c u m l a t e d  ual um g the nn.a g n u c t n n m n m i u n c  ,‘xp rn !ss nu ’ i u -  I - u  way,’ 1 m ’ I a r i s a t i n t u m .  1 mm 1n itrt n c , m i a r  t i,,- ,,- ru- qu.uru a km nc mw —
l,’nlge’ ‘I th e - wave - arms! Ear t l u ’ a mmm ag un,- n ii — I n. - i d  cii m,’c I m utt ’ .. The’ X—wav ,- at m sn mr lm t mu -ui u s ai s ,m u’in t innate ’s! a ,m ch

r e - s c , L t a m m t  rece ived (unmw,n r I rsum tIn,- l a umet X—wav e s thereby deeiun ,’cl .

lmprm n v u ’d , i m n c t , i s i  -m u l t I  t n- i t h u fnr ci1n,’r( lu ’s - i  s p n u n u l i m n  — i  ,,- nn i  sa m i - u i  mow pe’fl rm it s the i m t c  l e u n t i e m m i  tnt

a l l m m w a u u c e s  I c ’ —  ret 1cc t n o m c  i mm - urm a,,,) t ramu ann l ins i n- m u I hurt-ug h ti t u s  lav e ’r . Thu’s,’ iii tc ’w aur s u-s are tnast ’d III enb I i spin’ -
(iamb mnnt- asem r , - mtu , ’ mtt  mc at ill’ anud Viii’. I s—cu um ’,t,’’, are a’ .si t iuu ,- ,h u be ni u - ‘n re’ I I n c  u emh i nc-un a freig ht ,-t lIP lull amid
the- nn’sc i l t  1 m g  r e - i l e c t m , t m m  I~~’.’. i s guvu - ’ n a s  am, emp i r ic a l  i c m n u c  u n , muu nu t d i ’ n n , i i t  n ’ , unneud e- - n i h - n , amid t im, n- a l  n m i

wave I m n ’qtt , ’ l tn nt tum lIlt’. ( i’ n g l t n  ,- 1mi ) • i ’ m tm , ’ u  n-quu ut r u m. gi cm ’ tim,’ ,- tu- tc m t n u , m tnnu u i s ’ .  - n  u n , , , s umu n m m s - I  w,n m,’m ’’ I nn
terms ‘ - I  t h u m -  n - a t m -  ami d e l , .v a t n i l uu aumg l i ’ . ‘,1I,l u u , l l d l  ~ i’ ,,it ’.e m tr i t i c m n m  Ic- ’ s, ’~, s t tI t n n - ,’ci u s F—mr s-et c -s arm ’ ,,‘a l e ’ulat ,’ci
s,’para tu ’lv i ,n r ia m b h g ‘n n-au- h tul Ip. Tb.’ cit nm, c m n m a t  in ’m r lm’ui s t n t  II su tm glu- t rav,’rs,’ - h  m II , - I n. liven - , 1’q’ ~~
given as I
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i I’. tin,- way,’ t m m ’ q m n, - uu u  -,- n u n  I m I , - g a h u u n t  t’ .tnn el 1 11(1 inn the  / m ’ i t t  I hr iuug l ~‘ ‘I the ’ n h i  uqut’ ra~’ at a It,- , ght cut  11(1 k m l u ,

Strnung at gmris f a ar , n i t  u’nm n u’n u ’ m t m - ti at I r.’q uu e ’ uus ’ in n. ahmtv,’ thu . - ‘ m i l ls- I t’d Mit t’ , nun u t c m - i  tun e ails,’ - -

) im ,- , i in n t c ’ uu u r n  The ;-r,- m hi ,- n u n 1  va lm ,u -’. are’ mmu. m r u t h l y’ r ru,- e iia uu ii gut , u ’ s  inn— that 1 ,-n tna l i h im, - nuaynu tim ,’ i , tuu i l—
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sphere n auu supp cur t hi ghi er i reque.ncies. Other reasom ,s are that si guni iie’ amm t si~ nual e - n u m m t  ribu ttu.,p an Se’ v ia
m i e i , ’ s s a t  ta r  m a ths ansi f rom s po radic—t ~ nunend ens . It has al ne nu bee., sugg .mstim d that the regu lar V — layer is corn—
pnm sed n u t se parate pa t c h e s  m u t Iom n is at iou n each with its emwuu NUt. This would meati tha t the number ni t  patches
sumpp sur tt mn g wave r e tt ,’n t im num t a I l s  w i t h  imnc rc ase of  frrqu euu c ’y . lien aI ni~ l e I requ ru ney gi v i u ig as abrupt cut — o t t,
A alnng lmn eun i pini ca l  a l l c uwainc ,’ ieur t hese’ sepal- ate ehi tuc ts base d con ,uneasum,m d data in, ii,clueled m u  thie trains—
,mi t tS IOui lnmss exp russl , I mn . ThI a takes tin e Ini rumu n ut aim abuuv um—the—l4 lY loss ten nm L~, which lincreases wi th lii—

T ease  nil I trqn le m nc - v. It is  ti d8 at the Intlut sins! hia s a value nu f 20 dii t e l l a I reque ,mc y cut l.~. times the Nut.
I’h,’ ex pr e s s inn m r used ten t’ 1,,, i s  

-

I, — I to 

~ 

- I dii (30)

2. 1 Noi e’

Imi every • a c h im ’ sy .  i n u n , back grounnet Ir~’i se m s the I 1mb tI mig las - t s r  In sati alas - tory signal ne-enipt is,,.
T h u s  i tm s  tunics atuntmnsp h,m tls- nnc i~~~ tt’tminu t lntunu cterateu nnus, nunamu — unna ute noIse , galact ic - i ,ois,n , other radio In -ains ni,Ia s t n it t i.
amum i i’,~c ni is’,, I mm , m is,’ . At  ME m m d  tIE i n  i,, I-are I ,m In mmd re-s c’ lye n- ins’ Is,’ dc,,nm i , l am nt aims! ga las - I t s  inn i se- i s  usuall y
,‘iu lc ’  (mhun,ur t*c ut b um quiet tcn c attcnu ts at thur e,)m1mer I req~ rnrcies sri the f lY bau d, ttu uiCls Ion - rsttmnn atiung a tm.ncmaph~~~1s-
tt um ci ga lan I n c  l u l l  m u,- wer e- 8uil t - t  ed by tine U(~lK in , l9tuIi mi nd I hnnta ,n fer n ,niain—iin ade- ,mn~i se w e - m r  p l e ’n. e .lrt mmd I mn 1974’
Th e I , (I SC I in I n’s Illtnmue- t i d e’ ‘1— - .

2. 1 , 1 Attuu.m sphi et icc 1 m m  lin e

thi n ’ el— n , i n’onutagnuet Ic  i ’ a e i j a t t e mmr  h ruu,iu m l  n,sIb,nni l,md 1 111)0 thu,nder ~~tem rnnm a ac t Iv e  thrnm ughe nut tine world nit,
a i m s  g m s ’ . - u ‘i c am c i ,-li 1m l l% n inh,’,l a tuae-Ie gt’suuuu el ol atmi .-- u 1 m t nu -r ic um c ul ‘.e. ‘l’tnis inlay be St un - c l  l i ed s t a t i s t i s -a l ly In
te rms c m l  buatamunen t era  wtn i c h  anti nI,’n.n t I1u~ iv,’ n I t i ts  i u u t e u n s i  t v s uns! t i u u  st  mum tune- • Whi ls t  there are umidsmc nbt —

v acumune ap iul t e a l  u - i t s  1,-qin i nimu g tine e t id ,’nis t e l l  sat juuun n i th ,e’ h um ,- durations u - f dli Iere,it bursts cut nsumu m
mu st c S t t i ne- inn I r mwal  . bei,weenu , , n n c c e - s s l v e  tme i ,-s t in , vn- i’\- l i t t l e  lm n t c ’ minua t l c mmn csn nncerniing Liii s ext 515 at presri.t . - u

Heanin ,re,nm ,,’uu ts c i t  atuui. l nu l u hi n nlic - un nu ise m u s t - n- a Imem’l e d c l i  n,m nn mn -’ years h ave be-e-,, uuuad e- at a ,nununb rr c mf  Isis-at ln t m n mc iun
,lu I t n - n e - n n t  ueg lcm ni) cml the- w u - r t m .i. The- mms, n uit ,nnlte - m ,siv e 5.-i lu ’s nit  unne asure ,mieluts are t hinu se- provided by the - m e t —
wcm rI ,m f e,p te n 1Cm s m a t  touts  s l mm ln uscmt .-d a i m n e e Ic idnit by t he U.S • liis tl lute In’ m 3’eln,ce,imumnumnicat lout Sd entIces . This
11,- lw,’ t ic gives vs ie,es m l )  run e- atm inn - i  se power , tru e-ant 1 m m  i se aun cl 1mm sem,iie cases a l - n -  the -  nine-aim leugari t iniun sri the mini m in n’.
I ~,‘ ulu t im ,’ae ct,uim mb it ie’ nl pmratume -tens i t i n n ps u as ibl e - Id ni,- tu ’ mnn n iuue - e i unp i m ic a llv tine - u r t - i m u n- aumup l ituc lu m— p no bab ll n tnt-

nit n.trthen i t m - i t , a,iei uui  pa rt ( s u n t a n  Id u ass e ss  C hue - I n-ac t l e u u n  tm l  I itune tha t the - n in n i Sr e-xcnue -d s amny sin e’s t i l e d  t Inn - n’ s—
i m, - t n i ,  S i unc ,’ w e l l — e s t a b l i sh e d  amid ge nm n e ra ll v ajup l i c a b l e  Ire -mi ni s 1 mm the - y e ’ a t — t m l - y e 4r chann genn in atnnsnshn hn e -r lc-
mm ,- ta e have uncu t ir e- em -, le m e imu e t , d a t a  e n - I  Ir s-t e d  I’’ mcI r tnm 19tu 2 have beam , grcm ui 1me -d wi th c n em t regard Is -un sola r  e-1m , s tu .
t ic, ’ Sm ’ In S Ult S l oflun the- bas is  cii atanms land atrm m n - mu p hum -nls ’—ln u mt se unnc ud el ‘..

e:n lK Ke-peu rt 122 I lneSe- litmu ge-sgna~m hnIc a l ulnaps t i  me-du nn values cii 1 MHz ,mne -auu t i c) i inn’ power f s n m n- ac h
s- I  thr ee- se - ase muna t  g rsucnp tnga (se.,mn.,,in n- . w i nt e r 1 eqei t u i n i s e - n i ) stud Iour—hnnuniy periods c u t  the 24—hours. Aur

e meaunup I em o I 1nnm, ’ sum s- in mutt 1u 1 a give -mn in , F I gin n- en 2 1 • ‘V ine- n.,- nuts 1n5 hnave- bee -t n 
~‘ 
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ille ’ cn .t t t  u _ nh data. Muui inn’ 1un iw rI’ un u rn- r~ pr e -ssrd iun te - n ura cm i tine mi nm itme f igure F1,, dru mm ed atm
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The A ’ s are n nu tneni cal coetficte ,its , oh which 9b1) are used ic u r each mounthl y re preseintat  L e m u n .

The data LI, CCIII Report 322 give F&m at oth er f requ encie s ii, terms of the values tor 1 Hug
(Figure 22). NumericaL re~ resentat t o na of the di Iter e ,nt frequency vsni at iomn ,, that app ly have be-em, form-
u lated by Lucas and Harper I

F A + B~F~~~ 111th (1Cm)

w here A amid B are each sev enn t h- u rd e r po l ynomia ls oh a simp le - power tumictis on of the tre que nncy . Separate
s e t s  ni t  14 coe ft i ci e nts have be e -un generated tor each seaso m nal —ti me period rnn pr ese ntat iom n.

Day—to—day var iabi l i t y  cml me -ann nn uise power about the iie -astmi nal—tin,e - period median , value is g iv e - un
1 mm term s u,m t  the upp e r atud lower decile deviatt o ,na , Du aund D~ respect ive ly, iuu decibels (Fi gure- 23).
Lucas an al Harper 27 have al so pr oduced empirical repr e se nn tatisn m nn l of these tactora b y t it tirng filth—order
po l ynomial s o f  the lcmgar lthunmn ni t  the trequeni cy a ,nd generat im i g separ ate -  coe t t i c i en it s  tn- n- each sea n ,nm ,,a l_ ti nmn e
period. These representatiounm i are- innte- rpreted as indicatimig the decile de v ia t i eu , ms  front t hem nnionnth l y mediann
va lues of  hourl y nun eaum noise- power. Setuce the c’ept’esetttattsunus yield valu es that geinnn~~~ILy d itt e r i romin the
nnsu iae mea sur ennnenn ts at a gtvenn tn e que n ncy amid l ocat m cmmm , a ,neasun - .,- cm l  the errors lnmt r u eluced tnt their tormu —
lat ismu , is provid ed by th e standard dev iatio nns of the - difference - s I ron, Farn . D

~ 
annul D,~ ne- te rmed to as

ernst Up~, respect ive ly. The -sc qua n nt i t ie s are nil use inn anu sessm ung model accuracies aind the likel i hei u md
that am , estimated system pertor nnaunce - based oh the model will be achieved; they alsem have- be e-mn represented
by te t th— or de r pol ynomisis nit the- logarithm, c l i  the - trequ en icy . Sample data ate shownn I,u F igur e 23.

The- nienise tm ieasure,ne,nts we - re -  recorded sm ili ng nihnirt ve r t i ca l  grcmunmd ed—mnn o mnc upn,le - a i nte nnumas ann d it Is
ass um ed that the abnive mo dels f n - nmn,tilated I n-elm these -  data an -nm a Isd I  valid he Ir ,c t he m types d l  I am ntennna . Re -—
t a t e - u t  to the tel l Sn’ tigure F5 is the co n- respou ndi mmg nums micu i~~e- t i e - I d  stnen ngth E~. For a lclsslns5 inuonopu le’

E F - t r 5 .5  + 20 Log 10 t -+ 10 1cm 11111 
b i l l)

where 
~~ 

I s expressed i,u dii ~ lp V III , I is the - Ireq c ie umcy mum unega hie rts amnd b the- receiver power banndw idth i im
kiLs m hertz. In CCII1, Repetrt 322 the me-ann uiutsr t i e - Id  strenigth in’ expressed as a dev ta tic - im V~~ t ronum the TunIs
u m n u m se tield streungth . Vda Ic r-  a ba n dwidth nit 200 tlz has a lssu  be-cnn mapped as a tuniction , oh Inequenncy ami d
t i m e  perIod (Figure 23) .

The var la t io um cli V,,,, w i th  ba,ndwtdth is illustrated i n Figure 24. A t ammiily en l  ne - be - re - mice -
cumulative amp l i t end e probab iTi ty d i i t n - i bu t i s -n n s  oh the um sm i5e - e-nn ve - l smpe - has beemn prs-nduce-d anus! is shcmwnu u ,m

Figure 2dn . The- cur ves are unormalised tci 1 m, and in-c parametric ’ inn the va lue t - I V~~,. tmluunner ica l rep res e unt—
at io ns c - f  the -se data are’ av al lable- 2

~ , hle- ,mce it is ;uct ss m b l e to e-stiunnate t , t n -  army t’
~,ts-a hi cmmi , frequen cy, ti m u l n’

a mu ci receiver bamndwid th , the- probabl l i ts ’  tha t a s pe - c i t l e - d  thresi,smld lie - I d stnenn gth will be u-uec n m e’ded.

2 . 1.2 Maim—made uus m iae

Main—mad e- mcm i su’ an - I se-s I nonum un iutt ent tcmmia l radiat ioun i rouun in wide malign- nit soun-cemi innc ludm nng

c- cmro uma discharge treum power I nu ne s , notat imn g unnach iu me’rv, motor—s -an ig ut it m i t  snt ’ ’ .temns , ide - cn n amid t t u o r e u n c e n n t
L ig hts , hospita l therapy eqm u I,ptmueutt amid microwave heating de ’vic’ e-~~. AL 1W ntiost unani—ma nten nnc l ts e -  is iuictdennt
via the grouund wave -, but a ddi t is m uiat  mien i.e is unndoeibtedl y p ncm luagat end via the n , tn nsl slmln e-ren . Mani—umuada’ nun - u se- is

ex t re mnnnl y  vari ab le- w i t h  locat ionu annul ti umn e - , so tha t althoug h unmanny measureme -mut a exist • it Is tiu lt psms s it t ln’ t n i

predict m tt t n ’ u m s i t l e - s  with great ad s - cnn - ac”.

1 mm some c i ncumsta mnces , s etc h n as t n _ n -  exannpln- w i t h  a rec .- tv i tu g  s i t e  ne - am a buniy nu n um nsuad , cn n n, ic iine’
i d  power l I m e s , the musmtse -  mumm y be deter urmiumed t t y  n unm e specifi c sum enrc - e- u n -  t ype n t  soon c u ’ . lu, o ther  c t  m’s- enunu—
n ICamus - es  i t  an - i  se -s ann th e Co mpe’msi  te et  f e - c t  e’I a la s-ge number I ll n mmc Iu’l~e -u tn iu ’ mmt  i, d l t u t  n-i be i t cu rs .  At  1mr,- s t ’ um t it is
ho t  pcms n ai b le - Id make a d lst imm c t is-inn be t w e - eun these cases iun the- unuo d ellimu g . Them - is , hsnwe -ve-n -, sonrie evi ciu muc u

u - i  a c’ ’ n- reL at  mo m cut likel y iu,teuns i t im’ s with degn -n e’ c~ i urbanunl san - i o u ,, au msi the m, (’ Ill mow 1n1’su 1m e l ses tn, uu r basic
mann—u nmade n,u i,’.e’ power cu,rves ton -  b u s i n e s s , res ide - mu tua l . nun - al in tud qe iie- t remnin l a re -ann ” ’ (FI gure 2t u) .  t i cus i un e ’m i s
areas are defined as thu ccl is- ce - nut n -e n. n i t  Lan g e - c i t  irs and re -sm c in ’ un t  itt 1 are -as as t hue ’ rn-s i  deunt m u I sm ’s Ii ‘ m l- , u I
l ange cities as well as tine sc~burbsni are-as n -I large ps mpui ta t l n uum cemu t res .  Rein -al a t m - us are she’ t u u u ,’ nh nm - n sm il a l l

connmnuunt 11,-s am ,d tan-runs. The- curves hs m l lnmw the r e - t a t  i niunship Ii- r th e lic u su’ lu c I W e t  t’amnm t

F A — 2 1.7  log C ( li t)
am 10

where f in. the- hre -queuicy inn megahertz anus! A m i  a s c -mmni t dui t f o r  each d in- y e - ,

The CCIII has uno t yet adopted representat iv e v a te nes nut t he day — t o -da y  v a r i a b i l i t y  t m i  nuaun—uuiade-

no i se. Table VI gIves upper annul leiwe r dec i le  value -s D au,d I1~ qem cute-ei b y llarghaunneii u t  inl. t u  te ll the
di f  he- remit  receiver  ni l t m ’ s anuni naulges cml I requenncy.

2 .3 . 3  Galact ic  nncnise

Galact i c noise - ii mne uis e- Iuue i de uut f rom em t tr a— t e n - m e s tr l a l soci rc’es. It u niclude s b l ack —b e mdy
I the-mn ru al i cosmIc noise annul so lar t i c l i  SC. For csuun lnu,uicatloni ’SV steiTl pem icm nnnannce m odelliun g where - i n u t u n - n n , t

centn -nn s on bmenadhamue l c h a r a c t e r i s t i c s , a gradua L v a n - n a t I o n ,  w~~ h Irequeuncy Is *sn.ciuned anus! am iy d isc re te ’
rad iat ion ba nds an - n’ Ignun u rn ’,. Res ult s ,m h Cu lt  t e n m y  amid ,icuhI~~n- have- be e- n m adopted by the CCLR i n  Re’ pc mrt 122

a - - rete renc e va lues inudep e u ,deunt d l i  t i mum e ’ m m m d Inn at  L m l m l  t Figu in -e- 22 u . These- f i t  the nn- lat I u m t l ’ n i i Il l (Lucas ami d

Haydo n~~ ) I

P — — ltm~ — ci S55 log
e- (! \

where P, l u  the meamn n - molar power In dec ibels , I wat t  In nr a 1 Its h n a nu s! w t dth amid t 15  the tr e qcn i- mm u - nt ’ i nn
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Value, glvei i by the above equatiomi rela te to recep tion , on a lu ss less  h a l l — w a v e  honlzcnn,tal ch ipe ule
ai it. u ,u,a d une qu a n - t e r— w ave ten, gt h above a per tect  gnounnd plaune aiud inn t ine atmse mr ce nit lo.nnmsphenic nut nime nm i ni g .
liuncioubtedly uucn lse powers f rom d i rec t iou t a l  a m,t e u n l na s w i l l  d i h t e ’ n- tn -ut ut the -s e f igu re -a  1c m sonic e x i t - t n t  annc t~p a r t i m e n L a r ly at  f r equ e mu cles  below about 10 4115, it iuno ip hen -ic ac neeuu iiu g c m l  t ime Illume nm bl iq uely u m ns - Id e- unt m i o m n u n -
cu’mnnponeuit a is tnt be expec ted. ti n gems— al • ga l a c t i c  nio l se in’ um,i ton’nu ,ly 1 inc Idemu t, f rom a l l  din - c- n Li  u u i c  but thin -
Ionosp here ac ts  as a li l t e r , peru mi t t m ung onm l y t hem n.e ccnmpouieint w i t h i n u  a ve r t i ca l  c ni n ,e to be tr a nns nu u u I t ed .
The u s e  ol the com e in’ reduced at the lower tn e queumc le - s anus! the greaten- tine in t umi sation, p n - es. ’mnm . Itn ce - lve - d
ga l a c t  Is nel l se then-ib m ,  chaiiges W I tin Icmm ieusp her Ic cmuln dit i cm n t s , but ii, ni y s te - m mu p lann mn iuug it is usual t e l  base’
al s -u l a tiomis cnn i ts  uun as - n - ee tm ed annul mnnaximnnunti lm nt ,enmi ity , Is muneusphen ic s s - n - e e - iu im ng is l ike ly t cu gi ve’ rise tsr

some da).to-day var iab il i t y  s’t the n- es - e lve s !  micu lse - . in, CC1II Re-port 322 it is proposed tha t t h i n ’ h i gum e-
— 2 dii sheuuld be adopted. e

A computer ;nrsugnaumi , uta,mn e-d NOZ SEY , has  m et-mu produced a t  the App i c ’tu ’ rm Labnunatcum y , Sicuug tm tnt c dtlti ~
pute the In tu nn i t t ies of the dl ite n ’ e- un l  aemurce s nit tinilm, e’ ton -  a gi v e - un los -at iou i  annul mixmm ith. Innput data imne lude
a apec i t i ca t ion i  o f  the- receive - n - muu l se power bamudw idth atnd either the type cut situ ’ (busiute-ss , ne-u,i cle’ittl at ,
rura l err quiet mural) n-n’ the esu imatnnd tmuaii—mniade noms u- power at a t requ e nmcy cut I Mitmi . Aum example n ’t m I s ’
program pnmnntout is given, l un Table VIl. lii ade t it m eu n n t i m  the- datin provided an ’ m unpu t . this m nud i s - a n& ’ m. t~u n
each frequenc y annul imem ur the niommthty uumed ia ,m values n~ t umn e mn m power anis i i~g Irsmnu an-iuios;utnmnr ic  ATM, nu ca mu—umi ade-
MAN anu d g aLact ic  GAL. ssu cn rs e-m. (expressed i nn dii i-~ i’i-) tccge the -r w i t h  t ine- in  n- e s n n l t s i n t , lIES. Alm u c  quc ute -d
are t he resultanit powen- i,m dii -‘ 1 watt within the re-ct- l ye-n banu dw idt hi amid the c n- ne - spcut ndjnug nr,s he ld
strei i gth , Kh~S OSti Lmn dii ‘ I m V / m n .

S ystem pentom nmnanice at HI

The type ami d qua n tity n u t  i utt im r umn at l oun te l  be s e u l n v e ’ v n ’d t dIve -n- a 1nnsupsu m.e-d nich e- c i  n- s u i t  ut s ’ t , ’ r m c u i m t , ’ t im ,’
unai cicilat Im mum systemu m sums! nie-cessary receiver bauidwidt h. The tIn S t nun n p  in, n- f tc s - I n - c u l t  s!e-sig , i  is ttu stun -n n h y t h tn ’
waum led s i g u m a l/ nnuu lm i e -  power r a t l n m  at the m n - c u l v e r .  KeI e - n e - n , cen  ,muinnlnnuni s u g umal  / t u u ’ i  be’ r a t i o s  mid ged n- n -  give-
s5tmst a ct eimv rec ept lndu n ton - dii Lereu nt s,’n-v lt,-s are avai lable 31.

Scu t ar , an -len in -b un has bee-mn paid principall y to nut unmthly me-diant  co t i d i t i oum s  aund ways  have bee - mn she ’s—
crl be-d nIl estinu natlng unnonith ly mnme -dtan siguna l /ute - i - ne ran - in- . At pmeaetnt there- are- nuo accepted :Clk i u n e i n ,,dn n m c s
Inn r  ays t ennu—p ertcn nuiauucn’ detenm ni uiat ic t mn but a miuu nmb er c - I  schemes curigi lna l l y chevelsuped A im the U.S.A. al, ’ un ow
Inn  wIdespread use. Am, imunpontamr t un,ounthly innedl*tn syste - nur I m u r t c u nnmiaunce paraun metem is n-he liE e l m ’ Ic’c-d u’sm usab lu’
ire ’qene un i y. Simi c e ii , ge mne ral  at  1ff n’ ig mnal l un te u m s i ty  t s l l m i  w i t h  n-eel uct lou i c it  t re - que - um s - y ,  f un - m Ind u pa l ly  be—
cause  cut the greater Is u ino s ph en- in , ab nm urpt loIn, anus! because this ch*iige is mu n-c rapid thaum tsmr  the nb ise ,
al gn*I/notse ran -it - its reduced at the lower frequencies. The UJF i s  n-he lowest  t requenucy h 5 m m  wt i ich tine
monthly mediami si gnial/nnsrls e ratism equals that which in, w a u r t e d ,  The fLit mumm y be- u. l ue ’s - itinm d i cm n’ a p a n - t u s n n t a m
prunpaga tiomn mode, u - n- l nm r the cIr cuit as a whole via aniy mode ,

‘l’wuu c- then Impcurta,nt pa raumie - tem s n-f iat have been, lmm tro nicic’ed n- n t  qeia uie m ly sysle - u mi  prnlormmmamnce by tak A ni~
accounit statistically ot day—to—day va r n u t i n m m n s  are- the- reliability aund t i m e  service ~u r c m b a t n I l i t y .  Agsi m u
these may re la te -  to a sing le mode cur ten n-fret c m  rcuit an ’ a wInc h’. Thic, mt m l i a b i l  i t~~~ c u  I a unnode is dc l  imn e -e h ins t h in ’
;m n -m mba b ilit y that this mode shall be prean’nut au,d tin-s t in-ni s l g m m a l / m m t u i s e ’ psuwen ra t io  equals or exceeds thy
wented value. Me-anus ot ev alu atmsun m of the a v a i l a b i l i t y  have alread y be e-un d i s cu ss ed Inn Sec tion n 2.2.1. The
day—to—day d istr ibu t ion cmi slg nna l/ niois e ratio is e-stimmne -ted simmuilarl y i n-on, n-he- unncuu mth L y true -diain su g , n a L / mue i i s u ’
rat io by ccumb itu ing the day— to—day var iabi l i t ies  nit the- siglials amud ilel inie, as sumim ng th ese n-cr be uu,cc nn -u-ln, tu’ d ,
aund by again, assunnimig that som e dist ni but ic u mm such ins the- chi— squ ane - law hnm lda. Thereb y m it , ’ p rc mb a b ilmm ~ —

that a specified ai gunal/unum is e ratim- wIll be- equalled on exceeded is give -ni. 0mm the anisuumn [’tin mni that t ime c lay—
n-cm — day Ionuo sphe-ric changes inr tLue n cini g mode support are ho t  co r re la ted  w i t h  t h m c m s n ’  g i v l in g rise to c inanug e’s
In sigm ial /nu olnumi ratio , the unnode re - liability is the-un take- i , as n-tue prcm duct oh the uni,,ide a v a i l a b i l i t y  amid the
probability tha t the mode provides a specified si gnal/n nolae ratio. Whi ls t  unmdoubted ly the- n- i’ imi i.tmitt e
correlation, betwe enn dail y v ar ia t in u un s  cmi the- ismunosphen ic scnpport umt d h t ie n - e nnt modes , atnd likewise u,i the - In -
relat ive uiigmna l strenn gths , a me -sums oh allowing ton - this has yet to be hound.

Table - V III shows examp les of the range of combined circuit ava ilab iLitie’ mm icn n two im,odes with
separa te availabilitIe s and and dihte rent degree-s cmi com re ls ti u ’mm. Whent n-h5’ modes are- nmm u s ’c ’n n-n-lat e-el
the ava i l a b i l i t y  i s  Q given as

Q I — (1  — ( 1 — (41))

the-re are difficulties 1mm deriving a sinig Le value ion thne c i m c i m i n -  a v a i l a b i l i ty  tle ’ c a s m s m m in is n- u-qu i n - n ’ s
bnith thin specllication amid evaluatioli of sonne parameter indicat ive euf the corrolatmo nn Ene -twe en m the’ modem s
m id  also a meanis nit detemuun inimng the day—to—day spatial variability nib the- iouncusp here- at the separate nuns-dc
neh lect ion po. itto ~na. An - present it Is usual to ta ke n-he circuit availability as equal n-c u the La rgest nit
the -  separa te nnnocte av a L Z a b L i l t l e a , and likewi se tot the r e l l a h i l i t i n -s.

Sluice r e l i a b I l i t y  it. tine product nut the availability which falls with tn,c re-asc- e n t  frequn ’n u cv amid

the prem b a b i l i t y  of achieving a required si gnal /nn suls e power ratio which is greater tin ,- hi g her the tre -q uemic y.

there is Some frequency f o r  which the r e l i a b i l I t y  imi a maxitnum. Thin ’ I mequenn cy uuiay be regarded as a,i
al ternative best Irequancy n-ni the OWF as a l r e a d y  defined. However, umnl ike the OWF, i t  i s  tm u be ’ m m n m m,’n h  that

t he f requency of grea tes t re l iab i l i t y  is systeuni aem is it ive and i s  lu-we-ned the greater tine - t ran na tnu i tmm - n-
power or the les s the required signal/noise - power ran - ic , ,

Table IX i s aim examp le cut a computer pn-iuitoc,t t reunn n-he program iIFMUFES -l de-velcuped by tI m ’
Inst itute I n un - TeLecn,uuiiiiu umt catin ’mn Sc m — mus es, Bcnulder , wh ich inns ’ludes the c’stimnatioun cli circenit n’ellabt t i n
Input data ar e al nmm i lar n-nm those- i re-un prognam Ril-IIA (nice Sectic umu 2.2.2.1) except that a requ I red siguna l -

nuoise mean power must be speci l leet . For n-ac-h frequemicy there are tabulated i

14,hI)E — propa gat iomi mode win -h the- gn - e an - u’ mu m n - e-Il ab i l iiv
ANGLE - el.vattsnmi angle (degrees ) n - f n-he me-dr w i t h  n-he - greatest me - liability

- 
‘ ‘ ‘-pd ’  s 
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F. DAYS - ava i l ab i l i t y nit the mus,ud,- with the greatest availabilit y
DIIIJ — nmia sk y—wave t i e - i d  st r e - m n g n -h (dB ~ 1 i~V/m ) of the node- with the greatest rel iability
S/N DII — monthly med ia,n signal /noi s e neat , power ratio inn 1 hIs bsmn dwldn-h (dB) fun - the sigumal

node with the greates t  available receiver power, wine-tn pnesenm t
REL — produc t nit the- availability of the mode win - fl the’ gre-ate-st availability aund tint ’

prcmbabil i ty that n-lie mode wi th the greatest  avai lable receiver  power whemm pnesenn t
provide -s a monthly median stgnnal /nuise- un,eaun power ra tio exceedinng that required.

Ant alt en -nnat lve - det iu n iti ni mn cmi UJF used m m n HFMUFES 3 is the lowest frequenuc y giviu ug a specified
re quired re- l Iabi l i ty rather n-ham a specified signial/Inoisem ratio. Table X shows a sn-csu mmd printout t rummum
this program of tOT annd WI’ tninnulated as n •I

FOT — highest trequenncy with ann availability nit 0.9
WF — lowest  tre -q u enncy ton -  whi shu the nmnonin-h,l y m umu -diam , si gmm al /m ioi nue mean pn-wer ratio ion th,e

si guia l mode wit h the- greatest  ava i lab le  receiver power wine-un pre- se- nit exceeds that
re quired tsmr the- f macn - iomn of niccasion,s detitn ed dunn in~put as the required circui t
reliabi l i ty .

Al l  parameters used inn the reliability pnedicn -ionns are somewhat utuce -rtaiuu , amid a stam,dard erro r
may be- ascr ibed to eac h, The tenni s involved include tine uuicert ai mnty inn the pn-edict ionnn . of the’ motuthly
me-dlamn m ouse - and ai gnnal powers , amnd of the standard deviations oh the nnoise and signnal day-to-day van -
a t i cu m us. The total uncertainty variance -, tounnd b y adding the - appropr iate - inmdividu in l untce rta iu i ty  variannce-s
nay be uaed n - s m  define ann un i certain ut y distribu n -i om n g iviun g the probabi lity that a required re- l i ab i l i t y  i s
achieved. This is known a s the service probability. Table Xi tmomuu pn-ugrann REMUFES 3 in ’ similar to
Table IX, except that iuu p lac e nit EEL the-re is S, PIE)B - probability tha n- the- requ i red circuit reliabil it y
w i l l  be- achie ved.

So tan - , the comnc em nm has be-cnn entirel y with systenr—perfomnm csnice parammne- tn- n m. depenndinn g n-mn signa l
annul iud n l s e -  im nt en ns ities. M e n u t i e m u m  shniuld also be- mnnade- of  sigunal mnmu lt tpa t h  d i s t m r t i o u u .  By counbiniung pre—
d ict i , -u im ,  ion d i f te reunt  modes, n-he probabil ity of  mult ipath can be- es n- im n nated . Multlpath is deti nned as
ex i s t i ng  when n-we - or more mode -s are Join in - ly present havinig a di ifen -e’n ,ce m u  sigmna l pd lwe rs of  le sm i n-haun
some s p e c i f i e d  amnnsnuuin- amid a diftetr ence inn group—path times ex cce’ d im ig a give -ni figure. Predictions oL multi -
pan -h innvculve a simple extension ni t the procedure-s described.

Mo lt ipath is indicated inn them ncanm i~m In ’ 1 u m iuc tt u im t f rom IIFMUFES 3. Othe ’m cctuut 1nc t t em r iursmg rsunms m n-c , t . m id t  ng
e stimates of sy stem—p en fommm na um ce parameters imnclud e HFMUFES amid IONCAP (Inustitutn- ton Teleconinunutcationn
Sc i en nce - s, Boulder) annul APPLAB 2 (App le t o n  Labo n-atory , Sl ough). 1mm this last program , mmmul ti pan-h consider—
atb om n s include an allowance t im r the high—ang le - ray pre sennt at fn-e-queuicies close n-cm the MUF.

The excess group path cmi n-he h igh-ann g le nay relativm~ to n-he Low—ang le ray (Al’) depends cnn the
n- n i t i u i c mi the wave trequenncy (t) n- nm the nude HUE (Im) an nul on n- hIm hop grouhid raunge (d 1), except tha n- this
e’x ce’s’. reaches a miu,imnuuui tot’ hop grounud ranmge s c-f 2000—2500 km amid the-re inc little c huanuge - out to n-he
lim iting distanice for a sm mi g le—hop mode-. With tiP an,d d1 in ki len rum n ’tme mc

— 
850~ O00 

Ji  
- .?L (-.1)

ton -  d1 a 1500 ken . At greater  ranges , values for d1 1500 km app ly approximate l y. The excess at ten n u a t ie mmu
n u t  the hig mm-ang le ray, re lat ive to  tha t of the correapomnding low-ang le ray, AL , is taken as

AL — 0.1 tiP (42)

where AL is expressed in decibels amid tiP inn kIlometre-s.

i. S1P,)KT-TERM SIGNAL P~~IPAGATION MUDELS AT HF

Shorn--term mode ls for frequency managemeunt are di rected towards assessing n-he best fre -quemncy n-ni use’
wit h ann exist ing system in the light of  n-he prevailing inimiosphoric conditions of the time. Therefore the
requirement is  n-ni use ayst em— per Ion issnc e predict ions o f  the ion-ni alre-ad~ descnibn’d , but wi~ i~ the t c mn - ec ast
iono sphere rep laced by a me-me accc n mate re p n -esen t at ion u . Elni g aund Slat e-n - 2 , annul Rush e n -  al. nave studied
n-he day— to—day varia b i l i ty  of diifement icunoap henic characteristics. They cn nms ’lujde ’ t 1’iat n-- he gre’atesu
e n-ac t i omua t v a r t a t  i s mmns in the E amid F m n ’g i c r nrs a r ise in foF2, Therefore ’ a use f ul  improvement in niemdelling
capabili ty would be achieved i f  It were possible to use nun -an real—time values of  foF2 and to re -n - alum mnonith ly-
med iann e s t i m a t e s  u-I  the ot her lennospheric charac ter is t i cs .  He-lice e t f o r t  has centred on deducinug tot’2,
Although Forecast s can some -times be made e mf ao l am -d is turba mn c n ’ effects leading to enhanced D—region mini-
sation , models 5~i dai ly abao rptini m n are muon - f eas ib le  at the’ present time.

Procedures involving vert ical—incidence sounder s at one of the pan-in tenninnals to measure toF2 directl y
have on l y l imited use because (rn-inn scnch mu’asure-mouit~ it is possible to m i t e r  values at other loc at lo m ns
separa ted on ly by short di stances. Ru sh amid M i l l en -~

6 have shown that at m i d — l a t i t u d e s  the cni r relat ion i nit
daily depar tures of foF2 from n-he monthly med iamn values at dii feremnt point separations depends unnarkedly
on path orientation , time—of—day and season. The correlation at a fixe -d Universa l Time extends over a
grea ter distance 1 m m  the E-W direction n-hann ten - N—S paths , despite the change in local time along the pan -his
in the former case. Typically the correlatien n falls to a value of 0.7 in a distance of about 2000 km hsm n-
F,—W pa ths and 1000 km for N-S paths , Su g g es t ionns have been made that fn-F2 values at di f ferent locations
should correlate better if they are compared at the same local time , and the possibility merits fur-tier
stu dy. This would mean that mneaiured da ta could be used ten provide better forecasts of condttiomn a sit,

westerl y than easterly paths.

Oblique ton-ward sounders and back sca ttem sounders have hitherto conventlounall y been used operat ional l y
with  va ry ing but generally l t m i te d ruccess as dtrec t probes of  propagation condin- ionø in support of  pemint- 
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tni-pul nnt radio syste ms. They camn also be employed wi th appropriate p ruc es uminmg algu r lt hu mni s to Iu ,t en m m m l -

spheric structure as described Inn a separate - lecture c-f thi s present •en-ie .m. However n-he complexity s’f
such sys tems amid amnalys ts procedures nnakes these un ,attractive as adjumic ts to comnv .ntteuiial c-onmsercnal Id e—
co~~~mn icat io ns faci l i t ies.

Two appr oaches then remain n to use p~ pt foF2 dan-s or to fluid other parannnen-rrs tha t cain be- m,,eaniuned
amid on which toF2 depends. Rush amid Gibbs “ have compared the- accuracy of tore-casts of dail y toE2 I,,
terms cut obs.tv.d nnomnt hly median models with those deduced f rom weighte d nine -anna of  the pre c edi ung past days .
Figure 27 is ann •xample from thu r published results. They fouund that omi ave rage tom a series cit locations
a nd time s the use - of a previous five—da y period value gives estimates that an - r comparable or better than
f rom th e o bserved me nmnn - hly media ,n . This nine -anna they are to be p r e f e r r e d  to usinig predicted momnthly median ,
figures. Nevertheless they conclude that ant unncen -tainnty of the order cut 0.5 NIle exists at all time-s annul
that wtn nn n attempts are made to extrap o late results to remote- location s when-c nnie-asurn’d data sn-c’ nut avail-
abl e , e r ro rs are l i k e l y to be prohibitive.

lun terest cemi tres smmn the i d e , n t i f i ca t i omm of precursors of  solar d ls t u n bamnc e-s nesp o mi ncl ble fo r  chamng em.
inn the ionos phere and in the garth’ s unagmnetic ti e- Id , A rev iew nit ~o l a r —te r r e muLn ia l  re l a n - i c . nn s  amid short—
te rm ininno s phen - ic t o n - ecas t iun g h.s been presemited by Cook amid MCCUe 3tu. Opt ical , X—ray amid rad io e’ u mn tss i e l i n m i
f rom the sun are observed daily at a n-number of  g round—based s i tes  amid alnc cn absuard satellites. Ionospheric
disturbances following solar f l a res  occur either inn c lose time sue ce ssicuim ann ul last tnir several hours, d r
begin 24— 36 houurs Later and last for several days. The ton-inne r ari se - f mcum emthsu,ce-d X—ray, u l t rav ic m ium t aind
high—energy particle radiation , while thin - latter are- asamuciimted with lower —t ’mi mm rgy par t ic les .

Various a t t emp ts  have beemn made to correlate ’ daily toF2 values with cund ices of solar amid munagnetic
act ivity. The 10.7 cm so l a r  f lux annul the e-xt re- nne ultraviolet f lux productuig the ie mmn c usphem e - are well
c o rre lated , so that uunouuth ly m edian t e u r 2 va r i es  inn a sysn-eumea tlc uni animuem with mouuthly mediamu f lux. McNannnara 37

ham. compared da i l y t l ux arid fsnE2 values. He- f u n d s  that duniung m mi icg muet lca l l y quiet per iods daily amid 60—day
ave-rage tlux values ar e equa l ly  good inn pre di ctimig hourl y toF2 a day ahead.

Barghause-n Ct al. t7 extended their long-term predictie nmu procedure by lmn clud lm ig models tc nr the re-
gression cmi 1niF2 with p lan ne-tary magnetic activity iende-x Kp. Ditf en emmt ref-re uic e- regressiout relatm oni shi ps
have - been gennerated as a tumnctinimn of mid path geomnagnnetic latitude , local time , seas oun and amun c n smth e-eh aumuspo t
number. Unfortunately, however , the niperaticunual use of the procedure with in-p approximated by the - Ic -cal
ma g unet i c—act iv i ty  index K has proved c u t  only limite -d success. Ec c l es  amid King (private ce-mmsu iuui icatucmun )

hav e shown tha t dail y toF2 fo r  Lindau co r re la tes  b e t t e r  with Kp i f  a time - lag is initroduced be-tweet , the-
mnt ag mi etic c haunge and the io nospheric resp o nse. Figure 28 shows examp les in which the correlatbom , ccn e - h t i c l eu n t
was — 0.2 and - 0.1 without a lag ., bu t be -can ine - around — 0.7 for a lag ot 2.- Mn hou rs. The- improve ment i n n  the
depeni dernce - nih the daily fniE 2 values on lip when the optimum lag us use-e l is i l l us t ra t ed  m u  Figure 29. Whn i l s t
there are c lear ly d i f f i c u l t i e s  inn deriving the unnusrphnilnigy cut the ept i n um uumn n - tun e- lag, t he approach appears
promising amid to merit further stud y.

‘ . CON CU JSION S

The curreunt state — unt— the art in long—term nisude-It. Is-n sky—wave - sigmna l- strength es tlmat ncn n n at HF amid
tiE , nni us e au nd sy s tem — pemt nin -mna un c e ass e - ss u n eumt i s  reviewed. Areas w he me - add i t i n mum a l work is  mie- e-dtm d are
me -nnti omned and it u s eviehemut than- turther changes n-sn the models arc l i ke l y t in be prsmp o sed in the m fen t on - C .
These nay well cniuucen trate on model simp l if ic at i ouns r.ther n-han improve-me-hits inn accuracy.

The positionn regarding sinunn-t—tenn nod e - Is of hit sky—wave ’ pr upaga tlnim i is discussed with regard n-n m uiue’ thods

of est imat ing th e inino sphen -ic characteristic foF2. Further studies are- ca l led f o r  amid these should be-
direct ed towards the for m ulation nit uie-w procedure’s which , eve-mi it  not yt e - Idl un g quaint It at Iv e- ly accurate
estimates , may prove of value Inn dlsturbaunce tire-casting. Fem r some i m r a c t u c a l  rad iem sy s tems , however , the
development of Improved operatiomnal chanmiel— soundiung prencedures may t u e a met re- attractive ltnne to pursue-.
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Figure 13 Ray—hop geometry for re f lect ion from a p i snue t i l ted mirro r
(from Supplement to CCItt Report 252-2)
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10 0 .6 10. 9 10. I
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lb 2 3 . 6  2 3 . 7  2 2 . 5
17 21.0 20.9 19.8
18 11. 1, 17.4 10.0
19 14.0 14.5 13 .8
20 11.h 12.6 11.1’
21 10.1 11. 4 10. 3
22 13 .1 10.5
2 3 13.6 10.2
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Table V Signal strength computer prediction (program RIM1A)
with inclusion of antenna-gain allowance
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frequency Du and
(MHz) (dB)

(10 4
Business 10 — 20 6

~~20 7

(10 6
Residen tial 10 - 20 9

~~20 12

(10 10
Rural 10 — 20 7

~~20 4

(10 10
Quiet rura l 10 — 20 7

~ 20 4

Table VI Upper and lowar decile values of the day—to -day
variability of man—made noise , and
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PROPAGATION OF LONG RADIO WAVES IN THE EARTH’S ENVIRONMENT

by

E V Thrane
Norwegian Defence Research Establishment

P 0 Box 25 — N—2 007 K,jeller
Norway

SU}’V4ARY

A brief review is given of the characteristics of radio waves with  frequencies below 300 k H z .  First
the antenna problem is discussed, then the propagation of’ the long waves in the waveguide formed by the
earth’ s surface and the lower ionosphere is treated. Boone of the most important computational methods avail—
able for predicting phase and amplitude of long waves are briefly described. The penetration of long waves
into the sea is of importance for submerged vessels, and the physical principles of . such penetration will
be given some attention . At present , the most important application of long waves is probably for navi ga-
tion purposes. The major VLF and LF navigation systems in use will  be described and their  accuracy and C

limitations discussed. -

1. INTRODUCTION

The his tory  of man ’s practical use of radio waves begins with communication at low frequencies , and
the existence of the ionosphere was first inferred from the behaviour of low frequency signals propagating
over long distances. Even though technical advances now allows generation and detection of coherent elec—
tromagnetic waves through th. entire frequency spectrum up to and including visible light, the long radio
waves are still important, and their useful properties are being exploited.

In this lecture we shall discuss the propagation of radio waves with frequencies below 300 kHz and
some of their applications for navigation and communication purposes. This frequency range is normally
divided into several parts:

Low frequency waves (LF ) 30 kHz - 300 kHz
Very low frequency waves (VLF) 3 kHz 30 kl{z
Extremely low frequency waves 3 Hz — 3 kHz
Ultra low frequency waves (ULF ) <3 Hz

The waves in eac~ s’obrange have their specific, interesting and useful  properties . For example , VLF
and ELF waves can propagate to large distances with little attenuation and high phase s tabi l i ty ,  and ELF
and ULF waves penetrate the sea to appreciable depths.

Both the conducting layers in the upper atmosphere and the earth’ s surface play decisive roles in the
propagation of waves below 300 kHz, and we shall discusU the influence of these boundaries, both separately
and taken together to form a waveguide.

2. ARTERRAS AND GROUND WAVE PROPAGATION

2.1 Antennas

Since the free space wavelengths in the frequency range we are dealing with change from 1 km at
300 kllz to 100 000 km at 3 Hz , it is obvious that all antennas must be electrically small, that is with
physical dimensions which are small compared to one wavelength. The design of antennas in this frequency
range is a very difficult problem, both in theory and in practice , and we cannot go into great detail here .
The problems are treated by Watts (1967).

A useful, simple concept of an electrically small antenna is a short vertical wire with  one end on a
perfectly conducting flat plane, Figure 1. Our main concern is the vertical electric field produced by suc h
an antenna as a function of distance d along the earth’ s surface . This f ield can be expressed as

E (t) — _L [
~ 

,~~i) 
t + + d ( 1)

Z 21eo L d3 c0d2 dt c0d J
where M(t) = 1(t )  x h

I — antenna current

he 
— effective height of antenna

— free space velocity of light

t’ = t—d/c~,

h d ’ > he I e
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We note 7 I , a t  the • . , tal  :‘ el J  cons i s t s  of’ three terms :

a~ The e l e , s T r . o t a ti c  term produced simply the the separation of stationary charge in the conducting sys—
Sc— , i, t . -st i i i , t h e  time in tegra l  of charge t imes the e f f e c t i v e  height

b )  The s r i l ’.U, ’ t i o i s  term prc -IlUceIi  by the current flow

c )  The r a . t i I It i c y 1  ‘er r’. ~sr s ’-F.oced ty  the time rate of change of current

I f  we apply an alternating current I 1
0 ~~~~ 

to the antenna, we obtain

~ I) ~~~ 
+ 

1 
+ i~~_ 1 i~~t

’
9Tt 0 L U)d3 ( 0 d° c0 3 d j ~ ( 2 )

‘ 11 . 5 ~ar iy  t h e  tan g e n t ir l  magn et ic  f i e ld  is given by

t5~h r ~ + ~~~ 1 io~fl
’ ( 3 )

•
( o )  2w Id3 c0d J C

~~IU c~ 7 T , ’tt the elect r.: ,~t,s ’ I c  t’je l-.I decays very rapidly with distance d, this term will only domi-
nate for I , A < ~ .l .  Fcr d \ the m a g ni t ud e  of’ the induc t ion  and radiation terms are equal, and thus for
d i s t ances  1 5 “ c radiation field w i ll dominate and both the electric and magnetic fields will decay as
l ii . This means t h a t  ~sr ly the r a d i a t i - c n term need be considered for most practical co~~ unication purposes
at LF and in th.r ’ upper part ‘)f’ the VLF ban d , whereas the induction term will be important at ELF, and in
t h e  . cwer  part ~f the VLF band.

The simp le antenna model ~‘e are considering will haste a polar diagram such that a wave launched at an
elevation angle 4, will have an amplitude E~ E0 005 4 , ,  where E0 is the ‘free space reference field”, that
is , the vertical field f t~e wave launched tangentially along the conducting plane. The vertical component
of t. wi l l  be = E0 cos ~ (Figure  2 ) .

The power flow per un i t  area from the antenna is given by the Poynting vector Re 1~~x~~1 = Ez ~,H,4 .  In t ro—
-i -ussng  the i rrrpe.IaxlcT’ of free space Z0 = E IN and integrat ing over the hemisphere above the c~nductin g
plan e at a t i st ance  d

4w t 10 !~c~z0

where - - gain of the antenna, relative to an isotropic radiator

This  gain is I = 3 for our simple case and = 120 ~n’i .

Introducing these numbers and put t ing H 
~ 

equal to the radiation term in Equation ( 2 . 2 )  we obtain
for the radiated power

P1 = i~ 160,~ (~~
‘
~ 

(5)

The radiation resistance is

k0 = ~~ ‘.I !6O,2(~~ )
2 he < O . I X  (6 )

We note that the radiat ion resis tance , and hence the power radiated decreases rapidly wi th increasing
wavelength.

Although a short ve rtical wire is a useful conceptual mode l for a VLF— LF transmitter antenna , in
actua l pr as t  ice an antenna is often a very complex and expensive s t ructure .  As an example Figure 3 shows
the biggest an tenna  at VLF in exis tence . The effective height h~ of such an antenna is often determined
experimentally by measuring the electr ic  f i e l d  at a d is tance  d in the radiat ion ~~~~‘

Another useful quantity is the radiation efficiency of an antenna, defined as

= kr/Ra ( ‘T )

where Ra = 
~r 

+ N

R — antenna loss resistancee

For the large antenna shown in the figure the r ad i a t ion  e f f i c i ency  is 70%.

A
_ 

_ _ _  _ _ _ _ _ __—
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.“ -i rcun d wave prOp a ,~ati  .

Hay ing  discussed the a nt en n a  , , ‘ur r I 4 ’ it  s -t ~’ p is t c ‘11111; 1 .1~’ r gr ,)ui~ .1 wrs v~ - ~ r~~~ Caga t .  ion , t 31st is , propa—
gat 1 - ‘ I I  ~fl t c at senl ’e - ‘0 ’ an io n ( ’sp3~ere . A real I ;t  i C approach to t h i s  prob lem at low and very low freque n—
‘
. les m,1,l t S SkC in t c  ‘t, -~’ . ’unt c ar t  1 c .rv a t  -ur ~’ a u l  I t,e f i n i  te l I C I S ,  lu c t i v i t y  of’ soil. or sea. ~‘1,e pr~rL leon is

nat h e m a t  i c a l  ~y ~~i 1 t~ ’ ‘ -trip l ex , SlId we 511511 r 1, t gc i n t o  . I e ta j l , t ’ut  on ly i l l u s t r a t e  some general propert ies
of ’ gr ~ - .u~d wave pr~’j agat 1- M I.

4 
Propa~~rt ’ icn 0 I’ r ’t , 1~ 0 waves  alcng  ‘he  ear th  ‘ 5 s u r f a c e  was S m a t  ed theore t ica l ly  as early as l~ U7 by

~~~ Ic~ , : r~’ .t t ”  a’ l~ II by 5~Qmmerf e ~ 1 , Van - 1.’ r }‘ol , ~u I or h er s  fol ‘wed .  Norton ( 1 3  ~t C , l ’337, 1-1 11 ) developed
w -y- ~~i r1 ~ ‘ t ~~Cf 11 11~ a suitable t ’.~r ,~1rrin’r :cal computations. To give an impression of’ the properties ~f’ the waves
we shall  c, ’n si  icr  a r ’ s ,  ‘C~~r11p 1t n t  ions made 1y  W a i t  and L’-.’~’ ( 17 t t , ) for  d i s t a n c e s  up to 2500 km. l’hese authors
assume , shor t  ve r t i ca l  ~1i pole  cr 1 O~ sph e r i c a l  e a r t h  of radi -u , ,  a and c o n d u c t i v i t y  a.  i’he y f i nd tha t  the
v ert  s ‘aL “ ~ ‘.‘t r i ‘ f s e l d  at ~t l i s t  ai~ce ,i from the tran, ’r ’1i tter  can be approximated  by

. -ikd
E~ 

= T ”~~~C ~~~ 

[~~

_

~~ ~ 
I(~di]W 

(8)

here Ic ~~~~~ wh ere 5 c fre e space wavelength

;~ = k(~~÷;akf) where I is a factor that takes into account refraction in the neutral
atmosphere (not the ionosphere )

‘
~ = W ( k ,a,si ,c) is a residue series

~ sg . s r ~’ ~a— d ,;r~cw the  I tnp l it  ,de and phas e of the  groun d wave for ueveral  f r e q u e n c i e s  and ground con —
Juctsv :tie s . ~c n,’te t:’at the attenuati~’n increases with increasing frequency and decreasing ground con—

~
-
~ct ivi  y , and t h a t  t h e  phase ~‘~ r beyond a c e rt a i n  d i s t ance  increases w i th  frequency and decreasing con— C

du ct  ivit y.

2.3 The lower ionosphere

A’ i s s t ances  beyond a t O w  hundre d km th e  groun d wave from a LF or VU ’ t r an smi t t e r  w i l l  no longer
necessarily dominate ove r the signal reflected frorti t h e  ionosphere , and a knowledge of the properties of
rI - c -we r ionosphere ~in~’Or’OS ~‘c,,et~tial in orde r t o  y’,;ti m5te t he  pha~Ie and ampl i tude of the waves. For most
p r ’ .-~~~~ap~ li  r a t i o n s  only t h e  ionosphere below 110 km ic  of in t e r e ct  here , but  propagation through the
i uicspi,ere i r ~t c  the magnetosphere is possible for i’U~

’ wa ves and will be mentioned later. The region be—
t w e e n  50 and 11.’ km above t h e  ea r th’ s surface is a very interesting one , charac te r i zed  b~ very rap id
cr,,tn gin’ i; of ‘It r r rc , ;ph ~’r I  p roper t i e s  w i t h  h e i gh t  , The a i r  d en s i t y  -1ec reac in-~ from about ‘.i0~

6 cm 3 at 50 km
t o  ‘~t cu t  2 ’10 ’ C0r1 - t t  110 km. The t empera ture  decreases w i t h  height f rom about ,~~‘C O K at tO km to 150 K
It 55 kr,, and t h e n  , r r cr e a ce s  to 500 K at 110 km. 110 e~~e~-t  ron d e ns i ty , on the other hand, increases from
normal daytime values of less thrin 10 cm at 50 km t o  n- re than cm 3 at 110 km.  Thus the degree of
io n iz a t i on  is ve ry low I hrcughout the region ( r ’ l 0 1 - at 50 kr., ~1O 1 at 110 k m )  and col l is ions between
e~~’ ‘t rorss and rs’ O cli molecules and be tween  ions and n e u t r a l s  are imp o r t a n t .  The atmosphere below 100 km
appears to be in a .~ t ste of t u rbu len t  m i x i n g  so t hoit t he  r e l a t i v e  abundance of t h e  major  a tmospher ic  con-
s t i t u e n t s  Ice ., n et  change w i t h  hei ght . At 100 km or slightl y above there is an abrupt t r a n s i t i o n  called
t h e  -.srt ’op a,1,1c i’ron the t u rbu len t  reglrt l e to a region where  d i f f u s i v e  e q u i l i b r i u m  prevails , and each gas
is l i s t r i b u t e .i w i t h  i ’ 1’ own scale h e i g h t .  The p h o t o c h e m i ,t r y  of the lower ionosphere is very comp lex and
,rI,arsctericed by the import tnt  role played by some mi n ,’r const Ituents w i t h  very small concentrations ,
su ch as nitric cxi ic au -I water vapour.

The most important  source-s of i o n i z a t i o n  in the l o w er  ionosphere are solar u l t rav io le t  rad iz t r  ion ,
x—ray ’ , and energetic particle preci pitation . it is convenien t  to d i s t I r i g , i s , i h between the undisturbed
ionosphere , characterized i~~ regular seasonal and diurnal variations , and the ionosphere dur ing various
kinds of disturbances , caused by irre gular changes in the f lux  of’ ionizing radiation. The d i s tu rbed
ionosphere has teen di,’,’ucsed in detail in a previous lecture , and we shall only deal with the quiet
D— region  here .

Figi r4- 5 shows estimates of ’ ion product ion  based on s,’lar and a tmospher ic  measurements du r ing  undis-
t urbed c o n d i t i o n s , and for two d i f f e r e n t  solar z e n i t h  angles (Thrane , lot , ’) .  We note tha t the p ic ture  i s
fairly c ’mpiex . In the upper part solar ultraviolet (100 .5 non, 17.7 non) and x—rays (0.14 — llt .O non)  ionize
all atmospheric constituents. At lower heights , the solar r a d i a t ion  of l0 l . t~ non very efficiently ionizes
a minor  c o nst i t u e n t  N” to produce an appreciable ion d e n s i t y .  At the  very low e st  part of’ the region cos-
mi c rays , tha t is , ext remely energetic particle 1 from the gala~~ , give a small b u t  s table  con t r ibu t ion  t o
the ion product ion . W0 also note the important  changes caused by changes in solar elevation. During ax~
undisturbed n i g h t the re  is a very small remnan t 0 0 ’ ion pro~Li~’t ion caused by scattered l ight , and of ,- cu r se ,
by cosmic rays .

+ + +
The pr i~~ary ions t h a t  are produced are 0 , , N .  and also N O . Through a charge t ransfer N 2 wil l  rapidly

convert t o  02 so t h a t  ~~~ and N0~ are the main primary i o ns .  in recent years i t  has been discovered that
the primary iooi,’ , in th e presence of ’  water vapour , can convert to comp lex c lus te r  ions of’ the form

Electrons can also attach to neut ral mol.’o,i les t o  form negative ions (Johannessen , 19714).

The ion iza t ion  balance in the lower ionosphere can be described by a simple continuity equation

q — L  (9)

_ _ _ _ _ _ _ _ _ _  _  _  
L.]
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10-5

tteml,Cpht’re as a 1. ~5 .  i st lsrsg toxic w :th steadily f a h l s r g  pit,’t, , Unfortunately we shall not s a ve time to g
r s O t h , ’t’ into tOtS m a t t e r  C.,’ri’.

It should t - e  emphas ized  sgasn that COO’  simple discussion i’f th e  A p r h e t i ’ s s - H a r t r e e  for— ,,s.~. ‘ Se for V I . , - re—
t’ractive sn,te x . - r  a low fre,~uer~cy w ’, v e  caoi only g ive  a very r,Co Io. p i c t u r e  of 1.-t at happens t . - such  a wave
inside the io~ c sp t , e re. tn ~— r a c t i c e  d o i t e  s o ph i s t i ca t e d  m e t h c - I s  must  l i’ used to st  u t y  the propagat ion ‘f
5aves i n and b e , ’w a :ce,I i 1115 w h i c h  changes si~~ii f~~- ar,t ly w i t t : i n  a d i s tance  smaller  tn an  a waveleng : 5, We
s t o t l l  : r ~‘f l y d is cu s s t w o  so -h ‘r c’ . ho ts here , t h e  “ t°. s h l wave ” ray ‘, s1’cry and t h e  “mode ’ theory . Idie l’s ost  of
th ese Ica l .  W 1  : : th e  ~r ot - lem of c o m p u t i n g  the  r e f l e c t i o n  c o e f f i c i e n t  of a wave i n ci d en t  upon a hor i son ta lly
st r at I ‘ se  I j o l s o ol - t I e r e .  ‘ti e f i e l d  as a is or ance f r  -ss: t he t ransmit  ter  is t sen c a lcu l a t e d  as a ~‘ -so, of’ t o e
gr cic , .I w - i V , -  al: i ‘civ, - , - ret’l, ’c t , ’d one or  store t. s rsies fr oz :  the ionosphere and the gr c C sirs~ I ( s e ’  Figure i o ) .
I- s t — n ets , , ’  st. . - ,s t I s ’ t u s m e t ’  . , .  I is .s.:, ’t ’u l  s~ t o  distances of 100—1500 km. In t h s s  r ,’gx or :  only t l , e  ground
-‘I ‘“ ‘U,~ I t o , ’ f i r ; ’ and poss ib ly  ‘he C c c ’ s :  I hop C , r v-,’s v, ’ need be . - ,,n s i de r ed ,  beyond l~ 00 kr  too many ck\ -waves
‘55,55: t - e  ad I ,- l 5 ’:’r ’ t:, ’ st i t : , . i to S C pra , - t  ~~~~ - ‘I’he second m e t h o d , t he  ‘ “ dc ’ t h enry , t reats  the space between
t SC “50’ is a nt  the  sos, -,’,’1’rier ” as a w’~-”-g- ,ss Ic , It ‘so ’ , 1-c . 01,  W r i  t ha t  many wav eg - . s s u e  mode s a re e x c i te d  i’y the
t r a n s m i t t e r - , b. ,t t hto at larg e d i o t a n c e s , t h a t  is beyond ix ’ ~~‘o’ . l.~~,’ in , only c’t,e or possibly t w o  mo de s need
be cons ider” i :,e f~~l I wave ra~’ t he o ry  and ‘ 5 . - co de ‘ s. ecry are t russ comp lementary , each  h as i t s  range of
.155. l I J t c e - ~ S d  :‘re ~uencies  in w h i c h  i t  is u sefu l .

lOse two types o t ’ IlPi “C ,‘ . t : : s  jus ’  m en t s o n e - d w i l l  serve t o  i l l u s t r a t e  V I s e  p r obh  em , tn’1.’e ve r , there are a
number ,- :~ w’i~- ,’ sri ,:. ~ct :  t r:,’ I i’ s a ’ ,‘s ~.’ssr -, - C ’ L’:sg waves may t e  p r e d i c t e  I ~s~wa0,so :: l -~ C - ‘ ~ • ISs e  mo -st sop h i st i c at e  I
-~ .,, ‘t : s o . t . . may t o  terme d “ ?‘ s l  w ’tve s’aVP~ ‘:i s de “ and i n c 1 - ~ ,h’ de t a i l ed  st r , sct : s r ’e  and : r s t s o m c g e r : e i t  i e s  i t s  t he io no —
Cpn ,- t - 1’ 510 I 1 ‘to ‘cc eartr: ’ s sur f a ce  ,I - ’appert e ’ al l o t - ? , s~a e ,’o l- 1 (,’) . Ot her  m e th o d s  use e m p i r i c a l  0,- l a -

S 
~~~ bet ,. i’,” ,: , ‘I ’servahl e  ,1.ssi-nt i t  t ea  , s:i~ t s as plsas:- e 511.1 amp l i t u d e  a~’ t’snct Ion s  of solar ce n t s :  angle and

t 5 :’_ -- ‘- ‘U:. 1 .C p a c C  coo: i : r . , i ’ es , t O d e s c o ’ s t e  t h e  p~ er:. ’rs ”s~a W i ’  S , c s s ’ , sr i s ’  c i t I n g  phy s i .-a l par amete r s  ( ‘ -Wat son i-i 1 - 7 ) .

- ‘ -‘ ‘ 1 1-c f.shl ‘-i ” - - soi :st  ion

t:e p r s n c :  ~- ,e of’ ‘he “ t o  :- - ws ’,’e ” t h e o r y i s  a. ’ fc l  105C C ( P i t t e v a y  hut~ , i ’udde :s l O t — i  ~ : ~ 
-

li i A , ’,; sc~,’ a cc’- ’r . i S n a t C  s yst e t i :  w i t h  t h e  c-a . . \ 5 . C v e r ti cal  and the y — a x i s  along t h e  ma~~ e t i c  meridian . A plane
wave r ,00r sa ’, has d~ r,-c ’s lotS cc, : ir,es ~1, rc . n t is inc ident ,  upon an is ’nosp:sere hat only ct:ange~’

in t he z—iir- ’oS s~~n, ,‘orr0’sr: i :s~ laxve I’s ,- irsa:ions w :t.h the  cones s t - ,n ive  re la t ions of the me dsu m i t  is
p,’s,t i t-le ‘ o o h ’w t t ,  tit t h e  e lec t  r i o  and ma gn e ’, ic f ie l d  ~‘ ‘mpor:crs t . ; of toe ‘,‘ave satisfy a set of d i f f e r e n —

s - -i - ,‘t ’ :.s .,f t h e  tot’s

~~
‘ k i ,  ( 12)

ilCr- ,’ e is a coiu,’sst: ve,-t or

F _ s
si c)

H
’

an! k’rivat ion is wi th respect ‘,o ’-,eigt- ,t z, Ic is ‘c-c wave r:umher and T is a t’ o’.sr by f c- .st’ m at rix -i,-hcso
el,-me r s t , s  - ‘ ‘u ’ ‘t im:  ‘r e  w ave I: rect icr: 005 ines ar:.I t h e  t’r.’n,’s’, I es of  toe ryy’di usc., t a t  is , the ear S Is ’ s mag—
Oct ic fseld and t h e  e l ec t r o n  ,ie::ss:v and collision fr’~’4uenov , Sr.ell’s law is s n t x  ,‘d- .~,- ,-d by w r i t i ng

i x - I I I  and .1 t y = -IV-:: its all f i e l  I ( u t s i t i t i e s  so (slat tsoe and horssor:’co, spa t i a l  va r i a t i ons  are
descr ibed  y a 5.5 ,- t O O  exp ( _ t -ikt ,x ~ c’~ 1, — ,i-sa:ion (l2~ is equivaleris t o  I’,- sr first croer l inear  diffi’-

C r,’u: 151 ,‘4’iat

b )  Fin I a ~, - l  t t  ion t s . -t t sat is (‘leo the ds ( ‘t’,- r e n t  ial eqs~at loris at some h ei gh t  . for  example am some great
r : c l g : , t t : , o t ’ e are only spgo :::g waves sir- .rc the energy is :r.,- sdcrs t t’rcmst bel,-w ,

c)  (nt.egr’at.e the ~‘~ptaS i on s  a n a l y t i c a l l y  or numer i ca l ly dow iwar.I,o thrcu~ t: the ionosp here to g iv e  the heigh t
v ar s at  i O’rI of the wave f s c l . i , ‘u.d f or::: the solu t ion  bel ow the ionosp here .

d )  heparate this sc-lot ion ~m st o rs~’g~ Ci:ig 1o:.1 dowt:cor. :ing waves and fo:d the  r e f l c o t  ion c~~~f f i ci en t s  and
p,- la n ce S i c r : s,

A so lu tion  t o  t h e  wave e.~:sat icr : foun d i n (V  is  :::aus:, ’r is called a “ f ull  was- c ” sol iO i o n .  Analyt i cal
solu t  i . -r :s can ,‘n ly h e  ( ‘,,‘or:,i sri a few sirr,p he -crises , but  w i th  modern ocropo’, or,’ numerical sc-litt ior: s  can be
foun t rap s Uy by a it  en l-y ,;t ep in :  egr a t  ion (‘or an ionosphere with sir: art ’ i t  rariLy opeci fied i e igh ’, van a—
icr: , An ex:Lrsp :e is shi’wr: in Figrs r,- 13. Fer a p a rt i c u l a r  elect  r,.:: dens i ty p r o f i l e , sh own at t he  t o p  of

tie f i gu r e , two s c - I - i t  ions ,r or ’ r ecp on . I ing  to  t I l e  S c , ’ ( signet c — i o n i c  comp o:rcr : ts  have been fo u n d .  i’he fi gure
gives a snapshot -t ’ t i e  w av e f i e l d s  -i ’ a part icudar i n s t an t .  We note  t i e S  one compo::et:t has a fits r y  wel l
1,- f ined  r, ’t’ e, ’t ion leve l and a otan .Iir:g wave pat  tern t ’ r c . I l iced by altsio,’t equally st r on g  up - and ,!cwngcsne

2s, ’ , -t ,r ;e r  soloit b r :  has only a weak d, ’wng, ’i n g wave , and part  00’ th,- en er~~’ is coupled int o the
st i stler mode , that pene t r a t e s  t h e  ionosphere .

Another  ,- sass-p lc - ‘ f c,’rsput ed ,cslve Ci e d , - i c  shown  i rs F ig u r e  114 and ,t essn’-,:c S rates the  I c\,-er: ::g of the
r e f h , ’.- ion level as the ang l e  ‘f inc idence  i n c r e ase s .  N o t e  also t h : a t  the refle,- t  ion pr ocess  becomes c:,’r,-
ani mere gr’t,-t ual , and at grazing ir:cs,Ieroce there is  l i t t l e  m e a n : ng  t o  t Ic’ t e r m  r e f le c t io r t  he i g t :t  i n s i d e
‘ I , ”  .‘n,’ p:,ere. This i ’, lu s tr at e s  why a~~rs- .p le ray tt:eory breaks dow n for the  l, ’::g wa ves.

Now in . ‘r ,Ie r t o  f i n, i  t so t . ‘t al wave f i e 1~1 on the  gr onr :d  at  a g: ‘ten ii O t t o : , ’,- fr , ’st, a S t”Vn stc,: t t en , t h e
sky~ave r e f l e,’ted  fro st  t h e  ionosph ere  tS:i, ’ t be combin ed  w i t h  5: ,’ gr,”sr:,I wave , taIl : : g  pr~’pe rI ,v m c -  a~- ,-o:snm
the i r  re lat ive pb r ,;e,; , The ,‘ c o r C e Ot  procedure woul d ,‘t co’, so’se be t o  p e r f ’ t ’ : - a t ’-,sll wave ,‘ a i, ’i~ h 5 (  ion  fo r
each ,‘ smp Cn i’ n t  of an a n g ul a r  sipe , ’t ru:- of plane wave s  r e f l e c t e d  frost - !she :~‘ssc’sp:,,’re. i , ’wcv e  r , t h i s  c : tr . : t -e r—

- ~~~~~~~~~ -—--
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s ome procedure may be circumvented by using Fermat ’s principle to find toe wave that has the shortest op t i—
cal path frost t. r l u i s: r: i tt er  to receiver , and then do a full wave integration for that wave only (Bain and May :

, -
l-io-((, l’he resul t  of such a computat ion is shown in Figure 15, which depicts toe vertical electric f i , s l d
versus distance for a day time ionospheric model. Skywave and groundwave combine to produce an intssrl ’e rence
pattern called a Ftoll ingw ort h pattern , beyond 700 km the two hop sky-wave should be included to give a rorro’;’,
est imate c-f the total field. ‘l’ise positions of the maxima and minima in the Hollingworth pattern -sill cnar:ge
with the ionospheric model and measurements of the pos i t ions  of such  minima and maxima may be used to  deter-
mine an effective reflection height of the ionospheric layers , although such a height may have little physi—
cal si gnificance.

r X ~~sosj,,ns of the ray “hop ” theory have also been made by Johler (1)75)), Berry and Herman ( 19’r l )  ar. u
s:Jinte g-s’sr s  (j,5 ,; ,

-- .0 Ih e  mode thecry

The basic  princi ple -us’ the mo le theory is i l lus t ra ted  irs Figure 16 (Davies 1)o5, Wai t 1970,. The grc~ind
sod iotsosphere are , as a fi rst approxisr,ation , thought of as plane, perfec t  conductors a distance h a-pant and
a v e r t ic a l  . s i p r h o  in the r Usose z = 0 is the source . An -roserver on the ground a distance from She source
will see the signal a r r i v i n g  from toe  dipole plu s a series of images in the ground and the ionosphere . The
signals from the image~; in the ionosphere are in phase in the di rect ion making an angle b w i t h  the vert ical
wh et-i

2h cos~3 = 2hC0 oX ( 114 )

F-or a given value of n

where n is an intege r , the mode order.

S i m ila r l y ,  the  ground images wi l l  add up at an angle e— 8 and the composite wave will travel parallel
to the plane z 0 wi th  a phase velocity c / s i n  ~ =

5)nsider the wave d),recte-d broads i de , that is B = 90° , n = 0. We imagine the wave to originate in a
line source with an effective uniform current 1~ . Since the ima~ee occur as pairs of dipoles of’ length s
and current I and since they are separated by distances 2h we find

(15 )

The vert ical  f ield E from such a line current is given by (Wait 1960)

I I s
= p~ to 1aH

~
2) (kr) = -

~ Po Co ~—11~
2) (kr ) (is ) 

~ I
Here (k r )  is the Hankel f u n c t i o n  of She second kind with argument kr .  r is the distance from the

t r ansmi t te r  along the ground.

For large distances equation (16) reduces to (r >> A ) C 
-

= -~ (~9f° ~~_ (Ar )~
h/2 

e
1 
~ e

”
~~ 

(17)

This f ie ld  corresponds to the mode obtained by put t ing n 0 in equation ( lI t ) ,  and is called the zero
or d e r  mode . The f ield for the h igh er  order modes are obtained by f i rs t  f inding the field from a pai r of
dipole images at dis tances 2nh above and below the ground

= 2 ~~~ 
15 S ii~~

2
~ (kr Sn ) ( 18)

and t 1-ien summing over all n

= ~~~~~ I 
~~~ 

S~ ii ,j~
) (kr S0) (iu ~

(~
‘o 1, 

~
‘
n 2)

In the  case r —5 A t h i s  expression also reduces to a simple express ion.

We have so far assumed that both ground and ionosphere are perfect conductors with reflections coeffi-
cien ts R +1. In practice the ionosphere at large distances may behave as if’ it had a reflection coeffi-
cient B -I. In this case the contributions frc~ the ionospheric images alternates in sign corresponding
to a phase change of -

2h .us~ (n ~~~ lou )

~~~ I ~~1 there TTTT± -~~~ 
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because I ts,’ real p ar t  ‘ ‘I ’ t h e  “ - 5 ’ ‘ ‘ i - s  s i t ’  is hex C - ‘ s o il is s o r t  i t  c- t ’ 4’ s i i ’t ’d I ’ ’ I Is ’ 5 sag C t i t t t ’ V  r t t ’  , We ‘5Cs5i ’

w r i t , .
1 2 i i

,i~~s ~ I • i i 5 ( ‘ ( I  1
t 0~,t) _ t~~~s,i_t (

~“r)
i i t ~~ , = O~ I) I i i ,  I I (h i t  liz

Because - ‘I ’ t t s c ve ry I r i t ’,5- , ’ ’,- s i l i , - . C ‘ I ’ l i i , ’ r, - t ’ r s i , - t s v ”  I s t ’ s  i t t  I t s , ’ : 5 , r i s C  ELI ‘ ‘r V II” strive r s i v , ’ l  i s
in ai r , i l - ’ r sg  I tie s — i t ’S ’s ‘e -I ’ s i . ’ sea ‘.,sl i be t’ ,’ I i s t c t , - I at I t s ,  - i s i ’ . C s ’ S s ,  I . - ‘~i s . I ’ i s ’~5~ ‘inst 5 t ’ 5’s’ t~ I s i t s s s , ’.s t  v t - ’. ,~~~i 5)’
5 5 5 ’ , ’ t h u s  . C , i i w , t t , ’t ’ , regardless s, f  t Ii. ’ -u , 5_ — l ’ ’ ‘‘I’ i t  s c - i t , -  s - .’’ , Thi s O t I S  15’ CI~ ’ 5 !5 C ’ 5 , C C 5  i~ t t  ,‘,I S t il t ’ i v  is ~ St i , ’  1 1 ’ ,, Cc-i

10 the a - s’ -i  1’ sui t t i t r y .

sin kc ( i ij  so I ’ ll )

where ~ axi.I are iu- ,g ‘ C- si t’ 5 5 ,  U s C . - , ’  and ro t ’t’i t , ’t s - t i  t i ’ , 5p ’~~’ I s v . - i v , att ,I t I s , ’  t i ’ I ’t r i , ’ t  S i c  i t s . I . ’s in ru s s ’  lii S I C  —

sume d t o  be t5 r~i r  = 1. ‘ .~ r the l i m i t  ing  caSe s i t ’ g r ass i n g  t t i - s - h ’ t n ’ , ’ • = i - ’ ’ ’ , and I’~’t - f = 1,1s t Hz tie I’ind
Be{n 5} ~~~ 

1,5)1 and 
~~~ 

= 0, ‘ ‘ , ‘ ‘‘ . In it real , ti’5 s r ’ a w a ve t t s ivc ’l I i s s g ,  s t s  the ,-tvI’ S t s — s ~ ’t s ’ss p5s t —t ’ u- s.’tt v,’g t i t  t i -  w i l l
have ,t wave front wh ic- li ic - iCC a forstard I i it near I’, ’t I,  trso t indar ‘C C . t ’h sss ,  t i , - wave ,ti ’ss ,~ t j i ~ ’ ,I b y l- : q s i s s t  s , ’ss  ( ‘ 1 1

• il l  o t , l i l  i , ’tt t o I t s , -  .t, ’tt siss t i l 5 5 5 1,5 ve r t i c a l  ele.-t n C -  f ield ‘ ,~~~~ 
s~~ ’’  a ss s,si i 1 eI ’- ,-tni c- f i e l d  c ompottent 

~~~
in tI’e d i r ec t  i ,’n ,‘f propagat i s ’r5 , It is this ci’sstps ’ s s , - r s  I t h a i  g is- , - ’,s i - i s , , ’ I , ‘ an e l  - - I  r ’t t s tg t sc -t  i,’ wave t ravel I s ,
nearLy vertical ly into the sea. The magnetic- w a v e f i e l d  w i l l  1’,’ 5 si n g - s i t  s i )  I i ’  11,0 boundary both i t t  h i s , ’  a ir
an d I’,’ low the s s s i t -

We now ‘~ t i m a t e  l ist ’ field s ti ’on gt  ts  and at I . ‘ t s C , a t  i , ’s s I- sit ,- of h i t , ’  wa ve p. -t s,-s r a t i ng  i t s t  c- the sea. l’s t s s,~ d Ot t

the above ,iis,-us,, i c-n we assume that  I CO wave is travelling in t t t e  ,Is nc -S i - - ts  o f negat  i ye ss, with it , ’ i-It’ s’—

trio field al ong t h e  s—axis. I l s i ~ wave may t h e r e f o r e  he ,I , ,s ,’r i l’ , - , I by

tn 5 u s i / ,I , I -

I’
~XI) 

1~~~, c 
“I I

where 0 is t h e  refractive inde x uut d I’i~ is I ts , -  ,‘ 1, ’s t  rs c f i e l d  i s i s i t  t ’eh , ’w  l i i i ’ sC s i r l’it , ’, ’ ,
5 ho -

We insert the approximate value of n~ given by Equation i.”t) and find

- 
Ot (_,,) t’t Oti~) ,~‘2

— -  -‘i ) z (,, - 
.2) ‘

E~ ,,,,e ~~~ e 0 
( to)

V iri s - i’ :, is; negat i ve , t.he l as t  t’a,s t.or gives an s i l l  ,~s s s s s i I  ion r- , i I  ,‘, We si ’S, ’  5 I , a I  the a m p l i t  t ide l s s i s s  l i t  I I t ’ss

t o  a value E b /e rit a depth

1 2
I z~ I = ( 

o, w (w f o ,p0)’’2 ( t i  i

where f is I ii,- wave t’reqtiency and c

‘I’he depth it is - a l  l i ’ I l i s t ’  skin deptbt . At. f I is) 5 , ’ , ‘1 ‘‘s in. ‘I tt , ’ ~‘ls s i C C c -  V~’ l i ’,’i S t  s t f  I t ie w a s ,’ i s ;

Vph (o 5/ ’2f 0to) ’~ 
n”) 

S

and the wave leng t h

i - f l  4~ *2 4s- X 0 * 2
= V

ph /f (o 0/2e 0to)’~ p0 ( 
~ t )

w I s e r ”  is the free space w a v e  i , ’ i s g t  I s .

‘I i , ’  at, t ,enu at - i ’t t at a ,I i’p l I s -‘I i t  ‘n ’s-A t51 C -~ t t - t  I I l l

I 
~‘x b - I E~ 1,,, I ~~~~ I si, - II) ‘ F.~~1 

I C i

Thi s  is eqtti violent t o  5.21 t t  I , ‘ t s s i s i t  S - s s  rat.e of 0’’ hIt per strive ’ ‘,‘ ‘ - , iut ,I t Ii , ’ way, ’ h i t S 5 , 1 . 5 V , ’t ’V
abso rbed in  I t t ”  medi t int ,

I - -- -~~ _ _ _ _  _ _  

,‘-- ‘ --~~~~~
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We may therefore conclude that in order to reach a submerged vessel, the radio waves must travel in
air to a point directly above the vessel , and then propagate vertically downwards , to the ship. Communica-
tion over long distances in sea water will be impossible,

Our ne xt step is to estimate the magnitude 01’ E~ , that is the electric field just below the surface
of the sea , from the knowledge of 5za the vertical el~~tric field of’ the wave in air just above the surface .
We assume that in air Eza is given by Equation (21t) at a distance r from the transmitter. We further assume
that the horizontal ma~ sietic field H~~ is related to Eza through

H,,, 
= ..JL E5 ; = (~±2)t’1 S = sin O~ 1 ( 3~ )

5 where the subscript  a re fers to fields jus t above the boun dary . Since the magnetic field must be cont inuo us
across the boundary , the field ju St below the surface is

H
yb

H
Ya (36 )

We again assume that the wave below the surface travels along the negative z—axis with its electric
field along the x—axis as given by Equation ( 2 9 ) .  M axwell’ s equation gives

vx~ = —p0 ~~~~
- =  —i~z0 toi~ (37)

where 3 /a t  iii is assumed.

In our case 3/3x 3/3y = 0

a Ex
= _ i~~,~~ ii~~ (38)

and from Equation (29 )

~~xb i f S~~~~ xb 1
~~~~

0 t’tyb ~39’) H

This y ields

EXb ~~~ 
H,,,~, = 

~~~
‘
~yb 

(11o)

Just below the surface we have from (35) and (ItO )

E - 1 E— — 

~ n0 
Z5

and from (21’)

~0 
Ci) 1/2

IEXbO I = ( —i’— ) E5 I 
(I i i )

Combining this expression with (30 ) and (31) we find

I = (
25f50 )

v2 
e~~

1
~
’ M~)~~ I E5 1 (142 )

From Equation (112) we can estimate the horizontal electric field EXb I at a depth d = — z below the s~~~
face when the vertical electric field Eza l above the surface is known , It is convenient to introduce nu-
merical values at this stage . Assuming the conduct ivi ty  o~ = ii mho in”1 we obtain

h E Xb l / 1 E~~) 3 . 72 7 .  l 0 6 ,~/?’ ~~~~~~~~~~~~ ( 113)

Figure 22 shows the ratio 
~
EXb~ /~

Eza~ as a funct ion of depth for several frequencies in the range
10 Hz to 10 kHz. Curves for 100 kHz and 1 MHz have also been added for comparison .

We note that at a particular depth there seems to be an optimum frequency that gives the greates t f ie ld
strength. Liffex’etitiating ( I t ~~) with respect to 1’, we find this optimum frequency as

= 6,332’ 104/ d’ ( 1111 )

Table 1 summarizes some properties of long waves in air and water. From a practical point of view , waves at C

10 kHz may probably be useful down to heights of 15-20 in, whereas 100 kHz waves probably cannot be detected
at depths greater than the ampl i tude of’ normal ocean waves.

_ _ _  

~~~~~~
-—

~~~~~~~~~ - - ~~~~~~~ 
_ _ _
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,si l Iv ’ .1 I s - , ,~s I ‘1551 p i irs tIss ,- ’t , - t ’,s f or e I ,~ot  r, ’sssSsgs, , ’I sc  waves propagist  ing iii ai r  a i d  seawater
Io n = It n,nO 5 5 , — i t

. ‘ , I -  I~h’~ tt s ’ i _  ‘s, ’ ,’ s t  i r~’,’ss s s - s s t

s~i g t t a l ,  -s sss s i-  ,s S  “I ’ , ‘s;x ~s;c be d,’S e,, ‘t , ’ 1 t t s n , ’u~,~ts a background of noise , and a knowled ge oh ’ the na tura l  as
well a ; th e - . C 5 0’ , - sssr t , t , - no ise  e n v i r on m e n t  is e s s e n t i a l .  ‘l’he noise  envi ronment  in the low frequency region cc-t i -

C C  555 ~~C .51 t i c - i S , ’  t t ’ orn I t s r e , s  k i nds o f ,s , ,u t’ ce,, :

a) Atssso ,s 1 s lse r s, - 
~~~~~ 

‘i’htiS ti, s,se is generated by electrical discharges in the atmosphere . A li ghtn2ng
t’La,C t- , )~ 5 Its, ,X S t~’55si i V ,itt’,’sig . shol”t lived current that produces a broad noise spectrum with a peak
aro un d 10 k i t s .  Throughout I lie wor ld  I t s , - average discharge rat e is about 100 per s ;ecoss ,h . but the t i c - i s , -
C so ,a r c , ’o are ,‘on c ent  rated in three areas , the thunderstorm centres in Cen t ra l A f r i c a , ic - si l t s  America and
in ‘c-sit h— S1t~ I A sia .  I’l ,, ’r i ’ is of course a distinct seasonal and diurnal  variation in the intensity of
these sources , and because 1’ sl s e l w  attenuation the sources will contribute to the noise background
‘ver th e  whole ,,tlol ’~’ .

b )  Noise generated i i i  the ma~~~e to s p i i e r e.  ‘I’h i s; no ise  is generated through the in teract ion of pa r t i c les  in
the solar w i n d  w i t h  the ma gn et s ssp h i er i c  p 5 sts ’ ‘sss s i , and penet ra tes  the ionosp here in the wh i s t l e r  mode . Hiss ,
dawn chorus , are such noise s c-u t - c - e s .

c - I  Man-made noise. iS ucti noise is created by powerlines and electrical machinery . As will be appreciated ,
there are si gn i f i c a n t peaks in the n, ’i ,s e ,sIse, ’t rum at 50 lIz and 60 H z .  Long power l ines are e f f i c i e n t
antennas in the ELF range .

Concerning detecti on of ic -r i g waves under t~se sea surface i t  should be noted that atmospheric noise
a r r i v i n g  from , t i C S t 1 , t t lt  sources w i l l  r e f r a c t e d  sit the sea su r f ace  in the same way as signals from a t r a n s m i t —
ter .  ‘l’he s ign a l — t o — n o i s e  r at  i “ below t t s e  surface ,t~s, iu i , j  t h e r e f o r e  not be si gn i f i c a n t l y  d i f f e r en t  from that
above .

1 k ’ H I N A  ‘I I ’  15)5 OF VLF A~hD 12 NAVIGATION 5 Y s ~~I ’~~M s~

We have s t i s c - s i s s ,se.I the  1’r~sp ssgti t  i~ ’ts of s t t tV ,’.C below 300 kII z in some de ta i l .  It is clear that , p a r t i c u l a r —
ly in the lower par t of t t s - - f requency range , t I , ,  waves can propagate to large distances with little attenu—
a t i - s n ,  The i ssso , st slseni ’ c l e a r l y  has important  inf luence or ; the propagation , but I lit ’ si gnals are nevertheless
nu t s less sensi t  i Vt’ t , s  ‘ I ssi t ig e , ;  i n  the i c - t s , s , s i s l , , ’n,’ Ih an  II? waves . L S ince the long waves are r e f l e c t e d  below
100 km they are of - suns’s’ net ir f lu e n c e d  at. all by the great variability of the F—region. The lower iono-
sphere at mi ld),- and I sw latitudes Isi very ~ t iii-le ansi sic-s a systematic and predictable diurnal variation.
At high lati s sIt’s sc- ov er , ’ t j s s t  urt- ances may oc,’str , bu t  w !s, ’r v ’a,s IIF comm u n i c a t i o n  is often comple tely dis rupted
under such c o n d i t io n s , the long waves re f l e c t e d  s rI ’ the lss ’t  I c-ri of the  ionosphere wi l l  he less severely
a f f e c t e d  ‘m .i may even have t he i r  s ignal  s t  nes ,gt  I s . ;  i nc reased.

The smal l attenuation and the great phase stability make l It , ’ long waves attractive for comm u n i c a t i o n ,
timing and navigation purposes. sI t  ,‘, ‘u rs ; , ’ , the small available bandwidth at low f requencies  l imi t s  the
t, ss ’ h ’ s t I r i ~ ’ss s; for  c000rt t mi , ’sts ion , but a fai r number ot VLF t ransmit icr,; are in use t h roughou t  the wor ld .  One s’!

the Se,sS known is pe rhaps li s t ’ h’,sgt’y I r~an vssss i I t  s-n in En g l a n d  w t t i c h  operates on It’ l i i i - . Wherever  high reliab i-
li ty is ne.~’it nt - h  for low ,tata rates , such t ransm i s s i o n s  are ,‘i ’ impor tance .

Nt tv igtit i , rti , both at ,;t ’ si and in the a i r , is i st - r I s ap s t ) s i ~ area wttere the lot tg waves are most uset’u.l t oday .

Vevera.L s a t  5 g r i t  s - - t i  C s y C C t  , ‘ss~,r based upon I o t s g  waves tieve been ,li V, I , S 1 C i ’ .t .  in t h i s  s i t ’,’t i ‘its we w i - ) ve ry
IC r i o  f l y ~~~~~~~~~~ t h e  p r i n c i ples ‘t  the t i,t’ ,’,- ssI ,~ C C t  i : s s p ’r l  Ott C ; C 5 5  , -s s s , s , l s ss- -ga , C O l t  u s , I  I ‘s ’i ’ t tt i  ‘ , I I5 5tt’ ~ i’C5 5’
l f l ’~ ) . The si , ’x I  se c t ,  i c -t i  w i ll ,I j s s s s s t s s , s  I ts ,’ i s r s l s s i 1 ,’ ’t t  i o i s I t ,  I i m i t at  i o t i s oh ’ these  , C V , C 1 , t ’ s , C .

Vw,r d i f f e rent p r i n c i p l e s  are us s , - , j  for  long wave s s i t v i g s h l  ion , ‘t i, -’ depends sips ’rt mea surements  of t h A i ’

i i !  l o t ’ ,- t t ’ S r ’ C i  i ’ s ’ t  w, ’, ’t 5 s - s r t i t  inuous waves , the ,s t  ) s , ’n U pofl measstr e ,I  ‘ C “ C ’ ’ di f fe rences l i - S  w ,’,’ t s  pulsed C’ i g t t a l s s  f rom
S t”iss5ssss i I S  “rCs . The t i  nss t p r in c i p l e  is ca l led  Isypt - ni ’ , ’I t ~

- n a v i g a t i o n  and is i l l u s t r a t ed  in F igure  ,
I I ”  r,’ A and B represent- two navi gat, ion I rsi,t s~tss s i l l  0 CS ,J ‘ i s l e l t ’y  a ‘a,’,’ l i i i , ’ Alt . i l i , ~ t w s ’  t rsttt ,’sss i t t  s ’r s t  radiate
s sy s t ’ S I , r c - t i s s s i s ;  s ign al - s  ~ 5 Sls, ~ same r r~- - ~si, -- , s~ ’y I siS in a t i sts,— ’- st s rt t -itsg -s c - i , . .1 re,,’e i v , ’r isapatile -I ,t , ’t e c t  i I 5 g t t i e
phase h i  f ference  i ’ ’  t wet- it tI ,’ ‘ i  ens Is f rom l I s t ’  I w, ’ I s’St t C s n i  t I I ‘n,’ will mess, ore such a di II , ’r,- t o , ’ at a l l  I’- ’ issl s s

away from i t s , ’ normal  in S i s ’  st i .t 1’ , ’ i s t  I c- I’ I is’ baseline . The los -US ‘I ’ i ll ~‘- ‘s t s t  C C having I tie Sante phase ,ts ffe—

relics is a h y pe  r i - - r i ’ s , or “~ t h r  a f am i ly  ‘ ‘ I ’ tiypt’ t ’I’ s r ‘is , s ince  w, ’ roal i sse Is s i t t h e r e  must  I s , ’ an inherent

- - — ~~~~‘ ‘~‘“ ‘ “ “~‘“‘ ‘- ‘— ‘‘. “- — ,,,,,,, . ,,,,-~~s -’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -_S~~”~
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ambigui ty c-I’ .~~ in the phase t i e t emmina t i s ’it . The area between t w s ’  hyperbolas is c a l l e d  a “ lane ” , and the
w i d t h  c-f a lan es along the basel ine is hal  I’ si t ’ t h e  t r a i t tmm i  t ted wavelengt h . I I’ v i ’ t ’  sw s i sC i ’ a t t t  i rU at  at ion
together w i t h , say , st a t i on  A , we obtain  an other  f ami ly  sot ’ h yperb olas  t h a t  cross t h e  f i r s t c - t i e .  Thus i f we
by othe r mean s have obtained a coarse “ f i x ” or p~’ s i t  i c - t i  so t h a t  w , -  know which  l w ,  lanes we are in , an
accurat C ~~Oit 1 t ion ,~an be obtained.  ‘l1~e accuracy of a “ I i x ” w i 11 .s I’ course depend on the geometry of t lte
posit i 5 ’t t relat i ve to the t r ionami t te r s .  Wh erever t h e  hyperb ola ’ a cross at small angles ~‘ ‘or rettol  ‘i t l o t s  re—
sui ts  . 1 t~ 5 l ie  sh ip or ai re r a f t  start s out from a k n own pots  t t i ,‘ss • i S cati n av iga t e  toy - c - w i t  ing  the  t tuml ’er  . 1 ’
laneii S . 5 ’ Csg t i wh ich  it is passing, and as long as i t  doe s t t 5 ’t lose track of the th ree  necessary t r a t i s mi t  t e n t
it w s l, i ‘iiS,.styS know its position.

I C _ ’ I t . ~sss, . gsl  and Decca employ the p r i n c i pl e  0!’ h ype rb oL ic  n av ig a t ion , whereas Lsr an— C si t e s ’  p s i l t  s d s ’i ~~~
nals.

I , 1 1’h,’ osCs -,~~ s - s~~st em

The C- . ’ -g t t  system is a worldw i de n a v i g a t i on a l  aid  oper at ing  in t t i e  band between 1, 5 and 11 i k l lz .  At pre-
,si ’ t i t  e C g S C  s s l a t i o n s  p rov ide  near g l ob a l  , , s v ,’i’itge . A t i s l y i tn p l eme t i t ed , permanent sys tem is expecte,t 5 c- l’s
in s’pi ’ rat i c i t i  in the near f\iture . I ) e t a i l e d  h,’ ,;s - r i pt  ions s ’ t ~ t h i s  syst em are givet ;  by Owanson ( 1’)77) and ret’e-
r,- t s , ’,’s; t t i e  ri i ts . The e igh t  s t  at ions ( see F i g s l t e  ‘~ , ~ pr ovi  sic very 1 s ’t t g  i-a , ;e  1 m e n  , an d t r an sm i t a se r ies ~~~

l’reqitenciea in a t m e  m u l l  ip ie x I’omma t . ‘I’he bait is  n av ig at  ion t’req ue n ci e s i  are I C ’ j . ’ , 11 1 - ~ and 1 1,1’ kIt: ,
t - , s s  , s , ts st a t i o n  has s i l t s  t ional  uni que t’t’ s’,l s, ’ t t s i , ’ss 5 Issl I may he used for n a v i g a t i on  by d istance  measurements
is-’ tss, ’ ,t “I s  a ~‘y~’le .- ,‘st t t l  s t s g  t e c h n i q ue. itnega may I’ ,- us ed in ,ii !‘ferei it  modes :

a) l ’ s i t sg  a ii in gle f requ enc y , l i t i  t’ ss of  l”c- i l i on  t i~ ’~’ ~ at t he  ba i te l ine  W i  Ut ambi gu i  I ies of 1” km I l~’ .~~
‘ ti ll:. I

are p r ov ide d

1’ 1 s c -mb i t s  i t ig  s s e v i ’ r a l  fre.juen ,’ i i’ss • lop ‘ s ’ - s r t ’ at t t t s ig ui  ty i t  km i Ii . ‘ atid 1 1.1, kIh z ) and I I -  km I 11’ . ‘ and
11 1/3 kH.’)  may be obtained

c - )  ~‘ i t’t’en , ’t s t  i a l  - ‘ssi ’g tt  t~ es ~~‘n i t  .‘n i n g  st a t  i o n s  t ‘ ,‘~‘t r,’, t  for  pt ’ s ’~’st gti I s , ’t s a i  v a r l a t  i s - t i C w i t h i n a few lii km
s_i f  I t~t ’ user .

In ~~ de a 1 typ ical accuracies  are 1— ~ km , i n mode i i  lane s ,Iet t t  i t ’s - a t  i c -t i  i~~ “ ,- ~~,, ‘ ,t , whereas mode ,- )  may
g i vs c-ss~’t ’ s ’V , ’,t accuracy of . 5 , “ — 1 km i t t  1 i m i  t ed  ,t t - s-~ ts s  . imega C~~- 5’ s lr s t , -y is  1 m i  t ,’d by the propagation cttarac-
li e i’i sst i ,s;; of the ior iosp h e i- ,’ --- earth waveguide .

5 , “ tm.,’ iecca sy i tt en t

‘1st ’ I’ ,’,’,sa sy s tem operates on frequencies in the  t’ su;ge ‘i’) I s ’ 100 ktl5~. It is a hyperbo l ic  sIt ’ sy s tem desi gned
t’s’t ’ h igh accuracy at medium range . t\l ’out ‘~~l t)ecca cha in s  h ave been it ; st a l l e d  I i t r c -t t g t s o s i t  t h e  w o r l d , each
s’i C ,’ti fl con s i s t i n g  of ‘t i ,’ master and t w o  or three  slave si t  at i c - t ie  .

‘the master  and s I ave ,; I at t ‘u s  t r anetni t ott di f fe r ,n t  frei~uetis ’ t c’ s’ , wh ich  are ,- ,st s v , ’nt  ,-d i n t h e  receiver t 0 a
C s s s s g i i ’ f r e qu e n c y  t’,r t -  p h ase ,- s ’sI , j s st t - s s s o t s  , N a v i  gal  s c -t i  lepettshsi s s p s ’t t  th e gt’o sut ~I waves , ansi l’,’,-,iu, ;, - of t h e  phase
ss I i to  i 1 i I y c- I’ t h e  gr s ’sin d wave , vi’ 17 accut’at i po~t i I i on ing  can toe c- i - I  a in ed .  I t t , ’ wave t’ s t ’i” , ’ I ,‘,t f rom the i on,’— I 

-

sphere i h e a v i l y al t-sorbed at thi s- se f reque t ic i ~- ss , at st eep i n c i d e t i c e  d u r i n g  t h i s  day. II , ’s,- , - v , - r , t ’t ’ys snsl a few
hundred km I ts ,’ s s ’t t c-,Cl’t5,’ t ,- re t’le,-I i c-n l’es,’ome ti S I t ,’tsgi’ i’ , and because I lie groun d wave at 1s~s~ klt z i s  t t s i nl,y
rs ip i d ly  a t t enua ted , c- s t  s- r I , ’ t-,-ti, ’,’ between ground it s -  I s;kywtl vi ’ss may 0cc -sir  at td reduce I l s t ~ accuracy .‘I’ t h e  t ;ys ; —
tem.  i’he niu sgi ’ ,‘I ’ I he , s ~cit ssy s;tem is the re  fore ot t l y oh ’ lt s , order  01’ ts~i — Iti ) s ,t kin, and will vary wit hi
s p her i c  ,‘,‘t s ,t i I i 5 ’t t s s . Ae, - s i r a , - i e s  c t  aI ’c-ut 1, 5 , 5 m may he ob t a i n e d  (‘ -n pure groun d wave p ropaga t ion . P,rr ~ ion . ’—
‘p i t t ’  r i o  pn , ’l’nght t  ic-it t o  g r ea t e r  s t j  s i t sos - ,.s t h e  d i  f f e reitce in t his re f leist  il ig  propert  i , ’t , of th i s  ic -t i c - sphere

S it i i i  l I t ,  f rsqs i, - t t , ’y t- s i t sg t ’ may be a problem.

I ii, ’ l., ’t’ ton — t ’ sy stet- -

h, ’r ,u i — s ’ is a very ic-- s-sit -h i t ~- t a ;’ i gt i l  ion oy,st ,’ss , sissing l i t i l s u , ’,t i~t l s t i s ’ s’ i g t i t i l s s  w i t h  a .~a t t ’ s t ’ r frt .qt ieitcy of
ls lsS kIts. A chain of’ st at i , ’ts , s  may , s ’ t s , s i t i t .‘t ’ a ‘‘ s s s s i s s t e r ’’ at ts l l w s  c-i’ Inc-re ‘‘ ss Inc e st ’’ and mii~v ,‘,‘v, ’ t- a g,’.’gt’tt~.Is i. - i t  I
tegion wi t ii a rs,,I i s i s i, f up I~ ’ .‘s,Iis.l km. An e xamp l.e i s  t h e  i - x i s ;  t i ttg c-hait i in the N~ rt hi At lazt t  i s ’ w i t  hi a m a s t e r
s t  at ic-ti 1 ’, “eri$y i t t  lands su i t slaves at .Ian Mayett . Ice lan d and 1, - n t  hi Norway . ‘l’tte pulses t ransitti I t  “si I n s ’s

s s t n t  ions in th i s  c t i a in  are synchron ized  wi  tt t  gt ’ ,- s t t  p r os - i ;  ion • anil t h e  user del c m i  t ie - s  h i t  St p” i t  i - ’t s  by measur— I -
s t s g  I i i , ’ t im, ’ delay between s ignals  receive d from t i  t’fe rst t t  s t a t i c -Is , ’ . I’he great  a d v a i t t a g e  ~‘l’ the Loran-i ’ is

l i n t  the  gi ’,’ t i t t , t  wave  i s s i l n e  • because it a r r i v e s t’i ra t at I t i ’ recei v,-r , ,‘iu t t s , ’rmal ly I’,’ ss , ’p t i t ’ t t l  ,‘,t from t tte

skirw ave . Ac is ttrac i ,‘t s , ’t ’ posi t  i ott sic I .e ntis i t t  at i s -ti  ti l’ 1 SO m up to ,t s s ;t , tIs ,‘est 01’ 1 lIs~i~ kits are 
~i 

not e l  at) t p t  cal i t s
t he  l it ,‘ra ture  tl’ ,’t t st t-li.t ) . i’:n , - l s  s t  at  ion I ranitmi t puissi’s; itt a , , ‘,t , ’J 1551 t ,‘rti I sa l  ,‘t t , t s ar e , ;  co r rec t  i slent  i —

t ’ i cat j on  iut,l p revents  i n t e r f e rence.

It . INFLIIENCF: OF TIlE PRO PA GAT ION MI’IDIIIM I rON TIlE A ’ t ’I I RAC Y s~~’ VLF AND LF NA y l s s \ I i ,’N S Y s ~

we ha ve see n bitt.h t h e  s t a t e - ‘ I’ t It e  i ons ’stp t tere  at t st  t h i s  pr i ipet ’t  i i s C .’h ’ t his  earl  hi ’ sC a t Ir face i n f l txei i5 ’e
the accuracy .‘t ’ t he i ’t t g wave iiavi gal i o n  system, ’ , l i t , - i , ’t s ’ C l ’ l s s’t ’ t ’ has , ‘l t , t t ’ t t s - t , er t  s i t  i , ’ r egu lar  and i r re gular
van at ions in I ime at is i  C S ~~ f l i ’ , and I he , - ,‘,i, I i t  ion c - I ’ t t ie  I s  r i ’a in ansi sea w i l l  ~- l s a t sg i ’ w i t  hi pc - s i t  ion • hu t a iso
to ss . ’mi— e x t  o ut  w S I  I C  t ime . T~ what 

, ‘x t  , t s ’ is ; it l’s ’s ; ”  it’ Is t o  I ’ t ’c s ti  .-f an~l t o  ,‘oi- i’ ,’,- t  for  si t - i s  changes?

_ _ _  - 
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.5 . 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -s~~ - - ~~~~~‘is ’t’

‘(‘h e is- ,- 1, - j  ‘ 
~
,‘ s.r I ’ ‘t t -a .h i o  wave t i l ts ,,, ‘ I t s, ’ ,’ at - s  h ’  a . s ’ s t ’ t - i  o w i 1 1 so j ’’’s ’  , I ‘s~’” ~ I.e ‘‘ s i .  ‘c- ‘I ’ ‘ to s; .i ~

C, i ’ ‘i ’ 5 r ,- t~ t~ s t s  ‘I 5 Vt ~ . 5 5  I s i s , ‘r . ‘5 ‘ t . ~ ‘ ‘ ‘ ~~~ \ I ‘ I’~ 
i - s  ‘ I n I . s i t ’ ’’ t s  I . l ; i ’ ‘ I s ’ , ‘ i r s C ‘I the s -r h’ .s , - , -i ~. ‘s,  ,-- t s , ~~~s i i  I ~c- ‘ ,. 

C
[‘he c-- ’t s,lnc- ’, l i s t ’ ‘i s t . ~. i l  .1 I i ’ - s .  - ,, ‘ ., t s s ’s ‘ .s ‘ I s ’ , — s , : ’t s t , , - , i u ’ t , ’ws,  ‘ , s :i , ‘ i c S s C  I , 1~~ S . , s t s .  ‘c s;s ’i 1 see
S . 1 C c - I ’  i ‘_ ‘ti ( 

~ I ~ 
, ‘(‘Its sss;’sI It ’ sts: sst ’ 1~’ ,- I’I~,- t s ’t ~ ‘i s s t - ’ s t  I s, g i- - s i . ,  I , ‘s .  I~s - ‘ , is- s ‘ v i ss o t t ’  ;‘‘- t i t - ‘s :~~- ‘ ,- -

~ s- s- .. or .  - . - —

C ‘ ,~~ ~~~~~~~~~~~~~ c I 5 ‘i ’~ ’’Li’ 55 i ~ ’i’ F; gsst ,’ I , 5 - . , ‘Isr itt,, . ( ~ Ii i ,s vs I s’- -’ - ~ 1 . , ‘ - ‘r ’ l . ,- ~S55ts’gIi s’y .5’ vs. , a . ps i ’ ~ ti I ‘ s ,,’
-deve l oped I 1’ sSwa ’  ., 5 1 I’) ‘1 ) • t ‘~~~ ‘: . 5 5 , 5 .  ‘ t i . ’, - -  , - s , ’ i t s , ’  i t  t o  s t  s t  ~~ t ‘ i t s  ; ‘, s.  i - s - I  i i’s s \ ’ , I C  r’~~~s ’ s - , ~i ’ s ’ . , ‘ . ~‘i i I t , 5~-
s i t ’,’- I s 5’ 5 I, I 5 5; ’ . C ,’51 , O t s S  , , ,utd ‘ ‘ .,- t’lsa_ so he 1 ,s,~’ i — s t  i - - C s i t  ol t~’ t’ 05, Ss . ‘~ -gs ’ ,, ’ s , 5  i C i  ~ c-’ ’ ’ ,’ I I ’. - - i ’t51 S t , ’s~ , ’ t~ 5 i ~~~S~ g S its
IC r , ’ t ‘,‘n ’ i,’,s , i I’ ‘ - ,. ‘ s;,’ i I u I ~ s - - t ‘ . ‘ - “ : 5 , - s , , - ~ me ‘ i s  - , C  I sig  I I.e ~‘ s. ‘is , - vi ’  b c  i s I’ ‘,‘ ‘ ,,‘ ~~ V, ’ C ,  Ii ’, ’ t’~~ii, i ’ s  -

sss , _ i_ i ,r t  o t i ica l ly  i- 5 ‘ 5 ,  ~ c - - s - - - -  ~.- C s s g  s 5 ~ ’ss5 I ‘ s , I s ‘ ‘ ~ S ~ ~ s , s i t s  S 0 Si s’, ’t l  I s  ‘ s ,  ~ v s  ‘y oI ’ l’r’  tnt -to  ss ~ . ,‘ t -  ‘- ti I ‘-n
‘- 

_ t , Ci ,  S ~ ~ ~ is’ I, is s-si a V 54 5 1 , s - t’’ ’ S , ’ S 5 . ~ I , i, 5 i s o  I ‘ . I ‘ v I a I 5 ’’- ~ - ~i ~~~~ - ‘ ‘ ‘ ‘ - t ’ ~~. -i - n ~ ~ t ’ s ,s s s ’- c ; ,. ~ S - SijC
vi tt ,: at s ‘ t s . s are .- I i 1 1 i t ; t  ‘ -~~

‘ i ‘is tie 1 , s,t ;d -s ty be , tCie  I 0 I ‘ . ,‘ is’ S ‘ ‘ ‘ ‘ s I C I t ’ 0 - l ’ s , I 1 t ’ r t g s  I ‘i s ’  g t  st. I I .~~~S i t , C  , 5,  5

I 5 ‘ ‘ . ~ii 5 - , - t ’ t’ _ ‘t - , s ‘, ‘ s -  s s , zsi s i g na l s  S i s s  SI , - , ‘ak. ’’ -t I’e, - - i ve,t  s t s  - ,s ’ ’ ~~‘ - - c -  , - . I S I s , ’ ‘-I, - I . - s t - t - ’s,t , , - ’ sS , S t i ~ S i l O S ’ C

I ‘ ,-,- ss ‘ L —~
y .- I t st • t t’ s vs .5 I sos ,isit-d ,ts’ 5’ 5 i t t  i ons •

- r . i _  eI ’t’e.-t  ,5 ~‘I ’ i r r e g u l a r  I t ’  s - r a i n  - - 1 s t  - u t - , - s .  ‘ ‘i’ su~-’ ‘ S g t C i i  I C C  ‘ i ’~’ , ’ lA , ’es . . S , t c - ’  .1 5 y , f, t e x t i s s s p , t , ,t c-i; Ler
I I - i ’s’ ‘ , l”igut’e 25 5 1 1 s s s s  ~~~ , - ss ‘ .,- , - ‘  si t ’ a h i ll  s; p ’ s  ‘ s’ ~ 

‘iC ’ ‘1 I se g t -  sss I i . t i ; ,  , - ‘ l i s t  - s t .  , - a -I s—
- s t - i - i t  s o  ‘‘I ’ t tc- ’ , t’ ,l , -r  ‘1’ ‘ .“ es , ,- 5’tr, ,S

~ ’5sts t sl i g is 50 1’’ ‘ - , i t s C 5 ’ t ‘ I - s I , ‘‘i V 5 - 515 V i S 5, ’ ,’ t S t t i  ‘, is
5’,- 1 - ‘ i I ~’h • ,t, ’l . -i 5 1 - - I sn ‘ I,’ I 1 s 5 , g s ’ I ‘ s o  t 0 5’ i 5 i  5 ss i n ‘ t i e  a t ’eti ,‘ ‘ 1 5 ‘ i- S’t ’  A S i S ‘ ,,, ,‘0 5 C A i t’ V .

5 5 ,,’ \t
~~’~ is ’ s hJj~& :  ‘ ‘J,,, s t r g s ;  ‘ i t ’  i , ’t is ’s s ,pls, - n i  va s ’~~’s ’ ’:ts

~
_

, ‘t -  5 t 5 , - ‘ S- .t -g, -s C~~~C 5 ’ ~‘S’5 Stsc- ,t, ’l  1 i t s g  ‘f ‘ i.e r ’ - g ’ s l  i ’ d i s s i - s s - i  , . ‘in t l  t ,’~~, s - - s s s I  var a ’ , ss is  an - - i t s  ,‘ l . s Sc- I s s s  t h e  pI as t~ ~ 
C

, I- 1’O ’ I . , ’ , s t ~tI 1 ‘- . ‘ ‘ _ i s’,,’ I xi I th l I so Ci ,~’ 55 I ,~s s, , . -I 1 5 . 5 1 5 ’  , ‘t I l’sis ’~,’ S 1 _it -i s ~r I,- I’ 5 C S’ I ~ ~~~ ~t S S  ‘5 , I 5 ‘ I’ ) ‘~‘: . 5 ,‘ts it 1 Vet~ ~ s ise~~ t~ cC — 
‘ 

-

s C i t I ~ t 5 ~~~~~ 5 5 il Ic s i  i gtst s ,’ts t I t i o t s , ;  I 0 t5~~t S 5” , I s I 5 0 5 5 . 5 5 5- F s g ~‘i’ ) , I t i t ~ ~
- i~’ ‘~i~ - i ’ i c-It 151 I, I s C s V - , ,ti 1 

‘ 

I

i s s ~~c- ~~~~~~~ - -u s - i t ’,’t ’ each ,;,-~~n,’is I l s , - ph ase delay is  -~~~~~s ’ - -~ u,~ : - ,g I I .e  d i ur t t a l  w , ’ sg ’ ‘ . t . s ,~ t ’ ,is s , t t c-i s . i’lie
S ‘~ iI  Ic ay ‘‘vt ’t ’ a I ‘ssg to tS hi i ; s  I l , ’ss :‘, ‘ ii~ ,l 1-1’ s’, ’c s S s , s s s~-S i n, - t~t~ ssi,~t ’ ~i. i i i  , I s I i t y .s over  all C C ,’~~ 5’ 5 5  5 . I’ s. ,‘

~~
‘‘ in  ( i I5

rapid  S i- s o s .  s I , , i s  l’I’ l t s ’ I C s  C~~ 5 i t  , s C st S t~~t~~5t ~ and ,s ’ u s s - ,-t  , S ‘ C s ’ I s s ir t i a l  I _ s ,  ‘ ‘ C O t ’  , i t t  a g~ _ ‘ I 
~ 

t t I 5  ,‘ ‘ i c - I’ t i ’ ls t t  s so

t’I. tSt’ van -i ’, ion .

‘5 . t l o t  ‘ I ’ : ~-: , - s’ ‘~ 1 5 5 5 1  tn t  , i t s , ’es ’ - s ’s. ~ t s t t v i ,~Ii I ion It , - s i t s is ’y

, i ’’
_ di t ‘ t o s s - ’  , : ‘ ‘ ,V p  “‘5 .’’ - ‘ i ’ t ss ’s t s l i e n i _ ’ d i n t  l i t - L a s s -es tiax’e been s n,- , i t t ’d  in so” -c- - d e t a i l  in  t t  p t -~- x ’;ou s I , - ’ - (551 ’ ,- ,

In I l s i  ,s , ’,- l  C ‘55 we , s l s 5  I s ; l ss sw a l’ew e xamp le-s c- i  I i s , ’ 1 55 t ’ - ‘ 5 5 0 , ’ ‘I ’ ,ls C S  5 ’ , r t I t S C ,  ‘s s ’  055 ~‘55t’~~ 5i 8-lid lss r atx— ~’ . l,ars st,;

( l- t r~~) has l Ls ~ - ,s” .s”.1 n i - . s - 1’ , s t s ~s sn lO;~ 001) ls , - . i - l y  , I - ss,~s x s i I  ~ . 5 5 . 5 sf Omega s i g t s s t l s s  at  i s i g i s l a t i t u , t , ’s; . Fr , ’ss , h i s
‘,. , t k  ~

- - - . C l , , ’t,’ F sg-c - ’o  ,~7 wl s i s _ is  I osss, ‘t s s S l  t i t  t .- S Ss ~‘~~~ ‘C 5  I~ !s~ t S s  0 t C  5 ’ t . i ’ , iS  5 ‘ ‘ s i s ’ . 0 ’  .~ ~ 5 5 ~t , ~ ’ , ‘ I I s s , ’t ,; dur i t ig  s, ’ l a t — x—r ay
i
_
, ‘ i 5 ’ I ’ . . , in I it ‘I ’ ’ l e  fl a r e  , - t t , - - s , s , , ti ‘ss .i’gsi had a mean ,Ist- ,ts s , - t s  c I ’ m d i  v i  dun I ,-x’ , ’ s s s  s - c - I ’ ‘~~~ m i n u t es  • w i t h ;

a .s hu s IIu i~ ~ ,Io\’ s si ’s i , ’ss C ’t ~ ‘ t (1  n~i s s s s t  ,- , ‘ , Mean t ’h~~’ - , - ,ht - ;‘ ~ il ion wa-s - ‘  ~ ,‘,- t t t  I c-~’,- I, - . • i’~ - ,~~~,‘ is I l’s i i 5 5 C , i i ~~’C ’ , 5 s S t O  a
p- , - 5 5 ‘ S ‘ Ic- i  . e t t ’ ,’t - s ’t ’ uis t’ o s i t  5 km un de r favo -,u-at’,e s s y .st  ,‘ss, gi ’ot ssi ’t r~’ . Figut ’e 28 s s l s c -w , s  t h e  phase ,‘t ’r ,s,-s h ir i n g
‘i C , ~~: ~~ j ’r s’ ’ c- t i  e vent  I C ‘A 1 . ‘ s s r s s s g  , ‘i t ’ l ~~ ‘s~ I I _ -‘ ,r l s i t ’ pro ’ , ‘ss events  ~n \ , - a meati sisax ,  ‘5~, 5 CC ph ase c -t’I’s s e l  of
~~ -“ s, ’ s ,‘y ,- I s- , , , , - ,‘r’ ,-,‘.s ~- ‘ s s -  h i tsg I s ’ a 

~
‘c-’ s S  s ,‘t s s i  I error o 1 ks-s. l’l .t ’ I si r R - s s t ,‘i- s si ’ rv , ’,t l’l s t i s s e  -r I ’ I’ss-S  was

‘t’ss r . t oys- le ss .

1 ,‘n it t s— , ’ s igna ls  may a lso I c  i n f l u e n c e d  i’y ,ts , st ,inl’tis s,’,’,s . Esti n isoti atil 1st ~s i t s , -  ( I ° , ,~ b i a ve  ,I ,’m , -ti st ra ted
that  i n s e r l ’ erence l ’eSwe , -ss ground wave and skywave under c e r t a i n  c - c - t i s t r t  i c -I t s ;  may cause s C r t V s g s i t  s , ’t s e r ror

g- .sre , ‘ -i s l sows-, ,s c - l s , -ssi-l t ; ,-u x l  ly t h e  Lor an— C psi s— , axt t r a n s m i t t e d  • and ass received in I I s e  l - t - ~’-~’~ ’r s s -e - ‘ f tioi its
‘ij s , l Cs i ’syw’tvs’C ’ . ‘l’h e S t issi ’ delay s-f’ the  receive d grosut i wave is measured at t b ’  t h i r d  t t w i n g  in  the p , i l s ; s’ , 1,t us
‘ “ is’’,’ the .~~‘ t in t 01’ the sign al. Even though the ,sn~”us ,t wave w i l l  always sin n ; v s ’ b e fo re  t lie skywave , there i s ;
a p~~,s .s i l - i  l i l y  ‘ l s ’it a s- I  r ’ng skywave pulse a r r ives  less than ti i t  l a t e r  t h an  t h e  gn~’uxt l wave pulse , ‘ass—
ing i n t e r fer , -t s ,- ,- at t he ,iar sp l i ng  1’ - ’issI . T h i s  i; i t  silt i c t s  may sr i , ’, ’ w hen this gi-~’sut sl wave - s u f f ers large delay
t ic-r oss ,  pc’,’nly ,- ,-ts ,t si , s trig st- irr egular gr .‘c- s ,l , an d w b s t ~s s t I e  skywa ve re t ’ I , c - I  i ’ s  s o s  g i s t  i s  tt i gn i f’icantly
l , it, ’ ,-r ,.- ,t ~ls ; n i s s g  a t i , s t ssnl -iss ,- . t’or p s - ’1’-ig si son  ,‘x’er p; ’,’t’ i v  , - , ‘s s , t s ;  - l  s ~~ lan d , I’ i,,- - s t ’ , - t, ’ ith c-w s, time t i  ffe-r ences
I’,’ I Wi’s-I; r,- ce t v,’,t gt - , ‘sits t wave ati d - isc’wii is ,’ • ;‘ot’,-ss s s ,isst t ic-S, ’, , I’ ‘ r var i ‘Suit S ’s.” s;l’l ,‘t ’ i s ’ ; ,‘  f l o o s. s ~rn I so s gbs I
‘Fable 2 shows ,‘~

5
~l sit sI 5 , ‘ t s ~ L i  s’ , ’ s s s ; I  i CC C t -  I l s t , , ~ i , ’t , s ’s s i ’ l , , ’ t ’ i  - - sc- I , ’ 1,5 . l I s t ’  , t i ss t itts, ’,’ss giv en ind ic -ate t’.-ssels ly

re i n t e rf e r ence  may c-c ,‘s .sn , V ‘n each i ots~’,;l’ts,’ n
’s ,‘ 5,, s _ it _ i  atstl ~~~~ typo c-I’ ‘- 5 5 5 ,  1 , SIt e la rgest At C C ’ ii55~~i~

I 1. 5 1 , - I  i n d i c a t e  the  ‘c-t i e h e a r  S i . ,- I ranstisit ter wh ere j u t  ,‘r t ’er es s , -e be tween g r ” u s t wave and ,s kvwav , -

SEA ItJ A.N..”) LAND (O .IN ’~.I.m ’~)

&FU CT IV S DI STANCE WNENE DI STANC E WHiNE DISTANCE WHiNE DISTANCE WHiM
CONDITIONS MILItIIOIS 

.~it • 3Sp i I ’  d, ‘35 ~t, E,~,,

UNOISTU~ SID
miNT 35. ~ ‘ 4N km iII k~

WE A kLY Dli-
TUNIED DAY ~~~~ I4II~m 101k.. SIlk. SIN k..

SIVENILY Dli’
TUNISDDAY 11km P71k. SIl k. SIl k. Sil k..

i t  I ’  -
, i1ii’ ’ -i i  Is give - ‘ t i ’ ,t i i t ’ ‘is , - ,‘ - “ . 1 ’  w h i ’ l ,  - b s ’ ’ l’t’ ’l’5~’’~5 i s ’ l ;  t iss s ,~ t s ’ tv it - ’ ,‘ s’,’s, t h e  gt ’.’Si s s ts.’itvt ’ afltl

kystave ‘‘-i ,a i ti tO , Its,’ .‘, - ,~ - - at - ‘ ‘its are ii, -, t , - ~~~‘ , - , ‘ ‘ ‘‘s s , ’’- ’ l ’ i s c n i c  Cietit I t- ’ss teti it i t  y t n  5’ - be ;’
a nt  - • va s, , ’ ’l ’  gr it. I - s i . ’’ i v ’  ‘ is - , ,\i :n ’ g s vsn  ‘ i t - , - t l;, d i t t t a t t c e s ;  for  whii, - l s the gt - ’ ii , Is_ - t i ’ ’ ’ an-st

~~l ,i t l  -is-5~
- it It - ’
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At d~Btances beyond 2000 km the skyvave will normally dominate, and positioning accuracy depends u pon
the stability of the ionosphere. At 2000 km a 10 km height change in the ionosphere may give a phase change
of’ 20 itS corresponding to a posi t ion error ot 6 k~ . In extreme cases the reflection height at 100 kHz may
change as much as 30 km during strong solar proton events.
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Figure 21 Illustrating the propagation of long waves into the sea.
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Figure 22 Ratio of electric wavefield below the surface to
waveuield above the surface for several frequencies.

~~~~~~~~~~~~~~~ 
A, k (r ,

~~/ / / / \ \~ A .B baseline
/ / J )

~ \ ~~~~~ R receiver
a, phase di f ference

Sing le hyperbolic pa t te rn

Figure 23 The principle of hyperbolic navigation .

L ~ —~~~ - - - - ~~~~~~~~ - -~~t~~~~~~ C ~~~~~~~~~~~~~~ —



- -

lU-N

Figure 24 Planned complete Omega navi gation system.

1.6 .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I I I
0 100 ZO(

Distance , Kilometers

Figu re 25 Secondary phase correction as a f u n c t i on  of d i3t a nc e
from a Loran—C transmitter , depicting the effect of C -

a hill 1000 in high at 100 kin , arid a seawater expanse
at distances ~rea tor  than 125 km . Also given is the
secondary phase correction ‘or smooth homcpeneous
land ( J o i i l s -r , 1977).

~~~

-

-

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

F i  s - t s r - ’ ; The diurnnt ] tunct irri or svt ~~~s - i .  Liii !- i-i --to e velocities

L 

st Omega : re-tuen c1eO. (i~-n- -lns n ,i977)

--- --~~~~~~~~~~~~~~~~ —~~~~~ — -- - -~~~~~- -
~~~~~~~~~

- -— --—— ----
~~~~—— - -

~~~~~~~~~~ 

— -

~~~

- ~~~~~-



10-25

SXR-EFFE CTS ON OMEGA
PROPA GAT ION AT 10.2 kHz
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Figure 27 Omega phase difference offset for Norway minu s Hawal
(A — C) and Norway minus Trinidad (A — B) measured at
Spitzbergen during solar X—ray flares in 1968.
(Larsen,1977)
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L~ RAN-C PULSE SIGNAL + NOISE +SKYWAVES

~ 1gure 29 Schematic illustration of a Loran—C pulse (left).
~he received signal p lus n o i s e  pl us sk~~ ave is also
shown ( ri g h t ) .
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