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P R E F A ( ’ I’

I’ lectromm iagnet ic I’ropagat ion (‘Imara ct e ri s t ics of Surface Materials and Interlace .“vspec is ’’ 0 is tIme top ic of a
S pecia lists ’ Meeting conducted h~’ the I’ lectroimmagneti c \S as e Propaga t ioim Pa net of A( i\ RI) in a L it  u m mm i I 9 7t ’ It m ot
place ,it the ‘l’ev’himica l University 01’ Istanbu l, ‘Turke y,  on I 5th and 19t h Octo ber 19Th, These ( onferencc l’riteee dimigs
c o mt t ai n pape rs and cii imtrih tm tiom m s to discussions , as w e ll  ,is ai m account of t he round—table disc iiss ii r i , i t ve r lm m g the entire
sit h eel of the m mmcc t ing.

In the field oF d e c  tro mnagnetic w. ive  r ’  p.ig.i t uit , essc mm t al 1 m m  it ing com mdit i ii’. nay b~ represented 1w ch aracte r is t ics
amid beh avio u r of ti pper and loss er boundaries o I lIme propagation environ m i me ni , ‘l ime pt’ r lo rmmm ; i mm c ~’ i t t  propagation paihs
mm ma ~ dc pemmd s igmuhc,uimtl ~ upon s , i r ia t io ims in suc h s m i r t . i c t ’ properties; op timmmumm i pr edmcm.ibiI i t ~ is one of tIme desired
teatur es ,

t Ime su hje cm of surface ctm. i rj c i er i s t i cs is usu.ilis addressed mm conmm ec t ion v y i t l m or .Ls part of mmmcci  t ies  concerning
oi lier main topics , l’Ite mmm o re direct .ipproac Im uim idc rt , ik emm in limis m mmee tim liz h a s  ,ihlovs ed to ,j cc o uim mt I or time immcreasim m g
m mm i po r tam mc e of appropriate par .mnicter s for a mm Lim n her of m mm o dermm t ’ields ol resear ch am md c mm g i l me c rimmg app ! me at loims such as
re mm io te scnsimmg ammd survei llance. t irget rccog imit iom i . siib’siirl ace pr t p.ig, itiom m. em~ 1 m m addition to a general evaluation of
rec e m it data. p.tpers amid discussion ’, ,it t ime m eeting covered the v,iri,ih ilit~ of par a mm me t e rs . iheim ’ gcograp imi cal dis t r i b ut io mm .
a mmd l imm ii tations ii t lme ir vahi d it~

l ime entir e subject ot tI m e mm me em m r ig  vs , is  deaR wi t h  in three sess i o l i s , ct t i mcer imm n g I’M surface c l m a ra v t t ’ r m st ics . prt mpag ,it iomm
iii inter lace media , ,umd global di s mrd ’ut io mi ot 151 sm i rt ’,ice char ,icter istics A rot i i md ’ta b lc discussion at the co mm c lusio im ol’
ti me f leeting .iss is ied imm c lar i ts  ing the prese m mt st, ile ot the art , emmg i mm e erimmg .ispe~ Is . .um d pro l mm msml m g ,ire;is of rest ’ , i rc lm . I
rev less papers at  the begmim nut ig of tIme t i r s t  se ss lo im ‘n~er mme d t he presv ’ m mt s t , i me  0! tIme arm vs t b regard to cle~m r ni,i~.’ iic mi c
properties it t  w a ter .  .ind mmme lh i i i d s  01 mim e.i s uring c io i i mmd ri’s is t iv i t~ , o t h e r  c t t m m t r i h i i t i omms  in m lm is  session p r e s e m t e d  recent
results m mm t his gemm e ram h eld, l ime set ’o i md session c ommmmm me n e e d w ith pipers om i m l meor e m ic .uI  sso rk am id ,iii;iI~ m ical m mic m l m o ds
with e m m up hma si s omm m i ter t ac t ’ mmm e di a a m id moti d e r im c o im m i m muim mi c , i t iomm r equim remm me mm t s . other pat t ers n~ t i t led t’~ per u im me i m t a l  d.iLi
obtained ummd e r special sur t , ice ’ de pe i md ei mt prop.m g .u mm o m i c tm mm y i mt i o m ms , Following a review pa;te r in the third session on ti me
possib i l i t ies ol mmmo mm itor i l mg .it im mos p lmer k ,iimd surt . i~ e pro pa g,i m it i mm e lmar, i c t c r ism ics t ’rommm s 1tj ~~’ , ot her comm i r i h umions
reported resmi I ts  re lated to glt b,i I d is t rib t i m ion i mm g e m  era I

1 mm su lm m mi m ,i r % . ml is S ite , ’ m ,L h isms ’ \ I eem i i m g prov ided the utte nde d i c y  me ss oh t Im e si,iie ol m Ite ,irt mm mlii ’ . t ’me ld ol resea rch.
discussed t lmeo ret ic , i I  ,ind par miL.i l .ispe~ t~~. and nmd ic . i t e d ‘i i t m im i s i m m ~ .i re,is if research , I hm ese ( ‘ i ’ t m h ’ere ii ce l’roc eedir ies
c i s c  .u lull ,iccouni ot papers nd disk ussu ’ r is

App re c m , i mi o rm is es press ed to ill v y I L i t  s s i s t i ’ uI um t h e  ttt!.iIiI/ ,i t iOil i t t  t he S pe c i . i l i s t s ’ \ l e em m ng as sst ’ l l  is mm t Im e comm i—
pil,ition t m these l’roce edu ies . to mmm c mm mb ers  i t  m I me pm og r a i m mmime c o i m m m t l i t t e e .  au thors  ;i,md contr i butors to  d iscuss ions .
session c i m a i r m mm c i m . m .  t ime host coom’ y hm t i , im o r , to ‘vt ,A RI) ’st .it ’t intl ot l me r c it l l ,i l i , i i , t t , t s
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Electromagnetic properties of water ,

at frequencies below 1 000 GHz , as

met in its various form s found at the

su rface of the Ea rt h

by

P.M. HALLEY ~

ABSTRACT

Water is the most cortinonly found form of matter on the Earth’ s surface and it is practi-

ca l l y present everywhere .

In the static condition , the dielectric properties of water and the conductivity of aqueous

electrolytes , such as sea-water , are very well known . Recent theories in the field are undergoing

development (Kirkwood — Fr~h li ch ) .

In the harmonic condition , the application of a relativel y simple theory (Debye , Onsager )

provides perfectl y satisfactory results ,

These theo ri es a re c l osel y linked to a water  molecu le model which is folded , strongl y polar

and to mutual inter—molecular action ,

The most widespread natural body and the most homogeneous on the Earth’ s surface is the

Ocean. Its characteristics are quite well known up to io12 Hz. It is very opaque to e.m . waves.

The polar ice-caps are less homogeneous , w ith less well known characteristics u ” to lo l l  Hz
only. Ice , at low temperatures is less opaque to e.m. waves than the Ocean.

1 . — THE THR E E V ) ’~~I uAMh - ’~F,’i) , ‘u ’ . ‘MAR\( ”tER!C’F t ’S OF l’HYStCAI . Oh ‘ u t s , (i)

M i s t  pri ihte ms in miicri ’si - ’ ’p ic - I t - u t r - ’:s u , ’ul. -t 1 511 — 15’tus’ t’ r- c ’ uu— t i nea r  ,- i  i t - i ts are r i ot  c , ’ n s u u h t ’ r m ’ i  —
ca n be s~ lv i i! by  snI p ’s I nt  t i  0 ‘ er  l i i  ti i near ,‘ i] i t ,- t t  t otis hold i t t  r It e  c o i n !  t v u ’ f t t i e  l i n t  uniter ‘ ‘n—
si  ~Ierat  i ‘it t o t  f iv’ Id cc t o r - s .  Thy si equa l  t i n s  ire

( I )  - 1 ( 2 )  Ii = F ( 1 )  1 = F

I ) , ,’ u ’ ’ ’! t i c  i ents  iii’ I ib m - I  liii

the ,- ! m - u t r i  c ; ’ i -  r ’ . u u t i i v i t v  i i  r spi’u’ i f ii :  i n d u c t i o n  ‘ ‘s i r  or d i e ! ec t r i~’ c o t t s t u i r t

‘,i t t t u t ’~~~i.u utn , - i ii ’ permeahi l i t  v

t he c , ’ u u h a s t  i v !  t i

F~,,. t ,’ u u ’,- t f i i  m u m  5 civ,’ mi by’ e v , i l i i , i t i ’ l in the  v i ,  i n i t v  ‘I t h e  po in t , and a t  t i e  f r i ’ipielii’\’ .
under - i ris i l - r u  ion s ,’t , ’ l y t r i o  I l i  i i b u i ’s i  i - i l pro pe r t  i i ’ s  ~if t I ,  memliuin t , usi ng both th,’ .’rv and
eXpm’ r i iu , ’ ,u t  ,, t ion.

( t t iv i o u i s l y ,  f ri,nr t i , ,  thret t uun ’ h uiruut ’ nta l  t ’ i , , t r , u u  t t - r t ’ u  i S  it , ii , P ‘in,’ - t i )  ~- h it’ ’i’ . u t - o t he r s  h ct i i - r
iu i i u  ted t o  u t - r i  t i n  ‘i ‘ u t  ~~~~

* C a p t a i n , Mar ine h i t  ‘ n i l e  — FRAN(’ E
Graduat e Ecote S,t 1mi r ieure 1 ’ ! h~- t rier I,
C i i i r Exi’,- it t lvi’ t - ng inee r  at  the i~ ,’ u 1t ri N it u , i i , i  I d ‘ h m udes des Tet,t t’omimln ju’.it ion s
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h i t h i n  the sit pc ‘i t h e  present  s tudy wi’ s t ua l  1 f i r s t  b r u , -f I, ,‘ x , i r l u i ,t e  t i lt ’ rm ’ h , i t  is’,’ irpe u r t ilu - .’

imi the et ia i ’ . i c t , ’ r i s t  i c s  and thu e  ,‘r l, ’ u’  ,,i rtaguii t n t , ’ of the kuu , ’wi, v i b e s  . We shril l  thet i  ‘ u oc i ’ - ’ I t.’ i th ill in—

dej ’ t t t  studs - of  t h e  iii iii et u , t u ’ - t c  ‘.,‘ u i  s t i c s  o f s’ , t c , - r  intl ic e  i u ’rms .

1 .1. Magnet it ’ periuiealm i t  it “ 0

On t h e  E a r t h ’ s s,ir ii ’ ,’ , ,‘x u ’ c pt  iiinal i’,istS S being neg l ec t e d m i  i ‘lu, ’ 1 , r u v t i ‘lI i t ’ rri’ t5 i~’ t ie—
t i c  mate r i , t h s , we iced not concern  u m u r s e t v e s  w i t h  ssu utu l , - t  Ic p e r m e a b i l i ty , to i ll  i n te n t s  and pi i rp u ’s e s , anil
use ,‘ ,tui t a ke it that  the magnet ic  pu’ rtne.itiili t v  Ii is t ie’  Same ,‘s’cr ’,’t.’ I i c r m ’  and ettu,i t 1 - ’ l I t - u t  in I r,’c s p i c e  o r
in a \‘,t i ’ui ,tlll i . t’ . , U

In the MKS (A)  i t V s t c i i l , which Wi ’ s h i l l  he using (eX i ’ ,’p t  i,’ i u t ’ t ’ e ~r t t ~~d m m r h e r s ’ i s , -  in t h e  t t ’ x t (

= ~~
- -  . ~~~~ (H m 1)

1 . 2 .  I cc t i ’ i t  j ’t ’t ’ ii’ it t i V tt v  it

Th is  char a cte r .stic V , i t’ ie s  on the E.irth ’ s su r i , u , , not only f r , ’tr, ‘ l i t ’  it ’d-s t o  a ,uu ’ t i u , ’ r , but
at so var it ’S as a fune t i out i t  t r’t ’ cu u t ’ u i u ’y.

The e t e c t r i c  1’ ,c  t’c u i t t i v i t v  t ’ f a vacuum is ~~~~ “
~ 

= (F m 
I
)

w here c is the s 1’eed ,‘t I i  ‘ h r .

I” ’ r c,t t ’ h usa t i ’ t’ iii hitid v s’, c m  1, - u i ni’ he e t  i t  I ~ t ’ Pt ’ rm i t t i ’ i t s ’ ri b a t i  s e  t , ‘ that  in a i ’m  —

c omit s , ,t S per

( 6 )  us =
r it

1

‘i r e , ’’.’, r • I t - , 515t’ t I ‘ s t i .  I i .‘ns l~~~i i  I - ‘ I 0, ,-q,i,i t i ’ll 1 1 
r 

= . s’ii,’re II I S t lie i t  t I i ’ I V t

h, mes t i tic, • v u !  i t  f m r  i u u , t t r i o ’ ,  i t  - i Oul I I i - ‘It .

It ‘ r ’ ,-
~ -~ , ‘ - ‘u , s’ , u i t u e r s t  t , ’ r i t c , ’ ih , ,’ ’ ,’ , i v , ’ o r  - i  i~t ,I,i, , it ,‘l ,’ - t r i c a l p ’ t a r i ” a t ’ ’: f t ’ f i ’ ~ m ’ ,t by

t i e  ,‘hU,it ion

( 5 )  = :“ —

The v t e l -  r F i s si - I f— c m, , t  I ing in a v ‘‘ir is- tn t I,  i, - 15 i s ,  usi, , re I h u t I, t is no I i , - h d  i c _ s m  or
T h u s ’.’ ,- , t - - r  t h,’r, - f r e . rc l ’r  ,‘s , -”, t  p rese lu  i’ ii I “ i t t .  I

E~ t c t  r i t e ,‘n,hi, l i i i  t

hi -s is  ‘~~t 5’ ’ ‘ S t  S t I 1  u t  , e S ’ . e~l , u~ i t  ‘ I ’  ‘ ~ i’ l’s’ t ,i r , t ru . l  hence the ‘s it i isp ’ i t o ’ ,

Fr,, ’ s p l i t ’ ‘ u ’ ,i s’r i ’ i l u i ”: I ’ , the  ,‘ i i hv  pt uv r i . ’ rt l medi t r t n  w h i c h  ‘ r i - i t - n t ’ .- in u - i t - i t t  i i ’ i l t v  t t i t  ‘ ‘n—
d u e  t iv  t t ‘s . For lii u s I , ,  s - u i  • s p i t e  iii per f t b y  I r u, t s , ’ ,i i t ’ll to  ,‘ I ,- ,: t c, ’ s, , u ~:i,,- I i t  i,’ , IVi ’ . bh i~~r l’t t Y s  ic  u t
ni h , 1 , t i l t e d  m , i t e r i , t l s , il l  ‘i’ , st-,r r a ct ’ r t u l n  ,h, ’ ,’ r ’ , ’ ,’ ,’f i ’ p a e i t v , i .e . ,  t he b u y , - a f i n i te , n- in— i t t , c u ; l i —

s i le n t ,- ,‘ ,u, t u u - t  is’ , ‘ ,- ‘ , It is  ‘r t h i s  re ,uson I l o u t  th u ,  i.i’ ’s t  i ” I ) i ’ c t u nt  ~ .m. ,‘li,ir,i, t in  it ic ‘ f ,t i’t’ ’) ’ ,l,:,u t ion
rru’ di,usu is i t  ,‘ u ’n,hut , - t ,  i s - i t ’ s  I It is ‘u,’ ,us i u r i ’d in s i m ule 15 p t - r u ’’ ,’ I t - i’ or nut-i,’ ‘u - us, te r. N i t u ra t  l v  - I5  ‘ u f un ,  —

i i ’ ii ‘ ‘I  t~ I’ ’’ ) it ’l l’ S ’ -

C u p  I t - s  e li’ t r i t “-c ” i t t  v i

M,ixs’ , i l’ s ,‘t lu iat l iii li’ ,i,h t i t  a u’u’m h i n a t , ’ c v  ,‘I’’si  uI  i on  W i t h  ‘ ‘t i ,  ‘h ,t t ’ r t , ’ t  ‘‘ i i  s r i  c s  and ‘ f ,’r
i n,’n— t , - rr o — ’ i , ’,i , ie - 

. ri t hy’ s lt t u ’ u’ s h i e r - c  t i l t ’ f i,’ i u l is t , ’ be c, ’ns ii t u ’rcui t h u  in the  h,irmonic c, ’ nd i t i u ’n
u t , :  i n i b ’ .’ n it ,- t m pt ’ r r t ’ t

(‘ i t :~,
_

I nt~ t i S i  1,1 Ic c h i n e ’  te r  5 t i i  c i t  I r- ’d t i l t ’  ‘ usurp I to: i l i t  t i c  pt ’ rmi t t i vi t v

( li i i = 
~

—‘— — I it i t  — ip)r it , uilit
0 

r

‘ s i n , : t lii s I - ‘ c u ’ s ,  I i t  i ‘ it , ‘nt - I u, ’,’ u h ‘ ‘it  y i t ’  r I ‘ ‘ a s i  up I , ’ cli, ut - _ i t - t u - r i i t  it ~, a l t  hu nCh ti i s  I i n —
t i l t  stti it r I,, n i l  intl t i l t , ima g inary p i tt  s , ‘i t a k ing mlii ’ r,’ t i t  ive  ‘cm i t t i  S ’j  IV  I’ • inn ‘ne h ind , intl the

to , ’. 51 ‘ h  the t o s i  ring It ’ p ‘ui 11,,’ ‘ t  t ier  lu , , i , ,1 . 
r

The c l i ’ , ’ t r i it p er mi  It iv  i t  v - ‘~ a hodu’ i s  u ’ ~ I,’ i d i  r,’c t m y t a i t s  mol ecu ta r  St  rum ,’ to re. Th ,’ di —
polar  t ’ h ~ ’ , t n  i’ i ’m - I t t  is ‘lii’ 01 t i l t ’ s , ’ ’  t impo rt a t i t  mt’ lec i i t t r  ‘ n — t O u t s .  t’ ,it , t i ’ t z . i h n i t i t v  IS  , t uu , ’ t t i , ’ r  majo r

l i - t m  i - I  ‘n s t  ii’ . These v a t u t i ’ s  cm  both be ‘ ‘ht , i it i y’ tt I m ’s’ d i e l ,’ c t  r u ’  measu remen ts .

Re , ’ ,’ lit b y  an m ’ f f , ’ rt  iris been mad, ’ 101 ,1 a ti ,, - , ’ c i - t  i i i! ana l y s is  ‘f  u h i , ’ t i’t ’ t t ’ i i’ s has t e d  t i  i urlpt’ u ’~
ved i t i t e r p r t ’ t l t  on ‘ i t  t h e  p r i t 1m i ’ r I  i t - i t t, f i- uun d,’nse, l media and I, ’ a ut i i i  zat i i t n  ‘f n,i’ , iso t ’ ,’uu u , ’ i t s  made ~‘ it h va—
pm tti r s a nd d i l u m t u ’ u t



‘the comp lex i i  c c l  ru t  peris h t I ivi m y dep e tid s on f r e qu t ’ ‘V . i t is also ho gl i lv i n t s’m t’ st u rp ’  as

res ’,unih s t h u  o r i e n t a t i o n  ,i t t h e  iu io tecu lt ’ and n ige r- i l  t u g  ‘ mum lu t uu uwt edg t ’ ‘f  m e l , a x , u t  it,n u , , - i t ,

2. TIlE S t A t E  OF t’,\t ,Lt ES OF u ’ r- ’NIil’UT 1 P I T Y  i’iNlI ‘l’Hbf MAJOR ROLE OF W,\ t b - li AT THE Sl’RFACI -; OF Tilt-; b:ARTH

2 .1. At  the n i t  f r e t l u u t ’ um u ’’u’ , i . e . ,  in  t h e  , tt , i t  i c  cond i t i on, t h e m , -  ri me y,,ui,~ ,lu: uu1t bod ies  w t u i i ’ h (iris ’ ,’ v c r ’,’
luiw c ’ um ~h utc  t is’ i t ’ s  vi 1 it ’s

Rud y Cu ’nut iuc  t i c  i t y t m 1
)

Me l ted qu a r t z  it 2 x

Common g las s  to
_ t

~

are
ttt i t t he re/ r i l su ’ meta ls w i t h  h igh cuindut: m , i vi t y  va lues

Steel , 1 .5 at I x IO 7

Copper s . 7  x mtY

‘t he r r i t i t ’  a t  t h e  o rders  of m a g n r t , t t f t ’ in m i s e r s  c i  ten  is  2 2 .

i t ’s and s l , ut c r ia l s , in ‘ -nt - m a t t uu ’ I l— h i , ’mo,’ u - ’,i eo t t s  and t ’v ,’n ‘ , ,  I ’ m ,  ‘ i t ’ im’ ,’ ,us t hat arc found
Ear t h ’ s sim rt , it ’ c u ’ m in iIi~ top s u r f - - u, - ,’ l,ts ’ ,’ m. ’r , l ii’,’ s r , , t i c  c o nd uc t i i ’ i t v  i i i, , ’ ,’. wht t :h  Ii, b r-i,- ,, n t hi- -

c x t n ,s I ,t l s’a lues u5 i s’ebi in t Il e t a t i t u ’ ,i ht ,’s’ c .  T hese ,um ~’ ‘ , ,us n ty  ,i~u u , ’ , ’ , ts  so l u t i o n s  iii the i r  so l id  ,‘ m t i quit i  i r la —

ty ’S ,ind n, ’c L.s , The fc, t I u ’s’ i ti ,u u 1t ; ’ r ’  ‘ c , ’ ,, C , -  va t i t s ’s  un ,  1

ii, iut y Condu c t i s ’ it y  
~~~ 

(~ ; l m ’)

Dry has,i I t  - t0~~

Puci- s , ’t m w ,it er I c m ’  ID

1, c r 5 ’ punt ’ Wr i t e r  P

Dry ‘m o nth i1t,n.un it s ’  I I lO~~ t ’ ’ lii~~

C I t  u,’ , i le n ( l u k e ’ .  .unch
r i v e r i l  5 u, 10

C, ’ ,u—it ’ , u t ~ ’ t  I u t ’ S

‘ Cs’ r , t i’ ’ ,‘t  t l,i ’ ,’ u : t r ’ - u ’ i. i l ‘ s l u r ’ s  , ‘l~ ,,,iit n it u d,t (d ry  h , u ’ u u l l  intl ss ’ , — u , i le r t  in p ’u.’,’rs i t ’ t , u r  i s  t m - ’ ’-
‘i I’  I Ii h i S  it iht i ’Si

— ‘ ‘ 
, - , - u ,

,- c v  putt ’ ’ 1 5 , 1  c m i it a r ’  - i a t  : t , 1  s’ po .’ r u’ ondii c t , ‘r , hot t t i, ‘ u _ u s  i—uni t’ s’ nsa I ‘so I i- l i l t  In  u ’  t I c i !
II ‘si,u’s’ui t t,,’ u tu i c a  I u:u’tur pi ’tmii t l i t  d i s s , ’ i v m ’  in i,’ , u t ,  r , t m  a sut - as , i r , u l ’ t e  iI, ’tn i ’ ,- . Thie ,opi, ‘its solu t i,’ns ‘f t i ,,

urs iu ,, ’ r , u l s  w hu ic h  si.uk,’ up n, ’, - ’,’~ tn t ’  a l l  ‘i,’ m’ or l e ss  i’ , ’ n , h u t t t rum: .

i e n t , u i n  ‘ u ,u l , i  e rnanean I u ’ ,’ ,- u  i re  i i i u t ( u b v  m i , r c m - ’i l ised . Ce r t . i in  I a t m ’ s  rim, ’ s a l t — l a d e n . Such, mass, it

‘f  l i q u i m l  l i ke  s,’ , u — w u u t e r , ,t me itiihe,’,l s t r ’ i o ’  i ’ h e c t r ’ l v t e s .

On ‘lIt ’ hand water c n n  h sc’ t’tu m u  i ’ s ’ s  I cu t r r u s s i ve ,tgt ’itt • reac t  h i t w i t h  ions antI ‘ C c i  i C

It iui f i I t e n s  ri c k s .  It c m  h i , ’W f rom the sti rf .i c ,’ to  -u 51 , 1 ,‘m n ntn ca n l,t”,’r . ti,,t can .ml ii ’ ~~~ ‘ s m ’ t m ’s , a

s u t , t e r r , m n i ’ r t n  m e t  t , - ii,,’ sui r f ,u ,  - . b y ’ - u l ’ i l l , u m i  t i . I t s  i~ mc s
’i’uI et d i r t  c t  l ’s  i f  i t s  ti,, 5’ ,r i . b i t t

r i s t i c s  o f  t i l e  I- 1u r t b i ’ s n, tc ks . inc tudit ig  st ’— c a l t y ’ t t  ‘,lm ’ s ” h ,i’ ia lt .  TI,, And - l i t utn, ’c k pb t i l u’ i ’ p l i i -n

,Sni s t ’ ’ t b t ’  bini,l lnt ’ b ’ j d u ’ u l  ‘i s u t , ’ r ,inilt ’ lut : his I ‘ h r  C l -nt ’ l u l s , t , ‘u ’ ethu ’ r  s’ i th ea r t h , a r  intl f i r e .

To , , u u s , m r i , ,, , i n ’ s  an e I, t c . ” S - i , ’ ne l  ic 1ii’hIi t o f  vi es’ . s i t  id ‘m l i qu id  s t . lt e  w a t , ’r presents Il~u

t i c  p - m n u t - .u h ’ i I it v  valu,’ uif a vacuum ,, 
,. 

M, ’c u ’ ’ ’v t ’n • hec . , ,us i ’  i t  e, ’nt ,i ins free c l u , u r t ’ e s . ~‘n nu i ’tiu ’pcla r

c lu . um , ’ t ’ s , i c.. iu ’ns , i t  pi t s s t ’ S s t ’s .1 ci nt - u i  1 n i l  c u ’ u i i f m i c t  u - s i t  ‘,‘ v,i tuie -~‘‘ . Ar, ex I t - m at e l e c t  n c  t h e l d  F

quli l ied tu ’  a s i t u p  be  t ’ , i , m s t ’ s  an u , r d e r t v  d i s p l a t -eust ’ r i r  ~‘ i  t i i, ’,,c c b , , t n , u , ’ s  , i . i’ ., , i m ’ ’ui ’ i t t  ion t’u irr t ’o m
la s t l y ,  w a l e r  luas a , u m t a i u ,  e l e c t r i c  pe n i s l t t i v i t v  w h i c h  is a t , s , i l t  ,‘i ‘ ‘ l , i r i ’ t t i on  II,, l a t te r
be ing  clime m a i n t  s’ tu ’ the’ “ 1 ut  i it i c u b  o n ,  lit u t  i, , nu ,1 ~er” i ,ui i ,  c i  di pu m l -s  , In I lu ,  lu,urmoniu ’ co nil i 1 ii’n , losses

by f r i  t i n  ‘ ‘I  0 i c ’  r ie n t , i t i u ’ u i  if t lu~- d i pt i les in nt ’ i , tr , l s’ u t e n  tis’ t’ r i s , ’ t , ’ ‘in .‘id d i t i u ’ni t co n u l u m e t iv i l
v a t t i , ’ : ’’ , .-it t d i t i m i na l  I,’ ion ic  c i i i ’ , ’  I i v i ts ’ . ‘l’hv’ ,‘ f f e , ’I i - s c  cm ’nt t t i t ’ t i s ’ i t v  i t t , , , ’ , For liii ’ f n , ’ , : ,ue , i ,  s’ tinder

e,it l s i il’ ra t i on  • i s  l i i,  sum n i Ii,,’ Is ’,’ e l  ,‘s ,i’li t iny i ‘‘nil’ ,’ I s i l l , ’

( 2 ( 1 . ‘~~~~~ir ’ -.

1

-~~ - - - - - - - - u
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I. l t l S ’ U t t l t b t ’ l ’ l m ) N  (IF W , \ l i  bt ‘m l  ‘ h i t: SI ’R l ”\ t l’ mit ” ‘ f b i -  I , \ b f l b b  ~2)

• II,, 5,051 c u ’’,lt hll , ’ll ‘I h,m 51 u i ’s , i,m 11r- i ’s , ’ l l i  i’i’ t ’r ywt ii’ i ’ s’ till I It,’ b - s u i t  h,~ s ’ n , m c  I , , ,  , , In I u t  , l b ,
‘ I ,u,, , ’t  b m u  lb u , , ’ mm t t l  hi,i’r, ’ l i i i  Iii i u t , ’ Iv  b,, ’ ’ t b I ,‘ b  I Ii,’ ,.‘, t t  i i ’  lit limi t , s u i t  t ’  1 5 , 1 , 1  is  lmr ,’ti n m li l i’ I Ii,’ 1lii~~ii

u ’ i i  I t  s im hs l mIt , ’ ,’ s’ b u i , ’ti ,l t uI i , i ’ u u  u s h m e s  i t , , ’ h u m Ii I r,uni th , , ’ ,t m her mI t t  it i t ~ If ,, ’ s ,t l m m s i’s i  i ’ , , ,  I Ii, , , -  i~
, w i —

t i m ’  pi’ ut I is ’.il Is’ ‘ ‘i- i_ u  ii,h ,,‘ u , ’ , tin It t , ’  ,hiii I t s ’  mt m i l ui  iv , ’ lv  sh,, i I  l u , - iht ’ t ’  i hi.

1 .1 . f l u , ’ I -I  u I .mnuu ’ muit i i - p u  e s ’  l i t  it m s i ’  l ois,’ ,‘I I I, t l I~ kt ,i I h,ir , u I t I  m l  P l mlii i s, i l  l ie u - i t t  i , ’ ’ ’ )  it b u t  k,~, ’
mu ll ,m ‘_

~ 
u , , r u t ‘ m l  ttu i ’u t , ’ I I b i t ’ t h i t  t’kuii,’ui s’ it f t~ ,, w,mt , ’ i ’  I l v i i’ u.’,’ t u  l~h I,,, ,‘ , i, ‘I) ktuu ,

t i,’ ,i~I p r t i x u l , . m t i . g l i th i _ i l d i s t i ’ t h m i t i i i t i  u ’ t  t t u i u u  w , m t t ’ i ’  i s  us i l  I , ’t,’s

— t I ,e ,’c,’ , m l u i : m h m , - st ~~, c, ,,u I fm in 1 1  x I ut 8 
kni t

, i , e . , i) 7 “I ‘ h t I m, ’ I, ’ I .m I • I ‘ir run ‘ ‘ ‘ ‘ - i l l , ,-
i , , ’ ’  I I t ,  it I ii ’ bi ll’ ’ . ‘II,,’ iut,’ ,ot ib~ ’ p t t m  ‘ ‘I t h u m ’ ,’c c u l l s  iii t t i e r - C  I .‘r,’ t .h t u t  ku ’ s .

— m l i  “lii’ m e e — c n m t m s’ : t hi , ’ ,\ uu ’ . irct ic p la I t ’ .,,, lu ,’ l ,t s  2 , ” ti ,‘ .~ 1 x l i t ’ kiuu
t 

- i t  “t i l t  W r i t e r  i c e .
In  , m 

~‘ ‘ ‘ t t n . i pt t i c  ‘ u , u m t n m c , ’ ,, I I, ’, x lul 7 ks,2 . l i t , ’ .m\’ e r u e i ’ t h i c k n e s s  of  l Im i t  ic ,  is  1.8 is’ .

r u, \ m ,’t  , ,‘ ‘ ‘li ly  ,it ’c i ’ul lt i t  u ‘n I in Ill ’’ kIlt 1 tO t ,’ m , m l  s,if I 5 , 1  -n ic , .

lt ,’s 1i I I,’ m t  ui ’ - ‘ i s  i i h , ’ r , m b l i - q um it it i t  y ‘ b  m,’ . u t  ,‘ ,  t , u kt ’u u tm 1 t mv tb , ,  p o l o ’  ii’ s ’ — ,’.1! 5 t h i s ’ ,‘ , h
~~
,’s ‘ i  ‘ u , - , ’ . , i i —

i tt s ’i i l ,i I h isses , t l ,~ ‘‘ ct ’liI ui t ~~u u t , t I  it t ,‘ t s ’ ,’s ’’ i n c i s e  c u b  l v  sm ’ , i — w . t t r - r .  Vvs ’n i i  I lue ,m ’n i i  ‘‘I n ‘I .mt ion mu E lm, ’
I- . u r t b ,  S u i t ’ It ’~~ I, ’ ,’ t II,,’ s m ml  l u ,  ,‘ in 1w,’ t’ it nt i n t u i t , ,  • w l i ts’li t,’iiui l,l ,,pp, ‘u, inin it  i- i  V ihit t i h i  I e Ii ui i ’ l , ’ t  u l l t  ‘1 i ce
in tI m,’ i t t ’ — t ips , .i ~‘ ,t ’,si,I, ’i ’ , t i’ I , ’ , m r m ’ ,m ‘i m l i i ’ ’ - ‘ h u t  u i u , ’ n t . m l ,ubt, ’ lv , ,’s ,.‘,‘,m I,l s t i l l  lie t tui d , ’ n s’, m t , ’i’ , ,m nt t , ’r m l , ,

0,0 I m i t p  ,‘ ‘t i~h It  ‘os ‘ h tt ’lll Iii ’i’ni t ili’ t’

— I Ii,’ ulmper l i m i t  ‘‘I t hut ’ iIt’lt~ i uimu u ue m i t t ’,h t ,‘ ru ’ ,’s I r i , u b  t rims

It,’n,’nm tlt I f It ’ u t ’  i tt  l i u , ’ u l t n m  I s u m r f , i , ’,’s ( ‘ n  iii uh u u-~’ 5 - I ,‘ , ‘ , t l , u , ’l s i  I t,  r h , ’ ‘ u i r  I t  ii i’,’ i s  u 1 ’ p i ’ ,’ x i i u i , i t  - t v
it lm )~’ k,n t ‘ m l  w , i t t ’ n , in s , , t , i r , u t  u t l l u - t i ’ , , t i! ~li I n—s it t m r , u I , ’u h m,’c is.

It  t h c - . ’ u n i  u s  I ituu i I i’mh h i ’ I ktli iii tht ’pt hi • I lit’ ,
~t i,mn t i t s  i t  s i  I l,’ ,l I t - I  i’r ,- s t  i o u  I ,‘m l ‘ I

I x Ii i” kIn 1 .

1.2 .  itt i lit , ’ ,’ ‘i , i i n,’iu t ,. . t f i ~ .;i l  o il  u I V ‘i  i,’,u t t -r  b~t ’i’ mini m ‘ i  s tu  i t t , , i s  I i ks ’w i , ’, itnes’ s’i~ 1’.’ m lii t t ’ i I’uui ,  ii ,
TIm ,’ I t’  I I ‘u,’ i tu~ t o p  I t ’ s , ’uit I bit ’ Itl,i ill i’ t ’ii,’ eit t I i  I l t i l ts

— g l. m c m t ’r~u 2 . 1 in lu l

- h u n t , ’ s i  Iu. ’ u m , ’c  l , t k e s  iii l i m b . i_ I  ‘ ... b I .2  it l t ’ ks,
1

— l i n e s , u l t — u,’ , , t ,-r Put ’s (( ‘ , m s t m i ,mn , t I c .., i 1 .2 it III ’

— l i n t  i t - , ’ s i I Iuumis i it ii i’ ‘ n it I It m u

— m i s ’ t ’ u . 2  it I l l ku - u

‘rt , b , ’r,’e l  .ili’ ,, ’ ,,1’I, , - r  , c, ’i u l , i t i l s  Ill t ’ ’ i u u u s ’ ,i l ent  ‘ h i s s , ’ I II it IO
I it , :

t 
i I i u p t i , I  i., it el in t i e ’

tn , ’ p ’ s p t u e r u’

l ’bu , ’ ,mn utmi , m l l o i n — , ’ ’,’ ‘ l it,,’ hi’ .’ ,‘i’ ,t~ ,,’t i t  i, ’u, ‘I , ‘t ’ ,’ ,u l i ’ , • p m ’ . i p i I _ u i  it’ll m u  t his’ t’,’ Ii m i ’ii I h , ’,,- t .  - I me
t im ’ ,’ unit , b r  thus ’ p I i~t i ’ t  u s .u wIt, ’ I,’ is  1 .’, x lii’ kin I (li’i ,~i lh i i0 ’ ’ ,

‘lIl t’ b l,E( ”FRI( ’ IIi”Ii ‘i i i  5211 ‘li ii i i  t A R  I’t ’t ,A t i t A l b l l  I FY II

N, ’ li l y, ’ .i t l i , t t l s  pt~ i l l I ~~’ th ‘ ‘ m i t  t ln, it ,u kn i’w l , ’ u b , ’ ,’ , ‘ t  Iti,’ c i , ’ , h r - l i ’ ,‘ l I . t l  1 .  lu ’ i ’ u s l  i t ’s , ‘ t  lll.ilu’i’ , i l I’,’—
I , ‘‘~~C rm’ ,l ‘ i t t  t u  ,i ‘ S e  b , ’j ’ nu , ’t u t  ‘I II,,’ I i  ‘ ‘ ‘n,’ I u t - m t s t u u t h  m i ’s ,illi b mb, ’ , ‘ n I t - m i  ‘: 11 u t  i ns ,  it,-

I iii I ’  btis’oi il .m m t 1 ’ i t h  rt ’cap i 1,u ‘i t i t ’ f l  o h  li, I~n u i - has, ’,, i t t  lh, ’ thu s ’ S i c , u I m l  u, ’ ,’ r - s ’ . I’d , ‘ c , - gu i t ip ‘t i  1’ ’
‘Ii ‘.,‘ti ss i ,’i , ‘ ‘I m i r t ’ c e  lii ‘ l , ’ t ’,l c’s’s , u i h , v i t t , t i t l  v~ I i u e  p ct ,p, ’r I i t ’s ill t a i l  en ii, s i l t  i t  I ‘ m i s ’ lhiC’ i’ n i h  I t i u i t ln m—

- ‘ ‘ I l l  ‘i t l v  ‘‘ii t tt, ’ s l I m , ,  1 , 1 1 , 5  .111,1 pi’ i p e c t  l u ’ s’ u ’  I i s u b  u t  s th  uuu, ’ let ’ul

I . Tti,’ I’u’ I , n t  m l  ‘‘I , m ‘ ‘ l u i m et ’ ,l l i t  r m h u t  i ‘n

I i  ‘ci il l t b , ’ , I n i t ’ ‘ , ‘ nt ‘ h v i ,  us • .i liii’ I ‘ - u ,  I t ’ i s  h u h ’  mi 1l ml ‘ ‘ s  i t  i i c  inch ‘ c u t ,  II ~ i’ t ’ , ‘ l i ,t  l i es , th i s —
In i b i t t  i i  in Ill,’ vii’ m l  Is’ t I  r ho’ t e n t  ri ‘ h  t i ,,s’ I t s

l it t ’ r u l t ’  i - t o  mo t h ’  I si lilt1 I bit  tI it’ I ‘ ‘ 1  i I i ’ ‘hii ’nt ’n um ’ i t r u ,mn,h It,, ’ p n t ’b i , i , , i  I till oh m lii’ t’ .m . I it’ Id in ’’:, i t  —

t m ’r , i t  i s  tms, ’ I’u l I,, ihi ’ve l ’l’ , in a s lt b i , . i ’ i u ’ ,m l lu .mr nt mt n i ,‘ s , ’ r t , ’s , t he’ t i , t l i t l i i  i _ i l , I ‘ I t  i i  l , ’’, ’u, t t ,‘ Ii’ liv t b t i ’
r t h ’ , , t  h i t  il uit t u i — ’ u j t I , i ’ r  i c r i l cli i r ,t t ’ ’ r ,m nil 1’ ’ i’i’ p r - t ’s i ’hl t Ilu, ’ t l i ’ t e u l t  m i t  ,‘t  t h is , ’ ehm ,n utes liv t h u, ’ f i r - s t  I
I I lie m l i v , ’ I ‘ ‘I ns ’ ill

‘ 1 i ts  • I t  I,’ I’ ,’ I ‘ i ’ ’ , ‘ ‘us I i t t  an II i’m ‘ u a mi mI m i m I , ’ tul,i ult ’ il~m , ‘ i  , i  l i t ,  u i r , u i ’ pi ’s I i i fli~ ti ll ,i susa I I
v ,, l m u m e ni t  I,’t m s l ike l b i, ’ .’’, , bi tu ,i t, ’ s ‘ ‘ I  u i - u n i t  , t i a v i m v  ‘ b m l , , ’ mt ’ Im ’ i’ , m h i ’ us  II,,’ or ig i n .

lb , punt ,‘nt h i t  V -t I t lu t’’’ m t  II i I’ . ‘I’ • l b  ‘I’ ,’ mm i t t  l’s’ II,,’ , tu . u i p’’~ 
~~ 

‘ ~‘ • — — — ‘‘ — — — —

‘ii ‘ ‘ m ’ s  x
1 , s’~ • it x , , ‘a , , ‘a — — — ti , V . • ‘ a .  — — — is ,t li’ ’ ’ uu hi’ Itt i’ ’ ’  l I i . m t , , ~n

( I l ) 
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W,’ then (m mvi ’ ( 1 2 1  = + ~~2 
+ z

2
i

2

is ii, v, I opnlt’nt ‘i v is a fsinc t itin ‘f t b1, ~~ u~’s’ r- 5 , ‘ t  -~ i i i  lit - S r i  11,11

I ~ k 1 l’s 1
( 13 )  ‘.‘ ‘~~

_ ‘
— 

5’ 5

c , , ’ i f ic ii ,’n t k
0 

, k 1 , k2 o iml ’ m’  de pe nds ,‘n t he itt  i’ut -t , i rs ,. u f c i , , m c u t , -  di st nibu t t i, ,n  t h u  , ... I s  i n t l .  it

( X , Y , 71 .

.t~ 1 .1 . The tnt~nopo Ian muuu,eiit

( 1 3 )  k
11 

= e.

‘r h ti s ’’u,’si,- i , t  u’u, l s’ ex i s t s  wi thu ioni set l mols ’i’utt es . F ,m n nm ss’st t ’ l ’ i sb i ibm is nt ’m it t n as , i u.’ht , ’ I,’ .
suit ’lu i s a ius ’tutra l m oh ,’ u ’, t b , ’ , i t dis ,ip i :i ’umm s. u l us the citnt r ,’mc v , in itins , as ii t i r =t  app r ttx i: - a ’ ~ u m , thu ,

l’~itent m i t  t ,’nli’s ,h,osu, to that due Ii ’ ii,,’ it limbal ch tru rg u’  . It is II ,,- basis ‘‘F t h e  iii i ’ ’ r -  I .  r c i  ni ’Il~u ,‘ I t ,  —

mc ’ I yti,’s g i s’,’i u b ,’’ Debve— Ihiic ke 1 . It us a l l  thus ’ heirs’ ,~ 
lu s l i i i  ith ill t I i  I the It ’ mc, ‘in i s  iii 1 I ‘ ‘ r- Si tsp ‘n

i ons ninth c,’rn1i It’s s vnlmet n eat ions rind th i ,m t , mon i ’ s ’ s ’ s ’ n • th us’ term l’s , is tii I I u n  s, ci i i iu ’1i5 W i l l ,  i t s  t ut

n u t  itI i t  m ‘s ,’,,,t, ’— i,i tu tna tcd Iruv s ’rs , sutch as

Nn u , b ’i

‘u . I . 2 . TIis’ d i pol sir tll,’Ilie hit

N , ’  i - j - z
l i m b  k - - ‘ e u ’ s , + - ,‘ ,‘ , v .I , ‘.‘ I i ,~ ‘.‘ I I iS , i

i I I

k., is o u i lv  i lil f e u c n t  f r t’m zero i f  ‘hit ’ , at l e n u s t  , o f tile El i  c c ’  te rnus V , h i i f , ’ns f r t ’ r n ,’e r ’ - ,

i .s ’ , ,  i f  t t u~ h u m  v e t ’ l it ts’ u ’ f  t h u  p o s i t  iv,’ c tmn in , t u ’s t h e  it nu’t c u ’i nc i ,h , ’  ts h th  tl,.,t t ’f  I he h I t  n ’ ,I 0,  , u. n, ’
u ’v s’ui .ms ,mn u s e r - u p s ’ in t ime . In this n u s e , t h e  ms,Is ’cu l b , ’ is ,sr m id It ’ bit’ ‘‘ ;‘,‘ I , u n ’’ . It pt~ss esse s  an e l s e —

n c  unu ’nis ’Il I ,, , t hu s’ t ’~ irslp.t s t il l s’t’c t on

II t X ,  1 ’ I t ’ . ’ . ’ , ., ‘
x i t  y ’ ’  i - i  z i t

The mt ’ l t ’ c u t b i ’  is cq t u i v a h s’nt t o  a di pt~le ‘m r - i t - i  by th,e nt ’,’,, u t  l ye  u’I~.u r - ,t , ’ — , 1 the n g i n  m t
t l ~s’ cos ,rd inn mt ,,’s , ati d t b, 

~‘‘‘~~ 
i t u v u ’  c liar~04- + s ’ ,~ I I l i ,  p 1111 Wi t I m .-~‘ ‘ c h  11,1 i’ s

“V ‘ it,
—‘

S in, t ’ the t’ bi .u i ’itt - ,‘ i s  l . ,c ,,’ ,- s’Il, ’ I~~h u I ‘c it , 5’ .muid ,‘ t t ’ he’ u’ ,’c v  sutua I I . t I: i’ . ’ t t’uit i ,m 1 ‘i t I s i s
t h h I ~u ’I~ ’ is

(Ib ) s I .’  • .~

So i su i l  it ~‘ ‘l a l ’ s , , I t ’s not bt , i ’,’ e -t cli  e’ I  in m,,mt’nt , s i  nc II, , ~‘l , - . I c ’ ~u ,- I ,~u u,l i s  SV :ulhltel m i ,, t

wi lb m. ’spi - .’ ’. I, ’ the mitt I t - , i s . In liii ’ s:, IlhI, ’r - • ,m mi i i ,‘ , u ml  m ’ w j t ! ’ . , i , , ’ Ill r- , ’ ’ - b 5 \ ‘ ‘- ‘s ’ t m s • Sltt ’hi ,is Cli , u s

not pm~I .mr . On t he , , ‘ l , I ra rv  i l l  ~‘,I ,u i ’ uu t ii’ i’.isi ii l, i l  ss, ’ l, ’ ,ii l i - s  ut, ’ p o l . u r _  II ,’’ is  um I. I,h, ’ , t  ttui ’ ls ’ ,’tO e , antI
t l ,,- r , ’f ore is p c m lsmr. 

—

I. This ’ quad nupu l b u m n moment

I ‘C ‘ 1 
~ ‘C ‘ I( 1 7 )  k 5 s

~ 
1 3  — H ~ ,‘~~ ‘C 

~, — 

~~~~~~ 
+ ~ (I ~~ — l b  ,u

- NY i’ YZ ‘it I N
+ 3 — -  / C . X . ’.’ . ‘m’ 3 - — j e . s ’ z .  • I - - , ‘ i n s ,

2 ‘ i i i  .5 i l l  — ‘ ‘  i i  I

Th i s I m’nm nut s ’ i,,~’ tt js c ,ts st ’,l liv taking thi ’ I . ‘I l ttt,’ing, n ’ u  h r - I  - ~ , u l l ,- , , s, u i t i,’ii m l ’  u ,‘ ,u i it

b I t t ) ~2 y ~~~~ ~ ~ 
e .~~~ • 

,
,
2 

~ ~~~ 
it 2 ~, “ “~

5 m ”~ 
• 2 ‘ F t

2 ‘. b~ V c / s .  =

I 



- ‘ 

I s

ts’ i t h u  mt ’ s  ice I to thi,’ mo lecu le , this quadnic his a wet I defined t ’t’ i thll t utiu,n , and is indt ’ps ’ tu —
dent ,,f t he m,’I,’r,’n c ,’ s v s t s ’m. Insts ’a,I ,‘f taking nsmndom coondina i,’s . l,’t u s  cht’t , .ut ’ the t n i t m m ’ d n a t
“s ’ s - n ’ a l igned w r t b ,  Ill ,’ n,ain m it t’s of the qu a dric , in Whic h the rectangular tennis are s s ’ l f— c a n c e l l i n ,’
,mil ,l the s ’ m u  in • ‘ h t h e  potent i el V then becomes

( 1 9 )  ~~~~~~~ [
~ ~~~ 

- 1) 
~ 

e . x !2 
+ (3 

2 

~ 
e~~y l 2 

+ (3  ,
- I) ~ e . z ! 2]

if  Ills ’ quadnic is a sp htc ’me (20 )  
~ 

c x !  = ~ c v !  = 2, e m~~~
”

i ’ ,,tf, ’m thes e ,‘mmnd it l u l l s , the b i t  t n t  i at c t  tic ,’ I s  i t s e l f , s i ncs’ tine tan fa t ’ tor use

( 2 1) ( )  ~~~~~~~~~~~~~~~~~~~ - 3 )  = 0

5 , vi t ht ’ut changing rh,, potent ha t ‘in,’ can add i’n su bI r u ,  I a Ii it,’ quant it it f rom each ma—

ti l l i t U d , ,’ V ~~~~~~ , C S !  . ~ c . .!’

Let us  s ,ip it , ‘ S c  th ,, I (22  ~ e , s ‘ V e . v  - 
“ s’~ z ! — 

, and tu ,’ilc t ’ the I”’ Chit  u a t only de—
Im t ’lu t lit i’n ii,, ’ tt. IIi , i ’ nl i I I t i dt ’s

( 2 3 )  = 
~ 

c . ’, ‘ 
~~~

‘-

(2., b = , ~~
‘ - V

I’h,’ ps it  i - Ill i.iI “his I,,,’ t I i i t  ‘ ‘ u t ,  1 1 , - - ,  -~~t , i J r l p s l  15 ’ , i , e . , to  , m SV S  t i’m

4

~- 2 o

S e

2 e a  n 2 e , t  n 2 e d
u’s 2. 1’

‘‘u tI t o ’ , I,. , s_ m in t ’ Ii’s

‘ ‘ t u l . u in i ng 1 p c  it iv e t b u m ’  - ‘ . ‘ W i  I i ,  - - ‘ m i t , , ,  ~
, ‘ , 0 • 0 and 2 o,’ ga t  ive  c ha n g e s  —

w i t h t m ,’ m , t h h l . u l e s ’ ’ . (I , ‘ le  n,,s t  h ’ , l um p ’ -  ,‘nt ’ t mg ll su ’ t h a t  the  p a r a t l e l ’ ’ it m nmin t litus fo rmed
has vi ny ‘u insm l l  s i l t ’ s ) .

In  ‘ r i  l i t , ’ . Ill, ’ ‘ l’ I.t,i r i i, IS v e r y  ‘Ii,-,,  , m r i’v . ’ l m u m  hu m . N,’ c ,m n . t hi , ’ r e b u’ nc , d,’f i ne  th~ e f f e c -
t i v e  qtiadr ~u p i l  ur mt ’me nt u~ , i n n , ,t tiv t b -  a n t s  - ‘I m, ’v , - l u m t i o n . If Q 0 t h u  q uad n i mt ~ i~~’ is~ ma dt ’ up  ‘f

— 2 e c t u . m m p . ’ s ,m mr i ,mm nd cd by Iv,’ 
~~‘ ‘ n  l i ve ‘ h i n t ’s  ,‘ it  It,,’ d i s l , m u t c s ’ d : ( 2 ’ , )  = 2ed . If Q “ 0,

t he s i gn  ‘ ‘I I I, . - ,‘ h u , m t u ’ es  w i l  I i t ,  . l, lng,’ ’h ,  An t I - ’” b r  an i nt l in wh i t ’hi a l l  t h e  s ’ i s ’c t n , ’n t n ms ’ ,’ms are
s a t , t r , m r c ’ u I ‘i ~~~~~~~~~~~~ i t  - ‘ I ,l’ ’ ,’s 1, 1  hm,ivs ’ an m l  I m l  ly e  q ti _ m t l r ui p ola r r -’’ ml’llb

A t omp lu ’x  n t m n— pt ’ l  u t  r u ’ ’ l e , , u l , - , (u,r an u I - ’ ’ ” ,i s ’ t t l’i t i n f i l l u ’ ,h c i t - I ron I,iv,’ n s , is equivalent
t o  .u qti e l r u j t . I , ’ . b r  ,u ; i u ’ b  in t”s ’ I, ‘ t I e  st iu ’ tt .1S t ilt’ t a u t  ‘n ‘n, ’ l t ’ c i u l  ,‘ , i t may tie nec e ssa r y t . ’ lii,’ the
u~ i,’itl nupu ’  I,’ and ,t i pun It~ cm ’ n,h i t  m ‘us i ntu ’  i -, u ’ , u  - I i  - i t  I ‘‘11 .

This - Ii’ r v , ’I t l u ,’ ,l,’s’ ,’ Ii ’j ’ r - , , It ‘ ‘ I  ‘t ’ mu mnti ld l, ’ .u, t I , ’ .u u t , - f i n i t i o n  ‘‘I an ,‘i ’ l, ’p1’le.

‘I

_ _ _ _ -



P o t m r i z a b i l i t y  ‘it  mo lecu les

I.et us  suons i~ 1s’r .m mo ls’i,,l,’ under th is ’ e f f e c t  of a local els ’ t’t n i t s I i e ld  I , , mlmittli modi l’ i t -s
th i s , re l , i F  ive pt i s i  t ions ~if the nuclei  and tbm e untmy cune nt if tIns t ’ le u u l mu ’’,is ,u neSul I ’ ’  i s  t i  i c  m, ’ , , t  ic,nm
‘ 1 a di p , ’ lar s,, in,,t ,t t  (s wh ic h  c,nmes in addi t  ion tu’ t Ime 1 t ec l : : , uh he b l t  intinlent ,t , if th i , ’ st t ’ l t ’ u u u b e  u s  b it - I , t m ,
In t h m i s  e m i t s’ We Si ’ .’ t ile mo lecu le  is polarized . 

p

I t  Wi ’ c” I ls iuh,’ r  the bu n mc ,I ’ s’i,l c c o n d i t i o n  “1 t h e  mac r i ,sc t ’ 1 , i , ’ I i s  1,1 F am i d , ‘ t  t i , ,  l o c a l  fis ’ l d
i
5 

at a hlg il I m s ’iluucti c in the v i s i b l 5  spectrum i’m h u m  u t t r a — v i , ’ l e t , [ h i m ’  nmt’ t s ’ e u l i - is ,,‘ ‘ t  i tt  u ’ m ~,,u ’d
mIld only ‘‘ e l e c t  mt ’ n bim~ lam i zsmb u l i t  it’ ’’ has an s i  I ci t ‘,,‘ , - c  m u ii,’ I ii,t ’ an i’i l i p i u o t t t  I , ‘ m e le c t  ns,n I’’ ‘ t r i m  i —

z .ib i Ii ty and um bIuu’ ,uil psm t nm r i ’zn ih i it s ’ ‘. such t h a t  l~ - t I- .- e e C III

in l i k e  u’ u, u hlut t ’n , we ca n dm,’f  inc an t i  1 i ps c , id f u n  s t t u ’ nu t c p ol r m r i z nihi l i t  y wbiu s n tIm ,, ’ fms’ ’ ,u ,’ , t u  y is
t ,’W enu tugh ton it t i bsu hts ’ i t s ’ ss ,urv  I,’ t ,uk,~ t he u i t ’ t , ’ m , s . m r -  ion of t i , , -  mct lecule m i  m u ’ ,,’ mIll O h 1  ‘,, ‘ ‘ h t -  I r ut- ,
Sl i m c o i n , a pol an izabi l i t v  , suu c l t  ths i t = I-;

sm a ~m

‘ t . b .  Po l . m n i . ,it io n

l e t  Its su ipj i ,t s t . usc ’ m u s e  .1 s t , m t i c  anut umt i if,nrutm s i c  r o t uu i ’ b u  j u’ ,‘ I 5 ’c t n i t ’ I he l d  I , in w h i c h  c , is€
tltc ~~,uhitt ’ ,’tt pcml r mn iz n i t io n hti t i le snul,11’ It’ if d u , ’ I , ’e t n ic  t s i t ~~n i i l . f r - i’. equat ions ( I )  and Ill ) , i s

( 2 s )  ‘ , b ’  r 
— 1)

The i’,’dt , ’n I’ mt ’~’ mm ’sent s th is ’ sum ‘1 the di pol.mr ~~~~~~~ b I t s  p~~n Unt  t v, Iumn, ,- , ‘~ l i e t i u e I  iF ,  ‘,- h,
ttt t ime o n ie u m t , u t i s ’ n  ‘f  thus ’ ‘‘c rni.mils’nt ,1i 1’t ’ hes  , u s s u ’ c i , u t c ’iI s ill, e l e c t r - t ’ im movement ‘n due t ’ ’ m u l e —

culan ~Is- I ,’r,Il,ul ‘it

( 2 1 1  = • j’ + F
p .i e

1’ ,, cui rrs ’s~ u ind s t .~ t he t un ienta t  ion ‘ ‘I  thIs’ permanent di p o les and w h i c h  i s  d ist unlus ’d  by
t i,,’rs, ,u I ,~~,‘ 1 It ~t Ol . I’ and I’ lii ,’ u ,incl u co rm s ’s1,,’nd to atomic and s’ l ectr ,’Ih i ,’ polariza tions
and a m 5 dt ie t , ’ intr,1~~u, lecuI~~n tbl t ’hl utn,en,u w h i c h ,  sirs ’ temp e r a t u r e  — indi’I~t - l l sh e nt

In t h e  s ,mm e v u ’ s , we can w r i t e  an e x p r e s s i o n  f ,mm tIle mean dh 1uo Ian Itui’n:t ’n t • as

1,1 55 = i r  it ,. + ,,
I p .u e

N
V , l.u = I l v  • there ,un e molecules per utn j t ‘. 1  liS t ’ , ~‘he cc N is Avu ’gnidr, ’ ‘ s numbs’r tIl t V

tb ’ , motor vu’ Iume , ice l l, ive

12 9) ~A 
~
, , 1’ + ‘~ n I-

P ~‘

I,eturn in,’ nc’w t , ’ penm,mnert t d i  poles , se note that t h e  in , ‘ r i e n t a t  ion th e e m t rus t ’ s  t l ue t i, ‘u ,,. —

siVultir - bi c , b e t c s ’ t ’ ” t  , Ii in,’i,l,’r. The “ ‘t e n t  is m i c’u iergv if sil l ,‘ li’ i’ b,’ I lt .u mv d ip~’hi ’ , r- ’ ’t . i le ,I through an .tn~~Ic ~~

1 1111 5’ = — I, . F , .  cos P
P ~

The s t , m t i s t  i t ’ l l  u,’ q u i l i h n h u m  is t , ’s’e nt’ued in sus’lu ,m wnu v t h a t  tb, u’i’ ’ I , ’ c , , b s ’ s d i ’ t t n u I ’ , , t ,  t h i s ’tI~—
s e l v e s  ,,us , ’u -,~r- tile v an  tmus t ’h Ie ’mg Y I ,‘s’ c Is I.’ , p nu ~po TI I t ,nnmt e lv t i  exp ( — 1,/ iT I , where S is  tto I t “ ‘n, uuin ’ S
const . i nt and T this ’ abs im l u t , ’  t e n b l ’ c m u t t u n , ’

bite Slay W r i t 0

( 3 1)  
- 

= I ‘ - - ‘~~~~~~ ens hi - 300 k )

Nbuene t hs ’ m , ’ is ii I icl i l  , no n, ’ of  t h e  d i r e  ii i n s  us pniv i  I ,‘ ut ’ - ’l and the nttmh,’r ‘ ‘I S I ’ !  , ‘c u i l  Cs
w hi t,’ m,’ment l,,tit in ‘ 1 1 1 t h , - I ‘ n ’ s l is t  b,’tw ,’m,’n 1’ ,mnd • 1 ’ ’  w i t h  n m ’ s  ‘t o t t o  , m r e t  ,‘ m i ’iI,’ t ’ d i rs’ct on and is pro—
I~~- n t  ‘‘ l i l t , ’  i t ’ the c li,! ,ing le 2 ‘~ s in  it’ 1 ’ . E t c h ,  ‘if tI ls’ m,’t , ‘e ,u I , ’c  , , ‘t , I r i h,iI,’s ,, cos E u ’ tIle d i pol .’mr
unu,num’n t .‘mntl , I i s : , , ,  , ma, ’ f iii,! 5’

I p = 
~. r r + 

“l’.~~ :” ci ’s’ ”] ~~~~~ Sinp 5 ’ : , L k I

liv i nu , t m  , t  u i - i ’ . we have

N lr I’

III I’ .-
~~~ 

—~~s s - °p )‘, K u

I ’ 

s,-.,,’~~~~~~~~~~~~ --~~~~~~~~~~~ - • ’ .



- ‘ ‘ ‘ ‘  ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~““ ‘ ~~~~~~~~~~~~ ‘- - ~~~~-—- ‘--—‘-- “~~~~~~~~~~ -“ -
‘

I - Ill

Nbm i tttt to rnmu l u , wI  tm i  ( 2’ ) ) p i vt ’ s

N
( 14 ) I = I m + 

i~’
n
~

l I

F , ‘t ilE ‘PS UI- Il Mull F i l t h  (2)

In ,‘ r,b, ’n t i  exp la in this ’ known p r o p o r t ii ’s il w , i t s ’ r m t , l eu ’uu l es , w e sirs ’ I, ’d t o  a pres uppt ’ s i  I
m~’ t i m muI m iig th is  mu’ ieu.’u tu ’ ’ ,m s t r u c t u r e .  B a s i c a l l y ,  i t  co mp n is i ’s one imxvpu ’uI , t l , ’b, and t i c , ’ ‘ ‘ I  t m y d c t ’ p t ’lu , It
s t i ll re mrmins to  det ,m i i  the r,’ la t  is’ ” p os i t i o n s  of t l m i ~~c h i n g e s  atid n m _ u s s t ’s w hic lt . m p mt ’ s ’ w i tIn t h e  e xps’ r i —

ment ,u l P i t a  ns’ l , u t i n p  I, ’ this’ pe’nnu.une’rtt e l t ’u ’t r uc uulon,ent , I, , th ,,’ tt iec h,in iu ua l ins ’ r t  i ,m I  ni,,mc’li t 1 s t ’ t i r - , 1  liv
im i t n . m — m , ’ ,l tubs ’ ,’ rp r  ion and by t lue Raman s i t  ,‘c t  , and t i a n i s o tnt ’ py  rs’s’,’,u led h,v uu ’ I , u r j  ‘s i t  it’ll ‘f d i l l  m c e , h
I i , u b i t  , ,‘t i ’ ,

lt n fm m r tu u n sm t e l  v , mt t h u t ’ p r e s e n t  s t a t e  of  our k rmo w l i ’ ut gc , s, o e m, ,  1 m l,’ , ,m I.mn c ,’t i f i gura t  ions t b ’
in t i e r , t’ u ’mp l v  w i t h  t b u ~’ corpus ‘1 d ,mta ,ms ’ ,m i l a h l u ’ , Uows’v,’n , s i l t  such c ’ u ’ i , t  i gt m n r m t i t ’ n s  ,iI~ ‘s f o r  m h i t —
ded 111111 mumde1 wh ich  is  s t m t ’ mu p l y  po l . m n .

-
! 

_ _ _

p. I im’ , t  I t m  muI t s ’ c u m I , ,’ mind , ’ I I r t It s t b h’s ’ I’i’p Ic (2)

I

- 
‘ - ‘— ‘--“ .- ---- - —— m~~~~ ”c - ‘



‘1.1. The electrical properties of free water molecules

The permanent electric moment itt the water molecule t{.~
O has been deduced from v a riations

in electric permittivity for water vapour as a function of temperature , and from other experiments.

The mos t probable value is

(35) m~ 
= 1 ,83 D = 1 ,83 x io”18 ues cm.

The symbol 0 stands for a deb ye. The value of a deb ye is 3.333 x o 30 C.m . . The vector p
is carried by the bissec tor of the angle 11—0—it . Its alignment goes from the negative tilygen atom
to the positive reg ion be tween the hydrogen atoms . The length of the Oh) bonds is 0.96 A and the va—
toe of the 11011 bond angle is I04~ . The relative values of the free molecule are not found in the
liquid state. But one is , however , in a position to tentativel y represent the permanent di pole b y
a wave function.

The quadrupolar moment Q is known b y experimentation. its value is

(36) Q = (— 5 ,6 ± 1 ,0) x 10
26 

ues cat
2

The individual values Q,~ Qyy and are not presently kno muby experimentation but they

can be calculated from the wave function s .

The computed values for individual values of moment are

Q = — 6 ,6 x t0~
26 (1 — 5 ,2 x 10

26 Q = — 5 ,7 x io~
26 

ues cm
2

xx ‘yy zz

These values relate to a molecule with its centre of gravity at the ori gIn of the coor-
dinates. The si gns — indicate that the electron contributions to this moment are greater tti,l u’i nu—
clear counterpart contri l’utions . The approximate equality of the individual moment ‘.uilu s’s shows
that the charge distribu l ion is quasi—sp h e r i c a l .

The molecular polariz abi l ity ci is known experimentall y and its mean value is

(37) ci = ‘~- (a + a + a ) = I 44 x 10
=24 

cm 3
3 xx yy iz

The tensor components are not known but it would seem that the anisot ropy of the p ,’ la n i—
zabi l ity is small.

Another electric constant of molecules that would warrant study and mm’asuretlienm t is va-
riation of the di polar moment in the course of molecular vibration.

5.2. W ater molecule confi gurations (Frank , H .S .) (4~

The molecule in the vapour Ilt ,mtC can be taken ti ’ be fm ’ I n the ice state , at low l~ru ’ s~ u-
res , (forms Th and I ) each molecu le is surrounded by 4 nei ghbouring molecules , arranged at the
apexes of a regular ~e~ rahedron , each 2 .75 A distant approximatel y and there an ,,’ 12 second order
molecu les ,each at 4.5 A distance. At t’ .gh pressures (forms 11 to VI ) the letrah e dral cu i nfi gu ration
is somewhat deformed ; the close nei ghbours are located from 2~ 75 to 2.9 A from the rt’ t i m i ’im t c mo-

lecule arid the second order molecules are never less than 3.5 A dist a n t .  In thu s densest form (VII)
the c~nfi guration is that of a centre cub e ; the distance from the r ,’fenence centre tu ’ an apex is
2.95 A.

The interpretation of these discoveries , in terms of the hydrogen bond , is amp l y ci ’n fi r —
med by neutron diffraction studies , b y the infra—red Raman spectrum and b y the acou s tic and elec-
tric properties and residual entropy for the disorganized phases.

The importance of fhe hy drogen bonds linking each molecule It ’ its neig hbours has recentl y
been confirmed by quantum mechanics Computations and is broug ht out clearl y ; the bond angle bet-
ween the protons is never greatl y different from l09~ .

Thus , W ater may be represented by an oxygen atom at the centre i t  a regular tt’ trah edrt tn ,
with a hy drogen nucleus (proton , deute n ion or tr i ti tm n) at two apexes and two pairs ‘1 eli ’i ’ t n u ’ns

in orbits oriented towards the other two apexes.

Consid e ring the variety of configurations observed in the ~o Ii d states , we can supp tmsm ’
that in the li quid state a much greater number of disorganized structures can assemble the mole-
cules in tetrahedral confi gurations with somewhat greater degree of deformation . This does not
imp ly th at there is a si gnificant abundance of ag re gate s that are suf f i c i e n t l y  large and regular
as to he identifiable. On the contrary, it would seem reasonab le to think of there being a great
number of irregular confi gurati ons which are compatible with the latent heat of fu sion.
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S t i  t c t t y sl ieaking , w a t e r  is a m ix t t m r e  of is ut tm u p ic  ctm ms binat i om ts l~ 2~ ‘t fl amid ~~~~ l7 o 180
in the mtn l ,sc ut um r , i ,’ n ic it ninth ionic OH f u ’rms.
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18 T n t  i tm,s .up~iu’ .ums in r rm i n  stil t snow

(The h a l f — l i f e  is 1 2 . 5  s t u n s )

6 . TilE cl.,’uI ’SI I,u S MulSs i l b ’ l  1 fonm mul , t

In ,‘r,ht ’r U ’ ’ f ’ I  I,’,. t h ln~’itp hm t his’ t hme t m nmi t u c s i l cu,mni pit tr i t ~‘ ‘O t o m the ‘ i mnt i t t  i v i ts’  in the r e s u l t s
-‘ . 1 ., i t  s t i l l  m , ’r.i.mm i m s Is ’ f ind an ,‘ , 1 i , . u I  isin Ii’ I~’ f ins’ this ’ l , ’ c . m l  I h e l d  I , n d  ing ,‘t the

fro nu this ’ app l i s ’u h t u , ’ t d  I , l u c I l l e  t i t , ’ ,n t Imer mo lecul i ’s , in t h e  v i c i n i t s’ ‘ ‘ 1  thu, ” mo l t ’cu Ie’ under cons id , -—
rat i u mf l , m l  .‘ .1 c c u ’ m t l m t

“ .1. Thus ’ s t , t t j c  c t ’nd i t i on

imt u n t i ng from ,u s’ e rv  simp le munthel (a s p t i e n i - ’ .uI cav i rs’ , on lI l e inner w a l l  ‘ ‘I w h i c h  Ills’ c h , s m n , t ,s
F l u  I , is . e ,m t retl on this’ m l  ,,‘cutt’ under s’orts id s’r,mt i~tn1 M us s , ’  tti miii I,,’m , ’nt r’ ~‘l  ii’u’n,,I sot th is ’ expression

bil l I , = I’

By s’ I i ut iii it  Iii tt , I • and E F m i ’t:, (26)  , (14) rind b IS) , w i f i nd

— l N iu
i ~~~ . _-~ —_ ~~ ___L 

~ +n + 2 5’ 3 u ,, 3kT

In t h m m ’  ,tb,’t e i m c s ’ of perman ent di pu~lar muitn,,’ n t S , I lm is  fo n i t mtml . m cu’niu’ ,i uht’wn t o  t lu s’ Clausius M,’sc,’t ti
I - ‘ r ’mmii Ini

n — l  N
(~~i b )  _L, ,~ =c • 2 V I t ,

The har m onic e m i l  i t  i,’n and t Ime Il, ’b m v e m’u li mrm t iu ’n

Ii wi mis t ’ .m v , i m , a h lu ’  f u u ’ l m I  i. ,i . s’  ., .m st a n ding ,‘Ii ’ c t n t ’m , mu tt u , ’ t i m ’ S i r - c , the m’ I , ’ c tm i c p en m t mittis’i—
i t i v e mm by M. m xwi I l’ s e q u l . m t  i’ll - iu iw bmt ’ n t ’ n is l b s  r e t  m u ,  l i v e  Ihmi l s ’ S )  .h i ’ m ’ ,’ ll uh s t ill fn,’qs uency .  Whe n
1 , 1 I ’ m  r e m ,  Iii’ s ~~~ Hi., i b ,h mm ’xlm.l te Is ’ , ‘

~~ 

t h , ’t ’ r , ’ .uc , ’ s  c t m u i u i t t l v  f i t  s , , b s l ,m u i c i ’  s w i t h  liol m m r m , ’ I , ’ c , , t , ’s ,
‘.ini’ ,’ the ul pu b m’s  t1o not b tav m ’ I m u -  time t ,m i ’m , ent thm, ’uss,’ I s e ’ . in I hue f i t’  1st . m v a r i e s  ocr -v ’ m l i i I t s ’  in
1 1 , , ’ ’ ,,- . m b t s u t r p t  ion h ;mnsl s w here this ’  m n t r a — m u , I  i c ,  m l  mm v i b ra t i o n s  mi t c h  .1 I . mn p s ’ .am~p l i l i m b, , s ine ,’ m l i i ’,, enter
ru ’ s ’ ’ n .mn  u ’ m ’ ’ ,cith t lue i’ :,,. wave. Thit’ uh i s , i r 1 i t  ‘mi hant l s in the lii i m t — n i l e , ’r-r ,’s1 ’,’ni b Ii’ nuclei  s’ mh ra l ing anti ,
iii It , , - iii h r - i — s  i t ’  l e t  , I, ’ e l  ‘ e l  nt’ns v i b r a t i n g .

I 

-~~~~—~~~‘-.-
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At sufficientl y low frequencies , i.e., lower th an io I 2  
Hz in the case of water , the pola—

nizabi lity can be taken to be instantaneous whereas the di polar orientation , which largel y contributes
to polanizarion , cannot.

Let us suppose , that at time t 0, the electric field E is sharp l y cancelled. Any one of
the di poles will move to take up a new position. Debye supposed that the ang le,of rotation ~ decreased
from ~ to zero in comp liance with an exponential law , while the polarization P follows the same time—
depend~nt la,a . p

(4 1 ) ~~ ( t )  = 

~ 
(0) e 

-

where ‘t is a relaxation time

in the harmonic condition , equation (39) becomes

c - l  N 1’ p
r 

= 
A 

~~~~~ 
I

c + 2 V . 3 € t L 
3 k T l + j n ~yt

Permittivity is therefore a complex function , with an imag inary part to account for the bra-
king effect due to viscosity friction and corresponds to real conductivity.

We can write

(43)  it = It ’ —

The real part c derives partly from polarizabi lity on one hand and partl y from di polar orien-
tation on the other hand .

We may write (44) €t ” I

The total conductivity of the medium is the sum of the ionic conductivity :S ’ due to mnonopole
movement , should there be any, and di polar conductivity.

(45) 0 =  ct ’ + j ”

To sum up, the specific characteristics of macroscop ic polariz ation obtained itt this way
are the following

i) For a given field E , P is much greater for polar bodies than for non—polar bodies.

ii) Polarization depends notabl y on temperature . It increases nus  temperature is d&’cneas,,’iI since
the thermal agitation decreases.

iii) The dielectric losses are much greater in polar bodies. During their oscillation , the elemen-
tary moments dissipate the energy they receive from the field by way of heat by shock.

6.3. From (42) we write

~ - 1
(46) 

r V

+ 2 T (1 + jutl’r)

NA
w i t h  ( 4 7 )  U — 

~~
‘— T’

N p
and (48) V = 

~~~~

I f  the molecule is spher ica l , with radius a and turns in a I timid with viscosit Y ‘ , fr om
Stoke ’s law leads to the expression

49 I~ — 
0,4 11 a ~t

~ 
‘
~ 2kT kT

b i t is me,’msured in poise and a in meters)

I



~
=
~~~~~1~~

t~ I4

At very low frequencies (us • 0 ) ,  tends t ’  a real miiumbs r t~ ue va lue’ h r  s t , u l i ’  per —
mi It  iv n cv.

At very h igh frequenci es ( - ~c ss~) , nulso t e n ds t o  a real number ‘ : time i ’~u t i c a l  permti i t ti—
s i t s ’ , w h ich is the square if the refractive index , when the u,n ien t ation ‘i t t hus’ perniamleot di pole’s no
longer ci,’ n t n i b u t es  t t ’  the I i u t l . u m i z a t i o n  amid when t h i s ’  pu i ls u r i z a b i l i ty  s t i l l  remains.

E ’ — l
(50) -

~
-- - ---

~ ~ +

(51) 
s -
,~~~+ 2  

=

It becomes (Deb ye ’ s equat ions)

( C s 
— Fit,

= + 

1 + a 2 

+ 
~(52 )  ( or ‘ n 

= +

(i t - C )  a

I +

w i t h  ( $ 4 1

+ 2
x = 

~-‘
-‘~~

-— e tutT

it
For x = I , we h is’s’ ( 5 5 )  ‘ =

it s
_ i

15 il,tX i bbm ,u h nu : (56 )  .~ ‘ ‘ =
max 2

This si tu i ,ttion is c m l  led thus ’ “point ‘f t r ’ u ns i  t u tu) ’’ .

T h e  t rans i t ion  wav e t e mt g th  is (57)  ‘
~~ 

= 2 c  -- -~~~~~~ , where c is  thus ’ speed ‘f l i c h u t  in avacuum. ‘ -
One can a l so  w r i t e

(58 )  it ’ = it +

1 2I +

Sq l  it ” S

I +

It is c lea r  t h a t  fr uim th e f o r m u l a  ( 5 2 ) ,  ( 5 3 )  and ( 5 4 )  one can c o m p u t e  t h e  q u a n t i t i e s  c ’ and
it ” at any f requency prov ided one knows r- ,~ , ‘ ,, amid T ‘n the transition angular frt’qm u ’u iu ’v.

We s h a l l  app l y 11 m ev , ’ t u i m m i u l  a ~~, ‘ water. It is first of all necessary  to ex,mmtti ne the e f f e c t
of the ions and to know the ionic cont i uc t i vit v 0’ 5~~t lt ’m’ the “I t t  c i iiiu h , uu ’ i i v it y  is g i ven  by (- ‘u ’i b and
(46).

7. THE IoNli: (t(})l’OSITIIIN OF SEA—WATER (6)

As we mentioned earlier , t I m e  iu ,njc cot t dm uc ti s ’i t y of c,  ,—w tle r s is Im ,mr t of the ph y sical and
p h y s i c’  t - h m , ’ m m ,  ml pn ’’pu ’rt it’s that si ’t i t  . i l u , m n t  fnt ’ttt soft water.

These p ro per t  h i - s  run, ’ ml  t n i b m u t a h i  ~ I ’ ’ a p pr t ’ x i m s u t u ’ l s ’  11 ehiem iu uI  c , ’ ,u m l iu ,uI, ’nI 5 w t m i ,’Im r e p mi ’ sm ’ mut
more than 99 ,9 ‘i ‘f the mat 1 m m  ii issu~l vu’d iml thus sr-tI t n  intl s.iti i ,‘lt i re  h o und I t ’ it  m u u , ’ s t  t ime s ,m me uhs ’gr i ’ , ’ ’
‘‘n e ,‘l utr ,mt uon mit a l l  p~ii nts in the u icu ’a f l , wha teve r  ths ’  I u ’ e t b  i t o , t h e  I m ’bun ; t i ’m t Im ,,’ and i b , e  ‘rt’ ,,’u~ n, ’ , ,mc l u ’nitas in,’ is s, I f u -  l e n t  ly d i s t a n t  from r i v e r  ‘s t  n m  i m ’ s , su bmarine mi , ’ u i re , ’ s  and I Iu’ ,m t  i ng i c , ’ — m , m s c m ’c , I

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _______ -—- . - - -
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This matter is composed b i t t ,  tab le  I)

Of the , im iutinS CU , SO , • HCO , Br and F
4 3

+ ++ 5+  + ++
Of the cat  tons N.m , Mg , Ca , k and Sr

and non d i s s o c i a t e d  H
3

B0
3

The dissociation of the salts in almost complete and , therefore ,sea—water is a “strong elec-
t rol yte ” like aqueous acid solutions or strong basic solutions. (There are , however , ionic assoc ia t i o ns
in po l yva lency ) .

On the basis of this ionic composition , i t is not possible to say what the composi t ion of the
mixture of salts effectively dissolved is. However , if sea—water is deh ydrated , we find a mixture of
salts , the two main ones being sodium chloride Na Cl and magnesium chloride Mg Cl 2.

The total concentration of the salts is termed the “salinity ”. This is defined as being the
wei ght , in gramtiunes of inorganic matter dissolved in Sea—water (after all the bromides and iodides have
been replaced by an equivalent addition of chlorides and that the carbonates have been converted to
oxides). The total chloride concentration or chlon inity ” can be defined and can be used to serve to
characterjse a typ ical composition.

Tableau  I

Compos ition of sea—water .  Concentration of const i tuents in
sea—water having a salinity of 19 o/oo

(from A. Richards)

g/kg (g/unit of

— ch io n in i ty )
Chloride , Ci 18.890 0,99894

Sodium , Na ’
~ 10.560 0.5556

Magnesium , Mg
5 

1.273 0.06695

Sul fa te , SO 4 2.649 0.1394

Calcium , Ca ”~
’ 0 ,4 1 04  O ,O2l b b um

Potassium , K~ 0 ,390 0.02000

Carbon (as HCO 3 
or C0

3
) 28.lO~~ 0.00735

Bromide , Br 65.9 x IO~~ 0.00340

Stront ium, Sr~~
’ 8.1 x l0~~ 0.0004

Boron , as H ~0 
~ 

4 .1, x I 0.001 37

Silicon , as silicate 0.01-4 .5 x IO~~

fluoride , F 1 .4 x I O~~ 0.20007

N itmu ’g s ’n , as Nb)
3
- 0’~b t — O .8O x I0~~

+ 3  —3Aluminium , A ’ 0.5 x 10

+ — 3Rubidium , Rh 0.2 x 10

t , i t m t i ,m m , l,i~ 0.1 a l0~~

Phosp hu t rus , as I’ ,) , 0.001—0 .1 x i o 3

Trace E lemen ts  present in concentrati ons ‘ f  I to SO h g/kg : bari um , i o d i n e , a r s e n i c , iron ,
manganese , copper , zinc , lead , selenium , caesim uim m , uranium.
Trace elements present in ctmncentration s of less than 1 tm/kg : ttmo l s’huh m’t u,ui tm , thu ’rhun i , c e r i u m ,

silv e r , vanadi ,inu , lanthanm mn u , yttrium , nickel , scandi um , romial t , cadmium , mercury, gt ’l ,l , tin , ch rom i u m ,
radium.



I t’

Snil ini t’,’ is .u v n mr i able c h u n m m , u c l s ’ r u s l  it ’ of am c ,’rt .uiii typt ’ . ‘f  w ,u t e r. In this ’ u’pt’ n ,‘,, ‘ , uum at  m e t —
the s’,m lu mes lis ’ hm~’ t t ,’c,,’i, 32 and V 0/t ic ’ . Iii t h e  Ri_ui S e t  ninth t hu ~’ I’e r s i n m n  C u m i  f , cli, r-e I I , ,  ,‘‘.‘.i lti .mn a t ion

r u l e  is  ve ry  high , this ’ va lues uis uu i be in e x t  e s s  sif ~‘.ll ut / t i ’ . ‘Flit’ geiit ’rnm h h r - r u m vn ul u e is 11 ~‘/u’’’ . h i , ,  ‘st ill
clul , ’mi ul , ’ i ’ , ’l ,eenlrat ion leve l is tIm ut/ ti ’ .

8. THE till IC I , i’ l It b$’UIV I’F\’  OF 5,11- I ~tm’,\ b I l l  AND SEA—WATER ( s)
6 . 1 .  T h i r - ’ lmr inc ip le ,‘f current  f l , t w  in the u ’ ls ’ c t n’ ’ l y t u ’ 1~)

$, ‘ , m— ,, ’ , u t , ’ r i s  nu mi e l , ’ e t r u m l s ’ c s ’ . I t s  s t r t u c t u r , ’ , lii, ’ nu l l  c l e , t r , ’ l v t t -s , is  tk in I , -  l ’ ,~u t  ‘ - F  .i ‘b u s —
ma. it u ’ws’ver , disstuc i . m L  ioui in mn m l  s e t  ru i ly t e  omit v b ri lu it s utut tIm e ’ ions atid en ,’ It oh’s tIm ,’ ,- b , ’, 1 m b,,. . I hit ’S ,-
turns i r s ’ he,us’ y ,mtid sltuw. ‘Flu,’ I i g i u test  of  ttm ,, un , t Ime prototi II iii s t i l l  11 30 ti c, , ’ ’, u-n m, il u s ’rI tb,stti I ic d cc—
r,’um . It u i ,  l v  h i s  iui coiiumnon wi t l u ib is ’  t ’ I s ’ s’ t ro l l  i t s  s ing is ’ chmni re , , i,sm t t but’ abs ut l  t i m ’ s m  Iii ,- i~~ m l i i ’ 5 , i h u - i ’  , t Im, ’

s i ,,t lls t i’ t ’ i5i ’,i .’Sit s’.

h- sm e lt i t ’ll of t lum ,’ same t y~m m ’ pms ’ss ’nt s  , u ,,m ,u s s  m rin d ,‘,unm it ’s ,m c l , nm m ,u , ’ q , w h u i t ’Ii is a pim ,t i t is’ ,’ . -m ne—
,t , it i s ’ e int t ’ ,~er mu l t i p le of the u ’ l e c t m u ’ u b ’ s si ngle’ — 5’ e h is t n u t s’

(60) q = z e

z is  c u t  I ~‘d t it , ’ ‘‘ ,‘Is- ’ ’ t rums’a I ene v ’

— 
lhs, I ,m n ,ui in iy is this’ elec tric ’ c bu , l m , uu ’ carruest by i ’uu, ’ u’,, ’ l , -  o h monu’s’a lent I -u, ~ , suc h as t u i ,~

C , I i ’m t’u s .uu l mp Ii ’ .

(“I ) F = N
5

e = (55 ‘. b  . . ‘ ‘ 1 ,1) C / m i l e

m h m t .  mut t  s’ ii t b , ,  t lt u.m nt i t s  if a it ,’ ubv w hu i s I t  c hit , ,  ii, ’ . N
1 

,,‘l , ‘‘ . u ,t , ‘ ‘s t’t it i I I .  , , 
‘ . , .us hhu.uuiv b ut i t  i t ’s ic

iti, me i rs ’ , lt u’l”s ifl u u III ’ kg t ’f  m’,u rt,omi 2 . ) .

I f  Ii,, ’ iu ’ uu i s  l i i— , t1’ i—  tO’ ‘i— s’si l t’tm t , t I s i ’ b u . u u ’ ,t ,’ t t ’ , u n s ’ , ’ , - , l , ’ ,t I’’.’ .u uu. t l t ’ ‘ ‘I t i lls t S nt

s. hut i’ ’u, h e  i ig ,‘ le’ i’l 10 ‘ il  i~’ i h c t  m l  n i l  , t Im, ’ s, muu u ‘ ‘ t  II ,. ’ ,:,,u,,’ ,-’,,I m , u u  i.’ti l,- i ’ u ’ I  ,‘t ~ 1,, ‘‘ ‘s i t  is’ s ’
i - ill s L 5  s’ u~ui ,u l U,, t im , ’  St i r - h  ‘ 1 Ills’ ‘ m ci -hit n, ,t i.’,,s ,m i I Iue ti - g i l  I Se I ‘ i l l s ,

Thus’ ‘‘ I ‘ I , m n i t v ’’ ‘ f i,uti II is  a t e r m  mis c,1 I t’  i l e s i  t m u - t t e  l i i , -  t ;~ t i t i t  hit ‘ , , - ‘I’ t i,, n ,tmh m , n -t m I t - s
- I t hu  i s  i ,in rmtiu l ~, , v o l  title ,‘ f t i m e  Iii S t  un, ’ . i’ m -n  i l l i t  ‘ ‘I v , ’ I  ‘ m i t - , - . Ii, , I , .t r- t l i i ’! 1 . -ne I .e .1 I ‘his I S’

~~
c It

w lui ,- h m , ru it t I ,e  .- I , .ung e N~~u: .1 5 ’ r- e .  -

s u u t u ’ tu t ’ n . t  I lit II, t ul  n i l  “ ot m n ’ , ~ c~~e 1 
0 ‘II,, sui” , ‘c l i m i t  t n t  , i m ,Ie b ‘, , , t l t ’ , ,- , mm - - t  i , ’ l us)  ,

h i m, ’ i,t ns , s.- I u i e hu i,,m ’ ,’ ,- ,u i,,’ s m t  t h i ~’ s lu ,, - s i c , - u s  r,’ , U s - t ub,, ’ I s’i’ ,t I s ’s , ~‘11’ t i c i  .t ’ - i u m  uh i = -  , - ‘ ‘ h ,u, ’ut
I I ,t I i, ’n , U tie’ I - u i  t , ’~’ is’  I uu ~t b I  5, - 1. ’ h u t i , u n  1 -1,1 ‘‘It I is ’ l i lt ,  I. ’ st ’.’j’ it ’ ‘ u t  be . ‘Id • i t ’ t hem , ’ is

s t _ m t  i st  i c , m I I o m , t - u m ~, t i , l  ,-‘u , ’e , ’ —u e It  u,’f l Ih, ’ e l u m en lu Ii, c c l, - , - I i’’’l v i ,  I i i , ’ r-, c ,un lie , i  , - , un  n, II , I I . , , v i i  Us’
i t t us ’ , i u -

~~i i s :

( m m F )  , I = N~~t 
- 

c ,,nl b1 ~~

ltu I is’ p m  ,‘s, ’ h tc  e .‘l I i  ic e 1 , - . r- l t ’ f ic1 , 1  i~ whi cli i i ’bl m ’ I n it s’S l~~ I r~’ I - i  e , Si ’ t .111 mm t tp t ’ . ’se
l I m i t  s’ ,ue tu ion m m n u h s m , t i t  t he f ,’m . ’ e t ~,, , I . I II i s  ,u, ii ule ’ e s s  i i ,  I uu h ive I bis’ me t m u  ,‘ u t  ‘ui .,t d t h u  I t t - , - —

iv , ’ I is ’ 1u i I ,, I ,  n - t n , - • si b ee t lu,’ mu ’ I mt ibis ‘ . us , , ‘ ‘ l i t ,  Se se, ‘ ms  . u m t I ii,,- ,, n) , ‘I - u  , . -u ~i n • c , uebm 1 ‘m i 1,11,1, n—
it ’s’s sm s’i se ,’iu ,. I ‘ ‘mc, ’ tin um f n i c t  i~ ’ iu.m l I u ’ r - c s ’ ’ -

‘ , ,- ,l u t ’r e ’ 7. b i t s  t hu, uli uu’ t ’mi, s i - ’ h h S  ~‘l sm I’ n, ’ ç l u c t b , V 11,1 ,i t , ‘I’,
I ,  r ,-ue. I t It m c ,  ill is ion I n “ I’” ‘hi -v ol I I  ie i it ti .

‘.I ‘‘l’ s’’ ‘ s i r  • thi s’ . - , - ,‘ I I i i  Iu ’ut I ‘ h  I n , , u I i’ll 111. i s  1 Vu’, hI ‘s I’’ ‘k, ‘ I-tm , ’

( 1 1 0  mZ =

w lue me ‘t l i - s i  tu t u  Ics I u ,e  - ‘ , I I i c i  elI I ‘ ‘I f r i - I  i i i  ‘f i.’,i t m -n  unit , m t iii’ ,‘ i, h h u m S  ‘‘I ‘ I t  t’I’t .

In t I , ,~ f~~n,m l , i t , , l s ’ s n ’ , , t h e  m ’ t h u i , m t i u ’Ii - ‘I b , ’ m , , c  t p b i l i , ’uh I i t ’ll 8 i s  ho’ u - ,u u mu ’ ,’ I l i u u u t  thu ,  iu u
t IeS II I n,’n t b,, u - I  - i t  i ’ ’ns )

d 5’ -I 
7. 1 

it - I q hs

In  1 1 , , ’ . - ,. ml i t~u m o it ’ .’ i - t i nil i I ion we c ull sue ’ os, I i ,  I

it ’,) v i ’

iv ’!,

T,,.’ i b m m , m n t  i i -‘ i i  
‘
~ i s  c.m I I  i l  II,,’ “u .  ‘ l b  l v ” i t 1 t hu, i,’ uu .

I - t 1 1 m m  s u ‘‘ii • we I I ,, t i- t , ’ m’ s’ b u m s ’ ,- :

u i , ) . 1 -‘ N ‘ c c  ii I
’ 

‘mc’i\

‘ u ‘ i t - i n b~,7i .1 = ‘ F

,.‘b i t- r - , ‘ ‘ i S I h t  - “it ‘c ’  i I i - c i ’ l h t h  muc I is ’  m Is’ ” t him e I - I hi ’  - I’ n, ’c e mm c l  I Ii,’ i fl ii

FIt - s u - s i  u l  j ‘lu c , ,,u I o u r  u n - , 
c i u w ,

I,
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i _ f l

The “e qui i v s u l s ’nt u ’ u ’ f l c , ’ u l l  m i t  i i i ” C is thu, product of the molar i ts  it and the absolute value
t h u s ’ s ’ I ,‘e I n y u  I e’nu’y z

(68) C = it

kin .m d i s s o l v e d  s a l t , m lii’ cont ent rat it’ll C is t Ime p r od m ueu  i l  b I b , , ’  number of motes  pen uin it
v, ’l um , ,,, ’ )  .u m uu l  (it ,,’ suto ‘ i f  t Im ,,’ broken v a t e n c y  hetitu ls) . Thus , for  N i  (‘~~

C = c .  I

Hence (6 9)  ci ’ = N
A 

t C u

Time “mol,mt conductivit y ” 
~~~~ 

can lm~’ de f i ned  by

(70) A = — = N u’~~z (um it A

, mu mu l the “equ iva lemi t  conduc t i v i t y” A by

(7 1) ‘ = ~~~~ = N~~t’ U

F m  sm mixt ure of tons uI  a d i s s u ’ l s ’s’ ul salt , we na turall y have

(72) ,, N~~st U

Worn (7 1 ) vs deduce that  iu ’r c rue l, s a l t , A should only be dependent on tempera ture  and not tin
t i l t  n u t  ion. Thism s, f u r  a g i ven  f i x e d  I ,‘nu 1t er , u t umne , -~ would be propu”rtionate to C.

8 . 2 .  ‘1 i,asurement procedures and exper imenta l  r e s u l t s

To measure the c o n d u c t i v i t y  of m y  l iquid c b s - u l m , ’ l v It ’  whats i ’ ,’vs ’m , we ca n use a Vnms s ’ , as
ru ’ pms ’sented in Fig. 3, wi th a cyl~~nuIie ,t l set t ion “ I c n t u s s — s e e t  me nu is , where the e l e c t r i c  f i e l d  can be
t,t ks’nt to be uniform and parallel to t h e  c y l i nde r  generators.

The q u a n t i t y  ~if e l e c t r i c i t y  w bi i u’ tu f l u ’w s  ac ross  unit surf umc, ’ MM ’ per second is

( 7 3) i = = ‘ ‘ F

We can then imp lement  t he same m , ’ , ms umn t’ b u u i ’lll u -l i t hods us I i’m o rd inary  c t induc to rs .  h I  u ’mds’r Ii ’
avoitl the e t ee t n u ’u hs - s hs’ilug polar ized , ilus’ uti s’,m s ’u m cnii ’luIs v i i  the wheatstone bridge are made with alterna-
ting current. The t’l e , - t n ’ l v t e  t u be can be c, m l i h r . u l c u l  by measuring i ts resistance when filled with a
l i quid of known c o n d u c t i v i ty ,

Experimentally , we u u u ’ t u ’  that t h e  c,’ndus’ti s ’ i l v  ‘ ‘I tI le electre ’ I ytes increases wit h tempenat surs’.
The relative vari ation is quite appreciable amid is ‘f t b m , ’ ,’ mu lcm of 1/41 1 pe r  degree Celsius. This re-
lative increase is cl,’ss’ t ,’ I/n and is related I, ’ t lm s’ r,’t m t i v s ’ tls’er,’,m sm ’ i n  the coefficient of internal
f riction for water 16 ~~~.

We also u t i l e  that the equivalent i t u nu h uc t u v i t y  ‘. decreases whuen the concentration C increases
and insofar as C does not gr,’ . m I  Iv  c xc , ’ s’ ’h I 0 , II,,’ Var ins t i,in f i r  St  ni’hlut E ’ls’t ’ I rum l y l t v  ob,’yc  KOHLRAIISCH
(I 900)

1 7 4 ) -
, 

= ,-‘, — b

The lw , c o n S t , m m i t s  of t h i s  e x p s ’ n i m c i u t n m l I ,ic’ m m ’ s p e c i f i c  fu’r eachu s a l t .  A
0 

is a limit conduc-
tivi ty wh ictu ch ,u r ,mu -ts ’m is tjses an infi n i t e l y  I to.’ value conc,’ntna tiu’ n .

Tabl e I
I
I be low  s e t s  out some ‘1 this ’ t iutnenical  v ,m lues in mtuo/rn for equivalent conduct iv im,es

mui l t i p l ic d by b u m  f, , r two  aqueous si l,, t i tin at 18 °(’ • t i k e m u  from H. ‘ui K~ I IbI ,lt EN

T.ihls’au II

1 1 -1
c’ I 0 10 5 Iti I S t O  50 I 00 5170 I 000

N. m C 10 .899 10 . 8 10  10.7 18 I b u ,6,.q I 0 . 1 11 I 11 . 1  95 9.571 q ,2tl! 8 .119 , I 7 . .l~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~
7y

6j lbbi 3o iE±111 r~~~ 

987 ~~~b

Time conduct s i  t y  i ’ = ‘ I’ u s  11 1 , - ui s l u t  t i m  6,’ on l y  is ,  ‘u’ r t m mu ghl v I ’ m I’ I t  i t  Ii I s  I tli,’ i , ’ 11 , 111 I,,—

li ii val t m ’ . We ’ may ii I t  thu it f , ’r cc u—v i t,  r I Im s ’ ‘ ‘s’ , m u l l  equ Is it i - i l l  t’tuns ’m,’nt r ml i i”Ii is  ,‘l ,ics on i,u u b u

‘I 

_ 
-‘ -‘ --- ~~~~~~ -.



I - I c

5 . 3 .  T h e  i on ic  concen inn u t i5’m i o f  pure w , u t c r

i ts ’ 5 ’ mi w iuen it is a b s u m l u u m e l y  m u m n , ’ , douhl, - — u i i s l i  l Ied  atid uls ’g ,usse d , c u t e r  ‘ i ’ ~~’s s t i l l  tusts ’ ,- a mc ’—
s i t lu . ml  c o n d u c t i v i t y , w h ich t i t ,us iu ii l its  it , su v er y tow ii t ’gr u’ i ’ ‘ -I u h i s s u m c i , i I  i u ’uu , ‘ I bmu- II rind OH l,’ hh e n —
u ’ t ’ l l t r n m t i o n  le v i_ Is  . m m t ’ ,tut ’Iu I h , , u U  we’ h is’ ,’ nit 18 °C nunti ‘~‘ m hit I

(75) I
I 

= C , = 0 ,77 l0 ’u

S iuu u ’ s’ t hu e ’ p11 v ,u lu r-’ i s  t le I’ it ueui  by II,, - ,-, l u u, ll it ’ll p hI = — I u ’g 1 (I I’~ ~I ‘ l ’ s ’ , I I , , -  l~b i s’,i I u m , ’ - ‘I ; i u u m t

wsmts ’ r ,mi t 8~ i is u 1 -pn , ’ i s ,  7 . 1 .  ( Il’ r s,’. i— w , t t , ’ m , l h i t ’ lu ll s ’ i I , u ~ y i n  en m i t ’ , it .’ ’ Vu ’ 11 .2 r ut t h e  s,irf .ui ,- anti
uj im in is i ,s ’s Ii’ 7 . 7  in ulm,’s’per w , its ’ rs , t h i s  i r m d i c , t t u i , g  si s lii’ h , u d, ,t n~ - ,- ‘I , m b k , i l i b m i t y u ,

km n a pH v nu lit. ’ - ‘ I 7 .  1 ,,‘ ,‘ b ,s us ’ ,’ ci ’ = i, 8 us I 0 mhiut/itt

amid i , ’n .u p11 vnm ltme - ‘ I  8 . us,’ h u m ,  ci ’ = 1 . 1  >s 10 rnlti’/m

l1’,’ s h u — v , u t s ’m in l ikes nund m i s e r s  is 11, 1 p u r e mutt hi,m s a ,‘ i ’ n , hu u , Ny u  I’.’ - ‘ F II t o  Cl  x I l l
_ I

mluo - ’ i u t e t e r .  It i s . hu u ’w m,’s’e’r , a ui ’i ’ r con d uc t t m r .

TIme iu ’ui i t ’ t’ontluc c i v i l  v ‘ ‘ I  s c m — v u t s r

‘f lue 5’ ,u 1 ic found is I lie’ .uuhd I t 1 i’ll ,‘ I I lii t I, ’ I lUre i5,il,i’ u l i m s t l,,i I I ‘n I l,e’ tI I ‘is, ’ 1 s’s d 5 i 1 1
Hue l , m t t , ’ b  i c i ng  by f u r  th me m.ijor c, ’ u ’ u 1 ’ , ’ ,ut ’ lm t

This’ prohi I s r - s  15 ill ‘i - mis’ ip le’ ss ’ I ’i’ t ’ uh 1’ v nup ju l I ‘‘ i t  m um n t I I , ‘ nu t ,s ~ I i 11 ,1, 1 , Iltu t . . ‘u , , - iut ’ s’ds to  iden-
t i f y  ih u,’ss’ m u m b i l i t i s ’s whic h il u eru s c h i t ’ s s’ , mm ’ i’ w i t h  t bu , ’ ’ , ’ b lc e t i l n  :1 i ’n  lu - - i s .  ‘,,, I um ,t I :~~, ‘ nut t O n  c . t it t l ’h it e
itue aiim of i i u , ~ mohili~ i s ’ s  (u

1 
sil ls ii , ) - ‘I - m mm ‘ f  Vu ’h ls  ‘f ,u s i i i g l t -  s t i s s ,’ l ’.’ i’i t s a l t  Its ’ I’I,’ , i S i ,iI ing t h i s ’

m,’ q u i v . m l s ’hlI cu,’mid u c t i v it v  and . liv it t i l , ’n lu,- I h m, ’ ,ls , t I c ’  I i , ,  r r m t i t  mm
1 

‘ ,, ,) . miii, ’ t i u s u u , a r r i v e s  u b ,i sri —

l i me f ,’u ’ th,’ f I t i l t s ’s ‘I tbhu ’tl i Ii t i e’s 1 5 , ,  ‘‘ ‘ u , - S t ’ S . ‘I l,, ’ s’_ u l u h , ’s f, ’miiuul irs’ sht h, uI I , unit . I t’ .’is.i ’’.’l’ h ,- , th us’ ill,’ hi—
I it  v . ‘ i  t h e  II ion in us,, Vu n 1 Iit ’l. Is I 3 x I I’ t~m/ s sm ut u ’ -  n I n .  ‘li e i, ’tus u n ,  i n c  ~

- ye its s I ,. b y
i mm ~h ,‘,- ,l

Iii,,’ , ‘‘u iii I l k , - vi r’ t ’ u , h - i  lii, - V ui ‘‘‘us i i ’ tu , t m m , ’t I ’ ,’ I I  it’ ,. ‘0 ,‘sit ,’h u s i l t  ; ‘m - . ss uti t h u  ‘l ’e ’u ’ ’um l~~’s’ 
I ‘, ,il

the s i l t s  come’ i ll ,t c,’nt in u ’ i~r-pt ’ a l l  u ~Ii

It is ‘I i ’ , t s ’ nest  ic fum i t t -n 1, l i i  I l’i.’ u ’ t ’  int u it ,’ I ,‘iu i l l  I i ’ s ’  .,i m l  I ’  e’x lm l t i t i  t ’ t -ie’t
tha t tIm,’ equu u s ’ m I , ’nt . , ‘ hl ,il ui ’ t i V l t s ’  ‘ 

‘ ‘I ni s lnu ’ t h , t  ,‘ ls’ i  1 1 5  1 . 1  , ult’ t’ r,’lus, ’ s 1,11011 ‘1,’ c,’’u, ’ u ,u, uu V_in 1, ’.’ ,
m b l c n , ’ ,,s’,- ’ ,. Fru its I ’~ t t~ u , - , ’mv u’I e l , ’ l b  - s t e  u b h - ” s l i t s  mv l t i,5, - un.-I b h il.~~c t  . ii i s f. ’ u :ii .h IF ii :i u i
Iiis’li t ‘‘I _ i u t l v , ’ II till , t,r, ’ u u i ~ ti t i,, u - I , , ,  i t t ,  I ‘ m i t  i , - 1 , -s , ut m,I h I  cii t F ,  ‘ u ,,l i mii’s . is s I ,‘u.’,- ,t 1- us , ,  ‘it’s ’ I ii’ r r - ’ —
v e i t s e’ u bh, ’s’ etu t , ’nt ‘ f su c I , ’ ,m d 1 i,~~u s . , ‘I nip - m m  I c  s ht ui , c h i l i  is ’ s, n ’ ,u ’, t ,u I i .  i ’ t,i’r sh’V_’i,iI t ’ c 1 ’ ,’ u ’f r ed s —

t itu s ’ i s c,ulleut ‘‘ , -l s ’u’tn . ‘;‘ ‘, u -o’ s m a ’’ . III . m u h u h i u  j , u~ Ii, t h I s  e t s i t I  t h , , ’r,’ iS i s e , , - I l t l , i f ,  nul l I t ’ , ‘ni - .

r ind w h i c h  SI s”s t r n  I but ’ ste I m v  c f  Ii,,- ‘ ‘ii c i  mi m I sb, I cli is  c -n t  I c i  1’ I I I l ime in I i cli I .u I i ,.~t ‘,u,, I , b . - 11-

5 i d e it u t it ’ll.

rhus • t l me ,‘ ‘b m, tuhc t i v i t  V , ,  ~~~~~~ ‘7. i f  i t o . N t i -Il, I imp c ’ i I  h

1 7 6 1  ,‘, ‘, — t I c ’ , ’ I” ’ )  — l I ’ uI ‘1 k’U I

i t . ,i t l ’ i t” t t ’ I u ’ ,t l  f,iet ,,’r , w i s i e i u  sls ’ pr-’ nsIs t ’n q
8

/ um
8 

of  I h i , -  s , , l l u s l  - , ‘ t , , , l u u . - , t , ,iuid ‘m, i ”u
~~ ’,~i~ 

I k i s

R u t  ,i t ’m .m bll t ’ a eu in s i mii i nun ,t T t h i , ’ ‘ ‘ s o l u te  t t - , u r 1 i t - n . u t  uI ’,’

Tb,,’ I . ‘ i rmu I a ui, ’ - ’ ,- s h,,ws ‘ m t  I thus ’ ii, ’ ’ , - - ‘Its ’ ’  t i t ’ll 1, - m r - Is  il’,’ ‘ b - C l  I I - ‘ h I ,  Ii It’ 4 mIl d I ii I’ s

it , ‘
“1 , I I, is  ‘ ‘nu t l . u i m u  i

~ 
It , I,l it., use I, ’ S e “. i’ - I “em il -, I 1,,c ’ ,

= ‘ 
, 

— h i ,  I’

II we um- ‘u. r - . u l  c,i l i t ’ ’ I hue - - - i nt - c l  1,111 1 ,‘r’ns I ‘ r m m m li  ,uu ’u chi t or Iii ,’ , u I t h e e  ‘It t l i i  r i i I ‘ ‘UI I i ’ ve I
I, _ ‘t I —9 ,, 

-(I ‘ I II in tu I t ’  ‘ t m  iv ”) u~ l 7 ° m ’ , t m k m u i g  ‘-  = .111 x l b l  , uu id — 9, i , t ,  s I C  “‘ , Ii,, l u t i s t  . . ‘ u i ’  r - I i ,in

t i - l u ’ -  b , , m s  IF,, v . m l i m m ’ 11 , 1  ‘,1 nhu, ’,’ m .in i Ii,, it u’ u ’ ,t l uu l , I u t -  v .u lsme ’  ‘ h r - i t  uu ,h ut ’ ’s . Whu.’nt ’,’ , f inal 1 ’ ~
- . .t u’ itlllpt mt  5’d

i s u b t i l t  t , i u t , l u , ,  b i v ,  l v i ’  f I ‘ ‘ ‘ ‘ t u t u ,  I t) u,’i t n t  m c  t h u e  - i V i  m i i i  t ’t pi  i V t  I, ‘II u ’ o m i u h , , c  I lv i i ’ . i s

I ‘ , 1. , t ‘s I U 
‘h

, i tt -  t h u ’ , r i ’ ’  u t  - t  - i ‘‘ , ‘Su, ’ll I is I u , e m ,  F - ‘n e c  i v guni’ut . mu i s’etl thu , ‘n n m  is i u u b s c  nt -lu I i Ii I It,

“Ii ’ t s ’ i l ’ ”llt’l u I

1’ ‘Iii it I ‘it (741 I it ‘c i l  , ‘ ‘ I v i i  I m I ‘ i j ’ i ’ ’  I 11 u nt h u - s - t i ,  ~tm s mut • ms I .  ‘l i l t is , ‘,m, ,u - t,I s , - I n,’, —

t i n  I ,  nit’ s m n  b - i t ’  C ,n~I I b ’’ g ’ . 
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In an a l te rna t ing  f i u ’ I u I , this ’ l im it equivalent  t t ,unduet iv i iy  ‘, an ’ h l I s t ’ first c u r  m u uu t i on  te r m

i rs ’ m l  u t  f , ’i’ ted hut , time ss’u , ’tIil ei , r r s ’ ,’ l  it ’ll It -nun ml ~‘p s ’ umu l s ‘ii Ii,, ’ re’ l , m u ’ s . u t  ‘ ‘lb t itus’ and ujs ’ cr e nmseu s as

Irequeuiev iu ie i - ,’ ,u,u t’ s hm , ’e . m us, ’  thou ie,n c li ’u u , h bias nu ,t h u h  t I le  l inus ’ to me s u e h  i t s  ,usvmtuu, ’ t r ic s ’ t ’ u u u h i t j o n.

Ih uer e’I,’r,’ , A sI iglu tty iu l c re ’,ms es v i th u f r equency  and for  .m s ,mt fi cm e’nt I it ii ig h I re q ue luev  , oil y I h ue s- l e n —

trs ip luore s is c m lr me ’ u’ i iu ’n renm au ru s in 1,12)

,1i1 t his’ t u ’ t a l  eqtu ivnmle n t  c i ’uucen tn a t  ion of se’ , u— v,m t ,- r C ‘ 1 , 2 1 1  (moles/ tn  3, itue ’ ne l s u x ,m I  ion t ime

s , u l t ~0 h u e  N ,iCi’ t i p s ’ w u u ld , at 17 ° C , be

( 7 7 )  ‘r = I .08 x l0~~~~ s e c o m ud

But , under suctu comidi tions of cs’uls- s’ui trati on , and f u r  I rt ’ u b u ie l iu  i t ’s  hi gher tI,an 1/ c , t he va—
nl a i ioui  in ionic c o n d u c t i v i t y  is comple,’tt ’ly masked by di polar conduc tivity.

Thus , tu~ sum tip, t he even t s  like’ p la c e  as if for radio f requenc ies  the ionic conductivit y
of sea—water does not depend on f reqt iency,  but was dependent onl y on the f,m ,’lu ’ms : ei Ibe s ’n t ra t iu)n, te am—
pe r~ut uir s - . Bearing this in mind , ce shall liv n,’turn to the experimental results , such as ilu im se contai-
ned in l,i hil s ’ II.

u . ’nnn,’,u l y the direct global method is used which, generall y mc ’p l rues’ s litration m s’ t iuu ’ds as
car r ied  out on umceanogn ap hic ships and in labo ra to r i es .

Emp i r i c a l  re lat ions for  temperature , sa l i n i t y  (IeIa l  c lu lonide cci ultent) and ei ’uu’A~m c t i v i t y
imave been put fo rward  by various authors.

W s ’ y t  ( 1964)  combined t h e s e  da ta  in the fol lowing ex pression (2 ’s

17 8 )  log -r- ’ = — 0 ,4 2 3 7 3  + 0,892 lutg (t~ (o /oo )

— I0~~ 1 88 , 3 + 0 , 55 u + 0 ,0107 it
2 — CI (o /oo)

(0 ,1 4 5  — 0 ,002 + 1 1 ,0002

ci ’ is the conduc t i v i t y  in mho /m

= 25 — i , t is the Ce l s i us  tempera tu re  in ° C This’ equaiion is valid for all degrees of
salini ty from 17 to 20 o/oo (chioninities ) and f u ” t  tentiperature between 0 and 2 m m t C at a pressure
o f 1 atmosp here .

The V,lIIue’s “ I 1~ found fo r  s c m — w i t  en are ‘f  th ou ,lnder 3 1, ’- 5 mhisi/ tuu .

9 . I.tQl’ID STATE WuSTER IN IIAR.MONIC l ’Su NI IIT j u I N

9 , 1 .  E x p e r i m e n t a l  mi’ r m s u m i ’m,’nt procedure’ s

ii’s can po int  out ihi,’ llt’.pt ’ m l r m t m s - m ’ anti th is ’  u t i  I i n ia l i on  ‘‘F ilts’ p inutinu r c u ’ luml , linen anti I~ ut ’ it’ l l—
meter  in a m,’i,,’ .u t slums’ brid ge. It is u’l e’ar that Ibut se u’xpen Inte nt i t devices can be ,i~ ed in s t a t i c
ci, nd i t  ions and at v e r y  I,’w fme q smt ’n c V u ’ s ,  tin I ‘m e  ‘ I i ’,, n h and , at  Iii gI, f m t t ’, u i u ’ I l c  is’S , I . ib i ’ll , fo r  examp l

I m  ne it ,t i t . i I  i,tn ,i f t h u s ’ ,,,’ bls leulss’r phil r -s is not ve ry  small c,un,1, .u mesh w i t h ,  th e m.’siy c~~,’Iht tI b u  in lilt ’ me —
d ium being s tud ied , t b e equi ipmelui is  no lon ger m i i i  I izahte under the same cu ’uim h i t lOr IS .

ku It u e b I t i s e’ p a i r — I  ins’s (a  t ,eclu,_’r lint ’) , u ’ u’.txl. uls u’r u.’.i’.’i’—gt uisl s’s , wh ich ,ins’ pa r t ly  p lunged
in c u  te n t ‘ m ,,‘ bu i c  h am , - print I y f i l l  sit ,. il , c -ut ‘1~ We 1 hen ,‘h isen ve , v ia  ,m at  ansi I lIt v ,t s ’,’ • the crust —

I d O l l 6  in the cal m and t h e  cute f I  IC l e n t  if a it e n u t a t  ion .

The I, , ’ , b , , ’n  l i ne  is a v e n t  Nut p a i r — l i n e  ( F i g .  4 ) ,  exe i t , - ,i in the a i r  by a loop at this ’ f re-
quency I .  An a lt e rm i a ti ti g voltage measurement iuustrs tm ent is p I , u c . - ul in t Ime a i m  .11 17. The l i ne  is  p 1mm —
ged :11 . - v . u l  en , ~~ s’ . u, . energy t r a v e l s  ih , ’v nw .mn i l ’i as a I n.m vs ’ l I i  h g  c a s e  which u s  partly re f  it , mi t  on
iii,,’ in t e n b , i c , ’ unl lt u ’ i I .m nce d j n e u ’n t i nu it y , Thins , i f  17 is l oca ts ’ ,I 5’ , - m l  i , , m I l v , usc lI, ’te thus ’ ‘ m c s  ,‘ mt ce ,’f
s t a nding w a v e s .  u 1,, ca n p I . u e u ’  17 a l i t i l s’ above thus ’ i ntu’rh ,uu ’ e , at ,m ssull. u ge ’ n o t e .  Tbte tn ,,s’m - I l i utut
WiVe s h i l l  gt’t’ s t hunt i , tg h the surfam ’e and travels along thi s ’ l i ne  in I i , , ’ touter , and fin ,uI )s’ d 1 s~mr ipc tms
i f  this ’ l int u s  l u n g  enough , vh u ct h u c ’ n I I  he , ‘~m ,’uu or e t c h  au a shoni — ci nceu i I C ,  If  tb t  u’ sh,, ’m I — c u r —
e m m i t  pot st is bru mim ph ut l u , ’ar to i t,, ’ c, ,rf ice B , vii i I~ ’ t hus ’ , h , u I , ’ c t , ’ n 17 rema ins  ,ul lIme s um, - p I .mc e we-’ can
p 1 . 1  the graph 2 (b ) , s m u i t e  ills’ c’,mv e r, ’ f b e ’ c t e d a t  the sIh , ’ r t — c i r c u i t  c c l i  up ,t new s t a n d i n g  c_ _ is _ c .
i.’ h u i c h is  dam ped in t I l e  c u t e r , In t h i s  WSy , t ill,’ c a n  tn,’ .ms , u n, ’ t his’ csts ’ m ’ l s ’ ngtbu  ‘u i t h u e  l i ne  in c a t e r

a nti t h e ’  - i t t  ,‘ l l , m, -,t io n e - 
u’un t h e ’  I imie . u l uiu ’  can deduce , f rom line th ue i ’r’u’, the 5,1st  iin1’ ,’ ,h,mnc ,’  i l l  c a —

I ’ m , t h u s  b e i n g  d i r e c t l s ’  n,’ I , m l e , I  t o  t iu u ’ comp lex  p m ’ r t t u i t t i v i t ’ n  v ,uI,ui ’ . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - , ,. ,
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1 — 2 ) )

Fi g. ‘, ( m l  I I s - d i e m  l i t h e  F i m t ,  4 Il ’) t M~ u — l u m e n , ,  Ill

In the IC cent  u bu:, ’ t  i ’m ’ S m ’ s’ s ’ b l ’ u t l  15 , it, ’n, u b l.ml muig cnm s ’ i t  i u - ”  . iii 1~~ - mit  i i i

Iti .u e a s i l y , It,,’ t’it’ Ids  pr u ’st l tt m u S t  e .’luI)’ I d  v i i b m  Ibm, ’ i t t ’ ,’ .‘q um u  t i l l

(2 + 7
2
) 1 = 11 ,.‘i tb , i S ’ S l  5 ” 

~
,

an d a iSuit s’,itfll t I s’ u. i lh t lou l im i t  it ‘smut i t  Ions cli is’ Ii c ‘Ill, il, w I ll  I’, , - ,’ us’ i t  V m l  I s - If l u b e  c,’u’,’ i t .‘ is
u ’,’It~ll Id le’ Iv f i l l  5’d c i t  iu .1 I s  h u m i d  of conduit l iv  I t v n i t  and . u  real ‘c ru -u l I t  I V I  lit’ V u  I b i t ’ e , g iv ing  this ’

lit,’h i . t , t t ll ion , ‘ smn s l . m i i t  , ihe m esonabl ,’ e t i t e ’ u ’ u e l l s l i s ’  is  ,I ivideuh lmv - I n  1m ro ,’m ti m tel  “ s u c k  lu ’ h u e  5,ilblc

mes , ’ uusm l is ’ s’ I’ne’ ;umelue s ’  us h u e f , ’mc lilt f i t  iIui ~ u l i s ’ n a l i d n  i’eu ’~ m’, . tb i~~~ u iirlu ,ls Ii ’tts ‘f i t u e  ca s ’ i t v ’ u , — s s t  F5 ’

d imini  s i m s u l  hit’ a I 1 d m  —~~~~ - C m , - - s’ u , i f  h u e  1 In 1 m’ i d  I u ,muh s u noti ui i I c o n d u c t i v i t y  v a l s t e , t hus ’ , ‘v t ’ r—

y u ’I t u , t t  s’,’ ,ul m l s he ’en , ’ .ms c ev~r-n f i u r t i , ,  n and 111,1 IsIs ,‘‘,‘ u ’ m r - ’,’ II mu t e w, ’,m ii lu , IVt I t u e  l ;o ’ n . ’X  s lul.if e s’ .u Ive I

(81) = mm

Iti ‘it - . t 1 , nu it iv It’ ,’ is e hum’s “lb n’ si mm I, ’ i,r,V,’ m i s t it.’lb. ’ ’;en 5 ‘ I f  m gd ml .  ‘e f t  l it sI l l ‘2 ~i s  amp I.

‘f I I’ , s,’ . u l e t ’ i ’ll’ vi silts I Cisc n e  is i lit n,’,l~ie eml in I,’ I Im s ’ u ’ sly I u Y . We’ I lout rn5’ , i s um r u  a hi  sill a,’,-nt, ’n I ‘f

the i tc S ,’ l l , th l , ’ e it, u~ u m s ’bleV it I t l i  d,ivi I’ . nush 5i it ib itil il il i’m “I I ’  t ,‘v e nv ,uI ‘, .m ut , - . ’e f I  i5 ’ s ’ ’’ ’ ’, -c’,i chr I ‘ ,,ue cbl.i~
ii li’s a . - -n ;’ i t  , b s , - til ’, , he tuade’ I - in t I,s’ n c _ u i  

~
‘‘l m l a m lii ti m , ’ i nu n , ,  I l l  i it\’ ;t , u I i ,  ‘I I Im t ’ is imp It ’ mm . i ’ Iuui’ I,’ a pe

i ’’ I tv V ,m l u t s ’ , I’ll, 5 1511’ It ’ it b uist t’e ’.’’,l f m e l e ’iI Iv 511,1 1 I s, I ’ , 1 II,’ tw i t I I , ’- I s  h , m ’ .’u n, ‘c .un I , u -  , t n t

‘bi ll b s ’ ‘ i t ’ s ,  u , i l l _ i  l i s u i ’ . I _ _ m t I, I’ i , i ,t  ‘,‘t’, I, , r t  bbm , ’ , , s , u , - . ut , , , , u s ,

I -

F i t ,  F imes i ’ll ,ubli cyl m u m  l en I
- 

- 
c i v i l ’ ,’ in the l~ t 110 111,01,’

-
‘ 

v i thu an t a m  ii sniiflip l ,‘ I mi i’e -

J ~~ZZ, ~/ =‘7. ’ ’, ~~~ ‘,it 7 ‘ i t  -

t ) ne can , fu’ n ‘ -ui mhfu I ’ b t ’ . m r  I i i , ’ i t-I 1 1 1 , ni le of  ii c i n , ’ mm l , u n  re gm u l an  c y l i m i u t i ’ m ( F i m u , 53 . In t h u s
btu , t I , , Ii,, ’ s’ le c t n i ’  f i e l d  , ,- i x i .’mI  s vmm ,’tr ’,’ anti i s  m,ixi nuum m a l ong  Ill.’ ,‘ ,- n I r t ’— l ins’ ‘f In, i s i s  ‘h t t us ’
cv l i r,h u ’ n  - This’ cy t  m i m i c  s ’.’nnt etn s’ can b it maini ,u in , ’,b i f  th is ’  samp le is  ins i’n t, ’ il in t c v i , u n7.ni c al h ’ u l ’ ,

ch It mci i  on l Is t  ca v i  t i e  v I  h u n  i s is .  The nt r. ’b i , -, Ilu - i’ f requency  un it ’  ‘Is’ pe’liul s on IF, ’ uh i - t r n , ’ I  s - na ‘ ‘I  II, ,

clvi  ty intl if thus ’ s .t n i1ilu ’ l u ,h ’ , ’ . It is inulu’pemidu-’ui t - ‘ I  I h e i r  nt ’ s ) m s ’ u ’ t  i v ,’ lii i ‘ u s . u n s i s n i , m ,  ib is th i s ’
h i ’ i g l u t  .~ f the  limbs’ does n t  t ’xcu’ ,’it t l i r mt  ‘ ‘I l e e  m r - m i s ’  wa l l s ,

1,1 ims’tt ’n c’s iv i’ Is ’ n g t b u n , m m - ’ — , u I  1 , 1  pt e r - i l m,’tlui ’ds an ,- mused , l I t ’s ‘ i’ ’  n s l s i  ing of  m_ s u sui
I’ t ’ u ll ’ ’ ,bl of  Ihe s- i t ’ f i t ’ innt  ‘f  n s ’ f t s ’ x i u ’ m i  - , I hu u ’ ’, , u , ’ f m ,  ‘ ,‘ ii’. t his’ li q u i l u l  ml  ll, ’l’’ s t , I  i t ’  t’ ibliqut’ l I lu ’ i

d’’ili’ ’’ - iim.m I I ~h ime’ns i mui u ’ .m. ,un i , -h . u. ’ ‘i ’ pr u m ~t ‘ m rs  in .  , mc , ’,l . Bill It R atid R ,mn , - me,’u cuu  nt - ui , This’ r - mppa—

I
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ra tus can be c a l i b r a t e d  by rep l n m c i n g  th Is ’ water  in the ts’St— clIv ilv by mercury. Absorption values cauu
be measured se pa ra te l y by transmissiomi throug h a “sli ce ” of wa ier of known th u icknes s . The qt i ant i ti u’ s
measured are r e l a t ed  let the main e.m . characteristics of the medium .

At submil limetnic wavelengths (HASTED , J.8.) (2), we line a source radiating a s’oli tiui uum.
The radiation is directed on to a Michelson ‘,nterfemsituse’ter smith two beams . The samp le of Itiatis’ r is

p laced within one arm of this ’ interfer. meter. For heavily absorbing materials such as Water , the mi r-
ror in one of the arm s is replaced by a p lane surface of the specimen. An extended interfero gnam is
recorded , as a function of path difference. From this one can deduce h ut’ phase m e fmnu m ’hI v ,’ in dex
(real n) and the attenuation index x app li cab li’ over a wide frequency range , for the Fourier tranut —
form of the interferogram .

The interferometer developed by the Briti ut ti National Physics Laboratory is shown in Fi g .€.
Movement of mirror M increases the difference X of the optical paths from — I) to + D and provides
a slowly varying si gnal , the variable pant of which forms the intenferogram. If the mirror M is
jittered with an amplitude X/8 , where I, is the mean wavelength detected , the signal variation resul-
ting is recorded . The recording is itermed the phase—modulated interferogram.

tn the absence of the sample 14, the refers’nce interfenogram G (x) is recorded . When the sam-
p le is introduced , an interferogram G~ (x) is observed. This is the convi~lution pru m duct of the impulse
response function of the Sample 11(x) with the back ground interferogram

(82) G~ (x )  = V ( x )  * G
00

(x)

From the properties of Fourier transforms it follows

(83) ~~(v) = R ( v )

where (84) li(s) = [nw ‘ t
~L

(5
~~ 

/ [ n  —

is the comp lex reflection factor of the sample.

is the refractive index of the li quid , n the refractive index of the transparent window.

and ~~ (v) are the computed complex power spectra evaluated , respectivel y v ith or without

a sample present .

L~~~~~~~~~~~~~~~~~~~~

I 
~~~~~~~ ~M2

1
4.~4 Specimen

[~~1 , j I
VV 

1 Fi g. 6 : Schemat i c  d iag ram ,mf modular cube
L~ i Michelson iu i t ,’fer 0ms’ter used f u r  sub—

i I millimeter measurements of comp lex re—
Pump ~~ I frac t ive index of w it em . S, sou rce

~~~~~~~~~~~ ~,,j I ’
, ch opper 1

~~
, I , ,, lense’s B , beam—

—divider Fh , C , mirrors F , filte r

17, detector 
~~ : 

sample — holding window.

______________



‘l .2 . I’c i m i g  ,-x 1it ’n ime ’ mitn ul m ,- s , i lt i i  .m is , ru ’ c  i , t I , ’ , b w i t h  II,,- C i’’;, ‘qu it it mns ( 5 2 ) 1 5 1 1 1 4 , 1

I ’ m  It su it u ’ c i i  u - n , t Iter,’  is  geioul nugn e ’s’me’uu t hs’I itt - i’ll I~ ii ’ s’x 1us ’n illie’fl l nu I mu - —o il Is 1 - I  . I i  g. 7 .m mliii hi )

— II,, ’ vnu h us’ - i s  vs ’ 1 l— ku i~iwiu I b5 .u~s l  ‘ I I , h u l l , ’ , ll,, s l mm h , k i t  ss, ,um , md i ii Ft i s  .

this’ s h t u u h l , ’n h’, Mni lmberg nimid M.m n vu ’t i (10) Lt.’nid Ii ’ fu ’nmuul.u (8 ,’) , ml . , I I u , . ’n ; ’ b , u ’ n i

($ 5) = ,5 ,74I1 — u u , u b lu l$ i + bu . u~ $ x I — 1 , - i l l -  x l i t ’ t 3

i t ’ I In tI le I t ’uhl ; s - n , u l i u l  c iii “ It ~te tm .’ee mm 0 .uiid I O0~ . Tt ue ’ max i Itluim c n n , ‘r is I’ , t u uu s

,1N$ ,\C11i( s~ )1 , KI b 1KI1 ,uut l l  (7~ , Flillbhl, l(’ It 18 1 nuuiu l ~‘l lts ’ r , m t u t h i u m r s  is ,uv ,  l , t rgs ’ I v  “III r s l ’ s u l , ’ il It’ im h ini u_

vim ig this ’ m u  i ,u t I Iu , ’ ,’nn’ , hu s’ m ’ ‘‘ l ’s  imhu ’m ,m t 5 ‘II , in p u nt im ’u m l ,m r , m’ f  l b  ui ’ , I I ,  u t  ‘I h I s ’  di1’ , ’I, mr muiuhht ’ i hhs o f  I u i ’

t ie ’ i th u l m i ‘u u m imig mu, I s e l l  It ’s ‘Ii thus ’ m,’t s c u m  le utiu d s ’ r dt ’ll5 the m m t

— this’ v nul sic’ ,‘ c t ‘Ills’s um is h s-n it I . - -5, ’ it 5 c nut i ih\’ . ‘t’h5’ I’ ,~~ i ,- ~~ I m m .m I u cmli s i ’,’tt ,s it ’ 1 c m  , = “ - S -

T h e ’ I I u I s  i i i eu u’s,i y e  it l it 1 l u t  .t 1, 111, 1 I i’ll ii I I t yu ;’ t m , , b U  me

I’ m u ’ 15 ,i til l’ I, , we I m d

lb - O u t

(c m )  1 . I” 
‘ I , 7 ’ , ± - ‘ , l t  1 , u u S

I1t ’ mis’ ,’ i t t ’ it,, - m e n u  i t s  um l 11. I,1’1CR~\Nl t ‘5 , Nu I,- , u  h u t  u ’ ,i f m  tu tu ’ s ’ c- nil e r 1 -i Is ’~’ u’ ’ l , s I  u n ,  ,

1 7

h u e ,- n u t - u  l lt I, ’ l, l  ~t is ’ , ii , ,
~ 

= 81  . 5

Im v I. i k it i g it ,, 
- ‘ -

utui l , ‘ I , ii’ cci I = , -‘ . 1 s h i ’  ~s

i l t i 5 V i e  i u.b i  h u t  I lit it t nIl  5 1 5 . ‘mm I - m i  uue ’m t ill I t i ,  I I I

. 1  se.l—i.’ i t ,  C , , iuII , ’n  15 , ’, , ’,’ In , c’, ,1. ’ I i i  b uy, s i t  I l i t  cl i l  , 5 : 5 , 1 . , ’ - ,  u I u I c . t ~~e — S l  ,u ,l i t ’ s  I -  u n i t  ‘Ii

‘i,’ i i t i is ’ i u ’ss , l s i e  ne s , , l ls  s In i u l I l t I ’ . u ,d. ’ u , m ‘ l uc Ib’t , ’itis ’, i’ d  t ill l ,t kt  II 1 1 1 .11  t I m,  1 1  l s ’ u h , u n m t  i - t n  1 1 , 5 m  S . in~t

li l t ub l s , u n)i I i ’ll ’ s , ’c u I m c  l i t,~ i ,Ie u ’ i,, ’, , . , I ’ . ’ ,’ t - i i I • ‘il I Iii i t ’~~ u, . ,t b i ,h~i. i lv n . y  -I I u s ,’ is ~i I I n. uC i u ’Il. ii ’ s

i t ’S ’  - m I t Im ’ 5 , 1  i t t  lie n t 7 - ‘t n t  in IS’ II, ’ I t , I t t n t I’S , I t t ’  1, ’ , 1 i,c I , - i s , , :  I - ‘ ‘n’ - s in  l u ’ ,l ill F I e - S I i t  multi I b m 1 1~’ I l l

I I  it - N m l  us e ,. , lb,,u b lIt,’ nt ’~r,iI Is I I  ,u ill e’ tt I - r v Im  iu ’ u u ,c c lue , b u t n i t  i l l  i t s ,  Is  ‘I Nsi( ’ - iii itt’ , X u  - I l~ .11

it ,i I , ,t~ ne 1 ,1 ‘il u st n, t i 0~l I I hue I b un , ‘uk t ’n t I c  ~‘r i g  i s , ,  I uu I I be ’ s~u~u~ u~i, u , I ui ’ n, mm , ,  I I ‘ i  - ‘ ,  ‘ — ‘ ,, u ’  , ‘ ‘ m l
I , ’ u , ’ - , . I’ ,uu t I l e -- I n .m i lii I I It i s  , u I n ull s Int l  It ’ll if u l u -  t m I . i s . 1 i n , ’ , ‘Ii, u s  ~h i - ~; -s ,i, u nh, Ill 15 i t i t b , u l ll Is’

hu ms ’ t i i t I ~,- n ,‘ s, - i m, ,’ ‘ ‘I i t t t s r i t ’ll ” . ‘I i,, ’ I u , I  l~~s 1 t h - mu ’ “I ‘ u  u u t bu b I Ill, t’,’i’ Sm ’ u ’,,’ ,,l t I s.ihb9’ I t - n  d~’~’ i u ’ .h. ’t 1’ ’
I b u m t ’ uum t l, I hue mm r it hum • I ,u,I s u s  Ii’ c i ’  lId I u I  I ng I ‘ u , i l  I hu, i t, i s  u e .  .b tu ;’ oIh u ’ bb I iii nu u m , ’ ,m I e I c-hi m e l - i u ’ ” , b u l -  ‘~ St I - , —
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Fig. 7 (a) c ’ [en pure water as a fumiction Fig. 7 (b) : it ” for pure water as a function
of temperature at 2.653 0Hz. ~‘f tempt-nature at 2.653 0Hz.
(NASA — CR 1 5 6 1 ) )  ‘ t s )  (NAS ,\ — CR 1960) (15)
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I- Rh ’ i 7 h ’ I - ’Nt ’y Ii ,\\ ’h ’ I 1,10111 PERMITTIVI’t’y DIPtJLAR 1 1 1 5 1 ) 1 0 1  I C I l Y

I (lIz) I ‘ . 
‘

o 0 0

30 m 81,5 0 ,5’ 0 ,e 5 - 10
I
~

2 . 10
’
~ 15 81 ,5 ‘3 ,1 1,31 . 10~~

5 . 1O 7 6 81 ,5 0 ,2 0 ,’,.C .

~o8 3 81,5 0 ,5 0 ,05 .

2 . 1,5 51 ,5 0,9 1,01 . io
2

5 . 10~ 0,6 81,1 2,3 (.,33 .

1o~ 33 cm 81,2 1,5 2,51 . 10~~
2 . 1O9 15 80,1, 9,0 9,96 . 10

_i

5 . 10~ 6 75 , 2 20,9 5 ,75

10
10 3 01 ,1 33 ,5 15 ,5

1,7 . 1010 1,8 (~~ 
) 13 ,5 38 ,0

5 . 10
10 

0 ,1’ 13 ,1 22,e 62,7

1011 
3 mm 7 ,1 12,3 67, 1.

2 . 10
11 1,5 [s ,C 8 ,2

5 . 10~~ 0 , 6. 5 , ’ 2 ,5
io12 5 , 3 5 ,5 1,3 13 ,1

0 ( ‘  ,5 ) 0 (69 ,8)

l’ e m n s u i i i y i t n  ‘ m d  u l i p u i l a r  ctmndut’t i v i lv  i f  ‘uirs- u.’nits ’ r ut 17 ’)’ us ,u f , tmm , ’t io n ‘f fns ’ i 1 liu ’ll, v 51

1,5111 h~ IV

li t I” ) I  AR I 5152i ’ I ’ I h\’ITY
F’REQI’I’’i i 5’ I,’ A \ l  h. i - t v u , I I h  I i’ER~t m,1’TlV I’F ’,’ 111,11, ’ ‘ m l

(II-) - • S I “ 0 1  C d i j ,:: I in I ,‘t ,u I

0 80 ,s’ ~~~~ 0 l, ,51

13” 3 m 80 ,’- - 8l~ ~, s .- o ,s~ 1,51

2 . ~O8 
1,5 50 ,’ 115 1,5’. - ,~~

10~ o ,6 So ,1 I t t -  1,5 ,‘ is7 1,61
1O 9 30 cm 80 , 86 ,t mm ,~~5 0 ,26 1,81

2 . 1O9 15 79 ,3 55 ,1 ,~~F 1,0.1 5,57

5 . ~~~ 8 73 , ’ 37 ,,. 
~ , Y 1  5,51 10,15

1310 
3 12 ,, 1,7~ 18,63 23,11

1,7 . 10
10 

1,5 1~~,: L3 ,o 1,81, 35 , 2t’ 1,0,10

5 . 1&~~ o ,6 12,1 2lu , F- 5, 00 63 , 32 68 ,32
1011 

3 7,3 13 ,, ’ 5,08 68,35 73 1,3

2 . 10~~ 1 ,’. 5,15 6 ,7 5,13 69,30 71,13
io’1 0,6 5, 14 2 ,7 5 , 1-’ 70,31 75, 53
io12 0,3 5, 1 1,. 5, 02 70 ,31 75,55

— 0 (5 , ’ti 0 :5 , 29) (70 ,30i  (75,65)

I’ ’’ nttm i l l  us’ m I - . mnm h t hu ui - I ’ m t’ u ’ ‘ n , i u i ,  I m v i i ’ .’ ‘I , ‘ , ‘ , u t u ’  r m m I 7 ‘‘ I ’  iu. ,u b’iuui,’ S i, ’ um ‘‘I ~~~ mu Il. ’ is I
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Fig. 9 Fig. 10

Real permittivity it ’ and dipolar conduc— Real perinittivity it ’ amd conductivity of sea—
tivity of pure water It” at 7°C as a func— —water o at 17°C as a function of frequency.
tion of frequency. (Cf. table III. The (Cf. table IV. The points at 2.653 0Hz are taken
points plotted at 2.653 0Hz are deduced from a NASA plot. Ste note the discrepancy bet—
from NASA observations (6)). ween the Ilseonetical value , ‘ and the observed

value . There is a substance in sea—waters whic lu
is not sodium chloride and which modifies the
real permmui ttivity value.).
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Fm g. Il

Rea l perm i t  I m v i t v  u ‘ int l dipo lar  t ’ t im u , b , m c t l v i t y  ‘f puu re’ water - ‘ “ h,et u. ’u e i m  10 8 and I0~~ tIc , computed using

th’bye ’s i ” pum tim ’ n (SI) [ ‘ n  c~ given by equation (85) ,  u’ — 5.5 anmi c eq u al t o  1.96 x 10
L 

nit 0°C
-1 2 -I I ’ -121 . 1 1  x I I’) ml  h l l ’1’ o. ;’t mc 0 mt 20°C and 0.63 x JO at 30°C.
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Wlue’u~ t h e  I requenc’,’ ni,e’s I nt is I I,. ’ I (11)0 lIlt , e ’ ,mnul ‘ ‘‘ shliuc’ .up~~m s t x  115 . 11 d I’t’ t lue same’

n ia t i sun  mu , t i n  pure c’ ,t u u ’n . T h e ’ I , ’tni l uu e tuud i mi ’ t i v m t y  a i m t u m i , m u , , ’s , l Im e d m l ’ t m l . m n  m , u ’ m i d t u c i u y i l - ,’ ‘‘ mm -i- - I —

t h e  va l u e’ f um r iu tn ie  cm,nduc t i v i t y  nu n st ’m’n as th e’ I neu I umt . I tm , y in greater  tb u n umm -( Olhe -

ii . -1 .  l i qu i d  w n u t t m  ut f m t ’’ I l m s ’nmu Ic ’S greaten than I 000 GHZ (Fig. 12)

The t)u,ibys’ equnu t ions w m llu ,i s i  h it ’ re 1 n uxa t ion time 1 r u t s ’ s’ inadequate. ‘tIm e in a p p  1 I , .11 I till SUp—
post’s- i ’ ru~’ t,ikcs a u ’ r t  m i i i  spread u i  tb,, m e iaxal ion time into a(’m’uluuni

K .  tIll II ausd R. COLE (I II put f o rw a r d  a gent-rat ve rs ion f~’r I ) c h t v e ’ S e ’ i I i n i t I ‘ ‘ m l , by writ ing

— it it , + 2
(8(u ) - r = + ~~~~~~~~~ S avec (87) n = - -‘h-—-———

1 + ( ( - ,t )  
ut 

2

where u us aim empi r ical  psumu t l i e bi -r the value of which l ies  luetwe ’e n 0 and I. Genera l l y t i le v a l u e  t , i k t i m
is a = 0.02 ( I . ll .

Thie res u l ts  a r e’ then measurabl y ulnpmi ’vt ’ uI and approach Iii c x l i ’ n ime- u m inm t n e s m i l  Is it 3 1 3  and
l ’s .) in .

III -1 .0 2 . 3 3

152  1 .94  ,
‘ 

1 .5 7  , lol l,,’ V

1 1 7  - .09 
-

,

I I’ u i rn h t l c x  t ’ I c ’c l n ie ’ I” l’t l u i l t i s ’ l l v
09 ‘u .02 I - 2 - ’~ - ‘ 1 ‘an us,u It it .1 1 20 ° C , us t I  nc,u I

m u d  , n u , m , t  i l i u m ’ ,’ p n u r l S m l suuhmi I t  i—
- 

‘t 5 3 , 151) I . 1’, nt t n t  c’,uve ’ lu ’ l mu tI I,s , tb ,5 s’al u 1 emm be’-i ttg
t i ’s tO f r om v,m n i u’us s, ’uu nu u mm 1 I

63 2 . 7 ’ , 1 .11-.

52 2 . 5 7  L 47

S,\XTt )N I I  , in ‘cdt- n t i  Hue l,cI t e n  uI, ’sd t’ n It t h e  v ,mnl.il “mi s ‘ ‘I • and , “ ut submi it , b ul, en
us, uv u’ lengths based his I 11111 hfl~~5 ‘ ‘Ii I’ R OIII.Iu I I ’ Il t hu,,’,’rv , u s  rega rds .\b”mm t ’i- pt ion Tes t ’n,’uflde’ v a l um , ’ s  - In  n’I’ f~ i t ,
I b u t ’ t 1 u l t ’ s t  ieu fl a r i s e s  nus t,’ whs ’rhs ’r it is ‘ne tt’ r, ,hl e I - ‘ , . ‘ ‘, ts m , ’ . r tune t’ n mm, , ’,’ , it .u t re l ax , ut i on  t i d e s  fui r It ue’
molecule s i r  u.’ b i t - t l i , - n  I’  i’ ,’n,,l, t t ’ m l i h ,u I Ihe .ub l+u tm pl im ’mi I ’ m ’ ’’ ’’ xi ,  mu 5 , 1 1 1 5  m , m lhe ’m I m. ’ bu u r , - s, ’ m l . m m l t ’ s ’ .
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Fig. 12 t l,u’ugn’u r l t b i m iu’ dj . m , u r , , m  ‘ ‘I ‘ ‘ 3 1 1 m m  b ums , ’) ,im mul b - u  ‘‘ ) t b u l u ’k I i u u u ’ )  I .e  p u n -  •. ‘ e n nit 20’(t Is a
1 1 1 1 1 , l i i i  If II,, I m i ’ ’ ) m u i — u i i - y  5’ .

Tb,’ I I t ,’ ,h l i n e  sh , ’m.’s I b m ,- ‘ ‘ t I l l , ’ - i . ’’ ,‘ ,i t , ’u tlni l ‘ ui tus~~fl[, t his’ i u i -I,s- e I,,tn’’ii ni c’lthm is Sung lt’ n t - i  . i n i —
t uu ’ti tim,,’. The Sm,, I I c u r ,  I u n  shi m,’ t i , ’ s’ iliu m ’ s  ‘f ‘ ‘ sun,) ‘ ‘‘ m m  I i ’~i I ml ‘ u t  w i  t h u  ,u ui ’ u ’ . ’ iu i t  i i  I ,m n ,uI l t ’ul m im,’

11. 008 “cm .
‘2. , ‘ 1 , u t ’ s - b i t  S l u t  e x p e r im emi tnm l  n i ’ s t m I t m .  7, anm l t ) I - I  I ’ intl I) I - ’r , “ 1 1 1 ,5 1 1  :‘ , J .B.~
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At frequencies above I 000 0Hz, the ionic conductivity is also affected by Ii’ m e c h i n u u m i —
cal im i e nti ,u and tends ii’ disappear.

Ion movement can , in effect , be represented by Hut’ equation I

(64) m~~~~+ mZ’,~ = q 2

In the hmanmu ’um iu, cmi ndit ion E = E ejutl t and \t = ~ e~~
1

0 0

E g u u a t i u u i m  (65)  is not appl icable at high f requencies

But = m (Z + ,j uum ) = u 
~ 

(1 + juuu ’r)

with the relaxation time ~ = =z ~
13 

For each ion , this time can be calculated. For Na , for examp le , the val ue found is
1.1 x 10 second . The transition wavelength is 0 . 2  mmmi . The last e n t r i e s  uuf t ab le  IV are t h e r e f o r e
under the influence of ion inertia.

0. THE ELECTRIC CHARACTERISTICS OF ICE (2)

The mechanisms by which molecules , atoms and ions can move , in tin through ice , give scientists dif-
ficult problems to solve. Despite the progress in modern experimental tec h ni ques and the results
obtained , it is still most difficult to interpret and understand aspects of molecular movement amid

the relaxat ion phenomenon observed.

10 .1. Ice at frequencies below 1 0Hz

The ionic conductivity of soft—water ice is low . Measurement i s  difficult. Among the values
recentl y measured at — 10°C.

= ( 1 . 1  ± 0.5) x io
_8 

mho/m

The measurements of c~ and it (us) , at different frequencies , provides data concerning dipole
orientation in the net and hence concerning ru-taxation time t.

The measurements of m from 60 to 0°C show that c~ increases as temperature decreas es and
that c~~, measured perpendicular ~um the c — axi s ‘f the crystal , is 10 i smaller than i~~ measured pa-
rallel to the same c—axis.

At 0°C, c~ for pot s’ crvstm line ice is 10 1 higher than for li quid water

DAvIDSoN and WAI,l,EY fumund that tb , , value of ‘
~~~ 

increases with pressure rise for all varie-
ties of polymonp hous iu ’e , except phase II and phase ~‘ll I i n  the table heluiw .

Values for g~~, t and ‘r are set out in table V I .  We note that di polar tiio bilil v is maintai-
ned at ).i gh pressures.

Ta b l e VI — Die l s ’ u ’t n ie  c h la n ac t e n is t i es  u t ice ‘ l -’R.’mYKS , F’ .) (2) .

Ice Tempenatune Pressure it 
- 

u-

(phase) (‘C) (k bar) , ‘ (, ‘ -, .  3

I — 2 3 . 4 , f i x I O 6 97 . 5  3 . 1  168
I 

- 2 3  - I - I 6 I 101 - ‘ 2 13

— 30 , mc 10 6 
99 3 .2  —

II — 3 0  u 2.3 
‘ 

3.66 3 4,6 —

III — 3 0  2.3 , 117 - .1 2.75

— 100 I 2.3 — 3 ‘~~ —

V - 3 0  5 1-’,’, ,.6 7 .2

V I  — 30 8 , 93 ‘ 5 .1 - 6

22  
‘ 

2 1 — — 
‘ 

115

VII 22 21 , .’, . - - 0.2~

IX - 100 2 , 3 3, 7 ’, 3 , t,, -

We may ru en, I I that t emp e r l tune and p res Stmmm- cond it ions ,u I I I,. I’ 1 I Ii ’ s St, I ,, u , ‘n In m lii
imm ined iate v ic  in m ‘ y , irs- suu’ lm I liii only phase I ii’ t’ is  p r e s e n t .  The ‘I l~c i ‘ t u ni s I I , III • m’ t t . , a r e

the result of high p nm- ’ us muru ’ technology in laboratories.

I
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Table V I give documentary data sun the dielectric properties of these ices.

We can uiu ’ l t-  that ice—types II and IX have low values of and also that the va lues  of
are equal to  those of this means that the molecular di po les  are f rozen or blocked and cannot
be or ien ted  under the influe nce of an external  e l e c t r i c  field. Such ices are consequent l y transpa-
rent to a large extent to e.m. waves, it ’ is identicall y nil arid onl y ioni c conductivity a ’ has any
bearing.

For ice I, which is practicall y the Onl y one of interest , it is possible to app ly the
Debye equations and to compute the values for it ’ and it ” in a wide frequency band , up to approxima-
tel y I CHz.

However , the equations with one or several retaxatiom ?
Utimes do not enable satisfactory

descri ptions to be given for experimental data measured at JO liz (i.e., at a 3 cm wavelength)

1 0 —

1 1 I i,,,, I _~~_,_.,,.,.0 2 4 6 8 10
P k bar

Fi g. 13 : Relaxation time at — 23 . nt,°C fm ’ m  i c e — t y p e s  I , I I , V and V I
as a function of pressumne , Note the similitude in the
behaviours of types III, V and VI , dume’ most probably to
their similar tructure s (FRANKS , F.~ ) 2’~.

By app l ying KIRKWOOD ’S theory, althoug h strictl y speaking it should not be app licable Ii’ a
medium such ,is ice , and by taking three layers of nei ghbouring molecules into account (in total 81),
we reach the following values in 2.6 D for ice in phase I (KIRI(St000’S u’u’nrela t ion factor g 3).

10.2, Ice and snow at 10 0Hz.

Very few measurements have beeri made for frequencies in excess of 10 10 
Hz. Table VII and VIII

give the values for the index ‘f refraction at 3.2 cm for ice and snow.

‘vi
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Tab le V I I  — Values for the real part It (n) and for the itsagiu’uary part 1 (n) =
of the comp lex me- f nac t ive index of ice’ at various densities

for various temperatures t °C , measured at wavele uu g tbm ‘~~J .2  cm (17) .

x .  10~ t o t °C
R (nu )

1.7 8 :.~ ~~~~~~ 

~~~~~ 

;~ 

~~~~ l 2  

;,

4 

;~ 

~~~~~~~

0.76 1,65 14 .8 10.7 8.7 7.4 6.4 5.8 5.4 4.9 4.7 4.4

0.60 1.50 0 ,3 7 .5  6.0 5 .2  4 . 5  4. 3 3.9 3 .7  3 .3  3. 0

0 .46  1.38 6 .9 4 .8 4 . 1 3. 4 3.1 2 .8 2 . 6  2. 5 2 . 5  2 . 5

0.38 1.31 5. 2 3.9 3 . 3  2 .6  2. 4 2 .3 2. 2 2 .1 2 ,0 1 .8

0.34 1.27 5.0 3 . 7  3.0 2 .3  2.0 1.9 1.8 1.6 1. 4 1.3

Note = R (n) does not depend on temperature . In effect , at these hi gh frequencies

it ’ = R
2 (n) + is vo n c l o s e  to 

~~~ 
which does riot depend on temperature.

e
2 2We note , finally is small compared with R

e 
(cm) .

Table VIII — Values for the real part Re In) and the imaginary pant ‘m (n) = x

for wet snow at 0°C, as a function of the weight per unit volume ,
on one hand and of the pencentage water p (in wei ght) , on the other

hand , measured at the wavelength A 3.2 cm (17)

R ( n ) 
~l 

— 

x . t o ~ an p ~

(g/cm
3
) i -

1 o 0.2 0.4 , 0.6 0.8 1.0 1.2 1.4 1.6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘I
0 . 3 8  1.31 5.2 13 .7 I 26.2 38.0 54 .4 73.4 89.7 112. 0 134 .0

0.76 1.61 , 1 . 15 33.8 55,3 90.1 131 .3 179.0 242.0 304.0 371.0

It appears ihnit ice and a layer of snow of the same densi ty  have e s s e n t i a l l y

t he same va l ue ‘it d i e l e c t r i c  cons tan t .
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Quetques notations

u Po la n i s a b il it C  uaols’cu lnmi ne

o Cu’ nduct iv i t C mho/m

o ‘ Cu tuu i t uet  i v i tC  isinique

n ’ Conduc t iv i t i l  di po lai re

in Pe nuuui t t i v i tC  (co ns tan te  d iC le c t r i q u e )

it !‘e r m ilt i ’ .’ i t é  de l’ es pace libre
0

it P en m i t t i v it e ’ me ’ l a t i ve  = c / i tr n o

Pr ’nu’.. i t tiv i tC  r e l a t i v e  comp lu’xe -

S —

0

‘ ‘ 4’
it ~~ J i t ” = J — ’ it — 2 -——————

0 0

it ’ b ’ ,m m l u s’ nCe lIi’ u~~ ’

i. ’ I’n m r n i i ’ u uut ,u r ’. i l , , m i n u ’ de ‘ m dus- I Ia pu’ I . u r u s , u t i o n

- it ’ (0) t I n t  i s ’ mi - i t  Ic tie en nilgitt ie ~ t m t l i e
15 r

it it ’ (-
~ 1 p i n  t i e  n, ’,’ I I , ’ I l iu m h um , ’ de 

r 
pu t um r r u n  t nCquence i n f j  us in., - u u t  g rande

I’ em’ u . u  , mb ’ j l i t,-  ~~~~~~ ique st e 1 ‘ e sj u .m t ’c lib re

= 4~ . lO~~ (II m t
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Pc r us u ’ . m ’i u lit i’ ’ s. m u t uu i ’ t i quc u t  moment u l l e us t n ique d i p ola i r e

~ (t , ’e f f m u - u , ’nt  d’ . m h tc . ’ r 1 ’t iu’ n A = A e

n Inst m e  ste c ,- I m . m i t , ‘‘ii

I’ I’u’ l , a r i snm t m u m  i’ I ec t n iq ut’

I I i’:u,Iue m , u  i , ‘ t’ a hsm ,lue ( ‘A )

t i u ’ m 1 u , ’ r . i l u u l ,  Ce l ’ n i u m s t ’ um t r :u ;t s
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Les propriét és electrousagnetiques de l ’ eau

aux frequences inférieures a 1 000 GI-1z , sous les
diverses formes rencontrées é la surface de la terre

par

P. Halley

Sonunal re

L’ eau est la unatière Ia plus repandue a la surface de la terre oC el le  est presque

omni -presente .

En régime statique , on connait tres bien les propri étés diélectriques de l ’ eau et

la conductivite des electrolytes aqueux , tels que l ’ eau des mers . Des theories rCcentes sont

en cours de deve loppement (Kirkwood - Friihlich).

En régime harmonique , l ’ app li cation d une théorie relativement simple (Debye ,

Orgager) fournit des résultats convenablement satisfaisant s .

Ces theories sont etroitement liees a un modè le de molecule d’ eau ceu d d et fortement

pola ire et aux actions mutuelles entre mi olécu les.

Le corps naturel le plus étendu et le plus homogéne a is surface de la terre est

l’Ocêan. Ses caracteristi ques sont convenable nlent connues jusqu ’ S 1012 Hz, Son opacite aux on-

des e.m. est trés grande.

Les calo ttes glaci aires sont mom s homogene s , leurs caract eri stiques sont mom s t’ien

co nruues et jusqu ’S 1 0 11 Hz seulement. La glace aux basses temperatures est mom s opaque aux

ondes e m. que l’Océan .

— t.t s TR0IS CARAC’I’ER 1ST Iu 3C h .S n .m. F1)NI )AN1-N1,\I,I-: S l)b- : s Mll.II ’ i S l’} IYS IQI’E,S ‘ 1’
La p lupant dt’ ’n prohUumes d ’ Cl e u ’tnoma g nCt isme m ,u e mosu ’ hi i ,I.ue oO l’ u’u u ni en uus istC r€ ’  pas d ’ , I I e t n

uu u ’u u— h u , i , ’ ,uu r c ’ ’n , pe’uvent 3 t re  rilsuo tus en t istmuu ett nm nt qu ’ au vo isinage du point c~~nsi ,t,’m s’ ce rta ines m il a t i ons
liiméaires entre Is ’s  vecte u ns dum eh,muiu 1i sm unt a c c e p t n i h le s  - I i -  ‘n O t

(I) I) = it E h 2 )  t~ = ‘~‘ ~ (3) -) =

u’s u tte f fic ient s s’appe llent

it : Ia perm i I t  v i  I ’  i - l i t  r i quc u , u  p, ’uv, ’ u u  I u i u h u u u t i ’ U t  sps’u i  I i que m’ ui , . 1, ’iI uf l I
die l e e inm q iie

Ia ;‘~ ‘ m nuu’ m t ’ u  l i t, ’ rn n u 1 t u i , ’ t  iqule

0 Ia c o n d u c t i v i t e

u s  ‘nt ’u i l  S l et , u s u u n e ’ n aim n’u ’ i uiuuu . m l t u ’  mlii point s I  7, 1,-u b- mu ’,’,u u ,’ u u t us c ’ ums id iu ‘n . uni quement I pan—
t i n  u t e s ; i . p i  u - l u - — n  u t u \’ t_ u i b u m , ’  -n du  m i h u , ’ i m  u-u i  m u  - nI nmp pu’ I ni I,m I I , , ’on uu ’ m l  .1 l ’ u -X

~’, 
ni , ’u l u ’i’ .

RI , ’ tu s’ im t e im ut mi , .1 pau t i n  des t r u ’ u c e u r u u t s ’ n m s t i q u u s - s fu ’uuuh ,,ms-ntalu ’s us , ~. ,  ~tai peumt ,‘u m l i l t u n i n
,h ’.uuul m u - - u  - u i i ’ u u v  I II’ u 5 e,n Ii- u t  t . u i u u ’  p m o t i l

I
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Dans le cadre st e l’Ctude qui nous occupe nous allons , dans un premi er ts’mps , m’ s , um uu ue n sour—

mainememi t t ’ i m po n t a n c e  nu lative des carac iCn isti ques en cause ci l ’ordre de grandeur des valeurs e cu -u —

flues. Puis nous approfonstirons l ’ ,’tum ,ts ’ des car actCn istiques essentielles des eaux ~ t des glares.

1 .1. La penm Cabml itti magnCtique in

A l nm surface du globe tenrestns’ s’I sauf ex ce l- I ion , sun n ’nm pr atiqueme nt pas  S se priocu’uper
de Ia pe rméabi liti3 magnéti que , si I o n  t,-xcl ut lea m atiCres ferromagn Cti ques er l’on peut admettre que
la permu3 abilitC magn eti que 3m mu st part out égale S celle d5’ l ’ espace libre ou vide i n .

Dana le systCme MKS (A) que nous adoptons (sauf excc litu on signalCe dans Ic texte)

(4 )  = 4 r . IO~~ (hi m 1
)

1 .2. La permit tivit C électrique it

Ce t t e  c . u r d c t s’m is t i que esi  var iable a Ia su r face  ste lii tcnce , non seulemen t d ’unu corps I

l’ autre uuua is en fonc t ion  de la f réquence.

La p e n m i t t i v i t é  é l e c t n i que du v ide  es t  (5)  = - - —p--
~
— (F m 1)

ou c m u st la v i t e s s e  de Is lu it u iCre stans Ic v ide .  
0

On peu t défi n ir pour chmaque corps mat iln ie l une permittivit C Cte c t ni que m ol ative a celle du
V i de , par Ia r e l a t i on

(6)

De p lus , les  é q u a t i u ins ti e M,u xw , ’ I I  pe rme t ten t  d ’ u ’ t a b l i r  en régime hanmoni q’ ie la r e l a t i o n

(73 it
r

= n2 , iu1 u n eat l ’instice ti e n e f m . u e t i u m n  di, m i l i eu .

Enfin , it ea t  coumuuode d ’ i iut noslu inc  umm ve’ u’t eu r pu ’ l a ni s a t i on  é lecini que induite , JCf in i  par
l’ m3quat ie i n

(8) P = D — i t l

Le vec teun  P s ’ annu le dans Is’ v ’.de et ii u ’annule en l’absence ste champ . 11 repr Csente donut
Ia m ,m t i è r e .

1.3 .  La c o n d u c t i v i t s’ s - l e c t n i quie

C’ es t  la c nun m i ’ I u ’n i - u t i que n .m.  l n m p lums var iab le  s t  ste heaucoup, p.-ir tant Ia p lus  u r s p ’ r t , m n t e .

L ’ es p a ce  libr us’ ‘u v i d s ’  ea t  Ic seul milieu physique qui pr Cuu ent e une condu ct iviim3 m ihent i que—

merit nulle . Pour eettr ’ raison , le viste mu s t parfaitement transparent aux andes s l u t tr u mnmg iu ,t tiques . Les

au tres mil i ,’,us physi q u e s . s t u n  mnmt Cn iets , prCsen tent tous une centaine opacité , c ’es t— S—dir e- qu ’i ls

présen ten t  one c o n d u c t iv i t u’ Cqu iva len te  c f i n ie  et non—nul le .  C ’ es t  pounquci i la e a ra c t C r i s t i que e .m ,
Ia plus impor tante d ’un m i l i e u  ste propagati u in must sa conductivit mi ! On I ’Cvalue en si emens pan tuiltro

ou mho par mi ltm e - Bien entendu est f o r u c t i o n  tie Ia f r C quuence.

1 . 4 .  La p e r mi t t i v m t i l  i l l s’ c t n ique com ple x e

Lea equa tions ste Maxwell penme itent de rassemblen In s deux e.mm nu etu’ u ’ u s t i ques u el 5’ d ’un
corps non ferromagné ti quc , dana le du’ma ine t ie I’ es pace  oO l ’ on consi ,te m s’ le champ et en régime harm,,’—

nique dC fini pan l’ ,’ pm ’ n,uI ,’uun ( 9 )  -
~
—- 7 j w , u’ uu mine seule eai’m cts’nis tique Ia p e n m u t t i v u t i l  iile ct nique

com p t cxc

(10) ~ 
~~~~

‘
~

‘ ‘
m 

(l — jp)

Gn3ce S i t - t t s ’ C critu re , umn n . m  p lus I p,-u r l er que d ’uns~ seu lu’ caractCr u - u t  u ; uiu ’ , en sti s t un ut sm, i u l t

toutefoi s I .u part is’ nil’,’ l i e  u t  Ia part i imaginai re , ti m hun en du ‘5 ,, - iu , m u u t  ha ‘ierm i tt~~, u I e m u - I  i t  Is’ ,’

d une part ci Ia I , u , u l t u t u l t e  ste l’ angle tic is’ m l e ’ 5  p ,  d ’aum t nm ’ ‘ m t  . 
r

l.a p e r m it t i v i t i l  C l e e t n i qt me d ’uin ‘ u  rp s u ’st dir,’ eI ,”u: , ’ uit l ine .5 l.a sl r im , -tun e ml,’ m m  m c’léc uht ’ .
I s ’ -i ’u- ,, ’tlI C I , ’ ,- t r i quie d i p o l a i re  ,‘‘.t I ‘ one sI t ’s p lus  i m p ’ m t - m u l I i ’s , , ‘ u u ’ , t , m u u l i ’ ’ n  mo l i l uc u l . u i t ’,- s .  l.a pmi la n i ,u .u—
b j l i l i l  u’’su mine autre m’ un ; u u ’t i l - n i s t i u p u u’ is~;i. ’l 1 , 1111 , - . Ii’s m u l t I  i t u ’ s  u u - ,mvu ’uu i l’ umns’ ‘ ‘rims’ I ‘ u ’ u t n e ’ re ,‘b ’te- ’
nt i es I pa r t  in d es mu’ s o r e s  h , 5 l t ’ c t  n i

run i ’ t i- I iI ’ an a lv s , ’ tI ,u ’ ’ ’ u ’  u u i i m ’ i t ’S u t m i — I, ’ , I r u t u u , ’ s  nm ‘ e rm is  ,i’ .uu’u u I u i - u n  I ’ 1,1

l i t  i o u  mli’ s p r m 1 i n i u ’ t u
_
-s thu’ s s,i I i u ’ i u x ’  i ’ uu u t , ’ u i s u 5’ i  1 uh ’ t’ xp h ‘ u  is- n l ea  nuu ”m ’u t ’ ,’s I mu  ti -n s u m r  ii i ,  ‘n’ i 1’ u ’il m ,n i’u l u ’s

Sm, lii i u ‘‘Cs s t , ‘ , , , t ,u, ’s -

I.nu perth t t iv i  I C u t ’ - I F ,  - p u , - , .’ ’ ,’,uI  - - x i -  bi’ ; i , ’ ’uu I t hu l u  ii - ’ , uu , ’ uii ’ u ’ ; u ’ ‘ u ’ s t  u, u u n s i  ul ’ um u u u i  mi n I t i u l t —

m u m  s im i ’  m l ’ s  I’ I t ’ ’  -n — n i u s  , I ‘ m u  I ‘u i ml iOu b , I u  :uu , ’ h u ’ , uI , u - I  1, ’ 1. m u , ’ u u u i , u m  ‘n’n , u il , t . ,h, .— n le mps de nt’ l u ’m ,, I  ‘‘n.

I
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1.!. ’ ECIIELONNe,MENT I~~S VALI~’URS OF LI (t u iNbIl ’ ’ I IVI T E El 1.1- . ROI,E M , \ bL t R DII I. ’ full ’  SITR (‘I S A’AI ,El ’RS uS l.A Sh’R FACI :
DE l .A TERRE

2.1 . A frC quience nulle , u- mu st— S—dire en nC’g ime stati que , l ’industnie humair,5 produi t ties corps trCs

peu conducteuns

Corps Conductivité 
~ 

(~~~l 
m

Quartz fondu e 2 . l0~~

Verne ordinaire 10 12

Mais elle produit auasi des métaux dont lea conduc rivités sont Clevées

Acier 0,5 a I .

Cuivre 5,7 . 10
’

Le rapport des ordres de grandeur en puissance tie din est 24.

Lea corps et mat Cniaux , en général inhomog Anes et m~me héténogCnes , que l ’on rencontre S Is
surface ou dana lea couches superfici ell es de Ia terre ant des conductivit C s statiqu es qui se situent
entre les deux extremes i ndi uu ués ci—dessus . Ce sont pninc ipalement des solutions aqueuses sous phase
solide 00 li quide et des roches. On m auve lea valeurs approximatives auivantes

Corps Condu ctivit é 
~~ 

I utm I
)

—9
hhasal te sec 10

Glace d’ cau douce pure tO
8

Eau t rèa pure 0 
6

Sols secs ( g r a z u i t )  jo
_S 

a j o b

Eau -touce ( lacs et 3
f t e u v e s ) 5 . 10

Eau de mer 4 5  5

Le rapport des ordncs de grandeur extreme s (basa l te  sec e t  eau de mer) en p uis snm nci- J~’ 10
eat de 9 .5 0, au p lus.

2 . 2 .  I, ’ e , m u u  t r~’s pure es t  ns ’ Ia t iv e m c n i  peum conduc t r i ce , mais c ’ es t  un solvant  presqu ’ unu’ u’ u’nns- I - I’ m u-su u u u ’

tu nis li ’s compeisés chimi qucs connus se dissolvent dana l’ eau , d’ une q u a n t i t é  d é ce la b l e.  I s ’ s  s,il u t u i ’ns
aqueuscs des min Cnaux qui composent lea roches son I u ’su t s’ s p lus ,tu mu~ins conduct nice s .

( s ’ n t , l i tu es  nappes aouterraines son fortement niin ,’n ,u t usC es. Certains Iacs Sont sates. i s ’s

masses liquides s i-u t cotmirtue l ’cau des mers de vén itables Ct ec in ,’ lv ti ’ . fu ints.

O’ autre part I ‘eau est one substance des p l us corr osi’.’s’s , q ui mt’,-mgi t aver l e a  ions et 1 , - u
tn,, I C u , u h e s . R Ile s ’ irm f i line dana lea roches . Et lu’ peut s - u’e u ’ uul er ste 1,-u , n , m m l  ,uee ‘n’nns rune nappe s uiuts ’m m,,  i l l s

m ,m is aussi m u ,nt, ’n d’ unc nappe su ’iuterraine s’ens Ia surt ,me, ’ pan cap il l a n i l i l . Sri presence ct ’m i du t marine du
r e c t e t uuent Ins u - n m m ,m e t i l n i s t i ques n .m .  de n roche s de Ia te r re , y cou tu pnm s  le b asm u lte tilt “ si -c ” . Ic phi I ’—
s , ’ itis’ It nee tie- l ’ant iq u i t - ’ \ n i s n  ice avait inclus l ’ c.iu parmi les quatr e ilCll u eli ts , S C~~té ste ta  I , ’ m n , ’ ,
de t ’ nu in i t  du f eu .

En r i ’ s , u m u  • do point do vue électro— m agnCti que , l ’ eau solide ou liquide pnCus t’nte Ii penmm’nu—
b i l i t u ’ ‘u . uitiu u ’Iiqule dum vide in . El le  prCsente tie p ltus , prince qu ’ u ’ Il e conti ent des charges I ub ,m i ’ ,n ut uu mi’—
uunI~u I u ’ s  c ’ e s t — I i — u t i r e  tIes iu t ~~s , mi ne e m n i a i n e  c o nd u ct i v m i - 5 r C e l lc  ‘ ‘ . In  champ é lect n i que ex t C n i e s m n  F.
app l  ,1u,il un échuant i I Iu,n pnovit~que on m,muvenuent ordonnC de ces changes , c ‘est — ,‘m—u t i re un  couramm t tie u’ i’il ~~

duc t ion . Enf in, l’ eriu pnCu seniu ’  unc u t - n a m e pe r u u i i t t i v i t Cu  C u l t - u s t n iqum e C r 
qui resu l t, ’ st e . as p o l a n i s a t i ’ n .

Iaque llc est due princ ip um lem ent A I ’on ien tatLu n sI m t i s t i q u e  ule di p3 les  permanents. En régime huarmoni que
he ’n i e n t m ’ S  pan f r u ’ t t u ’mr-nt dana 1 ‘ u ’ m i , ’ni,iI ion It ’S uhi p6 lu’s ste I ‘ eamu neut re su’ t radu i  sm- mi t p,mr rune conduc—

is-it , ’ cm mpp I Cmcnta i re  .u ’’ , qu i n ’ , m j ‘ l u t e  I is conduct iv u t , ’ ion i que . La i t ’lltl Uu ’ I s i  tC ‘ft i c  t us ’ ,’ • S I a ( m u ’ —

quence u u’ uus id Cn ,’ , ’  . s-si  n, I u ’rs Is soimutm e de n l i o n  , iuu ub iu u i ivi t Cs u’ lCmentai nm -s

( 1 ”)  *

I
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3. l A  RI’ I’ARl’ l’rloN Dl.: I. ’ FAI t  SI R IC  O lu i h l b  ( 2~
l. ’ ea u , u u ’ m  ps Ic p lus u t u d u u u , t i r e , eat  u ’ u i uum j p rCusc n t  4 1.1 s u u m I~,m us s - do l .m t e r m , - . Emm I , u u t , l .u p I t —

nCte terre poorra ut s ’ nmppe ler plus , justement t m  p lanCte des mm -na ou Is p l.mm m ili e do I’ eau , u - m r  l ’ eau u - - n t
probabiemen t t.m substance qui distingu s’ Ic pl us Ia tm - nrc ds’s au tmu’s p l anCu tes du syst Cum€’ solaire. It y
mu ste t ’ cau S Peru pr CuS pmu rtout S La surface ou .m pni ’tu umm deun relativement fa ible.

3.1. Le total représente umi volume de 13 ,5 a to 8 km3, pour umme surface plan Ctairs ’ tie 5,09 a 10
8 

km2.
Sur un mum odè le spheri que l ’ u7paisseur du film d’eau scrait tie 2 ,650 km.

La repartition gloha le approxima uive de em-tie eau eat la soivante

— Le~ oc~ ans Ils reprCaentent 13 x to 8 km 3
, sal t  97 % du total , pour one surface océani—

que dmu 3,6 x 10 km . L ’é paiaaeur moyenne des oceans eat donc de 3,610 km.

— Lea calottes polaires I. ’Antarcti que supporte 2 ,5 7u 2 ,9 x IO~ km 3 d5’ gl u e s’ ti ’eau ut u ’ue,’ ,
pour rune surface geographiqoe ste 1 ,5 x tO 7 km2 . L ’Cpaisseur movenne de cetic glace m’sr tie 1 ,8 km.

L ’Arcti que ne contnibue que poor 3 x 10~ km
3 au stockage ste la glace d ’ eau douce.

Mal gré l’importance de la quantit s- d’ eau su ’ustraite aux oceans p.m r lea calottea polainca ,
les bords des cro~ tes continentales sont cependant cul uverts pan la men sun lea “p lateaux continen taux ” .
M~me si l’ axe de rotation de la terre per caim aa s u r f a c e  sun deux continents , Ce qui doublerait appro—
xima tivmumen t le stock des glares polaires , une gn .ande pan ic mIca p lateaux continentaux serait encore
couverte d’ eau , dana lea conditions actuelles tie temp erature.

— La pmun iie supCnieu re de la croOt,’ te rrestr e Cuiu u’n gs’t’

En deasous des surfaces cu -untun cntates (ou ittmuC diatement au eu ’ul I ,]i’t de I’ ain ) s, t rouve
approximativement 4,8 a lO b km 3 d ’ eau , dana des nappes saturCcs ou des ru ieb me s non—satoréca.

Si on se limits’ .1 1 km de profondeur , La qoanmit C d ’m ’,muu douce eat estittmé mu I 4,1 x 10
6 

km 3 .

3.2 . Sun lea continents , I,i qua ntit C d’eau par unite de surfac ,’ cst tr és inC galement rC pantic . I’u ’ i c i
les pn inc i pales concentrations

- 5 3— lea g l a c i e r s  2 ,1 a 10 km

— les grands lacs d’ eau stoumem’ ( Rm mTk, m l, et s ..l 1 ,2 x l0~
— lea grands laca d ’eau s,ulée (C.ispleni-m m’, m l , , . )  1 ,2 a I O~
— I ’hum iditC sup erf icmm’lI e des s,’Is 25 x I O~

— l ea  f I ,’u uvs ’c m t  l e s  n i v i C n e a  1 ,2 a IO~

l.a b us s ’ . m t m t s phCre t i l t uni t , b u n s  Ia t m t I t ,ss i i l i t  “e , I ‘é quu c m l  ,‘nt ste 13 x lIl~ km
3 

d • cau
I iquide.

Is’ nenouve l l ement 1,ar u- v m 1 ’ . ’ m u I  i , ’uu des .‘ . ,- ,u l,s , ‘ m u ’ ’ ipi t . m t  ion et  n t  .‘ umn .,ux .‘e , - ,u lus , pu ’uu’ Ic
g l obe entier , m i t  ii,’ 3 , ’ x 0” ~~~~

4 . LES Mup’Il, ’tI S I I l - ’u ’ r R I , I ’ I S III I’uu l , . \S I S A R I I I T F  DES MuuI b I l l  b - S  ( 3 1

S ims aveu ns déj à  ,‘x ) i t ise qum’ I .u com m ss . u uue , ’ des u . u u u , I u - n ,  sI I q uu e s  CI e l  I 5 - n  des . ‘ m l ’ s  m a t é —
rid s esm u ;e .uii t u tt u t aut ,m nt  In ,t , ’s ’ ,’ l ‘I’li.’l’lm ’ u i t  ds’ l’ s’ tu iu ts ’ l b u , ’ , ’ m  u , ~~uu que u ’ ,’ I , u u  d,- l ’ , -x 1i i l m um, ’,i ,u I  iu ’n. “‘ ‘to n

sot mun es donc cs ,ndui t a . ’m rappcl er n .up I itu’ n,, ’ u u t tes has ’s pnemu i- n,’s ti, I i  thu ’ - n e  b u y s  u p ie  • . i V . m u l t  d’ att , ’ n —
‘ hu m I,m ul ia c u s s i t n  tie S t ’ s  p lu ms nCc e n t s  pm ug m, ’s . Rim-n ,‘ ,u te nu l um Is’s m i n u t e s  t I e  l ’ s’ .~t i s u m s  t o e u i t ’s  ‘.es
phases stC pendeni fondamentalemc nt  ste l u  s t r u m ’ u I  me et t i es  pruipr i u i  ,‘s ds’ I i  ,u,,’I,’euu I, ’ i st i l t ’,’ ,

4 . 1.  I.,’ potent  ie l d ‘ mine d is t  n i but iu’ i m h i ’ charge s

Aim point tie vue ~‘ I c c t n  ique rune mol Ccul , ’ t n t  - t i  ‘ml i l umen pan des cb u, um it es p u t s  it I ‘ui ’ s et  iiu ’ , t m —
tives , rm$pantis’s so voisimmage de sui ii centr e. 1, ’ gm.u s ’ i tm ’ -

P o u r  Is comprChens iu’n ties phuinuumC-ne’s di CI e e l  ri u~ u m e s  e’t I,m p m u ’ I m u m t u I i t’n do ch amp e .m. st.mns In,
mat i r e  • it eat utile tie deve loppen en ‘uu ’ nie d ‘h.-mrutu oni quies sp buen  i u p u , -s  Ic pt ’ ,‘ u u l  i e I e nu’u’ • I d i ’ . m u ’ ,
pan une di at ni h u t ion tie charges non—sp btCn i qule et tie r,~ ’t ,‘ s, - u l l  ‘n Is’ 1t t ’ I  - l i t  m e l  b e t ’s t’ b t , u m , , ’s  p.11 h e ’ ,
premiers termes du deve l oppe’ment .

Cons u ,tC nu ’ns don,’ u n atu imit ’ ut um une t utul, ’ u uilt ’ e o n - u t  l u , , - ,- pan u 1 umm ’ j u l i u s u li .- im 1t m ’s qo m ‘u u ’ u m pu’ uuI  mmmi
pm-I  u t vu,Iuime e m prenu ns pour or ig une tIes ci ,uu nstm, nmu Ces I u’ em-nI mm ’  ste c m i i  I’’  ‘I’ ’ Ia mu’ l u ’ s u, l m’

I.e p u m i e n t i u ’ l V ‘mu point N ( 4 , Y , 7,) e m i l u’ ) i m m  I, ’ s i - b i , u m e , ’s “ I • 
~

‘ . . — — — e .  , — — — —

S m  t , m , ’ , ’ s  aux ‘‘ m i l l’s x , v , z , x , v , z . — — — , , v , z .  — — — c — I  f u ’ m m r n i  pin I’ m’s i r i s —I ‘ 1  1 2 2 2 1 3 I
s io n I

(II) ~ - -
“
~~~~~~

[u~ - t ( 4  - v . ) ’  * (7. — z i l ’]  
I 

— - ~~ ‘—- -‘ - -- - - ‘ —- - -



— 
2 2 2 2

Posona (12) = ( X  + 4 + 7,

Le dCuvel opp mu memit  tie V s uivamut Is ’s pu ias . uuu e t ’s tie s ’ u ’ u n u u

(‘3) “ ‘

~~~~~~~~~~~~~~ , ~~~~~
chmuque coefficient k

0 
, k

1 , in., ne depend que tie Is atroctune tie 1mm d i a m n i b u t i u u u u  dt ’ charg es em des

coordonnCes (X , 4 , Z) .

tm . l . l .  Le muimen t monopolaire

(Ii .) k0 
= 

~

‘ e.

It n ’cxistc qoe puiur lea molecules ionisCeS . Pour unm système ne-ruins ’ ulans son ensemble , tel

qu ’une mol ecule ncutre , il disparati. Au contrair e’, pour lea ions en pnemm i’ re  appru iximat ion  Ic pu i t e n—

m i d  se nétiuit I ce lum i dO I Ia ch arge g lobale. C ’est Ia base de Ia th Cuunie its ’s é l e i  trolytes (‘nt ’s de

Dcbyc—Huickct . CeIà eat d’ aut ani p lus just i fiC que le tcrme k esi nul pu~um r Is’s iu i fl s s u ~ ,1’ lu’ s et Is’s

ions comp lexes svn ,Ctni ques ci qu ’en s’utrc In menme in 2 
s a t  nu~ pour les ions simp le’s S e u’ um ul ue s e l e u t n u on

niques sni tum n C t ’s ou pseutiosaturees , cm,mme

Sn u , (‘I

-‘.1 . 2 .  Le ms’umuen t dipu t tainc

S ,‘ V - 7. --
(IS) in - - i’ S ,  + — ‘ m u , v -  + - — i z .

I ,‘ ‘ s m l  - ‘. i ’ m  p - - m l
m u

in , ne di I l e m u ’ de z i l - m , i ulue s i  I ‘ run so m ,uins des tn um is te’nmes 1’ d i f f e r e  tie ’ L i - n , ’ , u ‘ e s l— .u — d m n e ’

qume c i  lc I i ,m?v e , ’ ill re d es charges  p u s - n i t  i ves rue cu,Tiuc ids pas ave e ec’ hum I t ies u’ hu nm ngs ’ s nt - gu m ice’ s n57’Clc sn

moyennc dana ie teinups. Dana e m ’ e m s , I,m mui l e e u m l e  u - s t  ‘‘ jut, la in,’’’ , El le p~u ssu - d e  on r, ,m,’u,t  u - l , - u  m u u ~u i u --

vecteur tie composants’s

-‘ ~ m x -  ;. Y s’ . v -  , -
S “ i i  V - i i  0 ‘ i i

El Ic t~u 3 i mis’ ,msi t S un st i p 1 le ’ I s u m s ’ , par  s’xcnup lm’ , Ic l,i ct uar ge’  — mu Zu I ‘ ‘n u p ine des t i n

em tie Ia ,- bu , un pe  + mu au t ’ , l , I  dm’ u ’ ,’,’ ru h u ’nu u, ’es

La c lun m ng e ’  e m l  mi l l  ,ussu ’  7 gt’ande’ pour quie S • y em z 5 t h  ent t ni’ s p m - r i m s , Ic pu~t e nt  id b e ci ’

t i i s u le s ’S I  1

4 4 
.7.

(Ibm ) S “. b , , — + — + , .  — ) 
2 S t  V , t i C

bu t ml uric i su ’l s ’ n a  pus tie uuu, ’ , l,, ’ umt I i p tml . 1 1 1 ,  . e , um t o  nuage s ’ I ec t nu’n iqoe  c - n I  - ns ’ n u , ’ t nuu l uu i’ p u n

rapport i ii l v i i i , l he ”.i” l’se runt’ mu ’ ICcu l u ’ prCsentan i  Oil cs-lit mel di, s5’lll s’I m i c e ,‘iluiil t ’ 1 3 1 , 0’ u’ sI p i s’ ’ ,ut ’ I ,u i re .

Aim u - ,’u im n ,uire , It’ s ’s,t ’ Inc u b i ’ s  c,’u u t t , ’,’ s t i m  iv m .Ilil i ui ,u be ’ s  S uit pu~1 . m i m e s .  } 1 0  u ’st tine c,,’~~m u l i l u  , u ’ i lu lu  u , du ’nc

ptu l a i r s ’ .

4.1 . 3 .  Ic ‘llu ’ llS,’ u l I  m .mdn upu u l nil me

(17) k , = (‘3 - I) 
~~~~ 

+ ( 3  ~~~
- - l b  5’ 

~~~~~~ 

+ ( 3  - I )  ~ e. -e~

XI’ ‘ 4/ .  CX n
* I - - , 3 c x v ,  + 3 — -  m v.? ,, + 3 — -,’- I e t a .

- - , u - i  .. i i i  ‘ 
u-

(t i, tennit ’ pt- l i t  -n ’  uh is - u u l , ’n en u t - u i s u s tm ’ n m un t  Iri q u m a u t r u q u i t ’  I

( 1 8 )  ~,
2

~~~~~~ C i ’s + 
~~
‘ Y e i~~ 

• ~~~ ~~~ + 2 7  t i ~~~ ~~~~~~~ +

+ 2 ‘ i - c - s  =
m u ,

I



I m t  I,’ q u m m i d n i t ~tie’ ‘ I  • I’° m . u l ’ b ’ t ’ l  t I l u  mul m- , u I s , h_t i l t ’ - ‘ u i s ’ nt ,mt i o n bicn u b u l  , nm u Ii,’ ,’ , iiiuhC 1ie
du s’,’ st i’nus ’ de m c I  s’re nce’ . Au 1 i,’um ~t, l ’ n cu u t im,  des  lx i’s uhe ’ coondu muuum e’ c ’ s u 1 i uu- i u i u uq s m u’s , clii i s i as o n a  Ic m u  —

nm ‘x ’ s ’ ‘ dc ’m , m x u ’s I’ n u l u i m paux di- I a quad r m u h um s- , I c’S Is ’ mllu,’ s nt-ct .uuu g I s ’s a ‘ ammnu 1€- lit ust Ic tm -nine’ i’ll , 
—

du I uul t u ’nt it I 5’ de’vie nt

_ _‘_- _

~ j,,( 3 pb__
n — I) 

~ 
d x ’ ”  + (3 — 1) e . y !

2 
+ ~~~ ““

~
‘ — 1) 3’ e i z i 2]

Si la quastnique eat rune sphere (20) : ‘( , x ’2 = ~ 
~~~~~ 

~

Dana ees condi t iona ,Ie po tcn t i el  a ’annul.s , puiaqu ’on peut mettre en fac teur

( 2 1 )  ( 3  x ’ 2 
+ y ;2 

+ z’2 
- = o

Ainsi , sans changer le potenti el on peut ajouter ou retranchcr one m~ me quantité aux tn ,’is

‘2 ‘2 ‘2grandeurs ~ e x .  ~ 
m y . , s’ . z .

Supposons que ( 2 2 ’, ~ e s ! 2 S 
~ 

1’
~ Yj “ ~ e . z ~~

2 
, Ic poten t ie l  tie de pend que ties deux

gr and cur a

.2 ‘2(.. 3b Q1 ~ c x .  — c y .

,2 n , 2
12.1 3 = m.- .y — 

/, e. z .

II pout ~ mrc a t tn ibuC I un quastrupOle , c ’ e s t — S— d i r e  a

- e 
-e

d 

,~~ ~ 2e

u e
-e

r -u ,2 ,’ ,u t’ — 2,’ nl ’ t’ — 2 ed t

r .  2eb t

I’x,’rnl’ l es the , 1 u u, i t hn  pCI m’s

m m ,‘ns,-mhl ,’ -I c 2 , h u n , ’ , ’ ’ ,  j~u ’ s u I vu’s + e ml c n n ,  (, , ,u u u , , ,, ~~ 
. 0 • 0 et ste 2 ,- b u , u m ,tes llun ( t , itj v es  — C

ill’ , , , , ,  n,t ,” ,nu’ ,’s Il~ t /,- . (e  h u m  t 7i ru n m - u s e ?  gr.inuh pu l u m r que Ic ‘ u n i t  Ie l . ’ p m.m ni ’ um ’ s ina i  fonm C s i t

des cC t i ’s t rs’s p,- t i t s ) .

En pram m quo la quatir iqu ut - e~,l mm i ’s s,’,us’ ,’t it  ,Ic nei l ‘ i t  ion . u’mn pdumt al i r s  dCt  m r  ii’ moment
q uau hr mi pu~l . m u n ~’ ‘ f  t , ’ e t  i f Q ‘‘ri ’ pan I ‘ ma n ‘ h ,  ni ’s’’ ’ I u t i i ’ll . Si  I) 0 le quadrup le u- c t  t . ’ nm u ’ d ’ lune s’hmang e ’
— 2,’ ent ’ ’i u nu - e tie ‘h im i b u . m m g s ’ c  + ,‘ .1 I i  d u i n t a n , , -  ti : I . ’ ”)  13 2,’ ,h ’ - Si Q v 5 . e hm ang ,- n te  signu ’ d u n

l u , l n t t m ’ s .  Un ,‘i t u , me mmmi un ion mI nt t o u t  u’ s l o s  cum,,c’ he~ ‘I ‘ u  l u - i ,  u u 1 u u u ’  ‘n, ’lil s l u m i l l -S t i l l I’51 ’ Ou h u ’ 5 . i I i u  I , ’ ,- n ’s

pas st’ mi’l’ i,’ lut t j u i . m t t n i i p , i I , m u  re u - t b  ‘ u - I  i f .

I ns’ inm ’ l , ’ u-u i le comp lexe nuu nu— p olau ne oum run i t  ‘mu’ -i t ’ , ’ uu c ( i l ’ c  m’l m u  m r u n  i ~i uim ’c non u t ’unpl i- tes  C q u m i v m —
It -nt  a un qu.’uu hr lm p r’ I u ’ . (‘ ‘ ‘ mr m u , ’  r u s h  u -c, Ic pu~l .m ire c,’mmc r elIc do I ‘ oau , ii p e t  7tnt ’ n eem-ss ,mi re do tenir

s ’ l l lIu l  e do i b i u . u t l r u u l s  It’ t i m m~ me I ‘m; s quit ’  du di p~ l m’ -

I
l u ’  m u’ rm i ’  en , u t ,u ,b ,‘s’e 1 u i ppt ’mm’n t h ’  V ,, t u u i  m . 1 1  t p u n  n u t  I re tie dCf  m l  r run  m,’m,’nt octu ~poI aire.

-‘ 
. ,

~~~~~~~~~~~~~~~~~
. - .



2 I m p m u u s a b m l i t e  ties in 1 m l s 

—

( - ‘m is,  ut,- r u tn , um, ,, m,i lt ’,’o is’ soumist .u run u ) u _u u uup i - I , - ’ I c i  put- l u  m l  I , , qoi n i h  I u ,  Is’s p s i  mi l i t ia
m t m vi’s . I, -n uu, ’v mu on i i 1€ - mt ’uve ’memut des’ e b e ,  Irons , II u -u , m e -n , l I t’  t m  e n C , u i  ‘u , ti ‘run ,lu ,u n, u ’u u t di put I m i m e  -

ijt i i ‘ u I u u l ,  ISO ll u, ’r’l, ’hi i I - c r,l,,l,ui ,,m ,, , s i  l,m l l~ . he ,  m l ,  m ont 1us. l~l i I c .  il’,i ub i t  qru ’ it  1 . t  j i u u l . i n i s u t i o n  uI La
tilt’1,’ , ii i ,’. 1

S t  i’ll t I lt  it t  mc I~ ’ Ic , ’ ittie Iu.mrmmion i ‘ lIe it~ i bl . i55,
~

, h u h  r u ’ ’ m e t l l i t i u e ’ I’ ct du c ham p  loca l  I- ii m u , ,
I I c u l u m c u u u c s I ,  ‘ 1 e , u I.uuus Le v m s  u s h e  ou It ’ i t ’ , l i e  u. ’s . • I i  m e - u i , ’  ul t ’ us’ cm’ ic I ‘m Ill s- pu s  c-I s e ru  Ic nt cmv i  tnt
I , m  ‘‘ li, . h . u n m s , m h u l i t c  c l ,  l u ’ s  m u ) t m e ’’ 

- llfl j ’ c ’ u I  uhe ~~m n u u  Wi c I l ,/ ’ . - i t  uie p o t . l r i s u h u i l i t m ’  C l e s t n , .iu i u l u m c  et  rune’
pu i Lan is ,m b i  l i t5 ’  unu’ve ’ uuu ms ’ . t u  I I ,  ‘~~

m . - ,. m E
c e I’ ill

Vim ‘i - u i  t e l  inir de l ,uu,,’ uu , u u i - m l u - g u u s -  un el i,1 ’, .  - T , i , - uh, -  pci l u n i s . a t u i l i t ,  umo iuu ique’ I, n’ .’ pm u In I c C —
ij u mm ’ u u t e ’ i’ s t  m i s c,’ I m i b l e  pour ~ui ’ u i  s u i t  us~u e  i s , u i , e u b u  t e u t i t  , ‘ 1 5 1 ,  ti e l u  thef , ’m i t u , u t i , ’uu tie l u  int ’ l  c e u m l t ’  e’t

u u i i r de’ p lum s une’ l i o lm I r u ’ m , mh l  l it , - i
i 

t m - I  I, qoe 
I 

= 
~ u

3. 1.1 p~’I a ni sut i s’n

t’iul l i pu sst t uus um i clmaun p it lt ’c t r i qt me n u , u c r o s c t u p m 5 u ,e F: s l u t  m ‘~~~ ‘ s t  on i  1 mm, ’ Ia pu i l  nu n s i t  ion indui I,-
d,mns I ‘ i- u h u u m t i  lIon d€ l l u , u t u c r s - d iCl~ t m , u i u , e cii i m I ’ , u l u u u  in I s ’s e u l u m , I t i , slus (6 ) s t  i S )

( 7th P = it 151 r 
— 1) I-:

I s ’ ‘s’~~~ teur I’ ru ’ 3 u m u ’ s s ’ u u t e  Ia somummc des niu ’nus ’ , u t s  d i p o Ia i u - msi ~ pnmr um n i t s ’  ci,’ ’,’ , liii ’s, , ui ’ j ’m s  so cult
dim .m I ‘ .‘ r leti mni t l u -u, d es ti u l uo l i ’ sm pu mm ,,uu lc utt 51 atm tnoruvement des s i  ccl m ,s,us ubu 1, I ., ,I , I ‘r n- ni l  u ‘u, t Ie ’  Ia 5., - b e ’  um I,

(2’ b I’ I + I ’ -+ I’
p m m e

m u u ’ n r c ’ m p u ’ u u i’. . 1  u i n i e n i , u m i u ’ u , di’s d i p im lea 1 i em ssu u,i , ’uuis ‘p an , ‘ ‘ I  ,tS,ui ’e pa n 1’ u ti  1 , 1  ion tlis mn u , —
‘(sat’ . 1’ ,‘ t  I’ i ,’ nn’ u ,’ a st u c’ ’ mr e sp cu ndt ’nt m s m x  p o l u t  u ‘ m I t  tit s al , “l, uu : ule s-I h e e l  m lii ‘ ‘ m e  m su l nt ulumes Il uIs in
‘hell. ”,, l ies i~~t m,in, , ’ l u ’u- u u l t m ,  ~ inde’pe~ndam mt s tie 1mm 1 , - l ’ ~ ’. e l-

~ ,t o r ,’  -

(‘ II pout  u n  n rc’ do li,s ’i’is’ In n,’sh’nt d u po l,ai r e s’s,’ in’, ~ ‘ 1 
tic l,i nu’ ’ lc t tu l~ ’ m i us  Is b -rn’ s’

1 25 )  = ,. ‘,, mmI I’ .1

Enfin , s ’ i l V mm ~~-~
- nuo lCcu les  par un i t, ’ ,I, vo l ,mn ,e , , - t  nI I, - i, ‘s:I ’re d’ i\s’ , ’~’ ,m t bn , ’ u I V Ic’ i’ , —

lome tno lni j mc ’,

(2~( u  ~~~~~~~~ 

~ t p v ~ ‘~~~n

Reven5’ns mmlix d i p i m l e ’. pe nmnun emn ts . I e , um - r u ,  e l - I l  , , ‘ lI d i” , j , , u m ,  le  1 - - .. n , t r e  i I u c , n - , ’ ,I’ ,,u , u t ’ s i ’ -
I ‘ el,,’ m , t  el ‘ u - I  cot i t ’ I ( s it ’ run di pS Ic s I  enemim .1 i re , .IVI l l  I I - l i t  Ill ml,’ I • 

~~~~ c 
- , ‘ ‘.1

(((l b I’ = — ,. . h , . ‘ ,,~~ 
1

p rl

1, 2 1 11  I i hns ’  ,l u t  1 5 1  i u (umc u ’ in t r,’1t i uhe l u ’, i n , - 1 Ic , ‘pm ~ cs rnu ’ l c u u u l m c  s, ii  : - ‘ I l  la s t  uut , ,et n’.

- - - . ,  - kT -lu ’s d u f l  u ’ r c u u l ‘, n u  \‘ c u u i 5 1  , i - O e l  ‘ u  ‘ , , ‘~ ~‘ l ’ ’ ’ r t  j ulI us I I, ‘ - u Ill .u e , ,‘ um in , ‘- ‘, I t  m .‘t i ’ ,l- u llt e t ie’ SoI t;’n’su l ’ ll
‘I’ Iii t , t n t u , . u  I,,,, u b ’ s u ’l ~ is ’ .

-mm

IIu, eu n i l  , b i l l  , I 
‘ • —

~~~~~~~ u i ’ s  - -  u T  111(1 ‘ C I

I- ui I ‘ ml ’ m u ,  m he u’ ’~~ , ,uuu , -,u ,ue ii met I i,’n n ’ s’ -  I p I V i  I c u t , , ’ , Ic ut in ’ b’ ie  I ins’ I u ’ e um I u’s ,‘ ‘.1  Is’nil ,’’,,’ hut f s , j t  - l v,’ u n ,  mh i m, - u ’ u i n  I i n n - Iifl , u u i m ’ Is’ t nlli p m i s erl t , - , t , ~ * d’ , s t  - i ,  p. ’ i  t i u ’,un, ’ l  ‘u l ‘ ,, u u ,’ I
I i tt’ 2— s m u t  ‘ m l’ ’ , I b i ,u. ,’,n, u l es O ut ’  I , u , i b  etu , - ‘ 1 5 1  r i luuu.m n t 7’ ’ u u n I - u  ‘ t m  i t  - t i ’S S mum nst ’nn, - t ’ l  it j j b . ’
‘II I ‘‘ u, ’’ - ’,

( 1 7 )  11 =
i~~~ \

1, I ~ I 
~
‘

u s ~~ u u ’ c s j u ’ Im s ’m s i n li tl

‘ ‘ ‘ - - u , , ’ uu 01 I t  - ,‘n. llu
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~
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S .  L,\ ~lu u h h - I’ l ’ b . F 1 ’ SA l ‘ 1 ’

h’ , ’ , un  
~
‘
~~I’ I m ,1ue’n It ’s ‘ m u t 1u m l , ’ u i - s  u ’ summnt is ’s tie’ Is msl I éu ’si Ii’ 1’ s l u m • u’n ,‘s l u ’ u,ndum i t  .1 ~~~~~ I t ri I~~ut-

i’ m - t i , ’ moImtm tnu ls~ ‘nu ’s , ’ tm lu ’  , , u i u -  e m ’ n t , m i n , ’ ’n l n i u , - t s m r t ’ , I I It ’ ‘ c t  ,‘ -,s t ’ I u i u s ’ l 1 , 11 , - i l l  cOmp. ’’..’ u ’ d iii, mi l l’,,’ d ’ . -ls ,- ,- ’ - ,u-
p t i  uhe ’ uhu’ux u t t m-nt -S .1 ‘I mvut u ’ u ’g.’ u u u ’ . II r u - n I  u ’ .i pi’mne’i s e n  lea nt ’s i t  iul flS nt ’s I’’ ’ ’ I i ’i’ uOS lu ’s u~I u ~u 1 k ’ , ’. , ’ I l i c e .  I - n — u

qui su m  i sI,’ ,u t m m m x ~t , ut u u , , s  ex p e l  I S s S e ’,lI m m l i ’s le sli , ’l”s’,lI s’I et l rique (‘e lll ~.uui e i ul • Ic l i e u -i l l ti , ‘ i e n t  I c  I t , - , in I h u i c

,,isu ‘ u n  1 ‘ . m h ’ s u ’n( i l  u , ’n d mm na I ’ m l  m . m — m ’ ,’ l mutt ’ s t  par l’ s’ l  I it  hI ,muuu,mmi , I ‘ sil l c l  l ,i 1u i n , ’ emnflut’ p i n  Li 1,, u h . , n u s m —

i t ’ll d5’ I ,m lumm C re’ d u l l  ii s t e . 100 . -

1,1 • u h , m t i s t ’ t’t . u i  , mu ’ t ue ’I d~
. n.’c s’ o m m m m n m , s ’ m I l , ,  u ’s , p lu s i c u r s  ,‘,‘ull u u t , um , u t iu ’ns tic nt,’ h c ’

s’ u m l s ’s sOim t e’,’hlu 1 u ,ut  i f m l u ’ -m ic’ s - i’ I ’ - ’ iu , , ’ss l’ Iu ’ tm ’s  ,t, ’ u i u u , - ,’ , - u ’ m ’pt .itu lmm m m i , t u ,u m t ,’s se’s u - u’ i,I mgor :u I  u - ’ns mudm c ’ t t s ’,ut umm
muu u hi’ I t ’ ,- ,‘,uub, - 111(11 , I , ‘ mI ,‘nn, - i t  pu l u  in,’.

1 m g ,  M, i t t c l c ’ ,t ,’  mu - I , ’ , ml , ’  ml ’ c u u u  )l n , ’1 , t . s e  h u m  1 1 1 ,
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5.1. Lcs pr smp ni t ité a ci I s a  I r iq rum-s  at ,’ l.m muulc icu i t c  ,l ‘ c ,mt , I i h u c

I.e moment eil,,c t niu1uie 1’, . m , ’ s . u l i , ’ im t ‘Ii- Ia mi, Iu,  u u l e  d ’ ,- , mua 11 ,11 a t I , - dt iut suil de 1,, v anu ,u t i ,umu ti ’. t m

pi’ r m it t i vi i s ’ uiIs ’ u ’ m n i quc it t ’ 1m m ‘s’ .i ’~ m u  d ’e’,iuu t Im 1 , 1 1 0 u,,, ui, l u  tn’ilpci r tm t ua r u ’ , Sinai  qs uu ’ 0 mu a t  mt -s  c x i’’ —

n c - n ut ’s

I,,m v , m l , u u u  1mm p Ius pr u mhmm hlmo e a t

(5) 1’ = I ,53 II I . 51  x III I S  ,~,,‘ , ~~~

Le a~~~bo Ii ’ D des i gneu lc its ’ln vc , l u , nbc b b ’ , ’c va u t  3 ,3(3 10 30 C .in. - ic veeteur ~ c - u I  u - n ’ ,  I’ ‘ u n

1mm b j am - ct ,’ ic’ tie I ‘mingle H—a—H . Il ‘‘ml aur it-mite de I ‘ ,it ,bIlle’ ncigmm t if d ‘ u ’x ’ , tCf le  V c r S  La rCg iu’ln pub S it ive

enmre is ’s , m t t ’ mu ’s d ’ be ’ nl m ,’ ,t i’,lu’ . I,,m Iu’ngu~it un  di’s l i m u i s m , n s  1)bh ,‘in t mIs’ 0,91, A s-I  I’ imug l l ilt ’ l i , , u s u u , u  IbbIb I u , ~ t

IulnY , Los vmm le ’urs n m - I - u t  ins ’s a In mo lt iculc l i bne  nm- se n e m m , ’i ,vcl,l pus mIss  le. t u q u id e .  ~l , i l5  i’ll pm- Ui

m enmc r ste ncprci scnt s-n ic ti ipS lc pe r n , uu u , ’ u ,t  pa r runt’ I ,‘uui t ion ti ,‘l Iu b t ’  -

It ’ inu’mt’nt m 1um idr uplbl ,uinm ’ Q m i n t cu bfln li a pan t in u be ’ 1 ‘ t ’ n t p e m j m .’uii’ e’ . II V isit

( I n )  (3 = ( —  5 ,” ‘ I ,u )) ~ 10 26 t ics cm

l e a  v a I 1’ ,m ms j ndivi ,l um u ’l be’, u) Q ci (3 nm - s l o t  ~ uiS ,uet uc l lcnu u ’ui t (‘muuuum ue s c’xp Cnim e mi i nu lemen t
xx ‘u~5’ Z L

mmm i a peumv ent St rc ca lcu l écs  I punt in di’s I ou ue I 11,05 ti ‘m ule -

I i’s  va l e u u m s  , ,ulcu l$cc tIc’ s inu’ indtutS ind j vimh u el s s,,l,1 i b m

— ‘6 _ ,s — t m .  2
(3 = — 6 , ( - x l O ” 3 — 5 ,.’ x I l) ’ Q = — 5 ,7 x l O ”

xx vV zZ

Ces v s l u ’ , m rs  Sc r mppt ’ nme ’ nt  I Is mum L mi cim lo ,iV nmnt Sibn c u l l 1  re tie g m a iv i l s’ ii I ‘ u ’ m , a t i n e  d c i i  coord i ’ tj nCcs - Leon

u i  poes — m d  iuUmu-nt qume Los ci’ni r ibtu t j u l05  des u5 Is - u t ru’tms I u c  tflu’lilu’llt s ill p lus  impor tan tos  quc cc l  Is - s

dru ui, ’ v , u m m ,  I. ’ C g a l i t C  appru ’x i n s . u t iv t ’  des I5l , ’i s u luI S inti i’s’i,lumel ’m ‘l ull me lIsle In d i s t r i b u t i o n  t ies  i l u , u m p c s  e t

pres q umc ap lutiniquc .

La pol~ m m u sabi lit i~ mu’ ls 5 e,u la ins’ . 1  c - u t  connruo ex pc i n ime’nt ,,lm-mt ’nt , an vmi le’um n m eson cal

( 3 7 )  , = ( i  * m + u ) = 1 ,-i- a x bib cm
3

3 xx v-n so

I c c  ci ’unpu’s . i ult  c i i  do te ’ ns emm r en s e t  pus u ,,u ,l i uics mmm i s i I seml,I it’ poe I ‘mu n isot  rtm p ie tie In “,‘I i—

ni s, i h i l itC  S o u l  p c l i t m - .

‘nit’ nouvel lc  cibtisl .ui l tt ’ t ’ Icc I r jquue tie I . m  mo lCu’ um t s ’ I ctu t i i en  cm 3 mm-surer Sc nai m Im u v a r ia t i o n

tism nn, ’ini, ’lll tiipoln i rc  pendmint Ia ‘,‘ , b n n . i l  ion r la ’ lm- ssm l m l m n e ’ .

5 . 2 , Lea mm rn , mu i ,t , ’mc i di’ mu mlécu les  ti i nn , ‘l ’ r,mnk , H. s,~l (“)

La i n olC e u le  dan a  la “ u ,” - ,  in peul SI mu ’ d m a  i , l c imu ’ ,’ comturn e I ibre ,Dans 1,-u g lace . arux Im i ihlcs i ’ mc a —

-ui ona (forttues l
~ 

et  I ) chaquc n l , u l m ’ i ua ’ e u ’st cntoumci u’  ste 1 v o i s l n s ’s , d isposes ’s aux soutmicts d ’ umn I t t tn a~

i’ itnc rC gru lier à~ tmne ,b ’t s t , ~u~ ,- c u ls ’ 2 ,75 u ’ nviron e l  II ,‘xist ,’ 12 v o i s i n es  she second rang I In distance ’

tie s ,S A chacune . Sue, I ns ’s . ’a i , ’ ns  c i l u ’v ,5 u’ s ( fu ’nn,u’a II ii VI ’ , la disposition en t u ’ tn u u i ’ ,l m u ’s c a t  qrue lqoe pm-U

tiéfornuCe lt’iu m o l c i c t m l u ’ s  vo is i t it ’ s saint -ne~ ’ -i  n e c - n  par dos , t iat ISnl ’i’S lu 2 ,7 5  it 2 ,9 .3u e  I lea ‘,‘ubin u ,uc s tie

sm-cond n-un it n’ ,up ;n rt n e b u e t m l  piu s I mu’ ins aIm s 3 • 
-
‘ - Dana 1mm fu ’ r inm - I ,m p lus u t e n s s ’ (I nn-ic Vi I) I ‘arrangemen t

est  cubi qime centre Ia d m 1,,,,’ e entne I e ’ u c u i l r O  u t  ian s,snnnu cl c i m n i l l t  ul~ 2 , ”’~ 
.~l ,

1, ’ interpret It i’ll u lu n  cs ’,l a b u t  , iuuve nl  m ’s , it-n t ,’ rmca tie I mu  sill, b,vi lmi ’p~’ne , u-si nmmji l efl~c llI s’ ,m~~ f ir

nuée pair lea , t u i d e s  dl’ t i l l  In,,, I ‘‘n des nciil r,mns , Ic Slice In,’ Raman u nf n- u nu ’u i ps ’ em p 111 mm lea ph a s e s  dCa, ’ n—

dt ’ uilu u’ ,’s ‘ I n  Is ’s s n , i pn i 1’ i c i s  .u cu ’ n m S t i l uu c s  s i  t’ l u - c t n i qui m- s u t  l ea  e n t n u t p u e s  m e s i u l u c l l ea .

I, ’ mj m, ’ r t  ,lumu - ,’ utu ’  s L i  ml  sons hvsh n ul l ’ ic cm’nnit’u’t,irut ehiaque inu ’ ICcm ml  c ime ” voi sines a e t C  mce s ’ f l i

n-u. ni c mii m ince p in  t Ies , , m l c u t a  ml, muicani~l uu e q t ma f l t i qu us ’ u ’I appanail  c la ins ’ n t e it t  l’ang le di’ l ia is t ’ , u  en—

tre’ les ;‘n’’lons n ’ u ’st jammmis iri s di fle nent ule 113 9’.

A i n s i  , I ’ e um a pu-lit Sine  repnt ’aente l ’  p mmn run II ‘‘sic d ’ ‘ ‘Sco t ’  f l e  mmu c e n t r e  d ‘ mm I s t  r,m , ’tim ,’ nt -gui icr

‘(m u p u’cse ~ hu ’ r . m i  I tmn n ul l d ’l,-: u lm u ’tm t i - ,ii ’ (j’ru ’ I ,m n , d e ’ m mt t t na ’ui oru i n tu m n) en ul eumx s, ’lnln,,’l a cm leni> ,  pmuines
d ’ C l c e t r - ’ i u in en orh i l e s u l i n i g ~

5 c ‘s’ t ’ r s  I t ’s uhs ’ ,mx aut nm’ s soumne ta.

En cu ’ uu a i ~t C rm m n t  1 . u  van  i - I  C~~ b, ’ s  cu i u l f i g o r u t  I u,ns , m hi s ,’r s - C u ’s  dana Is’ s ptma ia~ s ao l t I e s . omm pm-ut m u d—

u uu ’ I  t nt’ u j u mm ’  ulans I, - I iq u i u l u  in Ib t ’ ,i um c ’ lu I s p lums gnmmnti nm ,nmb nu - u te a t m , u e m , m n e ’ iu ’ hs ’ s , ’m , t , ’i,ui,’,’a peoveni ,mss i ’lnb’ Iu ’t

lea timo li1i- t m l e s  tin mm r n u , u - , ’, u- l s uc Ills 1, - I l  u u . l n i qtiu’s ,,n pu ’ , u  p l u m s  mhm ’ l t ’ nm,” S.  (‘c c i  ne s i g n i f i m ’  pan qu ’ ii V m i t  m Ills’

, m hm,ndati , i- s i g ni f i e . m I  iv ”  t l ’ , m i ’ m ’ 5
~’. . i t s  . u s s e  / gn nu .hs ‘1 mCg u ,l u,’n ’ p~~~n SI n, iulcmt t ii~~~s , Aim c- ’uiI ma ine , ii

Par l i t  r Ii S, ’lil ,,mI ’ l C’ tie (‘I u , ’ ,er qii ’ ii V .1 em-, u t,’  inci t es - t m - i a  ‘in,- a h ’ s m I m I ru ’s  hu ’ . u u m i ’ t ’ u u p the - ‘111 igum ra t i n s  i n —

rC gtm l i m ’ r u ’ c  u’u’inpa t ib’ l . ’ s .i’s’ ’ c  In, t’ l m a h m ’ m m r  u tu ’  b , u s i o n .

‘V
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5. 3. Lea Is o t o p e s  (2)

16 17 ~~nic temum en t psnla imt , I’ caum s’ s t  on mélange tie comb inaisons d ’ is o t o pes 
1

11 
2

H, 
3H c’t

(1 , 0, 1) aoua formc de molc icu los , t i’ ions ti ’l, v ubn, ’1 ti’n ,’,n it  d ’ i o m m s  OH

Dans lea caux nature l lea Ic ’s proporm j Im a s,’ult lea suivanis ’ s

2H — I l 7~ 
— ~ 

18
o — 1

69 000 18o ~ 16 o 500

(:c ’s proporm iu,na soot pantout  Ic-s tnSms’s.

= —
~‘g Le t n t  iunu .mp b’ . u m . l i t  dau ms Ia p lu ie  elI Ia nei gc

H 10

(La pér uul ste tie dCcroissance moi tlC eat tie 12 ,5 annCes)

Sm , l.A FORMI ’ I.It liE lIlACS II’S Mu1SSCTT I

A f i n  tie pouratm iv re  Is’ c a lc r u l  t i l uC ’ mi qud tie Is p e r m i t t i vi t é  sun lea rCsultams do § 4.3., i l
real e ii tros uvm -r l int’ m s’Ia t jo mm uts’ienm jm m ,in t Ic champ u u m e n u l F a g i s a a n m  sur Ia mo lecu le  3 p,-m nmir du chnmun p
appli qué S en te nant un- ompt u’  tie t a  prCsu’ Ic, ’ ties ,u,, t nes mo~ Cc uI i t’a aim voisinage tie Ia ino lCcule c o u m s i d C r C e .

6.1. Ic’ régime stm m tiqrue

En parmant  d ’un module a i m p t i s t u ’ (lIne i , u v lt e  ap hCni que star 1,-u f ace  intenne t i e  laque ll o appa—
raissent des chuargea ea t  t,’lilns ’e sumr Ia molecu le  c o n s i t i c i r C c )  Mossomi i  s t  Loreniz panvi ennent 3
1’ ,‘ xp  me ‘a s , t in

(38) ~in 3 m -
0

En é l iminani  1l, ~~. c-i F en lrn  (26). 1 b/ u) et  ( 38 ) ,  0mm tm , ’s ,vu’

‘~~~~it — l  N ,
n 

= 
A I 

+ ~~~~ 
-

c -“ ,‘ V 3 c  3 k br 0 - .

En I ‘ 115, 11 . ~‘ lu moments ml ip u l  s i nes  permmmnents , Ia I ‘mn- ill be se nCului i t  C I ’ e’xpresaiom m de
Clausius M,’ss,’I I i

- I  N
I ill I 

n A n 
-

+ V 3

6.2. l u ’  n i t  urn, ’ huam rm m ,n i upim ’ I ’ m I ‘ u 5 u 1 , l . i  I I 110 ut~ 
1, - b u y , -

S m  ‘n t i t  i l i s c  mmn m’ Iiamp It c’ , ut ’ i.ihle , u - ‘ m i n t  — u — h i~~,’ mint’ ‘u I , -  m l  ‘ u t  mt ’ nu ,u u t mucil I ~i ume C Ob 1 , 1  u ’ ilul, , In
permi t  t i v i t,’  C l e u - t n i q i  uu ’ ,h , ’ i , , l u ’ ,’ ‘ u n  1mm m u ’ I n t i o n  t b ’  ) I.us,.’u - I  I . 1~ 

Il’ b , ’ u u  n ‘‘.1 I ‘ i n u l i , ’ , ’ t i, m C I  m m m c l  ion’,
u tc lii’ ll I ste lii I n~

5 qum1 ’nu ’~’ - I u -n p, mu- i - ,’ I l u — u ’ ,  t l  m I ’ m n u  I 1~ I ’ m - lls’ i I . - ~l , 
~ I ‘ h i nm i num, ’  I ‘ ‘I 1 , 5 , 1 1 1 Ib ,’umr lu ’s s u , b m s l  ne,

c,’, 3 mm, 1 C m - u I , ’  -n p ‘ I a  i i , - ’. , . on lea  ml i pt i l m ’ s  n ‘ ‘nt I’-’ I. I m
~ l’i l u c tie ‘ ‘ r im -n t  en timin S It- u’hnmmp . it scm nil’

t r e s  rn l u l m b u ’ n n l - l i l  l i o n  li ’ s Im ,mm i,I c ’ia uh ’ mm h- , .’ l  ‘I I’m i’ll I,’s c - i b ’ n . u l  l I e ,  Ill m .m—m, ’ b e e , u I . , i  ru -S I’n~’nm~s’n t u li e utm ,l ulu t c

n m m l l l II u i -  ‘ ‘ u n  e lI,’’, ‘m u l l  ‘ ‘Ii m m ’ ’ m l l , l u m u  , ‘ mv,’ - I ‘ ‘‘ 11 , 1, ’ I m u, I i ’s b, ,iut, I ,‘i~~ V u I t i n . ’ r ; l i,’n h, 1 ’ i m i l n . u ” r , ’ i uu t u ’
n ‘ ‘ ‘ ‘l ilt 1. - l ut m ,ix v i  bin m l  m u u n s  it, ’ ‘a llu’V , m i i X  ‘I t ’m’ l 1 ,-s I , - 1 ‘ s u h l l  ,~— s’ m , ’li’l . m u m s v i l ’ r . i l  ‘ u - n  Cl - I nu ’n iq uu m - c . I

_ _ _  --- -- -~~ —-,- -- - ‘-- -— - - - ----- ‘-- —~~~~~~~---*-.-,-‘—-- ‘--——
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Aux fr é quences suffisamm umm uent basses ,c ’e s t— C—d ire pour l’earu infCr ieures a io
I2 Hz ,ia polari—

sabi litê peut passer pour instantanée tandia que l’ orientation di polaire , qui apporte C la po lnn isa—
t ion une part principale , ne i’ e s t  pas.

Supposons qu ’à I’i nstanm t = 0, le cha mp ~ s ’ annu le brusquenment. L ’ un quelconque des di—
p~ 1es va se mouvoir pour gagner une nouvelle pos ition. Debye a suppose qrue l’ang le tie rotat ion I
dCcroiss ait de 11 C zero suivant rune loi exponermtielle , Ia polarisation ~ sui v ant la m~ rne loi  team—
poreile

( 4 1)  
~ 

( t )  = 

~ 
(0) e 

-

ou t ea t  Un teumps tie relaxation

en regime harmmioni qrue l ’équation (39) devient

42 = 
N

A r _
~~
,2_ 1

• 2  V . 3 c  I 3kT l + J u a n t
0

La permittivit C eat  done compiexe , elle possède rune partie mmag inairc qui rend compte du
freinage par le frottement de viscoaité em qui correspond a rune con t i r uc t i v i t C  néelle .

On peut poser

(4 3) = it ’ — jc”

La partie réelle it ’ provient ti ’une part tie Ia polari sabi litê d’ autre part de l’ orientation
dipolaire

La partie imag inaire it ” provient de i’orientation di pola ire.

On pout poser (44) m- ”

La conductivit é totale dru milieu eat la soimmune tie Ia contiructivité ioni qrue ci ’ due aux mouve—
ments des monopo les , a ’i I y en a, em tie Ia conducti vité di pola ire.

(45) a = it ’ + tn- ’

Er, résumé , lea c a r a c t è r e s  t i i a t i n e t if a  de la polar isat ion macroscop ique ainai obtenue soot
les su ivan t s

1) A champ ~ donné , o s t  ne t t e m en t p l u s  grand pour lea corps polaires quo pour les corps nomm
po laines .

ii) l.a polarisation depend notab lenuent de is temp erature. E l l e  arugmento quand on diminue Ia tempé—
nature parce quo I’ agitation thenm im i que décnoTt .

iii) Lea penmea dié l c ’e triquos au nt beaucorup plus grandes tians lea corps polaires. Au coors de leur
o s c i l l a t i u m n , les meuments élémm ,’ntaires tiis a ipenm en chaleun , par choc , i ’énergie qru ’ils reçoivent
du champ .

6.3. On écn im C partir do (42)

(46 )  ‘~~~ i ’ 
= I~ + T ( I  + ju u~~ )

N
av ec (47) U ~~

N ma
‘48’ _~~ i_ ,, i~em V 3 ,  uk

0

Si Ia molecule est imph C ri que de rayon a et l u i ,mnt u , ’  dans rum, I lu i d o tie v i s c o s i t é  n, Ia lo i de
Stokes conduit a l ’ ex pr e ssi m un

(49) ~ 0,4 ii a p
2kT kT

3 ’  Ctant m , ’ s u m r m ’  en poises u t  m en metres)

‘V

__________________________________________________________________ —~~~~~~~
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,\,ux I n u u l l uu ’llue’s tri m s hmmsse a ( ,,, - — 0) , n 
tend n u n s  uum nu’tnbre m c c l  : l,a b’~ 

nil, , m m m v i i  c -,tut i

u l u l s’

uNrux Im , ’u l lms ’ umu s’ s irIs C l c ’v Cu ’s ( e  - - ‘ ),  - tend m m u s s m  s c m ’ ,  all ,,mn - I , i ,’ nlt ’l , : Ia pe n n m i t t i v i t C

t.ubii  iqum ’, qu i  m ’st ie o unc e tie I ’ j n u t j 5 ’c do nIt m , l c t  ~om m , liu l ’ si l iac I ‘ ‘n i c l l t , l t  O h  ut c a di1,iule i, 1,e ’ n t l , , I l I e u l t  S Ile

u ’~’iiini t mule p ius .m I , m p o l a n i - n u t i u ’u u em que Ia po lanis abilite su b s u - n t e ,

(50) - -
~

- - -
~
----

~ 
= I’ +

it — I ,
(51) = II

It “I, lit u i ’ 1 u u . l I  i t ’ll tie’ is I’’,’u- i

I t~~~~iC — ,

(52) ,‘u (53) - = +) n ‘ l + j x

-m e , ( ‘ l i -uI  x = ‘-~~
‘— -“—‘~ , ucn-

P. i n n  - ‘tm a (SN) - ‘ - a- - _ L

p
‘ ‘.1 ‘“ , m x m — ,,a,’ - ‘ ‘‘~ l - ‘ — —

n - n ix .1

i t ,  I t ’  m l  ‘ a  u !  , u u  I ‘-1 1 i h ’ ’ I i c ’  ‘‘p~~~ l ’I uhe t null. I n  -

I , ‘, u, t , mi ’ u , n  - 
- c - lu I e d t ’ I n - i O s  i t  I ‘ii , I (573 , = l c i  ~ . oi, s e,’t I a v . 1 ’  ‘ ,l~ ’ l . a  I ,

l u .  ‘ , ‘ v s  .1, -

(In ;‘ , ‘ ‘. 1 on ‘ - nc - n ,  mm ’

—

b ’ l  n ’ = c ,

(u ~~ - c i

( , u.I) -

I + ( -— )“

11 it ’’ - I e l m  in qu ’ C pant in iII’ s I “ rn- mil l  u’’, ( 5 2 )  , ( 5 3 1  , 1 ( 5 . 1  umn ‘ - i l l  c ,m I ,‘u al or Is ’s quant i tea it ’

t I  ‘ ‘‘ ,‘u to ut,’S lea I n ,u~m I , ’ll, -s I c o n d i t i o n  uhu’  , . ‘ i m i i . u T I  n i ’ i 5 ,  
,~ et  us,, l iii pul s n u i iu m mm ut , I m u l l - n m  I m u , u m .

N,’ ,i-n ~11i1)t i u 1 um , ’ m on s Ce s  f ,m rmu lcs m 1 ‘ e m I l ,  Il e s t  t . m u m t  ,l’ mm hon~l nCe’e ss , m l mu - d ’ examiu ,u ’ m I ‘ ,‘ f I i- I

,I.’s i .m t , s e  I s t u’ e u ’ i m n c u i t n u ’  Ia u i i i l u i i i ’ t i V i t u ’  i t ’ l l i 9 i .l(’ I’ ’ pu l u ’,lm e l u  ct und ruc iis’imI I - ’ I m m l u’ c a t  f o ru rn ie  par
(a ’a b  u t  I ‘u ’u

7.  l.A u , u ~ll’ I’ S iTI I(N lu bNI i l I ’ I 5 RE 1,’ l~,(I RE HER ‘m l

I. .m Cu ’ii uli ’ t l c i  Ic i t i n i  mph ’ ,j u 1 ‘ eau des mers t i l t  p,,, I i , ’ , cu mtt smlt .’ mi ou ms I ‘ av ons il tm ’jii dim , ul~’ l ’en—
actable t IeS prmlpr 1 l u / s physi plies e t  pb,vai m’ o—, ’himii 1, ies u 1um i I ’m t i l l  l , ’ r e r m c i c nt dl I ’u-mi ru dot uce

Ces p r o p r i C t u ’ n m  sont at t r i hs ia h l cs  C cnvir um n II , , m n c t i l u u , m n t ’ n  ch i miu lu b uau ’c qsm i rc pnCset i te f l t  p lus
tie 99,9 Z tie Ia mat i-ru ’ st i~ sorute , I nm uus 1 ‘~ ‘ .u u ,  em quo l imo r , ’ Im u ’uix ’u’ . C I n c a  peru ~~~~ dana lea mn~mes ‘ne—

c u r t  i o n ’ ,, en l Il t 1 1111 di’ .’i . ’ ,  mC , ui in , qu ie t  lea qele si ,l ,-nt le l ie u , Is temp C nat s mr e cI tam prossion , C co mt—

i 1 i ‘‘ii ‘1,’ .s e l ,  ‘ i itu ic m an f I i  sm,mint’n t lu’s c c l  m m l i  ru- S II mm vi arux • des soot  ce s sorus—Immar m m --a em des hanqu il-i’ ‘a ,

I
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Cette matiCre comprend : (Voir tableau I)

Les anions Cl. , SO4 , HCO 3 , Br et F

+ ++ ++ + ++
Lea catm ons Na , Mg , Ca , K et Sr

em muon dissocié H3803

La dissociation des sels étant presque totale , l ’ eau tie mer eat un “electrol yte fort ” come
los solutions acqueuses d ’acides oru de bases fortes. (11 existe cependant des associations ioniques
des pol yvalents).

A partir de cette composition ioniqrue , ii n ’esm pas possible tie dire queUe est Ia composi-
tion du mélange des sela qrui soot effect jvemenm diasous. Cependant , si l ’ on désh ydname tie I’ eau tie men ,
on retroruve un melange de sels doom lea deuX principaux soot le chlorure tie sodium Na Ci em le ch lo— - -~
rune de magnesium Mg Cl.2.

La concentration totale ties sels esm appelCe “Salinime” . tile eat défini e co~itme étant le
poiti s, on grnmmme , do la mami Cre inorgani que dissoute dana l’earu de mer (après que titus lea bromures
et lea iodures ont été remplacés par run apporm equivalent do chlorrurea em que Ies carbonates ont Cte
convertis ems oxydes) . La “concentration motale en chlorurea ” aim “chloijnjté” Ileut SIre b en -u nit em
aervm ,r ii caram n -tC ria er La qumm rimit é tie sels tiissous au méme titre quo la salin ’.ité,

Tableau I

Composition de l’ eau ste iner. Concentration partielle des conatitruan ms
d’rune earu tie nor ayanm une chlorinjt é tie 19 o/oo

(d’aprea A. Richards)

g/kg  rapport I Ia chlo r in imC

Chlo ne Cl 18 ,890 0 ,99894

Sodium Na
1’ 

10 ,560 0,5556

Magnesium Mg” 1 ,273 0 ,06695

Sulfate SO
4 

2 ,649 0 ,1 394

Calcium Ca1’1’ 
0,4104 0,02106

Potassium K”’ 0,380 0,02000

Carbone (comme HC0
3 

oru CO
3 

) 28.10 0,0073 5
Bn utmme R n  65 ,9 . I0~~ 0 ,00340

Strontium Sn” 8,1.10 I) ,l I ( ’ m l / m

Bore , coitimne H
3
80

3 
/1 ,6. IO— ~ 0,00137

Si liciu m , comm une silicates O ,0I-- 4 ,5~ 10 ”~

Ftu,’r F l ,4 . I 0~~ 0,00007

Azote dana NO 3 O ,0 t — O ,80 . I 0~~

Aluminium A l
3 (b ,5 . I0~~

Rubidium Rh~ O ,2 . l O ~~

Lithi um li
4 

0,1.1 0

Phosluhore dans P04
3 0,001—0 ,1

Traces d ’ClCm ents presents en concent n am ti imn s cmmpri ses entre I C 50 mag/kg
barium , im,tlm ’ , arsenic , len , manganese , cuivre , zinc , p lomb , seleammum , cesium , uranium .

Traces d’élCmen ts presents en concentrations infCn ieur es C I ma g/k g : tmmolv( ’,h7’n,’ , thorium ,
c”rium , .‘srgerm t , vanadi um , I. uu l l I , . , l i , ’ , yttrium , nickel , scandium , cobalt , cadmium , mercrure ,

mn , etai n , , bin , ’ rnm ’ , rnu sh i usu.

I t  sa l inmt I eat one var iab le c an s i u - t m ~n is t i que d’ unc centa ine esu. En p lein ocean , lea valeurs
restent comprises entre 32 em 37 1,/oIl . En Mer Rou ge em dans le golfe Persique , 00 l’êvapora—
lion eat trCs intense , elle a peuvent dC passer 40 0/00. La moyenne genérale est tie 35 0/00.
La c u n c e n m r a t i o n  moyenne en chlorures eat de 19 0/00.

_ _ _ _ _ _ _ _ _ _  _  --- --~~~~~~~~~~~~~~~~~~ -,~~~~~~~~~~~~~~~~~~~~~~ ‘ - -~~~~~~~~~~~~~~~ ‘--~~~~
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8,  I_ -N (‘IlNI)~~~ I\’ l b b ~ I u uNl u) h’ l- . lIE l_ ’ b ’A I ’  11111 1 1- El III- l. ’ I- ,\b’ RE HE R .5)

il l. Le nuC c, uuui sn ue clu i ,m ssm m g e do c , -u , m ,m l , t  d ul ls I ‘I le’ .~ t r o lv n e  (6)

L ’omm u uIt~ ,,c m s’st on Iil u’t’ t m , ’ h v I , ’ . Sni s in ruc tum u’ couuume ce l le ’  do t u u u S  lu ’s C h In. l Ie,. ‘mu m . i 1 u —

pniuu. ’ la s ’ beaucorup dc cc lie d ‘un ‘iln usin mi . Cepondmucu t , la di ‘as ,’,’ ml ion dana on l I ed  r b  ‘,- t  c hi , ’ 1 , - m i t  mi~~ ’ un ,  -

ire quo des io mus i’m 1 ‘ cxc los ju,n sIt ’s Cl~ ’ct nululs. b/ es  iu,ns soni lourds c m IcnI s . Is’ Pius Iu n- mn -cr ‘I ’ u’nt mc
e uax , le proton I-I , o at  encore I 830 t u ’ u s  p lus i u u m ’ m t c -  quo l Il t ’, Iron, I I  mis’ u r Ic  Iluls’ I,m , b, . , m ,- u
éga1e en vals-slr mmb solue I cs ’ilc do l’C l e , t n o n  —

Cbsmm que ion ti ’un lhlit’init’ t ypo  b u m u ’ s c u u t c  rune’ masse m em Porte 1100 i -b u, 1 m~~u’ q, qui eat  un mimI t ip lu ’
omit ic r posit if oru neo/~mt i f  tie 1m m ,- bi, m m m’ m ’ CI Cm,’ n m m i i ru — o do I’ C b e c t  non

(60) q = 7.

z s ’ap pet lo ‘ ‘I ls ’c t  mu ’s ’ n u l t ’nee ’’

+ 
I.e t , m m , m ds uv oat lnu charge l I e u  t m t q r u o  mm m ml u s pon tu me pan rune mole ! ‘ i i m n s  nmonova leu,ta , t e l a  que-

N.m sum c. par etcemp ie.

- (61) F N
\
s’ = (96 491 ,1 1 ,1) C/mu,le

(La mole eat Is qununi imé d’ un ci ’m nps qt m i C o o t i en t  N \ ent lt ls’ l lCn- u ,s’ uu lnu i r u ’ s , c ’ c ’ , t — , u— d i r e  aum ant do eu -s

e n t i tls  qru ’ii y a t i’amomca dana 0 ,0 12  k~ tie um arb one 2, ) ,

Si I ’ ion esi  bi , cm i  no z—v nu l en l  , 1 mm cb l.m m gu ’ I n ulIs lu Irl Ce pan unit’ mole d ‘ s m u l s ,’ 51 z F.
La so lut ion Itant u l l ec l n i quiement neumtnt ’ dam ns son ensemble , Ia s in-tine t ies c,’iu , m’ n l , , u I  ions t ies

ions p o a i t u l s  ea t  C ga le  I Ia somtul e des c , ’n,’ ell m r , m t i o n ,l des iu’ns uml ,’ l,m n i f s .

On nippel ie “Mol n,ni me ” tie I ’ ion B Is’ quot ioni c
8 

thu noutubro tie unui l cc do , ci i ,‘n ~~~ lit ’ s’ ,m lun- ;ui

do mélange . Par un i t e  u tu volume , i l  ~‘ a done ‘~\
C 1( ions dru t mm l ic B u , ll I ‘ . 1 - t I  l it  la c hs uma t c

On ,m , pour run mCi.unCc i ie ,i tnc  b u n s  son ettscsn - l ’ Ic’ , c 11z 8 
= lb (l.a ‘ a - -n - n - m e , t . l , it  , 1 , 1 5  I l u t  C tooa  lu ’s

Ivp m’s t i ’ i ons )

b_ e s  1,1 15 , qui ‘lIt C pum o - re i n  Ia n-ISiiis ’ t u i l  le ulim ’ lea n - n - tt lun- c u i l c s  ,j ‘ u - u , , , ‘ , u mt  t c i pct mt I I ‘ nug i t a —
ion t Iu s ’m nu, u

~
l uu ullsi’ rdm’nm mCe , duint iI ums- nlsui l I,’ nmuc u mn e ,’ mun s , n i  I I ‘ ‘‘c I,, ’t  l u  “,ni ,’n,’-n s i~’ iquu’ . Mmm i ‘a , ‘1 ’ s I

ext ate damms I ‘ C l e c t r o l v t s -  un n-’,’llvs ’n-u, ’llI SI it i s t  u l i I u -11 ,’lll . ‘ m donnC i t s - S c barges il c m l  I ’ll mu n- inui l m o n  110 CO U
rant duini Is tic’n~~i t u n- s ’C c m i t

( t m l )  .1 = ‘l’u~~u ~ ~ B~~B 
1

11

En pnu o e l u c s  3mm u - Iu.uns i~ ut m l u ’u ’ I n u u 1 , I , -  hi u~i u t  ‘Inultre I ‘ I Ie . - t n i m l v t t ’ , s’tn l,IllS e i quo chaque i ’n  s st  s ,’u—
mis u Is f i ,rus c’ l B 

- I - ( I I  li ’ u’ ’ a l  I’’’’a n, ’c , ’ s n a ,  mI t ts ’ nih mc m l  en\ - ,’nir Ia l u . b . , n i  smu t ion , I he cbu ,u,, i ; ’  u ’ t t m  -

m if , pu is i ; uue  l ea  r e la t i o n s  ,‘nm n,’ ’ e  s- u-c t o u r s  son’, l inen- s i n u s ) ,  Chaque ion e’ S t  d ’ . , um l m , ’ par t  ‘ a- u n - m is  I runt’
I ‘nt - c vu s q umu ’ um c ,‘ ,‘,m ,he I r o t t  i p,, u uI  n-uIV , ,‘mi u 7, a lea h — m u- i ts i lls d ‘11111’ f i , m

’;uu , ’~i - c m t  i e u u t  S t  I s  appel l’ f m m s s n mm.
tie co ll is i i i  shu t I ’ ion.

0’ sum no pm m r m , I c c i ’ I I it ’ is ’flt utit i ns ’ t t omen t m7, u - s t  C ,‘nt~e ‘‘un 1 nu mt i tim’ St ,‘I< s’

I ’ m ) )  in?.

lb titu s 1 ,ln u l l t  b e  ~‘,‘~‘f I ic I emi t ule v i  ‘a c t ’ s m l  e di.’ I ‘ e u,, et .u I, ’ nayon tie I ‘I s’n

En dIf ini  t ivc , I ‘ c~i i uu .u t  iui n b u s  f u ’ m c u ’  5 . m ~mp l i , 1 um c, ’,n 3 1 ’  i u,n II u - c l  1 , -n au m p j m n i m. a n t  dana I ‘ Icr, l u r e
I’ i nt i i ce  B)

(1,4) in + mZV = qti

En n I ins’  cu l  n t I nu on pc,tm t mmu hmo it no

(6 1)  V = — ~~ l’l

l,nm quan m i t i t mm = ~~~ ‘ s ’appe llti “moh i 1it ,~” do l ’ i tun .

On mm d,,nc pour , el iu,n

(66) .1 = N~~m.’ cH,~~ui F

ou bier, (6 7 )  .1 it ’ P

oO -i ’ u - n t  Is ‘‘ c u m u u u  l i e u  i vi m l 5,,n ,- f i qmie ” due m I i  ‘n, m s m ’ um u - ,’ , le 1 ‘ion B.

‘I t ,‘ no I au on - - in I I ‘ex pre ss i ,mn ule Is I o i d ‘ Oh,m

I

- ---- -‘
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On mppol  Ic ‘‘ e u ’l le,’ IlI m i t  isu n t ’ m b u u i v m h e f l t e ’’ C Is’ pmutiu i t do l u  un,i l , in it l  C Ii .I
~ 

Ia va teun  nm bu su ’ lu l s ’ utu ’
1’ Cl u ’ , Im,O ’ ,, lon e’ e z

(68) 1/ = c~ z~

P,uur on ao l  d i s s u u i m s . Imm u ’ u ’ u u a l u ’ I I I  I il ion I’ e a t  lu  p m s u d u u t  du (nu miuu tu ru’ i t t  un-t I m ’ s  par um,i IC it,’ v im—
lrume) par C la sommc ulm ’ c V., lens ’,’ s rsmm pu it’s) . ‘t i l l s  , pour N i  ~ t

C = c .

0’ ,’ (69) “ ‘ = 
~
‘A ~‘

On peum 3 1 1 m m b ,u ‘‘,t ’nuli u i I  u vit e mo lnm u r e ’’ n par

(70) ,‘, = s’— = N u’ z~~sm
mu c A

c t  1 ’ “c o n t i u c tuv it et Iq u i v a lc u t e ” 1 par

(71, ) - ‘ = 
~~~ 

N~~e 0

Pour le mélange ul ’iona d’un aol dissorus , on ma h u n - n  cflt c lui n sm

(7 2 ) ‘ = N u ’

Ii rés ru lm e tie (71) quo , pour u’haquo sd , ‘-, no devnai  t Is’ l ie iu l nu quit’ ito 1,u I ~‘u n- ps’ ra tu me e t  non
tie 1,m co nccnt r,mt ion.  A i nsi , C tem perature fixo , a ’ serait p m ’~”’m ti u ’n umcI I it .

8,2. MCihode~ do mc ssl ne em rCsu lt , ul s  oxp Cni tu menmaux

I’u’ru r i i us -su umcn la c,,nduct ivité  d ‘ run e l e c t r o l y t e  I iqui tu - - i- ne I c . l l u i s m u- , u rn ;‘ u’ ,nt ut i  l i s t - n un vas ,
doom la fuunme c - n t reprCsenmIe sun Ia figure 3 pui ss eti ant Un,’ 1 u m l  a ”  e vh indn ique  d~ sc’ et ion , 0dm Ic
champ cl u ’cm niq uo pout Sims ’ cons id , m mit’ conmue unu I nn-se s-I p a r a l l el ’  , u , u x  c u s s ,  r u t  n n c e s  du uv l i n dn e .

la quanmi me d ‘élecm rici id qrui t m ,uv c ms , ’  pai n Seu’s’liubm’ l’ uI n l mc t ie’ SO t 1 ,1c c  ~01’ c st

(73) i = ~~- =  - ‘ E

On O us t a lors en 000vre lea me~tues mu’ tbu , ’dcs de mu c s um m’ quo ‘olin les c,’ l l t lu lc teu lm-i  u’mti i nmu i me ,- ,

Pour év 1 tul n to  phtn- nomi~ne tie mo l a r  i c u l  i u ’ uu t ies C l o c  t rem I t-a , on omp lo u ,  dana los nm-sor t ’ s au pont tie
k’heatstu ’nc un c’n- rurant a l t e m n a u t i f .  On n , u t  It,, l ummmn e , n Ic r u ,0 e C I l c c t m , ’ l v tc en “,u s u a r u l i t  as n,m s l a lauic c
Iorsqu ’ iI u’st reinpii par rune s o t u m ’ u’ul do conduc t i v imC con umue.

F.xpCni ment n i le- m u’nt , Do C u i l t i n t . u I  u ’ l Ien quo Ia cmjn d ,mc t i v ih,- des , l o c h  mu ’ l n- I i ’s  iii ut” ,-”, t m ’  ,l’,’s’m Ia
t c”  “ u n- n . m t u m m e  - I,,m v a r i a t i o n  r e l a t i v e  ea t  asa ez  cu,na ,b u :’ mn uhle c t  tie I ‘ s urt i nu dc I ,,)I ‘ m m  uhe - t u  i C m l  Si uS.
C,’ t i c -  miugm on ma l t ,  In  ne ta t ,’ , ’  “ s ’  ‘at vo is inc mIt ’ cell e tic’ I / -- u- I  II , ’ e I tm  d m u ,,uu I ‘Ii mu ’ l am iv,’ tin clue I f  i —

cient  do I n u t  t m ’mcult  inienums’ tic I ‘ 1 ,111 (63).

On c u ,mmata te  de p lus , qulc It c u ’ u l u b u m c m  i v it i n- tiq u iv .m le’ n te  - t i i m i mu um e ’  qunmnd Ia cu lls ’ s’ il l i l l  ~O0 C
arugtnenie cI tant  qule I’ no u l u ’ p u s i n u ’  P55 I’t’ ,u u m eu ’ lu l ’  l u , Is v ,u m ,  mm t ion su i t , pullm n l u ’s CI  ,‘1 ’t ni l  V I e - n  f, ’n t

is lii i sl it- Ku ) l I , R, \b ’ Sb ’ b l  ( 19 0 0 )

(74 )

Lea ticux u ’u u f l S l , u l l t ,’s Ii’ i’ m l I e  loi c x p ~’ m uls u i ’ l m I a s - a munt 1ir u pn,’ s Ia e hunu m l u, , ’  Sc I. I 1s t  mine co ndruc—
t m - i l,’  limit u’ qu i cninac’ t , ’ r ise  runt’ u ‘‘lid ‘lit n m  t ‘ ‘I, m I l l  i ui m enu p e t i t e .

Le t , u h l o m m s i  II , c i — t ie ’ s , n ’ ’ uu s , ind i i l uuu ’ i l u m e  I , 1 u u u ’ ’ n  val oun a numt in iques un mho/m Cu ’s c t ’nu h u , c i m ’ m ’ i t I c
,‘quiv,’l b t n t - in  m u lt i p l i lu’s’ ; u u m  l u u ~ the tierux s u ubui lions ,mu pu, ’i m ,n ,’s I b h ~~ l , uI ’ nm j ~ru ’s 11. b1 ,\t I-/ I ‘~b b ,-’u u C N
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8.3. l,n u com m tiru ctiv ité ioni quc tie l ’ s’,mu pure

MSisuc parfa ite inent  pns,pre , b i tiis m i llC e em pnivée tie gaz , l ’eau pussCtie u~~e co n d uc m i b i t i tC
rC sidru el le qui nulvi ’le’ rune mr~~s faiblo dissocia tion. Los conce lm imamio n s des ions H em OH seunt Id les
quc’ l’ omi muit  3 18 °C et par in

(7 5 ) C 1 = C2 = 0,77

Comune le  oil eat dClini par l’ expreaaion pH = — log
10 

C 1
/ I000 , Ic pH tie l’earu pure a 18°C

e a t  7 , environ. (Pour L’ eau do n,er . Ic pH van e ent re  8,0 em 8,2 8 1mm su r f a c e  em d le m u ’ T t  jusqu ’C
7 ,7 on profondorun , c e qrui s ign i f ie  one lC gere alca l i nime).

Pour run pH tie 7,1 , on obt ient  ci ’ = 3,8 10 6 mho/m

em pour run pH tie 8, on obtient e ’ = 1 ,1 I0~~ mho/m

l, ’ oaru uI,,uu’e’ t ies lm mcs u’t des m i v i C r o s  qoi n’ eam pas pure , prCsente rune cond ruc t i v i tC  tie
(i I 5) . l 0 ”~ mho/rnCtre . C ’ eat  run co ndructeur m e d i o c re .

8, 4 . La s’um nduct iv i tC I~uuiuque de i’ earu  tie mer

C ’est  c e l l o  do l’ eau  pu r e C laque lle s’ajorum o cello pnodui ce par lea se ls  d i ss u mus , tie beau—
coup pn inc ipa te .

Le problCme eat on pninc i pe mCsolu pan 1m m I u ’ n m uu lm’ ( b In - ) .  Mais , ii faut de terminer  lea unob i—
l i me s  qrui varieni s’ h l c s — i n~ttmos avec lea cu unc, ’ul mn a t  ions. On pout , hion om itondu , determiner Ia sottut~e
des mobili tCs (ti m + ru n-) d une paine’ ti ’iona d u n  ‘mel uni que tii s s t ’uu s , en mesurant t am c o n d u c m i v i t C  équi—
valenme em , par i~ ’aum~~cs mItbm uu ties . le rapport mm /111 + um ,). On d , ’Ie rm ,u uc ,uinsi los inobi lit~~s elb a—

m~mes.
8
0n t rouve Cu ’s valetirs pe i i le s , b u m  excmp le ti~~ns  t ea ru  I 18 °C Ia inob il ité tie l ’ uo n H c -s t

33 10 rn/s em par V/rn . Lea ions 5”  slt n- p lnmc e nt  tia,nc lenm o menm.

On pou t égalomcnm , adtii ti u n-nnen lea conduc tj v i t ,m ,, p m  .‘,‘i, .unt tie chauque sc’ l en ,usIci etISnI rune
ce rl,l ine compos i t i on  en ad a.

II a panu in tCneasant  di’ prm( d i S u m  tiavnmnt .m ci’ le ‘s ee m l ame dim p u s s . i o u ’  Juu ‘ s i m m o ’  , t I ’ t s p t i—
90cr le fait qua ,’ l .m cond uctivité Cqu i v a l o n t o ‘. ut ’um n ,‘ l e , i n .  tyt e ‘ n t  t i umunue qu.and 1m m , - u s , mill mmm l ion
auginenmo. ibm’ Ia mhéoni e des ,-mnolumai it ’s dos c I m u I  r i b  ‘, I e s  ‘ b e  1u Cn -v e em ui5 ke’ I , m l rCsrul me n-u1 ,  Ic itl ,mum ’.’m —

moot d ‘ run ion pa rt i~ c ub is -n , .5 1 r , m u ’ l - m , in l u -s parI icutm ies u - i u . u m ,tu -S u ’u u lu ll du n - s m l ’,e i l . s ’s I  r , i lu-,, l  i - u n -  I m n-i, ’ , , —

vt’meuut dO Sons InVe rSe  dru lu Im . uge d ’ i , ’ns do l’ u , a l re - n l , ’,l,’ , ,~u u u  I’ l l -  s i r - l i t .  I c ue  r C s i s m m ~u, , ;n- ,m r t i c ul  m I m e
.1 lIe appe lCc  “é le ct no p huir i’su’ ’’ . A cc premier c i  b e t  S ‘ i’ll ,l l,mu l l , ’ run -I,’ u i n n , t n  re g is -l u ’ al tu’rfl,it if , qti i c ’nt

dO au r e m i n d  quo pru ’nd 1, ’ imu mage d ’ io n a  qui so mnouvit- eu -nI ne en ,-mrnlu- r e tie I ’i,,n particu l ier coo a idm i ru -

uS ins i , m i  , ‘ n b  Iii I iv l I t  2. t i n t m  mud if iC e .  On tm I i t~mi I emont

( 7 6 )  .‘. = .‘ .~~ 
- (N~q s / 3 -n) — ‘ 9

2
’ ui

u / b 2 5 k T )

osm umm f . - mm ’teur nuimCn iqu o , quli de pend sIms q /ru do oru t ies a d s  en cause , em ~ (~~
—.

~
-
~

— )  It eat 1mm

- 
8 8  c k T

co nst ,mm ,Ie tie Bi,t t cmann s t  I / t  mc’ rnpe naiuro nmbsolu ,’ , n

l.a fo rmu le  c i — t i t - s a t m s  nua mntre quo l ea  dorux te rms ’s c , inm m ’ct  if s  ‘imi t l i pruipormionnels I 
~ 

done I

‘ u , cc qu i oxp i ique 1-, I m i oxp Cniment ale do Roh l r .uuu s u h

(74) 2- = -
, — hi ‘~~~~

Si on calcu le 1 , -s  mormo s ‘ m m nm ’ c I i f s  do Ia f,mnmu l e’ pou r le eh lt ’rumn o i ts ’ s,’uhiuin C Ia conccntr a—

i i ’ ’ Il C = I (uns’ mole par in3) ‘c  C I I n- C en pru’nnmni ‘i = 1 ,’ ’ ’ 10 2 c t  1/ = 4 , 1’ S . Ill mu , l it’ premier tom e

vn imi t ‘I , 155  inhu’/m em Is’ second 0,078 mhma/m. 0’ un-il final ‘-n - u , ’ 01 . rune i’un- ntiu m u ’ t i  v i  ml Cquiva I u n  h e  cal  cru 1 Ce do

b ’ I , l ,u , u ,  x 10 , u l , u n s  quo I i  c o n t i uc t i v i ll  I , 1 u u i v , m l u ’ n l u ’  meau lnIc ’ eat  tie : t 0 .lm - ,’l x 10 ~~. I,’ ,accu’ rti es m t m u

burn , -mlix ,‘ n m , - , u n n -  ,l,’ m s , ,- s , unu ’ b u n / - s .

!,‘C q u m t  im ni (75) ‘‘,I lI mb m m i i  -“ i - h I  v n t l a h t u  j u u - n u 1 ’ m ’I u ’ 10 - I i’,S”se n - , ,— ,b e l  I , e . l , , u l  I i iu ’n C ’ . u ju a ru—

l u - r I m - c  I i ’m ’ n - , - i a m nn , ’ , l i f , a ,’iu I-’s t t : i l  I, b u ’g C.

I



I ~411

Dana run champ al t orm ma tif , Ia c o n t i u c t i v i m m i  équivalente limime A em le premier ten-me correc—

ti f ne stunt paa af l e ct m l s mais , le second me m o correcmif qui de pend tiu meinpa tie relaxation tiiminue

quand is f rC quence mmrugmente parcc’ u i u m s - Ia d is syt t métn ie du nuage d ’ i s mna n’ a plus te  temps do s ’ Cmmi hlir .

2, augmente done run peru avoc 1mm f rCqucnco em pour rune f rC quence suff isam mmient C lev le  ii tie subs i s te

p lus dana ( 2 2 )  que lit c o r r e c t i o n  d ’ e i o c m m o p ho m Cse.

A l i  cul u mu ,’eimtration Cquivalonte m om ale tie b ’ emm u de men C 620 (moles/ un3 ) le tempa de rela-

xa t ion  t i ’uum sd dru type N ,mCl aerai m C 17 °C

( 7 7 )  = 1 ,08 10 10 secontie

M,,Is dana cea conditismums tie concent ra t ion, em aux f r C que ncos aru pCnieu ros  I I/i , 1mm v a r i a t i o n
sIc’ c o n d u c m u v i t c  ioni qoo es m comp lCtemcnm masquCo par la conduc t iv i mC di po la i re .

Done , en nesu u mc , toot  ‘ in t l  Sc’ passer cu)huuno si , aux Inéquencos r n - d i m ’ , 1mm cont iuc t iv i tul  io—
nique d~ 1’ s- mu tie men mmmi dC pc lus Iu i t  pal s do 1mm [nC quence ; uuiaia , dC penti mm it seulemonm do la concen trati on
et tie Is temp e r a t u r e .  Ccc i  11,111 , on pout en revenir arux nC sulm ats exp én imenmaux tels que mn -crux qoi ont
Itul prem senmés au tab leau  11.

On u t il i a e  u’,’urnmisunent 1 mm moaruro ti ire cmo g loba le qrui a largement rem placC lea procCd la tie ti-
tration Sun Ia p lu l - u m t  Its” , navines eucCanogrmmphi qrucs  em dana lea laboratoires.

Des r e la m i o na  onup ini ques c n t m u -  la temp era tu re , Ia sa ml in i tu l  (Ia cm uncenmnmmmion tomale en
c bm l.orurcs) em Ia c o n t i u , u l m v i t l  onm t I c’s p resen ts -cs  par d i f lé nenms aru tcurs .

W c y l  ( 191,4)  am r asse n u b l l  u -es d u’n,mu ’s cs pan Ia re la t i on  suivanmc ~~

(78) log a ’ — 0,4 2 3 7 3  + 0 ,892 log Ci (o/oo)

- 11b r 
[,

88~3 11 ,55 + 0,0107 2 
- CI (o /oo)

(0 ,145 — 0,002 m + 0 ,0002 n-
2 )

it ’ e s t  la c u ’ I u i t u c t i v i t n -  en mho~’in

= 25 — m , m esm Ia ten,pérmmmrure Celsius. I,a relation eat vaii Jo pour les salin i tés
(clubon init esb tie 17 a 20 0 /00  em lea temperatures do 0 3 25°C, 3 1mm preaaio n tie 1 atm.

Les va leums tie itt ’ quo l u m u, renaton mre pour l’oaru do men soOt de I ’ ordn e tie 3 8 5 mho/m .

9. L I/At ’ LIQUIDE In-N REGIMJ/ IIARMON IlUI-: (
~

9.1. Los mun-thotio s expCnimenta lea do nuearuro tim’s caract Cn istiques e.m . tie 1,’oau

Ns ’ ius poruvons s igum m mte r  l ’ i m p o n m m m n c o  do l’ em ploi dru c,’ntiensnmmeun plam i u-I du ‘m’ .’ I I . i m i -m rc d a n a
Ufl Pont tie It’heatstone. Cm’s tiiapos i tifs exp én imenmaux soot ctair emenm uti l i s ab le ’ s en m,- a z i m e  s t ai i que
5-i mmux tnP ’ s basses f re que ncos .  Par cum i n - , aux frC qrucnc os ClevCea loraque par exemp le l ’ i’ c u m t  entre
les armatures do cumnd ensamcur n ’es t  p lums trés petit dovant Ia bongucuir d ’ , ’ u u ,h m ’ dans he mi l ieu ,‘tut iiC ,
t ’ a p p a r e u l l m m g o  n’e s t  p lus u t il i s a bl e  dana lea m~ mes cont i i m ions .

On u ’t il i s e al ms dos l i gnea b i l ilain e s (bigot’ de 1,echer) , iIi’s ,- , ‘ u s u  ‘m x  ‘si hi-s guides d’ un- n—
tie , qu ’on f a i t  p lunger pant me l l omen t  dana l’ eau ou qu ’ u~n nemp lit pa rmi olle mt uc n t d ’,’ ,m u , On - ‘b’’ nm i u i e
alora , par l ’in tc rm C di mm ire d’ ui ne untie’ s tat io n n ai r e , Ia longume mun d ’ ’n,Im dana 1 ,,,~, ,‘ t i , u i , ’ f f u , - i u-bi l

d ’a f f m u i b l i a s e m e r u m .

Lim ligno tie I, ,’ men (figure 4) u’st rune ii gnc bifilaire v,’rt i~ amle , m ’ s ,  l t , n- c dntns I’ m m r  pan ‘ I O u ’
hm ,uc le , Ii Ia InC quence f .  On p lace dana 1 ‘air , elm I) , run ap pa mrei  I tie ni,’ - n s l rm dm ’ t, -ul - n i, ’ n .m ’ I. m a t  i’,’ ,’
La Ii gnu p longe dans 1 ‘ eat u . L ’ I i u - r 1 t i  e’ it’ rn . pnogresse vera le has en u u t i , -  ‘unti e ~‘ u ’  ~ i ‘, ‘n u v c qui c - n I  ‘ m m —
tiollement rC fl C clm i e sun 1m m d i se u’ i , t in s i i ’ u n- t i ’ impCdance C l’ i n tu’r i , l , - m’ . Door , a ,  u’n I11~l m i  0 s e n t  ica l ,-—
thue nm , Ott cd,ulha l, aiim ’ des unties s ta t  i t n-n na inu --m . On pout b m c e u I) mitt peum atm ..tli’ssmis tie I ’ I mi t t- n t .t i , C umm
noeud tie t e n s i o n .  I, ’ ,imii hi’ progressive fnnm nm’h i t cm ’ l’ u’ul,htmllI Ia - n u m n i .  m u m ’ I p mu ’ g r m ’ s - n m  sti r Ia I igno , h , m n s
t ’ m , u , m  , cm ii el Ic Se pond si Ia Ii gne ,‘st su m l Ii sanit lcnt I u ’ ng um e . qu ‘ m l  I, ‘a, - i t ,‘ ums ’ ,’rt ,‘ t~t1 l e t  ‘mule ‘alum tm tm

d ’ ’ m m n t — m  mu -n i t  C. S i omu r . u p 1 i r u m c b u ,  Ic ,‘ u1,m r t — e u r , - , , i I  C tie I t  s i m r l - , ,  m B , en I.-l I s n - t i , t  im mmm u n- h ule Ii’ ti ter—
t t ’ mur 0 , on pcut t - u i n s t ru i r e  par points t o  g r . u i mb u  u , 1 u u, ’  2 (h) , , mr I ‘,‘m u,l , ui’ f l ,’c tu je slur Ic - - m u  r h — d i m l i t
i- n u n- . une nu ’ mmv e l l e  ontie s t a t  ionna i ru , l i m i t  it ’  dana I ‘ cau . On sn-u i’ i - u a n , ’ ,u i ,,s i I u - ‘,,Cuu m -m, r d ’ m’ nti e slit i.m

ti g ne dana l ’ eau 
~2 Ct l a mm C n m mat uu ’ um tn- ‘ sti r Ia  I gui’ , On en - b u ’ . l u im , d ’ m l n - r l - s  1.-u h I m u ’ - ’u ii’ itt ’ s l ignes ,

l’imp Cdance d’onde dams I’ emm u qul i ‘ s t  directem t’nt liC e ;u I t  l ” r m m m i t t i v i b  m c , m hil l i l c,X(..

I
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E

F i g . .. (~~~) : Li gume’ ml, l,ocb mer F u g . 4 (b)  (;rap h iu i m am - - do mt’aurt’

Aux lu ’f l gUe u ra d ‘onde sI,’’  m e l  m u  ,1m ,, ’s on pout Ut ii iae r  des cav i l  Is m, s,mu Ii,, un l c’ S .

Dana uric c m v  m l  c , lu - s c  bu.mmpa its) vent sni m is f a i r e  1’ Cqumm t ion it t u l l e

(I’l l (‘ U b u l O s ly, ’ ’  (8 ( 1)

u t  s a t m s t ,m m r e  mmix condst i ons mux I u m u t u ’i, sun lea  p a m u m i c . Si Ia e’,u vi l , n- u ’st enti ul rs’menm remp lie d ’uum
Ililulido 11, ’ u ’ t ’ u l t t u a d h  u n - i l , -  nul le  ot t I ’ ; ’ e m n - s i l l  u n - i t , ’ mm ’ s- I l u ’ n ’ 

1_ i e- ’n s l ,l u ,I, ’ do n -m .’l’ .ug .m I in Cim ini de’nnule ,

I,m I u , ’ u ’, Iau ’ u u u ’ s ’ tie’ n,’ S t ’ l u . muu , ’ s’ ,’ - nI ~t i v i s i - ,’ ~‘ m n  —
~
— - l’umur r,’I r uI n - c m  Ia n - suulsn - ic fnt i qu at .n e e do n ,s’n ’n,u lim - u’ qu ’ mmvant

Ic ’ remp t i s . m g e , u I I , m m a , I m , m u  I n e m l u a l  nt lea t i i n - n - S m’llS m u -us  tie I., , m m v i  m e ahmmu m s I,’ r.m t m l m , n t  . l u ’ 1.1 1 smmnt , ‘n

,mu mgnuo n t o n , m i t  lu ’s p e r l e’ , p.m u’ I’ fot  .l ’ m ~ lc ’ dana los l’~u m - m s .  En ~ I I e m , I’ s’s  ~‘~nt~-c - n .~~ 
m ,,n 1 i tj nnel l s

C - ‘ / . i u t .ini I ,m u t illuillu ’ ii vi  t ,- s i  I m u , ’ iii ‘st-i l-n i  cm) tie’ I ,m - m s  I t m - 5  , A ins , , Ia mm I 1, - m u  ‘, .‘ s , - nun,, it nCti ui itt -

dma  Ic rmm l~pa u nt . En u’ut ro , S i  It ’ l i q r u i m t t ’ .,s ’ u u i  w it ’ c u i nduu ’ m m ’ , ’ , t ,  it ’i u omit , . l,i s u i n h o n s i , ’u, st r a i t

d u n - m i l l  m i i ’ s’ lid i n s ’ i t  1 , u ruoove I i t ’ sum m l I l l S  I ‘n u , um.m i t  pou r s - u I  Olin appr t x  I ‘5 .11 iv ,-

.

(81) = ~~,i: •

i’ r at I quemen t  • mu m , b u u m  m a i m  une’ I’ ,,v 11- de I,’ n ‘,~~ ‘ ‘ , - t f i i i  cot 1h5 - slur l u -Il ’, 1 ,10 Q . On v i nt rs’dum i t  tin
1 , 0 , 1 , 1  hun she’ I ‘eau I m’b’s , - n v s ’ r - On nu n-slur , ’ u I -n, . mm tier l i t  c lii ,’ It do T a  I m m - , 1 u , m ’,,e, tie m ’ -s t -n,u n u - u’ dl - Ia Ca—

V i l e  t i  uric d im u not i o n  du c, - ,’ t  I d e n t  lu ’ s l I m Iu ’ n x j o m  m’s’ qum i ‘u mn-n -i t di - s’ m m l c u l ,’m l u  p mmr t i c ’ nub I le u I  Ia
p n m r t u i ’ m n - u, u ,’ln ,mir e ito Ia pu ’m m m l t  m n - i t  e cu n- m pl t ’ x ,- de I ‘C, ’bm ,mnl i lI,m uu . l,’ u ’c b,ant i  I Ion t ic~ i t  ,- l n c  su f f i s mun - i r s , ’i, u
pet it ~mu -un quo los deux e IIu ’ts si’ienm bien ut i ’e , iuu 1 ib , - s  u-I ie n in - uu- I m c nt deux mesunu’s indl pu’ndantcs .

/ “ / / / Z /’/ J ”f 7 .~’ 
‘— 

, —7:~u ’. ~.

- - F i g ,  S : I’ , , c ’ m t u b  nubsi’nnante cy lind n i que
- - en mode TM

010 aver run tube

e u l u . u n t i lli,m a x ia l .

~~ZJ7Z7.’7Y~~/~

On p01m m mimi li - n- i ’m p ,mr ,x u ’ni lil u. to hthu itlu ’ I’M
1 1  titi c x l  imidne c i n c m i l ,- mi ic  drt ’i t I t i gure 5) .  D a n a  u - c’

m i t , ’ , Ic u’lmam p l1,’ m: t ri qumo pm,m se iu l e  uuim u ’  in yr-s t r u e ’  m x ,  .m i t’  ‘ I eat  n - I.hiiulsllmfll ati t i l t  I, ’ I , ’ lu m u ig do I ‘ mx, ’ de
Is c av i l , - , l~ m Ss-iss u Ini, ’ c v l i n i h n iq u m u ’ u i  ~ h u ,  ttt m lu ntt’n hm, ’ i’ll m t  t ’ i l umiaa n t  l ’,m u_ h a n t i l l on  slams run tt ih,- c v —
I,u , ,Ir I l Ium ’  ‘u-u n - I nc slur I 1 ,ux e . 1mm f m ’ q m m e ’ n i ’ m’ h ’  r,m c ,m uu m lii ’,’ lie u lu tm l m t ’ m i t  b u m , ’  u t u ’ s  di, i rim ’ l m , ’’, do Is e a v i t t i t- t du
muihe ul~ b u , m n l  ii I’m , El Ic u -st m d  u’ b mu ’ 11 ,1,1,11 u’ u t ,  I m - , uu bm ., uu t,’um n , ,m ,m - n ai Iuum gt e inp a quie It ’ truho d ’ u b u-b,nint i t  Iu .n

mm ’ u l u ’p a mss i ’  paims Ii’s p .m n m i  s ubs ’ I i  u n - u  I, -

At ix I ,t n i t i u , m m n s  d ’ . ’ i u . I u ’s ‘ s O t  i n - s m , t r u t b m m u .  , ‘ui um t il i ac  mI , ’s ”se I b u. m b ein it i l u ’s m m 1 i I 905’S qui u , ’li S i
I mosuner Ic m o m ’ f f i c i m ~mm t l u ’  nt ’s I I, ’ x , - ’ u i  - m I,, s u i t , ,  ‘ slum Ii qui i ute ’  en inu ’ i , I u - uu , ,- tuu’rma ls’ un-mi ‘u i un-hI i / ill ’ , (I~m i t il i se  u lu -m a 11 1, 101 ,’ ’, u n - u i prt ’ j u ’ d I  I i n - c u .m . 1,’ t l ime na ions  nu ” , I i u b  l u ’s . Omi i s le ’ n uum, ’ li

i 
Ct R

1 
. (3n pet It ‘1 , u b m ’ un - —

I
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ner I’ appare illage en remp lacant damns la cove l’eau par do mercure.  On mesrure l’ abs u ,rpt iuun sé parCment
par la traversée d ’une lame d’eau d’é paiss cur fixe. Lea qruantitéa mesunCes soot liées aux caracté nis—
ti ques e .m. pninci pales du milieu.

Aux longuerurs d ’ ontie submil l im Ctr iques (HASTED , J .B.) (2) run umitise one sourc e rmmy 000 an m
cont inuum . La lumière tie la source es t  d i r igée sun un interferemCmre tie Michelson a deux fa isceaux .
L ’échant illon de matière esm p lace dana run ties bras tie l’ interferomè t re . Pour los  matCniarux mrès ab u.ur—
bammt s consume l’ eau on remp lace le miroir de I’un des bras par une surface p lane de l ’Cchanti llon . On
en reg is t re  run interfCrogratmmnue , qui eat  f onc t ion do Ia difference des chemins. On dCdoim I’indic e tie
refraction (Reel n) et I’intiice d’extinct ion x ,  sun rune large bande de frequences de la tramsformCe
tie Fourier tie l’inmenférograu mmimie .

L’ioterféromitre dCvelopp é par le laboratoire national brimanni qrue de physique eat repré—
s ent C sun Ia figure (6) .  Le Immoruvement do miroir M , augutmente la difference x des chemins opti ques de
— D C + D em protiuit run signal !entemen~, variable dont Ia partie var iable eat  app e lCe intenf C nogram me.
Si Ic miroin II, est dép lacé tie 1/8, oft I eat la longueur d’ ontie , Ia var ia t ion tie s ignal qui en résulme
est enreg is t r Ce .  L’ ermreg is t rement est appe lé in t erf Crograme module en phase.

En l ’ abs ence tie l ’échanti l l on W , l ’ interférogra m m e tie rCférence C (x) ea t  enreg is t r C .
Quand l ’écha nti l lon est  introduit un interferognauumie G (x) esm observe . C ’e~~ le protiruit do convolu-
tion tie la fonction réponse de l’échanti llon V(x) et d~ l’interferogramme tie rCférence

(82) C~ (x)  = V ( x )  * G~~ (x )

II rCsulte des propr iCt Cs ties transfo rmnées de Fourier qrue

(83) S,( v )  = ~ ( v )

oft (84) R (v ) = [n + 

~ L~~~)] 
/ [‘n — 

Leau)]

est Ic coef f ic ient  tie réf lexion comp l exe tie l ’&c hant i llon.

es t  I’ indice tie re f ract ion comp lexe tiu l iquide , 0 l ’ int i ice tie re f rac t ion  tie Ia f en~ tr e trans—

parente. ~ Cv) et S~ (v) soot les specmres de puissance en l’ abscnce et en presence tie l ’écha nti llorm ,
respectivem~~t.

_ _ _ _ _ _  I
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1 L r Fi g. 6 : Coupe schCm ati que  d ’un imt c r f c no mC mre
i I tie Michelson umi l isC pour Ia mumesrur u’ tic

Pompe ’~ — I t ’ i nt i  ice tie re f rac t ion  comp texe ti c I ’ eam m .

JJ ~j S. source ; C , dCcoupeur mecani que
L~ et L 2, lent i l l e s  B sé parameon ut ,

~~~~~~~~~ f a isceaux  ; M
1 et M n - , minoirs

F , I i l t r e  0, d Ctoc re ur  w , fem~ tre
D n u i n tu -— u ’ c h a n t i l l on .
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a) . L’i’xplo i immi i ,un its’ s roma u ll,,I S expe n imonmm iux sSstm i ’ mu s s lox mi quml t i u m ns ut, ’ I d e  1 1 2 )  ( 5 1 ) )  S - u )

i’u’ur I ‘ en- mu pure i i  e x is t e  ru o boo accu ird s - m i t re  lea rdsul i ,m t a s -x pc’s n imontmm u mx (V i i r f i  gull e n -  7—a
u I  b ) .

— I,mi s ’ m l o u r  s-St bion cuunm m u e ( S a x t u mn , Lm m no , Has ted , R i l l m u ’ l u , u t  su i tes  . . .1

I c’s mr,mvaux do Mstttubeng c i  ~l , m m g u s I t  (10) coo duisent I Ia l m ’ n n u u a l e  82 ) , 4 la p n u - s s i ’ i u
a imu us plmmin iqruo

(85) it
5 

= 87 ,740 — 0,4008 m + 4,398 x 10
! 

l - 1 ,4 10  ~ to~~ ~
t

oil m ea t  Ia ic ’ isu ps’ n.l tune en °C en-nine 0 Ct 100 °. L’ enreur maxima le eat tie ‘ 0,005

ONS~\U0k ( a ) u , KIREW 000 (7) , FROHLtCH (8) cm ti ’atutros aum orura ont largement amdl iuiné Is thdo~-

r io j n i t i m m l o , en co nsidt( ranm en p art i c ul i e n  t ’ o f f e t  ties moments tiip ola i r e s  des mo lecu les  vo is i nea

sun Is molecu le  c ,, mus u d c ’nu n- s’.

— La valour eat  p lus d iacu i tCe .  La meil leune es t imat i on  pm mra i t  ~ t re  s 5,5

La lt’mmguour d’ondui she mmansut ion  oat  rune fonc t ion  tie I,m temp era tu re.

On I mu ’us’ c’ li_ mn exemp lo

~~ ~L,, o J 20 40~~~~

4~~~~ m )  

- 

~~~~~~~I ,7S ~~~~O5

_

1 ,05

Cu ll s Sm t i m ,, d’ oxemp le los  rd a u t i a m s  tie Y. L I/GRAND 1~~ ) s’m m l c t m l d s  pin-or I’ c’siu ‘ul r ,’ C Ia t o m—
1’c r , mtu re  do I 7 n-

~ -

I e x 1 u ub m is - n d  i’ ut sn- nnaflt c~ = 81 ,5

en .,u l s ’pt mi t t £ = 5 ,5

u I  = 1 ,8 cm (ii ’ 0, )z tO~~~

i 1 t m u -un- ,’ lea me ‘Ill I ta t s  m m c c l i I m ’ tiams le I .ml m beau III

I ‘ u - m u m itt- sn - se m , on nm dispose ma lheuneusem ent ~~~ t i ’ un aruss i  grand nombre d m ’x l lm - n ie u , ’ s s
b , ’s nCsul  t u t a i l t iult nm ’,mnmul ins un-o i l. u- s n- u- I l l  un favour tie is ll l ci ’ ni e .  un-n pout adme t Inc qmie 1 ’ m d  i ce ti ‘ox—
t imd t i , ’n , un- i I c , - .’, ’ II m a s i e n t . ti ’n-m ti ,a smr1, t ion 8 t iulpentient sun lIt tim’ Ia c o n d t m c m i v i t e  ioniquie aux I n s - —
qruensn- u- a u l u t e u  u , - u u m e - m  Sm il~Icl qrus’s G i g a h e r t z , V . ’ 1 1 . I m i t r e  t i ’ i’ n-’s u ’ n l 1 l l m ’ , los rdau l t a m a  pnCc a- n tu l s  sun tea
f u s ’ s i m m e s  ~ (a) u t  ( b) l’), 0mm .- ,‘ ns t . u t o , sun Ia f i gure 8 (a) , quo los rC s u i l t a m s  obtenus ~‘ ‘ u u m  l ea  diff s’s_
r,’ m i teS c lue, ’ ill c - u t  io ns Ic 5 ,1’ . au’ nt m n - c ue l u-lilt _ n t  a t ignda sum uric t imu - i t e  pass - m t p’ m r I ‘ ‘ r i g  in c . l e a  rC—
su l t . m  is ii’ uu mm I ‘ u ’ . uiu ti,’ ’ n - m , ’ m  Su s-l t ul ’s .u lemon 1 .11 gods , n - u, ’ , sun rune tin s n - i t O  dddu i t s -  tie 1mm d l i i i I e N i l - ‘m m
rune m m . m l l c l , u t  1,111. ( t utu/ p b .  m e s ’ n - s e u u t  c a t  eu ’m lainemoul t dO C Ia prub sem ce ties arumnea ions . Lo f a i t  5 u e  Ia
i n - ,  Id di’s c u - b i n - m u l t i  I lons tie men no p u s s s ’ pas pam I ‘ mimi gino des 5 5 mm ’ m dulut utubs- s , laisse penser qu ’ I ’m i ’~~i ste

ulmin s I ‘ i i i  it,’ n-it - n  on u ’ l i s p ’ s l III qui lit’ pou t Om n e ne 1u rds entmi par sine ei’lid u ’t utn ,u I i s ’ 11 en cht , ’mui mu ’s m n- u’,ul
‘ ;m le u i t s  dl 4 0 1  m I l l m u i ’ I i I ’ .irux p m u m p m i l n- I u n- s d i u ’s l ec m n i quea t i e  d i’ I lc  eau I S ’ .

Cu-pendant , lo s  m e s u u n , ’ ,, ’ - , m n f  i nttuenm h jc m quo lea l mr u , l lnum ’t c.s die’s lo cmm i qrues  tie I ’ m .,mu a ulc mci’ I
,‘t C ’’ s un -u -Ill ~n- l r c  r , m I l , u e l i C e a  .5 une a c u t e  e , u m . m t - i c in i s m i quie Ia s , u hj o i l , ,

Ui t”tl c ,‘n- , . ’ n  e . 1 ii In c  d ’ eXu ’ n - s b m I e , l o s  rCarul mats tie Y . I.EGRANI) c a l u - r u l C s  p0mm I ‘ ca ru do ns’r I, Ia
u ’ s’s ;m e n u t  m m d  tie 17 ° C pr ub sont  u n- in d ul ls Ic tableau IV .

-u , . I, ’ ,‘ . mmu I i u1, mi ut e mmmix f r ubq imences m l  u n- ri i ’,mnu ’s C I 000 GHz

I ‘ m u l l pu re (figure 9)

I’, I lul l ,’  t n I - , l I um -u tu  I’ l n I u - m u e u m n u ~ C I GUz . m ‘ f lu ’ dd penil que ut ,  Ia t uin - r ,n- n ,um uure (I 17 °C, ‘ 81 .5).

I ,u l r - ’ 1 i l , - Ia fr,n- m 1ui m ’nu - u ’ mmugm ente tie I Sm I 000 u;q,. • ‘ tiimimo e ’ ot  t c ~ns t s- u n , .  5 , - , I i I ’ s .  ‘ i l l  I a n aum g—
in - u-Ill , - , passe pin run max i m um v m s  17 GHz mu is ti im i mule.

1. ’ o,u ,a it t ’  mer Cf i gu m ,’ III)

A 1 , 1 1 1 , -  I nm ’ m)Iui ’ u l d u’  infc t r i , , I m n u  ii I 1Hz , ‘ ui dd pt ’m ti quo de Ia tempm m m u h u m n , - ,’ u a l ’ l , ’ -_ s ’, um ,’ l,m m~me
v.1 leo n quo ut , ,  mm 1’ 0,111 p1m m- (S m I 7’I , c ’ 80 ,”) i’m ‘ ‘ v ,a n i c  u ren -m peru .

_ _ _ _ _ _ _ _ _ _ _ _  
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Fig. 7 (a)  :m ~~
’ pour I’ t~ iIu pure en l l ldm ulfim ste F ‘s .  7 (h) s ’ pou r l’ eau  p u r e  en tu ’nu ’ tion tie

1mm t i ns 1’,  m u l  m m m c  C 2,051 GHz is memp dra t um ne C 2 ,053 GHz
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F i g . 5 ( m m ) :  f i g .  8 (hI :

‘.‘,ileurs - Is- i ‘ — I r u - l i t  j v , ’s mm I n - i  ‘~‘ m , Ic ~tm r u’ ’ — I u ” I ( , ’ — I) pI ’lm r des S h u t  i , ’uusdo I ‘u’ .mm i  p u m r c u n  fm u n c t  - ‘ui di’ 1mm -m ,, b i n u  t , ‘  C 15 °C lu ’  N. mb i ’m ti m -s Cc h ,an t  i i l otm a d’ ea ,m
pun -ur thu- s auml u m t i m , n s  do c l i lmunu mn , ’  i t , -  s mut i,mtm i u I  tic is ’ s ) 15 °C , C 2 ,6 51  0Hz
po tm r des c m b , u i u l  mltons ti ’s - m u ti e mis-n , C 2 ,1,51 OHm (N,\ K u\ — CR lu l l i l l )  (IS)I N,\Su\ — CR ‘l~’II ) (Is)

I

. - .



TASI I-Ac’ I l l

Frd quence ~,r igs m” a n  ‘ - -1 , 1,, , ‘ n n m s t I  viii’- Conductivité dipun- laire

1 (Hz) ‘ e ’ it ” n-’ ’ Iunho/m)

O ~ - d~~,5 (1 0 
-

10 92 m .5 - ,— S) ,c’~ . 1O~~

10~ 15 8I ,~ ,,1 1,01 . 1O~~

5 . 10 U ~ i ,‘S - ,, ,i ,hC . 1O~~
108 3 )al ,N - , . ~~~~ . i D c

• 10
8 1 ,’- “sl ,S - , I 1,_ i  . 10

5 . lO~ ,~ ii ,’u , , 9 (- ,33 . 10 ’

1O~ ~2 cm UI ,,n- 4 ,c 2,51 . 10 1

U - - ‘ - —12 . ic ’ Ic , u m ’ l, ‘1 ,2 -~ ,4 bn- - . 10

U’ ~~ , u~ 1 ,‘l 5 ,70

152 10 
‘1 ,4 1 1 0  15 ,5

• io~
C -

~~~ 
( m  ) I.3 ,~, )5 5s

u ,l i -  ,~ 2, , -N U, ’ , ?

10
11 

mm 7 ,’ 12,3

2 . 1C~~ 1 ,~ ‘ ,- n ,~ 68 ,~-

S . aO~~ 3 ,1 5 , ~ 2 ,5 69, (

1 ,5)  ~

‘c’mr., i i t i v, l c  i’ m csunilimi ’t i v i  Is- d m p a ~I m m m n u ’  do I ‘ ,‘ , uum plume Sm I 7’u,’ em l u l l , I i i ’ O tie’ l u  f m c 4 u u c i u , u ’ ~~ ‘

TAIn- LFJS’ 1”

Ini’n-iu,-u ‘ ,‘ k,s ’ i , 1n.’ ’ .~ I .  u-mit ’ m c i ’  2 I lu~’t ~v i~~u ,  I tr,i ,
I u ,, ’. 

i mmmi  qiat’ u pm’-S mu u me I ‘ale
i,~ it ’ £ 0 ’ 0 C

m a hi , ‘
~ I, , . 3

Il 
i m t , ~ i ”  u , ’ .t , J0

u - . , ~1 ~ , ‘ . , ul

a, -
~~~

., 1I cm i ’’l ,’ I - I  
•

1 ,
s
~

S S ~~ 4 ,.

3 . ’ r , u’ u~ 
i l ,l i , ’ l .  1 , I 5,”?

• u , a ( , ~ 4 , u . ‘ , “ ‘ ,

i t ’ 1 . I , . , ,  ‘u , ) ’  u ,’ I

1 , 1 . , - - , . ‘ ,‘ tm , ’ ’ ‘ ‘ , I -i ,l m

5 1 , 1 ‘ u ~ , 12
.1  

tmti ~~. ‘ Ii ,. 5 , I’ i ,

11 
~~,

‘ , ~ ,
-
~ ? , I - ‘ I , (n-s

i i  
- , ‘ N , ’ ~‘ , T “ , I 1 ‘o ,31 75, 53

‘I , ’ 1 , . 5 , , ’$ 7~ ,
l~~ 7~~,55

( ‘ u , ‘ I  ‘1 (5,, u )  (‘ ‘m , ~u (““ ,l N)

l’ u ’rmmm m t I iv i  tsh  ‘ I  c’,’muluic t ivi I’’  tie’ I’ ,’ iii t I u ’ ”m ,’~ I I 7~ 1 u-ui I ‘ui. I It ’ll it ,’ t m  I i  u ’ u ( u l i ’ u u u  , 5 )

u n - u , ’ I , m 1 1.11 I i l ~ i m, , I n - u  n .lu I i ’  t m’ r ului m ’ .5 t,i p c n - l S r i  sat ion)

_ _ _ _ _
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F ig .  9 : Fi g. 0

l’e,rmi mm iv i  12 n , ’l It ’ u ‘ e ’ t u - u’ui u l u m s ’ t ivi  Ii’- di ph I m i —  hm erun i It iv i  ti n- m i’s’ l u - it ’ I t  condu ic t iv i  t e -
~ sIc 1’ u’ ,uU

m~’ n- ’ tie I ‘ c mii ptmm u’ 5, I 7°c,: on foncm jan -n do Ia Ire— tie mie n .5 17 °C u-n fonc m ion tie Ia fm t ’s u 1 u us-u iu - i’ , (V . ’ in
quieuice . IV, ’ in tahl s - e m LII. I,cs psl i lim a I 2 , in-S 1 0Hz t u b  l e m m a  I’,’ - l u - s  pmlinl s .5 2 , Fn - n - 3 0Hz st Ill ceux do ii
suluit d u s I l l  i t s  mit 5 . ‘ )u inc  I ’ l l  iuut l a do I,i 5.5Stl I I ’S)  . NASA . On mu tmsmui ’u~mj s’m sm l u/cart  s- nt  me Ia vmi l en -run I t Iu u’s~

u~~u m , ’ s -  t 1mm va lour  ,m bs u ’ 1 51-u - , II y a dm m u ms I
de s moms rune s u u h i n l , u u i u ’ c quu tu ’ c s t  pas t o  cIII ‘i’ slde

tie sod i um Ct qui m o d i f i c  Ia l l e r m i m t i v i tc  run- s I l c ,) .

:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘/~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

/ i5bO~ ~~~~ s,io’~ it~
’

LAB PLIPE ____ ‘ - -

1 I~ n-~ 1 :

Permit t i v i t i m n u n- , ’bl e ‘ el  c ,nduc t i v i t u - di pol a ir e “ tie l ’ earu pure i n t ro  lO~ cm bf l~~ Hz calcu lu/ e s .-uu moyem

ut ,  I’ u’ q iu. ~ t u n  .1,- I’s-by,’ (53) pul umr : forum i par I ‘equation ( R N ) ,  = 5 , 5 u - I  I éga l ~ I .96 x 10 12  1 0°

1 ,13 x 10 12 ;~ 10 ° ; 0,79 a 10 12  1 20° em 0,63 x l0~~~ ‘u 30 ° .

- - - - 
-



i,u~rsque I i  I r u - u b s a t ’ uu du ’ mmug mente tie I Sm I bb i b b b Cltz., it ’ u I  ‘‘ u’nt .5 p00 1mm m~ utuen - v a n i a s t i m u n

quo phuum r I ‘ e’m uu pumn o . La s’ i’ Ilutums ’ t i v i lu n- t i ’ t , m I,’ ~i miugulienti ’ . I,.i~~ ‘l u i l m m i ’I iv a  I,- lu  ‘, ‘ b a i  mu ’ ’ ’’ IIm’’ .’ m t ’lil smu ~~u-

nieune I l.m s’uln u luls’ t i v i t u S  ui’mt iquo luiraque Is fn i ” u i uuu t uu i ’ u’ t i e v a u- iu l  s , I1iu ’ m l u ’ sm ne’ Sm -‘. 0Hz.

9 / ,  I, ’ u- ’ ,msm l i uj uido  , m s,x f r2qt iem ss’es  su mp 2n it ’t mns ’s I I 1011 01hz II i n- t I re ’  1 2)

I,~’s s - u l su.mI j ,’ i iu- ds- l b s - h i n t’ I out soul temps do ne l ,m~~m ut u u ’ uu 5ks uenute ’nt m n s r u f f u  s , uuuu u’s , I.e-u n ,i1n-pI ic ,ut  im’n
an- u ’mn- Ilmii t C s,lllli t~sc n  run t u ’n I ,m il i i ’ tm ilu ’sI su -IuI do m cmlIs tie’ m u ’ l m m X a t I ’ll .

K. 01)1,1 e m IC 001,1- , ( I I .  ,mnt m ,’1’ ,’su ’ do guuu.’ m mm l i i ; u ’ u i’ in- u i u m. u u isun ~l,’ fl,.’bvo u--mi t’u ’ n m s ’ n - u lm t  Ii re l , i m ism n

— it ÷ 2
S - ‘ - S

(80) i
~r 

5 
- 

‘5 ‘
~
‘
~~~ 

~~~—- m mv i i’ ( 87 ) I =

üü i s - s t  ruu’m panalluemre emp i r iqimo douit Ia v , mle ’s m r eat  clmmpr iso m n I  mm ’ 0 Ct I . On In-rend u-n gelu u n- m u l

0 ,1)2 (II)

lo s  nu/sut  mats soumI , , I im ns  sons iblemeuit ,im2 i u, ’n,’s u t  on so napp n iuchu e des I e inll 1 tats e x C e l  I f l u s - I 1

m ,m u mx 1 3 1 3 i’m 152 iii .

( (mm) s ’ u ’
I - -  ,

3 13 — - ‘,,II 5 2 ,33
- —. ~~~~‘ T e l ,  I e’ ,uI i V

- 152 3 , 115 m 1 ,17

1 1 7  4,IisI , 1 , - a )  I - - - — -l’e r m m l l u i n ’ I t c  e l u u - I u ’ u quio u m ’s ’ I b lI c i u ’

Ills -
i 112 I S tie I ‘ ca lm jl rure- Sm 20 ‘1’ pz m n t u u ’  

‘ 
__~~~~ 

ru t - l i e  em p a m t u u ’  s s u . u , ’ i I I , l i r s-  sl um s
- c 911 5 31 

I , ‘ S I , i u s ’ u i l i n  d ‘ li ii: aubmi I l u  n- su n- t n —

__________- - - ~~~~~ 
d’ ,ip nCs s t i l l t - m u ’ u ’ s t n-, amuteuns

I  2 , S - /  I I ~~
‘ 

- I I . .

12 • 2 ,57 • 1 ,57 I

515 51115 ( I 2~ paiuur miorux ,I,- , n m , ’ im i v m m r a . l l  i,m us t i u  ,. ‘ em m ’’ mmm x li m u lg uu ’ uums ti ’u’nde’s imif 2rieun es ,mu
multi., a ’mist appuyC sun t,m t bue ( I ’ ru u - do FROHLI(’II , au sumj e t  des  ru /son ances d ‘ ,uh- ,’u m m ’,ul I u-ui . On p u- i l l  i’ll u’I f~’I

50 b~ ’5u ’n 15 ( b lues t  I u ’ l l  tie s m - m r  a ’ i l  ,‘sI b ’ n i ’ hu ’ ra b ls ’  tie consim l,m re m ruuu ‘ii b l l u u s u e u u m s  to mpa tie m e l l a x a t i l ,Iu
tie I n - u  n-su b ,n- s’ u m l u m u m  hi on do t a n -miS u~ t m -nu -n quo ho pns lcessua d ‘ m l ’ s u im pt ion so 1 , 1 1 1  ilsi t i’ut par n - sI n- mn-m ince.

v(GHz)’—
1 0 tOO 1000 10000

I~ T T T  m
~~ 

- - — ---—‘- 1~’~’ I I I ‘ I ‘T”  s-T T 1 ’ TT”l i i ~ I I I I  ~O0

4~~~ ~~~~~~~~~~~~~~~~~~~

I ‘ , u i a  ~~~~~~~~~~~~~~~~~~~~~~~~~~ - i - ~~ 
_
~ I I  I a - — 

a a I . 1 1 1 ,

0’l I K) 100 1000

v ’
~ cm~~~)

F u n - u I ’ ’ 2 : I I u , m m n - u ’ ,uIn- llnu- I, ’~n - . m n u  I i m s s
~

m m l 5  u , do u ‘ (i -lu tn ,m j t II,’ a m m p l u i’ ) i , u i i n ’ m , m u l l  u t  ii,’ ‘ -- ( u ’ u i  mm - _ m i t  tm’ ulun- m m hio
ss s ’ um n ) 1’-’ ’  ur I’ m’ , uuu In-l int’ - m 2 ( 1 u- u ’ I’ll I ‘11, 1 ‘u i ulO l.u f r u ’ 5iucl l  u - -

h a m  I u gIll’ m i t - I , ’ ,’ intl qmmo I t’s ‘u’,u I c ’ u m rs ste I ‘‘ I’ . ,  I ,‘,u lu - c’s atm IIsi’yt’ll II ,’ h ‘ ,‘ u~iu , u I m on ale’ Ilu’hvi’ I on
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u n - I l  eitm m l t - u u x u u  n- i l I 155) 15 ‘ I m ’ u’ ’ m a i l  It ’ll u s ,, ’s ’ I I  I’ll 
—
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Aux fné quencea sru p uSn i s’umru ’ s .5 I 000 0Hz Ia c t m r m t i r u c t i v i t u  iu - m n m t~ue i -st . e l le  mm usa i , , , u u u - , l u / c
pmum l’ inont ie mCcaniquo il tend St d i s p a m . m i I n s - .

I.e nuouvomen t do l’ion a , en i ’ l lc t , pour equat ion

( 6 4 )  m~~~~~+ muZV q I

En ré gime harmuuni qumo ~ ,- I I u- I = I - I

L ’Cqruat io t i  (lull ut ’ est  pa ms at im iss ib i c ’ .,ux f rC qruonces u / l u S t - c s .

H.mis V q F m (Z ÷ j v )  = u 15 (1 + j u u r )

amvec le memps do me l, mxm m mi i ’u l t = =
1 u

Pour s’haqruo ion u - I l  pout ca lcu i ,- r ~‘e’ temps. Pu- mum N. m par exemp lu- - . ‘n t roruve 1,1 t o ~~ 
~ s u m - u n i t s - ,

L,m Iomigtmeu mm d ’ m ’ uu i ls - ste t r au i s it  ion s-St tie 0 ,,’ utumtu . l o s  t i e mu i u i ’ mcs v ,ulours tiu tab 1e~ ru I V  somm tionc tiéjC
m f f t ’ 1’ lu/ e s par I’ inert me Itu’ s iuimis .

0. LES CARACTERISTIQUES ELECTRIQ IES DR LA GI.Ai’I : (2)

Los mécanismes su ivantS losqu c - I s  t ips m o l u / c i m l e s , ties amomos ou dos iu ’ns ,p€ruvent Si- u lsi uums ’ . u r
dana s u l u  Si travens In- i g lare 1mi ’Sm,’nt m,um s c iu ’ uut if i q ruo  des prohIi’mue~ di ffic j li ,-s. Mn -tlgrsn- lea pnsm gni s des
t e c h n i ques  es pCn imeu i t m mt c ’s mu’dem nc ’s u’ t b uns nu/su l  I .uts , i i est encore tn /-s d iff i s  i Ic ti ‘ i ml e n 1’ r m n- t e m  c i
do cslmpnentiro les ms ps - i’ ma do Illouvelsuclut t ie Ia molecule i’m do phu/nomine tie rela x li ~i’Ii ‘l1u I ‘ u s I n - - e r - c

1 0 .1 .  La g l mm u ’ e’ aux frC qtmo ncs- s infer is-t ins -s Sm 1 0Hz

Lu s’ondu un -tiv itC ioniqoe do tam g l uc t ’ d ’oau douce o a t  faihie. Lea nI s - su ln u ’ s  som m d i f f i c il e a .
Pamnu i lea valcums n, n- t ’eullullen t nuesrumCea on m s - l u / v u ’  Su — 10 ° C

2 ’ = ( 1 ,1 ± 0,5 a io 8 
mtuo/m

Los mos sm res do u ,~ t ’t tie , (,_ l , I di f f u / m e n m o s  I mi -qlul ’uinu - u’S , pnt~. ument umie- i I f -  r’- ut  ion siu m i~~m n-—
mie n tamu , ’n des di p 6 lea tin -tin-s Ic m i ’s e a ru  u t  p,mnta int sum lu -’ temps aIc ncisxsiti ~ mn

l u ’S meaures tic de — 60 .5 1) ’ C mlu ’ntmu ’tl t quo t 

~ 
mm u m g u u uc nt o l,u m s t ) s u t ’  Ia Im -n - ’ )’en uI s in ,  d iminue em

quo £~ n - n csuuru ’ perpenti i cr u ls i  ru’imeuit SI l isp C du i’m i s ta i l ‘51 plus n - c l  It  tie tO Z qulo u~~ mesu m nC parsl I
1emon~ I I’ , ms u ’ c .

uS 0°C, it~ pt ’uun La g I , m s - c  pmu ls ’ i’ n i s t m u u l l i n s - t ’ -a I tic’ 10 7 p lus gmm mnd quo ps-tin t ’ u-’ , muu liqui de.

DAV II1SI1N e m  N’m\l, l I. ’i ‘lIt t m u ’ i u s - 2  qulo I,, s u b  ,‘ uum t ie augmetite ms’ s- I’ In-i p r e s s u t u n -  ps- sum l , ’sul u-’5 lea
vsn iCt ,-s do g la re pu ’ l \ ’ n - ss . ’ m ’,mhs es  .5 1 ‘ i’X c u ’ptiom s t ,  1,1 g la c c  I~ et do t n-i g I . u a ’ u- V I I I .

Des vai l m - mmrs tie t , ,  ‘ , s - t  - s ill ‘ n m - s m -Il l ct -s dams It’ t mmble ,’mru V I ,  On c o n s t n - m t o  quo 1mm ms - hili tC
t i i p s n - la i n o  so m m m i t i t i e , ’ut t ma Ss pm t ’ s s u m ’ui t n- l, ’\ ’ c c s ,

Tmi h t c , m u u  V t  — i’ ,m n , mi - I t ’ u ’ s s t  iqtuos d i C l o c m n i ques do 1mm g l u m ’  I’F R A N ~~S , FA (2)

[ Ciace Temperature ! I’ m, - sS iu l n 
f ~~~

” 
-

(phase) (°C) (kbar) t s it I

t I ”~”’s ~~~ 97 in 3 1

— 30 1, Il l ” 99 1 ,2 —

11 — 30 ‘
1 ,3 3,66 I b ,66 -

III - 30 .‘ ,3 I I ? ‘ - u I  2 , 75

- 100 2 , 1 ‘ — 1 ,91, , -

V - 31) 5 I- S -S I~ 6 7 ,2

V I — 3 0  11 193 - “ . 1 “ 6

22 • 2 1  — — 5 48

V I I  22 ‘ ‘ I  , -S ‘ - , — 0 ,23

IX — 100 2 I 
• 

I 7 - u  
- 

1 7-5 —

_ __ _  1,~~~~~~~~~~~~~~~

’ II
P.-m p p e Iu ~ma quo Ii’s cond 1 ru ns it,’ tempe1m u t  ins -  m t  u lu’ p m e s s i ’ n  Si lam sur face ti e Ia terre , ou aru

V u u  m s u n m g , ’  • s,,ulI I .1 l u ’ s , I i m m c  s , ’ u m I ~ I .m p nu ’n i m u - n, ’ t ‘min i- I tie Is gla re a ’ y t nu ’ t mv c . ( ‘ ‘ c - s t  Ia te c hno log ie
des haimt os mu i a’ s ions qem i pm’ rm ,-I u lu pmodc minm ’ en Immhu, r at m n - i m e ’ 1 ,- s  glares LI , L I I , t ’ t u ’

S

_ _ _ _ _  
—

—- -~~~~~~~~~~ ‘ ‘~~~~~~~ —~~~ — — ——-- - - - - -  - - - -
~~~~~~~~~ 
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Len- tab lemm u ‘1 I m - I a u u m l t , A mitre tios’umentm uime , ties im u formationa aur les cn -m r ,m t’ l m - r i a t u u s u u i -s  d it ’ —
loct n i qem es dc u t ’s g l . us - u-s~

I’s’um lu’s glares II em lx m ml i  pc ’rut momm m rquen , t i’ ualle ’ part  quo I t s  v a l u ’ums do sont fmiib les ,
ti ‘ ,- iumt rc ’ p.mr m u i umu ’ los v ,mlmn - ur s t ie’ ‘ - 

5, 111 u/ gmu los 5, cu - -bI os tie m n - cc qrui SI go i I’ i e q u o  ‘ b o a  d m p~~Ic ’s mo—
lC cul ami ru- s Ss uui t a n - s - l u / s  uuru bloquCs’ u ’ I uio peuus’ u’ m u l  l,IS S u .n i e n l t - r  5,105 1 ‘ ac t  io n ti ‘on champ u/ I  u ’ ,’ l  r iq r u o

t’xt c’ r i u --u m . i’s’s g I mu - u’s sont , 11 ,1 n I’ u lu lsm ,qruonm , I ,  m gu ’nuu ’nI t ranspanentea arux ondes e’ .m. . it ” est l s t u n t  u ,)ilt’~
nuent miul em soru le  pout im ltu ’ nvemii n l u  u ’ ,m um,lsuI ’I lv i me’ i s - um iq ue

I’u,ur 1 mm g I l l ’s’ I qui eat prat tqou-mt ’nt is s~~ru Iu ’ inl ,m i ’ s S n -ul lt s ’ , i i  eat  poss ib l e  d ’ app li ’ u m m s - m  I s - s
I n - b u I l t  l u m ui s do b)ot,~’o em do c a l c u m lm,’r Is ’s n - u i u - sins de it ’ em it ” dana one I ungu ’ hande tiu - lm , n- u1uu ,u u i s- in s- I j r us—
qu ’ Sm 1 0Hz om ivir om i .

u ’ ,’1,u-’iu t i .m uut , lea t’u 1I m,mt ions ,‘m runu s-ru p lusierurs l imps  tie r e l a x a t i o n  ne pomuletment Pn-~s dc t iecni mu-
los dsn- nnCea oxp u( mimonta les  necuei ll iea I to lO Hz (suit 1 cm do lu ’ u u g uu m ’~u n d’munde) ti ’unc mu ani/ ’mo samia—
t i m  m mmuit e — _________ _______________________________________

I I I I I ,.~~_, __________________

0 2 4 6 8 10
P k bar

Fm gore I 3 : Tomps do mu ’ I ,ux ,u l  iu ’ uu Sm — 11 ,-S ’) pour  1,-ui glaces L , I I I . V u’ t  V I en fs’n,’ Ii 510

tie Ia p reas iu ln .  Nt - l i -n t o  s- imn mpm i r memen m aimi l aire des g l u c u’s I I I , V uI VI  dfi
pnu~habIement A ties s t ru t-tunes simi la imes (FRANKS , F.1 ~~

Em app l i quanm is t l u ,’u m n i t - do KIRKWOOI), bieu l qtmo stn is’te mu’mit pam lant e lb e no s,n - im  pas app li-
cable - I Un m i l i e u m  te l  quo I, m g I n - m s - u -’ u t  en tenant compme ti, mrs - is couches do m u n - l 2 c t m t e s  vun- is ines (aru
tm ,t am l 84), on psrvienm arux va leumna sru (vantes S m = 1,6 0 pouin Ia glacu ’ I bp a m a mm u/ t re  tie com re l atin -— u i
de KIRRWI1 III g 3).

10.2 . La glare it Ia ni’i gu’ I 10 0Hz

1 . -s  n- s es , m nm ’ s  auux fn2 quiencea au mj n- C n i u’ uunt ’ s , 5 10 10 Hz mu -Ill I n/-s peru nu,mhnouaos . I m ’ s tab lu- ,n - uu x V II
u t  V I II I sutmnm is ac’m t l o s  v a l e -mum a tie 1 ’ m d  i c e  tic’ ru - I mmm c m i s-n Su 1 ,2 i-mu pour Ia glaco em 1,1 ne i ge.
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1-5 9

‘i’ ,ilil m’m mu m V I I  — V,doons tie 1mm part u e nel el le R (m) Cl t i,  Iai p m m n t i ~ - im a ginair t- 1 (n) =

she l ’indics ’ do m’ t ’ l m , m u  mis -n csmpl ex m’ uh u ’ Ia g I n-ice I duf f c 5 nonmes tic luslle’ , I-

poor di I I,’ ms - lut e s tuni b iu r ,m l urus s t°C , ssa,-slumu ’cs A I i  I , su u i ’ uu cs a m d ‘untie 3,2 cm (i 75

io~ ~ t°C

R , (n) Th 5

(g/cm ) 0 — 2 — 4  —~~u~~ — 8 — 1 0  — I 2
~~~~

— b S u
I 

— I 6 ~~ — l 8 ~~

0 9 16 1 7 8  

1 4:  ~:: 0 1 0 :9 7 7

0,60 1 ,50 10 ,3 7 ,5 6,0 5,1 4,5 4,3 3,9 1 ,7 3,3 3,0

1 ,38 6,9 4 ,8 4 ,1 3 ,1 • 3,1 2 ,8 2 , 6 2 , 5 2 , 5 2 ,5

0,38 1 ,31 5 ,2 - 3,9 3,3 2 ,1’ 2 ,4 2 , 3 2 ,2 2 ,1 2 , ( m 1 ,8

0, 3 5  1 ,2 7  5 ,0 3 ,7 3 ,0 2 ,3 2 ,0 1 ,9 1 ,8 1 ,6 1 ,4 1 ,3

Nu m t ,m 8 (n) mb tielpuund pas tie Is meu tu pmlr stumm,’. 

,
En e f f e m , I cea f n C qt me nce s u / I s - v u / s -s

it ’ = 8 (n) + x esm vou sun tie it , qui ne depend pas tie Ia temp erature.

Enfin eat  pe t i t  tievant R~ (n)

Tableau VIII — Valeuna tie Is pamtie ru/d ie R (n) em tie Ia panmi cu imagin aim i’ I (m) = 8

de la neigo humide .5 0°C , en function dii poids ‘mr uni ru n- do VOIuIim s- d ’umn -.e

pant et du pounconmage p ti ’earu (en ps uids) d ’ au mme pant , n -se -slums -c- ,’ I 1.,

longuerur d’onde S = 3,2 cm . (17)

‘ s .  l b ) u  Ip 7.

11 (n) 1 “
~~ 

“
~~ 

- -

g /cm I 0 0,2 0, ’a ‘ 0,6 0.8 ‘ l,tI  I ,,’ - I .. I ,” 

0 ,38 1 ,31 5 ,2 1 3 ,7 25 ,2 38 ,0 56 ,-S 7 % ,, ~~a 7  
, 1 (5 .0

I ,lu5 I- . ,8 33 ,8 55 ,3 90,1 13 1 , 1 I ,b) .‘ - .2 ,l’ I, -. , ti 17 1 ,5

__ ____- a ~~~~~~

lb mmpp ,-mrait  quo 1mm g l.ico u I  une’ t m i u u u ’l ie tIc fle ige do m~ mIme dens I I ,  u ’l II e’’sseul l m u ’ 1  l u ”s. sit I a

Itlettue c m u n u s t ’ l u l t e  u t i t n- I c u ’ t ni q m me .
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R E V I E W  PAPER:  DETERMINATII3I’. OF THE E A R T H ’ S  R ES I ST IV IT (
BY ~S L ’ l lFA C E  tu-IEA S UREMENTS

H. Flathe
Federal Institute for Geosciences
and Natural Resouncos (BGR)

S t i l l e w e g 2, Alfre d Bentz Haum
3000 Hannover 51

(lornn-cun1

~~: m ~~ ln-l A l - Y

his- r e s i s t i v i t y d is t r ibut ion below the c- n- n- rI P- S surface is of “one or less I n- i s - h  interest for n—any branc s- er

of natcural science and eng i neer ing as w e l l . In geoscience ~rn -n - n t ,‘ f lo r t n - n -  hcu vc- been mn-n-m3 c- by geophys ic  u s - t n - :  to net
u L ,i cunt i ta t ive  i ns - i -s - in - I  into the geological structure of Il-c’ n - n - i s b n - m n - r I  n-- n- u- h5 us i ng t1- e e lec t r i c  r e s i s t i v i ty as phys ica l

parameter. Measuring techniques and interpretation nn-ethod ’ a v S i s . u  been developed since half a pun - s - tu r n -  re-
sulted to a very u n - i s - in- e ta - - lard  ta—day . Anal ysing a layered es-ri ” - run- In- IIJI”s 3 its r u i s n - n - u s - t i v i ty dj s - t r u l : u l s o n  lou’.’, hr
several hundred “u’ s- ic - r n - - icr-t n- is r’o problem- . T in-is fact often not ‘.‘,u I I  known in neighbour :tiscipl inca is den— on-”-
strated in this review p:’upc- r outl m u - p  I n - i” poss ib i l i t ies  and I j ’ n - ’ , I s - I i m n - ’ ’  n- I 

~ i” ’ ”c’t i :c ,ln- ava i lab le  ‘ios- ,s--’n-a5
A f te r  a short introduction into the pr i n cip l e  of geoe les ’ t r n - - n - n - !  “ n - n-u n -  un - ’ nr ms ’t s c a l  r e - n - s - I t s -  are shown h, case

histories from some selected parts of the wor ld.  T i- - s - ‘ n - n - d i r  conclus ion is that low r i -n - i s t i vu h iu n -s- (< 50 of ,u - m . ,-‘ - )

predominate at the s- ,,m r f a ” e  even in arid -in-re si n- and ~~~~~ rL - The ren -s ’ -,o r’, tm csr t1- u n -  ‘ n - n - mr l : r i s i r n - s- fac t  is 1-n-m n - c l n - m~~c’ -,
and saline component w i t ’~ ir, the top- layers . It is discussed in i”t,i u I w i t s -  respect to -imas~ near surface run I -
s t iv i t y ins-p from l ’~r~~e cure ,n-s .

1. I NTP 0595  O T b O n i

Cueophysuc is t s  working vu ’thln a geological s - m m l v u’y are o ’ t - n-n - n-n-u rn-kr-i for a regional or s-v t” u’,o rl i- w i,’u’s-
map of geoelectric near-surface res i s t i v i t i e s .  Il-c air” un-I t i n - i s  paper is - n - f i rm g iving a n- n- 1 cr 1  I ‘n - m s ’ t into Inc.
modern techniq ues of i rs -c t current r e s i s t i v i t y sounding to s - s l I m e 1,0 d i f f i c u l t i e s  in cr el ’ n - n - u rung such s- ein - u’m r n-u I
maps. From selected case h is tor ies the rem -u Icr may ‘n - t a m  us - t~’e ‘b u f f s - r i - nt situations nun- I draW s his own conclusions.

2. THE PRINCIPLE OF DIRECT C u ‘ObOIS T RE5l~~ T l V l T Y  O SLNS ING

To determine the e lec t r i c  r e s i s t i v i t y ~ (ohm.rn ) of the subsoil WENNER (1°16) and C. and M .
Cl iLmn- MBERGER (1920) proposed t ’ c .  so-called “four-point -method. This meti,od was developed during t 1 n -s -

following decades to a nearl y perfect standard with regard to ins-t r ur ’-cn hn , f ie ld techn iques and interpretation
as we l l .  Today there is no l imit in matching f ie ld  data recorded above any number of underground ln-u~~ - r s -  quan-
t i ta t i ve l y d” .vn to any depth ) .  Routine work is done since nearl y half a century to solve mainl y n-v rogeolo-
gical probl ems , i.e. geoelectrical  prospectinq on a more or less hor izontal ly s t r a t i f i e d  underground down to a
depth of several hundred meters. Alth ou --:t’ m t I - i s  paper is not t ine right place to explain the “'‘un- f l  on-s at least the
principle should be shown because w ithout know inq what a “sounding graph” means a reader not acc ustomed to
Is- c r ut isod may not understand the following case histories .

Looking at Fig. 1 we see the a r t i f i c i a l  e lec t r ica l  f ie ld  built up in a homogeneous earth by introducing a
duroc ’ current of intensit y I (Amp.)  v ia two current electrodes A and B. The “c s - r u n -n - h  lines ” n- urn marked by
arrows. Perpendicular equipotentia l lines cause a potential d i s t r i b u t i o n  at the c - n - i l l s ’ s surface which depends
orm t in -u- run u s tuvit y 9 of the homogeneous underground. From recording the voltage u ( V o l t )  between two poten-
t ’ s - I  m” I cu ctrom iu-’s- l~3 n- ins- h i-I in the center between A and B we can ca lc umlo te  Iro n-  I,in-’u iu n-’ue l l  ‘ a theory In-c- rs n- n- 5 - : t i v i t ’ ,

~ by

= K w i t u -  K~~~~ [(L/2) 2 _ ( C / 2 ) 2]  ( i )

wl orm’- L AS and a = 5/r I.  K is known s-s ti n-c “ ui ”o n”et r iC factor ” .

The step from the homogeneous un- , n - r t l ’  to a layered one may be dcmonstroted in Fig. 52 . This way is as
simple as it is ri’ po r ts- u t for understanding the fundamental ph ys i ca l  proc i- ’n- n-, in t i n - m t unmt u s- rn-u ros mnd . Two l,iycts-
wi th  res i ’ n - t uv u t i es  9~ 

and 
~~~~~~~~ ~., s-u rn separated by s- plain horizontal i s - I c - r I  mm - i -  at depth h. The c s i r r u ” n - t  f l ow

from A to B is marked by dotted lines in blue vert ical  sections (on tic’- left side of 1Pm’ fipure) for different
values  of thu-n- doptl s h n- n- ’ n - s l im m ing  ç5 = 00 ( inu”-uj l s - t o r  S . Looking  cit the c u i r r m ”nu t densi t y j at the s - cur t  s-Ic c’ hi ti’s’- - u- ’- n - b , - r
o f the u’urrs-nm4u’ r emu ’n -s I (1,1 rind I-I are ru-ut plot ted) we observe that by decreasing h the cur rent is “pressed” s- n-nuns- I

) °  f . i .  recentl y down to the 5 s p1’nr Mant ir- in S E - A f r i c a  (~~~~~~ 1300 km; see below )

_ _ _ _ _ _ _ _-
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Ii’s- surface. From Maxwe ll  ‘ s equations we know t in-s- I

U I, ,,1 ~ ~‘?1 
(2 )

Thi - m - Ohm ’ s Law in inf ini tesima l form , generall y wr i t ten  as ~~ =J
’

~~ , where ~~~is the e lect r ic  f ie ld vector
u ’ _  l~~

, Ii , , vector of the curre n t densit y .

As  ç,
~ 

is constant in our case t i e  voltage 0MN recorded at the surface between the potential electrodes
In- ’ s - n - u  N is directl y proportional to thus- current density j between M and N “j u n - I  below our feet ’ tm . And this is the
onl y u r n - fo r  r at i o n  w e  s-tn - n-i from li t  subsoil ; nothinj else !

Looking at the ri ght hand s ide of Fi g. 2 n- a , ’ f ind t u e  same situation but concerning now the realit y of
m o b s - 5 : The depth h is f ixed !  On the I ’ll hand -side L was f i x e d  and h decreased , enlarg ing the current densit y

I between M and N acid proport iona l ly tin-c volI ,’u-le . On the r i - 3 1~ t hand side h is f ixed.  Enlarg ing L we s-n--I the
same rat io ~~~~~~ And I n - u s  is the fn-, n - ,i n - -  ‘ - ‘ n - l ,I principle of e lect r ica l  sounding : Prospecting a layered earth
v a u -n- pull t n - m u” deep e r  underground upwards simpl y by e n I s - r j u n - j  t in - u’- n - t i n - t n - r n - c e  L of the current electrodes A and B.

i n -  A JE ,‘m (1  - n - s - 2 )  n - - s - s t ionc-s-b I s - u s -  f ma i n - , i n - ln -’ - ,n - ’ n - t s - b  fac t in a - ; ‘ n - - nr t  n-d un- w i thout  any f i gure 5 in his textbook - ie rman
0,1s t .  is- ps - m . In anglo-amerucan t ’ n-s m hlm m n - s - k - :  we read 1 - i t  enlarg i nn -j  t i c  current electrode spacing means “deeper
s ’ - -- ‘ I r n - u l u o m P ’ of t i e c s r r e n - n - t  ,‘irn- d tin - n-; is the reason n-a ”:5 hu run s - recording in the f ie ld  geolog ists a lways ask: “How
deep are you nOw “ -

‘- r ~mj e v a  has clearly Jer ’-n-o ,n-s-tm tms- -l t i~ s-t a r e s i s t i v u t y sound ing  is somehow “zooming ’ t in-c layered earth
by enlarging A l l  L. Consequences n-rava ,n - f r a n - ’  t in- is  pr inciple one :

i) I “- - loqaru t i ’ r r- ic  sca le , because rat ios are concerned
2) t’n--s - “smooth” soundin,j u r n - ni’ - because “zooming” is a steady process.

Here is a break because -,un h s l  “on-. t ’ n-er s - In-as not been defined the sounding graph. Formula (i) gives an expres-
suon for the rc -s - u - , t u v u t - , 9 of a homogeneous m ar11- , . Formula (2) shows that Il is changing when zooming a
layered underground. in- itt ung t ’ m u s  U Ito” (2) into ( i)  we w i l l  n-~et an ascending bracich of ~~‘ 

+ 
/h). ~‘ f r o m

formula (1) is no more a constant as it was in tin-c case of a horin-ogeneous earth, It smoothl y ascends f r o m  g4
to as din’-”-onstrs-ted at tu n-rtm bottom n-n-1 Fig. 2. T lm ls means that we are using a wrong formula resulting onl y
a,;~ ’ o t o t s c o - l - n- ’ in “ t rue ” values of ç at l’ m l ’  beginnin s- ( 9~ ) and at the end ( 9~, . In between the graph calcu-
l a t e d  b y formula C i )  s- l n-an-n-s- ‘ u n - u  n - n - - h ’ ie ; i n - ’,t i v i t i es  depending on the electrode confi guration (L , a) and t s r  soil
parameters (gd , 9,~ , h). Per Ie im ni t i -n - ’ r u  we j et the formula for the ‘ apparent” r e s i s t i v i t y 

~~~~ 
)

u 2 )
ic~ 

K (3)

Th is def in lion was chosen because i n - n - Ice case of a homogeneous underground it results - into formula (1) .

F i n a l l y a four layer-case is shown in Fm g.  3 demonstrating t ie  zooming as a “push-pull ” process caused
by t n - c  layer sequence Iro n- its true ps- rn-urn- m r’te r’, 9~ 

and h~ . An explanation in detail is not necessary . On top
of b- u f i gure we find the ver t ica l  section will, i ts influence on the current densit y j between Im! and N. In the
lower part of t1 n - ui I s  s-crc’ we see the smooth sounding graph . Here the L/2-scale is (on top) taken as depth-scale
Sumu lt u- i neo us I  y. Thus is -n-loin-c by convention - but the reader will observe ti-at tin-c, interfaces at 2 ,6 and 26 m are
not corresponding with the maxumum and minimum in the sounding graph . To f ind out sharp boundaries between
the layers from a smaoll’ graph is the problem of the interpreters. Some remarks on t i - i s  mathematical problem
are given in the next chapter .

3. INTERPRETATION

The problem to be solved is the calculation of the “ t rue ” resi st i v i t y distribution in a layered earth ~ ‘ ( z ) ,
w 5- -e ru ’ z is the -n-b eputln - , from the “apparent” res is t iv i t ies  

~~~ 
(L/2) recorded  at the en- riP ’ s surface. Tin - is iS done

by tr- u n - o r c t u c ’ s l l y ca lc ul a ted r-’- ,’u’s t e r  curves published either in Wenner arrangement (a ‘ L/3) or in Schlumberger
co- i f  us- u r s - t u o n  (a —. o ) ,  i .e.  either Qa 3 or . In tn - c following we refer Onl y to Pmchlumberger : MN - a is
inf ini tesimall y small compared wuth  AB - L u’ s- 4 L) and introduce ~~~m l 

= i’,, (or ~~ in some case u n - i n - t o r i e s ) .
Since 1930 nearl y all theoretical work is based on STEFANESCU’ S integral

~~~~ 
(L / ~~ I ’ . 2 (L / 2 )2J 9 (~~~~h 7 ,~~~ ) J

4 (X ~L / 2 )~~~ d~~ 1 (4

,‘dm un- r u- us lute ii”s- n - n - ol - I s - rn - c t  ion of t ’ n - s -  1st -i I m ’ r . The im it n i rtu l  reduces to zero if a 1n-onn-a,n-eneam,l’-( earth is con-
cerned. The kernel f:ann- t inn~~ is “ s - t m  m u ’ m ’  s - u t i c s - l ly s- I ll  - u n- i ca ’ n-”1n- lu i t ’ d , It  was given onl y for t i n - c  3 — l a y e r  case by

1, 1,- irs ,’ ’ ‘ u  a is inn- - se l f .  A ‘uu,n- rter of a - u - tm  n- t m  Irv Iat c.r a ru’-cursion f , - u ‘ ‘  - ha  f o r  ~l wa- n - foun d in 1- n- m ph for the general
n—layer  case (n > 3) and ‘s - ls - m rt ” --i a nun-in - ~r un - ,’u in corn- n-p ub Il l s] u n - n - n - ’  1 u n - u ’ ,a t v ’ s - n -  for ‘n -l u -- r i- r u n- I  n- lion. A tI n - — I  n-u5 Cr prapln-
takes less than 30 sec.today on a ‘ ‘ n- n - ’ ‘ a I r of 11 “ ‘n-i,o of a t n- u s - - w r i te r .  The com pu a l in -t belongs in between alrea-
dy hi’s t- ~ u-’ f meld equu I s o  c - n t ;  the s m m l t n - r p r m ’ t n - i l i s u r n -  

-
‘

is r u ’ s - t i n - o n - n -- . -physic all y nearl y pcrfmnctl 5 solved. The rmrnhlem ‘n -s i t  yet so lvod is t in- n- I rs ”  - Is iti ou n-

in  “— r n-” — n - s  m l , ’ ,  I n - a r t ’  ‘n -u’ ‘si ,,— m l l f i o ub~~’5 ( ‘ ‘ n- ,ch i ” — u n mn - sn - ru’,r ’’ \N j h ’ ’ r ,t -,is i n-
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c Iz )  —~~ geology

There us , compared w i th  perhaps gravit y and seismics , a wide scale. The variat ion of resis t iv it ies  covers
about 10 powers (0 , 1 - 13.000 ohm.m) t in -s i ’ ;  being very sensi tuve against changes in petrograph y . . . . if a geo-
logical concept ex i s t s .  T In- is problem seems to be without interest to EM-wave propagation , because the
,iuestuon was to ms- ct  f i r s t  a picture of Ohm ’ s res is t i v i t y 9 (DC) .  But from discussions the question is extended
to Au . We tn-n-j; ,t kmn-ow whether a low resist iv i t y is caused by saline or c layey sediments . What has to be done
un future cannot be decided by the L O ’ - jt iophysic ist.  In any case he can provide neighbour discipl ines u n- I t ”  in-
Is -  r” - ,- ’ ,Iion using his modern tools. The fo l lowing chapters may be an offer for interdiscipl inary cooperation.

- 1. CASE HI S T O RIE S

To answer the question after prov iding interested disci plines wi th maps of the near-surface r e s i s t i v u t ,
d m n- , Irubut io n 11 mm ’ fo l lowing examples are presented , selected from typical  cases in different parts of the wor ld.
Since 1959 when the BGR was founded geoelectr ic prospecting mainl y on groundwater was done all over It ,,
wor ld .  To select t yp ical examples just concerning A GA R D ’ s problems was rather a hard job. The result is pre-
sented in a coup l e  of f i gures . Each example states a special aspect. The author is not sure whether t i - c ’ s - c  as-
pects cover the scal e of questions . I t may , however , be regarded as an attempt to do ,n- or rn -eth in’s- . -

As it is impossible to present a world-map showing the sites of these case histories the reader n- i ’ s -y
look into special maps avai lable. A short descri ption w i l l  be given at t i-c  beginning of each case. The rc ’n-un (-
w i l l  b r i e f l y be outlined n-mt the end.

4.1.  Kota Bbarsm /i-,elantan (Ma lays ia ) .

Tin-c growing c i ty  of Kota E3In-aru l ies in NE-Malays ia  w i th in  the Delta of the Kelantan River close Is tne
‘o csth China St -u . Here a geoelectr ical survey , cn - n - r r i ed  out in 1974 leluncted a deep lied- -wat e r  s- nun-her not known
before under c la y s - v  and sa ltwah ,s- r bearing sands in t m — c averburden . Fig.  -I shows a vert ical  section ab cs- a pro-
f i l e  near to tIn-c cs - s - ut  of t in-c - u-n- m a t h  China Sea. It is f m ~ t result fo an interpretation of the set of sounding graphs
9iver in Fig. 5 ) - using hi s, ’ s- u- -cs - logical concept from’ F ig.  6. Please notice Ins- wide scale Iron- 2 to 1000
os- n-n-’ . °n- w u t l in the upper 10 m ana below generall y a good conductor to be seen in tb -u n - curve minima. TIn-c true
r- n-n-~~u n - : t u v m t i e s  are platted in t I - n-n- ver t ica l  section in Fu j .  ‘I. TI mn-’ s-u ;cern-d inmi rear branches are caused by the deep
I r . n-’n-’s- ,’,s-u t-,’r aquifer .

This cx i’s pIe demoin-- ;t rates the degree of solut ion Ls’, modern geoelectrics (up to seven layers ) and re-
sults in a top layer wi th  resi’,t iv i t ies belweetn- 2 rind 752 30 ain-n-n- .m underlain by a ser ies  c o n s i s t i n g  of s a l i n e
bun-dc and clay (1 - 20 ohm. n’m ) down to an average bun-I n- I” n-mi 50 - 70 m . (‘-,ar - n- mum -- n- n- l i on :  Which res is t iv i t y values
s h o u l d  be p l o t t e d  in a r e s i n - n - t i v i ty ‘n-n-op The photos in °i 5 . 7 and 8 i i1u :  Irate I e ‘ n - i t , m a l  ion n-I the surface.

4 .2. ~uunung Sewu/Java (Indonesia).

In Central  Java 50 of Dj o k 1a ks -n - r la  a I r a  l u - n -  a u- I -  m t  ui” ,— - ; ‘ ev, m-, a  ~~orpu n - s-b o ,n-y having no pendant all over
b - c  worlu b. i’,-s - nst in form of “sinoids ” up to (5 - - m “u ’ ’, ’ t COvl” a I o s m n-rn’, . The s-co b ogical situation is shown
in Fig. 9 and the photo in F u n - .  15 : , 11’c’ h i l ls  w it  P “ sinuS-i o r-I .  ‘m u t  have s-l course i-is-i-- r e sus l i v i t i e s . The
va l leys  in between , mn-owever , n- i on-, Ion-, rm n - - n - u ”- tu -n - n - I u ,’-: ~ 15 ohrr’ .ro) tow n- In-n- a le s t of 10 - 20 m as may be
seen from the sounduns -  u r n - l u ’ ‘ - In Fl 1. ii . C o’n- - n - r i o - u t ’ c ry, ”; n - u t ’  I’’ - c , , uvmn - ‘- ‘ f  ftc ,”’ i’~~~s- Sharu in
Fig. 5 we ask again: Vu n- ich r e s i s t i v i ty values s- i ’s -c l  I be pI n-It - i in sn-i ‘u - ” - l uvi ty n-sIP” Tim e r1n-oto in Fi g. 11
shows Ii,,’- f ie ld  s i l m i n - i h , -”u’ : ,

4 . 3 .  Chaco Eloreal ( Pa r s- s - c a y ) .

In  195’)  a geee loct ruca l  Survey was carr ie I - — ‘I i n c- - ‘ m l r  m i  s - s - t m  A m e r i c a .  The ,Sr ,n- , n- Ohs-co is wel l  known
from the war between Bol ivia and Par s - m ’ nc aa v in 1 ‘ui’l _ 35 , I l-c - war in t i le “ green ‘e l I ” - i . e .  h is- i n- temperatures
and no n - n - s - I c r .  Looking sit t 1n-e ‘ n - n - - n -u ’  in Fi n- 1 .  12 you w i l l  f i n u’h in the lo f t  part of t im e s- urea of investi gation t i n-c name
“t ,’ ,n- r isca l s - , t i i , ’u r r ib i s - i ” . T h us  man won t lsu n - f ina l  ba t t le  s- ’ 1dn - i ns - h  II u B o l i v u n -’un t rnopn- . From this place — a mili-
t a r y  s ta t i on  now - a s- in- s- e lec t r ic  prof i le  was run v ia “km 260” and “k ’n-— tSP” in eastern direction to Puerto
‘S n- cs - a’s-a sit the P io Par-’um ’jujs -u uy. The ru ’ s m u t 5 sh own-s as a ver luca l sec-lion in Fi g. ii . Come t ypical soundiin-~’t
graphs s- re g iven in Fig. 14 . The surpris ing Isn ’t  in i -n- n - n -  was I ‘ u  low res i s t i v i t y  of hP,’ subsoil decreasin-a below
1 ohm.m in a few meters, depth in  spi bu - - of h fm ~ d i f f i cu l ty  to push mn-i m , a r r - ’ rn - I  electrode by hammer into Inn -i n- hard
uro , u nm ’ I . The r e s - u n - t u v u t u u ’ ’, I In -m I t t ‘ 1  i n Fig. 1-I ru acI’ low vai n -- ’ , sn- f -“1 ,5 s-nm .’ ’ - . s- on- n-n-paring this wst ’ : tIn-e water

re ’n - i s tmv i t iea 
~~‘W

ifl F i n - 1 .  6 win- -‘n- r u” w i t i n - i n  t u t u ’  r n - n - - i -,- ‘ml t t m u ~ ocean w , n - t c r .  Our conclusion: Tin-ore is nearl y no diffe-
rence in r e s u - t i v ity br-two- n-u ocean aurfs-mci” win -t m-i and hi ‘,n- - n - m i r I a m- ,- of wide regions in ci ’ n- n - I rn l  South A n n- c r i e s - i. T in- in-
n-n-_an ci surprising result in i n-l u- m n- bocs- mun-’-in- ‘ Is - ui - b r in ’j inm ’i n-un es - ui p’ n- n-c ” n- I  i , m to  the (~In-s-co Boreal we were  told hi-at we
would w,n-s tu’- money , because 1 , 1 , , ,‘ n - s u m u l m h  be no ch ar-ce to n-i , ’ l  any c ’ ; urr i’ rs l  into this ‘ ms - r b underground. Looking

S - The overlapsç’m u r u  m of t im ’ ’  o— t n - r - n - , v ’ I ,, “ , n - u i ,  1 h a mu m , —brancbn-es is 1 y 1’ i , n - u i for I~ m , ’  Schlun’Ln-ern-n-er arrongen”ent because
- , l , n - r t m n i -’1 w i th  a - 1 m ii,,’ v ’ m I t ~~ge L w u i l  rm ’ ,’mu d n- ri technical low limit making a ch ange to a — 10 rr nece- sary.

I
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at the photos in Fig. 15-17 this opinion had to be expected. And the answer to our question concerning the re-
s i s t i v i t y map : Here we are able to plot values for a large reg ion : ~ 1 ohm.m.

4.4 . Jordan Val ley (Jordan).

In 1963/64 a geoelectr ica l sc urvey was carried out north of the Dead Sea (Totes Meer) by m easuring on
profiles across the va l ley (seeFig.  18). The level of the Dead Sea is about 400 m bebow m.s . I.  (m .s . I .
main level of the Mediterranean Sea ). Fig. 18 shows the true res is t iv i t ies  on a horizontal section . The re-
s i s t i v i t i es  are decreasing from the graben-marg ins to the r iver.  The sound ing graphs recorded along profi le 9
from Jericho to Smn-una are represented in Fig. 19 together wi th  two observation wel ls .  These graphs clearl y
show the sens i t iv i ty  of electr ical measurements. The horizontal section in Fig. 18 could be used for construct-
ing a res i s t i v i t y  map but onl y for the region of the val ley . The photo in Fi g. 20 ShOws the arid plain near Sbn-una.

5. CONCLUSIONS

Four case histories were presented wi th  figures and photos. What was reall y demonstrated? Drawing a

world-wide near-surface res is t iv i ty  map cannot he done without geological aspects. Experience from geoelec—
t r i cs  show win-at I should like Is- cal l  the “near-surface res i s t i v i t y paradoxon” , i.e. low res is t i v i t i es  in arid
regions , h i gh resus l i v i t i es  in humid regions. The latter fact could be demonstrated by many case histor ies from
Nortln-ern Europe . In forests the near-surface res is t i v i t i es  are normall y higher than 1000 ohm.m. A possible
reason may be found in ARCH IE ‘ a formula given in Fig. 6. As a ionic conductivit y is concerned the electro-
ly t ic  content in lhn-e water is an important factor in the res is t i v i t y of the groundwater. In forests these electro-
ly tes are extracted by the trees causing high values of ~~w . In arid areas , however , ~~~ 

is decreased because
the sunshine and the low air-humid it y cause a high evaporabion and thus a concentration of the electrol y tic con-
tent in the small amount of water in f i l t ra ted into the ground . The last photo in Fig. 21 shows the I ran h- ui ghlan n-Is :
.~~20 ohm.m.
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I i s- . 1 Four-point arrangement AMNB with current (1)-lines and potential

distribution (U) in a homogeneous earth.
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I-II,I(I ’’ I’RuiHAl Nl- ’’I II’ k,\\’ I t’lIiipA m;,\’i h u N
-‘R,I’l SIulIR ’I’ S IN u ’ ,IMl ’ uu S l ’ I ’ E  M E I f l A

A Ibm ’r t  W , Blggs
E l e c t  rO-a i l  Er ug i r u i ’ ,’ r ing Dm’ 7 ’ u i r Iu Im ~’ i m I

l’ iu I V u- r m, I I I’ ‘I K , i u u m n - , u ”
I , ,u wr a, -, u , , ’ , Ka nsas ‘ n-In-I l ’, 5 , IiO\

Ii ~‘~lNn-\ RY

SE ’  u/a, ’ • ground , and sur i ,mu’ in- w ,uv, s x~u r a , s s i u m i ms s- r i - dm ’v & ’ l a u p c - d  f u r  u I umu , r  u i - i  nm - - mi i uunu , I i,, ’ I ‘ m u m  l uv,’r
me d i u m  cons i s t s  ,uI alum upp,,’r l,u~ s r of ,i i r uI’, ’,’, , i  t lurc ,’ 1:uvc’r,’d ,‘ , ur u  h. A liar izon t  ‘ u I , ‘ I ,- , I r I ,‘ d 1 u Is ’
antenna is the in- ‘ a ’ uura ’ a,’ consi dered lm,-re . Boundary i’s-nd I t ions and Fu’ uu r I s r  t ‘ , uu u ’ a I ‘ ram ’, Ire appl h-I t ‘ ~
Hertz yes - t a r  pot~’nt t a t  w ,uv a,m ,‘us- (uat ions in s um - l u - l iver a’ I  tIn - ,’ suu lt ‘m lIy,’ r t , - i - i’ ,u in . m t  s ’ s - ra t  C - s - i ’  r ’ ’ n - ’ I ,q~ s- u s i r
t lue ho r i zon ta l  and v e r t i c a l  a ’ aina p s~iu~’ us1  ‘a sit t h e  lla,’ r t2  I’,-,’ t u’ r  po tent  i,il Ira,’ f asuu ~s d u a r  m s - s - l u  l i s a ,  , its,’
e l e c t ric  and magnc’t ia 0 lelds ,u r,’ t’uun,’ t ia ,s us o f Llm ~- s,-,Ij a ~,ur ru m s - I s i s - ,

The ant a ,’nri,u is loca ted in time ripper I,uv, ’r i t  t l us ’ s - t i l t  I t  led ,‘~urt 1u. \‘ ,I r i , u t  inns in II,,’ rn, ’u l j , u
parameters al low resu l t s  I’ u’ r upper la mv u ’ r s  ‘ ‘ I  w a i t s - r u . Ia ’ ,’, h’ s’ a,u am r t  Ii , wa,’t s - s m  Its , ,,r n - i , ,  ,,‘ s - r t li u orsed Ia’
mixtures of , l i t t ,’ rs -r ’ , t m,m t a , ’ r i u m ls , S imilar  co m bina t ia ’ r i ’a  a i r , -  s - n - i l l s - b ! , -  m r  t i u s -  1, ,~ ‘,- r t w a ’  i s -v - r n ,

Su r f ace  v i v a , ’  plu,-noaena ira,’ u ’ lss , ’ rvn - ’ al fo r  suitahl,’ a,’in-ml, i s- a t  ions ‘ ,i t I , u v , ’ r  pa m ra m a , ’ t s ’ r ma , In aidd it iu,n I~~’
mate r lal var iat  is- nra , t he I rs ’quumn,’y and laye r  dc-pt us can .i I so he s ou ls i ,ta, ’ rc’d , - ‘~l~I’ ~ ~ s i t  Ions I,- hau r i ,-,l
rhombic antennas and traveling wave ant eo ns -s cs -n he s,male w i t h  ti,,, i r s - u - c d  h ug, r,’ -aau l t : ~ , Square 1oop antennas
can also be syn thes ized .  When sr r , iy m - , of buried l a a ’ r  t a i n t s I arm t ,‘nn,us ur n - ,‘xaurru I ned • i f requenc- v St an-n- i , u l m  1,,-
antenna can be developed.

1. 1 NT R imI ,IC’r ION

This paper is a review of the u-’ l a’ctrotimagnc’ t La ,’ w , s ’ s ’ ,’ propagalt ion t ram -a , , I r s - s in (‘s-spun -s a t , - rn-i,’,! u, Tlue
electromagnetic waves include space , ground , and su r face  waves .  Tha-’s’ can tie fo r m u l a t ,’d w i l l ,  m s -m a N- ,- ’,
time composite media , which is an upper Is - v s - v of air or fr , - , s-l’s-~~” 

a bove - u t tm rc- e  layer a’ , u r t l r .  ‘Tb,’
Cartesian coordinate system appears in F i g m s r a ’ 1 , wh e re tt~ ’ x — y  ‘ l i a r ’ at  z = (I is the ai m’ — s - r ” a r ua i  i n te r f a c e
and the x—y p lanes at z = —D

1 
and z — — ( D 1 + D n- )  are the Hit ,“r’ t a m / r ’,a in t he I , sv s ’ rs ’ , l  g round. The s - s - m a- sn-

wave Is in time air , region (0) ,  and the grou~ d and sur f , i, - ,’ waves a re  on tim,’ s—v p lane be twe e n region (0)
and region (1). Since these radiat ion field s wer,- derived fusr a ru t s ’nn,m s in ( a , ’ m \ r r t  i r a - t i u ’ r, -,: ion
(B1GGS , A. W. , 191,4), region (1) is ic, or dry soi l , region (2 ) ii, -a’ ,i s,- , u t, ’r ,‘r w, I s~~i1 , and r n -  s - i s - u  (3)
is granite or ,t r v  so i l .  These media correspond to s-a’ u i ce  I lu ’s - I  ing abov e sea W I t ,  r , with am l i t  torn i ,uve r
of granite or comparat icc - l u’ dry soil. There are transit ion r,,’gi uins ii ,‘t- ,as ’a ’ru eactu a,! the- a c rr-1m ions where
the conductiv ities and di eis ’a ’ t r i a - constants blend from one I,’  the u ’tl us ’ r med ium. These transit i , ’n r e g i o n s
are considered to be small In the l u ’ s - red model , wlm ere t h e  changes ,,r,- m ore prum n ou un ce uh . lii, ’ s , ia u r , - ,’’a in
region one ira’ horizontal and vertical ela’ ,’ tri c dipoles. They are ,ussumed t u’ be c’s-v ’s ‘a n - m a ll in compa ri son
with the wavelength of the r,m diatlon fields. The curren t distr i b uu t ion is ,smas mum’ i s -al t s ’  he cons tant instead
of linear or sinusoidal ,  Tt uese assumptions all,’w appl i ca t io ru  of t ime res u u lt s  to  t r’ u s - s - - ling vs-v, antennas
and other forms a u - i linear antennas. The depth  of burial , h , all u’ws II,, - ohs,’rva t ion of (ha’s,’ infl uences
to be included in the radiation field ex p r mn - s s i~ a mis ,

The propagation constant for regIon (0) Is

k ,,
2 = ,,, 2 I a ,  • (1)

where -r is the radian frequency, a, is the p e r m e a b i l i ty  if f ree  ‘as - am ,- Ii” ‘~ 10 t u ,-nri e s per meter) and
is the dielectric a ’ u u i u s t u m r m t  o f f r , - ,  spac u-  (1/ 36 x h r 9 fara ds p a r  me ts ’ r )  . In time 1’r , ’u u i, ,t , region (1)

Is described by

k 
2 , 2~, , + I n- ia  -u (2)

1 o 1 o 1

wi th  s imi lar  Is i rr u r s for regions (2) and (3). The ii f f s ’ r i - i s a ’ s-s be tween regIon (0) and t i m e  other  regions lie
In t Ime d ie lec t r ic  constant and the c o n d u c t i v i t y , and  ‘i , ra ’s ps - / u i v e l y .  When the medium is ice or snow
a t  low f requenc ies  • ti m ,’ beh avior of the c ia - c t  r I u ’ ,  I parameters Im i l low tIme esp i r i  i l form s f r om d hula’ ,’ I r i s -
relaxation thec ,rls-s (AIITY , R, P. and (“ (II- ’ , R. H. • 1 9 1 2 ) .  In the form s i  r e l , m m  i v ’  d i a l e c t  n c  , ‘ m m — I  O i l s
and luiss I i ,  t i , t im,’ complex r,’lati’.’,’ d ie l i’a - i r i  u’ u s u n s t m m r r t  ‘ 4 is

- 
+ (‘ — i 3 1 ( 1  — I - I . (I)

where , , and i i r s ’  t lu,- , ’ i 1 m u i  I lhr iurn anal t mig h I rm ’q u i , - r r ,  v I Im ir  v a l u m , ’’. ansi ‘ I— ’ l it,’ i u ’ I , u x , i t  ion tim ,- . it
— 0 . 1  1,~ - , , ,  ‘ , and i s r ,  91. ’~, 1 , 1,1 , and 2 . 2  x I u i ” , I ‘ ‘ ‘ - s - s ’  t i ’ s - ,- lv .  it — 6 5 .4 ’ a , ‘ is -v lns ’r,’,m s , ’ t s ’  Is ’ , ’ .
3. 1 1, , s i a m 1  - ‘..S x I ’ u ” , v s - c i , ’  i lv , - l v , His ’ vai n - u t  l,’n ‘I (lie ‘ i ’ m l” ’ uu i ’ r i t  ~ a,s f ut,, i s - l i t  lye csump l s ’ x  d i s h - u t  n c
,- s , r , ’ a t .m nt  ,m pp m ’ ,- , r ’ a  In f ’ I 3 ’ , s r , ’ 2 i, ir I ’ , ’  —11 .1 ’ I ’

The di ,’ I,’ , - t r a v s - I n - u s s r  l,mn l i li, ’rm ,~ m ns m m  ( i t ’ ’ ’ rut In i 5 - u i low m r s - m I , , ,  m u ,  i - s  1’. s- I - a , ’  ‘i’ s ’s~’ i r t  in W a ts -i al t
microw ave I r m ’ , 1 u u s ’ , i m  Ies. ‘I’he r , ’ l i t  lv,’ d i , ’  l s ’ s ’ t  r i,  s ’,’,m’at , s , mi .in i I ’ ’ — .- - f - u -  I , - t  i - - i  v ,it er appear  in F’ i i ’ , , mr i -  I t a r
m in r,,w,,vu’ I rs ’quu ~’ i u , les

I 

--- - - - --‘ - - • 
~~~-



2. l \ I I’ ,Ii,\ I, (- ‘ a i l ’ , \ f I a u I , (

(Ira ’ e la ’a - t nic and magnaut iu ’ I’ ia ’ la,l i nte ns i t  is -u , au ra’ ex pressed w i th  t iue ila ’ nt z  va- /l a i r ps~ta ’m r t i a l  ::

E = ‘$ ( ‘ .‘ . II) + k t 1  , ( - ‘a )

(5)

w ith -‘ t ime uiepa’ndence (— i _ -t  ) and the jilt r ins is- imimedance

k’s- - m n- ( 6 )

,-und the iun-t r in ,u ia’ ad tt mi t t ,u na ’s’

kr, = ran - + j m  , ( 7 )

‘lila’ ‘-s- ia , r / a ’ s- ImPa ’s- r s in I lu,, i i lu a i, rm , us-ens - a n-ass wave eqima t ion

(~~; 2 
+ k

1
’ t 7

1 
= -i - , ( 8 )

w lmen a ,’ J is tha’ cau r reu t t  d e n s i t y  vec t ,’ r  fa un t h a , ’ d i po l e -  u - i  u r e a , ’ .

J = n - i IdI ‘ (x )  mS (y )  i(z + It) . (9)

where 4 ( x ) ,  aSh- i , and i(, + h) Iv , ’ d a l i_ am f u r ic t is ins  (b’ a \Niui- ’5s- I . I,’ , and PH I l_ l I P S , 41. • 1955). ‘I’ha’ d ipo le
momen t is Idi and it is ,‘ r ie n ted  in t im,,, x — d i r s ’ a  I intl ~fl reg ion (1). Tire a,,t imer wave a s - C u u t  ions mr s

$uus rm ’ i:a’rm a’,, us ’, in t ha’ fin- rm

+ k “ 1( 1 = 0 , ( III)
1 xl

w ha- ra’ tim ,,’ m,a ’ m u t ’ ,- ,’ is na,, t inc l,uda’d and

>
~~~2 

+ k 1
’- )’

,1 = 0 , (II)

w i t h  t I, ,  _ ‘ — ‘~ mr ’ a (~~’ n - a a ’ r r t  t m s - i ra i: m m , - ’ - ’ - ’ ’- u r - ,- I ’  u - i t  i s t v  t , , m i u ’ , r , i n - i r ’ y  , mii, i it  ions. S imil ,ur s ’x pr u- ’s ’ n - i m i r r ’ a  ai ne p r s ’’-u ’ r r t  for
r u ’ s - i on ( 0 )  in t I m ,  form

(~
. # 

+ k , ) :~~~, 0 . ~ l 23

(~~i2 + ~ ,, u , 
, 

= 0 • (1>3

s-nd na’s- lac ing l u , ’ -a uu l ,— a , nil~t ( i t )  li’s ( 2 )  ansi I $1 f , ’r  h i,, -, ,- in, (lie u ’ t l m , - r v , ’ s ’ i ,, irs.

Hoiun da rv  condlt  isms m t u -s- Is I u r t  ‘ ‘ r t , u , , ’  hs-va’ the form

k I! = ‘ ‘ ‘  , ( I~~I xl - - xo

‘:~~I + 
- ,‘l = 

- 

,
~~ ,‘ 

+ 
n- ’ l  

• h 1 ’ u - I

t - ’r thu’ t smm ~”mul i , m l  s’l,’ ,’ ir is - t h ’ I s l  and

1
2 

k 5,
2 

‘ 

,~~
“ . ( t o l

el k,, n- , . (17)

I

_ _ _ _ _ _  -
~~~ 

• 
~~~~~~~ 

- 
- J



-~~~~~~~~~ 

3,3

~iv t I ma ’ ta ngent iau l magnet ic  f ie ld.  Sisi lan I ,‘t - rn ’, Ira ’  found at the smt tier I n t e r f aces ,

The F’u ’uuv i s ’ r Inn-s n,, f ,’ rm ,

Fh,n • Y )  = : : (x ,v ,n - ) , .  t (  ‘a+ ~~ ‘~~ dx dv si n- , (18)

is app lu  s a l  ts r  t ime isa,’,’,, ‘s-s-isa ’,’ 1 ma and in homs,gu’na’amus w I , ’  a’ a ’ u ( u s  t ions . ‘the resul t ing s ’ vp v a -s m,  i s  nm, n-u re t ranns fo ntrmed
in to integral a- u p u u t  l imns w i t h  t ime i muv e r sa ’  Fo,uni,u r t r’ ,m ru -a t’ a’rm ,

1 ‘ ( f  , 
- i ( m x + u v + , ’ c i  -, I(x .v ,z)  — 

~ jJ~ 
F l— .‘ - • 

- ie - - I -  ,i’ ,i- • I I’i

and the i u t t s ’g ram l s ’ a ( u u n - u t la,,ls ar e eva l uu n - i t  s-ut  by use of the boundary s-nod it ions in Eqs uat i,,rus 1 , 1  t m  (17),
Tha- e l e c t r i c  I us -id in t a - r i s i t i es  obtained ar a ,’ (81C cS , A. is’,, 1968).

F = — 30 k 
2 
(dl sin ” cs-s im ca ,s

0

4 1
k 2

M 1 , 1  — m z + i ’ p
- 

MCi,) —~
- “~~~ 

— ‘ ,‘ - - - a a

, k  +~~~~~k
” t’l a

— ‘  o l  I n  1= 3

• [11 ( 1) ( ( ) _ i n - P
J di • (20)

—i ’lO k Idl  sin 
~

- I 5 ( h )  o ~, +

• ~~~Z + I 
H~
’
~ ( - t ’) e t s -

1 (di . (21)

The d e p t t a  f u u n ,  t i ’ s - - a . 4hl1 u ) and N > ) , )  are (WAIT , J. R ., 1967)

1
k 

2 
slnh -, T

~~ 
- h) + n- 2k1 

M23 cs-si, 11 (D~ — h)
M(h) - -~~~ 2 

- 
• ( 2 2 )

‘n -m b 1 1
1)
1 + 42k1 cs-sb

s-s-si , “ 1 ~~ — h )  + y
2
N73 sinh “ 1 

(0
i

_)
~~N(h)  ‘ ‘

E’ +~~~~~~~~~~
’
~~ 1~ l 

(23)

,ansl ti m e ’ l iver fm,ncttons M
123 

and N 12, are

2 k
1 

2
M , + , 

1
k ,

2 tanh 1
1)

1I
I ‘3 • - - , 

- - 
i 

- - . (2 4 )
+ ‘y 1k

1
’ M , t ani m li

1

- N , 1  + y
1 tanh 11

1)
1

12 I 
= 

‘ 1 + , ,N , I ms - li 
1

11
1 

(25)

when,’ M2 and N , ,, r,’

I
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‘(‘4

~ 1k , + , ,k
3
2 ta un l u ‘,,,l) ,

1 , 3  = n- ,
_
~~

n- _
~~~~~ ~

n - _- 
. (21’ )

— )7k3 + ,3k2 tunIs

‘I + u - ta m n lm
N , > — 

‘ 2 + 
~

- 1 
tn- n i t ,  , ,hi ( 2 7 )

3.  RADI,\ I I i ’ S  FIELD EXPRESSIONS

Ti,e n-~uddla ’ point method is applied to  th+,- eva luun - ut ion aut  tha’ itm t s ’ g v u I  s in Eqiu at iou ,,, (20) and (21) t
,‘ i ’ t , , i im th~ space w,eva’ f ie ld expressions (81 Cs-S • A. W. and 4is,-\RM , H. N, • 156,4 )

ii mi’ , u ’ s - a  1’ ru 2 
— si r , ’ - -  i k  8

E = ihI lk  I dl 4111 ,1  I_ ,~ - ~~~~~~~~~~~~~~~~~~ ° , (28)
s ’ si s’ ’ ’ + 41

~~, >  ri
1 

— sir,
= - -

i k R
= — u I  I d l ‘.01)  

— 

0 
( ) 9 )

a’a’ ” + 
~~~~ 

Is - s in 2 
- ‘

wi sa ’v , - °l 
is time tm,d,’x ‘ h  r a t  v ,i,- t i - i r r  t a r  tha ’ ins t l iv,- v ,iv rs ’i ’,i ,’rr (II.

( u s  m a ’a,hit is -si ‘u n - l i , ’ (m , ’t , , t ,“ t,-t buoa ,i is aipp lia’d I i  the n-n- sm ’,, ’ i n tegra ls  to Im htaim, thc’ s m u v t ’ , in - a ’ and amr a ,man ,i
vs - ’,’, t u - I !  ,-x ~ r n - m s- n , TIm5 - s - u u v t  u s ’ s - v _ u ’ ,- ,-  is / v a ,- n - , t  ,- a l w lua’n th r a’ sipper Ia mye n i t s -  am I - mw , - r  index i - I  n , - f r , s s ’t ion
th is-n , the - ,‘r’,~ia,’’, i t s ’ m m - h ’ s -  ‘ m~ s - i  v - , ,  I m m ’ m a  o f t I,, I, -w , - v  lavens.  Tt ue c i n - s p s s i t a ’  index n-I r,- t  v u ,  ut,  t ’ ,’r t tun a - ,’
i , , ’ . a , ’ r ’ a  is

Il
l

= 

~I ’  
(‘lOu

s-nd the s-I f, ’ t at I s ’ ,’ ,, n t h u  ~t t , ’ s - s - , li
1~ ,‘ , s u r  ‘a ’ a , t , ’ as ’ v  ‘ s a m !  in l-: s- u ,,s t ion (_13) . Ama D

l 
i r r u n - v s ’ ,i’ ,u’’ ,, il lappr,i ,ua ’iu a’s unit y and

(31)

1, - v  ,i ‘ a t  ut , , - , - ,  In a ’s , , ’,’ , ui t ,u q u a u r t e u -  w s v m ’ l u --t igt h aul (ha’ n a a h i , u i  s - i  w n - s ve , sa’ , m - a s u red in t re, sps- ’ - or a i r ,
sisns,ther impact ‘I’ de pt lm s ’ iu u m rg a ’  u-u j m d , -  - m l  u - i  in Flgi,rs,’ , o,t u ’ ii rm, w i t l r  t I  us - a m ’ , , , ’  wirer ,’ ~1. I t , , -  s u pp c r I , u v s ’n
depth . a, ,lm,,’a t n - m r s . Wh en tin s- - c a - mv-a , t im , ’ po le  1,i,’ a u t i o n is the m,’, i l u u s ’ s’t ’ ’an - ,t i sfvin g t t , , - ‘i,’rn rru ,’ v t , - l d
a - n - g l u t  i,’r,

+ - , ,k ” 41 ,3 0 1 b2 i

and the t ile im,

— 41 m l
’

= .1,1 -
- 

‘ , > 1 1 )

J 
n , — ~~~ I

A—a is, vs-i — a s- ’ , t i  I’ , , I I,’’ S,’mrnm, ’nle’ I’i c ’s pm at ion - i i , s i t 4 ’ i’-a t s ’

4 ‘ k 
~~~~~~ 

= Ci • (14)

and t I,- ’ p-i l’’  is

I
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- M 23
= +k

1 / - . (35)

J n i 
- M12~

With D~ approaching deep distances , time Sommerfeld equation is

1 k
1

2 
+ -11k0

2 = 0 (36)

and the pole is

n — l
A = +k  ~~~~~~~~~ = + k  

—-

~
---—---— . (37)

1

The pole location in Equation (33) may be on either side s-f the +k branch cut on the complex A—plane in
Figure 5 , which shows the path of steepest descents used in the sai~dle point method of integration . Pole
loch for two layered media in Figure 6 move counterclockwise with increasing depths D

~ for upper layers
of soil in tine f i rs t  two curves and for an upper layer of ice in the third curve.  The composite soil
conductivity below the first layer is 0.01 mho per meter and the frequency is 10 khl z .  In crossing the
+ks- branch cut, normalized to 1.0, the “virtual” poles become real poles. When real poles are trapped by
deformation of the Integration path , a residue term is created. The result ing e lec t r i c  f ield in tens i ty  is

0 5(0 2 _ i )  k ik It
E = i 60k I di cs-s s- M - 1 1 Ix ) ° , (38)

o 123 4 2 2  ‘ o I l(mm
1 

— 11
123

where F(x), the ground wave attenuation function , is

F(x0) = 1 + I ‘ .5 2/2 ,,
-1/2 X n- e n , ’ Ii x ,, / ’  ) . ( 9 1

Oscillations In phase s-nd amp litude in F(xs-) are presented In Figures 7 , Itn ai 8 . Ttus ”a s - ,‘cs’,u r when the
phase angle 01 1/2 x 2 , ‘n p, varies from 0° t o  —90° in stratified med i a, where’ t l u a’ u pp -n l.,vs’r has a
smaller refract ,ive Index than the lower layer (WAIT , J. 8., 1958; BIGGS , A. W , and SWA RM , H, M. , 1965).

4. CONCLUSIONS

The extension of the above method to vertical di pamles is relatively simple. This us ’rmit s siu p er —

posit Ion of resu l ts  from sha ,rt dipoles t o  any linear system of antennas n-is long as any Interaction e f f e c t s
are considered, in a traveling wave antenna or in a rhombic antenna , the composite refractive Index can
be app lied i_ a u the layered media so rhat the velocity of the slow wave on the antenna cs-n be c a l c u l a t e d .

5. REFERENCES

,\urY , R.P. , s-nd COI.E , R.H. , 1952 , “D ie l ec t r i c  Propert ies of Ice and Snow .” J. Chem . and Phys. , vol. 20 ,
pp. 1 309—1314 .

BIGGS , A . W . ,  1968 , “DIpole Antenna Fields in Stratified Antarctic Media ,” IEEE Trans. Ant, and Prop.,
vol. AP— lin , pp. 445—448.

BIG s-,S, A .W , ,  and SWARM , N.M.,  1965 , “Analyt ica l  Study of tine Radiation Fields f rom an E lec t r i c  Dipole in
Stratified and Inhomogeneous AntarctIc Terrain ,” Tech . Report No. 98, Univ. of Wash. • Sea t t l e ,
Washington 981~~5.

BIG(;S , A .W.  • and SWARM , N.M. • 1968 , “Radi atIon Fields from an Ele ctric Dipole Antenna in Homogeneous
Antarctic Terrain ,” IEEF. Trans. Ant , and Prop., vol. AP-hi,, pp . 201—208.

PANOESEY , W . ,  and PHILlIPS , 11., 1955 , Ciassicull E l e c t r i c i ty  and Malnetfst lr. A d d l~ on-We slev .

W A I T , J.R . , 1958 , “Tran,,mlsston and Ref lect ion  of Electromagnetic W ave s in tine Presence of S t r a t i f i e d
Media ,” J. Res. NRS (Radio Prop), vc,L. 61 , pp. 205—232.

I

_ _ _ _ _ _ _ _ _ _  - --- -
~~~~~~~~~~~~~~

=‘ .
~~~~~~ 

a, --. ..•‘- _ 
‘- “ -- -



V ‘ - a , —  —--‘ ‘ - ‘- ---

WAIT , J.R., 1967 , “Asymptotic Theory for Dipole Radiation in the Presence of a Lossy Slab Lying on a
Conducting Half—Space ,” IEEE Trans. Ant, and Prop., vol. AP—l 5 , pp. 645—648.

z

REGION (0)

/ / f 7 f f / I / I / / f f,’//1ff ~~7f) ~~f,’f / / f ff/ f f / /f ~~f, X
Z = O  •

REGI ON (I) ICE OR DRY SOIL

Z = — D
1

R E G I O N  (2) SEA WATER
OR WET SOIL

Z = — ( D 1 -4- 1)2 )

REGION (3) GRANITE OR
DRY SOIL

Fig. I Coordinate system for a dipole source in a layered medium —

60 t20

~1)

_ _ _ _ _ _

-

z
ii)

40- - 80~~

102 io~~FREQUENCY IN Hz

Fig. 2 l ii’s ’s I,mcio r and d t m ,- lcc tr ic constant of ice at very low frequencies

~ IIi,._ , • - - ‘,‘ ,,-rt ” ,,, ,,~,,, , ,, ,, ,,,,,, ,, ,, 



.-
~ --—~ --—---~ —---~ ---

1 I I

4 0 —__
~~~~~~~~~~~~ 8O~~

‘:1
10 8 loll 10 12

FREQUENCY IN Hz
Eig,3 Loss factor and dielectric constant of water at microwave frequencies

(0)
~~~~~I7fI~~f f ,’I

1
~~~~) 1 F I T/ f / 77 D,—e’°O

(2) D 2 = CONSTANT

(3)

(0)

T/f f f f f f / f / ff~~fff,

( 1 )  D 1 =

(2) D2 = C O N S T A N T

(3) (0)

( I )
D 1 -~ ~~

I’m) ’ 4 Varia tion of depth l)~ of the upper layer

.-‘= ==- . - -- - - 
— - -  — —A



(

?K

\

2#
x

~~

SA DDLE POINT

Fig,5 Pat ti of steepest descents for two polar angles in the saddle point region

oi= 0.000I n 1 =95+i95 c~= \
- - 0 .01

_~~~~~~~~~~~~~~ nI = ~ .5 ~ i 9.5 

a 
_ _ _ _ _ _

1.0 LO 1.0 1.00001

T = _ 3 2 . 00

- 0.2
n1 = .89 4 iO .72

I

_ 0 . Io

0. 8

1-Ig (‘ Locii m l  the poles for increasin g dep th  D 1

I

I__a,. - - ‘- .—~~- -- ‘- - - —-‘-a,-_ , . 
~~~~~~~ - ~~~~~~~~~~~ 

-- -- ~~~, ,~~~~~



-,

80C ~~~~~
— --—-—

~~~~~~~
—-- -

~~~~~
- -‘  -

-90°

700 -

( I )
U -60°LU 600 -

a)
ILl

500 -

U-
400 -

Lu.
0

Ui
(0

300 -

0.

- 30°
200 -

0°
+ 3 00

+ 60°
00 - ~~~ 9 Q 0

0 ‘ ~~~~~~ — - - 5 
~~~~~~~~~~~~~~~~~~~~ I -~~~~~~~~~~

0 , 1  1 ,0 0, 0 60 , 0
MAGNITUDE OF p

Fig,7 Phase 01’ th e  ground wavy - a t te nuation fuinction Fip .m ’s a luinction of tim e miumna ’r ie,u l alistanec p

10 .0 ~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -  —

~~~~~~~~~~

- 60°

0.01 — ‘  ~~ ~ I I - ~~ ta ,~~ L m I - u ,, m I -

0,3 1.0 10.0 600
MA G N I T U D E  O C p

I un -~ \ i , u ’ u i n t n i i l c  iii ti me 1 ! r usnlumsl wavea,’ u t t y ’ mmmuatmmui  I l l t l , I u s ’ n l  I m p 1 i s a  t ui m a ’t uun tnf t he m m m m m t i a ’ r m~’,ul ~ImsI.i i i ~’a’ P



3- l u

t ) IS(’U SSION

k J L a n  ,~~~ - r e : - \ ru -  t !y ’ r u ’  not n - n ov on ly ’ s iue to  t u e i e no ” i nn - n to r  0~ \ u u u n ~~ i nt ee,nn yu ds u -, ! n - j c h
i t - c ’  r i ~~e t o  n r n i s n - i ,~:it 171!’ - I a  - ‘ p u ’ ’ ’ “ o n - i c c

5 , 1-. h i ’s: l ine p s - l o s  u ’ ’ s j s t  on 1,0 of the our ‘i u- u”au’ ,tu si -ec ts C u, y , ,  l v  ‘ our ‘- rtu nc h c u l t s .
‘ ‘ C u ’ V I  r t t o i  I is - lo s , t u - ’t n i l  po le - u , for ‘Imarn ou - n ’- r t e n n u u s  ‘ - c ’ t  i -s . WI t t t l a ’s- e r ed  u’-od i  u s !  o r e

t n - c ’  n o u n s -c In - u ’ s- s r  h um s a s ’ - : m l l e r  r e l r n m c t i ’ s - i- in n e~ t i n - n un t I n - c ’  I ’ u , a ’ r l ay e r , t he  t’ i r t u u : i l p o l e s
‘~~ t n t - ’ ~~ 1 - 0  “ i o : ’ - : n n t n  s e c t  u~u or e  i - c ’ s -  ‘ 0 0 0 ’ s’ r e a l  a s  t u e l aye r  c - - ’ -  i e c r c - ase s , ~ 5 i -n- u’

- u  -~~ s o O l  I m u o c s  1 l f l s’ !’ u ’ u n - n - n’ , t i u u ’ v re c r o s c  t n :i_. n r ,”nc h c u t  anil c e a s e  t o  r i - s t  as  ~ea1po l e s .

L . ~ .Felsen : You have s t a t e n i  t ha t  nu n ,eul t a’ n u n - - ’ ’ or o f  l i v er s  i in - t u e  re , 1  j u t e  Is iny’ rt ’ ase i
- - - u - n - o r  o f r i t1y ’n c u n t s  inn  t i e  co ” no le .x ~ - — : u l - u m u n ’  i s  i i -  no-:lSC i rmcn- c- i e d .  I s ’ o t u l d

1 i ls~ o pun 0 1  OUt t u t t ‘ I S c O”” (’r i lv a c c e p t  e not j nu n i ~ i n - u - C r ’ s ‘ . - C - u O n- , j 0 i n i _ s  a nu n
1- r a n c h ,‘ u I t s  n ’ s-ar o n l y  ‘or s e r ’ n — j n f i p i t e  l i te r s . ‘ F ’ n ’ n ’u - I or e , i_ n ,0 

~ai-  ,ou ”’ s r  s-f- - r ,i,’,c ’ u i s - i r , t ~ in- I tn u’ouuc m : c u n t s  is  ° nuir , u,’ hen i _ a u  top ~~~~~‘ i~o t t o r  l iv e r s  e s t o n - !  1 i m u f i n i t ’ s
n-n mm ,I ‘n -ave .i i h i e rc - m ’ t . I i - ’ I c ct r i c  c o n - u t , ar m t s . ‘I i-’ proo f a pn e .-i r ’n  Ic t o °oc4, .P .!’ e l se n  and
‘. .‘ t a r c t n m ’ n t ,~~ ‘‘ a I i it i r n  m m t n - I  S c : n t t u - r j n , u ’ s-I  l ives ’’ ( P r ent i c e  hill , 1 - ~ ”7~~ , on :n t O r —

.

I .‘ u ’ ree u ,j t I :  l.J’ . n c i c e n s i n te r p re t a t i o n  oh t l n is  nro ’— i - - ’ - ’ .

- - a, 



r— - - - - - - -—_ -_ - -__—a,-- ------ a,-—--_— 
4-I

_ _ _ _ 

~~~~

R1IC EN I- S l ’R OGRlh  I ) - \ \ h  
~lt Ijn -~~lIl:S PIt0Clil) 1 S El,} :C’FROMA ( INI ’ l ’ I I t I I IPS liii F) lhl’liCT ION

D IIETERU ( E N  1 I l L S

1’1 . PAIIT IIRMAN , p . DEGAIIQIJII , B . DIIMOLILIN et R. GABI I L A R D

Un iv ers j t~ de M I l l - , I)irpartennent Elec troni qu e , B.P. 36 , S!I(nSO \ ‘ille ne ti ve d ’Ascq
FRANC E

RE SlIME

P o u r  app r ~ cier les caract (-ristiques électri ques du sol et pour d~~tecter des anomaliesde r~ sis tit’ it~~, plusieur s m~~thodes peuven t être utilis h es suivant la nature du terrain et
la profondeur de l ’1i c~t~~rog C~nei tce . tIne do ces techni ques consiste S imettre one onde

~ lec trornz ign~~t i que bass o  f r é qu e n c e , ii l ’ a i d e  d ’ une an tenne c~lec trique s-u d u n  di po le
magn iI~tique p1ac~ ii Ia surface du sol . Dans cet article , nous me ttons en evidence les
r~~cents progrès theoriques do la mnt éthode do d~ te ction di pole-dipole p1ac~ s au vo isin m age
do l ’interface air-so l . En effet , en presence d ’ une anoma lie , l ’int erpr ~ tation des mesures
Se faisait souvent a l ’ a i d e  d ’ un mod i’le analog ique . Comp te-tenu des d i ff ic ult a~s rencontrCes ,
certain s autcnurs ont é1ahorc~ des modèles num~ niques tridin ensi cnn n el s permettant de rendre
comp te do l’in fluence d une anomalie do rf~si s tivit c~ de force quelconq ue , plac~ e dans un
demi-mi li eu homog ène . l .a so lu ti on se prc”scnte SOIlS la forme d ’un sys tème d ’~~qua t ions
in ti~grales altle v érifie Ic champ ~te ctre magn ui tiq u e en tout point do sol. En so ramenant ~
on système natriciel , one solu tion num~~riqtlc es t obtenue . Apr~~s av oir exposé les prin c ipes
do base , nous ili tuma trons cet te t ln~ on i e  sur quelq uo s exemn p les.

1 . INTRODIICT ION

Los recherches slu r lea ant ennes suis coptib les d’~~tah1ir des commu nication s h très
grzmnde dis tance stir des fr~ quences très basses connaissent ac tmue llenne nt on regain d ’ i n t h n ’~~t.
Techniqu oment , ii oxiste deux typos do solu it i a ’ s n s . La premiere mC thode consiste i’m uti l is er
one  a n t e n n e  aér ienne v e r t i ca l e .  En c t h n Omu u l , comme ii n ’est pas possible de lu i donner one
h au t our h suffisant e pour qu ’ e lle  pu isse  r~~sonne r en quart d ’ on de , on c o n st r u i t  on r C s ea u
de pvlone s scupport ant one nappe do fils con stit ua nt one capa citC termina le.

Le terrain , au dess us  duquel es t  tendu m n - c rCs e a u , d o i t  êtro tn’s conducteur car ii
v a dans cc cas  r O f l e x i o n  des ondes Ct I’ antenne ravonne comme tin C l C n o n t  de courant
v e r t i c a l , do hauteur 2 Ii. l’our cc t ype  d’ antonne , l ’ i nf l oe n ce  do Ii nature  do s o o s- so l  peti t
t o u j ou r s  Ct r e  masq uCe en d i s p o sa n t  ii Ia s u r f a c e  dti sol  tin rCs e au  do g r i l la g c s  m Ot a l l i q u es
Ct on es t  a ins i  ramenC , approx imat i ve rr ion t , au cas  d ’ un sol trCs conductour .

La dcuxiCme solu tion , pour Cn n ettre des ondes trCs basses frC qu e n c e s , consisto 5
ut i l i s e r  one longue antenne hori :ont uu lc. On pout employer tin h I  posC stir ii surface do
sol s-u encore , entenr~ i’m faiblo profond our. Pans cc cas , I n - i structure do s o us - s o l  e st  t r C s
i m p o r t a n t e .  Le terrain dolt être isolant et ii n ’est donc plus p o s s i b l e  do s ’ a f f r a n c h i r
par on g r i l l age  conducteur , comni e potu r les an tennes  v e r t i c a le s , de l ’ i n fl u en ce  dc la
s t r u c t u re gCo log ique do s o u s- s o l  stir lequel es t  implantC  cc tY pe  d ’ an t enne . I,a recherche
d ’ un Site f a v o r a b l e  nC c e s s i t e  ii m i s c  en oeovre  ale nn~~thodes gOop hys i ques capah ies  de d C c e le r
des : o n o s  do terrain conductricee , suscepti ble s d ’ avoir tin effet sun Ic ravonnement S
longue d i s t a n c e  do l’ ant en ne  h o r i z o n ta l e .  Ce sont  ces  mf ’t hodes  O l e c t n o m a g n C t i q u e s  de
d e t e c t i o n  d ’ h C t O ro g CnC i t C s  s i t u u C c ’ s c lans le s o u s — s o l  quie nomis a l lo n s  O t i l a t i e r .

11 es t  C v id e n t  u~n - u c ’  c es m Ct ino a i c s  ne s a - r v e n t  P35 miniqt iemcnt  S c h o i s i r  des s i t e s  d’ ante n—
nes ma i s u l t i ’ e l l e s s-nt de nomhra’m isena applications en g6nie civi l .  (‘In pet i t  e n v i s ag e r , n- mr
e x e m p le , Ia reche nche  ale filons do m ine ra i  m C t a l l i f C r t ’ s c o r r c s p o n a t u m n t  I des anoma l i es
c o n d u c t  r i c e s , s-ti la u l , ’ t e ~~t i n -m t ale c i t  i t C s  s s - o t e r r a  ines  p lm is  s-ti mo m s rem h lav Ce s  et qui so
t m u u a i u i  sent  par tine rCs st vi i d  l o c a l e  i m p o r t a n t e  -

lIn e u tos  t e c h n i a t m i c ’ s c l i s s i l n u s ’ s ale d 6 t e c t i o n  c o n s i - u t e  —1 (m ettr e ti n e s-nate Clectr e-
nallit i i _ i  at ti c has so f r C a i um enc o  , .i I ‘ n - u i d e  ml ’  nine ,i itt ennc’ C leo t n i que s-li aI ‘ nun di ps - Ic m agnc5t i i l tu e
p l n - m c C  I’m Ii r a u n r i a c e  m in i sol Ct ‘1 r nc-sn nrcn S mine cer a i n e  d i s t n - u n c e  de l’ n’ n - u u - t t eur l ’ a f f a i i ’ l u s s e —
r n - u i - u n - i  le l’ onde C m i s e .  ( ‘ a’ s t e c h m - i qmie s Mont b ien cs- nnues , m u i u s  leur p o t n u r  d C l i c a t  r C s i d e
encore  clans 1’  I li ter fu rC t n - ut ion ~ie m e s n u r m ’ s  oht e n n u - s  s on  Ic t e r r a  in. II faut gCnCraleme nt

‘ n- n i n e  one !: ‘s -~s u u t l u ~~n - n -  su~’ in - i u-t i- t ic- t a r e  ulu t e r r a i n  1 ~~~~~~~ ale Iri q u e lle s-n ca l cu le tin
aff ajl-nI issemen t t l m C o r i que . In - i co yn t ’ ro nt ;mti o n ale cc’ r O sm i l t ui t ieee les me suire s S e n t  infirmer
o u n  1 con f  i n c r  1’ liypot hOs a -  Ii it u ’ . I ‘t in  ~h’ t n r m i nor u,’u t IIf l’ uu i h Ii sse me nut th f-o i- iq lie , mine
Iirt ’m iC re soi nut ion qi~e nous um t’ un ni -a mis c en o e m i v n e  n - u c o n s i s t C  I nit i u ser  tin mea lCle  analog ique
t r i a l im e ns i o n n e l  , s c i o n - u n - i t  isC  st ir  In 1i 1 ire I .

I 
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Le milieu conductour est constit oC d’une solution d ’ ert u suilCe dont 1,-i cond u cti a’ it C

~‘n - inie entre 0,1 et 3 mho/m suivant la concont mui tion en s d .  Cetto solution ost contenue
dans one cove cylindri qoe rCalisCe en stna tifi C de lam e de verro de 2 ,4 m de diamC tre
Ct de 1 , 1’ m de hau teur. Le dispos itif Cmotte ur se compose d’ un g CnCra teur de courant
sinuso!dal ii la frC quonce do 200 kit z . Ce modCle nouls a servi essentiol lemen t S obtenir
des infornnations qoalitativ cu s sur l’ o f f e t d ’une anomalie ; mais , on no peti t simu ler
pra tialuennment les conditions exactes de mesures sur le terrain. En effet , on aboutit S
tine imposs ib il i tC  S r o s p e c to r  S Ia fois les rapports de reduction do gComC tr i e e t de
frO quence. On choisit bien souvent la reduction do geometric , cc qui revient S supposor ,
dans  Ia p l u p a r t des cas , qtie l’ on travaille sur le terrain S one frC quence voisir ie de
1/ 1 0  lIz. Ii en rCsu lte  que la cuvo ana log ique do l t  Ct r o  cons idC rOe comme on nnodCle en
000ra nt  continu .

En f a i s a n t , m a l g r é  tou t , abstraction de ces objections , il est al iff i cile sur un tel
modC le do faire varier le c o nt mn - u s te do rC sistivit O entre le mi l ieu e n c a i ss a n t  et I’ anomal ie.
N~ nts avons donc Ct il amenCs ii mot t r o  ati point  on modCle numCriquc t n i d i tnnens ionne l  dovant
p e r m o tt re one i n t e r p r e t a t i o n  quan tita t it - e des rOst tltats . Notis n - ill o n s d C v e l o p p e r  le p r i n c i pe
~le ii nt mCt hode en sopposant  q u o  ii source d ’ C m i s s i o n  es t  one an tenne C le c t r i que h o r izo n t ale
p lacCma ii la s u r f a c e  do sol . P’ a ut r e s  aut eurs s-nt e nv i sage  Ic en - u s d ’ une e x c i t a t i o n  I p a n t i r
d’ une ligne source (llohmann , 192 1) ,  d’ un C me t teu r  lo in t a i n  (Dcv et ,il., 19 ” 2 )  ou d ’ un
di pole magnCt ique  (S tove r  et W n - u i t , l 9 5  ; llohmann , l 9 2 5 i  . N ous  si gnalers -os los differences
e x i s t n - i n n t en t ro  les modOles  et notannmont e n t r e  lo modCle d ’ I lohmann et le no t re , tan t  du
point  do vue a n a l y t i q u e  que numc’riquc.

2 .  El ODE TIIEOR IQIIE

Comme l’ ind iquo  la fi gure 2 , Ic sol est assimi lC I tin demi -m i l i cu  horntogCne , a i m
c o n d u c tiv i tC  a t  Ct  do p e r m i t t i v i t o  ci , rcnfor rmtan t line n - u no nn - ili e de volume \‘ , l i m i t Ce p a r
ti ne s u r f a c e  S.  S c i o n t  C l  et ~2 los paramO tres C loctriques de c e t t e  i n h o m o g C nC it C .  -\

I’ aide des eq u a t i o n;  do I’ tn - i xw e l l , on peti t m o n t r o n  qu ’ une a n o m a lie , qt ielqoe s o i t  le
dispositif dme ttcur qti i l’ excitc , pout toujoors Ctrc rcmplacCe par tine distri b ution do
d i poles vu,-r ticaux et ho n i zon t aux (Cauterman , 1 9 5  ; Ca u te rman  et al . , juin l 9 5
I l ohmann , 1975).

La valour des n - uu’ s mn - ncn t ts des dipoles equivalen ts s tine homog CnCi tC de volume dv est
donnée par les equa tions suivantes

~ E 2 dv (I)

IdSeq = __ L!~~ _~ _ do - i t ,  dv ( 2 )

Pans ces fonr ’n n i l e n - — , 112 et II ’ sont ics d un - in n -p s Cl ect n i quos et magn et i que ra cxi S ta n t  I
l’ i nt C ni c u r  du v o l n,imc a lv .

Pans Ic cas pa r t  ico l i e r  oD les nn i l i e u x  ont lut memo pemmIn -~ li tC quo ce llc do viale ,
ces equations se simp l ifient et I’ ans -vn a lj e p o t  Ctro tini quement remp lacCe p u n  dos di poles
Clec tn i ques a>’ant la mCme d irec t ion qnie lo champ C l e e t r i que l I p .

Lcur ms- mont e s t  donn(- par

Id ‘eq = ( — n-’ i I 2 ~I ’~’ ( I )

Nou s supposons  quc l ’ ( n n - u t ’ t t m - u i r , c o n s t i t t t n- par tine a n tenne  C l u a c t r i que h o r iz o n t a l e , 0 5 1
s i t uC  stir Ia s n t r f a c e  do sol - l’ un n ’ u ! u t m - — t e n u  do nlc n n m n n - i i n c  basse  f rC quence - ‘ n - uri s lequel  no t t s  nous
p lacons , Ics composan tos  dii champ ravonnC pemivent Ctre c a l c n i l Ce s  clans l’ a p p rox i m a t io n
u lnt ; i s i S t a t i quc . Ce t t o  a p p r o x i r m n i t i o n  r ev i e n t  I siipposer qt ie Ia d i s t a n c e  h o r i z o n ta l e
Cn n -n c tteur— rCccptcun est faih l c ;‘is I v i s  ale In - i  1s - nguenir d ’ onde al ans 1 ‘ a i r , s o i t

r (4)

Le champ uhle ct ni que en on poin t quelconque alti sot est la somme d ’ cun chn - mn p primaire
et  ‘ un champ s e a n - o n d n - i i n e  d i  lt ’ c n - i c t C  pa r I ‘ anoma l ie .  I,es c n i r npocn - un l t c s  do champ thins le so l
sont  done n i on nnC a ’s pan

I ., (I fl  I 
~1 n - ( Q)  4 k(I~~1 + I~ + l

~n- ) (II

I 
~ 

( Q ) 
~~~ (1)) 

+ N ( ‘ ~ 1 + ~~~~ 
• I~.-~I i t )

I ‘, ( Q)  = 4 K ( I _  .- I,. . 4 t~~~ ) 1=)

_ _ _ _ _ _ _ _  
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Avec
G 2 —

( R )4ii o~

Dans ces fo rmu l e s , E 
~
,, ~~~ et sont les champs obtenus dans un d emi-mi l ieu

homogène . Les termes ‘xl , et ‘x3 correspondent respectivement ~i la composante E~du champ produ it par le~ projections sur les trois axes cartési ens du di pole ~quiva 1en ta 1’inhomog ~ néit~~. Leurs expressions sent données par les relat ions suivantes

~ ~~~= E2~~
(M) 

- 
~ xz 

(P 1 - P )y~ (P 1 -P)+~-1- L_., +

_ 2 ~~~~~ _ 2 ~ 2~~~~
] 

dv (
~

)

= E2~~(M) + ____ - dv (1 0)

‘x3 = E~~ (M) 
2 

(P 1 — P) dv ( 1 1)

V

De m~me , les term es et I~ son t obtenus Li par tir des formules suivantes

= J E2~~(M) + 2 - 
~~~~ 

] dv ( 1 2 )

‘Y 2 
= 

J E 2Y (M 

~~~~~ 

(P1 -P) - y 2(P 1 -P) + ~~~~ + -2 - 2~ 2 dv (13)

I)~3 E21 (M) 
~~

-

~~

- -

~~ 
(P1 — P) dv ( 1 4 )

V

1 z~ 
E 2 x ( M ) (P 1 + P) dv (1 5)

1 12 J E2~~(M) (P 1 + P) dv (16)

‘Z 3  
= 

J E
2z (M)~~~~~~ (P1 - P) - y~~(P1 - P) ] dv (17)

‘1
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I .e v o l u m e  d ’  i n t e g r a t i o n e st  ~ v i ~ I e n ~ k r ) t  le v ilu r l( t o t i t  In  I . i i i o i i , i l  i C .  ~ t I c  CLLI q )
cx S t i n t  en un p o i n t  que I conque N du vo luen V I I i  ~u i n  7

Le s fone t i o n s  do h r e on  P , l’ l of  \ s e n t  d~~l i n i c s  c i  — d n - ~’o ws

= eui (:~~~’) ~~~~~~~~~~~~ d~ = 1 4 (R 2 + (:~ : ) )  . k o •
~~~ 

(R ~ ( - ~~ = ‘ ) )  f 1 ~~~

- 
_ i Il iUl — J ( ‘ i )  

______P 1 = e ° dx = R (1 9 )i i 1

= 

J 
U 1(: + :’ )  J 0 ( ~~r)  

i = 

Y 1 R~ 
( :0)

A v e r

= , ( x ~~x ) 2 (v~~v~~) 2  + ( Z = Z ’ )~ 1 2 1)

+ (y~~v~~)2 + (z+~~~)2 (“ 1

(1
1 

= 
~~ 

oO R 0 I i i
~ 

} > ( 2 3 ~

•\ u c ou r s  in La ~ 1n~~t r i t i o n , a u c u nc  r e s t r i c t i o n  n ’ a Ot ~ impos Oc  Ia p o s i t i o n  du
poin t J ’ ohsen.  t i n  Q d an s  Ic d emi- mi lieu conducteur. Ce point petit donc être sit u~ ~1’ i n t ~~r i o u r du v o l u m e  \ 11 en r d s u l t e  d a n s  cc cas que l o s  r e l a t i o n s  5 c o n s t i t u e n t
ti n S v s t ~~me do t r o i s  ~p i . i t  i o n s  i n t ~~g r t 1 e s  de F r e d h o i m  d o n t  los  i n c o n n u e s  sen t

I 
~~ ~~~ ot l ,_

Li r~ s o l i i t  ion  n tirn ~~r i q u e  do cc sy s t è m e  a ~~~~ souven t ahordèe grLi ce Li la mèthode des
m o m e n t s .  C e t t e  m~ t h o d e  c o n s i s t e  Li r a r n e n e r  Ic  s y s t è m e  d ’ O q u a t i o n s  i n t O g r a l e s  Li une  eq u a t i o n
m a t r i c i e l l e  en d i v i s a n t  I ’ a n o m a l i e  en p e t i t s  C l e m e n t s  (IC v o l u m e .  On c h o i s i t  l e u r s  d i m e n s i o n s
suffisamment faih in pour pout ’oir supposer qUo , dans  ch a c u n  ( I ’ eL l x , Ic c h a m p  C le c t r i q u e e s t
constant Ct a pour valour coli c pri se au centre (IC l’d lOment de volume consid CrC . Certains
auteurs , comme llohmann par cxemple , ont appliqu e direct oment cetto rnCtho de au système quo
nous venons d’ exposor. Pans cc cas , quelques d i ff ic ul tCs math Cma t i qiios surgi ssent. En
effet , cortain es int Cgral o s Li caiculer ont tine forme donnCe par

1(Q)  = IX dv ’ (I: ’ ( 2 4 )

~ Otant la mai ll e Clementair e reprCsentCe stir Ia fi gure 3 Ct P 1 la fonction do Creen , dC fini c
par l’C quation (19) .

Lorsque le point d’ohservation Q tend vers ‘.1 , l ’int O gra le (2.1 ) diverge mais on pout
montrer anal ytiquement que sa valour princi pale existe (Cauterrnan , 1iY~5).

La solution adoptCe par Hohmann consiste Li .i ssimiler le par al I~~1~~pi pCd o f orm C par la
mail le Li une sphere do memo volume et 11 int 6gri i nsu ite an al yti quem ont. Nous avons choisi
une autre solution obtenue en remarquant quo la rivCe do Ia fonction de Croon P 1
sa t i s f a i t l ’C quation

~p i
= 

_ .~ ( 2 5 )
‘5

,

En uti l isant cett e relation dans l’O qiia t ion (2h , 1’  i n t C gr alc I petit so nettr o soli s
la fo rme s u i v a n te

I



1) Y 2
~y 1 R~ — y 1 R’

1(Q)  = da ’ - e dy ’ (26)

z 1 y
1

avec

= / (x-x 1 )2 + ( y -y ’)2 + (z-z ’)2 (27)

= J (X_x 2)2 + ( y — y ’) 2 + ( z - z ’ ) 2  (2 8)

Ccci montre bien que 1 a une valeur finie que l’ on peut calcu ler numC ri quoment sans
approximation. De plus , ii est intCressant de notes’ qu ’em faisant apparaltre dams l’~~et0-
grant de I une différentie lle exacte par rapport Li l’ une dos variables d ’inté gration ,
l’ int C grale triple so transforme en une intC grale double. Cette remarque va simplif ier
considCrablement la mise en oeuvre du calcul numCrique dos intC gra le s de vol ume des
fonctions de Green. Cette dCmonstration so gCnCra lise ~ toutes les intC g ral es des d C r i v C es
seconde s do P 1 qui fi gurent dams les expressions des composantes du champ Clectri que .

Enfin , l’ au t re terme qu i  pout tendre vers l’ infin i quand R 1— ’ 0 est la fonction P1,
elle- méme . Or , cette fonction vCrifi e la relation de Uelmo ltz

— 

~ 2 - 2  - 2
+ + -_. -_, — y 2 P 1 = — 4 i~~(R 1) ( 2 9 )

En uti lis ant cette rolat ion , P1 s ’exprime en tonctiofl de ses dCrivdcs secondes par
rappor t a l ’ espace. On est ainsi ramenC mu calcul prCcédent en ayant rendu ré g u l i e r  tou s

les inté grants. Si l ’ anomal ie de volume V est discr CtisCe en n Cléments para liC le p ip éd iques
A V1, les re la t ions  in tCgrales reliant les composantes du champ Clectrique Se mettent sous
la f orme su ivan te

n
E 2x (M 1) E xp (14 i)  — K 

k = i ~~~~~~~
k C,~~LiV - I l .  I N k I  1 \  — E7 _ I” lk ) G~dV )

I I
~~ E 2 y (M i )  = E~~~(M ~) + K 

k~~1 
t E 2x ~~~ 

(~~tlV 1 2y (M k) i;~ dV E ’ : ~~k )  C~ dV

E V k 
3 r V ~

E~~~(M~ ) = E 1~~(M 1) + K 
k=l

{ 2
~~~~~ 

G~dV + ‘:~~~ k~ 
(;~ dv - 

~ 2 z ~~~k~ 
G~~dV } (30)

AV k ~
.Vk 

I

Les f o n c t i ons  G son t des comb inai sons  de f onc tio ns do G reen , dè fin ios par

- 2
= -~ -~~-~- (P 1 

— P )  + ~-~
--

~ (P 1 + P )  + 2 
~ 2 y~~z 

(31)

( 3 2 )

- P )  (33)

I

—-- ~~~~~~~~~~~~~~~ 
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= 
~ (1’ i - 1’) (3.1 )

C = — —.. — I’) + (P 1 + I ’) + 2 
~

—
~~

— - (35)

i; = (l’~ P )  (3o )

= 

~v~ : 
(I
~ 

+ I’)

= (P 1 - P ) + 
.~~~~ ~

1’ i - (5S)

l o s  p o i n t s  ~~ et  Nk c o r r e s p o n d e n t  l u  c e n t r e  do ch a c u n e  dos i n a i l l o s  ‘V~ et ,
~V k . Pour

des points situ Cs d a n s  l ’ a n o t n a l i e , los  e q u a t i o n s  dii champ so r C s u m en t  sous Ia f o r m e
mat r ici oll e suivante

F . = F~, + I. Li F , (3 9 )

F- , est to vec teur champ ( ‘ l e c t r i quc  i n c o n n u  dons l ’ a n o n i a l i e

: , 5 ) N 1 ) ,  l :~~~(LiI~ ) ,  ::(~
.h i ) pour i = 1 , n

Lp est  10 v o c t o u r  c h a m p  l o c t  r i quo  p r i m a  i r e

F xp (N ~~) , Evp (M j I , 1 :p (
~

1
~ 
) pour  i = I ,n

Li e at  Li m a t r  ice dos int 2g ra le s de~ functions do C r o o n  é t en d u o s  aux  C l C o e n t s  ‘ V .
Cette matric o , do dimension 3n x 3n ost  s v r t C t r i q t i e  LI c o n d i t i o n  quc  t o u S  I e s  C l C m e n t s  ~io vu-
lume ‘.V~ soient Cgaux .

La resolution num Crique dii système matrici o l s ’ effoctuo en utili s ant l ’ alg orithm o
do Choleski . I.’c’mploi do cot al~ orithm e pour des svstCmcs oil la matric e A est symCtri que
se ju stifi o par Ia rap id it C de cal cu l et la  precision dos rC su lta ts obtenus. Los int C gralos
dC fini os sont calcul Ces au moycn do I’ algorithmo do Simpson , tandi s quo , pour des intC gra lo s
do surface , Ia m Cthod e do Gauss a CtC choi sic.

La resolution do l ’C quation matrici el le nC ces site tin tomps d ’ onviron I mn pour une
m atric o 100 x 100. Si l ’ anoma lie ost divi sCe Pits ’ exemple ott 24 mai lles , Lie calcul dos
intCgr ale s et Ia rCsolut ion du système ,natricie i doniandent un temps vois in do 3 inn sur un
ordinate tir CII 100”O .

3. FXEMI’LES I)’ .-\ l’I’I. ICAT ION

One verification du mod Cie a d ’ ahord C t C  fa ite grLice Li unc coinp araison cntre los
rC sult a ts thCori qucs ct coux ohtenus expCrimenta leniont sti r la c’ivo analog i que (Catiterman ,
et al. , Oct. 19L5) . Comme notis l ’ avons in diqt ic prCcCdcmmont , l’Cinetteur est place a la
s u r face  do l ’eau ot , dan:s lo cas dii mod Clo an alogique , la composante vertica le E z dii
champ (‘loctriqu c ost mosur Co Li l’ a i d o  d ’uno sonde. line p l aque isolante a CtC immorgCe Li
une profondeur do 28 cm , La distance Cm otte u ir -rCcop teur Ctant de 20 ot 40 cm. Pour caractC-
riser l’inf luenc e do I’hCtCrog CnCit (’, on d c f i r i j t  hahituollomo nt un taux d’ an o m a l ie p a r
I ‘(‘quat ion sii iva nt o$ i?= ~~~~~~~ ( I n )

oil V est Ia tension mesurCo en presence do l ’ a n o m a i i e  et Vo c e l l e  o h t cn u o  en m i l i e u  h o m o g C n o .
Los courhes do Ia figure 1 reprCsentont lo variation do “P en foncti on de Ia profond oui r dii
rCceptour. Sti r Ia figure (a), l’ anom al ie est situ Co ontre I’Cmotteur Ct le rCcopteur ,
and I S quo stir Ia f i glire (h) , I ‘(‘inc t t cii r os t sit u (’ au des sits dii par a li Ci Cp i p Cdo iso lant

~oiis remarquon s un excellent accord entre Ia thCori e ot l’ cxp Crienc o .

—— 
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Pour dCtecter des anomalies situ ées a foible pr fondeui r nu lorsque Ia condu c tivit C
du terrain est élevCe , l’Cm etteur Ct le i Cnep t etii pet ent Ctr o p lanCs ~ Ia surface thu sol .
ll oh m ann a a p p l i qué Ic mod Cle th Cori quo Li la r i ( ’ t ) i i h’ dn prospect ion utilisant des houcles
m a g n ét i q u e s .  C e l l e s - c i  son t  dC p l a c C o s  Li lii s u r t a n c  d i i  “ol on m a i n t e n a n t  c o n s t a n t e  Ia
d i s t a n c e  ém e t t e u r — r C c e p t e u r .  L ’ an o i n a l i e  C t u d i ( - e p ar  }iohmann ecu roprCsent (’e sur la fi gure (s).
La rCsistivit C du milieu enca issant est do 100 to t  300 .m , ~cl Ic do 1’ inhomog CnC i t f Ctant
do 1 Gm . La distance Cm ctteur -rCcept our est fixC e Li 150 m et lti frC quence d ’Cmission a
1 K I I z .

Les courbes des figures (Sti ) Ct ( S b )  repr (’centent la r(’p on s e  do l ’ an o m o l i e  s u r  l ;i
p a r t i e  en phase  of su r  la p a r t  ie en q u a d r a t u r e  dii c h a m p  m a g n C t  i q u o  m e s t u r C .  l.a d i s t a i : ’ e
horizontale x est la distance entre Ia v ertica lo du centre d? l ’ anomal ie et le milieu de
l ’ ensemble di pôle—di pôle .  L ’anom alie a etC divis d e , dans cc cas , en 96 ma illes. En effet ,
la convergence du système est souvent ohtonu o lorsqu o la tai l le do chacune des mai lles ost
do l ’ordre de grandeur dii 1/10 do la prof ondeur do pCnCtra tion dans le sol . Cependant , ce
cr it ère n ’est pas absolument gCnCral Ct  i l pout dC p e n d r e  do I a  c o n d u c t i v i t ( ’  p rop re  do
l’ anomalie. Ii est donc nCcossaire dans hion des cas do tester la convergence en augmentant
systémati quome nt le nombr e do i n a i l l o s .  On r e m a r q u e  d ’ a p r C s  cos c o u rh e s  quo la c o m p o s a n t e
en quadrature est la plus sensible Li la presence do l ’ anoma lie.

Nous allons maintenant envisager la memo anoma lio qu ’Ilohmann ; mais en suppo sant que
l’Cmis sion et la reception so font II l’ a ide do di poles Clectri que s places Li la surface du
sol. Do plt u s , nou s avons  cho i s i 250 I i :  comme f r C q u on c e  d ’ C m i s s i o n  a f i n  do d i m i n u e r  le t e m p s
calcul. En effot , ccci nous a pormis do rCduiro Li 36 Ic nombre do mailles. l.a fi gure 6
r ep r Csen t o lo t a u x  d ’ a n o m a l i e  su r  la composante Er en function do la position do I ’ C m e t t e u r .
Le rCcepteur est fix (’ LI la vertica le do l’ anorn alio et les antonnes d ’Cmis sian ci do recept ion
sont colinCair o s. On romarquo , comme pour Ic di p Ole magnC -t ique , quo la composant c en
quadrature ost plus sensible Li la prCsonce (10 l’h (’t (rogCnCitC . De plus , Ic taux d ’ anoma lie
augmento on fonction do la di stance Cm otto u ir— r (’cept cur pour tendre , Li la l i m i t o , vors tine
valour do 20

N o u s  s u p p o s o n s  ma i n t e n a n t  q u o  Ic rCcopteur , mai ntonu fi xc , so situe Li 150 m du bord
do I ’ h C t C r o g C n C i t C  ( f i ~’u ro 1 .  Le t a u x  d ’ a n o m a l i e  e s t  maximum lorsque l’C m ct teui r passe au
vois inag o Ic ce ttc h (’t (’uog(’n (’itC. Copcndant , coinme nouis l avons si gnalC p r r5 c C d e m m o n t , Ia
d i s t a n c e  C m o t t c u u r - r C c o p t o u r  t ’s t  s ou v e n t  m a i n t o n u o  c o n s t a n t o .

l o s  co u r h e s do la  f i gu r e ~ on t  e t C  r a c C o s  on s up p o s a n t  t ine  d i s t a n c e  do 150 m e n t r o
Los antonnes d ’ ( ’ u n i s s i ’ n  C t  do r (’ception. Si l’ nnsom h le di pOle-di pO le so deplaco d’ une

i- in iCro cont i flue , on voi t qu ’itnn pr om iC re variation dii champ rocu cc prod ui i t quand
l’ (’mt’tt eur e ct au v oi s in a go do l’ anom al ie . I.orsque I’hCt (’rogCnCit (’ est Li (‘gale distance
do I ‘coot teu r or (Lu r(’cep t our , on oh t en t un nO n I m u m re lot i f dii taux d ‘ anema lie , pui S
une n o u i v e l l c  a l u g m e n t a t  i o n  do cc t i l t s  lorsqu e Ic rCcepteur passe prCs (10 la ver tica le de
l ’ .i n ’ m i l i o .  Pan s  c e t t e  c o n t  i g u r a t  i o n , I ‘(‘metteuir C t  Ic rCceptour jouent donc dos rOles
p rat i quomo nt svmC t r ( l i l t  S

En fin , s t i r  Ia f ig i t u n  9, n o u t s  - .v  oti s sup p o s C  quo Ia  d i s t a n c e  Cm e t t o u r — r C c e p t e u r  est
r C d u i t e  Li i i  n. lo n t ra I r e m e n t  , i t i ’  co u r l u ’ s p r C c ( ’d e n t o s  , i I n ‘ a p p a r a i  t p l u i s qu ’ un seu]
e x t u n n u m  du t i t i x  d ’ tnoi ’ iilu e qu u i o - t  ‘htonui lorsquo l’hC tCrog CnCitC so situe 0 C2aIo
d i s t  once do 1 ‘(‘tou t t c u r  t dii (‘ op t  o u r .

( t i \ 1 j  l l ~~~~1\

Lt ’ c ( ‘r i f f l e s  t I l ( ’ r i q l i t - c  q u i  o u t  (‘t (’ d ( ’v c l op p (’c’s ces d o r n i ( - r o s  a n n ( ’c s  p e r m o t t o n t  de
m J C I  i s c r  s t i r  o r d i n a t o u r  I i  r n p o i t — o  d ’ ’ -ic a n oma l i e  do f a m e q t i e l c o n q u e  LI u ine  e x c i t a t i o n
t i u r n  i i ’  p ; i r  t in  d i pO Ic  C I e c t  r i que ou ‘t , t c j t t i q ue

N o u c  a v o n - ~ mis en ( ‘ v i  de n c o  c u r  q u e l q i e —  i x e m p l o s  I ‘ i m p o r t a n c e  des param Ct ros do
p r o s p e c t  i o n  s t i r  1 ‘ a m p l  i r u d e  dii t a u x  d ‘ ano ni a l IC et s u m  la  for nu c des  c o u rh e s  (10 rC p on s e .
Si  on r e c h e r c h o  dos hCt (’rog(’nC i t Cs d o n t  on c o n n a  i t  a p p r o x i m a t  i v e m e n t  so i  t l eu r  p r o f o n d e t i r ,
s o i t  l o u r  t a i l l e , ti ne s i m u l a t i o n  n u m ( ’r i qu ie  p e r m o t  d ’ ob t e n i r rapide ni ont los va lcurs optimum
Jo n e c  p a r a m i t  y e s  do p r o s p e c t  i o n  ot  n o t a m m o n t  la frC quenco Ct Ia  d i  s t a n c e  ( ‘ m e t t o u r — r C c o p t e u r  .
i i  c o n p a r a i  son des r C s u l t . i t s  t h C o r i q u i u s Ct  cxp C r i m c n t a u i x  dn i t e n s u i  to  p e r n i e t t r o  do p r ( ’c  iscr
I i  pi c i t  10 0  Ct 10 v o l u m e  do I ‘ anom al i c .

‘1~ 
- . - - -~~~~~- - s t - ~~~~~~~~~~~~~~~- ‘ - -~~~~~~ ~‘~~~~~~~- ~~~~~~-
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VARIATIONS OF TEMPORAL, SPECTRAL AND ANGULAR RADAR

BACKSCATTERING COEFFICIENT OF VEGETATION

Fawwaz T. Ulab y
University of Kansas Center for Research , Inc.

Remote Sensing Laboratory
Lawrence , Kans as 66045

ABSTRACT

The scattering coefficient o of a target is the target-sensor transfer function : it is a resultant
of the interaction between the interrogating electromagnetic wave (as chara cterized by its wavelength ,
polarization and local ang le of incidence relative to the target) and the target electrica l (dielectric)
and geometrica l properties. Vegetation is a d ynamic target; over the growing cycle of a particular crop,
the dielectric properties of the plant change in consequence to variations in its moisture content and
its geometrical pr operties change in terms of height , density and shape.

This paper w i l l  review the results of an experimental program at the Un i versity of Kansas which over
the past five years has succeeded in documenting the variations of the radar backscattering coefficient
of a variety of crop types as a function of time , si gnal frequency (1-18 GHz) , angular range (nadir to
80°) and polarization (HH , VV and IV ). The systems used are the Un i versity of Kansas Microwave Active
Spectrometers (MAS); one MAS system covers the 1- 8 GHz band and the other system covers the 8-18 GHz
band, Each MAS system is mounted on a mobile truck-mounted boom and is operated by a computer controller.
T i  date , these two systems have acquired over 3 m i l l i o n  data points from agricultural crops , bare
ground and trees. Srs- e of these result s have been published in the scientific literature (BatI ivala and
Ulaby, 1976; Bush and Ulaby, 1975; Bush and Ulaby , l976; Bush et al . * 1976; Ulaby , Cih l a r  and Moore , l974 ;
Ulaby, 1 974 ; Ulab y, 1975 ; Ulaby, et al., 1975; Ulaby and Bat l ivala , I976a; Ulaby and Bat l ivala , l976b;
U la b y and Bush , l976a ; Ula by and Bush , l976b).

In addition to monitoring the temporal variation of ci” over a typ ica l l y 4-month growing cycle ,
special experiments were conducted to determine the diurnal variation over the 24-hour cycle , The re-
suits indicate that the peak-to-peak diurnal variation in the magnitude of ci” decreases with frequency
i ron about 5 dB at I GiIz to less than 0.5 dB above 8 GHz , Ano ther experin ient was conducted to determine
the effect of row direction of the plants on the backscat tered return , and yet another experiment
compared ti ° of trees before and after defoliation .

1 .0 INTROD UCTION

Radar backscatt er behavior of terrain is defined by the terrain backscattering coefficient , a “ . The
acquisition of data to quantif y the angular , spectral and polarization v a riations of c-’ of different
types of terrain under a variety of conditions , is an important and essential step in many app lications.
Such a data base is necessary for the desi gn of radar systems for remote sensing app l i r a t ions in the
earth sciences , as well as for radar systems intended to detect man-made targets in the presence of a
terrain background.

The purpose of thi s paper is to present , in summary form , the results of the radar backscatter
measurements program at the Un i versity of Kansas. Due to space limitations , emphasis w i l l  be placed on
agricultural targets.

2,0 Df,rA ACQ UISITION SYSTEMS

Ti ,~ radar data reported herein were acquired by two truck-moun ted Microwave Active Spectrometers ,
M; 8- 18. Table I is a summary of their operational specifications. To reduce si gnal fad-

ing and to insure program representation of the targets under investi gation , a combination of frequency
and spatial averaging was used . System stab i l i t y  was monitored throug h the use of a delay line sub-
s t - I . ’ ion - -,‘thod and absolute determination of c’ w&s achieved by measuring the radar return from a Lune-
ber n I, ’ ,., i t  known radar rr ,s s s e c t i o n .

3. 0 VEGE TATION SCATTERING RESPONSE

In general , a ” is a function of the sensor parameters (frequency, polarization and ang le of incidence)
- i -- I the tar g et parameters (geometry and d i e l e c t r i c  constant) in a comp lex fas hion , making i t  very dif-
f i c i l t  tn ’ separate the various dependencies into independent functional relations. It is t h i s  complexity
that necessitated the ac q uisition of large volumes of data before a thorough understanding of the target-
sensor interaction process could be achieved. To ill u s t r a t e  this point with an example , suppose we
quantify the -- .ijor variables as follows :

Var i a b l e  Ran e Internal Number
Frequency I-I  Gllz I GHz 19
Angle of Incidence O”-80 10 ° 9
Pol ar ii’ ,mt i o n H I-I ,HV , VV — - -  3
Tim e 120 days 3 days 41

Total Nuniber of Measurements: 19 x 9 - 3 lii = 21 ,033

- —  - - ,
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Thus , tc i jn.’ter c ne the s c d i  t,-r I nq ~~ e t f  i ci ent - - i ,  tr a I , an-ia ar i t  po lar  i zat ion rc - ,p’cnsc’ ~c f i.,ne
crop Iy~~C c u d  3 t yp ical q r c c - c i n i  period ‘f ~+ c r i t I c , ii I s n~’ci.- -,-ary i i  acquir e in t I c ’ nei c i h t-c r S i i  - ‘

21 .000 data po i lit S. I I iii, - - ,, - data ar -  to 1,,- ri ’ 1 at ,‘d to I l i i . C i o~ ~~~ ., - t r I cal and di. - le ct i i cal c-a ‘ iC ier —
i - ,i ics , detailed fi e ld - -

~~~onciri. -ct ’ i t s  a r e  also required , contc- p or -si c- usl y with the radar lcack ~ c alie ,
lej-,uremen ts . The I i  el d dat a usually inc l ud e crop density and he i g ht , set , - I at ion m i s  t cr,- cont , o ’ * soi I

h i  s t icr ,- content , wind speed a-n~ I direct ion , etc. - In add it ion to the d i s c - vol u - rada ’ t ic, - c i t  t i - i

data • exper i sent s should be conducte d to dc -I d i  01 li e the ci Ic ~c t -  iii crop ri- c direct ion m l  ‘I I .n - I - the

incident save ,diurna l va r iat ions of n , ,i nct a vari ety ci otter facto r-,, A l t~~~c ~ic  - n - v , - ra l  i 1 1  ion dal i
points lois, been acquired to date , ,-ce are onl y at the stage of i ak iri q ibs,’, vat ions reqai i nc l ,-nera l
trends and depende ncies , In the remainini parts of this sectiOn , cid litiles of these trends i c  p r e - -r i-- - L ,

along with reterence s t i  more detailed ana lyses ,

3, I Tenipora _I V ,or i t m t i : i u  of Corn

F i gu re I p r
~

- c t i t c  the t i , - 5’ record ci f - ° (dB) at 17 0Hz arid at an ari q I e c c  l~ i c  i
1
Ii -n ce c it 50 t Ic- ’

hand scale) and tli ~~ ti--c- record of the pl an Y water content per unit v i i i:,- a - f of I c’s tn ’ c- s- c-P in -~I1u
(relative to I ci!- -- I - shown on the right hand ca I e - Cci e,Ir i son - l i i ’ .- two of c - rd - , nd c d i , - a si .- r y  -~

oc ci

agreement over the icc i r  ‘ m onth ti n e period . Reqrcc -,siOn anal yses of - - 1dB ) on ~ 1 dB ) --,,- re per l - rn e i at
several ang les , Ircc ic, -ncie s and polarizations; cr-nm - -p es are sOn -cr in Figure 2 ‘ c ~~~o 1dB) at 50’ 40

8.6, 13.0 and 17.0 G H t .  The results are best at 17 0Hz where a corre lat ion c- nctt  ic~ ent nt 0,962 - c a s

obtained . I t -Ic-se results are typical of the dep,’ncli ’nce c i  c on W for anqles of incidence hig her t i l dn  ~c 0  -
As the ang le o f  incid ence aii , rciac lii ’s nadi r , ti e corre I at ion nrc ’ t ~c i en t ,l c-cr ,’ ,i ,, - - - cr I - - the d i  cat ion
ot t Ime ciurn b y tIm ,’ b ac kscatter contr i t -ci ion of the underl y ing soil (ulab y and Bush , l 1 7 6 c ) ,

At ang les higher than ill) - c -c t ie rc ’ I Ii” at tenuat ion by t h e  sc - n t,’ i at ion ~ i - - r i - , I Ci)  i l ete l d ‘ t I ,  ,ol
back sca tter co-poc ent , n ‘ can he expres-o -d in the following fund - ‘ n i l  t o  -

V

where C and - a r e  c o n s t a n t s I - c r  a give n t r cq ueir cy—aoq le- po l ar i zat io n coc- b , i i I o r .  E~~p r c s - e d  i n  cit .
t , i P c-s  the i c r ,

(it ) A + “r 
ci BI

,- l ic re
A 10 loci C -
S PB = 0 log W

V

3.2 Tr-mpora l V a r i a t i o n  of W heat

ts’rea-, in the c i - , - - - - - corn a -peared to he - 1  rongl y it l ie d cii’ W , the - -  i — s  of w a t e r  per u n i t
volume of tIrr ~ velieta t ion , - - I -d ir-h i shows a n e q a t i v c -  ,‘ r - i u c r i€’ r i al dependence on t i le cicnis tu re content if

t i e  i n d i v i d u a l  p l a n t s , M , c- ch e re  H 
- 

i s  c - i ~~c c r , - - t  (ill 1 i’C cn - c t i 0 -  wet c - c e i - c b l  basis ,

( S  - =
-

~~~~~~~~ 

) 
r- 100

where W and W
D 

are the aver cii, ’ set a l  t m - , c,’iq ht ’i of the ind i v i d u a l  wheat p lanls. Thus , S r epre n--IS

the n~~5~~ of water (1.1 - S ) relative to t In t ’  t - n t a l  wei ght n the plant , in c - n i i i u c s t  to W wh ic~
1 
n in-

dependent of the mass ~~~ p lait i t s el I -

Fi gures 3 illustrate the te - p c r i i  variation 1 . ,‘ f nt at 17 0Hz and SO ” for HH and VV polariza-
tions (Ulaby and Bush , 1976b), The dependence of cC’ on M i s i l l u s t r a t e d  in Fi q ure s 4 and 5 for 13 and
17 Iv respectivel y. In fu nctional for. - , the cI,.- i n i ’rrnlno rt,e °cai’ be described by:

= A ,-x~i ( B  - M )  [real un it s[

where A and B are constants for a given freguency-a ng le - polari zat ion combination. As shown in Fi gures 4

and 5, B is a negative quantity. Since the d i e l e c t r i c  constant of cc’ i i , t , i t i o n  increases with moistu re

content (Carlson , 1967), the negative dependence of - .~ ° on H cannot be attributed solel y to the die l e c t r i c
constant, A possible explanation of the observed behavior ~s that the overrid ing factor responsible for
the temporal variat ion of cm ’ is the geometrical changes which the plants undergo during the m aturat ion
process such as the withering process of the leaves as they l ist’ moi siure. Thus , H serves as a measur-
able representative of the si ire tri c a l  changes which it is related to in m coi- ’plex C - a n n ,  -

3.3 Spectral Response of Tr , - ,’s

Finure 6 deiuion strat es II,- d ir - c t  of frequency on the difference between Spring c u l t  leaves) and
Autumn (p a r t i a l l y  de fol ia ted) trees (Bush c-i al . ,  1976) . For the latter , onl y 8-1 8 0Hz data were
acq ui red. The Spring data indicate an increasin g dependence on frequency whereas the Autumn data are
a I -- cost freqnc n c i ndepend t- nt - The difference in behavior s u it - le st s that hi t tn,o r frequencies are ‘lore

sensitive to the t pni r~i l variation of deciduous trees.

3.4 D i u r n a l  Var at mini  ol So rg hum

Mi- ,isur enierl t s of the i i i  r backscat t n- n  t ri o ’ a den -n fiel d  i i anted w i t h  sru rit h jnc i ndicate that ‘ ° ha t , a

cyclic tci- h~ vi o r iu v ,°r ‘hi - 24-hou r diurnal cycle (Ul ,mhy and Bat I iva l a , 1976 h). F,q ures 7a and 7b il l u s t r a t e
the diurnal variation of ~° - i t  2 .75 GHz and 7.25 0hz , r, ’-,Ln, .-,l ive l y . Ihc’ pe,ik-l in- i n e ~~L variation appears I

I

-- - -- -
- - ‘ -  ~~~~~, --- - - - —



decrease with frequency and is always srr i a ll er for VV polarization than NH polarization. In Fi gure 8,
the angular dependence is presented for the extreme conditions: 6 a.m . and 6 p.m. Note that as the
frequency is increased from 2.75 0Hz (Figure Sa) to 7.25 6Hz (Fi gure Sb), the difference between the
6 a.m . and 6 p.m . angular responses of a” has almost comp letel y disappeared .

3.5 The Effec t of Row Direction

An experiment to investi gate the effect on ci” of row direction relative to look direction (of the
radar) was conducted over the 2-8 0Hz frequency range (Batl iva l a and Ulaby , 1976). A fi eld of mature
sorghum with an average p lant hei ght of 2.5 in was mon i tored with the look direction parallel and perpen-
dicular to the row direction. Figure 9 presents the angular response of each case at 2.75, 5.25 and
7.25 0Hz. As would be expected , the attenuation by the vegetation increases with frequency thereb y caus-
ing the difference between the two cases to decrease as we progress from Figur e 9a to 9c. Furthermore ,
at nadir both cases g ive about the same ci ” value. In the IO °-30 angular range , large differences in

are observed due to look direction . As the ang le of incidence is increased , however , the two angular
responses approach one another. Similar observations have been noted on radar by Morain and Coiner (1970) .

4.0 C O N C L US I O N S

Although the radar response of vegetation is very coniplex due to its often non—linear dependence
on several interdependent variables , the results of the radar measurement program at the University of
Kansas indicates that with proper experiment definition and desi gn and a great dea l of patience and
d i l i gence , considerable information can be obtained to des i gn radar sensor parameters for specific
appl ications.
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TABLE I

MAS 1-8 and MAS 8-18 Nominal S ys tem S p e c i f i c a t i o n s

MAS I-S MAS 8-18

TYPE FM-CW FM-CW

Modulating Waveform Triangular Triangular

Frequency Range I-B 6Hz 8-18 6Hz
FM Sweep: Sf 400 MHZ 800 MHz

Transmitter Power 10 dBm 10 dBm

Intermedia te Frequency 50 KHz SO KHz

IF Bandwidth 10 KHz 10 KHz

Antennas

Hei gh t above g round 20 is 25 m

R e f l e c t o r  d i a m e t e r  122 cm 46 cm

Feeds Crossed L o g - P e r i o d i c  Quad -Ri dged Horn

Inc idence Ang le Range 0° (nad i r )  - 80” 0” (nadir) — 80 ”

Cal ibrat ion :

In terna l  S igna l I n j e c t i o n  S i g n a l  I n j e c t i o n

(delay l i ne ) (de lay  l ine )

External Luneb erg Leri ’c Luneberg Lens

Reflector Reflector

-2.5

-15,0 AngIe of Incidence1 50° \ - ‘o\, 
~~

- 17 .5 ‘——W ~. ldBi

-20. 0 . . _ L d ~~~~~~L ~~~I L . 1  1 1

20 30 9 19 29 9 19 29 8 18 28 t It 2?
May June Jul y Au g usl Seplembe r

1914

F i gure I . Temporal variations of scattering coef fi cient of corn a” (dB)
( l e f t  hand s c a l e )  and the corn cano p~ w a t e r  ‘s ass per un i t
volume W (ri ght hand scale). W i s  e x p r e s s e d  in dB (log
sca l e reYa t ive to I gin/m 3 1 -
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1~ r Frequency: 8.6 0HZ
Polarization: VV

-6 - Angle of Incidence: 500

Regression Equation:

-8 - °~~ (dBI -29. 88 + 0. 562 W V 1dB)
Correlation Coefficient: R~ 0.846

.
S~ -10

P
0
I>
b - 12

-14

-16~ .

—18 I I

27 28 29 30 31 32 33 34 35 36 31 38
W ,,, 1dB) 10 log W~

(a)

0 F requency: 13.0 0HZ
Polarization: VV

-2 - Angie of Incidence: 500
Reg ression Equation:

- 0~7 IdBl P 38.469 + 0. 895 W V (dBI
Correlation Coe fficient: R~ 0. 939

• •
• 

•

.p
0

-8

-20
. .

-12

I I14 ~~~l 
__________________________________________________- 

27 28 29 30 31 32 33 34 35 36 37 38
WV (dBl 10 log W ,~

(b )
0 F requency: 17.0 GHZ

Polarization: VV
-2 Angle of Incidence: 50°

Regression Equation
a~ ° 1dB) -37 .14 + 0.876 W v IdBI
Corre lation Coefficient R~ 0 962

S
S

~ -6P
0

-8

-10

- 12

-14 I - I I I ,~~~j I

21 28 29 30 31 32 33 34 35 36 37 38
W~ (dB l 10 loq W,,,

(c)

F i gure 2. The scatte ring coefficient of corn a” (dB) as a func t i on  of
W (de) 10 log W (dB) (where W is the wate r  mass per unit
Vvolume (g/m3) of t~e canopy) at 

(X ) 8.6 6Hz , (b) 13.0 GHz ,and
(c) 17 .0 GHz .
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Frequency: 17,0 GHZ
- 

Incidence Angle: 500
Polarization: HH

Harvested

May June

Frequency: 17. 0 GHZ
Incidence Anqle: 500
Polarization: VV Harvested

~~~~2~~~~~~~~~b 1 a ~~~~~~~7~~ 9 I
May J u n e

Figure 3. Tempora l variations of O H
” (dB) and it

V 
(d B) as

measured at 50” , 17.0 6Hz.
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0.150 - S Measured
0.135 - —~~° “0. 1560 exp(-0 . 0260 .M~) (EmPiriC aI )

0.120 - 
Incidence Ang le: 50°

Y : 13. 0 GHz
0. 105 -

0.090 -

0 0.075 -

~~~~~~~~~~~~~~~~~~~~~~~~~

0. 060 -

0.045 -

0. 030 -

0.015 -

0. 000
o 1

1
0 20 4

1
0 50 60 70 80

Plant Moisture (Wet Weight Basis )

0. 150 • Measured

0. 135 ~ n-~O = 0.1825 exp -0. 0303•M~) (Empirical )
• Incidence Angle: 50°

0. 120 - Frequency 13 0
0.105

0. 090
0

\
~~~~~~~~~~~~~~~GHz

~~
‘ 0.075

0. 060

0. 045
0. 030

••0.015 S

0. 000 I - I ______ I i _i
0 10 20 30 40 50 60 70 80

Plant Moisture (Wet Weight Basis )

Fi gure 4. Variations of ‘H
” and a “ (real units) with plant moisture .

The solid lines represe~ t the nonlinear regression curve
corresponding to the equation shown with the fi gure . The
frequency is 13 .0 6Hz and the incidence ang l e is SO ” .
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0. 150 • Measured
0. 135 —  &j~° 0.0848 exp -0. 0216 ’ M~ (Empirica l)

0 120 Incidence Angle: 50°
Frequency: 17.0 GHz

0. 105

0. 090 -

0.075

0 000 ~~
___,_

~~~~ 
— - -

0 10 20 30 40 50 60 70 80
Plant Moisture (Wet Weight Basis )

0. 150 • Measured
0. 135 - —  ~-~° -0 . 1349 exp ( -0. 0253•M~

) (Empirical )

0 120 - Incidence Angle: 50°
F requency: 17.00Hz

0. 105

0 10 20 30 40 50 60 70 80
Plant Moistu re (Wet Weight Basis )

F i gure 5. Variation s of ‘H
” and (real units) wi th plant moisture.

The s o l i d  l ines  represent  the nonl inear  r eg ress i on  curve
corresponding to the equation shown with the fi gure . The
frequency is 17.0 6Hz and the incidence ang le is 50” .

I

- ---———-,-“ -

~ 

--- --~~ —~~~-~~ ‘——-- -—



P.— ‘ 
- _ 

5.9 
- 

~ °1~~~

-6
-10
-14

V‘ -18
Ii Kansas Deciduous Trees
b -22 - Angle of Incidence ( Degrees): 40

• Spring Data-26 -

~~~~—— A u t u m n  Data
—30 I I I I I I I I I I I I I I I I

(a)
-6

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~TI LT
-14

~~ -12
— Kansas Deciduous Trees0L> -22 AngIe of Incidence ( Degrees): 40

• Spring Data-26 ‘———Autumn Data
—30 I I I I I ________ ___L_ I I I I I I I I I

1 3 7 9 11 13 15 17
Frequency (GHz )

( b )

Fi gure 6. Spectral response of o “ (a)  and -‘ “ (b) of t rees
at 40 ° as measured in ~!he sp r i ng  an~ autumn .
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Crop Type: Hybrid of Sorghum (S and M)
15 r Polari iation HH

Frequency 16Hz): 2. 75
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AN EMPIRICAL MODEL FOR AVERAGE SCATTERING CI IO S S  S E C l I O N

COMPUTATIONS FOR LAND- AND SEA-SURFACES

W. Keydel
A EG-T E L E Ft J N K EN  ULM
Elisabe thenstr . 3
7900 Ulm / Donau

Ge rmany

SUMMARY

The paper presents an empirical formula for the mathematical represent ation of the
average back scattering cross section per unit area, 0~, , for land— and sea-surfaces. There
exists no physical exp lanation for the validity of the formula but compar i s—i n s w i t h  mea-
surements show that good agreements can be reached and that the formula can bp used f i r
cluttercomputations in case of different surfaces and over a wide frequenc y r -i n ge . The
model contains as special cases some different still existing m odels , Lambe r ts law for
example, For a horizontal moving radar with a rotational svmnie tri cal ant enna the s tated
model leads to simp le solutions for the spectral power-densit y and the total power of the
ground clutter. The spectral power-densit y can be expressed as a hvp er geome tric series.
This model can be useful for comparative sy stem anal ysis of different systems as w e l l  as
for first cluttere stjmat ions in radar system design.

I. INTRODUCTION

For considerations on land— and seaclutter the backscatt er ing cross section per unit
area , O~ , is the decisive environmental factor. It can only be mathemat i call,r assessed
wi t h great difficult’.- and the aim of the present paper is to give a relativ e , simple ex-
pression as an empirical model for a mathematic al description of the average 

~~ 
, which

allows simp le and closed solutions of the so—called clut te r int eg r al .

In reality simple models do app ly in speci al eases o n l y ;  this holds especiall y for
random quantities as ~~ and for empirical models , however they n o’.- be u s e f u l for compara-
tive analysis as well as for worst case considerat ions.

2. E S T AD L I S H N EN T  OF A FORNULA FOR THE DEPENDENCE OF C~ ON TUE GR A Z I N G ANGLE

For O ho ld s the following def inition (Iieckmann and Sp izzichin o , I Q(n 3 ) :

-
~;;~:-~E-- (i)

In (1 ) is ol.O~ the radar cross section of an element of the earths ’ surface dF . In
agreement with Beckmann and Spizzichino and other .author s it will hc assumed that
pends onl y on the grazing ang le and not on the distance r from the radar or on it s
height h above the ground . Furthermore the experience shows that normall y Q0 lnc reases
mono tonous ly with increasing grazing angles . (There are exceptions from this general
rule in special cases). In general C~ has for l and— and sea-surfaces the principal shapes
of the dependence on the grazing angle given in Fig. I. Similar shapes show the curves
in Fi g. 2 given by:

(~ s-I )

S ( s) ( 2 )

JA~~ O and d are real numbers.

This is a twoparametric set of curves in which the parameter ,L4. varies the steepness
of the function for large grazing angle s wh ile the parameter V varies th ~ steepne ss for
small grazing angles. (Fi g. 1). Formula (2) has a singularit y for = 90 and in order to
eliminate this the curves given by (2) have to be considered for grazing angle s les s than
a limi t angle ó~ . In the range S~~6 �  90° 6 should he considered as a constant value . The
introduction of a factor ~~~which allo w s  the adaption of the’ morlel functio ni to actual values
leads to the follow ing formula for th e’ over age of 6

(1064)

0 
(11-64)
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This is the requested formula. Instead of some authors (Beckmann 1963, Huck 1970 ,
for instance) introduce a quantit y defined by:

0 r  ~- 4M’t 8

/ 5’ and f~~are functions of the average surface properties , t hey  have to be estimated
by comparison with measurements for each typ e of surfaces in order to obtain optimum agree-
ment between the model and measured results. This shall be done in the following chapter.

A first look on (2) shows that the formula includes some existing well-known empiri-
cal and semi—emp irical models for average 0, of roug h surfaces as special cases: (Puck ,
Barrik , Stu art , Krichbaum , 1970). Table 1 gives an overlook over such cases:

to- )l 0~ NAME OF MODEL

0 -1 Clapps second model

0 0 ~~ sin ~ Lonsnel Seeli ger ,
Clapps third model resp .

O 1 ~‘0 sin S Lambert s law ,
Clapps first model

V
0 arbi- sin S Generalized Lamberts Model

ti-ary

Table 1

Connection with model (3) and still existing models .

All the still existing models contain one or more arbitrary constants and for most
of them there is no satisfactory scattering mechanism which can explain the behavior of
the respective model. Nevertheless under certain conditions they may have applicabilit y
for certain surfaces. In princip le ’ the same holds for the model in (3).

3. THE VERIFICATION OF THE PRESENTED G -MODEL

The formula (3) giving the dependence of ~~ on the grazing ang le has no phy s i c a l
explanation. The validity of formula (3) for actual cases can be shown by comparison
with mea surements only. There exist very many measurements on the dependence of ~~ on
th e grazing angle , the most important of these published measurements are listed in the
Ref erences of Nathanson E.E., 197’), Ituck D ., Bzsrrik otal ., 1970, Bec kmann and Sp i z z i c h i no,
1963. For the purpose of the present paper the following clutterenvironments and charac-
ter i sti cs measur ed and publish ed b y the respective authors shall be considered as repre-
sen ta t ive

1. Seaclutter in F , L , C , X-Band for different seas tates and po larizations
(Guinard N. W. and Dal ev J . C ., 1970 ) Fig. ~i and S .

2. Landclutter , Land covered with different vegetation c; X-Ban d
(Ula bv F. T., 1975) Fig. 6.

3. Landclutter , Asphaltroads X , Ku , K a-Band (Earing D . G. and Smith J. A.,
1966 ) Fig. 7.

4. L a n d clu t t er , urban industri al areas , 5, L-Band (Earing D . (.. and
Smith J. A., 19b6 ) Fig. 8.

S . Landclutter , mountains and other cases where ’ 0”~ increases with decr easing
grazing ang le ’ (Earing 0. G. and Smith J. A., 1966) Fig . 9.

Som e results of these measurements ofC~are given in the Fig~ures ~ to ‘1~ These
figures show the measured dependence of 6 0n  the grazing angle ~ f o r  d i f f e r e n t  cond i t i o n s
and in comparison the ’ empirical adapted modelfunction according to (i). The results re-
presented in Fig. ~* and Fig. 5 show that the model (3 ) is able to describe the ’ ang le—
depend ence of ~~ for sea—surfaces in a frequ ency range from 0.~6 Glfz up to (1 (‘Hz and for
different seastates . The reason for the variance of the measured results shown in th~~~e
figure’s i5 that the ’ measurements have been conducted on different dnv~ ~nd therefore
for different sea sta tes. In principle the same holds for the ’ results shown in Fig. 6
for the 8o % bound aries of C i n  dependence of 5 for land-surface ’s ( 1 1 , -ihy , i I ~~S). These ’
measurement s are conducted for different vegetation and that caus es t h e  given variance ’ .
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In all cases a sufficient and in some cases an excellent agreement be twe en measur em ents
and the mo d etf u n c t i o r i  (31 can be reached by a proper choice ~~~~~ j’~ 

and~~~ . Spe c i a l
cases are represented in Fig. 9. Here are given some c a s es when-e ç increase ’s for dc cr -a-
sing grazing angle and it con be seen tha t the model a lsi , i n c l u d e -  these cases i t
becomes negative.

As a first conclusion it can be e stab lished that for diff erent s u r l ~~ .~~- c ond itions
and for different frequ e nci es a fit choic e of 44- and y leads to c - ’  acr-,-m ,-n t s w i t h  mea-
sured results. The surface characteristics influence t h e  values of i~ and . As a first
result the following can be said:

For the considered sea-surfaces holds ap p r o x i m a t e l y  1 L ~’ ‘ . -o , 25 ~~
- 1.

For the considered land -surfaces has been found approximatel y n 1 , ~~ ~~- 2.

These results lead to the conc lusion that for sea—s.i rf a ,-s the q u a n t I t ’~ ~t is im-
portant and tha t for l and—surfaces the quantit y 5’ p l oy s t h e  important h - on . In a I
work more d e t a i l e d  comparisons of t h e  here present ed O~— mode- l w ith meas ur t - me nts shall b,
carried out. The aim of this work should be to work out the dependence of t h e  mo del pa-
rameters with t h e  environment char acteristic s (freque ncs , p o l a r i z a t i o n , stir f a c e—char a c—
teri stics ) more ’ in detail.

llowever , the here presented results lead to the conclusio n that t h e  stated formu-
la (3) for the dep endence of the ’ average on the grazing angle descr ibe s the r e a l i t y  with
satisfaction.

4, FIfE USE OF TIlE ~~-MODEL FOR CLUrFE RCALC II LA TI ON S

The stated model can be used fot c lii tt e rc oh cu lo tion s . E s p e c i a l l y  the computation
of the spectral pow e r—densit y for a horizontall y over ground moving radar with a i o t a —
tional symmetrical antenna diagram leads to r e l a t i v e l y  simp le mathematical expressi on s .

~f. 1. Geometrical consider ations and clutter—integrals

The following conditions have to be f u l f i l l e d  for t h e  ca lcul ation of the spectral
power—densit y and of the total power P of the groundc lutt e r for a CW-radar:

I. The radar is fly ing horizontally at a velocit y  V at a hei g ht h above the
ground .

2. The ante~ ni.-, diagram of the radar is axially symm etrical to the v e l o c i t y
vector V

3, The ground is considered to be a plane , the bac k sc a tt e rin g characteristics of
the ground a re  described by 0

‘*. Farfie ld conditions are a p p l i c a b l e  for both , the radar and t h e  surface .

Fig. 1’) shows t he  geometr\ of the arrangemen t taking into account the above men-
tioned conditions.

From the surface’ element dF with a radar cross section ~ q- the radar receives a
clutterpow e r dP following the radar equation

~~ 
~~~ ~Lo= 

(5 )

(P = transm itter power , = wavelength of transmitter , g = antenna gain , E = anten-
na ,hi r ,-chv itv pat tern ,7 = losses due to sy stem and propagation , r = distance between
radar ~nd surface element).

One’ obtains the total clutter power P seen b’. the considered radar from (5) by
int~-er oti r ,n ; with respect to (1 )  and (‘.) fo~~l ows after some manipulation s:
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Because of its inherent motion the radar states a dopple r -shift f~ of the radiated

power with respect to the received power :

-f /f ‘+f
Dmax - D Dmax

~Dmax 
is the maximum dopp lerfrequency encountered :

f = 2 W  (~~Dmax

The relative ’ dopp lerfrequ encY _Q is defined:

(g)
= f = coa l9’

Omax

The spectral power—densit y of the clutter , 1’cf ’ 
with respect to the ’ frequency f is

defined as:

dP
= 

c
cf df

This definition leads to the spectra l power-density P ,, refer ed to f~.

dP
( 10)

Because  of (8( h o l d s :

d _Q = si n h ~~. CJ-_ = f ‘1
~~d ( 1 1 )

dma x -

One obtains fo r  th e  p o w e r — d e n s i t y  P a f t , - r  t h e  i n t r o d u c t io n  of t h e  fi. l t e r —
c h a r a c t e ri s t i c  II I : 

c

f Q )  - -~~~)~~~ 
~ ~~~~

The i n t e g r a ls  in ( 6 )  and I 1 2 1 an ,- cal l eil c l u t t  ,‘rint e~~ral a.

. 2 .  The s pe c t r a l  p o w e r - d e n s i t y of c lu t t  ci

W i t h  r e s p e c t  to  ( ‘ i )  t h e  i n t e g r a l  1 1 2 )  c a n  he  s o l v e d .  T ak i n g  i n t o  a c c o u n t  the

r e la t ion

sin 1S’ = ~~~ ~ c o s c~

i t  can be shown t hat  t h e  i n t e g r al  in ( 1 2 )  i s  i d e n t i c a l  w i t h ,  t h e  i n t e g r a l  r e p re s e n t a t i o n
of the hvpergeometric se r i e s  ( G r a d q h , t e v n  and l ly z h i k , 1’)b 1 w i t h  L4-i~nd 5’ as a pa r t  o f  t h e
parameters. Integration of (12 ) le ads to the followin g expression fan P

E (
~~) 

~~~~~~ ~~
j
~~) 

,~ 
. ~4 3 (

I l er e i n  i s :

i-~~~) 1~~ ~
-
~ ) ~~ ~~ ~ 

- i -Se ) ~~

- (i ~~)
(oi ~

~~~~~~ ~
“ ~~~~ ~~~
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ln I 1’h )  is 11 ( 

~ ~ ) the ’ El etafunct ion , F is the hvpe rgeom e tric series arid the
remaining integral is s o l v a b l e  by a recursion formula (Gradahitevu and ky zhik , l 3 h  I .

It can be shown that in man ’. cases the choice of )) = 0 and (~ - = 0, 1 , 2 ,... integer
leads to sufficient a gre ement be tween the i~~—mod el and experimental values. In t h i s  case
the hvp e rg eometri c series in (14 ) leads to simple algebraic expressions in -Q and t o
e l l i p t , c  integrals re spectivel y . For tir e thet a fu nc tion holds:

B = ~~~-

F~,hle 2 shows the expr e ssions which result for the ) i v p e r g e o m e t r i c  s e r i e s  and t h e
i n t e g r a l  in I I’ll  in the case = integ e r and V = 0 (Abram owit z and Stegun , 1’1I ,9 , G r a d s h —
t evn  and l ) v z h , i  Is , 1 l b S  I and f o r  s i n  ~

- -
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T a bl e  2

Sp e c i a l  cases of hvperg e ’ometric series

K~~~ ’ E ( 5 ~ )~\ k ( 4 J1Z ) ~~4~ J3~): E l l ip t i c  in t e g r a l s  of 1st and
- 2nd kind reap.

In order to give a normalized representation the normalized spectral power-densit y
P w i l l  he introduced : -cJt - -

~
1
C~cZ.

— —

Fig. ii give- s a representation of P versus S~ ior E = 1 , 11 = 1 , ~ = 0 and
= (1 , 1 , 2 , 1 .4 . C 41.

In order to work out the influence of the filterfunction H (J2 ) the following condi-
tions ,-,re assumed to be f u l f i l l e d :

1. The radar sh a ll have an autodvn e receiver with IF = 0.

2. The hil t e r f u n c t i o n  11 (Q ’ .  shall be ’ a rectangular high pa sa with lower ed ge freque’n-
cv ~ . 10 ~~- .~ .~L 1).

In order to give more insight into the problem of the influence of the antenna di a—
cram on the c l u t t e r  receiv e d b’. a moving radar in addition to E = 1 the following antenna
d i a g r a m s  are c ,osen and considered :

F = ~ cos for (I ~~ ~~ 900 (1
~~~)

~ 0 for “I ~ < 180

F 
C O S  -1 

(4g)

rhese antenna c h a r a c t e r i s t i c s  are ’ represented in Fig. 12. The spectral power-densit ’--
P i s  m u l t i p l i c a t i v e  m o d u lat e d w i th the function of the antenna diagram and the figures

and 14 show the ’ i n f l u e n c e  of the ’ antenna diagram (17) and 118) on 
~c 

E s p e c i a l l y  in
the re gion of Q = O , the ~ i d e l o b e  region of the antennas , the influence o’~ the side lobe
level on the r e c e i v e d  ( lu tterpower can he seen by comparison of Fig. 11 with Fig. 13 and
F ig. 14 .
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4.3. Th e total clutter power

The total clutter power P received from the radar is given by the following integral:

(‘~ )

Considering that H (Jl ’j is proposed as a rectangular highpass with lower edge frequen-
cy ~ one obtains from (171 in connection with (14 ) and I l tla):

A~~~~~2~~~ [ f E )~4~~2) r ~~)~~ 4 ç E ~~~ ) 1-~~~~~) 7(s) ~ L?

The normalized total clutter power is defined as:

~~~~ 
‘~

4?~
t A t 2

(47)1 kz

For ,L&= 0,2,4 and for the considered antenn a diagram s , the integrals in (2o ) can be
solved. The results of this solutions are represented in Fi g. 15 which shows the norma-
lized total clutter power P versus ~ . It can be seen from the results given in Fig. 15
t h a t  w i t h  a pr oper choi ce  of C the filterfunction H ~Jl) as well as with the choice of the
antenna diagram , especially the sidelobes , the clutter power received by the radar in a
wide rang e can be influenced.

5. CONCLUSION

It has been shown that the emp irical O model given in this paper is able to des-
cribe the average power reflection characteristics of the earth surface over land as
well as over sea. In contrast to still existing other models the here presented model
has no ang le limitations , it holds for low grazing angles as well as for mean or large
grazing angles. Nevertheless it permits simp le computations and with proper choice of
the model parameters it can be adap ted on different earth surfaces for l and and sea
respectively . The given examp les show that this simple clutter model can be useful for
c omparative system anal ysis of different sy stems and for first clutter estimations in
connection wit h horizontall y over ground moving radar systems with rotational svmmetri-
cal  ant enna diagrams.

In a future work more detailed comparisons of the presented O ;-model with measure-
ments shall be carried out in order to estimate the mode l parameters for the most impor-
tant occuring clutter cases. The aim of this future work shall be to establish a list
which contains the dependence of the model pa rameters 4k,Y / 5~ and~~on the electrodvnamic
characteristics as frequenc y and polarisation as well as on geographica l characteristics
as surface covering , ~eas to te and other surface properties.
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GROUND WAVE l’ROl-’AGAT tON IN T}lh~ IIRVSI cNCt .l OF -iNIOU TIb b - tiLLS ANt ) Dl- E~ R [ S Nt O N S

L, B, Felsin and A G r e e n
l-~OL’t F E C h l N I C  IN ;T11 U T E  OF N t-lw Y O R K

Farming dale , N . Y . 1 1 7 3 5  I S A

1. I N T R O D U C T I O N

E le c t  r om a g net ic  was-es propagating along th e  g r o u n d  - a i r  c / I l , -  rfai c- are in hi u eic -d too r Is I l l
t e r r a in  f c - a i u i - c- s . P r e -y io u s  st u d i c - s  have dealt - x t e n s i v - l y wi th  ab r u ~ ct eh a n g i -  s in  s u r l a c  e p r o p e r i o
I r r i o c l e l e d  in ti rrris of su rfac,- impeclanctel , or abrupt c hang --i- in III-lci ht as re~ r I - s  c - r i t , - d  b y p r c - c  ip i t o U S

hills or va lic -ys , on the oust - s l y c u r v e d  e a r t h ’ s s u r ia c  e . it lit- n the t e r r a i n  c h an g i - ’ .  graduall y, as i i i  th ,
p r c - s e - n i c c -  of smooth hills or d e p r i - s s i u r l s . ( Fi g. I I , it is n cc . , -’.: sony to c - u n sj d c -  r 0 ic t r -  c c l  s e  r f t c l i h -
concave su r f a c c- curvature , and more generall y those of a ,~ 

r a d u a l  l i a r c ~~c Os c- r I rorn conc. eve- Icc - c r / i c  I, ,
on the signal propagation i-ha caste nistic ’ . Of i-p c -c  ial  i n t e r e s t  a r c . -  t l i c  f i c - i c I s  o b s c . - r v c - c I  on or near the
Cu r l a c  when tIc.c- source is also situated on or near t he  s u r f ac e  T his  papt - r IS ( I n t e r  O t t  with a ri-v ie - -a-

oI c a r i i c r work on t he  c o nc a ve  surfac. e prob ic-rn , and with a summary of our c.urr ent effort to ad apt and
e i - t c nc i  these results to ground was-c- propagation ,

T he most fundamental cliff i- ri-nec - b e t w e e n  t h e  ox ’.  i l _ i t  c c l i  of c-o n -  a s , -  a n d  c u r l s  c-s s u r fa c e s  of Ia  rg  c-

- cc cnpa  r ect  t i c  t h e  w a s - e lvn g t h )  r a d i u s  of Cu r v a t u r e  is t h e  abs c - n e c . -  in t h , -  - I r n-ic.- r of a — I n l et  ri - al s I o c c ~ow
1 1 - loll f r o m  w h ich  t I l c -  S o u rc e  ~ ‘. i n v i s i b l e  T h i s  - c. i n c  u r n s t an i  e c t i v c 5  r i s c -  no t  c . c n t ~ to a ic c i r c  i n t r i c a t e

gi ic f l ie t r i c  —optic - at t i c - Id c o nip r i s i n g  n iu l t i p l y r e f l , - -  t i - c l  r a v c c  (Fig 2) but also , in an a l I , - r I u c t l ’ . - c- g u i c i c - d
v -a v e  cb s ri pt i o n , to t h e  p r e s e n c e of w h i c ip e  r i n g  g a i l e  ry  modes whic h cling to 1 1 c c -  so rfac. c. (1-1 1 - I I arc),
in  t h e a b s e nc e of d i s s i p a t i o n, e x p l -  n c - n i  - no c t t c . -n u a t i o n . T h e i r  - c u n t e -  r p a r ts  in a o nv ex  su r f a  c -  t h e
- - r eep in g  w a c c . - s  - i osc- c - i i c -  r g v  by  t t i r i g i - r c t i a l  s h e d d i n g  a l c c r c g  (bc - p r  oicc t I a t i on  1cath . Th e p r o b l em  i s  conip li —

-a t ed fu r t h e r  Icy  t h e  f a c t  t h a t  r ay  o p t i c  ci is i n c a p a b l e  of p r o s - i d i r c g  t I , ,  f i e l d  s o l u t o c r i  511cc .  e t h e  a u st i c c i  of
n iu l t i p t y r e f l e c te d  r a y s  p i l c -  up  n t - a r  t h e  b o u n d a r y  I t - i g  - 2 )  and t h u s  i n v a l i d a te  t i c - 1- 0 0 0- I  r i  c - o p t i c .  a t  f ie l d
e s -a lu a t i o n  t I c -  r i -  A f i e l r l  r c -p r e s  c -n t a t i o n  in t e  m i s  of ‘.vh i spe  r i o / I  c .a l l e  my m o d , - ’ .  o nI s  ( w i t h  in c - I c c ’ .  ion of a
c o n t i n u o u s  mode s p e c t r u m  f o r  some so r f a c  e s ) , w h i l e  v a l i d , is i n c o n v i -n i t --ut  fo r c a u  r c l a ) i i n f o r  is r L d -
sI -n a  r a t i o n  of s o u r ce  and o b s e r v a t i o n  p o i n t s  on a ta  r g e  - ra d iu s  su r f a c  e s i n c e  t h e  n u m ber  ol rmi ocbe c -  r t - q u i  r d - I
c an c t -  s u b s t a n t i a l  T h e s e  p r o b l e m s  do not  a r i s e  on a c o n v e x  su n b c  t - ‘ . s C c  ri t h e  d i s t a l r l  i c - Id i i  tb ’ s h a d o w
r e g i o n  is r t - p r - s e n t e c l  c o m p a c t ly b y t h e d o m i n a n t  c re ep i r r 1 -  was- )- .

T o z a i n  a h i - i t t - n  ph y s i c al  as wel l  a’. q u a n t i t a l i s  e u n r l e r , t a n d i n g  of t h - s e  a c -p e c  t i -  of svc. c - p r o p a g a t i o n
on a concas- ,- so r f a c .  e, i n t e n s i v e  sI t - l i e s  h a s - i t -  c t - I ll  - a r r i e c t  - I I I  on t I l e  s i m p l -c- I p r - c t o t y p e  c o n f ig u  r a t i o n , t i t e

i nt e n o r  of a pe r f e c t l v  r e f i t - c  t i n c i  c i  r u l a r  c s - t i n d er  ( K IN B E  R , B .  Y I-N I o ( . (  lt A l( 1( }h , \ - N I a nd I i  - LDYRF \ -

V . S. , I c l ? 2 ;  \ V A S Y  t t - : t \ \  SK Y ] , W . 1 7 5 1  T I i , - s e  I a - c c  - d i m e n s i o n a l  f i e l d  - a i c  u l a t i or i s , o r r e - i c p c c n c h i n g  to
c x c  i t a t i o n  b y an a x i a l  l ine  sou r e , , a ne r e s - i , - s v e - c I  in S e c t i o n  II.  A pe u l i a r i t 1 of t I le -  1li n d i n i c  al Ce o t l i Ct  r y
is t h e  p r e s e -n c I - , in a d d i t i o n  to t h c -  v l c i r - p e r i n g  g a l l i - r y  modes , of a c o n t i n u o u s  _ t c i i e - d  r l c c c c l , -  t r un i
which a r i s e - c c  1 , - a c / S ,  cf  sp i t  r i ou s  r i - f l e c  t io n s  f r om  t h e  r a d i a l  o o r d in at e  or i c i n ,  E l im i n a t i o n  of t h e s e
SP U r i o u s  c of l t  r i l l i / t i o n s  li-ads to ar c  as  y c c c p t c c t 0  field reprc.-s e-ntation in ti-rn -is of an i n t e g  r a l  which c a n  Ice

manipulated so as to exhibit c - _ y  - c c p t o  a t  c o n t r i b u t i o n s , w hi sp e  r i n g  a l l e  rv mod c - c t  riliution s , a n / S n / r i -
of the’.,-, or a fo rn - ic i la t ion  C o c t O c I l l I c t I  a redu ced canonical inte c ral analoc icus to t h e  Foek /111 , 1-ral for con -
v e x  su rfa c es, TIre- roost e f f e c  l i v e  c ho ic.  e Ic cclii) ’. on the pa rar cce- t ers of tb - p r o b l e m . T hi - n c  c - u  lt ci so
o b t a i ne d  c an  1,c- g -  nc  r a l i z e c i  to  qc~ c i Y  to a r I o t  rary concave su r l a c  shapes provided that thi- radius c-I i u n —

- otu re - hanges slow ly ever a was c-la- n 1 - thc interval . The validity of these s-a riable — cu r v o l l c .  re s o l u t i o n’ .  has
been verifi c-r I Icy c o i l / p a  nison with e x a c  I calculations performi-cI for a paraboth contou r ( B I . L D Y R E V , V NI
and  LANIN , A . I. , I N7’ . Thiese earlier l o v e  s t i g a l i - i l l s  are reviewed , relevant f lu m e  n c .  al r i - s u i t s  p re  -
s ent c c l  and their physical imp l ic ations disc. usse-d .

W , - hav e- c- xtende cl t h e  anal ysis I ,  trac k the fic -Ic ) behavior when I t o -  r a d iu s  ~-f c u r v a t u r e  of a c. i r c u l a  r
e y t i n d  n ea l  so r f a c  e hc-tw e ,-n fixe’rl sccu rc. e and observation points hanges f r n c r c i  d o n c .  a c i c c  d i n - e S ;  t I:i
transition from a eu r v c - c I  tci a flat biuundhary and beyond w as  no t  inc. lucled in thic - c -a  r Io- r st u d i e - c i  W -  ha’.-
a lso m t  rourk ed the ct - nc , - ralization I c c  r a l c c s s y  g r o u n d  m o d e l e d  h a su rfac e i nip e d a n c  e bounc ta r~ - c r 1 1 1 1 1  i c c r c

( S e c t i on 1111.

The tw o-dimensional results arc useful for the- investi gation of fields with broad pha se frorctc that

do not  v a ry  appr e ’ c iabl y a l o n g  t l c e  a x i a l  d i r e  ( ion  of an elongated depression (gulley l or sm o o t h  r i c l g, -

When the Inc i c t t - n t  I c h c a  c - c  front j~ c i t  r c c n c . t s  cu r y e - c l , as is th e c a s e  when a dipole rac hiato r is b att-d cc. I t l u I c
or nt-ar the g r c c c c r c c i  c c -  r l u  r h a t io n . it  is nl ec.i-ss a ry t o  - a l c - u l a t e -  tb ,  t h r e e -  - r l i n c e -n sj o n a l  f i e l d s .  T h c e s c -  r c i c c c l i f i —
ations are unrh e r s t r c c l y

Stilt to tie expici r i - cl is the- fit -I d d es , niption along su rfac e c o n t o u r s  t hat s-a r y  s n c oo th l v  f r ot u  ccc i i i  as- I-
to c o n v e x . This important problem i8 presentl y being in v e s t i c . a h - c l , as is the  e x t e n s i o n  of 11cc anal y s i s
t o  th ri-i ’ -dirnensi,,nal ground pe rturbations exemp li fierl by sp heri cal depress i - c r c  cc -

1’
Th18 work was perform er! under (ontract No. I ) Al !C  0 4- 7 5 . G 0l  5 5 . U. S. Army Resear Ii Olfic e -

Du rham , N C .

I
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11. LU u u :I :c F L Y  L ON  I I U C T I N  ( N R C U L A R  B O U N D A R Y  ( T W O -  D I M UN S I O N A L 1

A . Uri c-n ’s Fu i i c .  lion Fo nncu lation

IV e scin itna  n i z e  l Ie  ne  the-  r e s u l t s  o b ta i n e d  in t h e  l i t e r a t u r e  on t h e  p r o t o ty p e  p r o b l e m  of l i n e  s o u r c e
na a t i c i n  i n s id e a pe r f e c t l y c o n d u c t i n g  c. i r c u l a  r - v l i r i c l e  r of r a d i u s  a. To m ake  t h e  a n a l y s i s  n e l c s - a r i b  to
t I l e  p r o p a g a t i o n  a long c u l O  ave su  r f a c c - 5 iii g e n e -  n a l , i t 15 1 1 1 - i c - s  S O r t  to m e n l o - c t I le  a z i m u t h a l  pe n i c c c l i  - ct y
impose-c l  on the  f i e l d s  in  tb ,  cy h i r i c t  n c  al = I ,  I ge’oin et r y ,  wh e r e  p r e p r e - s e n t s  the  r a d i a l  and  ~ t h e-
a ng ol a  r ( a z i m u th i a l l  - c c c  r i o / a t , - . T h i s can be d c c li,- b y e- x t c-n d in g  t h e- r a n g e -  c c f  t he  I: - o o r d i n a t e-  f r o m  i t s
p h y s i c a l  pe r i o d i c  d o m a i n  0 ~ s 2 cr i n t o  an i n f i n i t e  domain  -~~~ ‘. s ( F E L S t - N , L. B. and \ I A I I ( I L V I F Z ,
N , , 197 5) .  S u c h  art  e xt c -n s i oV  i çnp li ecc  t h a t  ang u l a r l y p r o p a g a t i ng  w a v es  o r ig i n a ti n g  at the  s u u n c .  c- po in t
( p .  1’. ‘ I  a r e  ou t g o i ng  t o w a rd  ~ I = ; t h i s  ‘ a n g u l a r r a d i a t i o n  c on d l it i on e c  c. an  be re a l i z e d  b y p l a c i n g  at
son-n- a n g u l a r  l o c a t i o n  a’.vay f r ont t h e  s o u r c e -  ang le ~c ’ a PC n b c - i t a b s o r b e r  f o r  a ng u l a r l y p r o p a g a t i n g
wa s- i- s .  Such an  a b s o  nbc - n  ha s , howe-s-c- n , the-  u n c h c . - s i r e d l  p rope n y  of g e n e r a t i n g  d i f f r ac .  t ion  at t h e  r a d i al

o o r d i nat e -  o r i g in p 0 0. T h er e f o r e , w h e n  c u r i s i d l c .- r i ng  p r op a g a t i o n  ph e-nome-na a s c .  r i b a b l e -  onl y to t h e
cy lindi- r so m f a c .  c , it is de-si  nab le  to remnov i t -  th,- s p u r i o u s  c l i f i r a c .  t ion  e f f e  t s  f r u m  I l l , -  t o t a l  f i e l d  s o l u t i o n ,

T h c - l int ’ s o u r c e  G r e e n ’s f o n t  t i o n  G(2 ,  ~~ ( in th c . -  y li n d l n i c a l  d o m a i n  0 
~~ 

p ‘~ a - 
- c- ~ ~‘, c . a n  be

c o n s t r ue  t - d  b y th e m e thod  of s e p a r a t i o n  of v a r iab l ,  s and  c - x p r c . - s s e c l  in its most  e , - i c e r a l  fo rm as a c o n t o u r
i n t e-g ral  i n v o l v i n g  the-  two  one-  - d in en s i o n a l  cbs ma- c t , - n i cc t i c - G r e en ’s 11cc I / d r / s  g a n d  g~~ f o r  t h e  m a r t i a l  and
a n g u l a r  d o m a i n s , ri-s lid-c. t i v d - l y  (F F L St :N , L , B . and 5 ’ARUI VITZ , N , - I I I?  I I ,  A s n o t i - d I  in Se-c t i on  1, w h e n
t h e  Gr e~~n s  f u n c t i o n  is r e p r i s e - n I - e d  in Ic- rn-is of a n g ula n 1 v p r o p a g a t i n g  w as  es , t h e  c o r r e s p o n d i n g  e i ge n m o de
spe’ c tr u m  in t h i -  r a d i a l  cb on i a in  i n  c . c t s - e s  a d i s c  r i - I c -  ( wl t i sp e  r i n g  ~ a l t e  my  n-tod e l  and - c l r c t i n i c  - s po r t i on . T h e
lat t - n a c c o u n t s  in pa rt f o r  p r o p a g a t i o n  p h e - n o ni t - n a  a ss  oc i a t  edt s - i l l  I l ie  po rt i o n  c - b  t I t , -  - 10 0 V )  h o u n d s ry
l y ing be twc- c.’n t b i  s o u rc e  and o b s e r v a t i o n  po in t s  ( t h i s  is d e s i r e - c l  -10 n i t u t i o r c l , and in pa rt f o r  t h e -  s p u r i o u s
c l i f f  r a c . t i , i r l  e f fe c t s  of t h e  a n g u l a r  a b s o r b , -  r . IV I c c - n  t h e -  s pci n i o o c  e l / c  - I a r~ - r e in o v e -d  and c og n i z a n c e is
take- n of the  hi g h — f r e - q u e - n c y  na to  r i  c d l  t h i -  a n a l y s i s , oI l ’-  cia v s h o w  t h a t  I I t t  - n t - l i - s - a n t  i r - ’1 ca 1- al ion  c. ha rac  I c r  —

i s t i c - S  al ong t he  p o r t i o n  of t h e -  c-on e- as- c.- bo u n d l a r v  I s - i l l 1-  I c c - I C r - ,  t h  ~- s c I o n , -  p o i n t  0 and  l i t , -  o b s e r v a t i o n
po in t  P i n F i g .  2 a r e  c o n t a i ri e-d in t h e -  pa r t i ai  O nc e  II ’ ’. fu r i c :t i o n  ( B A B I C I l , V NI . a nd BIN L D Y R I ? V , F . S.
I °7 2 b

I t  I g- - I 3c
G IL , L I = 

I 
_______________ di I l l

i ( r c  k ar  - 0 11’ — (ka b 2’ h a l

is-hi-n ’- k is the tree—s pa c - w a v i -n u n i b i -  r , t h e  ~~~~~~ cn the- ct l l r l c i c - n  I c / I l  I i  I n s  d e n o t e s  t hi c - l i c - n i s a I c s  c— 0 1 1 ) 1
n d - sp e- t tc c  tb ,  a n u n d i e n i l , t c , r - i  a t r n r e ’  f~c - t o n  c - s o t - i _ t i  i s  l i l I p l i e t I , I t has  d c l  assumed in I t )  that P an-I
O both li e on the h ioc ~d i t a n v  (i . ‘- - • = i = ai and that t h - b o u n d a r y  - o n ch i t i o n  r - q u i r c - ’ .  t ha t  the  n o r m a l
c l ,  - i v a t i v i -  of tI-n- Gr - ‘ s I tn c t i on  V O r l I c - i c e S  c.et ~c = a; t h i s  make- s G~ p r o p o r t i o n a l  to  t he  axial c. omp on en t

c i  r i l a c r i c - t i  f i c l r l . T b  c c c  ll t c c t/ r 0 a nn  t l c  S I l l / c / l i  r i l I d  c- of l i t , - i r c t - g  n a / c :  i r c  t I l e  c. onnp lex t — p la n e— are-
shown in F i gc i  nd 3 . Co n t r i l l l / t i c c r i s  f n d l n c  t b ,  110! singulci nih ,-’. I a r i s i n g  f r o m

1’ (Re ’ = 0 , iii = 1 ._ i ,. . . 2 1

a r c -  f o u nd  1cc cI ~ - s  m i i d c -  whi ’ .p ,-rinc.r g a l l e ry  n i o c h t - s . W I - i l l , -  h 2 1  h a s  an 1 / I f  i l l i l , -  r i u r r t h c r c c f  ne-al solutions as
i r i b i -  a l c - c l  i n F i ~ I , - n l s  t b i c i s c  s c . - r t l  R i -  i — - 0 nc- -crc-sent c -I cc- c. tral cont n ib cl t idd n s in t lit - a n cu l an trans —

fli j s sc - cc r i - I c n c-,,- dI a l / c o  wh i c  Ii i n .  I c c ’ 1 , - ’ .  a t so  a - c c i c t i i c u o c . i s  r I de r c / t i c .

It . j~~~~~N c 1-PLb~~~ili~i 2n 1ALLy0 r

Tb,- I l l - C  n a l i n  I I  I m i c a ’ . -  I, c- i c - a l l  c s - i t l c  i ll sa  n o d s s- a t - s  w h i c h  , - x h i l i i t  l I t ,  I c c i c -  of  \ c . - r c i s~~I d - r i n e  gall ,- ns
r i / b c - c . . na  - o~ il i c. , 1 O I l s , or a - o n i l , i n a t i c , n  c c l  I c , - s c - , as not -cl in Iscc l i c c i - i  I. If an c s -a t u a t i o n  i s  s - - c c i t t

by tI n- r cct- t b ~ - I of s l c - c : c e ’ . l  n I t  cc c I . on e re-p lace ci ~
‘ icc : c c  = (1{ i t  j  ( 2 I ~ 2 cv h e i r  D e bt i -

,s~ c i p I I I I I  -

it’ ° 2
~~ y a i —  ~~~~ e \1 c~~~f i ka [c os w ~~ 
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}
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~~ 

- wt  c - i r i sv
] 

2 -  3 , — I lis t

nc’ i = ka si ll ’.’.. I ti l l / t O  the- tra v ,-lim,c c -~i c . - , -  c - x 1 c a c l s i o r t

I I ’  
( I  
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r
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The- saddle points of q (w), as obtaine d f r o m  dq cIa - = 0 , a r e

w = - , w = , ( 7 )

and th us l i e -  on the ni-al w a x i s  be tween  w = 0 and w = iT / 2. A t y p ic.  al pa th  Cn t h r o u g h th e n th  s a d d l e
point  i s shown  in  Fi g u r e -  5. The ori gina l p at h  mappi- ch f r o m  the I p lane  can be deformed into C~. The
D c-b ye  a p p r o x i m a t i o n s  in ( 3 )  a r e  va l i d  in t h i s  r e l e v a n t  nt -- g io n of t h e  compl e x  v- -p lane.  U s e  of the  conven-
t i o n a l  sadd l e- po int  f o r m u l a  f o r  e v a l u a t i o n  of I-hi’ int -g r a l  in ( 5 )  t h e n  y i - ld s  I -h i -  g e o m e t r i c a l  n a y  s e ri e s

ikD

~ — e -~~u _j~1 ~‘. ( - I )~ 
p— ( 8 )

o nm k 
m i O

w h t  me-

D = 2 ( n + t  I a s in  (~~~ 
- 

~~ ‘ / 2 (n+I)) - (8a1

c -a c .  h term of w h i c h  c o r r e s p o n d s  to a d i r e c t  o r  m u l t ip l y r e f l e c t e d  r ay  as ch i - p i c t ed in F i g u r e  2 ( a t .  The
r e s u l t  in ( 8 )  could  have  be- i -n  c o n s t r u c te d  d i r e c . t ly b y r a y - op t ic a l  t e c h n i qu es .

C. Mixed Ray-optical ann Whispering Gallery Mode Represc-ntatio n

A l t h o u g h t h e  si- n e- s in (15 1 f o r m a l ly c o n t a i n s  ray  c o n t r i b u t i o n s  with an arbitraril y large n u m b e r  of
re f l e c t i o n s , I- h i -se a r e  s u s pt -  t since the saddle points , f r o m  w h i c h  t h e y  a r e  d e r i v e d  all c l u s t e r  about
w = m m /  2 , Thus , the asymptoti c mi-thodl , whe ri-b y eat h saddle- point is treated as  iso late d, is ina dequate.
Moreover , (3) becomes invalid as v — Tr / 2 , thereb y inva lidating the simplification of the in te gr a n d , on
which the saddle point evaluation is basedl . It is t h e r e - f o r e  n e c e s s a r y  to t r u n c .  ate the number of leg itimate
ray-optical t t -  rms  at some n = N s u c h  that  w 5 N is su f f i c i e n t l y l e s s  than  IT / 2. W i t h  this in mind , one
employs insti-ar l of 141  t h e  pa r t ia l  ,- xpan sion

______ 
2 ~~

‘- n 11 I N 4l N+I
= - (-I) r + , ( - I l  r ( ° I

J (k a t 
H ~

2 1 (ka) n~~O J ( k a l

1,V h cn  ( d c l  i s  s c i bst i t u t e r l  i n t o  ( 1 1 , one  n n a y  Write-

G = G  + R  (tO )
o oN N

a - l i e  r i  0
oN 

is  g i v i - m i  Ic s (~~ ) w i t h  t h i t -  s i - r i  ccc t rum- icated at n = N , and

- ik a l~~ -~~~‘ l s in w  N 4 1  N I
= - 

( 2 )  
n ( - I  I - IS w~~hw ( I I )

- 
~~~I- a C~’ II ’ (ka)J’ (I-al

i s l e - n , -  i = I-a sin w . TI ,- a s v l r i p l o l n -  c - s a l c c a l i , c r i  id U N 
, - s - i c l c - r i t l t  y i e l d s  r a v c c d m i t  n ib u t i o n s  b i a s - i l l / I  e - x p e - —

c l  p c  I c  N n - l I e  l i - i c c - . 1 I i ~ n , - r c c a l c t d b e r  I r c I e C  r a~~ I l \ i m i c o r p o n a l e s  t h e  - u n c i l c l a t i v e  e i t e c l s c , I  ra t -
l I e - I - I —  Id’. I r C  ‘ - c - n ’  n e - f l , - -  l i - - I  n t i i r t -  th~~n N I i 1 i c ,  I t s l c i , c c l c l  be r I d d l e d  that whit -ti th in- obsers-ation point

~i T I l c  - I i -  I t t - s  I l c c  soo n l i o l i r t  s i c  t h a i  It~i - g ‘ 0, on , -  Id a ’.  ss ’.~~ cm - 2 - sc -n  for n = 0 and I tic- r at  n i - p r e —
r , - n t a t i o n  h a i l ’ .  a I I I d d - I l l c -  n.

i—c ,  s c - n a b  i I l d ~~l i d r c ~~ a r e -  0111 n f c , r  d h c - c l i I I c _ s k u l l  I t . ’.. 
One- I c i c c s i l i i h l l t  i s  to 1, bon iT i  t h e  1111cC r , , l i d d i d  c , i l l c  so

arc I c ,  n u n u n o z e -  l i — , I. I f  I ‘ i s  c I , - I I I I I I I , - I l  j i d i t i  I 
~ 

in I - i c ,  cc , Nt n c s i c t u e s  a t  t i l e -  1 c i l , - s  rn of th,- o l e - g r a n d
I t i n l / I  I c ’  t c . , - c - r c  l~~’ a n d  N m i s t  h~ -si _ n a  t t - ’ I . - l l I d S . I c c I t c r c c  t h a t  r = — I at 1

111 
I s , - -  1 2 1  and ( 4 1 1 ,

I

~~~~~~~~~~~~ 
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n i l  ni

with 5m = ka sin w1~ and RM.4N be ing t h e  sa l  I c c - / i s RN except  for  the r e p la c emen t  ofCc by C N . Each t c -r mn  in
the series represents precisel y one of the whispering galler y modes which make up  t h e  d i i s c .  r e - i t -  sp ec d t n d l l , ,
in the pres’iouslv mentioned Green ’ s function representation in terms oi a ng u l a r l y propa g a t i n g  sc-a s-es,
Since w0< mr/& one mnay employ the - Debye approximation in ( 3 )  to s i mp li f y ( 1 2 ) .  T h u s  - from (10) and ( 1 2 ) ,

G — G
N + VI

M 
+ R

\IN 
. (14)

D. W h i s p e r i ng  G a l l e r y  Mo le- and C c . i n t i n u o u s  S p e c t r u m  R e p n c s c n i a l i o n i

The spec t r a l  r e p r e s e n t a t i o n  c o m p r i s i ng  thc.- t o t a l  d i sc  ro te  I s v l I I s p c  n i n cC C a l l e r S  m o d e l  po r t i o n  and  a
con t in u o u s  po r t ion ma y be obta ined  d i r e c tl y f r o m  (1 >.

As r e m a r k e d  in S e c t i o n  A , onl y t h o s e  pole s i n g u l a r i t i e s  hav ing  i — 0 s~~c- ld  s p e c t r a l c o n t r i b u t i o ns
in the  a n g u l a r  t r a n s m i ss i o n  r e p r e s e n t a t i o n . W h e n  C in F ig ,  4 is d e f o r m e d i n t o  a c o n t o u r c ’x t en d u n g
along the i m a g i n a r y  n ax i s , al l n e c e s s a r y  pole s i c i g d / l a  n i t i e —  a r e  p u .  k e c l  up and  - i n , -  is l i - f t  w i t h

t~~I d I Ll
G (

;
~~~ - J ‘ 

- 
I 

I l ’ .a I0 ‘NI  - 2 (2)
i ( kaI  - -  H ’ l kac .l IRa )

w h e r e  ~~~~~ i s c iv e r i  i cy  ( I  3) an d b  NI is the ’ t o ta l  n u m be - r  of p o l e s  s a t i s l v j n g  Re  in — 0. l i t , , -  Se - c d l c d
men t bi- n c d l  1 ~ a )  is t l i , -  c. on t i n i d ou s  sp c -  t r u m  ~ii , - r i I i c . m i c - i in sc- c t i c c r c  A es ,  Ut )  t h a t  the-  sp u r i o u s  d i f f r a  t i o n
effe’ c t s  of t h e ’ a n g u l a r  a l c s o n l c c - r  a r e  not  p r e s e n t , B y m e t h o d s  s imi l a r  to II a s v l k I s v s i — v c  l \ V ~ N S Y L K I l ~~SK Y JV, . , t 9 7 5 1 , t h is  int -~ n a l  may I c e  s i m pl i f i ed  con s ’cdc  n a ld s  to

L ( ~~~~~~ -o ’ I  s i n t h s-  dv , ka — I ( I  ‘h iIT
O

w h i c h  is v a l i d  f o r  Jo - ~c a r b i t r a r i l y s m a l l , I t i s  a l s o  c c i  cl  c - - i  c - t I  t h a t  ( I  Sb )  ma’.  i c c -  W r i t t e n  as

~ fH ( k a J gi - c~~ J I - Y l k a  ~ -ci ’J ) I I  ~ c )

whe re- II is the ’  i-cl i c c , - : c / r c  I - ion  a in c l  ‘I I l / c  N c - r t ma n n  f U n c .  1 1 1 1 1 1  s ’ . I i j c  Ii p r o ’ .  i d e s  t h e  d i d  I c - - I  s i i c c c t l a n
b eh a v i o  r °as c:c - — i 

- 
ci

E. Q~~~imduui M ix  of 0 c c - s a n d  M I d d l e - s

I h e  ut~ h i t t  of t h e  n i u x c - - I  n a y  — mod e n i - l i r e s c - r c t c d l l c c l c  i l l  1 1 4 1  t i c  I d e / i c r ’ .  c~n l i ce  h c ’ . t  c. It oh  e of N c n N
Id C d d  e N I so ~cs I - ’  m i n i ni i z c  ll \1~.~ an d  nc- n r l e - r it r d . - C l i c i l l l c , I t i l i i i n 1 -  I-li,- ,cs\ i d l i d I c c i l i  a I i P t d d \ l l l l a t i i c / 1 5  jO
I l l  to si mp l i l v  l r c c  i l i l e / I r a n d d l  ~~ I N -  \ I u s y l k i s v s k v i  l b A S I  L i - i I b i - - 1~~’l I , b , , 1 117 51 has c onc l u c l c - c i  t h a t

c a n  l i e -  n c - g l e  t i - c l  a) o b s r -  - s  c l i c I r d  p o i n t s  i t i a r a -  I c  ~Z c I l  I’d cV , y~ 
= ta- N h s V N t ’ . l  I 2 , i. e . , f o r  s a c i c l i c

d i r / I s  well l e l l  1 1 , 5 - i - I  from Ihi c p01,- c - r l i 1 - r i l a n l l i c- s . The j u s l i f i -  , l h I r I l  i s  Le i r l ’ .  I c d c . c ’ . e  a c t - :  r c - q u i n e ’ .  I t t  n t l i e r
S ) d / i~~ I t i s  l f l c c I y  r O u t  a r~ - c .  i s, -  - ho ic , -  is u n i mp o r t a n t  f o r  y e n ’ .- L e r ~~’- ka  and l c r - ~~e s e p a r a r i c r i  of sou r i~and o b , - c -  r v a t i d , n n  c l i l m l t ’ .  - Ito sv ,- s- , -r - f c r  n io dIc - r a t e  s-a lto - ’. ,cf 15,1 , o r  0 1 1 , - I l  thc - o b ser s - e- n d i d l i n ca II , ’. t h e
‘— I I I ,  n- , - , l l c c  I d r ob it -n i  n i l / s t  I , , -  acId n e - s s c - c l  in a dD l e  r , -n t  m n a n n i c - r .

I l - - I c c  I - i l / r d /I I i  i_ hi- d i i 1 - 1 I c , i l d - c c p n e s s i o n  f o r  0
11 i n  I I I , onc-  ma5- c - xp l o r e  um b - r  ‘.vhiat - d c l c d i i l l d d l i c -  t i l e

- 0111 I c l c d l t i n g  r a n / I c  of t I r e  r r 1 I e ~~ n a I l - i  is I - i -  c l , c ’ , - c  I s c c  that alihiroxinn atidtn n-i e-t l i oc lcc Ti iay cc  u s c - c l  - t I e -  t i c .  c l v ,
To 1111 ’ .  c r c c t , t h e  c - , I l l I c I t - n  f u n c  lions are I i  rst re-p lac ee l b y t h e i r  o m i i f o r n i  c r - s I c - p I l d I c -  a p p r o x i r i i a t i , c r i s  ill
t e r m s  of -II ry fun- c l _ I r i s :

( 2 I ~~~~~ - 

~~~~~ 
th2_ LI~~L_ _ 2_L 2j tL L Li~~~ JJ , c~~~ I~~ I t c hI I
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Whe n -m- ( ka )  ,> -‘.1 , t h e s e  r e p ne se -n t a t i o n s  r e d u c e  to t h o s e  in ( 3 ) .  Examin ing  the behi a s ’ior of the-
int e g r a n d  o v e r  t h e  c o n t o u r  C in the  i -plane or the- contou r C’ in the w-p lane , ~ abi c- h and Buld yrev have
shown ( I I A B I CI 1 , V . M . and B U L D Y R E V , V . 5 , , 14721 that the princi pal contribution to the integral a r i s e s
f rom the  s - i c  i n i t y  of i -  = ka o r  w = cm -‘2 p r o v i d ed tha t  i_ hi ’ a r c  l e n g t h  p ar a m e t e r

1/ 3
I-a s

s a  ~~- L ’  I . (1 11 1

i s  boonth-d by the inequality

6
2 

~~~~~~~~ (~~~) . ( 1 9 )
2

where 1 is a quantity of 0 ) 1)  f o r  mod lena t c -  ka and 6 is smal l  and pos i t i ve .  The - n  chang ing v a r i a bles to
t vi a

I / S
u = k a + {~~~] 

1 ( 20 )

and using

(2 )  - ,  2 - 3
H’ (I -a) — - (~~~~) w~~(t )

(20a (

-, 2 - 3
J’ (ka) — - ( j r- I Ai ’( t )

w h e r e

w ,(t) = Ai(tI + i Bi(t I (20b)

one may  w r i t e  G0 in the  f o r m -n i

- 2 1  -nI - s  i ’,ct
e I-a - eC — - ( —i- — I ~~~~~~~~~~

— ‘- —
~

——---- cI t  ( 2 1  1o - - 2 — — -  -a I I c A I  I l l2 u c m  I-a

w h e r e  t h e  c o n t o u r C in the t -p l ane ’  is i n f e r mcc l  from ( 2 0 )  and l i ~~, 4 b y o b s e r v i n g  t h a t  i ~ I-a c om n e - s p o n d s
to t = 0 (note’  tha t  the’ m a p p i n g s  t m and 1 1) of i 

~~ 
and I 

~ 
r e s p e c t i v e ly ,  s i g n i f y  t h e  z e r o s  of A i ’ ) t I  and

w~~( t ) ,  E x t r a c t i n g  r a t  optic .  al c t in t  n i b u t i o n c ,  as in ( 10 1 , when re’l evan t , the  fo r i o I o n  
~~N a ti a logous  t o ( 1 1 )

beco mes -

2i~~Tha 
) 1

2 3 

\ I  e~~~ dt ( 2 2 )

bl u l c l y  n c - v  ant I  L a n i n  State as i - n i l e  n o n  f o r  the -  i n c l u s i o n  or  not of t h e  r a y - o p t i c a l  s e r i e s  GON t h e
m n e q c i a l i t y

~ (~~~~) -I ~ (Ni - I l  ~ ~ (~~~~ l , ( 2 1 1
2J ~~~ 

2 — 
24T 2

wit h d l.e i ’ , - l l  e s  I i  ‘2 1 ) .  When the - left—hand S I l l , -  of th e’ i m i e - q I I a I i l v  is n c - C a l l ’  ‘- , no r ay  I d 1 d t h i  al - c . I l l t n i I I I d I i O f l S
a r e -  inc b u c b , - c I , I l l , -  - a n o n i c - a I  i n t , - C r a l  R N i n ( 2 2 )  b ias bce- c - n h a l c c i l a l , - , l  f , , r  N = I . 0, 2 lh t V ’L DY R I- \ , V . Nl ,
an ’i L A N I N , A . I . ,  I 4 7 5 )

li t - f , 2 ai  t u a l l y dea ls  w i t h  t hu, l ) c n ~~ h l et  p r o h i l e - Til r~ = 0 d d n l  t I c , -  b o u n d a r y ,  The ’ val 111 ’ . -  i l l  ‘‘xii I I ’ .  th i , -
sa n i -  c ondition f o r  the ’ N i - d d m r l a n n  f u n c t i o n  u s e - e l  b d e - r c  ne -mi t a in i s  to be c h e ’c k e d ,

I 

- - -,--
.

-~~- - - -- —--*—- 
_
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F. Near Field and infinite Plan,- Limits

The p r e c e d i n g  r e s u l t s  canno t  ac. - o u n t  for tb , limiting ase y 0 in ( I  ‘ . I , w h i c h  a r i s e s  c / l I c e  r a- lien

the -  o b s e r v a t i o n  point  a p p r o a c h e s  the’ s o u r c e  po in t  (s 0 with a b / s d - I l l  or sc hen  th e- r a , l 0 / s  d l  I or ’ , al t , n e

be’. omes arbitraril y larg e ’ (a ,i- wit h s a rb i t r a r y  but  t i x e l i c . T h e -  l a t t e r  l u l l / I  I r a -  es l i c e  I r a r c - / t i - r-

from a concave  to a p lane s u r f a c e  and , i f a is a l low e-d  to I c e c  unit-  n e g a t iv e , fn o m t i  c d t / c  a t e  t c c  , o r i c .  e s , V, e

have derived the transition functions for the-se - ases,

W,- beg in  w i t h  G0 in (21 ) and use the W rooskian relation i, , r i_ l ie  A i r y  I t / c d ,  I / I l l s I c .cc . r c  t h e’ r s V l t l c

C a u c h y ’s t h e o r e m  app l ie d  to the  u p p e r  half  of the- t -p l ane- to in f e -  r t h a t , cc l c / i v l e l / t l t -

— - 

ik s  
ka f e”~

t Aif ll dt 1 2 4 1
0 2cm ka 2 - -  Ai (tI

C’

with the contocu r C’ passing be- low the ’  n t -a l  t axis. Regarding th .’  i n t e g r a l  in 1 2 1  r a s  a Lap lac  ~ i f l l c  gral ,
t h e  p n i n c .-ipal  c o n t r i b u t i o n  f o r  small  y a r i se ’ s f r o m  t h i -  r a n g e -  of lan /I c t . S l t c l l c n c C  l I c e  c c in t o u n V ‘ so t h a t

t his  is s a t i s f i e d , and  e ’ n n i p l o v i n i g  l a r g e  a r g u tn em i t  e - xp a n s i o ns , one n o sy  s h o w  t h a t

.~~~~L t l
t~~ 

2 ( 1  -~~~~t
3 

+ - ~~, t ’ ’ l , - “ - -~~a r g t ’ -- 0  12 ’)

Then by Lap lace  i n v e r s ion  of (24).

O - 11 1 I )
(ks)jl + ~~~~~ ~~/ ‘2 

- + O(y ~ ~~~ (2 ’

A c t u a l l y ,  t i c , - i n s-c  r s i o n  t i e - I l l s  fo r t h e -  f a c t o r  O u t ’ . u I l t ’  t i n e -  b r a t  c - s  I l l , -  l ar ~~e a n g u n m i e - n i t  s p p n o x i l r c c . u l / c . i r -

of ( u 2 )  H 0
(1 ) ( k s l  t l i , - G re -en ’ s I- ti ll tion for an i l / I / c c / I c -  p e - r f e c  t l t  c- c r c ’  l I t  t I n g  1 1 . c l c d - , I I ’. i n c s , - n l i n d C  Ih e  es~ I~~ i

l i n t i t i n i g  va lue  f o r  a — c , t h e -  f o r m u l a  in ( 2 c I m a y  be a 1 c 1 i l i , - c i  as c’.c -ll in 1 ) c c  n e a r  1 1 , - I l l  of I i ,  s o u r - , -

To t r a c e  the -  t r a l d s d t l c d l i  front con t c d  d I d / l y e ’S c- c t  / 5  , i l c /  n ,  - a l t ,  I c  I I I , -  , l i s / , i n c c. ,- ‘. a long  t I c , -  s t / n / a  e-

ner n ia i ns f i x e d , s’.e al lois- a to c h a nge ’ - 1r t ~i c I i i i d d I s 1 y  I r o n i c  l o s / I l l ,  I I ,  r l , - C , d l l s e  ‘. ‘a ic i c- ’.  s’ia the’ - on ip lex

c - S I  t d 1 , - c i l l r i  1) —. a n g  a - cm - Tic  k e e p  a = a c~i _ L i ) l d i d s i h I s d , 1/  i s C O c c I -  5,i l’ s r / i i i i h i l t a r i c ’o ld i ’ l y to ha se -

a ng Li — L i ’ = - , e n  -t - Mo r e - Il ’ .- ,- r , one t i t l i s t  - o nt i n iU c i o sl \  I l l  r io  I l l ,  c c l  c C  n a t i o n  p a t h  in o n ip t e ’ x

i _ — p l ane -  I t ’  it ‘ ‘ ‘1’ t~r, i r O i - c.i r a l  - c i r l v c ru ’e’nt  ( e s p (i y t ?  - s  c l I , u l l I r l  I sc-I l - I c  1’ i $  , u l h c \ v d ’l / t c) ‘c 1 1 1 1  I d -  d I l l / f i l e S

a~ c o r d i n g  I c  I lI e  rt~ lc ’.  ‘t a t - l i  sh ove’ . T l i , - s e  c - , c c - l e  r a t r d l c l s  I t - a c t  I - -  ,, cr d a l C l c I  l in e  j a t r c  , , I d l I r / I  s v l i i c .  h

a ru i t = - -r /1 , 2cm - I , is- ht ml a rg  a = ~~ ( l1,, n / I i r d g  v a n i a l c l e c -  = j j d  \~ lI l ,O’

Ic ’. 2 )  
- c-c’ (p1 -

G — I ( - -a-—— t - ~~’~~~ ~~~ 12 7 1
o 2 ” I c a 2 

~I-i

ca- I c c - n , ’  y is ag a ~ fl gi ven I s - 1 1 + 1  a l - i  r b 13111 
~ 

p n d i -  d d l i  c i l I d I l i C  I~~t c -  I d - a l  ~J a s i s .  Th e’ , - \ r c n e - s s e o n  in I 2 ~
i s l i d , -  known n e - s l i l t  b I n  I l i , ’  h e ld  l d c l c c t, . st i n l , t - - - of a - c i r ce ’ .  I d - n t , -  t I ’ .  .onduc  I c r g c v l i l c i c - r , 

~~t — c ’ c c I c . I c c r

l l , - l l c r m a t j o n  , t l d d l c / r  t I c , -  s i r r c z c c t a n i t i e ’ s  II, 31 tv I L l I I = 0, c, n i- - i c - n i  s , --  I I c c -  c 5 c - ,  i c / / L I  cs- a s - , -  — c r  i c - s . and by
, ‘c/ ’, i a d d ’ . i I i n  ,t l i , , l d d / I i d I c S  t o  1 2 - c l  dItO 1 u l I O l , ’  I I l t d  r ’ .~~, , l c  I l i e  l i r c I l l i r i g I n , i r c — c r d o n  a ’.  0 II)ASSERJ1AN , 0.

an d P-,III\I A I1 I . A . , I d i  2 1 , I hicu s , I l l , ’  I ll/ C ’. I r a c - k I l l , -  R e I d  - d ’ i l t l i d d I l ~ c S 1 V  arc .  t I n , ’  - c i n ’ , d l c c r , ’  c. l c a l t ~~’- s  1

I t H  a l e  I I I  - l l l l t t ’ .  1 1 , 1 5 c c - c r c  r i s c _ I  soil  n- c- , e I i I i  - l l I r - d - n c , c l i c d I  p t o c l l s  d I l l  l I c e  s d / n b a -

0, 0 , -n l c  n a l i -t , i l  c - c c  I I  \ ii n/aM,- I c i  rs - alll n c

c i v i d l c d n l g th ,-  1 d r c r i - g I l d -  of Ii , ,  u I / I s  - w h i c h  ‘ h a n , t , - n i 7 ,  s h ig h f c d - d 1 c / d -  I t I  5 h t c - ~~I l l ,i _ _ i l 1 l d r l  , u t i ,  d h j l f n , e - t i o n i .
on,- may g c - r c -  nalin ,’ t h e -  I n c  i N t l / I  i , - c - ~~ l l s  to  ,,~ - o n l n r i o d l a t e -  cc a t ,  su n l a i  c’s s’. c l i  slowly s c r o d 1 -1 ’ n a , l i l i ’ .

cii c c c  r s - , ,t u  re  .u l s  I , ‘ I l e t -  n e s c t l l s  a re- as f i dlliiw ’ ., For t h e  lllte cC r a l  r e l c n e s e i i t a l i l c l in 121 1:

- 
~~~~~ - i k I ~~ A1 11 1 -

I, 
I ’  ‘ -\ ‘ I I I  

- : 1  , I 2 ~~ I
- 1 1 ) 0 1 1 1 5 1  

--

s’, t i , - r ,  th e- — i  r i d -  d i d  ,rdl ,,, I cl c i  at s = I), s dcc  ( h i , -  - i t  ‘ . I , d l c c , -  l , , - l s s  c r 1  l i t , -  sou n , - a I d , 1  c c t ’ s t ’ i ’ V at i c . d I l  i d c i l 1 I i ~

T T I i , t S l l  r i - c l  a l c c r i c . i  lh .’ s r i  r I - a c  i- , ,en el

- I / I  5
f ) s )  (

dId~ ) , I )~ s l  ~, I
- -- 

0 i ’N
j i

c



R N in  ( 2 2 1  is m i st e d  u n  t h e  s an te ’  I l l a l l I l e r  ( I S A B I (  I I , \ - l I  an d  I I I ’ L L ) ’ t I l b ’ c. , - S . ,  I 9c’2). As DIsi 0 ,
w i t h  cc. s ni a ll , on e- I n c a s  dc -n yc  d c c  g e ne - r a l i z a t i un  ol 2 - 1 ,

- - i n / c l
o - ~ H U (ks  I I + r (k D I  - + O ( k D )  ( S O )

The’ nay -optu al se r i e s  kIN in  110 ), w i t h  S I , bi ’c. unit ’s  ( B AB I C I I , I - Ni , Sildi B L ’L D Y R I - ,\ 
- I - S. , I 9 7 2

i k D

o — e~
cm I~

4 ,f
~~ 

“. -i l ” ~
—‘-—-- D (3 1,~ n ik  

m l = 0  ~~ 
n

whe - ne- D0 is t h e- i b i s - ,- n c . / i - n ci ’  I c l e ’ f b / c  i c - n t  l i d  ci r p o na t i n g  t h e  effi-c. ts of aunts’.,- c u r s - a t o n e - .

[~ 
a

t ~~ ~
f I I c O S  (1

D
1 
a ,J -

~
-
~~

--

~~~ - c . c ( f  
h

I
2

l d 0
H

(SIa l

1) 2 = ,[a1 
a 2 ens I’ cos 02 )l

j 
+f 

2~~

= 
2~ ~~~~~ 

a 2 (i ~~ cos 0 cos t ,  - 2 1  1 1a9 cos 11 2

- 2f 3a
1

1f
1

f 1l cos c
1 

— 2f
1~~~1a 2 c. o s l 2 + a

1
a {

3 i o s i ’ c c l s , -  ( S i b )

w i t h  a~ the surfac e radius of c u rc - ’a t u  me a n n b  ‘N thi- r at  ang le’ sc-Oil r , - s pt - i t In, so n f al  , normal of t i / c  i - l i t
r e f l e c t i o n . F i n a l l y ,  the’ a s y m p to t i c a l l y a p p n l l x l l l l a t c - l i  ( s e e  (I)) w-hispe n i n i g  ,alle n t  n lOdbe’ s e r i e s  00 11 iii I I  ‘I .

- i I - , l ) t
- iks NI 

-
V i  \ t 

( 3 2 )I d I t  2 
i f 1 0 ) i ( s ) 1

l - t

It s h o u l d  be- no te -c l  th ia t  ( 2 5 )  - a nn o t  be- u s ed  s d / d r a ( s )  I h t ,ill C c i -  , - c c n i i n u o u s l s  f r o m  p o s i t n  S e  t o  lre CdIc.s

v a l u e s  u n l e s s  the ’ sou m c , -  / lo ,  a t e - n b  I / i - a r  the inf i e - l i - I c c  p c , / r d t  a = ,‘ , c-d ie me ( 3 0) and i t s - c c d r i v e - S  - ou r i l e  rpa nt
app l ies . The- failu re- 0f 2 + )  f o r  a n ’b i t n a n t  s o ur c e I - I  ,ilo ’r on tile d /fl a c - c  p o r t i o n  a r i s e , -  I nom t I d e  d l
t hat tb, func l i o n  I ‘.1 _ - as s r c , - , un s  t h e’ m I - l i - c  I / I c / c  poi r t .  On l I c e -  o t h e r h a n d , I) ne-iltains l i m b , -  T h e ’

oe ff i c i en t  i c c  I l l  I - c e  s i_ l ie-  I i l - n i l e  i n t eg  nal .

II . r—i -_ ,
~~ c . , - n c .  al R t - c c . u l t 1 ,

Soni c n u n - n e - r i ,  al  ca l ,  u l a t i c ,n s  in  t h e ’ i i l i— n a t l , r c -  i l l , i ~~i rate- 15,- utilit y of t~ c d- s - a n i o d d s n c - } i r e - n c . e - t n t a t i o t n s
f o r  t h e -  G r e e n ’ s f u n c t i o n  G~ . Vi ,, -c -, Ik i s v -’ k v i  (W A I ’ I Y L K I W S K Y J , V, . , ( 9 7  ~ ) h a s  e va l u a t e c i  11cc  f i e l d  on a
c on c ave  - i n c u l a r  pi’ r f e - c  I I v  - ~, r t r l - t  (urIC su n b a  e I d y  s t c . n n i t i u i n g  l i c e  w h is p e r i n g  g a l l e  n t  mode  s e r i e s  and the-
c o n t i n u o u s  s p e c  trciin c o r i t m n ) , c i t i o n  in ( I S )  I F i g u n c -  I - I , A I t l i o l i g h  he t - n u i p lo v i - d  t I n s n i i e ’t l i o c h  of c om p u t a t i o n ,
the ir n t i -  np n e - ta t i o n  of t h e  n e s , c l t , as sta t , - d l  by hiirnt , is in f a c  t as lici-vi- c I v i a  t b c e ’ r ay — o p t i c a l  f o r m u l a t i o n
s i n c e the ’  os ,  i l l a t m o n s  in  the c u r s e  a r e  c l i i i -  to in t , n l e r e n c . e  b e t w c - e - m i  I l t e  d i r e c t  r ay  and  r e f l e c t e d  rc.c v rc ,
\‘c’ari ylkiw skyi o l i , c . e  rves that t I l t -  f l l l  x c - d  r e - p n c - s e l d h a r l o n  i n  1 ( 4 1 , s s - l l i h e- c , s e - f u l f o r  in t e - r p m e t a t i o n , o f f e r s  no
n u me -  r i c a l  a c h v a n t a u p ’ , It a p p e a r s  ne-S- c r t h ç l e - s  s t h a t  I b l i  S as

~ l e t  wou ld) wa r rant  fu n l h e -  n s t u d y ,  Vi hen ka i s
i l a n L t d l  the ’ i o r  r e s p o n d i n g  I c / n c - c  f o r  10~ may  I, , -  o I l  a i r - - i mom that in F i g ,  I- b y a s - a l i n g  laca-

I W A S’i l , K I ’cS S KI  J ,  Vi . , l c . 7  5) , t hu s  l l l a l c u r l /I a typical c o  n v ,  u r l l s - e r sa l  f o r  o t h e r  c a s , - ’ .,

ViSe- n I-a and ( o r )  ‘y i s  r , - l a t i v el t- ti rn a l l , it is appropr i a t e ’  I l l  -x p l o r e  the ’  n e - p n e  s , - r i h a t c , c r c  in ( ( 0 ) .
This was c l i , r i , -  by Bulrh yrev and Lanin b I l L L D Y R F V , V , NI , ami d  L AN I N , A , I , , 1 97 ‘ I  I - cm a I- I -n c iiV~ - cO r I-ace ’
t i l p a ra b o l i c  s b d a p e - , for whi ch t he -  _c s s r l l j d l I I I l  m e - s u i t ’ .  - oc i ld h , e h e - c .  I - , - ’ l  a g a i n s t  t I c , - c xSm s c - n / i - c rc o l u t i o n .
The- c a l c u l a t i o n  , i t i h i z , - d  t a b u l a t e - c l  c- - a l o e - s  f o r  i l l  12 5 1  on  R N in  ( 2 2 1  (whe n g c n / c  r a l i z e , I  as in ( 2+ 1 to
var i able ’ c u r v a t u re- ) , and t he ray  s e n / c s  in  ( S i  I , s c - m i l l  N c I t - h , -  m n n i n e d  I c - c i nu ( 2 1 )  (y  t I / e n . -  i c c .  re’p lac .  i’d b’.
I - I ) ) ,  One’ ob se- r y e - s  f r o n t  t h e  t y p i c a l  c u r s - c- in Fig, 7 t h a t  t h i n  a sy m p t o t i c  n e -p r e s e n t a t i o t i  itt ( 2 8 ) , ca -hen
n , d l , c h / f i e ’ c l  to a, c o u n t  f o r  the di ftc- rent  b o u n ds  ry  - i n c h _ i o n  on 

~~
, ,  ‘ I i ~e’. not  a c h e ’q c c a t e l y p re- rb ic t i_l ie  fie ld f or

kD so large that a ray - o p t i c  al te ’  rod an he ’  sega  n , e t c - r i  out. As kI) i n ,  re -a ses  fc i r t b i e ’  r , e’ach f o r m u l a  sc-NI h
a lower N valuer than pe r m m t t e c l  is l , ’s s  a c c u r a t e ’  thai , that with the e I ’  n n e  I N value- . This c l e - m o n s t r a t i o n
shows in l e t - c l  I t,,- impo nta n t rnle p I,e y cc l by t h e  g ‘-on e- t ri - al op t i c  5 lu - I d .

Ill. CONCAVE B O U N D A R Y  WI’I’H SURFACF; IMPF :DANCI-: CON ± )IIlO N

1’,, adrl ness the problem -i-i of g roun d wave ’ propagation , we assu me that thin g n - c c n ~ ’l - h a  mac It ’  r i s t i l  s c-an
he taken into a d ,  ocunt by a c ,,,l st d r cl ~ u n f 1 e ,  t’ in iped lane  e’ Z . I- i c r  t I c ,  d i n c  u l a r  c y l i n d e r , l h i i s  imp lies  (hi ’ ’

1

_ _
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l c c l d d l i c l a  1 ’ . c _ I / I d  i / I  ion

= u k / U St ‘ = -d - = ( 3 3 1

,s - 1 , -  ne ~- i s  t h e- t I l c p c ’ : ~~~c c- c c i t  r d - c - ,  s i c c  - 11 t- pr o  I h l l i c . c  as in ‘- c - c .  t i on  II , d I r I d -  nn - ta~ - c - I / n v , - t h a t  I I , -  f u l i o c a - u n g
iit o , l i t u t ’ c l  i-s i c nd - c/ s i l l / I c -  5 1 1 1 115 /
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THE TFI A N ’ S I F : N T  B F S P O N S E  ( ti  A SI I C I I T I  Y

BOtch 1)1 l - tF ’ CTIbTC SUI(F  \ C E

K. 1 . La ng e n h e rg
K .  — B .  b e c ke r

G . f l o b m a m u n
Fachi - l e r ei ch  1 2 . 2  ,ier U n j v e r sj t b t  des  - ac , m - l a n d e s

F a c ) i i ’ i ch t un g  1- 1 e l s t r o t e c b l m d i k
[1—1,1100 S a a r l c r i i c k e m ,
f e d .  I l e p .  b e r n n a m e y

S l l S I t b \ I ,  I

The s o u r c e  of t h e  e l e c t r o m a gn i e t i c  f i e l d  i s  a s s u m m n e , 1  t o  l - e  a s e i m l i c u i l e l i - t n t -  d i p o l e  a t
h e i g h t ,~~ a b o v e  t h e  s u r f a c e  of t h e  p l a n e  e a r th ,  w i t h i  a r h c i l  r u d y  I cuc e-  ~~1ii v i u l d I  m o m e n u  . The
p r o hi  em of f i n d i n g  f l u e  t r am i s i e n t  f i e l d  of  t h l  i s  d i p c . c I e  w I l e - m i  I 10 earth, is al ic -w ed to h e
s l i gh t ly  r ough i s s o l v e - c )  I l ~~ n c e a n s  o f  a p e c r t u r h c a t c . o n  a n a l y s i s, r e p e a l c b  a p p l i c a t i o n  o f
i n t e g r al ,  t r a n s f o r m s  amid t h e i r  in v e r s i  on Omi t h e  base ’ of C’ a f - m i i a r c h ’  5 m e t h s , I I  w i t h  I I c C  m c l i  —
f i c a t i o n  of f e  h lOO ~d .

1. IN T B OB I I I 7 T E O N

In bo th  t e l e c o m m u n i c a t i o n  and  in , a p p l i e d  geoph y s i c s  one  i s  o f t e n - n  c o n f r o n t e d  w i t h u  t i l e
problem o f  d i s c u s s i n g  t h e e  i n f l u e n c e  of  ) h e  e a r th ’ s rou l I b , u d e s s  on t h e  p r o p a g a t i o n  of
e l e c t r o m a g n et i c  w a v e s .  T h u e  n e ed  f o r  t h e  t r a n s ie n t  r e s p o n s e  o f  r o u g h  s u r f a c e s  ar i s e s
when  p u l  sea of i c an o -  s e t - m c i  d e u r a t  i o n s  a r e  b ei ng  t r a n s m  i t t  eli; i . e .  w h , e n  t h e s e  s i g ,c a l s
m a y  no l o n g e r  t o  c c i  n c 1 / l e  f i e q i u e n c y  h , a r m n o m , i  Cs  f - u t  l l r o a d ) l a u , d  p ut  c / e s .  T h i s  c a s e  r e q e u i n e s
f a m m u i l i a r i t y w i t h  p r o p a g a t I o n  i n d u c e d  d i st o r t i o n .

The a u t h o r s  a re  n o t  a w a r e  o f  a n y  a p p r o ac h  to  t h i s  s p e c i a l  t b c e n , e  a l t h o u g h  th i e m n o n o c l c r o —
m a t  i C p r o b l e m  h a s  b e e m ,  t r e a t ed  i n  d e t ai l  ( f l E 1 K i ’ I \ N N , P .  , S P IZ 7  I C I h  I N c  d , -\ • , 1 9 1 - 2 , Ar.-~I ( B )
a rec e n t  p a p e r  ( l n ’ u ;OI - -- , * . 1 . , W A I T , J . F ( . , 107 5 ) ,  f or i n s t a n c e , d e a l s  w i t h - i  t im e  e f f e c t i v e
w a v e  t i l t  o v e r  a lateral l y unhomog eneous two— layer earth. The b e c b ~n i q u e  u s e d  in  t h i s
p a p e r  i n v ot v e s  a p e r t u r b a t i o n  m e t h o d  t o  f i n d  e f f e c t s  of  a s i mi u s o i d a l  h c o u n d a r y  w i t i m
small ur udulat ions upom i an I n c i d e n t  p l a n e  wa c- - e .  H e r e , as  in ( H E C K E I S , K . — D . .  et al ., l0;t)
we w i l l  d i s c u s s  t h e  c a s e  of a d i p o l e  s o u r c e  ahoc - - i- a w i d e l y ar )-itr ary rucug im surface sept—
r a t i n g  two m e d i a  of  r ea t  w a v e  n u mt c e r s.  W e a l s o  s t a r t  w i t h c  a p e r t ’ i r l - a l i m cn a l  s er i e s  ex-
pa n s i o n  f o r  t h e  t o t a l  e l e c t r o m a g m e t i c  f i e l d s  wh i ch i l e a d s  t o  i n h i o m o g e m i e o o s  t r a n s i t i on
co n d i t i o n s  f o r  t h e  n l i s t u r h c e d  f i e l d s  a l o ne :  t h e  r o u g l ur ~ess  o f  t i m e -  e a r t h  i s  t r a m i s f , c r m e h
i n t o  e q u i v a l e n t  s u r f a c e  c u r r e n t s .  T i m e - s e  r u m - r e n t s  can  be l~~j v ~ cn in t e r m s  of  t h e  f l a t  ea rth
r e f l e c t e d , i . e .  u n d i s t u r be d  f i e l d s  i f  t h e p e r t m i r h ’ a t i o n  s er i e s  i s t runcated after its
f i r s t  t e r m  ( 9 F C K F B , 5. — f l . ,  e t  a l . ,  10 7 5 ) ,  t h u s  y i e l d i n g  r e s u l t s  in  t h e  t i m e  d o m a i n
w h i c h do n o t  d e s c r i b e  t h e  e a r l y t i m e  behavior of t h e  t r a n s i e n t  r e s p o n s e ;  i t  can  lce mad e
physically c l e a r  t h a t  t he  truncation of t h e  s e r i es  i s  o n l y valid f o r  t i m e s  g r e a t e r  t h a n
t h e  t r a v e l  t i m e  c m c r r e sp o n d i n g  t o  t h e  r o ug h n e s s  amp l i t e i i h e .  Then  fo r t h e  s a k e  of  n e l e v a n t
r e s u l t s, t h e  d u r a l i o n  of t h e  e x c i t i n g  i m p u l s e  m u s t  be l a rg e  c o m p a r e d  t i ’  t h a t  tra v~~ ti me ,

~~ic w t h e  a p p l i c a t i o n  of  a Iap lace transform ar id  a t w o — d i m e n s i o n a l  F o u r i e r  t r a n sf , rm t , m
t h e e  wav e e q u a t i o n  f o r  t h e  f i r s t - o r d e r  d i s t u r b e d  f i e l d s  l e a d s  I i ’  an inter al represen-
Ia~~ion in the l,aplace transf- -rm space with unknown integration c o n s t a n tS .  I f  t h e  func-
tion which accounts for the roughness is decompo seli into its spectral components thte
s h i f t i n g  t h e o r e m  y i e l d s exp l i c i t  e x p r e s s i o n s  f o r  t h e s e  r o n s t o m i t s .  U s i n g  Cagniard ’ s
method (CA(’.NIAIf D, L., 1930 , BE HOOP , A . T., 10 59 , FF 151- N , I .  B . ,  10 0 5)  t h e  a h c o v e — m e n —
i_ h oned integra l representation can he chang e-cl tmc an exp l i c i t  lap lace integral if cer-
tam restrictions c o n ce r n i n g  the roughness profile are assumed: time profil e must h e
one—dimens ional and ba te d-limited , t h e  maximum spatial frequency c omponent h’eing sm all
compared to an expression imp lying essentiall y the reciprm cc-al of  t h e  t r a n s m i t t e m - - m ’ e -
ce iver d i s t a n c e .  Then t h e  solu t iomi i_ ri the time domain can )-e read off yi elel i mug convolu-
i _ i o n  i n t e g r a l s  for arbitrary time varying d i p o l e  momem ,t. Ttcese i n t e g r a l s  have t e e n
n u m e r i c a l l y  e v a l u a t e d  i ’y I n e a n s  of  t I’ue f a s t  F o u r i e r  t r a n s f o r n e , l I e n s  y i e l d i n g  f i r S t  o m d e r
corrections of the time history of the reflected field if a d i e l e c t r i c  surface is at ic t—
wed to be s l i g h t l y ro ugh .

2.  M A T H E M A T IC A l .  F 1 I ) l M U l  , t T F O N

The pla ne earth i -c rl e snt r ille d t h r o u g h n  i_ Ice half-space i < 0  (med ie em 1)  and  t h e  a t m o s p ) i e r e
through , t h e  half— space / ) 0 (medium 2) in a c a r t e s l a m i  c o o r d i n a t e  s y s t e m  (‘-c , y , ,’)

( F i g .  1) .  The f i e l ds  which belong t~’ tI ,e two m e d i a  are marked by corm-espond in g i r m , i u c e s n
the source of the field Is assumed to ic a v e r t i c a l  e l e c t r i c  d i p o l e at the point
x y = 0, i > 0 wheose mouse -nt Is g iven I cy  l l(  t I  ~~

‘ 
* t iceing t i l e  t isle and ~ hs ‘ m u 1~ a

unit - - v e c t o r  In the 7-dire ,- ) inn . Itega r d in g 11(t) we ma~~e t h e  c a us a l i t y  assumption
11 (t) ~ C) f o r  t .~ 0.

I
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Fl - e -  I I e. I i i  s I r e d d e  t c s I ( x , / , t ) , I I  ( x , v , / , t ) ( I = 1 , 2 ) are ti c c m  S.’ wi - I ci, w - - , c i  n 1
n c - s m e l t  I n one s n u u , o m l c  e - a r m l c .  I or -  I i i -  t e , t al  i’ i , - i - t  S t r e ’ : c 1~ d I c 5  i n ,  , -a s e-  o f  a m c mli( -c se,rfa we’
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~~~~I c c  1 c c  e a - c- n I c u t - I  - t ,  I i md /I se’r’i e- s cm f t h e  fo  i’m
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* ~ ~~~~~~~~~~~~ ~ ) 
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( i )

—_ 1 - c - / n c - d I c e - ’  t c e r t c , r 1  a b j o m i  J c a r a n m m e t e r -  of tb ,e r o u g h i n m e s s  w ) , i c h  we - 1 , — s c m  i l - c  I r o u g b m

(2~

The a n - m r - a n - v  f u n c t i o m ,  f ( x , v )  i s conmsiit ered to have contimiuous derivatives . A f ormula
s i m i  i c i r  n ic i i )  b m o l , h s  h c m m  m i c e  c n l a g e i e n  j c  f i e l d  — t r e n i ( I t b ,  

~~~~~~ 
(x ,s- ,/ , m ~~. These tm,tal

f i e ld s  f u l l  i 1 i  t i l e  wave equal ion i i ,  t h e  t w o  m n e , I i a , f o r  i c u s t a n c e

~ ~~t c - t — -

- 
- 

- - - - ,~ - ~-l ii~ - -~~ 
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t c ~ - ~~t5 
~~~~~~~~ L~ 

~~~~~~~~~~~~~~~~~~~ 
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w h i e r e  v = 
~~~~~~~~~~~~~~~~~~~~~~~~ 

, l e m m o t e s  t i m e  1~ l a s e -  v e l o c i n v  in m e ’ m l i uim m i , ~~ 
, 

~~ t m e i r u g  t i ,e
c / - a c u u n n  p e r m n i t t i v i l y  amid pern u ea ll i l ity, respectivel y; , 1* , a r e  t i l e -  correspondin g re-
lative con stam ets. We assume ~*, = L’~ . = 1 . l i e  ( 3 )  tS(x,v ,c I  is thie dc-its — distribution.
‘n, ce- , this equation is sOlv .-’ Ih , irdlL (x ,Y , i , t~ r e s u l t s  frcmm 5)axwell’ s e qu ations.
Iloth total fields ,miust satisf y Ibl e I ro imSitiOn con chit ions at / = ,~ -z

-~ __ -
~~~- _~~t _

_~~( m s
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w i t h  t h e  n o r n m m a l

= - c l~~~~l~~& ~ (
~

)

F s p e c i a l l y we h a v e
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Th e se  conditions and t h c e  c a u s a l i t y  a s s u m p t i o n  g u a r a n te e  I I ~ e uniqueness of i_ t ue t c ’ t a i

3. S I F T } l d ) I )  ‘ I F  c _ I  ‘I I’ ’i J IN

l a p lace transforming ( 3 )  wi th respect i c c  t i m e  y i e l d - c  u n d e r  c , n i si d e r a t i o n  of t F n e i n i t i a l
c e c r e d  i t i i d I l  5
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a h - e i u i g  t h e  sa ~~na t’1 e in i_ lie transform space and
~~

’
~~,t (x ,y, z,s), h(s) denoting t he

tramusforn eg of I- 
~~ 

(x ,y , -,’,t) and b I ( t ) ,  r e s p e c t i v e l y .

Further app licot i o r u of a two-dimensional Fourier transform with respect to x and y

+=0  i- se-,

i _~~ 
(R)

with, Ib ~e inverse transform

+ *0 4
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(~~b

=t~~~ -~~~~~~~~
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~ J

y i e l n l s
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(9)
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( io )
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(I i)

di

_____ - = - 

~~~~~ ~~~1~~~~t-~~) + S
1
~L(s~ c~~~ -~-

(12)

win e r e

I -
~c . = ( e- ‘l

~ e- 1 ,2i t  ‘ 

(13 )

Concerning the undisturbed fields , i_he solution of (7) h/e-ga rdinig ( o )  — (12) with res-
pect to the lap lace tramisformed transition conditions ( 6 )  is the wellknown Sommerfeld
Solu tion

c i I  ~ ~~~~~~ - 1  ( — _ s l l - ~~l — S ~~~~~l .~~~I
= - ~~~~ ~~~~~ . 
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~~~L~~~~~~~c t - ~~~e -

(iii )
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w i t h

- I, -~~
~~~ 5~ 
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C = 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( 1 7 )

~ I,); ~~,

-~~- i m i l a r  e x p r e s s i o n s  can  i-ce d e r i v e d  f o r  e~~ , bu t  t h e y  w i l l  n o t  be g i v e n  h e r e.  si n c e
we r e s t r i c t  ou r  a t t e n t i on  to  m e d i u m  2 .

The f i r s t l e r m  of t h e  i nt a g r a n d s  i n  (1 14) — ( , t ~ ) is  t h e p r i n n a r y  f i e l d , t h e  s e c o n d  t e r m
d e m u , c t e s  t h e e  d i f f r a c t e d  f i e l d  f o r  p l a n e  e a r t h , and  c ,~ corresponds t c  t h e  Fr e sn e l  re—
f l e c t i~ c m, c o e f f ic i e n t .

Tin e t w i c e t r a m u s f o r m e d  d i s t u r b e d  f i e l d s  must satisf y homogeneous equatio ns ( l 1~ — (12);
t b m e i r  s o l u t i on  in  t O e - ’  I i jc la ce  transform space takes ti-n e form

-
~~ = ~~~~~~~~~~~~~ 

i 

~ ~~ ~ , s>e~~~
’
~~1 — 

(is )

wit h  arbitrary inte gratio n constam ,ts i~~ ’ (a, .2 , a ) .  To d e t e r m i n e  th e se c o n s t a n t s
the transition conditions (I i) arc-’ expanded in a Tay l m ~r- series around 7 01 comparing
cceeffic,ent s with respect to powers of ~ results in in u lmm ogemd eou s transition conditi ons
at i = 0 for the disturbed fields alone , for instance for thee fir-st-order disturbed
f i e l  ‘is

= ~‘ (19)

~ h.0 = ‘7f 
~~~~:-~~~

‘ ] -  
~~~~~~~~ ~~~~~~~~~~ 

(~~~~~~~ i 
~~~~

e

c)]

( 2 0 )
-
~~ I

~~~7 e -

Ti-n e quantities r,, , r-~~ , I - , I can  ice i n n  e -r p r e t e d  as  s u r f a c e  c u r r e nt s , their la-
place transforms resurt from i _ hue Laplace transformed equan- i c i mm a (in ) and (20) using

iI~) — ( i c )
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It is interesting to note that these lapl ace transformed first—order surface currents
are proportional to the difference of’ the inverse squared phase ve l o c i t i e s , t o i_ lie
amp li tude of the deforma tion function f(x ,y) and to the third and forth , power of a ,
respectively. The resulting expressions for the Laplace transformed first—order distur-
bed fields — their derivation being described t,elow — and hence the second—order sur-
face c -jrrents make it obvious that the perturbation series can be truncat ed after its
f i rst t erm if

s ( i _~~ -~~j~
’
~ ~~~~~~~~ CoS’9T~ 

2~ =

~ ( 2 5 )

~,,here Li.z ,,~~,, denotes the maximum roughness amp litude and is the polar ang le of
thee  v e c t o r  f rom the  p l ane  ea r th  image  source  t o  t h e  p o i n t  of’ observation

( see F i g .  i ) .  The oc c u r r e n c e  of cos~5~ in ( 2 5 )  is due to  the  f a c t  t h a t  t he  l a p l a c e
transformed disturbed fields decrease with increasing transmitter -receiver distance b y
(c os~~~5 )~ , ~2 being the perturbation order.

If no to tal re f le ct io n is a l l o w ed , i.e. € c i E  , the truncation criterion (25) means in
the time domain

*~ ~s > _—
~~~

-
~
“

~~~~ 
= ‘~°~‘ [ ~~~i7 

~~~~~~ 
= 

(26)

where t5 is the travel time corresponding to 
~ s The ph y s i c a l  mea ni ng of ( 2 6 )  is

the  f o l l o w i ng: the roughness results in an uncertainty of the situation of the dipole ’ s
image given by ~~~~~~ an d this distance un certainty yields a travel time uncerta inty
t~~~ to the point of observation, Since the truncation of the pe rturbation series ex-
cludes the earl y t ime beh a v i o r  of the r ough sur face, it i s sugges t i ve to  con s i d er onl ypu lse dura t i o n s  T , w h i c h  are la rge com pared t o t~~~

The Laplace transformed inhomogeneous transition Condi tions ( 1 9 ) ,  ( 2 0 )  for the first-
or d er d i s t u rbed f i e ld s in th e l a p lace transform space to&ether with (21) - (21e ) result
in a system of integral equations for the components of 7I~~ (o ~~, ç~ , s) wh ich can be
transformed into a system 0f linear equation3 by means of the two-dimensional Fourier
t r ans fo rm, yiel ding for the Lapla ce transformed disturb ed field components (the index“1 ” has been dropped )
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wher e ~~~-‘ , 
~j ’~ , , ~ are t h e  two-dimensional Fourier transforms of g , g~ , l ,e- ,l~~.In case of a band -limited one—dimensional roughness profile f (x ), whose spectral deco~~position is given by

= J P ~\-e ~~~*N (30)

-

the use of the shifting—theorem yields
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Similar exp ressions can t- e given for C’l , ~ ,
He nce
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The term wit h j,i_ ( x ,y , z , 3 ( , s)  is due to w Fu ichn occurs in

In the followimn~ we want to appl y Cagiuiard ’s method in the modificati on of do Hoop in
order to get E~~ (x ,y, t ,t) from the two— din,ensiona l Fourier integra l (33) .

14. APPLICATTON OF CAC,i-JIAHD’S METFIOI)

The essence of this method is to change the integra l representation ( 3 3 )  to an expli-
cit Lap lace integral (CAGNIAIID , L., 1939, i lF  HO OP , A .T., 1059, FFLc,FN , L., 1965). In
order to apply this idea we must eliminate the s—dependence of the exponential’ s fac-
tor in i 5 (x ,v ,z,~~i ,s) and j~~ (x ,y, z,)< ,s). Tl ,erefore we define

=5

a~~~~

(36)
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(38)

~ ~ \ s~~ ~~~y

is  de f in ed a n a l o g ou sl y,

It w i l l  he shown below that the appropriate choice of simpl y yields t > t~ t~~~ , an
assumption we alread y postulated to truncate the p erturbation series.

Now we restrict the imand limits of F(X) by A

eeL- 
( 39

_
I

then for ~~~~~~ ~~~~~~ and ~Re s > -
‘ we h a v e  (~~ - 
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~~~c S ) ~~~~~ni an hence from (1 I4 )  and (‘38)
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The al cove ~ mentiOned s-depe n dence is thus eli minated resulting in
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The integrand of ( 4 i )  has  no b r a n c h po i n t s  a~~d no po les  in the  comp lex  ~~ -p lane for

real ~ • So we Can change the integration path from the real oeL -axis to the hyperbola

on which the function f (si, , 1 ) = 1t i s real an d p o s i t i v e  and

~~(~~~2)~~ COa~~ 6~~~~~~~R S SC~~9S (42)

where

( 4 3 )
=

f(~~ ~~~ is the expon.nt of the exponential function of (141) for y = 0. The hy perbolic

pa th ~~~~ , ~~) = ‘7 yields (see Fig. 2)

~ DO ( 4 4 )

wi th
_______ 1/1

+ ~~ /~ 
cos~~~

if ~ is chosen to he

(
~ ~~~~~~~ ~~~~~~~~ )

~~I~~~~~~~~~ 

( 14 o )

Integrating (41 ) along the hyperbolic integr ation path and chang ing the order of inte-

gration y i e l d s  (t)F HOOP , A .T., 1 959, LA NGENDER G , K .J., 19714) :
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where we have introduced the new variable ~ t rough

( 4 8 )

with
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From (45) we have
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if t ~. t~,. Hence in the time domain
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I ’ I .  ‘ er l e r s tood t h m & t  t h e  a s t e r i s k  “ “  means the convolution operation . Eq. (51) is
i - I p ,  eec. I d~~c1 i i ( o )  • 0 , d h l/ d  t I — 

= 0, d ’  H/ d t t 
= 0, d ~ l l/ d t = 0.

= e e c r p  ‘or c r i g i n s i  a ssumption was t ) t~~ + t i_ we f i n a ll y get  t he  r e s u l t

- ~ ) = ~~~~~ ~~ 
( 5 1 4 )

C n.h
Ire a ~~~~~~ ar way ar e e spr ess ion for ~~~~ (x ,O ,7 ,t) can he derived ; for y = 0 we find that

en  i - b e e t r a l l y  / e r n .-L
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‘The m o s t  ~~i ,- ’,, 1 f i r s c ~t r e s t r i c t i o n  concerning the v a l i d i t y  of our theory is equ . (39).
o r  v e t O  (2) and 1 144 - ) it r e l a t e s  the maximum wav elength ,A ,~ = ~~~~~~~~~~~ of the

r i 1 I c - ’ - n s  p r o f i l e  C r u d  t t c p  t r a n s m i t t e r — r e c e i v e r  distance tiough
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5-1 ( 1

i.e. rapid oscillations of the roughness are not allowed. On the otluer b i a n d , we are
ab le — at least for large times - to  r e l a t e  d i r e c t ly t he  r o u g h n e s s  s p e c t r u n m  and i t s
transient response l~y (51), (52) and (53) r e s p e c t i v e ly .  For  i n s t a n c e , if the rough-
ness profile is are even function , the second term (53) of the transient response
vanishes. °nce the real parts of the integrals (52) and (53) have been computed , the
s p e c i a l  i n f l u e n c e  of the roughness consists merel y in a multip lication with its inte-
grated spectrum .

For numerical evaluation we chose the profile

= co~~~~~~ 5~~ 
( 5 6 )

which yields

(
~~

)

and t h e  s p e c i a l  i n i t i a l  pu l se  f u n c t i o n

( - (58)

which describes a unit— ” step ” — function with finite rise time T, where T~~ t~~i_ . The
convolution integral (51) has hceen evaluated icy means of the fast Fourier transform
al gor i t h m . F i g .  3 to  F i g .  n show the polar component E ,~

1 (x ,0,z,t) of t h e  r e f l e c t e d
and disturbed fields as function of the normalized time t — t5/t~ , where  t p is the
t r ac . -e l  t i m e  f r o m  the  sou rce  to  thee point of ob servation. The field strengths are
normalized to  t h e e  m a x i m u m  of t h e  u n d i s t u r b e d  f i e l d .

The primary far—field of a dipole in free space is proportional to the second deriva-
t ive  of (5P); icased on the same procedure as des crit -e d a h - c u v e  for the disturbed fields
the numerical results show that the earth reflected field is also proportional to the
second  d e r i v a t i v e  of 1 1 (t ) ,  a fact which is shown in Fi g. 3 to  F i g .  (- , wh e reas  t h e
disturbed field is somewhat proportional to the third derivative indicated by t h c e
ma x i m u m  f o r  l a rge times. Thee relec.-ant timn e interval of the d , s t c c r l  ed fields — t h a t  i s

t o  say w h e r e  ou r  t h e o r y  h o l d s  — l-egins at t - t 5 = t~~~ . For smaller times these
fields are set to zero. The al-ov e—mentioned Fi gures also sh ow i_ F e e  t o t a l  f i e l d s  f o r
t i m e s  t — t~~~

) t~~~ f o r  s e v e r a l t ransmitter — receiver distances. Th e greater this
distance the snnaller t h e  difference 1- e t w e e n  u e m d i s t r u r l - e I and total fields , a fact which
imas 1 € - e cu already stated t o  truncate th-,e perturbation series.

The most sigm n if i cant c h a n g e  in the received signal - t r u e  t o  i _ i c e  e a r t h ’ s roughness is
i _ h e a t  t I c r -  t r a i l i n g  e d g e  of  t h e e  i m p u l s e  l - e c o r n n e s  s t e e p e r, a fact w h i c h  is a l s o  n t - s e r v e d
f o r  i r n c c  e r a s i n g  - b e - f o r m a t i o n u  a,np litude (Fig. 7 ) :  t h e  r o u g h  d i p l e c t r i c  surface seenus to

a m - I 1 ic - €’ a c l i  f f e r e m n t  i a t o r  c c i  Ii ~~ — hn i g l,p a s s  in  c i  r c n m  i I t h u e c c r - v  -

4 . c - - \~c i f lc I \ ( I  Ifl

Th e  paper presents a first a ltenmpt to solve t},e p r o l l e m  of pulse propagation over ir-
r e g u l a r  t e r r a i n .  T ine  late time ‘-ehav ior of first—order pertur c-a tion fie lchs ~~~n h e  corn—

~ciuted if certa ,uc assumptions concerning the tern-sin irregularityare fulfilled: the
roughness profile fun ctic -n r c must h e  one—dimensional and l and-limited , the h-and—limits
- e in g  c l o s e l y  connected with tine transmitter—receiver distarece. Furthermore the dura-
tion of the i n i t i a l  tramn smitted pulse must h e  large conmpared to the travel time due
Icc tin e max inmuen c h e f o r n n na t i o n  amp litude , a fact which is physicall y intuitive , since
o i l i e r - w i s e tine tota l pulse has already decayeci during the early time interval where
the time history of the receivc -’c h signal is unknown , - 1 nc t I m e  other inand , even the near—
field’ s time h i s t o r y  can b e  given exactl y and the computation of the far—fie ld me eeds
no asymptotic procedure as the time harmonic case does (I11- KFP , IC—I)., e t .  a l . ,  1075)

Tt will 1 e p o i n t e d  out  that also layered structures can 1 - e take n into account (LANGIN —
PERIl , F ,  J .,  l c T e 7 1 t )  and s i n c e  t h e  m e t h o d  w o r k s  as well for the magnetic dipole one is
cc he tic c o m p u t e  p o l a r i z a t i o n  e f f e c t s  i n  t h e  t i m e  d o m a i n  of rough dielectric surfaces
and  l a y e r s .
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EFFECTS OF NOCTURNAL GROUND - BASED TEMPE RATURE INV ERSION LAYERS
ON LINE-OF-SIGHT RADIO LINKS

L. Fehihaber , H.G. Giloi
Research Institute of
the Deutsche Bunuies-
post at the FTZ

6100 Darrnstadt , Germany

SUMMARY

In radio relay systems the variations of the transmission loss , caused by prop-
agat ion e f f ec t s, are of some importance. These variations occur in the shape of slow
fading and fast or multipath fading , mostly at nighttime . ~-ith uJnohs~~y-l i ct I-d line—of—
sight propagation they are nearly u i  all cases due to n o c t u r n a l  l r e c u n d  based t eu ccn er_
ature inversions. These inversions cause increased transmission l oss b y d e f o c u ss i n g ,
that may exceed 15 dB at very long path s. Multipath fadinc- arises , t hen humidit y
saturation is reached near the ground . The upper limit of the huu ’ c d  ln”er , situated
some deca meters onl y above ground , is reflecting totally. Bestdeu - t h c - n e  eff~ c-ts the
inversion causes a shifting of the radio horizon to larger di r t— t e e s  and hr-fle e to  an
erlargement of the range of the transmitter .
A model of the ground based inversion is presented , that ex o l a ir e ~hr- n’-served effects
not onl y qual itat ively but to some extent quantitativel y, so tha t tn t- i - ! i C t  ions of
stat ist ical parameters become possible .

1 . INTRODUCTION

Prior investigations in the short—decimeter and centimeter hands have shown that
heavy fading on line—of—sight links is found together with ground based temperatture in-
version layers (Grollkop f, J., Fehl hab er , L., 1963 and 1965). In this paper an attempt
is made to analyse this correlation and the theoretical results are compared w i t h
experimental results. Nultipath fading is explained to be caused by tempernture inver-
sions. As another  e f f e c t s  of th is meteorological phenome non , the radio horizon is
shifted to larger distances and the range of transmitters is extended. Furthermore ,
temperature inversions cause defocussing attenuation which may exceed 15 dB on very
long paths. In chapter 2 a model of ground—based inversion layers is given including
the slope of the refractive index in these layers. The 3rd chapter comprises the effects
on wave propagation and the 4th the experimental results.

2. REFRACTIVE MODULUS AS A FUNCTION OF F~~IGHT

The refractive index n of the air as well as the refractivity

N m (n-i) io6 (1)

normally diminishes with height. The radio beam is not a straight line (see Fig. in).
To simplify the ca lculat ions , the spherical earth is transformed into a plane . This is
done by means of the re f ra ct ive index

M = H + ~~~~~~ I C
6 

= N + .1569 h (2)
re

where h is the he ight  in m above mean sea level and re the rad ius of the earth .
M normally grows with height. When M is a linear function of height as it is found
in a well mixed atmosphere , the radio beam is a parabola (see Fig. 1b5 .
The refractive modulus may be calculated by Smith’s and We int ra ub ’ s f orm ula

M = 77,6 p + 373 256 .5-. + .-!2— io 6 (~~)
T T re

where p = atmospheric pressure in mb
T = Kelvin temperature
e = vapour pressure also in mb

2.1. Situation oefore the rise of the inversion

On a bright day, the soil is heated by the incoming radiati orc . The air touching
the soil is heated and it rises because of its low density. Dv this convection the air
is well mixed up to a maximum height of 1000 m. In this layer the temperature has the
dry ad iabatic gradient r = — .01 K/rn , and the specific humidit y s is constant ,
provided that the saturation point is not exceeded. This means the air must, be relativ-
el y dry.

I
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The vapour pressure may be ca lcula ted  from the specif ic hum idity by

= 
.623 .623 ~ (4)

p - .377 e p

In Equation (3) p, e and T are functions of the height. When T is the temperature at
the soil (h = o) °

T T0 - .01 h (5)
The pressure p is given by the barometric height formula

~.2 = _&_ dh (6)
p RL T

(gravity constant g = 9. 14 m ~-2 2 —2 — 1gas constant of the air RL = 287 m s K

The vapour pressure is given by Mangnus ’s formula

e = 6.03 U 10 7 4475 
~~ ( 7)

234.67 +~~9c

(relative humidity U (0 - U — 1)
temperature In centigrades ~ = T — 273.2)

Equations (3) — ( 7 )  yield the refractive modulus as a function of height. It can be
approx imated very well by a linear function in the height range of interest , wh ich is
onl y a few hundreds of meters. In this range

(8)
dh

is constant. People , who are used to appl y the e f f e c t ive ear t h ra di us k .  re may
cal cula te  p from the relation

= 
io6 

= 
0.1569 ( 9)I 

k r e k

Table 1 below gives some valtres of 1, whe n :‘ is the  tc-tsu cern -Ir o , p
0 

the atmospheric
pre ssure , and U0 the relative humidity near t~ e g rn lnr o i .

Table 1

fl , gradient of N
when T = 01 K

1
, p

0 = 
1020 mh

~~~~~~~~
~~~
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The cin~1 c ui ~ at 1 - - cu -
~~ of both t h i s  chapter  nr ~h t u e  f o l lowin f  T hi s  - c r 0  . c d l r f o r t n c U in  ( F e h l —

haber , L. , U171 ’,

7.2. Invernion before the dew point is reached

Dur in C  the a f t e r n o o n , the convection Ohates and at  last in t O t C . The radiation
go ing  o f f  p x c - - r - d s  t h e  i n c o m i no  r a d i a t i o n  nod t he  soil  is ca c l i  r c c - -ff . The t u r b ul e n c e
o au s e~t by t hr -  w i n d  c ar r i e s  the lower t e m p e r - c c t c i r e  t o  the  a i r  c lo s e  t a n  the t rau innt . The
dev el o p m e n t  of  the  temn ernl -uir e slope is -shown in  j -~ i - - . :. 

- + 
~~

1 c- n a i l  t h i n  ~einun i r c i t i re
drops by ~ T. In t he  gron i nd  based lo v er  1-h e er t - e r a t r i r e  - n - c-t o wI~~ !u h e i  ~‘}c t . T her e
a n in v c - ’r r l o n  s at h  a po u t  i 1 - ly e  ternperoture ~‘ ro c ~ e~~1 I~~. The va lue  of 

~~~ 
( t 0 ~~~P T ~~I iut art the

d u i r h i c i  nc-c 4 .e , , on t h e  w ind  v e l o c i  t y •  ‘~‘.‘hen t h e  h i n d  is slow , 
-

- rises to hi~~h valu es .Above 1-b r- Inver-sion lcc c .o r , t h e  t e m p e r a t l u r o  g rad ien t  is ~ o n i u n e l he the saru t e as
d i r  I ng  4ch c- d ay .  Thu s the tc-m un --r at.ur Hr-° ff r- i s  In i i  ‘c r-tI C .  The lI d - ’  t 1-h t  of the  I nverr l e t
layer  I s
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h .  = 
L~~T = 

i~~T (10)

F — F ~~~~+ •c ci

This profile is a sirnp llflcati ar.. n fact , there is- o.n i c— --’t hr- r - IC i r . t l - : - m I - - 1 i c t r  l a s t - u
( A h r e n s , D. , 1 9 7 5) ,  but it  is u n i m p o r t a n t  in most  wave  p t - a n a u - at  i on  rcrobl r--
While th e air cool s o f f , the s p e c i f i c  h u m i d i t y  does  not r h - -t a t e- , at - l a r c O  as t h e
saturation is not reached.

The bilinear temperatture profile produces an tf-u- r nfu le which is also bilinear. The
gradient of N in the inversion layer

= .i~.L ( i ~~~~ )

dh

i s  a fcu ncti nn of 
~~ 

( F i g .  ~) .  It is smaller than ~3 (se e T u t b 1 c~

V = <1 ( 1 : )
p

I f  f~’1 is very a r - a t , H mciv become nep a r u _ I

- . Cr o o n- I  based vapour sat ci r uc ta- - i l i v er

Puon the tr--ttis era ’i u rr - ~i -- u ’ens below t c r-  cf d- - -c~- p al’ s , ‘c- varc-c uu r 1 - c - u t  ~ ‘c, c - - o t - ro u- .
A ~cnO~~V Ia’ Or of  th e  ut. -~ i r - c t t h 0 fr o n c - n e- r  n t -

~ P — t a r + c - - .  the soil , noai h:s
i O 1-C cools  o f f  h ’- rad n o  I i c u n  C 5 u ~~- l i c C t t  ~t ccl c - u  - - - Si i n O  T c  i s  ,c: 11 c-
c-oar to a s I lhi c slope ci t i d  a d I s c - -c u c ~ i n t u i t  - -  o~~C - t ~~ c - 5  ~~~~~ s c c t - f - ~ co - a s  i ’ i s  S r - c - I .

F i - . 4a. I t  t u e  focc- v lover , the spc- i f ic  to u t - I t s - v  i s  r i  l ( n r ~1 c ’ - r  (‘ 0. I i t t c ’ . - , t, c

r- i - - ’ 11i- hcnmi-1 j v I~ = 1~ A u- the v c c o c c o n -  r t - r - c -  - - c u u - c e t i n  a f u u c—
~~ j - -n i .  o f  + -

(enua h lan ( 1 )  ) ,  a d l c : c a u - t t r t ’ u i t v  I n c  t t- -~~t c c r c  Cin i c - o s -  -t l s c a  a d i—c -- n r .~~:r.- c u ’’- i t  —-

as it  is seen in ~~ic’ . L.h. Those tent t i n ’  c u r t -  and v api -- - s r u - - c - -  - si o u r  - u n ~~-a :i c ;cp  s
ri -fr active modulus s- l o pe  ci u t  o x - u t - I - - o f  which is i-vi- ~r-uc fr-n - F t c .  - - - . A l - i c -  t I e
h. the Y— --’u ci ctic n 1 - is ~t = . i n~~

1
. Be l ow ui, I t o  H — - -t u t t i . t .  d r c u r c c t c - r - S  f — i  .- - 

hr-ca uiu - e cf t h e  0 0 c t a t i u c - jn’ier~ -j on. c l i  hOc- h o l e ’ h e- , - i - ~ c- is a di c - c a u c ’ ifl ( l -

= 
-

As  c-- ir .  be s - u - c - ru f r - - tic ceuao~ ’ t -  1~ , lr cvu-’ rs-Ic’nr r a y - c - I - .- ~ u ’ s - 1 - cr e  -i-- i  r ’ - c r e~-i ‘
~o-~- i - r s  cL 

d r- soi l . H -nsf  o f  f o r - n  cc r c  f - - m od i t .  ud c l l e t ..  i t t  w e t  c - a l l  f~~~c e ’ a Co r o t j U c  c e r l i u c - c u c  s
t t r -  l r jvr - r uti ~ : b e c u n s  ~~- i0~~~ The J c n u a n l u r  is  c a r r i e d  cr- ~c u t r 1  be f c u u ! - c -Ic c- - , t - .~ r ot
h ich et - th u-n ‘oc c - ir ~~r-roion l -c c - - ’ . ThIns , ci t O o t e r s a t - u r - c - d  1cc-icr  is -c- u r n more l icu r- ly to
f-’r- c-. The nba-ic uc-ent . ~t o I c - f t  - - s -  5 y c -’ 1 - -n uro l more often aba:— rtver b a s in s  arid f - - s - s .

I , o . La v °t - - - c t  a - - a  ~c~ n t t -  re  i t .  I t o  Ov u cu c u-’ of the inver uti -no

Tb- dls r-’ tc- t nc ii * c- °! !-~ a~ t h e  s urface of ft c- m o ist saturated 1-0.-ct- 15 i c -n c-
-ifi ly  one in an n c r -u ’ s - :  -c i -  lov e. The 4 cmunoraturo ,-rc - .- - tu- ~ - - - i t h  he ig ht  pt”-’v c-nt  c- t i c - c -  c c - ’ - 5 u —

cc-i l t c - - c t i mc- . A vo l  cm -  o f  -a i t , - -;hich - -c - c s C u b i c ’ hr  d ot-cr c- - e r - n t n ’ e r t l o l c  r e - r u o d , ret-:
a t o S  c r - I  c T r d  - t i n - c i u h o r i i ’ c n t  t - - : l t - . So i n i r r e ci c- f t° rtht- c- - f - ~~-’- r w i t h  -~is c - --t ’ is—
iii t e~ of  !- . j i c j  ncc c c r v - u i - c e  - are  n urh lowe’ thou: ~ H at t0 e - - n r ° r f  tt c- stol
cc -c t rut ir -  —

~ la”e~~.

I . .  Ter’cv ’upur-i’io r. ‘if -~t’ In :  ion

T he  ra li a 1 i - n t  t- c - irur ~ 1 t -  a g a i n  in thr- a—it-r Inp - ! r ’ e t p - - -  i - s  c-~~~ -s t-tm
t c c in ni n p c~ ‘bcc mois’ a c ’ i i r -. 4 la~’er . Fir— t the d isc -au ~ i~~u ui’ c - a f  H v a n i u - i t e c -. Ln ’er
or., c- -hr- u - - r -n t c - -:r c t a t  hot’- crc - r i  cc lv  for u- c1 np— i t t; , bc  h r - r -o ic  jc ; l b . -’ I — c - c u  —~~ *

s u r f - -ce of t h u i n - : -r t t - u .  li - r e  “- an i  s - - b e t , t 0e

i. AVE PR O P A G A T I C H  FF FF .CTP OF Ii°TERSII1 H LAYERS 1H I UT- — O F — S I G H T  L I H Y P

R o t  h t he  variation of the !-!—pra-li c-n ’ at thu surf-ire of t h e  n ucvc~~- --c : -nrc lu c v r -r as
c t l s c o n t j u c uj t h  of H a t  t i - c -  scir f a r e  at ’ t i c - - f l O l  ut t  n a t u r - n t e d  l ace r  h a v e  u - f f e r - nt-i t h e

wave p r a n a p —  t at af  c~n a r u d  shoo r d un w av e s .

P ay s -  an d  f i c- i d strent ttli In a l i n e it ’  and a I t f l r u c - - or  H _ u n r a f i ’e

Tue p r a t t l e - - c - c~~I~ -c~~d by t h c -  b reak  of ‘h i-  !-~— c n u r v e  a ’ ti r r c r face of t i n e  i r c v e r  ion
lacer can be solved by optical ray r a l c u u l a  — c u e - . . The N — e u .c - ~I i t  - -n are i i  - -r ’ eot  arc - -I
a r r a r d i r c ’ to  e s - t i u c t i a n  ( i i )  t h e  conditi on i ( ~i < P is - t l c f l c - ~ i . e . , ‘m e t e  ar p  rio
fo r c u r s i r i p  c f f u - r t  c . The optical r ay s  con  hu - 1 ca l c ul u c k r- ct f r -a rm ‘1- c CqcU ’ t O O

i
c 

h
r (‘ ‘I

ci x dh - -

I

-‘ -

~ 

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



i t u e r ’ -  h is  l i c e height in m ‘ t i  I x the distance in km .

l.ur. - n rc t h e  N — t nu - c u t i l e  i s l u r c c - - cr , ~ I c -  c c - u .  r c t  ru t - I  t i c c ~ r ; i v i s  a par abcc - ] —u

h = ~‘ ;i x + a x + h ( 3 . 2 )

At - x = o , the t r a n s m i t t e r  i s  situated st the heu h tt  h c i t - I  1 is at-n r c --> c t c: f 1 - -  f l u e
tin-tie of the rat ’ in m r a d .

ber t  there is an inversion layer , the i-I—profile i i i  1 - i l  i n c - - ~ r ’ , cc~ l i --c r -’ i n  t he  c c ps ceu-

par ’ (see Pip , b e ) .  T h er r -  are two I-adients ~3 and i
~~

, ar id  t h e  ri’: r o r cs t s + s- o f  p a r t t
of p a r - ik - -oi .c- n s- ( s ee  Pip. c c :

~~~~~ I 0 ~ x~ x1

h = 
~ 

x a x + h 0 ~~~~~

r a r e  II X -n ~ X

h = 
~ t 1

~ 
(x-x 1 )

2 
* a 1 (x_x 1 ) + h

~

z c c : e I I I  x ~~
‘ x~

h = ~~ ,~~
(x _ x c - ) 7 _ a

~~~
( x _ x

~~
) r h

~ (3 .~~)

The cp uini ’-ctie s x 1, x - , and a1 ar e  calc u l a t e t  urnder the conulif 101c c - f lue ’ h and
d c l x  are steady at art -I x— .

The o tt e n u i c ct i o n  relative to the f r ee  sp oce slav be ralcnilated as

A = il n ip 1. ~~~ (~~~ll)

~ a.-
(CraPkopf , J . ,  Feh lhsb er , L . ,  196’c ) ,

I f  t- :- i - profile is linear
A = O

ensues  f r o m  eq u a t i o n  ~~~~~~
The same result, is found in zone I of the b j l i r u c - c n y’ u i t - a f j i e  ( .

~~~~~~
. In c c ~~~ rat es II a t , d

I I I  d e fo c us si nc  attenuation occurs. (see r h a u c ’r -r  ~~.-n ’- .

i h u  I~~ of  t h e  radio h a r t  r an

The r a t  1 a t o t i z o u c  is d c - f i r - - I by * p roy I a l t c i u  i t t - - ‘ I i ’- p r - - - n u i u t d  , t b -  b o r i c - a r — r at - .
I’ is derived ft- - in enua tlori s (n .

..) — (‘.I i  cc c l ’ c u i a t  t I c 1 ’ a 5 et c ‘ h -  u-lI’ inn :

‘i x = xn d cc
ii = o a-cd -~~~~ = o.

iT-- c--i- a r c  i l - j e t - c - i a n  o c c r i r - -- , t I u r - r~-adic c hori:-ort is ehif i--’ l u - c  a r - c * r .  d i  - - rc - r e . Th°
d i s t o r u s e  x -‘no - -c - f r o m

to a nax imci u -c a f ~~~~~~~~

u - cr. I from - r u e  o t t - - c - u -  I s  ‘he horj c-ot—r an t a - - l a i .c c -r  h eicti ta . Fu r. (i u t h c i w 5  an e x a m p l e .
The t r- u un- ~yuuft’ - r  ir i t m u a t c - d l  at a hi - ic~h I of —c -cO . In  t i p. Ca ‘ - . . c u , ’ of I~ is  a l —
noe l -nal. A ri-reiver b c - I - m u t t - ’ to t h e  hatc - it cel arc- a is i s  c r 1 c - h  - d . c- . :~~rri ‘ c o re
i s - an I’ t .  i S i t i t  d i = = .0s. rO’ 1 arc - i a he ipt c t o f  m a r e  t h a u c  2~0 -o (tic . i -

~l c l ,
* 0 a h a c i o w  is  c on s i c I r - r~~h 1 v r u t c t c i c - o c t . F i r .  Cr shah- s the r a d i o  hor i ; ’ar :  when ftc. inv ert -i nrc
laye r i i i  onl~’ ~O to hu h - t i .  H c - ’ V e t - t l i c - I  i- os  ‘ t m c c’  rtnnce of s igh ’ i s c v i  den t  i s -  ev l  c -c ot .

This ma:- r~c c u a c -  i n ter f e r e n c e  v - h en  t h e  ccervi c-c radius -f a trucnsttutt t - rt mi -ads- a c t ’ i t ch un
t i l- primary coc;ora pe area of c ir cit tuer transmit ter at the c-c ur e f r e a u u e r c - c - .

A r n-t ic - n hen s-un cxi s I r  on ly  when 
~ > 0 .  ‘- cco rd i ng to Fig. ~, P hr-roses y t c - c’a ’ I c - ’ e when

flu e t c - r i u i e u c u t u i r e  ‘r r t u h i e n t  has  very ~~rr  a t  v a lt , e c c . Then ii w a v e  guide occurs i r c ‘ice
‘r i t  c p u c . - r e  a r c - i  a horizon r ar i n a t  he d c - f i n e d ,

3. ~~. A t t a - n c n a  I ion by de faruc --sing

Ac cordin t- to chapter ~~. i , no n t t c - t l c t a t i o n  is. caused by a si~~plv l i nea r  F — p t ’ a f t l e .
‘c a re  are isa layers ant in the  I - n w c - t  ar c  I s  c ti t e r  than zrr ~a. The n t h e

I

- - - , _.,.~.j _ ... —c* *—*-_ ~~~~~~~~~~~~~~ 
- 

- - — 
-‘-



r—’ - ----- - — — - -- 

~~~~~~~~~~ 

— - 

ci c 

‘

d e f o r d u c — c - i n c p  c ! t . - c — t s  c u u u c - r  -s r i  a t  t c r c c a c i a t ~ i n  t i c ’ - -  zones  I I  - i r - I  111 i t .  F i - - . - . T l : u s
c i i  ‘ c ir u s - - l ’ i c  I c~~~~ j

~ ca l cu la ted  id .- m e a n s  of  r- cc - - - t I o n s  (~~~~. i_ )  — (3 .4 ) . t t - . 7 c 1. -s
Il i S l a m -u s  in  t h e  case of f l u  c - x c - r c i j c i  o in  P i e . 6c. Below t i c ’ -  a . t a u u r l i t c - t I c ’  r i u r t - c e ,
a ‘ ~ h irc . e o -  1 Ct  1 o~- i - r , a r c  at ter . U uc t ion  A > 0 r e l at i  ye to f r ee  c -n c - c e  i r t - - - c t ~ t . I’ p r o w s
t-. j t I i  h i  -~~-.nre c~~- ~~~ Ic rrt A has a maxi r r in i r n  a m o u n t  of ~ d B, The d i ’ f r c c r or. loss i c - c r
‘ i _ c  i- -n - - i ~‘at ,  i s n c -e l e ct e d  fo r  i t  i c- o rc a use  in  -a  c -  u - - I  - - r .  ‘ - t c ~ ‘ c ’ a b o v e  r n - - u  c- n arc- . c~
e et ~~ r t c- .
-

- h um 
~~~ 

15 t c t c t (  i t , t he  loss  a h c - e r v -d at a f t x - c I  p c u i r c t  u t r r - ’ - a ’  ~
- . Th . . v u l c i d  t i f  d~ ~ 

15
1 cic , - .~~~i - t .  ~tt- t c u ’ p r - t c c t i u c -  u c - t l e n t  i n  l ’t c -  n r ’ c - r - s i a r c  1 - - r  is  1 r c - c -  I . i r ~i s c - u  n c r .  ~ whe n
t h e  -c-- i -  cI ” V l o c i It - i u c  t o w , T he a , i - u - c  -c i  d - f o c c u - s i n g  loss i c c  f - c u r  - ‘  -.-. t , c r ‘ ic c ~ r c I i ~ . ci  .-

Ac - rn - c - , - t c u -  ~-r - e f l  f rom i - l i ’. - , t~l i C  los t-  as a fi i nc- ~ u c r  of  h’ p i u t  l u a u -  a ‘i.~ ~ 
- . - -  a t  a f i x ’ -

d - . b i l e  l i c e  l ay e r - - c r  i a t- -r  deve lop’ , i t  i r c- c r e c c r c - s  it- i hc  n . ~ u i ’ ~o d oes n c .
c a  ~ i c r  -i ‘~ ~ ~~~~~ c-5 t a ny  t i- ’~c t I c -  m a x i m u m  h i  ii m o v e  over  the  c - c d - t - l u - l o c 

~~~a t ~. r c  t ’  r a n d  T c - c t *
- -a- less bern ’,” f c c c h h r c -  o c c u r s .
- b 1 , ~ 0 is val id , an a r e a  c h i c n c i i  d cx l a t  w t u c - r -  wav es  r a nt -m t ‘n t  c - . } 1, 1 c I u c i s  1 s d c c  ‘
t h e  c c I t ~-i i f i ca ’ i .r .  - ‘ the h i  I m ean N — s u a f c  1 e, In r e a l it ’.- t h c - r c - is a - ‘ 1 I t- ~ y c - j *  m r  i t .
H a n - c  c I  ‘he mc r . t i o f l i d  a r - i - c’ t h e  ~c t  t i  r i o 1 cart i f i n i t e.

c c l ~~ j n c c c t l t f - - c f  t t - c- .

I ’ F i r .  / -c  a d i r r o n t  i n t n i t v  ~~I-~ i -n  found at f b i  h ipl ;t  of the vapour  c- atui r at pc-i I c c -u - i - u - .

It - . t i _ c- i l t i n - - O h - re , an - - r t c i - c l  d i  s - r a n t  i n c i i ’ v cannot exist hut for a small d i  f C c — s c -  or e  i r .
t e ip h ’  , t e r c - f r - - - r~ ly e  n a d u u i c u r  d i m i n i s h e s  t r ru crh an extent , t l c cc~ t .t c.-’ d i s c on t l r t c c l  t v  is
a — a -l u-c --. r0 ’  i - t i t i a n  fan c - c - - i  c-ni -st I i c r  “ o f t - a c t  t a r t  p roblems.
- - . ‘ - t c  ‘lie l l e l c t c ’ o f  c-~ j e  V ma c u t - -  - o t j t c a ’c c  1 1 o ’ er is lower than t r ar c s n i tt e r  and receiver
c - c - -~~c- c - - i t s  s c I i s  see r  i ’c Fl - . i- , a d I r - r h  s a v e  and a wave  r e f i , - r t ’ - H  c- ’ t h e  s u r f a c e
o f  ‘c u e  lrc’u -- -re * r - -m ’- 1  h i t -  t - - . . rec’-i’i~-r - . Thei r phase jntert’erenre causes -dir .
The I - c - I  - Icc 1 -- h c - o ’ ! ’  - - t c i - i -  ha 1- . c - - c - v e t -  ‘ia ’.’e near l y the same field c - h  T~Ct -e~’ - c t  m e c , t s

0 ‘00 sec- c u .  h i - a ve  i s  °- I I  crt- ci - 11v. Total  r e fl e c t i o n  occurr  whr-n fbi- r e f l e c t n n r
t e d i u m  b ar  the 1-c - er- r- c fru -crt iv e modulus t - c d  the c-’r-czcnr angle a , is less t b - cr; t he
cr~~’ irnl --‘n-’le -ci t at a l  r c -  flection 0.,. This -c n p l e  is a fu n c t i c - c u ;  of H ( T r n d k m f , J. 

i c t ’ t o , 1. ,  - c ’~~~ -

(a T i t- - r c c - - d l

C—is - u i f 1 t p  - - dir ’ r - c-n  I 1-he r e u i  ec’c-cI r u - ’- , the  I-~ ‘ra Il I enfs a ’ t he I’ c r c - i  c-r la~~er’-c u I of * - o t oac -u i  e o’ mc - i t  -cr c  t o  he c o n s i d e r e d. H er e  o nly  t w a  pa ’i ra t ’ . c r ‘h - u .
- _  - I - - .

~~ j ar i it I’- - - c r  i bc-d . There i F  -~i ‘- i l i -  I wav e  c a c i u - - ecl by • l ic ro Cl c r 1  t an
Ccirr -c - s (P c I ; c ~~ h~~e , L. , 1 ~~~~~~ at -cd aaccc n et - - i- w-c v c - s  r c  r-~~eç l i-cl by the d i c  r a n ’ c r c c c i  t j e - n  a f

it - c - ‘ - c c -  d ry or ’ - - r - - -
~~~ - i r v - r c - ion  (s ee  c h c - u p t c - r  2 . -l~ . Th e re w o v i - u n  u s u a l ly  do r c c ~ cau c-.-

bc -wv °- l c ’’ t c -  - to r i - e i th e r  1 : - i c - i n  f i el d  s ’i er cF - t t c  is f - i a  l ot- . c-cr t c e i t -  i - c h a t - c -  d i f ’ -

~- u .c-1 
~~e~~~ cc C ’ f a  

~~~~c I i  ~~Op + st- c c - c u r t o o  c - n a i l ,
s- -I’ u i . c-c s - i - f I r - c t  j r . ~ -

- r h ; i t c 1’~ I ’ p h a s e d i ’  f r r r n r~ , F m i r r; ’ t -- - c c -  - ‘ i n  r c u r f  r e
uc f 1t c c l i .ce 

~~~ 
- a c- ‘~

a -c0 c ’ec-~e .nuit i t -  ~~I~
’ no-- , c-cs a C r 1 : u  - ‘c l c - t . r c  , i r a . .  A r e — c .  , i t .

a - I s  .- 5c- - . t c-~~- 1~~~~n a~ , - ri b  1 c c c - - c  , sub u’ - i t  i s -  lower t h a t ,  O r -, at ~~ d r i f t e d  t ’u -  t I c - - w it h
i t i . place a ’ u -  f l - c ~ s i  - . Ho ‘ i- r e f l c c - + -  - mu .  c - -c c - h f i r t  e r . t 1- r i e s  w i n , I- i t ’ .

-n t h  e f f c - - e ’i’ r o d . i ’ c - - r d  f c r n a r c  at- i a t - c s  o f  ti e receiver level as t h e ’. a re  ~ i d

i t - -  - - e c- ’ r i m  r h c a r  r e ec -c r r’i nr  of u- t - - . qa .

IC-hi - H- TTS OF ‘u- Ti c cl OGT c- c’J. 1’~’’- i A V ~ pit P I -G .t T I c  FF F F CT .

I u i ‘he  -‘- i ‘:1 a d I r  ch ccr ’ r s-- I I -  c -ca a c- c n t - f  c d  to i n v es t  it ’ti l  c c m u cn ~ i t  - * c - u - e l y  h o c -  pr od ir . cl
I c -c  - c - I  1 cm - c - c - c ’ j u , c - - - r - t h r .  1 - c c - c r c -  i r t l u t i n re  t h e  wave  p r ap -d p a ’c -c r  in  u n - — o f — c - c d ’ r a d i o
i i i  ~ , u l i  c-- - ‘

~~. r - . u -  c t - ic c of h r  i a r c  l. a - e r r  c- i l l he i-u -u - c — n .  T l uc - -  c a t  or i c - t i - t n —  o f  t c - ’— r~ r —
cc ‘ it- c- i r c-: c- ru - iion layers cu r d  cc - c c - c e Tsar-i -a l m r  e f f -  r ’ - i s  i I c c - c - S I  ip ot e d .

Fr c c c l nu ’~ a ’ ir - !e r c c i or .  i:e. r - r c t

ho~1 l s i r n c  i t - o f  I n ’  c t l ay e t - - - c u r - c  p i ’c- t I-v c .e  b a l l - -a rt - c- r e r . t s  of the  meteoro—
la pi c u - l r- s-i c c - . it- c - h .~ ec - .  os-c t  * - - ‘ r i p  s ’ 1 .00 a nd 1~~~.00 o ’ c lock c e nt r a l  Furop ean

toe , ‘ dc ~ i ‘ shc-’t: i .- c - ” c  1 n u c c r y c t  0
C . c t u t - - c r  - j ar  1 t-:er . Furtherm ore , the time

rorr - t  O~~ I - - . -  -c c-- - . s - d~ u~~~ - i n  - ‘ ‘- - i n ’  t 4 s -  a r c -  vc- t” :  h I c ~ h i .  Hence t h  * e ’ t cp r r o t u ru  and humidity
ct - c- ’ i~-o ’ s- a t. ’ u - c u t . ’ b b’ ‘ - c c  t 11 o a r  a r c - c - n  I u-u a r c — f u l  si Ci ccl t o  r u c l i  an - -x  r of , t t i c d  t they 

n r c - c ’ i c c - -  c i s c - c - I  f o r  c-  I n t l  - ‘ i r  c a e c c c io n  1n t o ~ c d e--p - . P c i  t 1t r  records  sh o ~ t he
° i t ~° b or e d  i ‘ -u - c - c — i  a’ l a - - c t - -. - - - 1 * - - ‘ - ‘ 1 - , I n  I h i c  c- c- s- t ic t t - f u r s  of c -b e -iccunrence

a ’ I - ‘ c c - c e — i  o r . - u - c  re i - - ’I - -1 Ii s h e - I . P i p .  10 I- c - - S  t h i - -  nicint nerct of n i p h t  s when layers were
f c . d c r c c- c - - * t~~o- C- c 1 ~~~~~~~~ —~~~~ - ‘jnn s a’ ~t u t t t  - c t  I arid H i mn n a : ’e t ’  in 1 01-fl or N c -  r e c -r - r - r t i v e l v ,

- I t ’  - - i s  s - i  1 c 1 0 1 - d j r  - - h i l l ’ ’  r .  - i - - r  - t  a ii- I - ’~ - i  of ~~i c us- i- -lc r - rc as  ! - ianr;a ser  lies  a t
a bc - ic -  ‘ a ’ ‘-0) - ‘  I — c a - s - c -  r * , c- r e - cl I ’  i out ’  on I l ie  r -l snr .s of  Por l .hern  Ge s- cu - crc: . 

-
The r d  - c ‘r , sch c- i  ~ aI  u- ’ c-cc ’ - ‘ - ‘ i r  c. d. t f a c t r I 1 o ’ c lo ck  a r_ i - marked  h:- h a t c h i n g .  c’.F ir i
s - o r  . u I - ‘—a - ‘  ra ’di r- - * 0 ‘in’- e r r p r  cc ’’ . - ’  ~ c -  t i t o e , P c - c - c c  n i m b i - r u - -  sh a c i l  Il nat  be

i n s ’ e ‘h a  - - r ‘‘ a ‘ f - - I i i  - . Bt i t I t is u c-c-n that a t  hat n s~~a 1- i a r t  u m o s t
0 1 ’  i i  c - h  ‘t unic - ’ c I c t  .~~ t - ’ c u r d ’  I c - u t - 1  i n  o c i f c i t f l fl .

/~,p ‘- n c r  i c t u - r , r r -  o f  i ’  -r- r-~~j ~ c c c u , c I  cc i i i  i - c c f l t  Cu-cd i n p

Good r - n u i , ’ t e r c s -  f c r  I .  s - t i l l - the r o i n r i d e f l e e  of invert --ion period -s with f a d in c
ru n  c - c - l u -  c - v .  ru ’ c - - t  or. ‘u c - V  - r c e , - r c * u l  radio link of 69 km f rom Hambach  to f lar m st ad t  ~F i g .
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1 1 ~ . u : c  - - t ‘ ~ c I nu 1 c nk , c-c A t , s-c t o w er  s - c-c bui 1 + and i r . - ~ r u m c f l . c c -c I . ~ . 
u_ c 1 t I -a I I ed ‘ a c- i - , - ~ c . ~ - ‘

‘0- - ‘ ‘ r -  - r u ’  c t - b  1t i m c i ’ nl i t :- n t c - c ~~ ~~~~~~~~~~~~~~~~~ c i cc  r - ’h l e d  - - r .  i t c c - ’ c - u - . c -- c u, ‘ c - c - - ’ -  ‘n c- - - 

. ‘ c c r - . -  -c c t h e  I c -c~~i of  t h e  t a t - ; i c t  I S  h i   t u c  , 1 ~: t -  ~‘. u . e a t 1ci-  -r a c m r c d  ~ i- . .

i - _ t - , d ’ i t - i t c  wh i c h  t t 1 e r- c - c e j c ~-~..dI le:’el s , u - c r c c .  1 c - i 0 , c  t 1t c i r u  11) dB , i s  ca l l ed  a C a - t i n . . -
h _ -c _ _ ~ - - ‘ c i u t  ca l le d  a f c c - t i t c ’ fli h f  u c h n i - r’c 1 1 In r i u d et -~ c-t I los - ‘  c ur l’ f c d j ~ c d 101 r Ta
r ~ c 1 r e  C i l t n c c ’ ‘ c i . h u t c -  w i t h  i n d c c r c - ) oni n i  . 1 i 1  , mert s’m . r t u c- made  i n  . u m n c  1 1 I c  were
c’t i c c c - t i .  S i r - r u u l u a n e o r n s  r e c or d i r u c~c a l  t h e  ‘l.~ a n t i l i c n u c - I ‘ c 7  H-bc ’ u - m d  of l l c c  c c t c c a r c i ] c n c ic  -I
1 c ’ i e x ir l  f c n t -  t ; i t c t r. d a y s  o1 t i c - I t -  r t i ’h .  In v e r s i on  l n : - i - r -  - t i - c - - c-- f c u u m n ct i t  l1~ u c j c h c ’ c- -c r - I
1 c c - l Int ’ in  1 ~ n m i c l h t i .  In  s i x  n i~~dit  - t h e r e  s- - c - r i -  ru e i  t h e r  l i c c i  o s - t o r i  i c c : -  u °  n o r -  r- c d c  r - . T 1 I i  S
i s  a V~ - r - v  c- ciout correlation.
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E x P F R I ’-IEN T A r.  RESULTS CONCERNING THE INFLUENCE UI- t i A c -c- L PP .OPA

CATI ON ON T E L E M E T R Y  DATA TRANS M ISSIONS AT 230 M H z  COM P A R E D

WITH 2 , 3 Gbl z

C.  V.  M ay e r

DFVLR-CSOC

11031 Oberpiaffenhofen

t s - a u-~ t G e r m a n y

c-~nSTRA CT

The d a t a  t r a n s r ’m i s s c- a r c  in  t h e  VHF- and U H F  band e rom s u r f a c e  veh ic les  to a f i x e d  r ece ivinc - s-
stat ion is studied by exnieri-ca ns-ts i n  di ’ I f — r e n t  k i n d s  of t e r r a i n -

It,  b roadband  s y s t e m s , as used for tcJen€-try , it is necessary to cars-care not only ti-ce re-
ceived Signal Power tc -t also to add another criteria for tbs - c- transmission quality, e.g.
the bit error rate in digital sy s tc rc- r .

T h u s  a d i g i t al  p u lse code u -u n d u l a t e d  -d a t a  s t r e c - m u’- is s i m u l t an e o u s l y  t r a n s m i t t e d  in  both  b a n d s .
The si g n a l  s t r e n g t h  a n t  tb - c u-c-issed frame synchronization words of both data links are re-
corded on arc-cr ta lc-es fcn a quicklook anal-1 s is . magnetic type is produced for a computer
comp ar i s o n  of each n - i c --ce of i n f o r m a t i o n  (bit) with the known transmitted bitpattern . The bit
e r r o r  r a t e  ncr  d a t a  t r a m , -  i-f h ot b c  sy s tcu t r s m a c  be t h e n  c o r r e l a t e d.

1 . IN T R O D u CTI ON

Data transmission f r a n c -  space and  s u r f a c e  vi’~c i cle s  to f i x e d  r e c e i v i n g  s t a t i o n  have sw i t —
ched wi thin th~ I C c--c t  f e w  y e a r  fret-c the P — R a n d  r a n g e  of f r e q u e n c i e s  ( 2 10  — 260 MHz) up
to the S —R a n d  ( 2 2 c - c f l  - 230(1 M H z )  .

The r u u - . a s o n  c-u-ci a tbs - c increase of data rate , relic-icing greater transmission bandwidth and
the rising arc ti c-r u -s with interference w i t h  c c - t b : e r  users , e.g. military V HF -s e r v i c e s .

T b r u s  thu-c range cau-c,mcsr.cters council controlling the range services as defined in t h e  I R I G
( I n t e r  R a ng e  I n s t r u m e n ta t i o n  G r o u p )  standard deleted the further operation in P -R a n d .

The change in f r n c -~ct a n c y  r a i s c - c - t  no real  pmo h lc --r-is fo r  space o p e r a t i o n s  as n o r m a l l y  f r ee
space oropagat icc -t - -, on the lit-bc calculation was au-c-c b i c a bl e .

Table  1 g ive s an éstitt u- .s-i t.e on the r e c e i ved  s i g n a l  c-s-wer and the noise performance on both
h a nd s .

Tsb. 1 : Fre,— Space Prara c-ici ti ron

Rec”ived S ign.s -l Pc-cc-er ~T. . . transmitted power

2 P •G ~~~.
- R .  . .distance from transmitting to recet—

— 
—

. — TI . T T 
• 

R 
- 

v i n g  s i t e
— ~ A 120s ‘ — 4 c R 2  4 c  p . . . power density at the receiving antenna

A.. .etfective aerea of the receiving
antenna

GT C~R.  . .gain of the transmittcno resp.recel-
ving an tenna

i , f...wavelength reap, frequency of ope-
ra t ion
power at  the receiving antenna

P-Band 47 ,23 dI3 20 dB

= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ dRa

S-Ra nd 67 , 2 3  dR ~4 dB
e f f e c t  i ‘a’- a n t e n n a  r c c - c .  a n t e n n a
i i c a r t u re  l o we r  c - l a i n  higher

K .  . . R o l t z m a n n S  c o n s t a n t
it 13 .11 = K~T~ B B.. .bandwidth

II . . .power denaity
P—bland 10000K=3 0c-IR ~~~ . . .noise tenniperat mi re

N - -- —1 n 8 , (c *lolo qri ‘lOiogT dliiiHz
S—Rand 3u~5o°l< c’24dR~~ solar and gala ctic noise lower
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In S-Band the loss in effective antenna aperture is partl y compensated by tlte ~cigH-r
gain achievable with an antenna of similar dimensions and partly by the lower tempera-
ture ot solar and galactic noise at the higher frequency .

bln nfortenately with data transmissions from surtace vehicles this was not the case; t~c, —
i n f l u e n c e  of t he  to p o g r a p h y ,  bu ildings or even vegetation , or near by s h i p s  in sea ope-
rations , required a new approach to make allowance for these environmental factors.

2. S u r f a c e  P ropaga tion

Wave propagation along earttt surface is mainly influenced by
quality of soil (conductivity and dielectric constant)
t o p o g r a p h y
vegetation

When the antennas of the transmission line are positioned in a certain height above ground ,
secondary effects like

r e f l e ct ion
defraction
depolari zatien
scattering

may be predominant , especially at hi c-i’cer f r e q u e n c i e s .

Tab . 2 shows a possible theoretical way of estimating the tield strength of surtace trans-
mission at any quality of ground and low angles of radiation .

T a b .2 :  Surface propagation , theoretical approach
Field strength Eo of a
Short dipole over ground with inlinit e conductivity

- 3OO Y~~Kw)EO i v l
_ 

ci (k nn )

- cc-flectiori coefficient P at elevated transmitting and receiving antenna and low
angle of inc idence p of t he  irregular r c - s - y  and /c />,- 1

__________ C 1 -p = ~~~~ for vertical nauc -larizat ion
— 

s i n t +}T~
” -

f o r  i cc -’r i z o n t a l  p o l a r i z a t i o n

! ~~ — j t f l c c - A  koun ip lex  d i e l e c t r i c  c o n s tan t  of
R g r o u n d

At a n y  q u a l i t y  of g r o u n d  and low angle of radiation

— 

E = E o ~ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~ .T
~~
”)

Sommer f e ld  h e i gt c t f a c t o r s
a t t e n ni t  ion

P .. distance between t r a n s mi t t i n g  and recei-
c-.- in g  antenna

h ,, . . h e i g h t  of tr ansu - citting a n t e n n a
I c . . .  h e i g h t  of r e c e i v i n g  a n t en n a

T h e  influence of ‘in - ground profile and t Ire vc-’cjc’t s-t lon (ns-re .tc- ’-mt ura t i nc i s - I  h i g h
t r e q u e n c ics ) c o u l d  he included i n —- tb - cc - c ground cc’cn c l u c t t c - i t y  ,,(l u -

The basic c c - i c - i t  I a n  of i - e r ’  ical short dunole over i (ic i ’ s u r f  s-ce c c - i t ) :  i n f u n i i t  ive  c o n —
c -l id s-ucce is m u l t  i1 l i c c - i  by s-n attenuat ian factar an c - i  height factors a t  cach antenna ,

cc - t b  a c m n c t i  ion o h  h i -- connip i  cx  di elect r I c  u- - c c - mc i  t i n t

This allows a c a l c - u - - m l s - t i o z-i of t h e  f i el d  -c ’ ic c - n - n I h  -~‘i ’ h re- - cu- ’,-’ t a  t b u c  qttau it v of soil and
i - i cc r r- f I c - e t c - - I  c- fiv c ’ sc ~n ~c’’ r rc-e seul t c - c -  t h e  c i ir e c ’. w a v e .

f r c - 1 m c -  n c - I  es i n  t h e  t I l E  r ange  I c e  i n f l u e n c e  of t h e  g rou n d  n c - r e f  n in  ( r o u g h n e s s )  and t b c c  
~
‘ u ’ I c - n c -  i s  u - -n - - -  - b I c ’  u r  -

- - u t s  bu y -’ I n m s - d c  ~~c- I n c l u d e  - c c t t c  u - I  i n c - I p t b u c ’  e f f c - c- ’t iv - - c on d u c tan cc - , ( c - c r ’ in
he r - n c c - i  ‘c - . Imat,’ c-

~~f 
‘ c - ma  - c - l ie d  c - - c - c - -~- c - r c c - i  f i e l d  it  r c - n c n t i h  --u - a\- u - u - ’ n  i- c’ i d . s - I - t  c i I c - l e  c- — ‘Ice

“x r c e c- — I - - - c - b -i - ci - c c i i  c- e~ ‘ ‘m~ I rlru - sr-i as ion.

Tn— 1 c - c - p  c , u n c - i l  og s-nd  - i~ -~ i ,-iI - .11 ci s-rc- n c — f  l,’- c’t i ons  ‘u-a - I r u - I  n oiluc cc- 0 S m  g n u - i u cart ’ s -uu - c - ’uo’
if  l i i - , ’ i ’ t in - c .

I
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As i nd icated itt Tab . 2 the r ef l e c ti on coe t f i c i e nt P is f r e q u e n c y  dependent. Therefore
at wideband transmissions such as in telemetry applications the superposition of t ) c -
direct wave w i t h  t he  sum of the reflected energy at the receiving antenna may cause a
significant spectral distortion of the signal , even when t h e  sum ot  r ece ived  p c-c--j ar is
reasonably high .

It was thought better to compare the performance of data transmission within both hands
by experiment.

The idea to do this came from colleagues who had been given the task to make tests with
t r a c k e d  v e h i c l e s  using S-Band equipment while driving t h r o u g h  f o r e s t e d  a r eas  i n  order  tn
stud y p r o p a g a t i o n  on S - B a n d .

3. Mobi le  S u r f a c e  T e l e m e t ry

Data transmission u--ia telemetry from moving surface vehicles like

t r a i n s
automobiles
t r acked  v e h i c l e s
1-oa t S
buoys
sounds
probes

a l so  f r o m  human b e e i ng s  and a n i m a l s  is g a i n i n g  mare  i n t e r e s t  i n  the  f i e l d s

e v a l u a t i o n  of v e h i c l e  peric - r u c -r ances
en u - c - i r o n m e n t~~l r e sea rch
biomedical engineering .

O p t i m i s a t i o n  of the  t r a n s m i s s i o n  l i n k  is n o r m a l l y  l i m i t e d  Iu -’, tb ce sma l l  h e i g h t  of the vi---
h id e a n t e n n a  over  g r o u n d  w i t h  t he  r e s u l t  t b - c a t  t h c -  t r a n s m i s s i o n  pa th  f e l l o w s  a low a n g l e
of elevation. Furthermore the type of antenr c-t . the art c- rmc -a C o n s t r u c t i o n  and t h e  p o s s i b l e
max imum transmitting power are a fun ’cctian of the u--chicle dimensions and the duration of
tIs-e mission itse]h -

The q u a l i ty  of tbc e transmission is estimat ed by tice received signal is-cs-ar to noise power
r a t i o  and t ime p e r f o r m c s -r.ce of t r a n s m i t t e d  d a t a .

The d a t a  q u a l i t y  may he easy d e t e r m i n e d  by computer , when a d i g i t al  k i n d  of t r a n s m i s s i o n
e.g. Pulse Code Modulation (PC\’) is arpli ed . PCI - ’ is the most attractive kind for teleme—
tr applic.s-tions, givin g high accuracy and an extensi vcc- immunity to noise  and i n t e r f e -
rence.

The c r i t e r ia  f o r  t r a n s m i s s i o n  q u a l i t y  is  t he  I c - i t  e r r o r  ra te . For a test o f a PCI-i system
a s i m u l a t e d  f r a m e  p a t t e r- c  i n c l ud i n g  s y n c h r o n i za tio n and d a t a  w o r d s  is used  to m o d u l a t e
the  t r a n s u - c u t t e r .  A f t e r  passage  t h r o u g h  t h e  p r o p a g a t i o n  p c i t h  and the receiving station
each de t ec t ed  b i n a r y  information (bit) is cou c -c oar ca d to the originally generated message ,
The  e r ro r s  uce r t i m e  u n i t  may be c oc t n :t c u - d  and  r e g i s t ra t c - d ( 2 , 3 1 .

4. Exp erim ents

The influence of the sun-lace propaqaticr. on the signal stream is studied by a sirculta-
neous telemetry transmission in P— and S - B a n d .  F i g .  1 shows t he  block d i a g r a m  of t l co ex—
per imentc al set up.

I n  I -h e v e h i c l e s  hoa rd  s y st a rc  a b i n a r y  PCM t e st  p a t t e r n  of k n o w n  sequence is generated ,
w h i c h  m o d u l a t e s  both , a P— and a S — B a n d  t r a n s m i t t e r .  The s i g n a l s  cross the propagation
p a t h  to the  r e c e i v i n g  s ta t i o n . A f t e r  r e c e p t i o n  and d e m o d u l a t i o n  the ( d i s t o r t e d )  P c~-
d a t a  s t r e a m  is r e g e n e r a t e d  b y a b i t  s y n c h r o n i z e r  and t h e n  decoded ~ y t h e  decamr. -at a t c i ’ .
The h i t  synchronizer has to decide whether the momentary Status of the binary signal is
h i g h  or low.  These l i m i t s  a re  sn e c if i ed  f o r  a c e r t a i n  r a n g e  01 signal distortion , e.g.
caused by t he  p ropaca t  ion ic-ic th . Above these limits the b it error r a t e  w i l l  r i s e  s i c - u - n i —
F i c a n tly .

For a quicklook the number 01 missed frame synchronization words per time un i t is coUnted
and rerc-cr ulu ’cP , toc -u ath er with the automatic gain control b A r s - C )  of t h e  r ece ive r , which is
a m e a s u r e  f o r  ‘ice strenght of the r e c e i v e d  power.  The Pu ’M data and the AGC are record ed
on an analogue tape for a later computer processing, where each bit of informa tion is
analyzed . Attenuators in front of the receivers are used to calibrate both signal levels
i - a f a r - ’  s t a r t il - c - c l the experiment . Tt c e  c i ) c - e c t r u n c :  analu --zer is used to set ar-i equal modulation
index ‘an both ransmitters . Tat .3 n c - c - t e a  t h e  0051 u r u c - o r t a n t  sys tem paramete rs .

Tab .3: F:xperirws-ntal Systr-u--u-
— F r e q u en c l c - s  f = 230 M H z

1 
f
2
/f

1~~~~
10

2 = 225 0  MH z

1 

— - ~~~~~~~~~~~~~~~~~~ ~~~~~ ‘ 



r~~
-
~ 

- - --

~~~~~~~~~

_--—-

~~~~~~~~~~~~~

-

~~~~

- -_
--—- ---

~~~

.-

~~ 

Iii- 4

— Veaicie Transmitting Antennas

X / 2  — Dipole )vertical , horizontal)
1 ,5m over ground

— A n t e n n a s  of f i x e d  R e c e i v i n g  S t a t ion  (M e d i u m  C a i n )  , 7m over -~~r c c - u u . d

- ‘fag i (p—Bcind)

— Horn (S—Band )

- Data Coding and Transmission

PCM
240 K B/ s
34 w o r d s / f r a m e
12 1,-it/wo rd
2 words/sync .ruattern
p j u — h a —, 0

Premed. Filter
Nndu iat ion Index s-u- = 1 ,8

V a i n  po i n t s  of the er ~ ~,-‘ c - r i n c - - e r t a l  n r o c c - r i t r  - c-c o r c s - :

r c - r o r - s - cj a t i o n  i n  f l a t  , c c n c - t t s t s - u r l c e - i  n e r r a n  r ~- ‘n t~ c a l  si c ; bu - u -
c l e f l o c I - i c ’u c P u - m e  to a large o1:.stacle
i n f l u e n ce  of c - ’ c’q c - t a t i o n  ( f o r r e s t )
r u - r o n c - ’ c c n i t  ion  ou - e r  .c- .s- t a r  s u n-  f a c e
i n f l i c - u ce of polariz ’ition.

5 . First results

Some t y n c - i c a l  c ’ x a — u - n c l o s  a re  su - I c ’o t - ’-P f r an ’  a n t c - ” l c - -’- r  of a c t u a l  r - o c r b c c i s .
F t c - c . 2 c l er ca i ’s t ri t c - - c - c -  t i c e  n - -ic -- s i  n c-j of a ‘ d c  id l e  a t  s- Cc r.c c - I- s-r. t d is  m u - c - c c-- L c — ” , c  u - c - h  a l a n  u-
h a n g a r .  ‘cc— t o  t l c c - t o u - a l  s t c - j n a i  drop out of I - ’ c - c -  b c i g I . cr  u - r e  n - c c - - -- - t’ — t - s - c d l  s i c - n n s - l  a n . b a
n- c- c -u -bc -st ci t I - ec cc -nt ma n on c - c c .~ P — l ’ an c si gnal. Tb-i c Is-asic S t t c - n c - . c c c ’ l o n  cu -n P-Band s- u - ci - h- , s t ’cn c -
c - - f  2 cu - : is n-crc -- tb ca n 2 -ID h i g h - n -  t c a n  -a t  I - h i ’  lacc-u-c- ’ r f r c c- - n c c e r c c , .

T m  tI~c f i r r ur e s  s u - u - c -.- -u c s- rc ’u - i c - s c - n c u - s  t’— s ic- ;rc a l—to n o i s e  u . s - c - i c ( ‘ - u - I )  o f  c - I. - - reu-’ c- u - l u - ’ e r  u~~-’ - h .

I n  F i c - r . 3  S I-ows  f i e ld  i c - r c- c-~ I c - . is c-s-i function of d i s t iu-c - - l c r c c - u n a n a c r c e — w - c - c : I  ( t a l l  - i -  - - ,

cu- i i i  un )  . TPe P — D : u u - h  s i c - c d c-iro n-c c c - - n I - c r c  c c l u - -  c t I - ) c  - c h ists - i c’ , Is - u - i t c -ho S—P-s -r h s ig n a l
-‘I n-cc-cs - u - - i l s c c c - i - ) e n c b ’ c- c- i n  c t c - u  f c c - n - —  w r h i n  tb - i c-  f i r s t  1°C u - ’ c - - t - ’ rc c  icc ’ rc - - ’inir.a c - u - I t )  a ~ ar—
-a cna i signal s” r- - uc u ’’ at’ r I ~c n .  TI -c e i n f l u - i c : - n c -”c o f r - r - l a r i u n i t t c - n c  is u -c ot  cu -c t icea~ Ic. Tu-ca
h e u g b c t  c-cc- . I - c u - - -  n - c - - c- ung ar . t c r c - r t a s  -u - a s h a l f  c- s- c- of c- - c- -~ c- -~ o n - c-c- f the un- c- - t~ - n - u - - s u -  s - n s - i b
thcr u - c - c - S d  i l u - t - -  I c - c -  s I - c t ) ’,’ the in flct c -ncc - of the l.s- c- c - c a l  a c - c S c s - I C c-. sh ut s on u-op
of t ° e ‘- cr c  u- ac:1 r-en-’t rates b c- re frac t to n - (4).

F t c - . 4 s1cc -u -w~ c - c - a r ’ -  o~ ra lu - sn ’is s i orr c r  a c- u - u I - c - n -  cc- c r ’  (icc - ( l i lt , - ) ,  11c c ’  D~~b anc -i si - c - c al a )—
n- cr — - aI” -u - ’nu - i a ’- I l i l a c  tb ~- - P—fl u - n c -.1 siqr.al s c- as-; a J -’-c c - r  l u - u - l u - i c- c - i ’ 0 frau - - - - ‘- c - nc . c c - sccos ,

r eg is ’ - -r c - -- b I y t ic - .- ‘‘- -s--n-. ’. u - a r c -  c- - r u - c b~ t c- n-cc - cu - .rc -b - - n - .  Tc c - - sam - c--f ) c  I c . s - E  b - c c - - nc found with
r c r o c - u - . s - c ;  c ov c-- r s- fiat , u n-tisturbed t c r r s - i n  ( c c - , u - ,  r r . s - c ; - c - l c i u c -b :

Th is so-—ewha ’ suru mnn sit u - u r u -- c u - cl ’ —u -a -.- b- c - ’ c--a sil y t n t e r i c - r - - t u ’c I  - c - c u - c c- n - ‘u-ce consider.; I - lu - a t t rc c-c-
iu - cf lu - — of i - i c , -  u - c u - t n - t i c -  - c c i c - c - u - I l - c -  ) r n uq hn e s s )  is u- Ic- ’ i n - u - u n .’ dl ) u - i u c- u - c u - r  i r - ’c - u - -. c - us - c- - i e s  cu -c- c- - ,

e lac  n - c e c il i - u - r i  t- -r f I - cc , - sorl, i c-c- . c- ’- - r d u - i c -- t  i - - c t - .- u - s - n - h  d i a l c c t r i c  u - s - a c u - c - c u a u - ,’ -

Beckrni .a nn c a n - c l  S p i z zi c h i n o  ( 5 )  s~~i u d t e u I  t h e  n a t u r - ’  of I - c c  scatt,-r,- d c n c c - r -7~ 
c-n- c-i mo~ ei - —f a

s:na’ c- .i c- c- scriace I r f t l e .

Pc u . 5 shows tIme c t - c- - d i s c- rib ut ions - of t b c e  s c c i t t a r i n - c c - n u - r e d - c o t s  as a t u n c t r - ’ n - c  c - I  t I s - , -
ra c i c - ; c t c - c - - u - ;s , ‘ c i u : - 1 - a r c - b i z e t  to the au - s - u - -a l c -’n- crt’ . of t r ’.uc - c u - t s s l o n- 1 . The s c - a u - ’ e ) c’ng I - ) u -  7 c- c - f
s i u - c - -nc - u~s- ’- c-  -u - - a r c  u - i c - c c -  is i c - u i  , t.tc-’ a n g l e  c--c - b  m n c m d e n c c ’ y = 10°.

‘c- u -i 1 c c - n c -n as ‘ l u - c -  r o c c c ~ b cn c - ’ s s  c t / I  is low , , - c ,, r,,lir. en or g~- -~s r e f  1 c- - e t c - c - I  l u - c - I c c -a’ ar c - an  u - I c -c- equt—
v-il - -n ’ c - i c -  c- c- u - a n g l e  c’c-f incidence . i,I i n c c in cr -u - asiu -. t c l / A  ‘ ci’ u s - u - s - u n  n c - -art of end -l u - is
scsI- - - - - s-p  - - ,; ‘m r - ,b h c q ) c e i  u - I n c - c u  ic’s of d c i ’  c — ui , so h a - - i c - c  n - c - — chance  I - c- n n b c -  r f c -’re - c - u I

c - c - b i n - u - -c ’ a’ai’c at ‘ i _ c - -  r i c - in - ; antenna. c o tc - - , tIc s - I d /m is 10 ti n - c-s h ial cer on S— flci nd,
SO i l  l S  u n - ) c - r - c ’  ‘c c - s -b la , -. u-a ’ ’ c u - c - -  u n f  l c u - c ’r - c - -  of s u r  - a c c c -  c-c-n t i c c c - b i t S  is I c -  it  t e c , c-
t- . t  c- ; c ,.,i I -n - --  -

Ts-t .- 1 g ; i sur’:u’y a u - c - n -  ‘Fm, - f i n - c t  n- c - suit- , c - f  i c - ce  c - x i c c - ’ r i r -c- c ’ nt s .  

- c - - - r c ’rc- n c c-ar i - - c - - n -  - ‘~ f - - - oh n c -c -f i us- i c - c - n  - -a ’ I or’. i S n c - c c - I  y e t  c cc- l — b e ’ ~‘d

F- i ’; . i ’ i~ 8 I I l u  - ‘ ‘ - i  I ’ -  t t  c-c- c- c - - i - u - - u  r - m c—nt c - ~ u - n r c - n I t cc - n - u  I c e  ‘etc-h id es u n - c - b  - c c  r e c e i v i n g
. ‘ u ’ t - l c .

I
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Tab.4: First Results

In f l a t  t e r r a i n  (optical si ght )

S—Band: Signal attenuation higher .
Data quality higher than P-Band transmission , no noticeable function of
p o l a r i z a t i o n.

P-Band : Horizontal polarization gives better performance than vertical

Defraction due to obstacles (buldings)

S-Band : very poor , total signal drop out
P—Band : signal attenuated , but no drop out

Propagation in Forest

S—Band : signal attenuation higher than P-Band b—f3 ) , independent of polarization.

S t a t i s t i c a l  data  e v a l u a t i o n  not yet  comp leted .

Propagation over Water Surface

S—Band: Data quality higher at vertical polarization compared with S-Band hori-
zontal and P-Band .

P—Band: higher quality at horizontal polarization compared with P-Band vertical ,
signal attenuation less than  S—Band , i ndependent  of p o l a r i z a t i o n .

5. Conclusions

As long as optical s i g h t  is gua ran teed , the d a t a  stream transmitted under a low angle
of elevation in S-Band is more immune to interferences by reflections although the
s i g n a l  a t t e n u a ti o n  is h i g h e r  t h a n  in P-Band .

As t he  e f f e c t  of land  s u r f a c e  r o u g h n e s s  is ten t imes  h i g h e r  in S-Band than in P-Band
the most par t  of r e f l e c t ed  energy is scat tered away towards higher angles of elevation.
Thus the d i r ec t  ray is not  sa much e f f e c t e d  by r e f l e c t i o n s.

The use of S — B a n d  in f o r e s t  and open c o u n t r y  with larger buildings is very restricted
to small distances .

Further experiments are planned with circular polarization and different digital codes
of transmission .
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I)IS( t SSIO\

c - c - . c- c e r n c - c You tal c- I m uru in “ c c - n u n -  intro clm ictic ’ n tbc c ’ t t t cc reflection factor is an ir-portant
r u - c - i n r t  If ~

c- u - 0  infl uence of ic-- c l u e  pr o u - - a r . - l t  i o n  i s  c o n c e r n e - ’ . Can  i - e c u  i c - c  m i s  so r ce  I i  u~urc-

c c - I - Ou t  t 1 ce r l , s - x i r c - m u l  reflect ion factor u-chi c ! , jc to t- e e x p c - ’ c u - e c - I  over sea SOul pround wl tcc o u t

and c c i 1 c- c \ - e g e t a t i a n c ?

C . \ .ua ver:  H e f l e c t i o n  c o e f f c i e n t s  u n d e r  a low an g le of e l e v a t i o n  are almost independent
of the qu al it c - ’ of soil. For plain surface 1 =  - 1 ; thi s m e a n s  t i c - at the amplitude of the
reflected wave is not attenuated , the phs se , I c - i c -n-  ev e r , is shifted ha’ 1RO degrees. Intro-
du cing roug hness on the surface , the a mp l i t - i - b c  i - c  attenuated d epending on the relative
heig ht h/S. of t h e  r oug h ness  p r o f i l e .  In  S - h a r m  I ( = 1 1  cm ) , for examp le , the attenuat ion
on a sine wave profile for h i), a p p r o x i i - c - c i t e l i ’ equal to (t.S~ i s  core  than 20 dR .

It is not ecisv to measure P by experi m ent , as at a r e c e i i - i n g  s i t e  with simple methods
only the integral effect (reflection from an u n k n o w n  number of reflection points) may
be det ern ’iine d .

It.J. -’il(- -recht: Considering the three c - c - c - s - i n  categories of pos sible terrain , viz .,p lane ,
hil l y ,  and mountain ous terrain , i-~~iu1d your ‘necisnirecents be adequate in quantity to be
representative of any one category ~
5 .\. ”a~ er: We concentrated our ac t i i- itie s to pet information about propagation over sea

~~i~~s-ve r Tiat terrain w j t i c ,-e pat ati o n to support future m i l i t a r y  and civ i l  research and
evaluation ru - r - c - - - r ’ i ”  i c ! c - i c h  a c - - n c- I c - c -v  S-h and te lerietr i- from boats , buoys and tracked v e h i c l e s .

‘easurem entc in h i l l y  and r’is - ilnt a inou s terrain w i l l  possi b ly follow in case there is a
( u - t I c - c r ”  c i p p l i c a t i e t c -  inS d u n - n- t e r r a i n .

I F . i e l c c - ’ -i Yon i u - n c - n - ’ j c c - r e !  t c - c l t  c o n e  of your da ta involve prop agation from undisturbed

~~~~~cfl~~~TTr o a f ’ . r c - - u ’ cnv ir ci r~’on t. “ id you carry out an interpretation of the data , and
if  so , l i d  ‘-cc - u - u f in, ! u - I  nece ssary to  t a k e  i n t o  a c c o u n t  t h e  l a t e r a l  u,’ .au- e which skims on
t c’ n u -  of t i-c- - f c c - r e st  in, F - ‘ c - - ’ - c - - t r c l r e s  l c ’ e  r e f r a c t i o n ?

c , c- . i v e r c  i r c I c’ r -u- r c - ’ t c i t ion c- if t ’ e c l u i t a  i s  not v e t  c o ’-c -p l e tec l uhl ie to a computer exc 1c-an ge in
R~T~ ra~ ea rc d ce nu - e r cu- t’ m n - b  w as  a factor of delav c . Tt is hoped to include the results
into t c - - u - t c I \ I r b m 1c -ui i c - 1~~ c a t i on o f  n - c  r c - e e t i n u ’, .

I- -c know of an earlier ~~c - \ r ’, I I  
~

c- - s-r~~ r ,
~i n ich d escri bes the lateral ic-ave propagation on top of

the r an - a c t a n - h  we hope to ret experi r c - ant ci l ch i t s  a I c - n u t  i t , when our  1c - a r d c - c a r e  i s  p r e p a r e d
to do t I - t x .

I



~~~~~~~~~~~~~

—

~~~~~~~~~~~~~~~

--  - ‘---‘---

~~~~~

- -

~~~~~~~~~

--

~~~~~ ~~~~~

- -  --‘-

~~~~~~~~~~~

- -

~~~ 

- - - -

~~~~~~~ 

‘- - - -  - - -

I I—I

f I ’ E C U L u -c - T T O N C -  011 SPOI/ t - I t J ’ EEFACE S W I T h  I N T F l - ~: -

ELF C0Pic -c - U N I C A T I O N S

Giorgio Tacconi*
MARIPERMA N , LA SPEZIA

and
UNIVERSITY OF GENOVA

ITALY

Iou’. u - S p b t e u’e , a t m c c -~~phe~’e , c- . - c- - circa , e -cm :”.h’ s cnu c c t , etc. , u- e n - re s e ct , I-r ;  t h e  n - . a t c -  . .,  a
s et  c f  l a y e r s  w~~t b c  c- I f f t ’e n - e n c t  e l e c t rI c a l  ~ u r c .’n ’ I b e c i . In t h ~ S p c~p e r  I -h e  ~n f 1u e n c e s  of
tc-c- i u - c u - s - t I c - e s  and b e h s - u c -,- i c u . t : s of dl  (!‘e : - e n s - t  l c u y c - u - n -~ ELF  c - n - n - u n - i c - a t  I - c - n - c c  w i l l  be e x a r c iu c e d
i : - .i some the-c r-e t b ca l approaches I - - ’- . n - - F c~r c t b - : u c  sc c-.il be n-c c - c-c--ies ed , tak tn -~ mc I - c -  accoun t
ce rtai n re t hc dologies assessed C--c- a ~s - a r-I’Iu - u1 s - m: - t u -u - r c - c c -r ’I- ~sic-n channel , I.e. the
a e c - u s t i c  / n a u c r s - e l .

:u_ . I P T F C P P c : T i n t I

~-s- u t ’ C c I ’.e S  , i u , I  e r ’ C s c - s - e s  , l ay e r- s  — t h e s e  v’ac’ :c-- i - en eu -a ~ e xp r’ es cc - I u - n o  are I n t e r p r e t e d  as
C c -1 -u -ws  : t h e  su :- C -i ce is  an s - i l - u - I -  n ’- , c :  ge c r e~ r - I c s - l  cc  n c e~~! - , I - I c e  in t e rf ac e  is a s u r f a c e  cC
Se p - ir -s -~~t u -c -n - I - c - - ,ue~ - - is - t w -  p r u -p c l g a’ t u c i -  cc-c- c - 1 1 a  : c c c -’ 1- u ’ c-’e r  t O  a c - - c-t~~ I ~-rc d e l t n - c t t a t e c - i  ~~‘,c- twc
In t e rC a c es .  Fm’ c -u - c a p b c y c f c a l  p. I r . c- o f  v ! e c -  and , i n -  :c-a : - t ~~c u 1 c m n ’ , fo r  ~~~~~~~~~~~~~~~~~~~~~~
w h et .  a ~~ c u c c i i ’ I  I s  c c r c s i . b e r e  I , 11 has t o  be n - e C c - , u. c. e c -~l as ie~~u-p I c .  -cc of  t h e  t h r e e  p h u - I c a l
u c r e u -~~ cl m e n - t I c -  c ’ . c e c - i  c - t -c - v e  , w h I c h  respe ct I v e i l ,  l u - - r i ’,’ a v a r i e t y  of  p ~ c’ r - cu r ’ c’ t u - - l c  c o n o i d e n r c t ! : n S

thcc~ c u - c r c - c  I te  iCc- c- ‘: c u ncc - i  t c u - c u ~I er e n d , o ! cou r se , c n c  t h e  u ’e s- c u 1. re d  d e C T n t t I  n .  In - . t h e
c -c-n c e p t  -c- C ~ r - . 1 c c - C c c - t t c n , t h e  t r a n s f e rence  C f  “ c u - - c u - el h~~n c r  er /cr  u - u s - c - u - r u - i n - I -  in a ccc ; - a u - e  u - c
c c u c - t c ce : -  t s  t : p  I c ~ t ; ‘ son rce ’ I - c n c p ’ n c ty  be r -c u~ I- er , or e n e r p y  , - u - n -  t : c fc rn ac -  i on  , or ’ a l l  t h r e e
It c - - re I - hc’:.

Tbce b a s t e  Cer r ’~s-2 - ‘ . i t u - c c -c- r-’ cc-. t  Icc - i l cs - cr u c u -  c - u - bc Cc-s - r e i e c t u - c - u -’ cmiu -rc et~~c p r c p a ~ -aI I :c and f ::
clcu -uc cs-~~c ( e - c - s -’c ! c  s a ve s )  I c - , c , I - i o n  is  t h e  scimce , and Irt f- - I n cases the t e r c c v t c u r  and the
: t : ’ u~ ’ t - ~~:- c-c- c - f  b : . t c - c --r ( c a c es  a I C c - - c-c~ t h e  z r - - u. c - l u - al t c - c  u --i ’ , os-ore p r e e t s e l y ,  I - ’ c e s l p c-  , c-c-i l t h u - c -I has

an - I rec et;cid. In p r l n c l t  10 , i t  i c c -  I r p o s s i . I - i e  t o  d l s r e u - c c - : ’-i  te lec - r - n - u u u - tc --u t t u - c
- I- L u - n -- c- f r- c r ’  cc -n- ; tc- h u- ’st u- cc - i rec c cccc r -e n - c - ru - ct , o t n - c -- c-- - .~c -rc c- t y p e  n - b ’  r.€ - c -c - c --u u ’e ru - e u. t cr c -n :  be c o n s i d e r e d  as

a a rI -  n - i’ - :.— or’ quac cl — set’ cc rcu -ic c- —.r’uuc .- c- c- In -n : , c r  a c c r u - t c -- i I r e c I  I - u - - n - s - mi c -s- c  m- uu - un - ic - c - t I-- r ’.;
, c , s s b v e  ir - ’ e : t I u - - t .  I s  als c - u - n e  ccc- r’- - I- pc of  c u - n - r u - u n - lu - u - it - c .  In a ol c y c u - l ur al r - e s - c - u - u n - u - e c t  t h e
I r u C - r ’ u - c- I - nc at u - h e  r - -c c - s - l -,- e u -  ‘- c c  s n - e c u -  ct p u u - c - c b c ; c .c-u- d I y  tr u - u s i n g  u-c- o n-- n cc - r Is c - c - n ta ’. weer-c t h e
r’c- c-c - u - - I c -,- c-c - c - b  sl,n~ul i r c c-J ‘he crli -I rc - u !I:cr T Ic:, cc lc al p }s- e r c c -cr’ en-cnc , wh-i’, . r Inc !ele-u - c ru-uc- - cnt c - c-u t Ic - rc n-
‘ he  u - c - n - ;  c c - r I s c —  I s  ru - cc - u-I n- Icet w e c--uc I- I ce received s ! c - - n c c l and ‘he I r--, r c- u - I t t c -- c - b c-u - c c’. In -  I - u - - u - h cases
r c - c-c cs - ;eu - , a ce u- t - c-c- in c-i r n - I - u - I  ‘rcccwie dre c- - f  t h e  e x t - u - c-I c-i sl~ -ru - a l  is  r - ” c u l u ’ e - i .  c; thc - ’rci
hs-u u--e I- n-c- u I - ed 1. 1- cs- p- u’ t. 1 € ’u—. -u - f  - - 1 - c - u - ’ :’ r c - e r . c-c ’ Ic Flu - ‘— - r - c u r u - i c -’s ’ I c - n u -  - 

. , , C i - ’ ; lE F t  Tn - c - c o ts - .,
l-~?7 ’- ; EEl- :F::: n- I al , i ’ u - i t ; y f. T c - 1:1 , 1~ i ;  :-

~ -y. -- :j , i~~ 1’~~ ; 1- - i l , 1970; 1-1 .-- :l , l9’-
~.).

: u -  I i i  c - c - e l l  ~-c r-. c- a. — ‘ r u - a t  e l . - — t  n - c —  i ’ u c c - c -’ !c p e r t  u - i n - b  a t 1; ns in ‘h e  F I F  ranpe pr p— u p -it ’ I I - c u ’
c - it” I c u 0 a r  w a v e  r u t - u - b e w h I c h  I :  I h-c e r m n - t I c — 1 - - n - c c r - h e r e  es-u p e v en c  c i t  c i n - ’ - . u r ’ t e r - r ’ c’r c- t r - I a I
I c - I c u r . u - n - S .  Tn -n - ru- u-u h e u - c r i I - t c a i  —c p u - : ’  - cu-u- h is  I - h e n - c -’ cal C r any fr- cc- -’c;- ’ucc y n-an-re ‘,r:-.b - he w e l l

-cu - cown C c - u ’ r u - , f - r  t h e  s k i n  d c c -  ‘ h - cr br - r ’ t t c c - - - - u -ho u - u - r u - c - - te a l rs -ocr’ I :c r  o f  t h e  c , r - : - r c u - m c h c

u- u- p Is the n-al 1 1 -; -u- c- r ’ r - ’ - ‘i i i i  I ’  . cc f ‘ b’. - r r’cu -b I - cm ; I n ;  t h e  case ‘-f a I u —

I o u - c r C - i c e , the r a d l - a ru- I s  ‘he sea - - - c - t c -- r .

u is the c u n c u - c u t u - u n -  f r e q u e nc y .

o icc t he c u - L ’c - c u - r t c a l  o r ;  bc - us -’ b v l l v  --b ’ the sea w c u t n - r .

i u - i c.r u - t n ’ ec n c u O n ; e  u -ic pp;. r n - c - r u - c p u - i t  I c - u ,  p r o c - e n d s , w I t h  r ’e c u - p~~ c’ t ¶ 0  t h c -  lc- c c - u n d c - i r i e s, a r r c -’ p e n ’ t ,’ c - f
hi r E  pe n n - I -  r a t  I - -n  

~ 
- war- su< In cc’- ; Ii) wh t - lu - , I’ no 1 1mm ’ p c -c -! nd - ( view c - 1  c- -r-rc un ciea I n- I r n - - c ; p c c

-II cc l c - -:- c u -~ ve rcemb ’L,s- , represents u-i ren’ cirt ’ -’i) c l e  a d v . a n - t a p e . Ic- - n c - - crpb ;eu ’ c-’, - - c u n’t h’ s en - t m-I , u - n d  the
oceans  are  e x m u r ; - - - :  0! cc c c -’ b c  n- c - l u .

The authot who ~~ Pu -c ’~~1c-S Sc ’S O~ I F d ’ c’ t S n - c i c d c - i d . S t < c  a t  the 11tH c - - e S s u  tuci  dc-~ Getioa ~4 q Suzte~ iut
(a MA R I PE R MA N ~ititcian ~c mm ’ uiI , La (1c-1c- u-~~~ ~ i t 1 t i  p I n - c  O i l S  c- c c - c -c-FcC t f lt c c - tn  on de c ef o p —~. tiq a
t n - - s n-a teln 1c ’t c - ) ’n c n c’s’nu ~si n ( i c - i 1 1 i (  ~u n.ance d by the I tat-i.a,i F~a (dc ’ticiI RQ.-&e4-’Lch Co utw ef  ICWR Rome )
Cc- ’ ,nt tc nc 0 - ‘4c - CI 75 . 0 0 7 0 7 . 0 7 . The 6tUdiJ o~ thL i 7 51) c- c- ’ I UB2~ c - l c , u c -  on the amb-c t o~ the
c-n bc- c - u - , - u I l ( n a /  0.

— - - - - ‘ - -~~~~~~~~~~
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2 . T I l E  E L I -  TRAI: :!- ’ : c S I  ( E } i . -~ N 1~I-~L

Tlce gen ; e r’al t n c e c z ’ y  C tn le cc n nno un i m t i cns Can-. I-c used a l s o  I - u .  t h e  - c c - u - c  O f  e l e c t r o—
u- a~~rcu’tIc ELF links . In pen-er-- u ! , a tu ’ c - r . r - ! c s i o n  channel can b e considered as in Fig. 1.
Tb:e r’cedlur. Is i’epn’ esentu.- c-i In - c t h I s  1’’-p u n m - 1 - c -c- a block , I n  m h e  rn -ore  oo uucnuc c n c a ses  such a 1-L~~ak
is u - ccn s i d e n ’e d  as a linear C u - u - t n - u -, in r e a l i t y  t h e  l i n e a r — f I - i c -er  ana lopy  r’c~r t - e mc - u - r. cc- a d r a u u - c t i c
and unrealis tic simpl lficat ! nc. tt c w c -’c -,- m - c - , t h e  associated filter can u -- ike Ir.’o nun - arc ’ I-I- .”
Vc - u ’l u~c- s i -nif ioci tive ~c-arameten ’s of ~he medium wha tever It is. A vet-v pen -en - a l m- cIel cf a
sien a l  ~ n c u -  i~s- ln g  in a n : c e d i u r .  d e l in s - c i t a t e d  by t w  c- i n t e r - f a c e s  (F i g .  2 )  c an  r e p r e s e n t  Sr.
eleu - tr-m -r .c c-pn .n- r I c as well as an acous ’ ic scenario. In this sir-cple model the ‘ u - urea effects
of surface sca tte r - in -p c ( S t ,  bottom scattering 

~- (b -c- , and valume s’a t~~er’In g f c -~~
c- are

c - s - c m . b e I n c e c - I  c - r u-i , as a c o n s e i c c e r ce of t h i s  m u l t i pl e  - - - n s - t - f c -  ‘ t r . ,  t h e  s I - p r - c - I  1~~~
c-
~~~ ’c -  cc- cl b ,  ‘h e

r e c e i v e r  Is d e C o r - n c - e d .  The d e f c i r - n - - a t l o n  of t h e  s t~~:, c l  can be as-u ru -u -c uu ’I zed I-u; te rn -u - c of t I ’-..e
spi~c ‘ c -  i l r u - c  ,r .I o c- frequency smear and , although th ir is c - c - I l l  a sbnp l I!’Ica u - I n u-f the

p n -ob er u -., i’- n c - u -; n - c - c e r c t S  a c - e n - v  u s e f u l  t e a l  fo r  t n c - c - e t — t i g a t i n g  t h e  e h a n - m ’ n -e n - I c  i cs  of ‘he
t r , _ an s n___ i s s l  u-c u - : , - u n u c e l .  In u - h e  case n - f  e l e ’ t rc r a r n t e t c  p r o p a g a t I - c u .  t e t w e e r u -  ‘ Er- I m. c c - p l c - c - r e
cur l t h e  e ar t h ’  S sur’ !’s-u ce , t h e  v lume  s c a t t e rin p  of  he c- ’— . - n - h e n - n -  is  n- ‘ ‘ cc -~ c m - m .  in ’
u - u - u - s i  1en c - t  I u t , w h e r e a s  u - h i ’ of  t h e  i on u - c - c- p he re  and  o f  I icc-c- e a r ’ I - ’  S s c - t n - f a c e  ( ‘ I - -  b o u n i a n ’ l e a c-
n - - u - c t be o c~re!’ully c ntc -idere l .

t n - o n - - c - p c: ’ u-i rc p h e n o m e n a  can  be u - c - i  u d l e d  in a p e n - e r - c - i ! w - c , - ‘ n - c - n -  a r u r e l v  rl,:;sical p I - n - I -
of  v I e w  w I - c -  h , e r , c 1 -i ’ l l -’ u- c-u’ . c c - l d e n - - m tm i c - n -  he  l u - c o  i - I -  c-~’-’n ‘0 ~u- d’ c- -u - I-cal S c-u -eu -’- . n ‘-hn-
c c - n -tn- - u t -u - , c - c L ’  i t  t e l e u -  n - n - u n - l u - a t 1 n:s c e r t a i n  r ac t  I c - a l  p - c - r ’ s - n - .e te r s  su o l .  as w u v e  I- - r n -’ h , ran-ge
skin i ” - ;-’ l. values a n d  “ h e r s , n-cut ” be ca re ”u - c l I y  c n - . s I - - u - bc-’ n - e b .  In -  p - ’c -r ’ i c - c L -c- c , at F . l n - c ic . pcc - cc-
c-n -cl s I - u - h  p c - c ’ L u - u l c u ’  s i z e s  of l c - v e u - : , ‘he u - - u ’,- t n - - c - u - I r e  c - ; u n -  c - h c , :. c u - . l u - ’ :, a O  1, ” I - n - .  crC t h e
e i kcc c -n - - c - I c-.-~~u - c - u - 1 c --n , is ru - I- c- ’c - t c - f r I c :~’- r . c- sa ’ 1sf -c - u - ’ n - l l v  I - - . c- be p u  c- ’ u -  n- n - h e r .  u -en - a,
ar c  - u - p r ’ - i - h  I - u - ’ -’ - n - n - :  r n - - r n - a l  n- ‘r c-’s is n- c’s - u - t i :- - - c C - u - -  s- c -h u-u -‘ - c - s e .  m. t n - - -  c- . mnges , cc -
s c - c m ’ t c - s - r - t n - ç ’  cc -u - r - ercc ---t 1-. of I-u;’ eu’ fau -es Is n- t due - u I v ’ ’ u c -’ m~~

c- ‘- - ‘ u -  r io - u I s’ n-u ’’ -I: -- - c r - i  f I u t ua—
u- I o n - s  c- a t - ’ t ’ - b a r ’ l e a  c u - I -  a l s o , c - r u - c r ’-i i r; c-; , u- c- ‘ n -a 1Is~ n - l i  c u - c -c - ‘ - ‘u- a u-n-c-u-
; c m n - u - c -r- .c-a ’c- ’rs — C  the n - c c - l u - u t ”  cc-n - ~~ r em’ - ‘ J m ’  C I - h e  t c - u n u - u - j O r~~~~n - c -  c - r . l cc- c-- - -c-- ‘ hi- u - c - ’ , n - I - c-
: - r c - - ’c:- , tecc , rc a rtce u-c- u -h e  ‘ n - t u - k u .-c - s s  u - f  “i .e sk In - . TI-a u - t  I’ - uu- r ’ a’- ’ o’ p - r m ’- - - ” - n -s

- c - c --n -e’ I - - u - : u - - u - -c -ea ’ I cn -  is ‘ha c n - b u ’ t I v I ’ -.-

3. FI’t’F A fu - tu - OT flE T E I E  -: c-dT  . i F  !- .‘- F l ~~ Y y u - :  I ,’,

jc~ c - u - c - c - I - n - a d  ltc I - l u - ,  I ‘ h e  I - I c u - k  I.-- . ‘-l n - - c -’e I  • ‘ ‘ : .  
~~~~

m c- I n - u - I - c d , -  —u I s
‘h c -  ts I - m r - l e a .  u - a k i n - u -  s- -u- c ‘ c : c - u - , : - r t !  n - .  r. - cs - -  c m -  n - - c - : - ’  I - e n - -  c - C  “ h o  c r u - v u - l u - a l  u - ”c - r -c- r - c- - - - r  c - ,  I- ’

i s  cc- a u - i n - I -’- “ u r  a s s e s s  a m . bc-a l ‘ i d - c ’ n-ru - c-m I - I n - s  c - i c c -’ ‘-I-~~~ ’ ’ - t o  I - c  ‘ ‘ u - s - I c - - : -  r ca  a (I - I - - - c - I ’ :. a
u - e u - u -  c - l u - .  u - - u - :  n - c c -’ . n- r- I - - ’r - ’ ’ a ke i r .  - o a c - u - ’  - t ’ .’ , i n -  “h e  - r i - u I  a c- - ’

, “ n - n -  uc - - i . -c - ; I c u r ’
of  a - -c- , — n - - rc cci - u ’ l c -.c- c - I c- - : ’ In ;  - i r e  - c - n - c  I -  - a n - -— — - c c - i c c - ” - - -  lI” an- ‘c- ’ d l  c- , 

‘ IS 
n - - u - -c- r - I - . : e c ” c- r- ’ ! n - e c - c i t i . :c- ’ - -  - .  a l - t i e  l ’ c ’ - ’ ! - . Talc eu- , c-c- , c , - ’ ’ 5

cc- t — — ’ m n - lu - e c-~~ - a : c - l  I 1 ’ -’ - : — u - r ; u - l  c - ,  - c - x c ”c- s :c- l - -  c-c’ ’ ‘: a n ’I - - u - ,-0 - m m - - ; -- u - ’~
- c- c-’ a s : I  n- I - - c - r d .

rc T a l I - u -s l , 2 a r .  i s - - h -  : “ u - ’c-’ ‘ : c r ’ - ’ ’c ’n - i ’ I r c I s l r - m - -  u- c-
~~~, 1 - — ’ c cs e ’ he - ’~~~- u - c r’

c c - c - u - c  I s  r . I e x t  iu - ict ’ - cIiv C - u - n c - i l --u- - - I , ad-c”-- - c- 
- I -n ; - -l I c-c-- -- ‘ -n -, i 5 c a - -u- Is - ‘- u - c al r- r- 

.c
~~ ~ c~~~

,

S - ‘.c- -u - u- I- - 
a -‘ c c c -  - e ” ’ ’ - ‘ - - - : 

cu- n - c ;

I- - c - c  : : n ’ c -

h - ,‘ r ” r - , c m e - - c- . 

i-I ,: i, c r i , : . ; , c - r . 1 c c -~~~~~~,r ~~~. l t ,

I , : r I ‘‘“ cu - I c - u .  ‘-c- E u- ,’ 
-

I 

-—-.--— 
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. 
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I 1-3

The cl ucuut n ;e l described in Table 3 can be u-epresercted by means c- c f one of u - l~,e I- cu - u- l u u u - t j c n~cc - c u - r u - e u -ted u- c each other by Fourier transfo n-rjaticcnc and antitrans b ’c- r-c -c-a t Ic- n a T1- c-u-. ’d , 1961- ;
Lc -’c-VAL , 1972), for instance , c-he RH (f,f ’ ,t ,t’) is a funotlc- .n defined In a four dimensional
r e p r e s e n t a t i v e  s p a c e , where I ’  is i n d e p e n d e n t  f r u -u - .  f , and t’ is indepen-dent fr-u- n- t

TABLE 3

TIME R A N D O M L Y  V A R I A N T  ( &  S P A C E  I N V A R I O , F T )  CH ;c-Fl !E I .

R
H

( f , f ’ , t , t ’ )  = H ( f , t )  H* u - f , t ? )

R h ( I , T ’ , t , t ’  ) = H ( - r , t )  h * ( T ~ , t ’  )

R
B

( f , f ’  ~~~~~~ > = B ( f ,~~ ) B * ( f ~ , ctu- ’ )

R s (-r , -r ’ , u~, c~t ’)  = 0 ( r , I- ’c- 0~~~( t ’ , c t ’ ~~u-

cc-c-

R~~ (~~ f , t~t )
Wide ilenc-se O-tstlon -ar ’,c- R b

( T , c u - u - )

Uncorrelated Scatter-In-g

R n- ( T ,

The f u n - c t i o n  FO~ ( I c-c- I S  the scatter- in - c- furcct I c-nc , assur u - l n - c-  u- -al Icb u - h e  W c - 0U0 c u - - r . c - I l ” i o n - s .
The u- c u - c - u;v c - cl u tI - cc -n of R~ (r ,~~) w i t h  t h e  cc- r s - h I - g u i I - l .- C c c r c ~~~ l c - r c  of  u - h e  a i g n - c -;c I  p u c - c - Iu u - e s a cc - n - u - I -i uu -eci
arn - I - p u t t y  f u n - c - t i c - n -  of  the  SI gn -c -cl c~u -c -n - d u-he med lur-u- ( t l c - I T’-:’c- T:I~ , 1 9 71) .

In t h e  t h r e e  r c c - a e I s  c ’ e p n - e c c e n u - e d  in T a l le s  1 , 2 a n - u - i  3-, t h e  n - C c - l I -u n - . .  I s  p r a c u - i - u - a ly
c o n s i d e r e d  u n - I -  f c r r c c  u -u - cu - I i s ot  u - - u - ;  I c -  - V i c e  vcu - u ’sa , a ssu r l r ; c  t h e  n - . e c - I I cr — I- i s - ” -’- — i n-c ’u- c-c - r - l a n t  , u-t n - cl
c o n - u - t de u - - m n - r u-n -ly space v a r i a t l c - u - n - c c  ( d i c n - c r c l :  n - c i t i e s , an- i s - c - u - n - - c - p l e a, cc - n - u - . ), t h e  t r a n - s u - I s s I - s u c
channe l can he u - e r n - e c c e r u -” ed as in Table -c - .

O F c -c-dTc- V A ’i s - l T \ F T  (‘c- T ’ -T T h V c -’ I - c -s - F T ) c~~
:’:oc -c -:

l i ( f ,~~) = ~u-u- -u c-e Tnc un Sf er !-dtn -u -tlcn - a r - c - s e
n- ,~~) = ?pa-u -e l u-u -pulse u-- e m--p u--n -se 

I - I r e - ’;’. 1 c u - c- - - - n - u - I

B I b ’ , =1 ! l ( f ,~~) 3  = I n - a c e  E l f r e q m u - e n - I t a I  E c - c n - . c - t t r ;

:-~~~, r~ = j [ h ( T ,~~~)~~ = Er as - u -n - Fl Cfc c cu- l n- F c n n - u - t  I c -n-

c - ’ . ’ - c - c -
!!y r u - E e c - c - i a

R c- (u- ’ ,u- ‘ w h e r e  -r ’ = ic r  an-d I ,  =

- ‘ I c - b I n - p  t i r e  c- - p -c - n - .  c - r u - n - , the “ - ‘ d e l  I n  Ic- cu b ie  c- c- i s  n i l  a l n e d .

TAB LE 5

T I l t  VAF:c -c-c-FT & El u’c- c- ’ I ’  ‘— c-u - I - I c-’’ 

lI( C ,u- ,~ 
- Ep a ’e— Tb me T n - a u u u (er  F - c n u - c -- ’ Ic- n

h ( t , tc ,~~ ) = fpa .u -e— T ’c-n ”. e I n— u - u - b e Ec ’ cc - ; - c n - c c e

= 1 h ( T , b .~~ )

A c m - u - c n n - I n - p  t h e  W OOt ’O hyp c c - I b c - e n - I s  in  bc -- t h
I n - - -  an d  sp a c e , an :d  r e d u c i n g  t b c c - -  u - c - ; c - a t l a l  u -a ria—

I i c - - n  t c - c  l w c c -  - c -  - c - r d i r t cc - t e s  corc p c - o n e n t c c  u - i , , It  w i l l
b ’ — o ss ible  t o  c-i c - f i n e  a sc att en - in g ~ u - c u u - u - ’  I o n :  I n
( c - c - c - c r  v- s -r ’, - ’c-hle~~ R 5 ( n - ,,~~~ a, 1’) ( W A  I d - c - l E E ,  l c i l ( )  

- - -~~---- -
- 
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V ..- -—-- -
~ — -.—- - ~~~~~~~~~~~~~ — . - - -  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _r The scattering function limited to the case of Table 3 has been oompt~~ed and u8ed y-

in underwater a coust ic s , and ‘~ some extent it could be used with advantage also for
e l e c t r om a g n e t i c  cor n r n un i : a t  I n s  in a l a y e r e d  r i t a .  The s t a t i s t i c a l  e v a l u a ti cn  of t h ~-
physical processes that generate alteratLn in the transm itted signal is quite ir-~ : a n
for approachtng the analytical characterization of the channel.

Prom the preceding con sid era t I a: t is e v i d e n t  t h a t  in  t h e  ~~r rosed r :a~ h e r a ~ ca l
models , the statistical evalu ati a of ~te noise tad the signal is of’ d e t e r r a i r .  a at  t r ~~~ r~~—
ance in making generally operative ‘ i.e application ~.f similar algorithr ..

THE B O U h D A F : F S  I~ ELF h A h n .:

Due to t h e  w a v e  ~en ~-t h :  t h e  d a’ ‘tnc es  i n v o l v e d  in ELF c o r r ~ur . i c a t  t - n :  ra nge  fr . r
the  order of a ku . e t r - e  t t h o u s a n d s  of k i 1~~r- , •~~r e a .  The i n t e rf a c e s  of i n t e r e s t  are ‘he r . ,
in the m a i n , t hos e r e ~ :-e.~~r . ’ ed i n F t j - . ~~. The r a i n  b o u n d a r i e s  t o :  .ved are as c n s e a u e n c e
the Upper  bounda ry , a t .  ch  t :  tn e  I on~ s p her e , and t he  Lower  P o u r ,  n o n ’. ,  w h i c h  I S  he e a r ’ h ’ s
sur O a c e .

14 . 1 The Upper  Boun ~ia r v

The un er  b~~ua t a r - u , n a m e ly  t h e  i~ ’a a: h a~ , a r c g i  a t h e  z r p e r  n t n o s r laere
b e t w e e n 50 and 300 km at v -  t h e  ear~ h ’ s : f ; - - . The io nosphere  c a i u o t l v i t y  v a r i e s
be tween  1 r r h o s  and 00 r .hcs  ‘it. The s k i n  Jep ’h n elet ’ a r .ac - n ’t  I C n ave n a me air of
such c c n d u c t l v t t y  has been : i c u l at e d  and  r - ep ~ r t e i  t y  Eh ’ t T h , ‘~72 , ar .~ c a n  H ‘he
order  of many h u n d r e d s  P r et r e : .  A r a al  pa  a r a ’ tr i g t hr  un , t .“ ~on’ : here  a r c a
the  e a r t h ’ s s u rf a c e  ~s ev ii -’r . t v . f ucra ,~e ha’ he t e h ’ -,v i c ur r , i r e  or , h~ s t o n e  t i n ’ at  —

b u t i o n  of the o cnd uo t tv ’5. ’;. The n .io of a l ay e r e d  m e d i u m  in r e g u l a r  lo:, err wI th a
known conduct Iv~ ’y Is , ti t h i s  case , ‘:i’ o far Prrai’ t h e  re’;li’ v . T:.c : a
behaviour in the l,a.’sthe :-e is :i:r.r :‘t :eh in the P - w I r e  P nr ’:lan (t :..ahr - ’ at , lt ~~t ) :
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The plasma physics and the ionosphere hydrodynamics can supply the needed tn far-rratIa r . an
the fluctuations and on the space distributions of the conductivity , which will Le useful
in correlating the non—Gaussian distrib utior. of the noise with a nivn jca l p5-edlc table
phenomenon. Telecommunication theories -and techniques can suppi useful diagnostic
tools (DAVIS and ~~YEES , 197 :,). Figure 5 represents an ELF sIgnal propagatin g in the
earth—ionosphere gap and received at. a distance of about 5 nanor.etres. The ripples
represent anomalies related to magnetospher lc phenomena. In. this case the E °  tr an srrisnt -r
can be used as a diagnostic tool.

14 .2 The Lower Boundary

The lower boundary of such a particular wave guide (ear ’h— I ‘anosphere par ) is tn’
earth’ s surface. This consist of 71% of’ oceans and seas and tt.e rer:alnder ;P land.
For the oceans similar considerations made for the ionosphere can be api lied. In this
cas e, the behaviour of the conductivity is more simple and easily ccrrelated to other
physical parameters of the sea water (i.e. salinity , temperature , rressure). The
conductivity of’ sea water ranges Pr om 2.5 to 5 mhos/m and the Skin depth can reach
several hundres of’ metres. In Table 6 a synthesis is shown of the Irnpll cat ions of ’
interfaces at ELF ranges. The field components , represented In the Table by paints , are
different to each other and depend not only on the condit Ions of t he  b o u n d a r i e s , b ut a lso
on the type of dipole (vertical electric , vertical magnetic , horizontal electric ,
horizontal r:agr:etlc), and also on the range that impl ies the frequency (wave—lent-rh).
For practical applications in ELF telec ommur.lc atlcns, the particular cases surr r”artzed
in Table 6 must be taken Into account carefully. The calculati on of the values f o r
various field components are reported by E F A T F H I ’ 5Jtll , 1970.

TABLE 6

IN T E R F A C E  I P P L I C A T I O N S  AT ELF RAFaEl’

Range Propagation DIpole Field Components

FAR FIELD Subsurface — Free Space VED E0, E~ , E ,, H0, H~~, ~~0 >> A 0 FIT’ . . .
PE T . . .
HMD . . .

Subsurface — Fubsur face FED . . .
Vyr ’ . . .

HED . . .
( F . 0 . A . P . p r o p a g a t i o n )  HND . . .

I IE A F F I E L D  F u b  s u r f a c e — Free l’pace 0F.D . . .
P h ~ l’~ z ~ 0 V~T . . .

HED . . .
Free Fpace — Subsurface VED . . .

h > 0
4 z .E 04 VEIl . . .

P E P . . .
FIND . . .

Subsurface — Subsurface VEt’ . . .
h~~~ C z~~~ 0 V!T . . .

MED . . . .
FED . . .

,,‘pAEI .l’TATIC FI El D Purface — S u r f a c e  FED . . . .

p ~ A ( i )  Genera l
0 H H < < 1  ‘ . .

0 l IE D . . . .
P1’l . . . .

( i i )  I, ‘in a l— n e a r  r an  n . I i -I . . .

H H ~~ < 1 ‘“  I’~ c’~ ~~~~~ . . . . . .

‘V 

---- ~~~~~— ---- ~~~- 5 -



I n

T A P L I ”  a (Cont.)

i r op a g a t lon  Dipole Field ‘ ‘ r a p a r . e n t s

,, l’A: :l_ : TATIC FIELD (iii) 
~~~~~~ 

l ;  H o t  < < 1  VEt ’ F , f”~~, E5 , H 0 , H~~, l:~
V I-F’ . . . .
R ED . . . .

Free Space — Subsurface FED . . .
(i) i ’r0R’ < < 1  VMD . . .

HEll . . .
REP . . .

( i i )  I ’Y 1R ’ I ‘>1 FED . . .
V Et’ . . .
HFD . . .

t I N T . . .
(iii) R’ ’’ ‘dED . . .

VEt’ . . .

HF.D . . .
FlIT . . .

: ub s u rf a c e  — Free Space FED . . .
(1) y0R !c< l V I-T . . .

PEE . . .
(it )Iy 1 Rj> > l VEt ’ . . . .

F E D  . . .
PEE . . .

( l I i ) F > ’  h i  FE E  . . .
I’ IT . . .
FlEE ’ . . .
hYt’  . . . .

Su b s u r f a c e  — S ub s u r f a c e  VEt ’ . . .
V l-’I’ . . .
FED . . .

5 .  ‘ 1. : 1 ’ :: F:

The r atS’ :- r”rea ente ’t above ray a p p e a r  C ,~~1 a i - ’, i ’ in is , bec .a a in e  e a c h  ar gument Is
trD’fl’,’ r’er :tI ’.’ne:l . Nero r :eclse details are ,‘“n ’ alr,ed In Ph’’ r’efer c :aces. Ta : c I c n  a n n u a l —
ca t  I as , in t - ea o r a l , the b ehav iour ‘f I in ’  roll - i r a I In c lu Han 1’ -un -I - trI es 1 r:u5t be con sIdered

obj ect Ia ”l-; e’;.a : -~~ ,: ‘H .  hut howl Fr’’:- . thc -: aarar,tr r ,Ica t Ion ‘ b a c o r y  i t  a p p e a r t  n e c e s s a r y  ‘i s
as h a n - ,’ : r - r ’h -’r’ r-r- late,I to • r o a r - i -  l s a l o n  r e  I t o  in a :1 a ”ir - I i a - al a - v . i”a arn-’’;s

I ’ - •  a r a y ’ -  r et ’ :  c at  hered al:’:-~ .I- •’ i-v n - t n ’; a - a - I c : , ’ I: ’ 5 w”rkir: r In rat -ncr or b” no r’-r’ear’ch and
In cai n r’c .o- ’i:-” h , an d ‘hair r:’ L l - ’r,r- c a n  tan a i”F r ’ ’ a n t a ,” t w I t h  r l r H a ’.r r - ’Ha ’ i ’loni es , at
I c. ’ ; ’ ’ , , I’ i “ I c ” ’  r’,r au a i c a r  I “in r art” ’ ’ sea .

I
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SATELLITE — bORNE M O N I T O R I N G  OF ATMOSPHERIC

AND SURFACE CHA RACTERI STIC S AFFECTIN G THE
PROPAGATION OF R ICROWAVES IN THE TROPOSP H ERE

E. Ras chke
In s t i t u t  fü r  Geophy sik  und Meteoro loCie
U n i v e r s i tl i t zu Kbl n
D — 5 Kbln 141
Germany

SUOF-IARY

In this paper are considered some possibilities to observe and monitor on a Clobal
scale such atmospheric and surface properties which affect tne propogation of micro-
waves in the troposphere . These are the fields of atmospheric temperature , moisture ,
pres su re  and a lso of p r e c i p it a t in b  c louds , f u r t h e r  the sea s ta t ’- , ice ar , d  ate: : cover
and the soil moisture.

A manifold of satellite tec-n n i quen has Le e r :  developed in It .i- last years , j’rsra-arily
for rr.t-teoro lo a,ical applications. Int ’ l :  r a y  p r o v i d e  useful inforr.aticas for the j”urpcses
to eatS r a t e  t i . € ’  a tmo s p h e r i c  transfer rc.perties for the raicrowave reC io n .  }:ol’:ever
tine existence of the ducting inveroic :; layers near t : iE ’  g r o u n d  r : i i j ,t  e on ly  i r ;u i r e c t iy
ded u c ab l e  fr or ,  t t ;e r , .

1. 
_______

Tie rdpada tion of electromagnetic n a v e .’ of t i  r , l a ’r~ a i v e  re~~i c r ,  w it hi n layers of
t a e  t r o a o r n  cr0  , : ej ’ er . ,:s on t i _ c  :‘ .o~~r a i t u d e  and .~~ a t i a l  r- r ’ a ’d i e r ,t o  of the  r e f r a c t i v e  i n u o x
ar ,u  on t a o  rc - a e : ; c e  of no :  t i n t , n , a t e r i a l s, su c I ,  a~ v , , r ’ i t a ’n . ;  ac e s  ( i t .  particular water
va j .c r  and o x yg e n )  and of c l o u d o :,’i t ilt: t ine  ot r ’ , c o p i t ,-r c - . Fu r th e rr ’ ,crc t i ne  a c a - n u c t i v i t l ’
of t ; e  ar - l a su r f a c e  soi l  la r , ’e r - c  : n a :  t o e  r a u r- ; , : n e n r -  of t : ,e  ac e a no  a , : ,u sea- ice-  cover

1:’j’ or ’ta r n r, a r - I c  ir, t a la -  re.- ; e a t .

Al so c r a t i a , 1  an, : t a r - , ;  “, r .a tl v a r i a t i c , r , a  of’ U i e :’~ f r a , c t i v ”  a i r - C ’ s arc’ at  r r -n~~i’.a l i r n , ~’ i  t o
th c so  of t oe a t :  ‘ aj’ a , a - ,-i c r oaaa , an - ”  o r . .: t a r ’  c r at  ,,re f i e l d : ;  a n in 5 , ’’ r: r - t o r  vi ,, ’ a,: - c a r . t e i ; t
(net . 0.5. ‘T’l’i’fl-. ,  O F T . ) .  . i u c t ’ ’ a ’ t i . :, aa o f t i . ” c l - n t -are a r e  r - i o ;  :‘ e: cr’o’ i ’r , l e  fo r  c r - n -c- a
-:5 t i . ’a n a ve a : : , : I r a,’ , :a- n ’r e , of  coa rr - ’ . , - l ou , . s — in  r a r t i c a ..io r r e - I :  I ’_ r - t I a~ c i a ,.,.’ —

l a y  o i n c :  la t i n : ” nd ,- .

0 I o t a )  c l i r st c i o ’ ’-  of t a r  r e f r; ’ ,-t  l vi- I:. iex an , i  i : ,n i i a -  for  aH, a ’c t r ’ c : . , a  a t t i c  r a y , ’:
C O: ’  5 ; ’, ’: no f o rt  t r a c en  P o a F  “:1 t ; , i  r.  t a . ’ ; ,c c ur o  cp of a v a r i a t a  Or  f r - r n  n O  t o  t i e  c l i :  oP a I r -  -

- ‘‘ c C  t e r n  e r r - t a r ’,- , taois t ar c- , :r a o i: u n . a : .: c l e a r  f i t  1 ’:. ’ 1:’, l . a t r a ~ :;: ‘ oc’r ,. . I - - O A. I~F - F TC: :  (~~ - -. T ’ ’  : u l l i o o o ’ ~ a v - ’ r a o -  :a: .:’s a - c r ’ ; u Se  Fr :, :  ~l i r . O t , I , lc ~~i av”-r’;,, es c C  t h e s c
r O l e v a ra t :‘ ,; aa :’. r it i o s .  ‘It ’: - a - a n r C- ; ’ .,’ l ’ a  ‘ c l i :  a t c l c , - - ” i s  ~ot ,3 . -” ra 1:. ::,a- - ‘0 . t  of a
i et a i l” i , ; ‘a a ,t i n t i c z  ‘ S  ‘ a . ” ” c : ’ ” i ’ . :” i  f i - ’ I,l ; ; a : ’ ’, ’ r ’ ’ ’ : . ’ i n  ‘; , :‘ :o; t I : ’  :e,, l ,  :t a-- ., o : , i - a - .

n:, ’s  r o f” r  to  a i-a-cr . a-I. ‘to ci ’ toe :, t- or -”:aer :

::‘~~~:~~ s ac ’ a climat :’lo a,o’ ::i , - :’ .t I:: , : n ”,, : - . t S, r H ,o : n o r , ::, ‘ad
a - ’—: , r i ,’:’:’i r’. iin ; a , s:,..’ , rc’oer,’, :::tca ,’S : .o r’t’:,. o’ ,’r : , ,. c , : o O c P c l o . r c a : : i :
:‘,e n:’ ca,’oe. r f ’a , a’ v ’a : ” ’ :. ’ ’ : : a t e  . - ‘ I . :jc - r . - n .  , , ic r” Fr: ’. i , , ’ : ’I i c u i , r ta t : , e S : a : . :, i : r-,
a:’. ,- ~r o : aa r , c e  of “ . u c t i n , - ” ia ’ ae r :: i c ’r , s a - : r - : ’ t I , : ~~~~r - c ,.: , : , ,a S c  t~~ a l t . ’- ‘ b a-a t a - c - a

b o o r a:; ,: I:. I ’ ’- t n ’ c p o - - : ’ . ’ -r~n a L - ’ ; o , oa,  a S  n r , cia ’ i t ’ t l a  ‘ I c ; r a - , ,’ e : , , i  t ’, ., . :, - , ’ n ’  c U T -n . 1 1 . .
l a m e a :,, :  u n t o  Cl’  l~ a u L i  I i : : .  f ’o : c r :  ::a ’ c - n ’ .

ra f or r a t i o r ,r- ar, t h e r e  a t : , °: .- - ‘~F c  ‘ rc a -ar r t. r (  a- i-ao l ’ L I ;  ‘ .~~~~ I :,,- .. i n  u ’ . : a i t ,  i i ,  Pr o : ’
t i e  ob aae rv , t I erro l r.at-’rIaI of S:.c ‘.- -,,r.\ c:,tnor,al r,.,’ta ’ r- n - a ,  S r- ic ’; I ne t ‘ ‘ or , ’: , n - r n
, ‘ ! t :r e r l r . f  a v i a r y  d a y  ‘ ‘ ta  f a r  ar,’a I: a - i , , a .:’. :  fc x - c , - ’ , ;t  a r ;  c o c a .  .0: t : i ,  : .~~l , , , ’ :’ ,,

C 3 r t  i t  c i  C ~, — 1
c a t S  ‘a ’vtar-  t i .~ a t t i r e  ‘ id e ( I - .,.. : — .‘. , , .,, 

l ’ T~~) , :i; a, Ia ‘a , ’ cc : , ’;-a ’ : . Y ’ ; ,  ‘ I  
OtOl ti ‘, -‘ ‘ : : , .- , F : 0 5  a c i a t ’  a l so  b e a r .  a ;, ’,’ , S. :’ ~~~~~~~~ 1 a, an-’,’~ tir-r ,., a l  ,acr , t j —

nen ts for , a - : , ’ r ’ -a’ c ’ , rc ” :  ; ‘ r a l  l c - : , n  ‘ , r : , a , c of t i r e cc) . , : :.  5 , - ’ r - - ,’f ,  n - -, , 1., ,,~~~, L e E  a ,
So ,r r .d ‘. , r - r’ tn . ’, I Sc to  c a r o l . : - ‘ r H ’ , ..- ‘ - 5 . 1 1 : _ a .; of  ‘ F r  - a 1-  , I icr: :  f a r -  t a  ‘ nan; c - ’a
i_ f l reuic’,i’n at n n ‘ - r  5~,- a ~~a C:  : , 1 a , ’o, . ,, v,; r ’a ;~~~0 c 5 i c : _ .

. A T ”C.~’ l - l ::ri I r ’ l I ’ ’ l I F - T I ’ S

Z .i F r I — n i ;  Ic of  O a t , a I S I S - , let ::

.rc n-_ c o a t a ’:van:- ’ .; c i ’  t e c ; . : , t ’ ‘,y for rotate 5000i jt , ,, a of “c ’ta-era,’l,’ i c, ,1 aan ;,~ f o r :
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a t  _ l i t ’  b a t : ’~~n’:’ ,a baa - -; t e e n ,  r e v l e : ’ c . e : : t e r , oj ’a ,j ‘u , ,r i : .  P a . ’ 0 1.  a ~ : /J ’ -

o t t O :, i n .  F e 1 e a ~..a i; . ia ( :aA .~~ ,a:. :-, : - : , : t  -
~~~ , 

i’-7 C ). I:. : : ‘ I : ,c I : l e  r - r a : i v o  r’ . a l a’
“ e S P y  ,...‘ - a_ ia i ’ a : , , .  t e r r es tr ’  i:, I, en ’  , ,iuo  n i - a l l a n ’  a- ,, r i r - t  i on  a: n o , ; :- , - S i r , :  n a at  i , .n .
I : ,  .rc’ ’, i t O  .0 n r a  n a t o t i e  i n S t  ma u i - i an :  na -ce  Sc La  ,_ i - au , .’:’’ .: f r - a n ’ , L a c , , : c : a t t a n ’ e 01,
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2.~ Cloud Fields

The feasibility to monitor cloud fields has been demonstrated since more than
lf  years with imaging methods in the visible and infrared. l’Jith these data , onl y
cloud phenomenology may be a useful method to estimate the liquid water content of
non-precipitating clouds. However , no such “c l imato logy ” has been reported in the
lit erat ure.

Recent progress in the microw i-ve techniques yielded to routir,e measurements of
thermal emission in the microwave region from several US satellites near 19 GHz and
37 5Hz. These measurements enabled over oceans clear distinctions between ç’redi-
pitating clouds of various rainfall rates. Even an annual “climatology ” of predifi-
tation over oceans coul,t be accomplished from Nimbus 5 data (RAO , AbBOTT , TEEGS ,
lI~7 6 )

I~easurer.aents of time t h em nr ,a l  emission in the 37 5hz region enable ever; over the
higher emitting land surfaces the location of’ raining clouds associated to frontal
and convective s0’ster:s ( S A V A G E  and I.TIFISle.’ , 1975 ).

‘hu s , i f  s u c h  imag in g m e a s u r e m e n ts  in th e  m i c r o w a v e  region are used  or, t i r e  r r ex t
generation of geostationary satellites , the attenuatior, due to mainly ;recipitating
clouds can be estimated and forecasted on a reasonable :I’,c mt time and apace scale.

So fa r , or. tire j-resent generation of geostationary s a t e l l i t e s  c ’n ly  in t rutn ,er ,t s  are
b o O r - a - - f l o w n  w h i c h  image t in e  g lobe  r il e;  their r;oasureme:.ts in t h e  v i s i b l e  ar -a c i r a f r a ’
rein .

T i m e  oy s t e r - a  of ~ 
— I geostatior .ary satellites , na h i ct : :‘:ill be establia.nea,I for i_ Inc

u r ’r o s es  of I ?CIE (I ’i rst  (lASS G l ot t a l  Cxi e m i n e n t )  in 1978 ana l  l n - 7 9 ,  roy a m , a a t ,, ” and :.
to accon .::aliaadr hourly forecasts for’ fast cleveio;-’irg conv ective aa.’stea, ~~:io requires .
hcn : ever , a 2 n d - e m i l ’  dev elo~~oa i d a t a  aona ;en’.ont  sy s t o n a .
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DISTRIBUTION OF ELECTRICAL RESISTIVITY ON CON C1 ( I~~~TM~ AR ~~
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The el ectr ica l  resistivity of the earth has been i n v e s t igata ’ at  by se v e r al  geo-
physical methods. The resis’ i v i t y — d i a - t r i b ’.a t ion  j r - a t h a n  upp er n .c .a : t  k il om n a e t e r s  on Cr - ra t ~~—

nen tal  areas  ama - in fe r r ed  f rom such m e a s u r e m e n ts  tur r a e ’i out to  be rst,h e r  i : . n a -’ a:, a” a”n , ” ’ ,:.
Generally a c o r r e l a t i o n  b e t w e e n  the d ist r ib u t i on  of r’ r ’ : ia ’ ”i ’ a i ty  cn:ai t he  ‘ ; i :’t rbb .” I
of th e geolog ical units as displayed on geolo~’icat n a_ a r t ’  a ” x i z t s .  A few a ’x cc ’ :  t i c : ’,, ’ ar e
known and w i l l  be discussed in the ta ’x t .

1. I n t r o d u c t i o n

The e l ec t r i cal r esi s t i’,- i t v  is one of a l t o  pa na na a ’t e r ’ a ’ a n ; a - r e a .,f s t a r - a - S u r e r  an, : c a r , . ’, I —
t u t i o n  of the  i n t e r i o r  of th e  earth mn ma a.’ be ia a f’ , ’r r o a i .  in F ar t  c oula r  i- n’, e i n .  c . —res ia ’ j yj~
ty  of the rocks b e t w e e n  th a ~ tapper ,:-srface a’f the earth c m l  a ’ a ’ a a a m t ’ ‘10CC kna a d ep a  1, ion a
q u a n t i t y  measurab le  at t i r e  e a r t h ’ s s u r f t’ o ” . Cm ; a ;lobal  sc a l e  a - r a e  can ,i i st a i r . c ’a~~i m a h
s t o r i e s  at d i f f e r o n a t :  t~~( SIr ’  of  d i f f e r  ‘ - ‘n ;t  r e m ’F-st i -,’it ’: . In St aa ’ d a a a a m ’ t - s t  ‘ 1 , a r ea - ’  i ’ ’  low
700 km t ine  r e s i s t i vo t v  ion l e s s  t:,ar , 1 ohm - a ( t h i n -  a + am ” : - ,a. is c ’ a l l a ’.l t h” a’ , n ,  i n _ a - S a l : ’ ; h r - r e )

t he  s tor ey  above 15 calF-on the r e si s tosp here ar -a re tb -  re o’ ;c t i ’: aaF- ’,’ nn: a’ -’ n- act :  ‘ae
as hi gh as neveral t t m a ’ , a :’ancl  a do, ’ r ; t t ;e  U p (  ar m o r - S  r -t o r -.”,’ can ; a-a F-’t . a on ” lca w a r - a i m ’’,  iv , ’ c e l l —
na- er - it s , W C e P t a ’ ,’l’ a” I rocks and t i , a ’  o c E an : : .  I t s  th i ck n e o a-  is l a t , ’:’al I :‘ v c ; , i r m f b c - t a t - a ,  a - a - r e
100 r to  severa l  k i l o m e t er s .  The resistivity ‘ t an; end :  on 51’,c-  a rcu :,t ’  of  f l a t ’  a r e— f l : ,j  I
am.:! tl,e cca .cer ,t s ’ a ti on  at ’ j . n :c in t h a t  p o r e — f l u id . The f c i i~ a i r - a t’ , ii ; - c m ; S S c a ’ r, ‘xiii ci
with t h e  d i st r ib u ta ,an  of ‘abe  r e m a - l a.a a ’ ; i -j t y  ir, t h e  ar; 1’ ’ ” a ’  10 ‘ton . ,  ‘ah u s  (aa ’ F-a w : t h  t he  a - s i —
s t iv ity in the up;  ermost  :torey ar , .l : a r - t I I” w i t h  t : a ~- a ; : e:’mca:.t ro:icti’:it’,’— .ii a-tri ’n, ’n-i- I , , :,
in ’, the riddle tI t an_a la , t h e  r e si s tosp he r e , in pai’tiaa -ela:’ cons~ ’i~ a u r a ;  tb -0  r e s i s t  l a i t y  or;
c o n t i n e n t a l  ar’:-a,’ .

2. From numerous j m , ’~’e st j e a tj o n s  all ca -a- c r’ he a r- i ’ ll  at’ rn :av o , ,m , c 1 ’ , a d e  i , i . at  c r - c i a  c.a; S c i ’
t h e  l at e r a l  a i i :t r i b u ta . o r ;  of St a t ’  e lec tri cal r’’siStivit:a can read i ly  be corn :’ r u c t e a t  by
ca-can ’, . ’  of geolog ical n a_ ap t ’ . A geo log ical  m :, a; a c i i m ’ ; ’ l a y s  b y I i f fa ’i ”  r at  co lour :  c r i f f e r a ’ r a t
t ar p e t a  of rocks , and s i n c e  d i f f e r r ’ n a t  F-a- ; es of r o c k : ’ h ave  c n i f t ’a ’m - ’r. t rr - : ist  j a - i t i e s  a - e t a .’
may indeed t r ar ; : ’f cr m  a geolog ical ar - a ;  i n ’a *o a mn ,a( ’ c - I  t e + ’  r er - i o t i vi t ’.- — ’l i s ” mj ’ a’ a t i  n . .
For  example , red col o a .:r: — i ’epl” ;a a ’ r - a t i ::ta- na n - - t a n ,  or ;  h ic  i-n_ ic c — diaa -;’la :.’ reg ion : of i a ’ a. - . a
h igh  r ec i s t i v i t y  ( m o r e  lena:’, a ,  a ”  ohs: - a ‘ a b l u e  ara ’i t ’ r o m c r n i ; ’ h c o l o r - r c a  — r ’e; r a n ’  n . ” i n;
me s o z o i c  rooks l i k e  1 I~~o a - t  c ,a ae  a n a l  a - a o ! m ’ t can ” '  — i i c p la .” r”~r i on a  of a a . e d i a a n ,  r’ a ’ a’ i ’ t t V
( a r o u n d  some hu n d r e ,t s  n _ n . m ’ a y e l l ow  c o l a - - a i r  — c”' ,” i ’e a - a ’- r ; t nr a g : : “ a : a , a  t e r iar ” :  n e . tj n , a ’ : ; tm a —
d i sp l ays  a reg ion o f ’ ’  ra t h .  i- l ow n ’ t ’ a - I : ’t i v i ” y ( t - ’rm c of a , ta ma _ . ::, a : m . i  ‘ - ‘ en  less t . Tt ’ac- na- an , ’, -
r i c a l  ; -a iuc ’aa  of the  m ’a a ’ i . st i a ’ i ” ,v of ‘ h a -’ l i ft ”  a - ” ’ n ,  a - o c R — t a n - e s  a-a n h a ’  t a k a ’ : m  1 :-on. c a - n :, ’
han t h a n O k s  ( g iven  in i , t m ’ ’  re f a ’ r ’ a ’ : a ,”es a t  th e  er-r at ” , I a - a r t  one r , u a - tn be ca r e f ul l  al a - a: ” h o w
r ea c t ,  i b a ’ t a c ’ a t  ‘;c i ’i C a ;  na’: ’ b a a-n,  o b t a i r m ’ ’  i . Cr ; I ’a- r ” ’ ; ’ i : l  i - a - i t  i cc  m c a , ’or c .l  1:; ‘i :  IF-el  : — c n ’ e
a t  san t e  F-”; i ca l  out  c- n-a : ’ : a’ a. n ’ t , i t ’  i ’c ’cka a c” a c t  n - a l  I y r e : .m , ’a - a ’n t’aa l i - a ’  t ’~”r  a ’  con : ’ n ’ :  a - —
“ i o n  of a - a l a ’ S ,  r a t: j a a t i a .’i t ,a’ — a , ,  ta ; ’ : ’ ba r t m a n  la l a c : ’ a to r ’ ,’ n: . ’ ct . ’ a r r - ’ m : , a ’ a , ’ a’ a?  rc’c’k r-a- , o n

S u c h  r a t  r of t h e  ‘I i : ’ m ’ i l ’ n - t  I c r - a  of I - n r a ’  i ’ a ’ : a i r t ’ i v i t a y  b a a - e a t  c’:; t In - ’  ; & ‘ c l o c a - a i c a l  n : , c ;  i .e -ac
b r - t m , c on n ’ t : ’ a ,a ’ ’ a ’ i .  F r  ‘‘y , a a z l e  b aa  t he  U . f .  I t o ’  m r - i; ‘ i a ’i t ’.’ t a m ’ L e e : ,  :n ,, ’ a , a a ::- ’ a a ’ n’
ra . l i o s ’a e ’ ,  ion s  atr , ”t r ’a ‘ r ; ta ly  c l a a ’ a’i IF - ta t a s h 1 1” t a  a-F a:, ’ ’  : i r a  cm tow r i c o  l v i’  y. Th e s e  c i a, ’;’—
i f : c a t i c , , n a a ’  o b t a i m a c ’ ’ r  1 : - a nna-a a t n - - a - a  s e l e c t e d  m a i l  ‘c we n-’t ’ ’ e a - a a cc’, - F-F- eat t’ ,’,’ n: , ’ ’ a n , ,  o n ’ a ;c~oI o~
gical a ’ s ;  f o r  ‘ a ; ’ ’  w h o le  er r - c’ ’ I to: ’’ 11 .11 . ( ; ‘ , a ” n i . ” o’ ’’ 1), a - , ’ a a - i r ; a - r -  ‘t i r a ’  c o l a ’, ::’; 0 1’ l a na ’
tar- a l ’  gl an d a - n - ; .  n- f’er to  ‘ I , .-  c ’r ’ ’ - r - c ’m : 1 :0’ reck: . ’  a ’ ‘ i t ’  a - ma n - I d e a ’  of ‘C ’  e an ’h  c r . l y  i ’ ic r
a; - ‘ m a  ‘ 0 ‘s r- F- -n ,  ha -ac t ’, ’ ’ ’ ’ t i t a ’ ’ ’ u :‘,, c ’,’.ma :‘‘‘aa ’ t m , i . ’’ . t-a!, a ’t t , ’ ’ n ’  ‘ a r t - i a a.,- , : . ‘ . n ’ “. ‘ r a t  n - i a ’ ,
i n_ i , ‘ i F - t i ’ - , a:’’’ v a i l : .  l l a m a ;o . ’; ’ i ’ n  cast ; ; -  a n ; a ’a; ’ . ‘ ‘ n ’  L I , ’ +‘‘~~‘ n I;:a ’ ;’ r - .a1  a a ’,, - ’al ’, c ’.i : r, a~~~~, :—
r i r , t’ t he t ” ( e c ’ r l e a l  r-” m . ’ a . ’ , a t i ’ a i t - ;  as ton -t i e r :  o f  a t ’ ; ’ : . .  I t  it’ ; n , n ’ , ’ n ’ n , , e ? l a ’ c. t o  c a n n . ; ta - m’~n - a ’ : i : t i v : ’ n’ —’ Ij : ’ tr b t , ’ r l i . r , oa a: i n  I - r n ’ ’ ’  a l’ r ’ . m “ ‘ o 1 . , ~ ’r c a l  m a n - n c ’  :-: , ‘ t i  n- - c a ,  ‘ . ‘ a - i t ,’a— n i :t m ’ i —
b c a t i c , n , m ’. a . ’ ob ? a , i n e d  by l a o  ; t - a r n : , - -. ’ c c a I  rn , t : : , a ’ i , ’ . b : ’ : ’ , ’  na , ‘L a- . : . ’ ‘ - ‘ n - ’ a - a ;  a ’ .t n ba’ ‘S a c , ’ : ,  ‘ a ’—
‘,€ - l l ; , n ’ a a ’  c.a ’ t l , c , r ’’ a n t ’ : , ’’  ‘‘ , ‘- ‘ a aa , c,, a , ’ ’ ’ in  i e r ’ :m — : ’ ; n , , m i n . , ’ rr , -  ‘ n.  I ’ ’ . le a ’ . ‘ c n ’ , ; c n - i a ’ ,.r~~’.a l 1 I  ‘ ‘ j r - I :
“ :-:a-a : .t le : ’ of  t” . a . .t  c a r - n - a l a ’ r a n ,  a n .  a e n-a s :: . ;  l ea  a ’:’ m . d  c o r n - - l et  i - a l a . a - a a t  b - n ’,-:’. ‘ or : , , ” t , ’ r I s e n - : ,’

a , ’ .’ ‘ op jc a t , lea na a ” c a ’ a ’ . ’ a r ’,’ a .’ r - a . . a; ~’t.F-,’ ‘ ‘‘ a ’ I a . :, ’’ t o ’  I ,  ma , ‘‘ ‘a;

I
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I F- h  a:,,’? n.e I : , i - t a - ’ nn , a , ” n , c o  ,_ a ‘ ‘F -u r ic’ s:, t ‘ i t ’  , “ n:,a ‘a , ’ ’ ’i c  n - ;  t} , — , - , ‘ ,r - . : i n , , - n ’” ’ : 005 ,
n - I - a ’ t e a - - - :  n _ t h e  a m ,  t a t - t  ion - l’ ’ . na. - — ‘ a-, :’ ’ in . ;  - ‘I ‘ - a ’  “ m a ’  a - n , : 0 .5 , ”:, ’ ‘ ic l i d  1 , b a a  t t a u ’ a n ’ ’  I , .
I i;, c a - - I , - I : , ‘f  + a ;-  i n ,  t u , ’ i r . , ” a :,a,-’- m - ’ t  a- f i a - l  I c  an ” ’ ,:. — ‘ a ,~~- ’ : , :~~~’ el cc’, - ‘ i c -a l  - - a ’ s ’ - a. ’ a In,  - a , - ’
m o n o , ’; la ’r a ’ n - n i t  n a - n - , ’:, - t o :;.t . a ’ r ’ - a t n - c ’ - a by t h a -  i n , ? ‘ - i ’ a , o t o n  n .  o n ’ ’ : . e a - I s : -  a , i n , , n  n-co t ,

n: ,c I:, a: a, ’:, - ‘ i c  I i ;  ‘a a ’ — f l a b  I a,’ I ’ - h e  a - a :  t o m .  T t t ~ I ’ :” ’ a ’ , - n ,  ‘ ‘ a  a : c ’f ‘ a , . - - l a n ’ :- ’ : -  : ‘ “ - — ‘‘ a n - , —

a ’, ’ H rt ; :’-a ,- l ,  n i - a: , t o  . ‘1 cp:. The - i ’ ’c ’ I’ic ‘i- i’ : 01 ‘ i c ’  c’a, : - ’ t a  in i” ‘ , c : - ’ a  n : .  ‘ m ac
:. u r a — ;  ,‘ b n - r i a - a t t l e  c i-  a- ’ a 1, -s ‘,‘;i,ich are in. - ‘ : - t ” : ‘a ma ” .’ t t a c  so ti . 1. 1, ” a.-] cc ’ a a - ‘ —: ;  ac  I n . , ’
a - a ’ ;  a r - I f - a s ’  n ’ :- ‘,: , , ‘o:a ,e to m , ,  of a’ ‘ ‘ ‘ a to scc n,t’ laun .t x ” ’ n m - 01’ a : ’ ’ ’ - - a .  T b - -  a.  a - i ”  :. ‘e ’, Ca: :. : ’ —

s , ,n ’. -a- ‘or ’ ’ ’  i- a , ‘ , n’: : , a - a s - r a l l y  i r a  F,i~ a n , : I I I  - i i r a . ’c ’ t  ion .  I t , - -  a n n - ,  - a , - ‘ t o  I,, - - I n -  ‘a : c- - ’ a’ —
a ’ ’  r a t  t : a a . ’ ,:‘r’a ‘ e a ’ t I m e  a - a n ’ ’ ’:: by ::.a, - ’ m , , ’ a - o n: ,,  ca - t n’; i r ,  in_ ’ ’ , :” ,’ - a.: a -  a , ’ b. . ‘ a -o .‘ -

am ,  I ’ ,  to, :,oi ’j , mm ’ al m an: , ; ,,:, - - a ; ” a - .

i- - ’ ” ;a - n - I  i’a,’ “ C -  i n ,  n - a , ’’ i~~n , — ; n c  C a - : ’: I m ’ t ’r- ’.’ a- n - n , ’ -  I F--’ I’Ian.:n -; - - I  i ’ a’ a’ ; - aa , ’ ‘a a , .  . b-’ - a , ,. of
ti,, 1 ca-a f r e  I a : a ’:,c ies ,, f a , a ’ - - l , ’: ‘ c’ na . a a ” n. - - i - l o  i’ a - l  I n . ’  ‘c -r ,ca  n m , ’ r an , : ‘ a. ’ -  - a ‘ a  ,a l l ’ .’ I a - a  a
si:t  iv it i ec  of t he  a- ’ ,‘k a -  i- a t -  t ‘ -m m :,  i’ a - , ’ a l -  : aa ~~” t i, - a i m .’; la c ’  a:. ’ a , ’ c ’a r ’ :” - : , t ,  an. ’,;. a - ,  ‘ n - on ’- :
W i ” : . a r ,  a:, accuracy  on ’ , a r - u, a - i- t - ’r: 1’ :a, a,”:,i ’ : I-  . .‘a , is imp l i a - o  t a n - ’ ‘, t , ’o in,  a ‘ i - . a , ; a. “
‘,o.. i t - .’ i- ia. ” ,- a n - ?  1, i: t o  be l u , c r- m i ,’- : h;’ a l i i ’ I ’., r a ’ i o :,  r i  ‘ess n-a ’ n - -r  ? n a a ,  b a  a a - c r - a ’  ; a
;a f ’a ’~ .a ’n, l a - a c ’ . ; .  Ito’ a - a n d,::, , a , ’ a l c’a  r a t i o :, ;  a n ” -  t :c . 5, 1’ a ’’ ‘ - I a -  “ :I , n ’ I ’ a, , ;m . a.n, — a ’ ; , s ’ I a. ,  ‘ a

V = i a ~’p ,~ C ’S a:,i V a’ = it,)

;‘,‘ i t n a  F. e l ’-c t r ic  f i , - l a I  ( , ~ ~, 1 )

bo m r - , a ,’r ,e ’ it ’ f r - a ’ i I (i ’es la )

ta n .a , ’ m a a ” a-c aa ”n~- a hi l it i-’ (“ a ~~ 15 ohm-  s - r H

,n- a:,or- l a n -  n ’ m- ~ : ‘ .- n , , ’\’ (s~~~)

e l - ’ ., a t a ’ j c a i  c a, ,nuc tjvi ’’,- ( t trH~ oH ’ ) = r a - m ’ i F- i v l F- :

‘I n , a’ el ’ -a - ’a r i c al  ca n . n n ’ ’ i v i ’ -;,’ in , I to, e : a s ” ior , :  is a a n - s b  ‘ a- a i r - c , a ,c ’ d~’ : ’ n : ” n , t  0;.
Vs -a a y, ”~~ , s r - S C ] ’,’ n~~;” a , a -n , ’ .a. to, - ‘ a ’  n’ ‘ : “ i e. ’a- of  ‘h -  a’

I.’ ‘1, ::,- - “ :, o I : , ‘ : , a ’  n:,a, n. o — S - ’ L l ’ .,r i ”  an ,  1 ‘ n , - ,’- n . e  ‘a. . t ic as ;  ‘ ‘ a . — . . ‘ :n, a on., ” mn ’ - ’ : a,  : , are
b,,;eal or, “ I , -’ car , ,” n , ’; :ical a’. “ - n a - c , t a . - ’ ;  - ‘ a s t  J i t ~i~~: h’a’ ‘he  c h o i c e  o n ’ n i H  a — a ’ ” :: ; a. ’ n i- s

‘ taR  - - ‘i r a ’ 0 am’ ‘r -ur , ’ . I:, ‘ a,,’ :a .a , ’n,r- ’ — , - , - a - i c  or - ’ a r - a -  r -r - :l n ’  ‘ I,- - ho: ’ , a - a : , ’ ci “ n. -. : ;  a, ’ a-
‘-1. - ‘~lec a ’I ‘ aai . I n:, a , ” :, i - i c  f l - - l i  am ’ ’  c r - : , ;b  a m a t , m r  ‘ i i”  a ’ ::, t -, , o n~ ’ ’ ~c I-  a a n —a’ a : : ,  F -nc
‘ n, a””  C a . ; . , . - a , ’: o n ’ ’ :. ” a s , ’:, ’ ’ Ic :‘i I a at ’ - c ’ n , a ’ l  m r - I .

I a ,  t i - i - -  n. a ,a’a, -a i- o~~” e I F - n ’ j C  n, e ’ i , o i  O n e  m ’ , n , ~~’ .,’a. . n , ’ :,i n , ’~a, ’- :t ’,’ 2 s ’ n ’ ’  a : n s : ’ -  a. ’

C : , ,‘ 2

‘a .  — — _______

a-a to m - a - n - n , ‘,‘ l e s i o n s ’ -- oton., a ’ n . aI . t r .a - r i z , , n t al :0- - i :— ” an.; : , - n _ ’a .
2 ’a ,a ’ a , ; ; a , a ” n , ’ :‘ a ’ ;’ic f ’ a ’ : i ” ,’- ’ i n - a  i’ , n r c ’ t n . a.a l ’ n a ’  : . ‘ n , c ’: . t:i : f m ’ a - : . ’ : . ” : : — : - n ’ n , . . ’ a , ”’ j , a- n , , . t
c a i n _ a n : ’ :. ’- ‘sc ’ ’ r a F - ; ’  nre ; ]. ’- ’ ib ’a e  : m : ;  l s ’” n ’ ’ ’’~ m ’’ - ’ 5 ; t c - n - c ’  a : , . ‘ a t ’  to- - a n , , ’’:
l . a , a ’r .  n . - r , r a - - ’; S I; of  ~a, ‘n’ a ” i o n ,  ( - i n , : — ’ : ’  - a )  o n ’ ’t , - in .  a n - c - - i  n ’ j e i  :; . I n ; ,  a , ; a a , , f  ; ‘ n , —

a- -a ” - -a n , Lin” r- ”a.’- a ’ a, ’ ’, ’ a , n-” “r ’ - a ;ir , o I ’ m- a —a , , ’’, .  I a - n e a : am ’  n , ’ rE ’ , ’ i ; ’ ’ iV I ’ ;a -‘a ,’: a -’ ‘:, ‘to v
I n - a c  n,e’,n .  m ” . i. . ’ i’;i” n’ I r a - n a  nI ; ,” - ‘ , n - : ’a ’ e  I’ ~~.a ear ” :, “ i i i  ‘ h- ’ : a ” ; ” :a of  n - a . ’ —

tn ’ a ’ i’ n , .  : n , ’ ’ : t ’ -,’):i r ’” n o - - t b ,  a rm ‘ a “ a - - an , . ’: ’ m - nr , ‘- m , . n - - a ,  ,r - - r a ; :  a r ’ :, ” a - u ,  or’’ i-a l ’’: a:’ I ’ , :, - ’ i , n .
of  t r ’ -~~’o- -:.c;; a a , ’o ‘ :.‘ t rue  a ’ — : : : ’ 1-a- a ”:,’ a; I ’ , n - .’ ’ l a .n,  01’ aep ’ :..

An.  “ ‘ - a- n ’ , n . : n - o , - ’a, ’aI  : . a n , ~~~ ’’; in ‘ n m -  oa, -m , - ’ t c - — t e l I , a a c  s F - , , I is t i ,  ‘ t a - H :’ :, ’— : ,a .~~-—
-c o n  

— ‘ ‘ a ,  ‘ n .  a .  ‘ :‘ aab l , a- t : ,e , n , t a ’  in ; ,,” ::.a, c’n , ‘in  f i ’ ’ I a l  j r  a - i l l ;  - a - o . . ;a  pa a-
n - a .  - n - s n - a n n ’ ’ ’ , n .;  of  : -. l an a - n - ’ ‘a a . . l e ; ” ’ a ’ a ”  r r  a n , .i : ,a ,g  m i s -  a- ’- . a : n ’ ; I a —

r i a ’ e ’i a, at ’ ‘ a , ’- a ’l ’ ’c ‘ :‘ic i i -  I I s:, a l t  he  ; ‘ m a ’  r; I , . - r a n ’  to ‘ ia  I i : ” ’ ’ ’ 1 . :, . a- 1’ ; ,, l a r a - —
I’ ‘n , - na~~- a . ’ ’ i - - l’i  . n .  baa ’ ‘ n i :  is n - i ’ :  ‘rue in: is ’ - a - e l ‘ , : , a f r - m ’ n , l i . ” m’ ’, a t i , a , ;

o n ’ :“ a a ; i - i v i ’  ‘ . I n  l e t - - n a b  : , a a , — ’ a m , i f o m n n ,  n’ :1;’ j ’,’’, i - ’ a n _ jn ” r i ho ’ r a . ’ ‘ a. ’ t i n’ - - ‘ j r - n , ,” of ~ l a —
n - i z a ’ o n n .  of ‘ - , ‘ ‘ ‘ l - ’a ’ t n ’ ic  m i - - I ! ax - -” - ,,n f n : , a - t  t -  a~~ m :. ’ mE ’ or i t  :~ ‘ m a n - n - c a  a :,c ’ l’

; a ’e : ” ’n ” a , a ’e ‘ti n - c t  n _f l

‘,n i n , , ’i a ’  a i r ’ ’ ,”’ i n . .  of c’t l a ; i  a ’s ’ : a .  n - :  ‘Sc ’
- a .  : t i c  n ’ , ‘ a ’ ] - -  - ‘ p, . ’ 1’ ;’ 1 1

e n ,  mi I ‘ a ’  , 1 ’ ’ : , a ’ 0 n . ; I  a ’  I - - a I - 
‘ ‘  m ‘ I ,  - n’ n - n - n , ’ ’ : : ’  ‘ ‘ I , , a ,  o h  * a , ’ ‘ - ‘ ‘ ‘ ‘ ‘ n ’ ‘ S

- ‘ an, - , - , - ‘ I . ’, : ’ : ’ ’ n ’ :  ‘ o , a I l  ‘Oat:.’ ~~~~~~~~~~~ ~ , ‘ 
‘‘ a ’ :- - ” ’  n , a . - :  ‘ ‘,, - -  n ’~ , n - a - i ,  I ‘ ‘ - a ’ , —

a m  ‘ r I ’  a n n a : ’ :, ’ n - ’ ’ r ’ i , ’ d ’ . ’ ,’a ’’ . I a, a ’s ’ ’ ’  . :  a 1 - . . . I . ‘ n a , : ‘ n - a-a n’ . . :ta n a b , - : a ’ ’ : ,  I ‘ ‘
n _ h . , - : , - a n’ ’ ’ . .  ‘ ‘ 1’_ ’ , ‘‘ a a - n -  a n .  a a ‘ ‘ , ‘ - : n -  : - : ‘ a .  ‘ ‘ - . n- ‘ ‘ i

‘ F-’a’ ’ r ’ , ’ ‘ 1 - 1 :  :,,‘‘ - : ‘ - , : ‘ , l ‘ I  ‘ a ‘ I a ’  , ‘ n - I i ’a ’’ n o r ’  a’ ’ . :. ., n ’ ‘ I : ’  ‘ a ‘ ‘r , ’m, i n . . . : ‘ a , ’
i -h a I . ‘ ‘ n .  - ‘ ‘‘ n ’ ’ - n ’ a a , .’ , - 1 -

~ a’ ‘ o h’ ‘ - ‘ n’ , - : ,  — a i n ’  ‘ ‘ I n. . , a - ‘ n.  ‘ a



-
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A f u n dam e n t a l  ‘t n - a n t i t ’ a -  of’ t i m , ’  ,a- a - a .  ::..a ,”r a ’ t i c  dc’; t i a — s o un d i n g  me thod  is the i~~ai r- c:’ a. a.
a l l ’ -. ’:. b ’ae ‘a’: :., ‘-t l. 01’ tn- i- ’ i r , a - iu , :t  j r - r i  ax-row ‘a,: Ha:’’ ;~~m a ; . l y  t I r e ’  r a t i o  of the ax,; i F -

f t i a a y e n t a - c a l, a r ,  I l a a - s ’ t ’ ,ao :a ta i  c-al ma -; ,.ana ’ r,t of t t r a ’  magnetic f i e l d  a:,a-i I: n’ a~ ; on”  i c n a i
t i -a I C - ’  o o r a t r - a m . a t bet -au, ’ : ,  t h a ’  i a ’ ;  i s t i - ;j t v  in - a l e  1- ’  and ou t s ide  01’ era a:aora,a, a-’ . I f  We ’ C
a-’;,I a’: :trs : , ’Ct l i n e— a.:a-arri --n at s  t b , ’ : r  the  n . a ; :aa - t i c  f i e l d  l ines  f t  I rma e l l i p t i c al  ‘a r - c a - ;  s a :-. a n , :
it . The , I i r e a -t i ’  ra of the  inductiora ar row is a lways  pa r a l l e l  t o  the j . l a r , a -  01’ “ l , a ’ , a e  l a - a ;  a - .

In d u c t i o n — a r r o w s  , ‘Ri a ’ a - a

1 f t
_____________________________ a ’ :,,’ ,a:,ced f l o w  of induced  c a n - m a  n , t ;

I i n - b o a - i c ?  io l ’r — a r r O w a a

4 4

in case of t he lox,;,  n , a ”r ’ r-e’ t:’ u,Oa f i l l e d  a,’: t a m  low ma :1st a - v a ’  sc ’l i r e n t c  — as ca n :.  :‘-r - I
above — t l aa ’ in , ‘r n - c t  c r - m a  a r rows ri -a. n - i I be  ‘ t a - a ;  a-n ,  n n ,c u i ar  ‘o t r a i -’ st r ike i ia’ i - - c t i o n  a t ’  “a ’:
t r o u gh.

f l aem a c’ t l m r e e  mos t  c an, ; a. at  n - n . ’ ,a ,n , t ’ i t i ” s  51” ca . ra - 0. cn ly  n - a u  I to -n - i  ma -) be;,’ tI .u f i r s t  aa-. ]
e’,’e ’n . a- ” r : ’ t ’ iaea’  r u : n- l t :  of  f i c l d — o ;  a- ma t , 0n , a .  ora l.’ are t m-ut ’ aa , a-’a’a ’: b e c a r - a - a . ”  t t ,e r  are c a n - b —
c u i a t ed  ,a i r e c tiv  fn - o o ,  “ 1;-” o f ,” -’ rv i-’J d c c ’ r~~c a n , ]  a -a , ’:, ’ ‘ a f a - e l  i , ’ ’.a m ,a  me ’ t l , a  Ia - em er - f  ‘an —
f en ’ r a  I I i ;  “ n -il , ; ’ ion ,  r- f ’ i ,  a, “ a’ ’ ’ i ’ ’ . ’ a- a t  ~~‘; I ty  na -a - : be 1 a - a : ” ]  Iv  r. ’ora-.e i n c c n n ; I ” ” ,‘ m . e n - a  of
‘:,e U : ’ a ’ I In ter ’  r- - to ’ ’, a - Of l -  ‘a :’ Ory .

How Jo the r e s a - s t i v it ; :— I i ; t n ii i — i o n s  ob t a ined  by t. n. t ‘e n , ’? i .o:s a’c m m - H a t , ’  w i t h
the  re:i st i v i t - :— ’ti: ’ a - ’m b u t j , , m a c  era ’ ir . I’-’rr” a f a a - n ,  + i t ”  geolog ical n a-a ; ‘, I l a a ra ’ ex i . ’t r e; ionn-

“ha’ c r - m n ”  i a t ; r - r ,  is ; “n - I ”  c - I .  ‘ a m a  f le a -a r e  2 a close—up ‘ale’ s I a ‘ t a r ” of ‘he  I s a - t a  an ,
a A l p s  i t , ’; l n - ’t t he ~ i-’’’ l oc~v an- n a - I  n- n r a ’  ob :er ’v, ’ I :- a ’i” r’ a m m , ’e d i r - ’c ” ico ns  I D I ; , -  el a- ’ n c  a - n a  I ‘I

A f t e r  t r a ns for rn m a: :a ’ f t . ’ -  gea ’l ‘tb” 1: , + o t m . ’ l i a - ?’ri h u ti o n  of  r ’- a i; ’ i v a - a f  ‘ l , a  ; r i - - f a r ,  no t ’
a l i r e c t i o ni -  I’ ‘tic’ “ 1, ct r - i c  I ’i c’l I m a - e r a ’  c a l c u i at a  I ‘ C - o r -a t  i ca l ’I y .  II’ c’n e c-cr ;  n -rem ’ , “he

a,” ;”er. , - n ’,t of : ‘ r ch  c - a l  c a ; l s t  a ’ I and t h e  obsea”:, ’ I ‘t ’r e f e r e n c e  , l a - r ’ ’ c D  i o n a a  i s  cc ’ l, ”r ot”a- i c -u s .
In , f r , ’i a:’ - ’ tl; ,~ geolog ical oa~ of l h a - u f t a a ’ n-fl Ge r m a n y  and ad , ’ ac e n t  act ::, ’ n a  a aces “ raa anco’—
H on. ” t Sn.t,, a ra c i a - C i v a - ?  ‘a’ :a.a; , .  ‘ a ,:t an_ i n ;  “ :, -“ I b a a - c c l e a n - i  f i c at ’ I o n , c :  I a i ;ta or n,e n ium or
low ru :  1;? , a’: i t ’,’ . bo b :  con .,; an Io n ; + n , - ; - r ” I e r a - : a c a ’ I Ira. ’a-’ t ions o f  “h e  i-- icc ’ a ’ic  I i - -]  I an  t t r  ‘- I n c
r ’’; ;‘ i r a-F- .’— l i ;t r i t ’  a ? a- a : .  a ” F-, ’’ }i, t a i : a a ’ ; r a n a - a ’r, am,  r in t h e  aa -;i. ma of ‘ h e  m ol a s s - ’ — h ’.or’in
w a  n - c e r n ,  t a t  :e’r ’:u “Fr , ’  hi;!, Je ; ra- -- of s;re’’:n . ”r~ t ‘an -a. ’ ; r , ’ fa.- n” :, -e  n a - n a - a ’ ’ ‘a a,: , f t , ’at electric
f l a i l  e r a -  ; aa ’a l l e l  to t i r e  ,—e : ’ i ’ ,: ‘- n r a ’ ’ ” ’ i i : ,  i r a — a I a ’  tm , ’ l a w  m ’ ”m ’ m r ’ t i v a ’  r’ a c i ’ n . , ; e r ’ t a n n i —
c o l ar  to ‘l a - tr ike a ; : - - ‘ i - I  n ,  a- ’ ,t ;’at ’- IC ’’ I - a  I’pCj;’’ j’,’e r- ’ ,— i o n . In f r , — ; r a . ’ ” f t . ” ; r e—
I-  r n ,  -e t i r”  ‘ t a - c m , ;  of t i r e  ‘‘1- a - ’  m c -  : i c 1  I a m .  ‘tm - c -a- c a - o n .  aa - 1~ t n m ’  b a ik a i  i ’ m  I ’’ shows “ i . e
a n - r n . ’- goo d a ;r ’’’-n ,- . - n , t ‘ -a- a t I n.  ; -- to  on;; .

I t  aec ’rn a to be n - s t i r , ,  r- ; - -n - n-a I ‘ F a a ?  t I :u  ,t i a - I  r i b u t  j r - n ,  c - f  t i ; ’  ; n’, 1” r, ’n m c - e  l .a r ec t a or .a -’ of
t he  e l e c t r i c  f l - b  : b a - C a ’,’,’ s - ac ’s’,- . - n , :j t  i a - a ’  t o  S i ,  r i - a r  s u r f a c e  re :.a x a t i ’ a - i t v  d i c o t r i l a - a t  ion
a r t !  ‘ F a a  r ’ ’ f - m : ’ - - agree: ‘tu i t - ‘  ,‘ ‘ : ‘ f ’ ’ I l y  w i ’  F , t I r a ’ r ca i . - I  i - a l l y  d i: ’ a - d i n - F  ion as ir a f e r r e d  f rom
geol o;ican-1 na , ; . . How ,- ’:’ :‘ ‘ n a ’  i n ,  t ’ a a ’ t  1 :. a l a  cc of t h a ’  n ,a ;r~e t Ic l’ield ii’ a l a -  o r a t h e r  sen—
si’ by e  to t a - a - p a - n ’  1 o r - a ’ ’  : ao , t a ,  n : .a - a a ’ a n , ’ ’, t i t ’ , .’ o n ’ t I a , ’  r ’ ‘a l et  i’. a~ V .

In f i ~~oa r a ’  5 t t ; a  ; ‘-oi a ;;: a . !’ ‘ - :; ‘n’ai i n - a c ; ”  i s a ’ ;  c-a no n-I’d , afain b y a c l a s a i f a c a t i o n
wi th t i , : ’ , ’ ,  re: a .  t a’ :  a- t a - ;.  I : ,  t ir e :‘ , , ‘ t r t a :’? of 1, , ’  t’ lgUr’ a.’ :oc c’ of t h e  i n d u c t i o n  arrows
known, for + hat area am ~ - n :t,,’w;.. l b - v  are :aac-lr called Wiese—arrows pointing by definition
towards  the  hi gh ly  n ’ ’: as” i v”  a n - ’ c r~ n - , : . i’he f l o w  of enhanced  cu r ren t s  deduced f rom the

a d a ; ?  r i bu t i on  of i - l a , ’  in , 1’ , c t  a ’  : ar rows  ir a - n’ - ;  I’ - - :  - ‘ : a t a ’  I by t t a a ’  thick curves. They coincide
w i t h  tb ’  low i’, . ‘ I : ’: ‘a ve a-’ n - , an f ’ n . ” - ’ n -a -r a t .  In t h e  Rh inegraben area we observe the
a- o r - n - e l a e ion I , - t  we , - :,  the  n- ’; ; .  I iv ~ ‘a’ — I . i : t  r i b ’n t  r o n  i n f e r r e d  from the geolog i~-a 1 map and
the  low r a - : a i c t i v e  zone  i i - i a - a l  f rom t h e  i m n d u c t a c ’ r m  a r rows .  Ano the r ’  example  of correla-
t i on  ia tao 1 a -  seen j r ,  the  F-a m ’ ? h, — ’ a ’r r naa: ,, Po l i sh  s e d a - n n a ’ m ,  t a n ’ ; - ’ bas in , where  the induc t ion
a n r a  a: ; a i r a ?  away f rom I h a ’  I ow r a ’ , : a - m a - ? a v e  r e n a ’ -

- . The i n d u c t i o n  a r m ,  W a  a t  t i r ’ c - o a a t  of the  B a l t i c  Sea in f igu re  5 are p o i r a t  in s’
t oward s the Ilea. If  c a-a ’ n r : a I’: be r a t h e r  m id o n , i c i r m r r ~n i y  s ince  one would expect  the  sea-
w a t e r  ta ” be t ha’ i t ’  I a er c o n d u c t o r  t ,han t h e  sed i nraent c of t i ,  c o n t i n e n t .  One would  indeed

‘a



expect the a-n; lu c t  ion ar -mo ’.’. : t o  j o i n , ?  away  from the 1,-n - ‘ - w a a  m a  i- la , ’ c a. ’ in :  a. ’ . i - n - a - a- .
IC ’ -:, ’ ob ser - ,.a C i c - m a . : shown we can ‘a n al ’”:’ a l e C  ‘ I a a ’ a , -  l a n a , ,’:, ’ ; of a n a ’ ar- a, m n, -:;? t ‘ aa .,.a -t , l a ,
n ’ ,’:i:t i’:e than  the  s e aw a t a ’ , - . Indeed , very low n-a :i, ’’ i’, F- Ia,’.’ on ’ t la -u er’! a . - a- . ’ - a ’ ‘ F , ’, I. a - a ” n.
‘ ‘ n - n a ,  a r m  sed a - n m a ’m ,t aa ’ :  h ’a ; in l , as low as 1 ohm . n , ,  hav e I’ en.  ma ;‘ r - r ’t u  I ‘:‘ n y  ceo -na t 1;’ i.G:LliI E.
a:, I ‘AAGEIN l bIl l , 1 a-5 b~ luc I a -  c -a da . -  c ou ld  I-’ classified at ’ a on- si- ’ of “o’,’ ’-r— ‘‘or’ !” l a t o:, ” : C-n . ’
w ‘ ,i n a-n Ie a ’ I in ; f a ’r f rom a ,‘a ’ol ogical map a 1’ a resa-, h a l ’  

~
,‘ ‘ a r ; —  mn - a r a: lo w  a , , l a -a :  a a ‘

a c t u a l l y  oh :a -r a - ’a I .  Also f a r  “Ca ccaa : t a ’l ‘ a m - in of ’ “ a, , ’  I H I of I- w a - co a-n, ‘ I , a .’ ‘
. . . a , , c I ,

lo w resi a -t t i v i ” i a ’ m ’ Ccvi-’  hi-- a.’:, j ’i- ’ i-or t e  F l ,VClI(.~FF , 1 , ‘a- . We :r r c au l d  t h e r e f o r e  a - ab a - u I’-;,’ ‘ F , u
“ c c a : t — e f f i -’ct ” , i.e. F -j a ’  t m-s ’, , , ’ it i o :a  a’a, , r ,  the a- cia -’  1 a . w  to t t a e ’  very hi gh re~~l st i ’ ;a -t ’a ’,
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Fig. ‘a - ’ . A low resistive zone w i t h i n  t he  c rus t  in ibouth—Wec -’a f r ica , B c - t a- w a - n - a  an- i
Rhodesia , in a i l c at e d  by t he  dashed l i— c .  T h i s  r c a - a - a - I t  I a a -’ r- 1’ -” - ma- i n , f a ’r n ’ e d  fa a - i n ,
geoma~~’aetic depth-soundings and does not correspond to any known surface-
structures.(DE BEER , J.H. , J .S.C’. VAN ZIJL , R. N . J . HUY C, .E . P.L.V . Hi-tOO , C .
J . -JOTJBERT , R .  NEYER , I”CE’a - )
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Fi a-n- , 1~ The resisti’,’i ’ y a I , : ” i- i ha , ’ ion along two ; n - n - c f i I  t a  “t aa - - a ‘,,aa , “ an - ’ A f M r — a r p ’ a , ia - n i , i a a - —
; . ia , i nf e n - r e  a f m - a - na, n n ,a c n a - ’- t  a- !’ a-i  i-u  a - i c  r a - ’,’a, ’a-a n ’a - ’ nn : a , n , k ’ ; . I t : - -  A f a n -  a n ’ ‘a a n - n , ’. “ t : a ’  a,: mc—
c- nt  hi ghian,.::.’ are - ‘ca -a - -re -h by m n , i v l , t ’ a -  layers of ba a-n-i’ . IC;’. n ’ , , n ’l : I  i’; t y .  :,cn a -’ —
c ’,”a-r , is a; low a; 10 — 50 Oh,m ’m .  , t ,, ’ whole area a-’onn -’- ’r ’n , - m 1: “a-a m- a l I : : : ,  a n - ,’::
kilcr, a ’ t’’r:- in ljaan ,,’t,’a’ . The low resist a-’,’ ’a t ’ iea ’ na -n - a- b a ’  .‘x ; I a l m a - c - a - I  by ‘aa - a -a a - a - a - n - l a - T i a - a - I,,’
I ; i a - a - l a  ‘a ’nna -) ’ra t un’e a- at ‘t a ,. , ) h an --  t ” j ’-t na - a - - , m n - C L - a l - I a -  a ’a : ; , ’ - a - ’ a - l  b m a - . - I i a - n a , ” , a - - c  n a , ’ a t ’
a- n , a t , ’ m a - a l  a - i ’ t h”- ‘‘ ; . m  ‘ ‘a t In - r n - i ’ ’ . I C B R X C C a - L i , , A . ,  V .  AAa-, . I , AC l I C b i a l h :’ b ’ hi-, . a “a -c)
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CONSEQUENCES l)E L- % D I F F U SI O N  I : I  DL l . -~ I) L POL -% R I S ,-~ JION
DES ON DES EL E C ’rR O%IAC NLl IQUE a -s P .-~R LL SOL 1)ANS 1.FS

PROBLEM ES l)E RETROI)IFFUSI()N

,(;~~na-~h~i-d ci 3 .  L , ( ‘ ,r ,i l , i n n h i , , , .
L 1a ’i”f’I U r n a- er s~t ,a Paris SucJ
9 , ‘,ivena - i e tie Ia Division L ecl er e

942.~(I 
(‘achan Ia- raia-,e

RESUM La-

L i  d i f f u s i o n  des , a i n d r ’s dect r orn agn~ ti q ues par I a surfac e ta -- rr es tr c est un  ph~ nonk-n e dont
Icc d i f f i c u l t é s  d e tude  aunt bk-n eonri u tn s,

Son impor t an ce  ca - i  due aux a ppli ca t ions no ni hr eus es qui  dtkoule n t  ci a-a diffi c ulk ca - I  due.
d une part aux or d res de gr andeurs semhlable s des Iongu eurs d ’ on dcs et des ,Ispe ri lcs , d’ aut re
part ii Ia c o m plex ik que posent Ic ’, mesur ca - exp airirn ent aks,

Le present a-- a -pose t rait e.  a partir de modeles th i lor i que s  d en t  Ia va iidi ic a ek vtt’rifhlc cx-
pcrimcn Ialem ent , des ea)nse qtIa --n mc a - ’a - -~u entrai na --ni dana k-s probkmea a-Ic r a - I t r odi f fus iun .  lea-
plmenu n~’nema t ie dep ola ris ; it i on ci t ie diffusion des unties a -deet r om a gn a -a t i qu es p ar Ia surface
terrestre, (‘fle theoric tie Ia formation des a-- a - i n , , ’ ,  de rtlt rudift ’usion ca -i reprise ci a- en Vie r par Ia
confronl;itcon dcc inlesures f - a- a - l a n c e s  s i inu l ian t t ’ ina - nn t  par on aun daa-ur L ’initllaI et us sondeur
par I ~ [rca-i illusion,

A par lir de Ia simulation du profiI d’iunisaiiun Par one couclme parabulique, et de macs
variations , tin e etude quarill t a - IIs c des spectrc ’~ dcc ed n a -a s d a -’ ra-a troa - ii ff tis io n a ~ié 151.-fle e . Lea-
prufi ls d ’ ioni sa ti on one e t a -’ nit -c ure s  a part i r  d’une statiun a-Ic sondage z a - I n i t h a l  et l e a - speclres
ea lc u les Ii part i r  tie ees ma - a ur a --a - , I l s  ,m t e t c  ensu i le  compa r t ~s JU \  s~n-a- a a - t r e ’ - dcc alehoa - a -n hj enus  al
par l i r  d ’ urte s i , i t i a a n ~ t ie s , >n n , I , , n ’ e  par r tt ’t ro d il ius lon .  L:i ha - m i m e corr tt ’ Iati on c h I n a -’ a - cs resu l ta t s
montr e I ’ intlueni a-a e a-Ic Ia d i f fus ion d es ond es tt ’I e c tro magnt ~t iq u es par Ic so) ains i que celi e a- let
rn ouseme n ts  ties couc hes ionos p ha - ni q ues ,

INTRODUCTION

Les problérnes de d i f f u s , o rn  ties ona -ies a -) Iect r on iag n~ ti c~ues par Ia surface terre s tr a -’ p re n r me nt tin aspect par t tca - i l i a -’r
Io r st i u e ieur I ong ueur d ’onde c a - I tie ‘era - ire tie grandeur des dimensio ns des aspcn i l a - s  c ’est I c eas de Ia d iffusion par Ic a -u i
des ondes cou r te s d u n l es lon gueurs d ’onde a - ian s Ic vjd e sent com pri ses en ire 10 ci IOU rn .

(‘C ite  ga nirne cci celie des pr opagations ion osph~ r iqmie s t r a nshor i,on.

(‘ cc p rohlt ’rn es on t cl i -’ ah ordés par tie noiiih r eux auteurs O utre es etudes t h Co r i qu es fo na - i a rnen ta le s de P ,B cc krn a nn
ci ,a \ , Spi uic h ino i , M , A , l s ak ov i t c h 2  - L , M ,Brekov s k ikh  I ties , i u la -’u r a - tOll plus a - pe a - ia - c lement  iblt udi C i ’ effe l t ie Ia diffusion
tIes D I M  a - lan a - Ic dor n a inc ties ondi n s cour te s : L I I .  I ve n t en 4 

, et 1) 1  , Il ; , rr ic k , J .M l l a -’a d ri c k ,  R. W , R ogle ci 1) ,D , Cro nshie ’ -
(l ii i mae se nt p lus spe cial emt ’n t int C ressés au prob lC me de Ia r ibli rod ifi ti s ion ties ondes par Ia mer ,

Le cont enu dc cci CX P OS ) porte sp C cifi q ue m ent sur cc pro hl , blme ,

Deu x eas n -n I ,bl t e enviSag c ) s :

Le cai s øü I a diffusion se fa it sur le sn-I I ) a n s cc a -ac Ia surface pt’u t nbilr t’ t ia - I fi n ie par on modè le I )I*ao rlqhl c Ii
cara ct e ris t iqu es ak ’at oires ,

Ic cas tn -i Ia diffusion se fail stir Ia mer: dans cc cas Ia surface p 1 -uI- a -- inc  d,bl fini t’ ;i par t i r  d ’un mod Cle ayan t des
e’at aetCi - ist iques pt’riod iq u es rc pr t ’scn t ant I a hou le et d u n  mode le ayant des caracté n ist iques ak atoires rep-
rt ~s en t an (  Ic clapotis ,



r ‘‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~

‘ _ _ _ _ _ _ _

4 1

I c s n i l e l  Ir ait a-’ a -l a na - ccl , ir t ick ’ po rt c stir l’ a-- tu dc a partir a - It ’ ni od elis ; ci , n - ns ~h ’ ” I ’ 1 a -’~ 
t ie I a sun a - i a - c  icrresl re . a- it’s

p lla -’ n e i mla -’ncs ti c a-i i f f ’u a - ion t l tii  app , i n , i is ’~a- ’n t - des ih1t >~ ens cx pen iia --nt a u\  tie ver i f icat io n ci enfin des a pp l ,eat  I c ,  is  qu a -’ l’on
pet it a - ic c clo pper.

2 MODIaLIS—~ I IO~~ i)L LA SUR F A CL I ’L RR L S FR1:

I a - s  iiiodt’la-’s , i h i l i s cs pa-n-in representcr Li surf ;iec tie Ia I enr c  sen t e ta b l i s  par Ia superposition de d ct i a -  saint  aces
a - , in , i a - t e n l s a -’cs par a-k-c p rc ip n e i es  s i . i t i s t i c l l h t ’s a -iC i’i n i a -’s da na - a - m n pr ec a-’a - i en i a rtic le b 

. ( c s  in oa-iCl es Sou l app lieahlcs aux  ca-is OU
I.i a-ti rl ,i a - a -a-’ cel,iiree S a - s i  t r b l s  g rande  a - l e a - a n t  Ic ca r rc de Ia lon gue ur d on u t’ X -

2.1 ( a- is a -Ic Ia r eilexioii stir Ic mau l

I ) ,in s cc i-- a - is  I )  l ’au i  i cu i r  t’o i i ip ta -’ des ,c s pa -’ n i t a - ’s lu sn-I i-- i  des inhonio ge i te i l e s  du sn-us sol, la -i profo na-icun a-ic pa -’nc tr ; i t i On

a - I t’s c i l i a - i t ’ s . pour a-- c i t e  gamma-’ e t an t  a - i a -’ ~a l , , s i a -’,l rs i nc i r e s .

I.e ca lcu l a d c  et  l i - a - t a - i c  a pa r t i r  a- ic I a t h ea - in c a-Ic I tcc k in an n n -a - i lea- a - i sp e n i la -”a- sent supp osees nor m -al erne ni a - I i s t r i h uea -’s

ci ea r , i e t e rnsec ”  p ,cr

icu r c a - n ,mni iS pe (I

leu r a - I i s I , incc d e co r r el at i a - m I

II eat n iedemas , Ur c  tie la i re  app a - l r a i i r c pa - b un cc niodel t’

I . es apa -a ni es a gn , c r ia - I c ea ’he llc ra -’p r a -- s e n l l , i i n t cs va l l o i t n em c n t s  dti  terrain ct ea r , ie i ern sees  par I ’
~ Ct o~

Les , i s pe ni l e s  ,i pa -’t ite a--e l i , . ’1 1,.’ r eprcse lnt an t  k-nc pc t i t s  , , e a - i a - I e n i -, a - I t i s , i  Ia sega -- l a t i n - n ,  au ’, a-’ n - ns i r u a -’ t i o i l s , a lma-  in~
l t t > i t i o gt’nt a i t e s  d m i  s , i , ms  sn -I . . , c  I e , i n , i e I e n i s e c s  pan I~ Ci 0

L a -’s na -- c a - i l i , i t s  , l h i c i iu ’ i  sa-int i l i t i s t r e s  p.i r Ia- ’ gr a p l i iqua -’ a - la -’ la - i l i gu r a -’ I qui n a -’pr a-’ cente Ic a- ’ n - e l l i c i c n t  a -I c , I i I ’ I a , s r a a n n

I ’ —

a-n -i a cl i j il l  p c Ia - c t r n -t ue a - I c I n - na - Ia -’ ul i f I t isc a -’

I: a- ’ = a - i t  a - I n n  p e l ec t  niq lie a -I a -i i ser, u i d i f fu se  a - i , in i s  Ia a t I n c a - t i n - n  dc na -- h a -’ a- ion spee t i l a-un e mat Ia - i ca - i rI _ i a - c  S eta -u t pa r l ’ai te n ien t

plane dan a- Ic a - c s  a-ni I ’ an glcn d ’ in c i a - Ic n c e  e si ee,i) e a l , ( b  a-’ t  I n -n-e r a l r f f ’a-’r t ’ i i i a - ’’c , , i i a - a - i n s  c i t ’s p ar ,i i na -’l na-’s 0~ , l~ - ( i n -  - 1~
a - l c l i n i s s an l  I i  s n , r t , i a -’e

II  a pp ,inai i  a - j , i a -’

Da ns I a - s  a h r i -’ a, ’ t , a a , r ’ — a - a i i s n n n a -’ s Ia -’ Ia - i , i i n a - - a - I i , a n i  a - I c n e f l c n - i o n  sp a -’a - , , I a n r a - ’ l ’;i f l a u hl i sscn i e i l l  pe t it  dcveni r  inibas i n ip on ta i n i

si Ic sn -I a-- si t r es aa-’ a-’ ia - len  ha - - . Ia -- I Ic c , i sa -’ a - I a - s  inn - I l  I .i gil a - ’s , cc a - ) t i i  s t  a- pIn -~ic I aei la -’n mcii t pain l;i p it is gr an t le a- I i l lus ion  dc
l ’ cn er gic inc idcntc ,

I ) ,i n i s  Ia - -s a - i t i t r cs a - l r n a -’ a-’ i io mic . I ,i ,th Itl,si ’ i l n a- st  c h i t ’ Imi ,lua -’bna -’I n l ,iu\ , i spa - ni i i .’s 1 pa -- l i l a -’ a - e l l a - d I e. i t ’ a-’n-cff’ici a-’nt da -’

d i f f u s I o n  t l e nma -’,, ra -’ . i I ’ ‘is a- , a n s i r n  tie I l K )  , l I t  a-~u cI qu c cc iii Ia a-hna -’ a- t i n - i n  a- ’ ,i n l s i , i a -’ na -’a- ’

2 2 I’u u r  Ia ~lcr

II ect n l a - ’ a - a -’ss , c i r e  a-ic i c i e r  a - ciiiip t e , , i h i ’ l i lt ’ ,i l,i s l I n k  l ena - ’ pt ’n le t i i a - I ua -’ a-I t ’ l , i  l a - l u t e ,  t i i i  i - l , i j ’ a i l i s  t h u  “ \  superpos e. Dana- Ic

a - as Ic ) l ) a , s  s i i i ip lc ,  I , i f i t i t i lc  pcut  ‘ ci ne , i s s i i i i i l ce ,i a- in c a- ,i ri a- ,lien sinus oia -i. ilc ci Ic a - I ,i)’ii t ia - ai I i i ’  i im ode lc a- ile ; itoire s i i p a -’r pa- as a -’ a-

l. a l i , a - id e  a s I  c i a - l i n k ’  par a- , i  In - numn i a --un d ’ c b i l d a -’ \ sn - I l  ~eii p I r I i i d c Ii ci Ic a- l . c p a i t l s  p ar s i  ,, I , s i , i i i a - a -’ t ie a - a - ii r el;i t i o i t  I a ci

‘a -t in a - a - t E l  is  Pa-’ 1 ,

I , , i  b a a - u , ’ 2 i i l u - ,i ra -’ Ia - s  r e suh i , i i ”  a ’ h i , ’ i i ~ic , l , i i i s  I t ’ jn - I , i l t  d in , . it i ei i a -’ a-’ Ci ) a - l , i i l i l , i i i t Ia a -a l a - si r dli a-’oa-’Ilia -’icn l a-ia- ’ a - li hf ti sion pa)

Ii
i l , i flc Ia - a - i s  c l i i  ‘a- •‘)i t I  pic ul a - I i h l e r a -’n ta -’s ma c l a - - t i n s  a - i a -’ I I  I n  - I a -- a - I , I ) ’ ’ i t , 5  cha nt c l a - a h i n i  p ar ii ~

II  J p p a r , i i i  - j i l a -’

I ) ai is  Ia t n - a -- a - I , ’  - i n  - I , ’ r , ’ tla-’’-,i’’ ni s p e a - u l a i r a -’ l ’ ,i h I , i i h l i s s a -’ incn i  n ’a-’st i n n - n - s  m a --s gran t i , n icfl ie  pour lin e mcr ,ig i ia-’c

i l l  I i .

I l i a r  - lea- j uct res  , i i r c a - a - i  - i n s  I~i pl a n d i s a -  i , i , - i n a -  a- ’ le a- l i p  ‘ t i c  a--st  la - i pri nci p ; i lc a-’ , ii i s a -’ de l , i a - i i l’I ’usion , Ic ctcci ’ficic n t
a - la -’ a - I i h f ’ , , ’ , , ’cn ca - i c ia -’ ‘ - - i i i , ’ Ia - ’ 1 , 1 1 1  , l l t  q ua - - Ic h mic  su i t Ia ul ira -’a-’lc n-ii d’in cia - i en a -’e.

I I i t u i  ii ‘ st  .1 f l t ’ t a - I  j a c a ’ , . i a  a - n - ia - t a -’ pa-’fllla -’t tI~ u i , ’ i ! n a - ’ en evidence d e s  n -ha - a- t ic c h i l h i s i n - n  sh ea --c a--n , Icl ie r s  du plan
c l i nt l i l a - n a - c  )c r sc;uc I a I I c ’ - i I c ’  .1 c i i  I i i ’ ’ - I l - I l l  ‘IC I i ’ ’ ) ’  , ig . i l ie n  non s i l i i a - ’ a-’ , l , i r i s  cc I 1I,i il h I

—

~ 

-
~~~~
“-- . ‘-“- ---
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2.3 (ouw li i s&o n

I), .’ ccitt ’ a-- I a - ia - i c ii rca-stin t:

Que dana - lea- directions seisines a-Ic Ia d i r ea - l ion  d ’ inc id e nce , I c eoefl ’ici en t  de d i f f u s i o n  est voisin dc I O U dEl
Qua -’ cc pliCnorni ’ne a-’ t , i i i t  C, ia -i5 a -’ par les asp Cn ita -is a pet i te  a - blel iel le  leurs eanac iCn ic t iq ue s alCa t o ircs cntrain cnt  une
dC p ola risa t i on de l ’on de d,lI,,scc .

Qu ’c n i i n ,  Ia i ra n snu ssion a- la w s Ia a - hre c t ion  tic r C f lcx io n  spCctilaire est en gCn Cral lt io in s  h onn e lorst iu c Ia
ra-’f lcx ion a lieu sun Ic aol p l t i to t  a - I a - ic stir Ia l i ter.

3, ( ON S I -Q L ’ l aN ( ’ia - S l)E L A  DIFFUSION ET I)E IA i) F P O I A R l S, -~~l’lON I )E S OE~l
l)~~NS U.S PROBL L%IE S I)E RETRODIFFUSION .

Lc pr inc i l -e  a - I c c  c a - n - i a - l e a - irs a r ct ra - id if i t is io n ca - I bi en con n , i tine on dc CI e c i ron1agnCt ia -~a-ic cblm isc a- la -i sul esi refraciee par
I ‘i t in ospiii ’rc a-- t nt’s i a - i t t  au s i )  ,i a-inc a-i is lana-c a-it’ pla-isiea-irs ca--il laina -’a- da-’ la-’ilo,nCm na -’a- a- i a-i point d ‘C ii i  ission. La na-- tno di f i ’usion
par Ic sn - I d onne n , us sai l a - e  ,c t ine  onde a-h a-i l revieni a - ens Ic poi n l  d ’iblrn ission oü d Ie pa-’ui’a-a t rc caplCe.

Lc I l i c a - a l u s i n i e  de Ia f o r m a t i o n  tIes a - a - l i e s  de n e i n a - i d i f f ’u sion pe u t -c i nc  analyse  fa c i le i uc n t  a p artir du diagran irne de Ia
U gtir e  I) d en n a n t  lea- a- anialions a- la - i tcrnps tie pr opaga i ien  t en fonc i io t n a -ic Ia fnibaqa - ienc c d ’ ibl n missi en f -

\ a - in i n s t an t  donn C Ia f’orni;iti a-m tic l’ CcIi a-i i-’st due I l , , a , 3  I :

1 a-i n nav a-in d it has I I ay an t  , ii  i c i n t  Ia a - h i - i I , i n a - c  l)~ - Ic m ba-ic de propaga i ion i t tant  it ’ m it t — c a I’alle r qti ’a a-i
na - to t ir ,

a tin na son  di i  h a a - i t  14 1 ,i~ ,eit a t t c i ni  Ia - i a - I i s t a ne e I)~ - Ic ma -n -Ic de pna - ipag ; i t i on  a - b l i a n l  I c mi tm e a I’alier qu ’aa -m
retour,

a on mode de pr opagatia - in r n i x t c  c on s t i tu i t  par a- lea - ia - n,i,. a- nil ’ , aileig nant a-inc distance 1~ a dü a one tr aje cio ir e
allen de I s pe l iaa - m t  lou has I a-- t  ~ a - l i l t ’  I r a a-’ctoinc rcteur de type h a - i c lou Ii aut  I caa-isCc par l’cffa-’I de diffusion qa-ma si
isotra-ipc a-ic Ia surlacc tcrrcstnc ao a - a i i s i n n , i L l e  a-i c Ia direction a-l ’ineia-lcnee

En nibl st ii n iC l’ei’fci a-fe diffusion a - I e s a - lndc s par Ic s u i t  I’ai i  ap pana i trc trui s i n n - a - Icc de propagation: h a u l ,  h, is . mixtc.

L’jnfluencc du champ niagn it t i qu c lerrestre ci l ’cfl ’et de d it po larisation dü au sul com p l iquc Ia propagation p a- in - a - l a - ic
chaque mode incid ent donne naissance a a -in mode a -ic prupaga lion ora - linainc el extraor dinaire, et qa-ic l’efi’cl de dcpola’
risation a-lu sol introda -ul a a-tin tua -ir a-in a-la -bl do a -ihl a -’nnent des modes da -’ propagation pour lea- Irajc eiaii re s dc netour . . ‘\insi
chacun des 4 modes tie propagation pour la-’s trajccioircs aller induit 4 m odes de propagation pour lea- irajcctoircs rciua-ir ,
coinnlc l’illustrc Ic tah lcati de Ia l’igure 41_i l .

Lea- mouvcments tics couches ionospha-’ria -iucs introa-Iuis ent pa -ia -mr chaquc moa-ie de propagation des va n ia l ia - I ns de
chcrni n uptiqtie qui sc tra d a - usent par l’ cffet  doppler hien conna-i. (ompte lcnu a-ia-i fail quc, pea -in lea- frca-ia-ienccs utilisahlcs
dana- lea- stmdages par n i t l r o d i f t ’usi on,  les chemins  des lila-ides ordinaires ei c\iraOna-linaircs sont trés voisins , on oblient
finalcment un spectre constitu e par 3 quaa - l rup l a -- ts  conr espona -ian t aa -i rnoe ie a - i c prupaga lion haul, has dl ill ixte ,

Les C car l s de fr it quc n cc en tr e chaca - ine ties naie a - et Ia fr it quencc d ’Cm ission iraduit l’ a-’ffel Doppler. el l’ apparition a-lea-
qa - i adnup l e ta -  I ’ eff ’et l-’ a raday , tan fading af f ce tant  I cs signa ux re cus r a -) su l ie a -ic l’ in le rf ’a - bl rcncc entre ces t l i ff ibl n c n l es
eon )posan t ea - spectrales .

Lc calc a - ol des spcctre s des signa u x de r it trodiffusion a Cii ) cffect a - i C a pa n tir d’ unc n iod C le par ; iha - ii iq ue de Pi onu sp hC ne
d it fini par a-a fr it a - t u enc e cri t ique I , Ia hautcur a - ia - i m a x i m u m  d ’ion isation U rn , ci a-a de mi epai ssca -c r ‘i’m -

I ’am p l i t a - ide a -ic chat iuc composanie a C h it calc ulitc a part in de l’ Ca-iuat ion classiquc a-lu ra a -i .i n dent I ’ app l i cah ion ati cas
des propagations iono sph it riques donne po a- ir Ia pu I ssance re cuc dP 1

t I P 1 = P0 A2 (~~ (~ ( d )
l 

p 2 sin i i S i l l  i 2 (
~

j—
~
’
~ (~~ 

t b l ) 1 2

i :x prc ma s i i i n  tians I aqa - i e l l c:  ( f i g .5  I

P0 : puissanc e tblmi st’
A . coeff ici e nt  d ’ absorption a - I iba via i t ivc  et non d i t v i a t iv e  dans l’ iono sph C re
( .~ : gain a-i ’antcnne a l’ itm ission

gain d ’a nt a -’nn e ml I a r eception
ti a nuvertur e a ,irn a -ita le do lobe d ’antcnnc suppos ite it le ntiqu a -’ a l ’Crn ission ci ml Ia reception.
p ‘ car s) do nioditle dti cocfficia-’n t a-Ic diffusion du sol

ci i 2 angles d ’ in ci a - Iencc ,  r cs p ec i iv eme nt pour Ia l r , i l c d t , l l r c  allc r ci pour Ia traj ecloir e re io a - ir ,
I) disi ,in ca- a- ittcinte
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I a - s  a - I a -’p l, ia -’ a-’i n , e i i i s  cml I na -- u lu cncc a - l i l t  a-- t a -’ e a lca - i l i t s  P ar  l ’ u ll a -’ rn lit a - iiamr c a - i a - i c l ient  in n - p lm a - l a - ia -- dc cl i a cu it  dcc ta - s n - l as l.a
v a n i a i i i a - cn  t ie phase ~ Ic l ong a-i a - in traje l pouva il t  a-c m et t r e  sea-i a - Ia f ’or m e :

‘P = 
~~i + ~~~~

a-a - ce

IRa-a-, sin 0
= —

c a- in I ,,,

et

I a-a-i j. I l a- i 1 2 ( R + I I I
- I ‘ ‘ - a - I l l

a- 
~u , t n t  R + 11 ) 2 R + I~ ) 2 sin 2 i 0 ~ 

2

o~i I h g  ~ I

R : rayon  ta -’rncs ire
pa - i l sa i ion a -ic l ’on a -I c a-’m ia -c

H a- . h a-i a-i tea - in a - Ia - i I a is a-ic Ia ci l a - i  c he
Ha- . b aa -i tea - in a-Ic nit flex in -n
O ‘ ang le ga -n -c a-- ni t Int l a - Ia -’ a- Ic Ia t r~i.i a-- a-- In - i nc

i a- , a n gle d ’ in ci d c nc a -- a - Ic l ’ o na - la - ’ a la i iau t a - ’ a - m r  It
in- mnt li ca -’ a- i a- i milia -’u a Ia I ma e i ta -’a- i r Ii
c a- i t e s sa -’ tie Ia Ia -in n -Crc a -lans I a -’ via - it ’,

I. a - s  r esm i ll, i is t ib ia - n a - is sn -n il i l lus iniba s pa -in Ia --s h igurcs ( a et “ a -la-u nmon lra-’nt a -l a - me:

I a- - s  l r u a i s  i nn - a - l a - s  a-Ic p ro pa ig a t i a - in  n- i l l tIcs , e i ipl i la - i t les  a - a i i n n p , i r i h l a -’s a - ia - i v n -isi na igc a-ic la - i I a u a- ’ , ij i s ,i i ’ a u i i  et a -l a - ic st - a - il  a - a - , i a ’

s n - ia -’ Ic r , is  on l~,is Ia - n -n a-ic Ia t a a a -- ,i l t s , i l t , a m i .

l . a- - s a - , a , , r h a -’ s a - Ia -’ ph ase  0 a - a -’r s i ~s I )  a- In -n i ap p an ,u t r c  i t t ’ s  a - a - i n l a - i t l e n l c  na ip ia - I cs  a-ic la - i p h ase en l u n r a -  h un - i  a -ic Ia
a - t i s i  l i l a - a -’ pa - ion Ia -’ ra ~ a-In Inaut

(‘ a- ’’, a-’ ea -i nhc s a - l i l t itt,,’ a - , i l a -’ i i l c , ’s a- a , , r  a - mn c n n s e n n - h I a -’ a-I c i- . f i a n , , n a - , h i a i n t s  , I a -’s e uiiia -’ it a -’s pa -’n t n c i l a - i n n - i  a - mile nepn cc cnta iiio n l a - ia -’ ta -ia - is

Ia -’ ’, c h i t s  s t a - i n a - l a - i n d s  a - I a -’ I ’ i n - n i a s p l i a -’ na -’

II  a C I a -’ a n - s s t l a l a -  ,e m i c t a - l a -’ cal a-’u l a -’n l , i t ’ r a - ’ u l t i a - ’ nna - ’ a- ’ I )n -pp le n  l ,j a - I a - b i l l  a- - s i , i I l a - a - i a -  a-’Iiaic ,ui a-It’s n i n a - a - I r s . La -’ ra - ’ s , i t i ., l a - I a - c  calculc

i l l a -’ i l a -’’- l~~i r  i i r a - I i n a i a -’ a - I r  a Pa-’nIbln -  a- I ’a-’’c p n in i c n  I ’ a-’ t I a -’t l ) n -p p l e n  p , ii I,i na -- l a i l i a - i l l .

I b)~, a - I l l 111 ~1aIt a l ’ i ’
nn i baa -’ a - IK

I , I = I a-’ j ‘ ‘~ i l l ’  N i  — — - -s ’ -——— - - 11 111 , K — — -— - + ‘ — - l l ii n ’i mn -n - -

[ ‘ l I ~~ a - It  a I \  i l l  a - 1~ a - I t  a - l i

u l u

I ra- ’ i j i l a -’i n a- ’ a- ’ a - I — - in 551 ii

K 1 a- ’L

ih a ~u ia -’,
‘
~

‘
a - -  K ’ . , I l I ~~. N i . — ‘ ‘ I l I n - - ~ mnl I l a- t ’i Ill t N

a - l a - r i c a - a - s  p ,i r t i c l l a -’c a - Ia -’ I , i  a - o l i n - - in a -I c I n -ha - isa -’ a - I u i n i  Ia --c a- ,i lcinns s i a n i l  a - i , i I i l l a -’a-’s sa - i n  Ia -_ s ) n - I a i n l a - ’ I i a - ’ s a - Ia --s t u n a - m t’s a-, a - I 11 )

( a- -s na -’s u l i . a i s  h int na-’sci n ii n a -I a - ia -’ .

I i  I n c a - b , i , ’ r r a - a -’ Ii ’ a j a 1 a l a  n a - lm i r ,ia - c n  i l a I \ i . - a- - s i Ia - i  m a m a  a - m n - m a -’ nuillm n l a -’tua -la - ie a - i c s  t r a -’ a - l a - i a -’ h l a -’ a-’ I ) i n - p p l a -’n u I a - ’ s r n - a -  a - u s ts .is C l l i , n , i

Ic r , i a , a a n  ‘ i s  a - s i IIa -’u , i t i , ’ a- a- ’ ‘ n- l a - s  a- , n - ’ i . I h i a a i i s  a - I c  I i  i n ’ c u l m i a - ’ m i a - ’ a- ’ a n i l l a i t i a - ’ , i l a i t ’ s a - I a - i c  I t ’  l , i ’c t l f i  h ,uil S a - a - i  l ies sa-- I l c i l l I e

It ’s t a n - n - a - i n s  cit’ I i , j i t i ’ _ ’ a - i n i lu i l l a i x i m m i l l i u l  tI ’ i u a i i t s , i h i i ,c i l  ci tie I , ,  tI a-’i il i a-- p a i i csa -’un t i  h a - ’ , h a r m  a -ia - ’ I , i a - , i n l  sa - ’ i n i i ’ t , i l i t a - ’ 1 , -t a ’ -

I a - s  n , i \  - m i s

( ‘ a-’’. c i a - a i l s  ra-’n m ii e ii a - ’n ,i a l a - ’ ille n t ra - ’n a -h a - ia -- l a - b a - i  I ,i na i d ,c~ 5a-’ i ra - ia - t o i l  I n - air la - i a - t a -’ , i t l u i i m  a - l a - s  a-~,i,ia-im’u p I a -’is p n ca- ’ a-’a - It - I l l i b i a -’i lI  a - h a - s.

n u j i c d i i n t  I ’ i ha - a -’ r a - . i i i i i i i  ;n-~i n a - uI a i c l i i a -’ I I a -’i m i a -’n i t  I n - a -- mi p n i ih i _ i l ~Ia -- , Ia -’ a - la -’a - I , I l i I i I a -’ t l i a - ’ll l a - Ia --s i _ f l u ’s u m t i l i a i l a -’c it ’a-’ i , i u m t  t h i i a-’ da - ’ ql ia -’I qii a -’s

i i i i lh i Cr n es  tic l i t - n i , .

A -
~~~~~~ _-  
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4. VERIFI( ’ .~TIONS EXPERIMENTAIES

L ea - s a -’n i t i c a t ions  exp it n m men tale s on i Cs) faites a par lin d u n  sond eur ionosp liit r iqu c a-i n c m n t i d , ih , i s i o mi  i rm sta l l c  a N a - i n - t a - c
( F r a n c e ) ,  Lea - a - ca - a i l s  tint C hit effectu it s avec tim i d a - im rectio i’i de h r  sila-iCc dana- Ic ca - ma - I tie f ’a cti n a av oi r one ra -’ i na- i d i l h , m s i i i n  cur Ic
sol et non sun Ia flier , It ’s ii la -’sa - incs ti nt etc conf ’ro nt Ces avec lea - e ,i lcu ls t i l i ton iqucs a - f  I ’cctu C s ml part ir  a - ic sondage / c u i i l i , a u \
obtenus a Ia station a-Ic Lann ion (Franca -’) .

lena - r e sa - i l ta - ci s  h n - r c sem l tC s iei correspond a nt a une sen d de nn -esurc s cffc cluC es d a - irant  I a -’ mois de Septermibre l a - ) 75

l) ur a nt cetie pitn iode I cc mn oycnn es menst iellcs ties para mC tn es F~ , 
~~m - l1 a- = 11111 ‘i’m dcc ca -W elles O m I t e t C

repre sentees stir Ia l igure I 1 ( a ) ,  II est a lors possible a-I ’t’n a - IC du ir e pour chaca - in des na -s n -m i s h a -u t ,  ba -s . lucia - i c ,  lea - f ’nui quen ces
doppler I i ’ig. 1 1 t h ) .

II apparait a - ia - i c Ic m nat in  les frCquenecs Doppler eal ca -m iCec sont positives di Ic soir n i t ga t l a -  cs

Icc nesa - i l ta ts  e \ p C ri m e nt aa - i x  ont etc oh t cnus pan I ’ u t i l isat ion d ’un sy stitmuc d’ami a lys e a pe d tna le dont Ia reso lution
niaxi m nale est de 0 .01 Her tz ,

La figure I I  momitne , cii exemple , 3 cnrc gi st rem ll en ts types effe c tu it s Ic m a l im i , en nn - i l ie u de journ it e et Ic soir , On peu l
observer Ia presem lce de t n- u s rai es a - lent Ic s I ’nit qa - icn ces doppler sont  p o s i t i m a c s  Ic in - l a - b in - Ct nibagat ives Ic Soin, I’. n milie u de
J ou nne e lea - h a - u s rates son! confondues , I cs varia t ions dec par a nn -Ctre s iom n - osph Cn iqa - ie s eta - mn - a - trés faih les ml a-cs hcunes ,

La coin -frontation des n C su l tats  a -It ’s n lcsures dineci es ci ties ca lcu la - men C s ii par t in  a -Ic sondages , i tni thau x a C i t
effecta - iee en repor t am i t l’ cnsc n n -h l c ties points a - lea -  mesa - in ca - a - l ircctes stir Ic graphique de Ia figure 13 cI en d itl enm inant ha
droite de regression. (‘a-’t le t l rt n - t t ’ de n itg re ssion cotm i par C c a ce l le ebten u e par Ic ca i ca - il i ll o ili rc Ic hon aa -’ a - u ur tt  des r C sa - i l tats
a-’’a - p Cnin n - e ntau x cm ih it on iq ues.

Une cor niba la l ion e t a h lme a partir tics rcsa - i l t a ta -  oh i c mnus stir I t ’ j o a - inn it c a - la - i I - 5 Scp lem hn c 1975 m ll a - im i tre ella - tine Ic hon
acco rd clI m e ia - -a - n i t sa - i l ia ls  t h C oriqa -ies cI e x p i tn i f i n - c i n - i aa - i x ,

CONCLUS ION

Lea cff ’cis a - i c d m ff ’a - i sioml a- lea on d cs c le ctn on n - agmlCh i q a - i cs pa n Ic sn - I sont ca - ia - ia - es a -ic l’ ,ip pa nih io n de tro u s na - irs p n incip al e s
d a n a - Ia --s spcdt rcs d’ ibaa - l ma - is  de rc tna - i a - I i f’ fusion.

(‘cc l rois raics a - Omit oh scr v ecs a - ia - ins ta --s rc l cv ec c a - pa -- ri l n - c i n - I a a - i \ .  II  ap p ar a - il  a -l a - i t ’  lea - p osit i o ns de a-es raics s a - t n l corr itiit ec
a - see les v a riations a - lea - paraille i rea - ionosp lla -’ n ia -j ucs .

Une nn - odcli s a t ia - n - n pana ho h iqa -ic a-Ic Fi onosph cba re pe rm ea- a-Ic nc li en a -Ic i’aço n q u aml t i t a i iv c  Ia i’ n i t qucnce I)opp ler a-ic a - i laq u e
in-ode aa - ix vi l e s se s a - ic v anl , c t i o n de Ia f ’rit qa - me nc e a - n m t i a - l a - i a -- , dc Ia a - I e tlli epa i ssea - ir ci a -Ic Ia - i ha ia - i l cur  a - lu i i n a x i n a - i m n - l  d ’ io mn - i sa i ion
dcc coa - ieli es ,

Dcc hors , ii I n - a - rail  e m n - v isa - i gcah l e a - l ’ ui li s a - n ccc ra-’ sa - m l t a i s  pa - ton a f l ’ t n cn a -icc i l le l l io a - Ics  a - Ic pn its sb u s  iomlos p hlcn iqa - i e s ml trés
coa - irt t e n t - c ,
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~

In h i s  i n i t i al co mme nt s , tt .J .A lhrec ht emp hasized the su i t a b i l i t y  of round-tah i e dis-
cussions as a method of summa rizing results of a scientific meetin g , with n articu l ar re-
gard to the sta te of the art , eng ineerin g aspects , and promising areas of research. lie
then introduced the partici p ants at the round table and invited the audience to contri-
ha - i te to the discussion .

Referring to a previous meeting held 1967 in Turkey (in A nkara , Conference Proceedings
No. ~~~~~ edited by K. Davis , issued 1970) , J. S .B elrose enquired on progress achieved in
work then reported and relevant to the suhject of this meeting. Partic u ,’ l r  reference was
ma de to s t u d i e s  on prop agat i on  over i ce-c overed sea , display ing real d i s c o n t i n u i t i e s  in
conductivit y and lesser forms of this phenomenon over rather stratified media in ground-
wave p r o p a g a t i o n .

A .W .li i gg s commented on this subject and de scribed experiments conducted in kla ska and
fl ree nl an d over a deeper ice area with the oh 3ective of finding evidence for surface-wave
propagation. However , si gnal enhancements observed were apparentl y due to the recover y
effect as a consequence of a ground wave trave lling without too much attenuation over
sea water and then touchin g an area of considerably different refractive index.
H .J .Alhrecht added that he contributed himself to the appro priate session of the ‘ankara
meeting as an author and co-author , one of the papers referring to a propagation path
u s i n g  buried antennae , one on a very low frequency and one around one qMz , the latter
one enclosed in a radome to make sure that the lossy medium would not he in the direct
surroundings of the antenna . He added that ta -ne objectives of this particu lar work had
been reached some time ago , and that it had not been continued.

Tur -uing to another subject , h1 .,T .Alh r e cht drew the attention of the audience to propaga-
tion in interface media as one of the possibl y promising areas of re search , and part icu-
la r lv mentioned the variable effect of g round-inver sion layers upon propagation paths ,
as indicated in the paper contributed by t,. Fehih aher and H.G .Giloi . ti c - is comments further
referred to consequent changes in mu l ti pat l’i fading characteristics of any particular link
suffering from the sum of the direct ray plus the reflected ray , d ue to changes in the
altitude and in the refraction characteristics of the i nversion lay er. This lead s to va-
riation s in the modes that may appear in the duct , and is directl y connected to more me-
teorolog ical questions . Conf i rm in c ’ these comments from a meteorol og ical poin t of view ,
F .Raschke stated that appropriate measurements would have to he done in each case , at
hei ghts up to about 250 meters , because relevant inversion lay ers may demonstrate appro-
priate inten s it y up to that order of a l t i t u d e .  Considering weather s itu i tion , c l o u d  cov er,
as well as the total influxe s of moisture and heat going from ground into the air , and
the radiation budget , a theoretical model may possibl y he established for calculation and
prediction of propagation effe c ts.

Referring to the subject under di scussion , B. van fij i addressed the question of a possi-
ble rela tion between inversion layers and the type of soil , not only in the case of val-
leys hut generall y . Il. J.Alh recht mentioned ~ recent paper with some connection to this
problem (G.Zdunkowsk i , J .’Paeg”'l e , .T .P .~ ei llv , The eff ects of soil moisture upon the atmo-
sp he ric and soil temperature near the air-soil interface , Arch. “et . Geoph . R io ., A -24 ,
pp. 245-2 68 , 1975) . Tn his repl y , F. R aschk e emphasized the effect of heat conductivit y
and moisture of the soil and mentioned as an examp le that , with enoug h mo i s ture  av a i l a -
bl e to he ev apor a tet l , an inver s ion may not he as intense as in the case of a very dry
surface with low heat conductivitv .Th i s conductivit y here refers to heat flow from the
ground into the air because the inversion should alwa y s he consi dered as some type of
s tead y state of e q u i l i b r i u m  between vertica l heat flux , r a d i at ion , and heat penetrating
into the ground , and vice ve rsa from the ground into the air. There is thus a pronounced
rel a tionship between come soil type and the iu ~t e n s itv of an i nversion. Summarizing the
d i scuss i on so far , h j .I , -~i lh r e ch t then referred to the importance of theoretical aspects
i n in t e r f a c e  pro b l em s .

T n a ddre ss i n g t he  su b jec t of gr ound- wave and d u icte a - l pr opa gation theor y , L. R .Fe l sen poin-
ted out that interface pro perties can he repre sented in terms of surface impedance. Work
has been done on propagation over ground that can have varia b le surface impedance and
di scon t i nu l t i e s in surface impedance ; the tec hniques developed are prim a r i l y  integral
equation techniques and mot le -matching techniques. lie aa - ldod that the surface-impedance
concep t is not alw ay s app l icable. If it is necessar y to look h en ea th the surface , one
canno t just close the surface off by means of a surface impedance. With stratification
under the ground and , in  p a r t i c u l a r , with po s sible ih i s co n tin ui ities in s t r a t i f i c a t i o n
whe re layers terminate a b r u p t l y  and then join ont o some other lay er s , one must emplo y a
more de tailed anal y sis of propagation and junction problems . Th is is a l so tru ce for a
fores t environment , with propagation takin g p lace  ov e r smoo t h grou nd anti a junction dis-
con ti nu i tv b eing represented by the forest houn ,Isrv . Thus the general pro blem of discon-
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tinuitte s , essentially of abruptl y terminate d slab re u ’ions , requires a t t e n t i o n  a n d  can
h e app roached by d ifferent techni ques. ~~~~~ customar y is the mode-matching proc edure
whereb y the field on either side of the ,l isc o ntin uu itv is re pre sente d in terms of the
characteristic modes that can propagate there ,,ind then these f i e l d s  are matched across
the Interface to satisfy required continuit y conditions . This leads to an i n f i n i t e  cvs-
tem of equations or to an integra l equation , either nf which has been treat e-1 by flume-
rical met h i-u,’c . 1 , .  B .Fe ls en then continued that while n umerical m ethods have he n -n eriploveal
very extensively and are in principle capable of generating h i g hly accura te an swer s~, it
Is necessar y to look much more closely — it the errors inherent in a numeric - c l orocedure
before a numerical solution can he accepted with blind faith . Thu s , the q u a l i t y  control
of numerical solutions requires attention. Also , numerical solutions of integral etlua-
tions are not very efficient for problems involving ‘high” fre quencies whereby a ground
inhom ogeneitv or a ia - unction effect appears large compared to the wavelength. This is so
because the discretization of the integral has to he such that each wavelength contains
several segmen ts , thereb y making the number of segments unacceptabl y large. To a -heal w i t h
this difficulty one attempts to extract the predominant hig h frequ ency behaviour of a
particular scatter i ng problem by anal y tical means , and the computer is then more e f f i -
ciently applied to the residual low frequenc y content. This area representing a mixture
of analytical and numerical methods requires urgent atten tion.

L.B .Felsen continued that , in connection with ducts or layers , one should not limit hi ”m -
self immediatel y either tam a study in terms of the i’uu ide d modes of the layer or a c t mi , Is
in te rms of  the n v - o p t i ca l  model of  the layer . Roth m eth -aaic have t he i r  a r e a s  of  apnli-
c a h i l i t v ;  rec ent techni que s have been develo pe- ! which allow one to chan ge from a ray -
optical description to a g u i d e d - m o d e  descr i p tion. Thus , i t is not necessary to adhere
to the ray-op tical d e s c r i p t i o n  of ducte ! p r o p a g a t i o n  once a study has so cn”mmo nced: n v -
optical desc n intions ‘i -c c’ 1-e us el in t a-- c ’  v i c i n i t y  o f  the source i--here they are ‘in-re effi-
cient while f u r t h e r  a l a - n m ’  t he  duc t , tt nea - ’ “,‘cv he c o nc e r t O ’ to a mode a l e s c n i o t i o b ,

Cont inu ing,  L . B . F e ls c - n  i n a - T i c a t n - 1 t he  stc’,-u d s’ nee T f o r  statistical aipn roa i c hes . ”anv pro-
pag a t i on pa ths have s t a t i s t i c a l  content. Tine s t a t i s t i c a l  aspects of th n - pr n - a - c a cati on PC-
c h a n i s m  have to he explore ! mo re via’ oro mi s l y . W h i l e  the i n f l u e n c e  of ’ statistical smurface
properties on ground t,- ’ca- ’es has b een ta ken in t o  account q u i t e  f r e q u e n t l y  in c o n n e c t i o n
wi th reflection and s c a t t e r  phenomena , the effects r o f l e c t i o n , t r a n s m i s s i o n  and  gui-
ding) of two  pene t rab le  “c l i i  c e n a r i t e T  b y  a ranm!o ra lv va r v i n t ’  i n t e r f a c e  have been c i v e n
little consideration. To this c o n t e x t , I , . B . Fe ls e n  s u p p o r t e d  t ’ a e  approach o f  one o f  t ’ m e
paper s presen ted during the m e e t i n g .  iTe then suggested to the t h e o r e t i c i a n s  to kee p i n
touch with the prac t i t i o n e r s  as -mu ch as p o s s i b l e  for the n lurpo se of choo cin i’ ru o a - lels fra ”
t h e i r  theore t i c a l  a n a l y s i s , t h e o r e t i c a l  model wh i ch can he solved is not ’i

’
~~~e s s a n i l v

opti m um if it has to he anp lietl to a p r a c t i c a l  s i t u a t i o n . 0n t he  o t a --e r  han-i , a-i w a r n ing
has to he g i v~ n to the p r a c t i t i o n e r  as well. Taking ra eas a - u r enme n t c f i r s t  a n T  then ack in a i
the theoretic la, for an a n a l y s i s  is not an opti ~-mim ap proach ; u s u a l l y  s n - a - b d a t a  m at e r i a l
is so complicated t hat si gnificant features cannot bn - es tracte ul . T a - T a -  T a - c a m  o ” ' p b a s i c c i
the importance of s c i e n t i f i c  meeting s l i k e  t’ae p r e s e n t  one , t o  e c t - u ’ l i a -  F Ft c a ’a n m t i n l i i n g
dialogue hetw gen  p r a c t i t i o n e r s  and t h e o r e t i c i a n s  so t ha t  t hes’ can l ea rn  to  a P p r e c i a t e
each o t her ’s p r o b l e m s . b! .J.,-’a lhrecht  su pp lemen ted  t h e s e  commen ts  by r-~”- ai r~~s on ~t - e  t a s k
of Ac~ARf as a s c i e n t i f i c  adv iso rs ’  i n s t i t t u t i o n ,wh ich is scientific research as well as
v a l i d  eng ineering advice to all the e n t i t i e s  r e q u i r i n g  such a s s i s t a n c ç ’  w i t h i n  \‘,‘a Tfl , T n-
terface aspects between theor y and practice run e a d d r e s s e d  ver ’- fr e q u e n t l y  in \fl\ ~~T) -i c-
tiv i ties.

Referrin g to L. R .Fel sen ’s comments on the suu rfac e-is ’pe -ha nce conce p t , K .P.~ ecke r asked
when this concept should he u sed and when it shoed ! no t  1-e u s e !  tu na ler any cTF~~m c t a n c e s .
In repl y , L.R.F elsen supported the im pedance concep t is a ve ry oil one i f  the -aedimim is
hi ghly lossy and if the source is removea l s u f f i c i e n t l y  far fm - he i n t e r f a c e  co that
no interaction can occur between source and in t e r f a c e  v i a  the s torage f i e l d s .  This ira -
plies that the interface is in the r a d i a t i o n  rone (i , ‘ , oiu t ct f the near field zone) of
the source. In that fashion , the concept wa s o n i c ’ i n a l l v  ‘ ‘-cr’ im l l a t a ’ al by be onto a - ’i tc h in t t-e
1940s . It is also possible to u u se the c ui rface-i nipel anc e concept r i g o r o u s l y  as long a s
only propagation within a single m ode  i s  con sidered. med th - s i nm’. le “-ole , even over a
s trat i f i e d medium , one can look into the m e - h u r t  ve rtic ~ -I l c’ an - I ob tain an i n p u t  i aa 7eTl n ce
to i t , which then becomes an effective surf a ce impe d an ce for that m o l e .  Ru t a a- Iiff ere ’i t
mode genera l l s ’ sees a differen t effective s u r f a c e  i ”neul an c e. t I n i e r  c e r t a i n  c o n h i t i o n s  --
i .e . , with certain combinations of me dium con stants lIla ! n ro -a ’im ’a t i on a--b aract en isti c c , an,h
with a limited spectral range of the mode -- it i s p m s c i t a -i a ’ t a-i ma ke e’ — i r i a t i n n s  in these
m o d a l  i mpedanc e s f a i r l y  s m a l l .  One can then u s e  a surface irpe t la nc e for several nodes ,
even though the medium is somewhat transparent , $ c t  this may - !enenil sens i tivel y on
arr angement of the dielectric cons t ants. The safe ia-- i s’ to procee-I is to se t up t ’-e p r - a -
le, rig orously (for example , in a riucl t i - l a y e r e m l  m~~d i a u r i ) ana l ascertain tb e c i rc lcm c ta na --°s
under which cimplification c jeadjne to a v a l i d  surface imp edanc e can he re c o u ’ r u i : e ! , T p
summary , the surface-impedance concept j s  a u s e ful I - m i t l i m i t e - t one ; it shon i l l b e anon- i-u-
ched with great care and caution .

Commenting on L.R.Fe l s c’ n ’s remarks on th e r e l a t i o n  b e t w e en  f h~~or s ’  ana l  ex °erim ent ,
a- 1 .S .Relrose reported on projec ts a t  t h e  F ’ o~~~ I I n i C a t j e n  ‘l e c e a r c t - C e nt r e  — I t  t t a a s -a , in pa r-

t l c u l a r  on the propagation over ac tu a l  e a r t h  au - i on a u - o m ’ - i a i ’ o r  nrogra- ”mo h e a l i n g  with
such propagation for the purpo ses of eng i naren in a - ’ or ca in - a - t n- i l — .-i’aare’ient of co”m nun ica t ion
circu it s. At f requencies of ‘,T I F  anal ‘~ ‘P , -i -c- ai r- r a t e r  na - -c  r,v’-m” l a - i l  aee n - hevel n pe ul b ased
on empirical and semi—em p irical methods , n -I r a - t ’ or --- ic -~ n-’c , a-a c alculate field—c tren i ’ths ,
The programme includes a cr i ru ” u l e t r ’  t -- p o rr --i” ’-uc - -ul “-c r of’ i b s  ar — i of concern. It is simple
for the user who only has to enter t ’-a ’ lu~ot~r-, o t i c - i l  ‘ ,ia i r T i n - d es o f t r a n c m i t t ? r  and re-
c e i v e r , heights of antenm ae , am- I newer - i f  ‘ - ‘ a- “ ‘- - c ’ a c ” l ’ I ’ - r  a sn ’.n n r ~~n t s  are being con-
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ducted to test the accuracy of the computer nro gra r-me as-i th respect to yealitv . °efer n in e ’
to L.FLPelsen ’s paper and his description of the phy sical pi c t u r e  of ground-wave propa-
gation in the pre sence of smooth h i l l s  an- i depressions , J . e .Rel ro s e commente -’ on smooth -
ness cr i t e r i a , and mentioned that sous e m u l t i - r e f l e c t i o n  ‘loopunp mnules or w~iis perin g gal-
ler y modes impl y a surface smoothness r arel y found in nat u re. He emphasize d the practi-
cal importance of p r opa g ation over h i l l s  anal depressions , -un! , as an example , the cx—
tent of the shadowing effect of a depression for VHF and m I T I P signa l s . II . l .Alh recht ce’s-
merited briefl y on the topograp hic m an of an area of concern being stored in a computer
p r o g r a mm e ,which is also referre -b to as d i g ita l mapping of commulnication links , anal also
on the resolution bein g limite d  w ith regard to nath profile and uu n d ist uu rb ea ! troposheric
conditions. Ifi th any sort of g r o t u na l - i n a - ’ e rc i o n  layer , anal o ther  disturbances , this ap-
proach is not very suitable. There have been some attempts in Purope in this direction ,
as , for Instance , by the Penman PTT , but this and similar concepts are in line w ith work
done in the Ilnited States some years ago , by the H’i -“irmv Topom ’raphic Conu rsana-1 . lIe also
referred to an appropriate contrib u tion of this entit y to an \fl-\Rfl-S yn ,ino sini ’s sponsored
by thi s Panel , anti held in Colorado in 19’l , on ‘~~rop ag atmo n L imitations in Remote ce n-
sing ” (Conference Proceedings \‘o . 00) .

In reply to -I .S. Relrose ’s question , L . R . Felsen m entionea l that , i s a  theoretician , one
tries to understand the physical mechanis m of n rop aa- i ation that can h-ac ’ snupp orte al b s’ a
particular surface. Here emphasis is placed upon concave surfaces which , a - unlike convex
surfaces , have not been adequatel y investi g ated h efore . ‘tm nale r c ertain cir cuu m c tancec , as
noted above , the suu rfac e-impe dance concept is ap plica b le. Presently, attempts are h ein c ’
made to underst ana-l hota-- the wave types dealt with in the paper are a f f e c t e d  by surface
imne dance. It is quite likel y that the whi spering gmtll erv mo le s that pronac’ate closest
to the grouuna h are atten u ated if the surface i-mo e lance is s uu ff i c i en tla - ’ l o c c a - ’ , so t b- i t the
ras ’— optica l fields then het’p~,e the pri’ae co ntri 1 -m ut o r c . I f , on the other h a n b , the coil
has very little dissipation as s o c iate h w it h it , and if the nron agation takes place n- a - -er
smooth profiles (for example , san- I dunes in the desert ) the model in the paper and the
corresponding mechanism mae’ reall y be operative. T1mni s each environ m ent has to be looked
at in its own right. In the case of e - n - g e t ’ a t i e n , t h o r a n - le T an- ’ t’- e kin ! of anal y sis in-
dicated may have to he genera lized.

}i .,T .a -”albrecht ad a - T el that with vet ’etati on as an example , a ra n - a - In - I m ae’ become consid era b ly
more complicated , and if ,‘ca - l hoc mod el .c are e- i c u u a l i r n - I , i t  m i m a l a t  even he relativel y easy
to include the meteorolog ical char a cteristics of the suu rr o n u o I i n g c , -morn - or ‘e s  in line
with P.Raschk e ’s comments at the he g innin p of the r ouu nd-t a h l-c a l i c c u u s si o n. i n- then sun ~-gestet i to a-use the r e m - m a m m a ,  feia’ m i ntutes c-f the ~h i scuus si on pen n - I  t o  touc h un- inn t he s a - u~-~
lect of the possi bi lit y of r emo t e  s e ns i n g  ‘s n- the - I s  fo r  t i_ c  p r o h i c t i o n  o f  n-r’ -aga t i on ‘-e-
hav int ur  or , in o t h e r  wn r . Ic , t a- c’ use i-f glo b al remote sensin g or at  T o a s t  r e m o t e  s e n s i n a ’
over a- -i d e n” e nu s to monitor ch aracteristics mmm lv of the interface b e t a - a n - en a’rntind a--m b
tropospheric propaga tion “n - a h j uui ’n , an - ’ per h aps ca--en of the cm urfac o -rr o ui n al characteristics .
lie referred to F. °’ica-”-ke ’ s Paper anal , i n  p a r t i c u l a r , to the .Iisc a ussi o n of the a-usefulnes s
o f p resen t  re - ro te  s e a t s  Inc  “ n - t n n -aIS in  a n a lyz i n g  Iata  for  p r o n - u g a t  in- n  ‘- .-o r~ , as m- :ol l as to
the c a t a la ap a i c ’  n- r e s e n t e d  i n  t a - to  paper on the present s t a - i t m i s  o f  k noa - - i e  i c - c

rn l ar g i ng  mum -i on t ! a n -  catal cuonuc’ just me nt mo n e b , u~ .m? a schk-e emphasize! t t .at onle- a fe-- charac-
t e r i s t i c s  a—a-c hc o l - s e r a - - o l fro m— - a - p a c e  or air p lane. T’-e st e f f e c t i v e  one in p r o r m a - u g a t i o n

‘- a - n- rim , t he r e f r a c t i v e  m b a- h i s t n i ! - m u t i o n  in  the In-ia-er t r oposp h e r e , c a n n ot  be o ’-~~e rv e l
from calico or ii rn - lane ‘-a-cause the exact -a -t r uc t n ur e of the planetar y hounalarv  l ay e r  i s
not known an I cannot ho de r i v e - I ‘. a i t h  r e r - o t e  se n s i n i -  m aa e t h oa ls .  In t h is  c a s e , so me i nd i r e c t
i n - b i c a t  ions  “av have t o  1-e a-use I , as the p l a n e t a ry  t~ouln b a r e _ l a e e r  s t r a t us , or a-lus t  las ’ —
e ns , et c .  T’: i t’ - r e g a r d t i’ th e sur f a c e , t i e -ia-- c t  p r om i s i n g  na r a - u ” n - ter to “e -monitored from
space seem s to b0 “n - i ct u ure . Thi s is also of intere st f rom t t a e ‘ - ‘ n - t e o r o l og i c a l  point o f
v i e ’~ , ‘ae caec so the -m n - i  s t u i r e — o v a p o r a - m n ion f l m u x  is a h a u g e  beat flu t e .  t i — n - c t  ~O % o f  the hi -at
e x c h a n g e  b e t a a --ee n  a ir an- I  c - r n - a n n - b  i c a ln u e to eva’lorat i--n. Th is quu an t its ’ m’as ’ be o’-scrve l
w i t h  an a c c i u r a c s ’  :uppro x i ” a t i nu ’  n- m Is ’  ~~~~

come p re l i m i n a rs ’  re s u l t s  c a - t a m e 1 in a c u r r e n t  p r oj e c t  m ere ropa rt ca l -tm- n - n by \ , Ia- , P i g t ’ s ,
During ~ a- c earls’ sat -i --men of 1 9 ’ f a  anal  t h e r e a f t e r  a t t e n t io n  was  na- u i I t o  th e ara’.il Ii c t r u a- m u _

ti n-n and ic e _ th ia - ’t nosc .Ij s t n jb u u t j o n a -  n - a - - cr t 1 a t ’  m eat l i kes in r ’- e ‘‘ n i t e a !  c t a t e s  anal a ls o
m , j t h the arctic sea-ic e north of Point tarrow in t h e  v i c ’ n i t v  of l a hr a - l or. The u s e  of a
side-i o n - k i n g  air tia -m rne _ r :u ba r c vste’— rn - suit e! in a vera-’ i r o a l  c n-veram -e of th u- ice hi s tri-
h - n t  ion.  ‘‘ c a c m u r e — e n t c  a - n - na ’ c on - h in t ’ teal . I a n ri ng a-la y a o l  n i al-i t . Ice— types coul I ~~~ i den t i f i  n- a!
very w e l l , in ta ’ r ”a ’-a- n- f  n - l a !  i c e , noua-’ i c e , e t c .  na- n - i l pw i r u g an i c e — r a - i a l a r  ‘ a i c t u t r c  n-a - - er  t a- a - c
aro a l cov -’ ” ia ’a ’ i’ .lgn- a c t . a r t  p u l s e  raalar was c — p i n - s - c - i ; t t i s  is ‘- .is i ca ll v a vertical in-
ch le n a - - c ra lar -a ce! on s pe c u la r  r e f l e c t i o n  an- I not b a a k _ c c a t t e r .  1~ ti n- Preat T .i)a- e~~ , ice
was 1 - -t ect el nun to sea-era ! f.-’et in t i m — h - ran - cs , while in sea—ice .!cp t u a- s were ta --d ye inche s ,
The pa t ro n - se of tho se in\’es tja ’ utiori s is cu ’innec teai to a- h e p eri od of n av ia ’ a-i ’ - i l i t s ’  which now
exten Is t ’a r n - a um ” - uim u t the entire year i nste .i.l of en hi n t ’  in bi n- i- 00’ or a - i n cn-’ ifln -nc i pa ’  -ui -a in in
t’- r i l .  Thi s ba~ in c rea s e a l tbn - tonnage be’ a l ” w a s t  ~n- and thu s represents ‘in econo m ic fac-
to r . The m o t i v a t i o n  a- if t ’-e sturve ” -‘f i n - n - north of ~oin’ Barr — u s is ac -u n economic , i . e .
n i l  barges are aaa o a-’e I t~~a-~~~ onl y r em’ in -nc u- - i  a- t h u  n ia -c can Ia~ - iso.! . To ,‘i he gree t I  i c con -
cern s p r opa g ation pro b lems , in asr iuu ch as a n op i l ie s  of  pro n- u a ’ : n t m o n  river t’me s u u r f i c e  a - ire
cons I In - r a ’ l ,

Co nc hu udi n t’ t a - i s  r o t u n a l — t a l a l e  a l i s c u s s i o n , I T  a -l~~recht - i c - a m  r n - f e r r a r i to its ‘-main o’- j e c t u —
ye , na— d y t1ae -h i s c ucssmo n of state n-f the art , enu ti n ee r i na ’a a - a - p a - i t s , a m a - i r u r o m i s i n a ’  a reas
n- f  rn - s n -ar ch, li e emp h a s i — e l  t’ae ir’o-- r ra oc e of the la st it”” a r m - b  n- -e a - r e s s e . b  ‘-one tha t mu m
a-!-’- Im n a t e  nuir iher of lea - I s a n - b  S u u g g e c t i o n c  1

~ a- u a l  been a l icc ui s s e ’ . n- n- - a - a nr-a” .’ i r i a - e l  t he  a-u s”
cuss ion in ! st-ate I t t mi t a l l  the -iii icc tie-e s wore alea It i a - i  a- as niiucb as ran-c ci ~-‘~~ e in the
u n i t e - I  perio d aa - ’ a il-u h lc. c - i ntl l l v , ‘me thmi n la - e - b rou u n al _ t a ’a l e p a r t i c i n u ’ a - t c  ‘in 1 the m~.idlence .
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duct~~u! to test the a ccurac y of the c omp u uter programme with respect to T e a l i t y .  D eferrin g
to 1. R ,Pe l sen ’s paper and his d escription of the ph y sical pi c t u re of gro u nd-wave propa-
gat ion in the presence of smooth hills anal depre ssions , J . c .Relrose commented on smooth-
ness c riteria , and mentioned that some ma - u l t i - r e f l e c t m o n  h o p o u n c -  modes or w,’m i s p e r i n c ~ gal-lery modes impl y a suirface smoothness rarely found in nature. h!e emphasize d the practi-
cal importance of propagation over hills anal dep re ssions , anal , as an example , the cx-
tent of the shad owi n g effect of a de pression for \‘DF and ‘IbID signals. TT .J . -’mlh recht com-
mented briefl y on the topographic map of an area of concern being stored in a com p atte r
programme ,which is also referred to as di gi tal mapping of commu tnication links , anal also
on the reso lution being limited with ne c -anal to nath profile and ui ndi stu n i -e a ! tr n - rm o chn - r ic
conditions. lu’ith ans’ sort of gro uund — inversion layer , anal other dist uur hanc e s , this a rm—
proach is not very sa-u it a hle. There have heen some attempts in Durnpe in this direction ,
as , for instance , he’ the German t’iTT, bu ut this and similar concepts are in line w ith work
d o n e  in the United States some years ago , by the lb S ~rnw Tn-on-graphic Commana - !. lie also
referred to an appropriate contrib u tion of this entit y to an \D--\DP -Svmnosi m nrm sponsored
he’ thi s Panel , and held in Cni oramb o in 19’l , on “°ronac-a tion l i m i t a t i o n s  in Demote Sen-
sin g” (Conference Proceealin gs ‘~o . 90) .

T m repl y to ,J .S . Relrose ’s quue s tion , l, .B .Delsen mentioneab t ta at , as a theoretician , one
tries to uunderstand the phy sical mechani sm ~f nrop au ’ati on that can he cuu nported by a
particular surface. Here emphasis is placed a-upon concave sutrfaces which , nunlike convex
sturfaces , have not been adequatel y investi gated before . linden Certain circumstan ces , as
noted above , the surface—im p edance concept is applicable. Presen tly , attempts are bein g
made to understand how the wave types nlea lt with in the paper are affected by su r f a c e
impedance. It is quite likel y that the whispering galler y inn-ales that pro Pagate closest
to th e c-rotund are attenuated if the sa-urface imp edance is c i uffi ci e ntl y losse - , so that the
ray-optical fields then become the prime contri b -mu itors . If , on t ’n-’ other banal , the soil
has very l i t t l e  d i s s i p a t i o n  a ssociateal with it , anti if the propagation takes place over
smooth profiles (for examnle , a - anal da -unes in the desert ) ti -m e moul d in the paper and the
corresponding mechanism may reall y he operative. Thus each onvironrlent has to he looked
at in its own right. In the case of vegetation , the moa le l anal the kind of anal y sis in-
dicated nay have to he generalized.

}b. IAlhrecht a d b c a b  t h a t  with ve g etation as an exam p le , a model mae’ become consi ul erable’
m o r e  com~Tf~ated , and if ad hoc models  are v i s u a l i z e - b , it m i g h t  even he r e l a t i v e l y  e a sy
to include the meteorolog ical charac teristics of t’ ie smurro n u ’u a l ings , mn -re or less in line
with F.Raschke ’s comments at the be g inning of the round-t ah ie al isc atscio n . l I e then  su g-
g e st e a l to a -use the remaining fe,a-’ mina - ute s of the a - ii cc ,us s ion p e r i o l  to touch upon the sub-
ject of the possibilit y of rem ote sensin g an et b om lc for the pn e-I iction of pm n -pa m ’a ti on b e_
ha a - ’ i o mnr cur , in other i--n - a - i s, t 1 0 l ice of gl ohal remote sensing or at l”ast re -mote sensin e
over w it l e areas to u ” n - nit or characteristics ‘-ain lv of the imtc rface he t ua - een  - ‘ r n-r ind an !
trn -poc nhen ic nrn-’-ia m ’ati on “-cliii, ’, , anal perhan s ca--en of the smt rf a ce-gruaui n il characteristics .
lie refenreal to  F.~~aschk e ’ s paper anti , in partic a - ular , t i- the d i s c u s s i o n  of the usefu lness
of pre sent remote sensin g m ethoa ls in anal y zing d ata for pro p agation ‘-n - r h - , as well as to
the cata lc - ’ite p r es ent m -n - 1 in the paper on t~~e pre sent s tatmus of knom aleIg e .

Dniar g i n g  a-upo n t’-e cata l o ma - uuo in st menti nn e l , m . n a e c ’ , k c  e-m r-i~m a s i : e - b  t in t  only a fe’s charac-
t e r i s t i c s  “as- he oi,cervo.1 from- ’ a-pace or air p l an e. Ta-c m n - st effecti s’e one in pro p agation

u-:nrk , t tm c refrac tive i n !ex - l i s t n i b m u t  ion in the I n - a - -e r  t a - n - m a n - c pa- c rc , canno t  b-c ~~~~~~~~
from space or ai nm - lane becanus e the exact str a - uc t nur e of the planet ar y boundar y layer is
no t knom ,’n -m d  cannot be a l e n i ’u’el u u- i t h  remote c e n c i n e  methods. Tn t h i s  case , come i m l i r e c t
m d i  ca t i dru c may  have to ia-c a - la - c al , as the p lane tars’ i-o tun a-iarv -las’ er stratus , or dust las’-
ens , etc. l’. il ’- re i’ arl to tbe surface , the mr -st p ro m isin g nara oter to be m”onitore d fr— i-
space seems to  be ‘oistn u re. This js ~ lso of interest from a-be - ‘meteor ol ocica l point n-f
v i e a a-- , b eca nuce a-he - ‘m oi st u ir e -ev aporation fl u x  is a a- nc-c hea t flux. \l”ost ¶ 0 ° a of the beat
excb anee be ta - a-n - e ra a i r  anal gro nund is l ute to os -ama nrat ion. Ti’ is qutanti ts- —a s’ a--c oh servea -1
au- j th an .-t c cmurac v app n oxi ”a t inu ’ n-ol e’ 501,

i- n - 0  n r ol i ’-min a rs- results ohtaimea i in a cuirrent project were reru nrte -b upon by \ ,Ic ,R i m - c c ,
Pu urinm’ t a-me earle ’ sun -am en of lfl- ’(- ana l there after attention was na t ’ to the an— al d i c t r ’ m--at ~
ti n - n an a- I ice—thickn e ss l i s t r i 1 - m t t i o n s  over the i- nea t la k e s in t u e ‘‘ n i t e ’ States and also
ma - b th the arcti c sea-ice north of Point Rarr eua -- in the s - i c i n i t v  u- if b a i~ra -io r . The u se of a
side-lo o k i n g airborne-ra d ar sv sto— resu tl tea l in a v a a - r s  b na a 1  coverau’ e ef  the ice l i s a - r i ”
h u t  ion. ‘‘eacnur c’— c’nt s were cona lnucted a lu u n i nt’ a-las’ anal n i i- tm t , b c e — s -p ea- c ouul - I 1-e ia - len t i fiea - 1
s’ers’ well , in term- a - of n- l a !  ice , new ice , etc . rel l o us’ing an i ce- n a - lai r n i c t uu re over the
ar— al C ns-or a a~e -“age a s ta n - n t  n a - n I c e  radar ,a- a s o”an !a-is’o I ; tT’, c i a -  “i c u c a l l a - ’  a vertical in—
i - i-hence radar -ace I on spec u l a r  reflect i n-p ana l  ra-c a- m ic a- -sca tter. in t i - n - c-a-~~ t lake s , ice
was -l c t e c t a~ b t in t o  se -- er - ui f— ct i ’ m  “ ‘a i a - h - n es c~, w b i l e  in s e a— i c e  m n - o t t ,5 we re ‘m - -e ’ve inches ,
Tb c’ n -n r- -n - ‘me of ta-o s, , invest -‘at in - n c is ca-ann e - -. to t a~m, pe a - i cud of na - us’ i a -’ i a - i l  i a - u ’ w h i c h  now
ex t— mi s  t~-roa -u m’’mn -’ tt tme e n t i r e  s - n - - i n ins te - i I of - ‘ f l  l i p -’  in ereo a o r an ’ c- -n-’rm e n a - in m’ a c - aim in
inn I . This has in ca - c - u s e t r a e  t cnna a ’ e bs’ a l m o s t  °‘- and thn s repre sents an economic fac-
t or, Tb— mn - i y ation of t u~’~ survey of i ce ‘ r ~r tb  o f  Poin ’ a- aura - n - ia -- m c  again economic , i.e.
o h I a- a rc a - ” -a a re - ‘ -d uo I , ‘ - n t  a -n i v rn-u ’ a onc ua ’~ b ‘bin ice a a im ‘-n-a- us a ’ I , Tn- a -1c c-ne c tim is i-n-n-
i- er-a ’ ‘- rn -p ie -u t in - n p r r O -le ” - s , ina a - a -”mu c ” as am u a a ” i l i e c  n-f a u  t e a t i r i n  e v e r  the su rface -ire
con si In - no ’ ,

~ n- nc l a - n j i nu ’ c r o - an - I — t a~ o m l i si - ui c 5 1 on , 1 , 1 , 1 hr a ’c ’it a ca -m u n refer no I t o  a s “main ni’ m c t i —

s’e , na’ a ’le’ t a ’  d i s c u s s i o n  u-a l state n-f a- t a - n -  a u r a - , oni’ i n o e n i n u  a c P ° r i a - , a - i ’ m - ’ p romisin g areas

‘if’ r e s n - a  nm a~ - P-~ a”n ’ma - i s i a -c - b a- ~a ’ ~ j mon a - ta m - m a e  of a-be last i a - a ’ — ’  a ’ m - b  c-u rIne -a- ca’ ! I c-n e t i  a t  an
u- I — n - n a ’ --- n ’ t— , ’- e r  u-ui lea -us - u i !  s -t t ’e s t iom s t a a i  been al is cu ic ce t , a , ,-, s,n ’---- ’ani:u’ I t ’m e u s —
cau scb r , n -i’m ! s a t e h  th at a l l  t ’a e n- ia j e c t isos n - r e  a l calt w i t u

~~au a - muic t m as possi b l e in the
m i t e  I ne r i o  I a v a i l  aT-  Ic • na ITs’ , “0 than t e I u - mum 1 — t a ’- he p art i c i n  i - - I -  in- ’ the ~ud lence
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