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D r .  R. Maris, Secre tary  of the  Board of t h e  A g r i c u l t u r a l  Univers i ty  

M r .  Chairman, Ladies and Gentlemen, i t  i s  a  g r e a t  honour f o r  me t o  open t h i s  
Symposium of t h e  I n t e r n a t i o n a l  Associa t ion  of Geodesy. On behalf  of t h e  Board 
of t he  A g r i c u l t u r a l  Univers i ty ,  I may extend a h e a r t y  welcome t o  a l l  of you 
i n  the  c i t y  of Wageningen. To be honest ,  we a r e  no t  a t  t he  moment i n  t h e  c i t y  
of Wageningen. We a r e  j u s t  o u t s i d e  i t .  

A s  you may know, many Dutch towns a r e  surrounded by cana l s  f o r  purposes of 
defense i n  o ld  times. 
Famous a r e  t h e  canals  of our  c a p i t a l  Amsterdam. Wageningen too  possesses i t s  
canal .  I f  dur ing  a  break i n  t h i s  conference you look through t h e  window down- 
s t a i r s ,  and i f  you do no t  mind t o  take a  very small  walk through the  garden 
of t h i s  b e a u t i f u l  c e n t r e ,  you w i l l  reach a f t e r  a  few meters t he  boundary of 
our c i t y ,  t h e  c i t y  cana l .  Only one b u i l d i n g  of the  Univers i ty  of Agr i cu l tu re  
i s  s i t u a t e d  i n s i d e  the  o r i g i n a l  town. The o the r  b u i l d i n g s  of our  Univers i ty ,  
about 50, a r e  ou t s ide .  

Why., you may ask,  has the  A g r i c u l t u r a l  Univers i ty  been founded h e r e  i n  Wageningen? 
The town does not  even have a  ra i lway s t a t i o n .  

Well, t he  reason i s  q u i t e  s imple.  J u s t  h e r e  i n  Wageningen one can  f i n d  t h r e e  
d i f f e r e n t  types of s o i l ,  which i s  very  important  f o r  an A g r i c u l t u r a l  School. 
I n  t h e  f i r s t  p l ace  r i v e r c l a y  from t h e  r i v e r  Rhine i n  the  south ;  i n  t h e  second 
p lace  the  low pea t  lands i n  t h e  n o r t h  of our  c i t y ;  i n  t h e  t h i r d  p l ace  the  sandy 
s o i l s  of t h e  Veluwe i n  the  e a s t ,  where we w i l l  have a  r ecep t ion  t h i s  evening. 

Nowadays the  A g r i c u l t u r a l  Un ive r s i ty  had broadened i t s  scope. In  f a c t  a g r i c u l t u r e  
i s  n o t  i t s  only s u b j e c t ,  bu t  t h e  i n t e r r e l a t i o n s h i p  between man, s o i l ,  p l a n t s  and 
animals i s ;  i n  genera l  t he  i n t e r r e l a t i o n s h i p  between man and h i s  environment. 
Our Univers i ty  counts  about 70 departments,  one of which be ing  t h e  Department 
of Surveying and Photogrammetry. This  Department, t he  Department of  Mr. van Wely 
and M r .  Richardus, conducts courses i n  engineer ing  surveying, photogrammetry, 
pho to - in t e rp re t a t ion  and a l s o  remote sens ing  f o r  s e n i o r  s tuden t s  of va r ious  
o the r  depar tmen ts . 
A long t r a d i t i o n  of research  e x i s t s  w i th in  t h e  department. For  many yea r s  r e sea rch  
has  been conducted i n  o p t i c a l  methods of d i s t a n c e  measurements and t h e  in f luence  
of atmospheric r e f r a c t i o n ,  u n t i l  t h e  methods of electro-magnetic d i s t a n c e  measure- 
ment came i n t o  p r a c t i c a l  d a i l y  use.They became s u b j e c t  t o  s p e c i a l  s tudy.  For  t h i s  
reason we a r e  proud of be ing  your h o s t  a t  the  I n t e r n a t i o n a l  Symposium of Elec t ro-  
magnetic Distance Measurement. 

Your papers and your d iscuss ions  w i l l  b e  of h ighes t  s c i e n t i f i c  importance. 
Surely you w i l l  enjoy t h e  personal  con tac t s  too and I wish you a l l  a very use- 
f u l  and very p l easan t  conference.  





Prof.  Ir. G . J .  Bruins,  P res iden t  of t he  Netherlands Geodetic Commission 

M r .  Chairman, Mijnheer de S e c r e t a r i s  van de Landbouwhogeschool, Monsieur l e  
S s c r e t a i r e  ~ G n G r a l  de l t A s s o c i a t i o n  I n t e r n a t i o n a l e  de GiSodZsie, Ladies and 
Gentlemen, 

On behalf  of The Netherlands Geodetic Commission I b id  you a c o r d i a l  welcome t o  
t h i s  Symposium. 

I am glad,  t he  Organising Committee - o r  perhaps I may say  t h e  convenor - 
D r .  Richardus - has chosen Wageningen and the  Agr i cu l tu ra l  Univers i ty  f o r  t h i s  
meeting . 
The mere name of Wageningen and of t h i s  Univers i ty  i s  very we l l  known i n  Dutch 
surveying and geodet ic  c i r c l e s .  Espec ia l ly  our o lde r  Dutch col leagues  w i l l  r e -  
member t h a t  nea r ly  60 y,ears ago - i n  1919 - it  was a t  t h i s  u n i v e r s i t y  t h a t  f o r  
t he  f i r s t  time t h e  educat ion  i n  surveying i n  Holland was brought a t  an  academic 
l e v e l .  

A 4-year course s t a r t e d  a t  t h a t  time. Many surveyors  and geodes i s t s  rece ived  
t h e i r  c e r t i f i c a t e  he re .  

I n  the  fol lowing years  the  head of t h e  new surveying department,  Prof .  Dieperink, 
spent  t he  l i t t l e  time t h a t  he had l e f t  f o r  research  on h i s  s p e c i a l  f i e l d  of in- 
t e r e s t :  " the  o p t i c a l  d i s t a n c e  measurement". 

When, i n  1935, t h e  educ-ation f o r  surveyor was t r a n s f e r r e d  t o  the  Technological 
Univers i ty  a t  D e l f t ,  t he  Department of Surveying a t  t h e  Univers i ty  h e r e  got  t h e  
t a sk  t o  provide l e c t u r e s  i n  surveying f o r  a g r i c u l t u r a l  and f o r e s t r y  s tuden t s .  
Prof .  Kruidhof, who was a t  t h a t  time en t rus t ed  wi th  the l e c t u r e s ,  again had % 

" the  o p t i c a l  d i s t ance  measurement" a s  h i s  s p e c i a l  f i e l d  of research .  

So, on h i s t o r i c a l  backgrounds, t h i s  town, t h i s  Univers i ty  and t h i s  Department of 
Surveying i s  a good' choice  f o r  t h i s  Symposium. 

But times have changed. The r e s u l t s  of phys ica l  r e sea rch  dur ing  t h e  f i r s t  decades 
of t h i s  century  followed by the  r e sea rch  i n  e l e c t r o n i c  technology have changed 
t h e  instruments  and methods of d i s t a n c e  measurement accordingly.  Not only the  
v i s i b l e  l i g h t ,  bu t  many o t h e r  p a r t s  of t h e  range of wave-lengths(or f r equenc ie s )  
a r e  used f o r  t h e  instruments  and methods d e a l t  wi th  dur ing  t h i s  Symposium. 
C h a r a c t e r i s t i c s  of t hese  instruments  - i n  combination wi th  t h e i r  i n t e r n a l  e r r o r s  - 
and the  p r o p e r t i e s  of t h e  raypath - i n  combination wi th  the  e x t e r n a l  e r r o r s  - . 

the  l a t t e r  mainly due t o  meteorological  condi t ions  - w i l l  b e  d iscussed  by you a t  
a most advanced l e v e l  - which I can only fo l low a s  an onlooker,  n o t  a s  a s p e c i a l i s t .  

But perhaps one remark may be  of i n t e r e s t  t o  some of you. 
I t  regards  t h e  meteorological  condi t ions .  For some yea r s  a mast of 200 meters of 
t h e  Royal Netherlands Meteorological  I n s t i t u t e  measures day and n i g h t  t he  meteoro- 
l o g i c a l  d a t a  a t  each m u l t i p l e  of twenty meters he igh t ,  t h e  knowledge of which i s  
very  important  f o r  t he  atmospheric r e f r a c t i o n ,  a s u b j e c t  of t h i s  Symposium. 

M r .  Chairman, Ladies and Gentlemen, 
The Netherlands Geodetic Commission wishes you a very good Symposium. 
May your e f f o r t s  be f r u i t f u l  i n  every r e s p e c t  and g ive  the  r e s u l t s  you a r e  hoping 
f o r .  





Mr. M. Louis, Secretary General of the International Association of Geodesy 

Monsieur la Secrgtaire du Centre International d1AgricultureS 
Monsieur le PrEsident du Comit6 National nEerlandais de 
GEodEsie et G60physique~ 

Monsieur le PrEsident du ComitE d'organisation, 

Mesdames, 

Mes chers CollZgues, 

Au nom de llAssociation International de Gdodgsie je tiene a 
remercier chaleureusement Monsieur le Recteur de l'univeraitd 
dlAgriculture et Monsieur le SecrEtaire-Gdn6ral qui noua accueillent 
si aimablement dans cette charmante cit6 calme et pourtant ai 
industrieuse. 

Je renercie l a  Comissi~n gg~dgsique ngerlandaise qui ooug a 
invitzs et le Comit6 d'organisation du Symposium qui s'eot depend sane 
compter pour que nos travaux se ddroulent dans les meilleuree condi- 
tions. Avec de tels atouts ce "Symposium international eur la mesure 
6lectromagnGtique de distance et l'influence de la r6fraction 
atmosphfSrique" ne peut Gtre qu'un succZs. 

Come dans une piiice de thgstre, le rideau se lsve, le d6cor est 
plantE, rien n'y manque, les acteurs peuvent venir en sciine ..... 
11s vont tenir leur r61e, ils vont nous dire combien les m6thodes 
devenues si prEcieuses de mesure ElectromagnEtique de distance ont 
encore progress6 depuis la dernizre confErence internationale, 
comment les instruments se sont perfectionnes grsce 2 une 
collaboration fructueuse entre les constructeurs et les utilisateurs, 
comment l'on peut, B prssent, aborder et rEsoudre le problsme li6 
2 la si capricieuse mi2t&orologie. Puissent ces acteurs Stre clairs 
et convaincants, mais aussi ouverts au dialogue avec tous les 
collGgues ici prEsents. Car l& est bien llintErSt de tout symposium. 
C'est le lieu privilEgiE de rencontre entre ceux qui cherchent, 
ceux qui trouvent parfois, ceux qui subissent des Echecs mais 
ne se dEcouragent pas ........ Ainsi tous mettent en conmun pendant 
plusieurs jours leurs exptriences et leurs r6flexions. 
Lorsque le rideau retombera sur notre sciine de thE4tre nous 
repartirons avec de nouvelles connaissances, de nouvelles certitudes, 
et aussi de nouvelles voies de recherche. 

Ainsi progresse la Science, des Etapes 03 chacun est confront6 
seul avec la r6alit6 et les difficultEs, puis des rencontres 03 
tout se discute, tout s'explique et s'gclaire ...... 

Merci encore h ceux qui, par leur g6ntSrositE et leur hospitalit6 
si chaleureuse, vont nous permettre d'avoir, pendant ces quelques jours 
de franches et amicales discussions qui font vivre et progresser la 
connaissance. 





Prof. E. ~ e n ~ s t r z m ,  Chairman of the  S . S . G .  1 :42 of the  I .A.G.  

I J ~ c r t .  Ur, l ' ldri : i ,  d e a r  forernun, colleagues, ladies and 

gun t 1enrer1, 

I feel greatly honoured through the fact, that I myself 

and my study group 1.42 of IAG have been given the opportunity 

to play a role at this important symposium. 

The theory of electromagnetic wave propagation in a planet's 

atmosphere, which includes also its ionosphere, is of great 

importance for a correct interpretation from geometrical and 

physical observations of received wave signals, travelling 

through this atmosphere. Psiqg geodetic observations with new 

techniques for the Earth-Moon system, and for the whole planet- 

ary system, it is now-a-days possible to study the geometry and 

the gravitational fields of all bodies in our solar system, 

eliminating errors of wave propagation with great accuracy. 

In interpreting our observation data, the propagational 

behaviour of signals of various frequencies, which we receive 

at our Earth-bound sites, is very essential. The knowledge of 

the distribution in space of the index of refraction in various 

spectral regions, used for our information, is certainly necess- 

ary, if we should be able to draw correct conclusions from the 

received signals. 

For observations in the Earth's atmosphere, this could be 

done in three ways: 

Pro primo: From the knowledge of the atmospheric conditions, 

given to us by meteorological and ionospheric observations 

along the line of the propagated wave-signal, and made simul- 

taneously with the geodetic measurements. 

Pro secundo: From adjustment of geometrical figures with re- 

fractional parameters originally unknown but obtained in the 

LS-solution. 

Pro tertio: Elimination of atmospherical effects by dispersion 



Tt~t::.c: t t l ~ . t : e  dt;l)ucLt; o f  s t u d y i n g  ~ , t : f r - , a c t i o n a l  ( w a v e  p r o -  

p d g a t  i o n  ) ~ ~ ~ - o b l e ~ r ~ b  f o r .  c e o d e s y  d r ~ d  p l a n e t a r y  g e o m e t r y  a n d  

p h y s i c s  a r e  a l l  h e r e  i n  Wagen ineen  of  g r e a t  i m p o r t a n c e  a n d  

w i l l  b e  p r e s e n t e d  w i t h  p a p e r s  f r o m  v a r i o u s  members o f  my 

s t u d y  grXoup.  

I am happy  t o  s a y ,  t h a t  more  t h a n  o n e  t h i r d  o f  t h i s  g r o u p  

( 1 . 4 2 1  i s  h e r e ,  a n d  w i l l  t r y  t o  i m p o s e  on you t h e i r  p o i n t s  

o f  v i e w .  

A s  t o  my own o p i n i o n ,  t h e  m u l t i - w a v e  m e t h o d  w i l l  r e p r e s e n t  

a g u i d e - l i n e  f o r  t h e  f u t u r e  i n  o u r  work  t o  o b t a i n  a  c o r r e c t  

g e o d e t i c  i n t e r p r e t a t i o n  o f  p r o p a g a t e d  s i g n a l s ,  w h i c h  means  

e l i m i n a t i n g  a l l  a t m o s p h e r i c a l  e f f e c t s  of  no  i n t e r e s t  t o  u s -  

On t h e  o t h e r  hand  c o u l d  t h e  e l i m i n a t e d  a t m o s p h e r i c  i n t e g r a l s ,  

i n  t h e  f o r m  t h e y  a r e  g i v e n  t o  u s ,  i m p r o v e  t h e  k n o w l e d g e  of  

t h e  wave p r o p a g a t i o n  i n  t h e  a t m o s p h e r e  o b s e r v e d ,  a n d  t h u s  

a l s o  i m p r o v e  o u r  k n o w l e d g e  o f  t h e  c o m p o s i t i o n  a n d  b e h a v i o u r  

o f  o u r  a t m o s p h e r e .  

Two f r e q u e n c y  t e c h n i q u e s  a r e  a l r e a d y  u s e d  w i t h  s u c c e s s  t o  

e l i m i n a t e  r e f r a c t i o n a l  e f f e c t s  i n  v a r i o u s  g e o d e t i c  m e a s u r e m e n t s ,  

e . g .  i o n o s p h e r i c  e f f e c t s  i n  D o p p l e r ,  r e c e n t l y  a l s o  i n  V L B I  

[ V e r y  Long B a s e l i n e  I n t e r f e r o m e t r y ) ,  a n d  d r y  a t m o s p h e r i c a l  

e f f e c t s  i n  a n g l e -  a n d  e l e c t r o m a g n e t i c  d i s t a n c e  m e a s u r e m e n t s .  

F o r  h i g h e r  i o n o s p h e r i c  c o r r e c t i o n  t e r m s  a n d  e v .  f o r  humid 

a t m o s p h e r e  w e  w o u l d  n e e d  more  t h a n  two f r e q u e n c i e s ,  s u i t a b l y  

c h o s e n  i n  t h e  e l e c t r o m a g n e t i c  s p e c t r u m .  O r  w e  h a v e  t o  t r u s t  

s i m u l t a n e o u s  o b s e r v a t i o n s  of o t h e r  k i n d .  

D e p e n d i n g  on t h e  d u r a t i o n  o f  o u r  m e a s u r e m e n t s ,  l o n g e r  o r  

s h o r t e r  p e r i o d s  o f  r e f r a c t i o n a l  c h a n g e s  h a v e  s i g n i f i c a n c e .  

I t  i s  t h e  d u t y  o f  o u r  g r o u p  t o  t r y  t o  a n a l y s e  t h e  a m p l i t u d e s  

a n d  p h a s e s  i n  v a r i o u s  p a r t s  o f  t h e  r e f r a c t i o n a l  o s c i l l a t o r y  

s p e c t r u m .  D e n s e  d e t e r m i n a t i o n s  o f  r e f r a c t i o n  a t  s m a l l  t i m e -  

i n t e r v a l s ,  u s i n g  m u l t i p l e  wave m e t h o d s ,  s h o u l d  b e  d o n e ,  a n d  

s p e c t r a l  a n a l y s i s  o f  t h e  r e s u l t s  b e  made,  s o  t h a t  t h e  b e -  

h a v i o u r  o f  t h e  a t m o s p h e r e  a n d  i o n o s p h e r e  w i l l  b e  b e t t e r  u n d e r -  

s t o o d .  U s i n g  l a s e r s  i n  o p t i c a l  g e o d e t i c  m e a s u r e m e n t s  f o r  e l i -  

m i n a t i n g  t h e  i n f l u e n c e  of  r e f r a c t i o n ,  i t  i s  p o s s i b l e  t o  make 
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s u f i ' i  c i e r ~ t  t u  u t ~ L d i n  l:oud ~ i ~ ~ e a s u ~ ~ ~ ~ l ~ l c :  i n t e r f e r e n c e  p a t t e r n s .  

i l f i:uoIstjt;, t h e  vr i l ' ious m u l t i  -wave:? n ~ u t h o d s  s h o u l d  b e  

a l ~ t ; o l u t ~ l y  t e s t e d  t ~ e f o r u  w e  can r.each a  f u l l  c o n v i c t i o n  i n  

them. MeL.liods f o r  such  t e s t s  ought  t o  be e l abor -a ted  f o r  

v a r i o u s  t y p e s  of g e o d e t i c  and astronomic measurements .  T h i s  

i s  a l s o  a t a s k  f o r  t h e  g roup .  

The v a r i a t i o n s  we o b s e r v e  i n  o u r  c o r r e c t i o n s  i s  p a r t l y  

due t o  r e a l  e x t e r n a l  p h y s i c a l  c a u s e s  i n  t h e  medium of  t h e  

p ropaga ted  s i g n a l ,  p a r t l y  t o  i n s t r u m e n t a l  c a u s e s .  I n  t h i s  

c o n n e c t i o n  i t  s h o u l d  be emphas ' ized,  t h a t  t h e  word n o i s e  

m u s t  be used w i t h  c a r e .  I n  f a c t ,  n o t h i n g  i s  s t o c h a s t i c ,  e v e r y  

e l o n g a t i o n  i n  o u r  t i m e s s e r i e s  has  i t s  c a u s e  and s h o u l d  be e x -  

p l a i n e d .  The word n o i s e  c o n t . r a r y  t o  t h e  word s i g n a l  i s  o n l y  

an e x c u s e  f o r  o u r  l a c k  of  knowledge of t h e  c a u s e s .  P e r h a p s  

we may s a y ,  t h a t  n o i s e  i s  t h a t  p a r t  a f  t h e  v a r i a t i o n s ,  which 

f o r  t h e  moment i s  i m p o s s i b l e  t o  s t u d y  by s p e c t r a l  a n a l y s i s .  

That  i s ,  no peaks  i n  t h e i r . s p e c t r a 1  d e n s i t y  can be d e t e c t e d .  

The o n l y  t h i n g  we can do  i s  t h e n  t o  t r y  t o  improve o u r  i n s t r u -  

ments  and o b s e r v a t i o n a l  t e c h n i q u e s ,  s o  t h a t  t h e  n o i s e  l e v e l  

i s  s u f f i c i e n t l y  low compared t o  e r r o r s  a c c e p t e d  f o r  t h e  

p h y s i c a l  i n t e r p r e t a t i o n .  

We i n  t h e  SSG 1 . 4 2 ,  which I r e p r e s e n t  h e r e ,  a r e  d e a l i n g  

w i t h  r e s u l t s  f rom v a r i o u s  t y p e s  of i n s t r u m e n t s ,  and a r e  o f  

c o u r s e ,  i n t e r e s t e d  i n  a  h o n e s t  and r e a l i s t i c  i n f o r m a t i o n  of 

t h e i r -  - c l e a r l y  d e f i n e d  - n o i s e  l e v e l ,  and i n  e v e n t u a l  i m -  

p rovements  f o r  e l i m i n a t i n g  s y s t e m a t i c  e r r o r s  i n  them. T h i s  

i s  a  t a s k  f o r  t h e  c o n s t r u c t o r s  of o u r  i n s t r u m e n t s  which 

n a t u r a l l y  a l s o  i n c l u d e s  s p e c t r a l  a n a l y s i s  of v a r i o u s  e r r o r s  

of o b s e r v a t i o n s ,  done w i t h  them, a s  we e . g .  d i d  w i t h  o u r  

t h e o d o l i t e  s c a l e s  once ,  b u t  i n  a  more r u d e  way, a p p l y i n g  

L e a s t  S q u a r e s  on o u r  F o u r i e r s e r i e s .  

Would i t  n o t  be of  i n t e r e s t  t o  c r e a t e  a  s t u d y  group i n  

I A G ,  d e a l i n g  w i t h  such  i n s t r u m e n t a l  q u e s t i o n s ?  T h i s  g roup  

could  i n t i m a t e l y  c o l l a b o r a t e  w i t h  SSG 1 .42  and o t h e r  s t u d y  

g r o u p s ,  and such a  c o o p e r a t i o n  would p r o b a b l y  i n t e n s i f y  t h e  

m a n u f a c t o r e r s '  and i n v e n t o r s '  e f f o r t s  t o  improve t h e i r  i n -  
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! ; t u d ~ i  L::; o t' tl~t: wavu f ~ r u p d i ! a t  i o n  i n t h e  a t m o s p h e r e  and  

ior~r~: ;phcr 'c  l ry  111t:ans o f  s u c h  i n s t r u r ~ l e n t s  w i t h  l o w  n o i s e  

l e v e l  dnd r ~ e g l i g e o b l e  s y s t e m a t i c  u r r a o r s ,  i s  a l s o  t h e  t a s k  

o f  u u r  s t u d y  g r o u p .  C h d r a c t e r i s t i c  p a r a m e t e r s  o f  t h e  a t m 0 s -  

pherso, s u c h  a s  d e n s i t y ,  t e m p e r a t u r e ,  w i n d v e l o c i t y  componen ts  

e t c .  can  be  s t a t i s t i c a l l y  i n v e s t i g a t e d  f r o m  r e c o r d s  o f  them. 

Rega rded  as  s t a t i o n a r y  o r  g e n e r a l l y  n o n s t a t i o n a r y  r andom 

f u n c t i o n s ,  c o r r e l a t i o n  f u n c t i o n s  m i g h t  be  c o n s t r u c t e d ,  f r o m  

w h i c h  t h e  s p e c t r a l  d e n s i t y  can  be  d e r i v e d .  I n  t h e  n o n s t a t i o n a r y  

c a s e  t h e  mean v a l u e  changes  w i t h  t i m e ,  b u t  we can  d e s c r i b e  t h e  

p r o c e s s  by  t h e  d i f f e r e n c e  F ( t 1  = f ( t + ~ l  - f [ t ) ,  whe re  T = 

t ,  - t l  i s  n o t  t o o  l a r g e .  S l o w  changes  i n  f [ t )  do  n o t  a f f e c t  

F T *  
s o  F  can  b e  r e g a r d e d  as  a p p r o x i m a t e l y  s t a t i o n a r y .  T h i s  

T 
d e r i v e d  random f u n c t i o n  w i t h  s t a t i o n a r y  f i r s t  i n c r e m e n t s  d e -  

f i n e s  t h e  s .c .  s t r u c t u r e  f u n c t i o n ,  f r o m  w h i c h  t h e  c o r r e l a t i o n  

f u n c t i o n  and  t h e n  t h e  s p e c t r a l  d e n s i t y  m i g h t  be f o u n d .  F o r  

f u r t h e r  t h e o r y  see  e.g. T a t a r s k i .  [ l] 

I w o u l d  be v e r y  i n t e r e s t e d  if i t  c o u l d  be  d e c i d e d ,  t h a t  

v a r i o u s  p r o b l e m s  o f  s p e c t r a l  a n a l y s i s  o f  t h e  p h y s i c a l  compo- 

n e n t s ,  d e t e r m i n i n g  t h e  n-map as  a  f u n c t i o n  o f  t i m e  and t h u s  

a l s o  t h e  wave p r o p a g a t i o n  i n  v a r i o u s  s p e c t r a l  r e g i o n s  c o u l d  

1.1e t o u c h e d  d u r i n g  t h e  w o r k s h o p  on F r i d a y .  I n  any  case,  p l a n s  

f o r  i n t e n s i v e  s t u d i e s  i n  t h e  f u t u r e ,  w i t h  t h e  b a s i c  t h e o r i e s  

o f  l a t a r s k i  and  t h e  c o n t r i b u t i o n  f r o m  B1.ackband 1 9 6 2  [ 2 ]  

c o u l d  t h e n  b e  p l a n n e d  i n  my g r o u p  d u r i n g  t h i s  symposium. 

The s p e c t r a l  a n a l y s i s  c o n c e p t  i s  c e r t a i n l y ,  t o d a y  r e -  

p l a c i n g  LS-methods  i n  o u r  a t t e m p t s  t o  f i n d  p h y s i c a l  l a w s  

h e h i n d  t h e  s t a t i s t i c a l  b e h a v i o u r  o f  o u r  o b s e r v a t i o n s .  

Q u i t e  as  a  s t u d y  o f  t h e  t o t a l  r e f r a c t i o n a l  v a r i a t i o n s  

and  i t s  p h y s i c a l  componen ts  i n  a f o r e m e n t i o n e d  way m u s t  deepen  

o u r  k n o w l e d g e  o f  a l l  t y p e s  o f  e l e c t r o m a g n e t i c  wave p r o p a g a -  

t i o n  i n  v a r i o u s  med ia ,  t h e  i n v e s t i g a t i o n  o f  t h e  w h o l e  geo -  

d y n a m i c a l  s p e c t r u m  has  become e s s e n t i a l  nowadays.  Long  p e r i o d  

v a r i a t i o n s ,  E a r t h  T i d e s ,  F r e e  O s c i l l a t i o n s ,  v e r y  s h o r t  p e r i o d s  

r e c o r d e d  f r o m  s e i s m i c  w a v e s p a r e  o n l y  s p e c t r a l  p a r t s  o f  i t ,  b u t  

i n v e s t i g a t i o n s  o f  a l l  t h e s e  p a r t s  a r e  n e c e s s a r y  f o r  a  t o t a l  



u r l L l ~ r b t  i l r ~ d i ~ ~ ~ ;  u f  l . t ~ t  l d l  t l l ' s  lst:spurlbt! t u  v d r i o u s  e x t e r n a l  

a n ~ I  i n t e r n a l  f o r ~ t : s  dnd c o n s e q u e n t l y  a l s o  f o r  f i n d i n g  o u t  

t l \ t ~  t a r t h ' u  i r ~ t t ? ~ - r l a l  p h y s i c a l  p r o p e r t i e s .  

I drn c l o s i n g  t h i s  s h o r t  r e v i e w  of  t h e  p e r t i n e n t  w o r k  

un L DIY and r . c f r d c t i o r l  and my recommenda t i ons  f o r  t h e  i n -  

t e r ~ s i f i c a t i o n  o f  t h i s  wo rk  b y  t e l l i n g  you t h a t  I am p r o u d  

t o  be d b l e  t o  d e v o t e  my t i m e  t o  s u c h  an i m p o r t a n t  s t u d y  

g r u u p  as 1.42,  t h e  a c t i v i t i e s  o f  w h i c h  a r e  o f  v e r y  g r e a t  

i n i p o r t a n c e  f o r  geodesy .  

IYany p r o b l e m s  o f  wave p r o p a g a t i o n  and r e f r a c t i o n  (e .g .  

p d r a l l a c t i c  r e f r a c t i o n  and sh immer )  r e m a i n .  S t u d y  g r o u p s  

o f  o u r  k i n d  w i t h  r e p e a t e d  m e e t i n g s  be tween  t h e  a s s e m b l i e s ,  

and w i t h  w e l l  d e f i n e d  g o a l s  and  programmes a r e  - and  w i l l  

a l w a y s  b e  - e s s e n t i a l  f o r  t h e  s c i e n t i f i c  a c t i v i t y  o f  o u r  

a s s o c i a t i o n .  I A G  i s  one o f  t h e  o l d e s t  i n t e r n a t i o n a l  communi- 

t i e s .  We s h o u l d  t h a n k  God t h a t  we b e l o n g  t o  t h i s  a s s o c i a t i o n ,  

b e i n g  s t i l l  one o f  t h e  b e s t  w o r k i n g  r e s e a r c h  c o m m u n i t i e s  i n  

t h e  w o r l d ,  n o t  l e a s t  because  o f  i t s  s t u d y  g r o u p  a c t i v i t i e s .  

To d e s t r o y  t h e  SSG-system w o u l d  b e  t o  h e l p  I A G  t o  d i e .  B u t ,  

o f  c o u r s e ,  and I t h i n k  M r  L o u i s  a g r e e s  w i t h  me, t h e i r  w o r k  

m u s t  be made as e f f i c i e n t  and up t o  d a t e  as p o s s i b l e  i n  a l l  

r e s p e c t s ,  so t h a t  i t  does  n o t  l o o s e  i t s  o r i g i n a l  mean ing ,  

a l w a y s  t o  c r e a t e  f r e s h  b l o o d  t o  o u r  b e l o v e d  a s s o c i a t i o n .  

We have  h e r e  t o d a y  my f r i e n d  M r  Knud P o d e r  p r e s e n t ,  who 

was b e f o r e  G r e n o b l e  p r e s i d e n t  o f  t h e  EDM s t u d y  g roup ,  w h i c h  

was c a n c e l l e d  t h e r e .  U n f o r t u n a t e l y  t h i s  g r o u p  was n o t  r e -  

p l a c e d  b y  a n o t h e r  one i n  t h e  a r e a  o f  i n s t r u m e n t a l  e r r o r s  o f  

EDM measurements ,wh ich  was s u g g e s t e d .  I hope, t h a t  a  new 

g r o u p  m i g h t  be c r e a t e d  d u r i n g  t h e  f o r t h c o m i n g  assemb ly  i n  

A u s t r a l i a ,  e s p e c i a l l y  d e a l i n p  w i t h  i n s t r u m e n t a l  p r o b l e m s ,  

And I hope, t h a t  M r  P o d e r  w i l l  a c c e p t  t o  c o n d u c t  i t .  I w o u l d  

b e  happy,  if t h i s  happens,  and I hope I'll l i v e  as  l o n g  t o  b e  

a b l e  t o  s t a r t  t h e  c o o p e r a t i o n  p e r s o n a l l y  w i t h  h i m  and h i s  

group-members.  

I t  i s  q u i t e  n a t u r a l ,  t h a t  Knud t a k e s  t h e  c h a i r m a n s h i p  f o r  

o u r  s e s s i o n s  t o d a y  be tween  14.00 and 17.00, w h i c h  c o n t a i n  

p a p e r  p r e s e n t a t i o n s  o f  g r e a t  i n t e r e s t  t o  a  p r e s u m p t i v e  SSG 



l i 1 1  I jus t  ~ ~ ~ c : r ~ L i o r ~ e d .  

Krlucl F o t l ~ : ~ .  hds,  f o r % t u n a t t . l y ,  a g ~ . e e d  t o  t a k e  t h i s  r e s p o n s -  

i b i l i t y ,  and 1 d s k  h i m  t o  s t a n d  up b e f o r e  us t o  r e c e i v e  an 

d p f ~ l a u d c  f u r -  h i s  d c c i s i o n  and a l s o  n o t  l e a s t  f o r  a l l  p r e -  

v i o u s  c o n t r i t ~ t ~ t i o n s  o f  h i s  t o  t h i s  a r e a  of  t h e  I A G  r e s e a r c h .  
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S i l v e r m a n ) ,  Dover  Publ . ,  New York  1967. 

[ 21  Blackband,  W.T. ( e d . ) :  P r o p a g a t i o n  o f  Rad io  Waves a t  

F r e q u e n c i e s  Below 300 kc /s .  

( P r o c e e d i n g s  o f  t h e  Seventh  m e e t i n g  o f  t h e  

AGAR0 I o n o s p h e r i c  Research  Committee, Munich 

19621, Pergamon P r e s s  1964. 



Introduction by Dr. K. Poder, Chairman. 

Dear Colleagues, 

The subject we are going to deal with this afternoon, is more or 

less the " machinery " in Electro-magnetic distancemeasurements. 

When you consider the evolution of the EIlM instrumentation, then 

in the beginning we had only the geodimeter, with which it 

was possible to cover a range of 20 km; there were rumours, 

however, of people who measured distances of 45 km. But it turned out 

in the beginning that the aim of measuring first order sights 

directly was very hard to achieve in general visibility 

conditions, and my personal opinion at the time was that it was 

going to have the same fate as the invar wires, which originally 

were envisaged to be used for measuring first order sights directly, 

but turned out in most cases just to be used for base lines of some 

few km. Some (few1 nations have used longer lines, but the average 

hvar baselines were 12 km. I felt that electro-optical instrumen- 

tation could not achieve the goal of observing first order sights. 

Later, the machinery gave this possibility, there were lasers and 

better optics and there were microwave instruments so that the 

direct termination of the first order sights became possible. 

The situation was then that the refraction was more or less a 

dominant problem, the instrumental errors were not very significant 

as a matter of fact. Tf the instrument had a reasonable stable 

frequency, then it muld produce a reasonable length standard; 

it was actually difficult to make a crystal oscillator that bad, 

that one obtained a badly determined frequency. And so, what we 

focused on was more or less the refraction. Then, let us say, not 

according to the wish of the geodesists, but more or less possibly 

to satisfy the wishes of the ordinary landsurveyors and cadastral 

surveyors, there were short range instruments; they often applied 

infrared light, and in general had a very good resolution, and were 

intended to measure short ranges. They of course were clearly not of 

interest to geodesy, that was at least my assumption. 



Later we found out that there could possibly come a lot of 

advantage to geodesy in measuring short lines; They would have 

the advantage that the requirement to meteorology as to the 

refractive index of air, the model would be much simpler, because 

one only had to cover the short range in which one were propagating 

the signal. This meant that the chances of determining the refractive 

index with a good approximation just from simple determining 

measurements was much Getter. 

This raised the question of instrumental errors. Because 

obviously, if you instead of measuring a 40 km line with may be 

a systematic index correction of, let's say some millimeters or half 

a centimeter, one could subdivide this line in 20 sections 

of 2 km each, then of course the index of the instrument became 

very important. So the instrumental requirements were actually 

much higher than those for first order sights. And I think we are 

going to see a lot of scale determinations in the fundamental 

networks, coming from many short lines, in addition to the triangulation. 

So I see we should be thankful for the work that has been 

done, and encourage other research on this subject. 

This is my introduction to the discussion on the " machinery " 
and I hope that you know this is a friendly community here 

and all contributions are welcome. I also hope we can have good 

discussions an the subjects presented here. 

The first speaker this afternoon is dr. Bradsell, who is nearly 

one of the old timers in EDM. I visited Dr. Bradsell around 1960, 

when the mekometer was some electronic component on a piece 

of pliewood, He demonstrated how it had a tremendous amount of 

light, and that was the time where we had all the trouble with 

the weak light of the early model one geodimeter. That was my 

first meeting with Dr. Bradsell; it has been nice to see him at all 

time, and I think you all will enjoy what he has to say. 



A SIMPLE CALIBRATOR FOR THE MEKOHETER EDH INSTRUMENT 

R . H .  Bradsell, Division of Quantum Metrology, National Physical Laboratory, 
Teddington, Middlesex, United Kingdom 

Abatract 

A system is described which w i l l  allow a Mekometer EDM instrument 

t o  be calibrated by the  user who wishes t o  achieve t h e  greatest  possible 

accuracy. The operating frequency is compared with an of f -a i r  standard 

t o  an acowacy of b e t t e r  than one part per million. The ca l ibra tor  w a s  

developed f o r  use with t h e  NPL prototype Mekometer 111, r e s u l t s  on t h e  

long-term s t a b i l i t y  being given by Froome and Bradsell (1977); however 

it is fully applioablo t o  the  Kern HE 3000. 

Introduction 

Many EX%! instruments require only a simple frequency measurement by way of 

cal ibrat ion since t h e i r  opt ica l  o r  microwave ca r r i e r  wave is contir~uously 

modulated. To appreciate the system used t o  ca l ibra te  the Mekometer it is f i r s t  

necessarde t o  understand the  way i n  which i ts  opt ical  ca r r i e r  wave is modulated. 

The instrument produces a burst of modulation (approx 500 MHZ) with a duration 

of 40 ps and a frequency of (fm + A f )  ten  milliseconds l a t e r  a second b u s t  

with a frequency of (fm - A f ) ;  t h i s  process is repeated continuously. What 

we require t o  measure is t h e  modulating frequency f'm. It can be seen tha t  

t h i s  modulating frequency is i t s e l f  frequency modulated at 100 He with an excursion 

i n  the  order of 100 kHz. 

The Hethod 

In  essence t h i s  is very simple. A s table  but tunable osc i l l a to r  i s  adjusted 

t o  produce a continuous wave s ignal  a t  frequency fm and t h i s  is mixed with the  

modulation s ignal  available from the  t e s t  socket on the  ME 3000 and the  
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resulting heterodyne beat is displayed on an oscil lo~cope set  so that it 

trigcers on each mcdulation burst and displays 40 gs approximately f u l l  screen. 

When the WO is set to  exactly fm the oscillossope w i l l  show a beat o f n f  on each 

time h s e  weep nnd these w i l l  be exactly superimposed. A variaticc of ?P-e ?F@ 

frequency of as l i t t l e  as one mrt per million shows a clear difference betwclan 

the alternate beat signal patterns when superimposed on a oathode ray tube. 

The repetition ra te  of 100 He anrures that  there is no flioker. 

This is based as f a r  as possible on commercially available instrrmnents and 

the general layout i s  shown in  the block d!agram. The only items which wen 

especially produced were the crystal controlled VFO and the frequency multiplier 

and these w i l l  be described in  de ta i l  later.  

The YFO produces a signal at about 15.6 MHe which has very good short term 

s tab i l i ty  and can be f ine  tuned. This signal is multiplied by thirty-two t o  bring 

it up t o  h, at about 500 MHz, here a double balanced mixer is 

urred t o  generate the beat which is then displayed on the oscilloscope. This 

oecilloscope does not have t o  have great frequency response since the beat it sees 

has a fr-uoncy less than 100 H e ,  it is only required t o  have good triggering and 

adequate .brace brightness t o  view a 40 vs  duration beat at 100 H s  repetition rate. 

The normal amplitude of the beat signal is of the order of 100 mV peak t o  peak. 

To colmpute the Mekometer modulating frequency it is only necessary t o  

measure the VPO frequency of about 15.6 MHz with a oounter giving 1 He resolution 

and multiply the result by thirty-two. It is necessary that the frequency counter 

wed should have the f ac i l i t y  of connecting an external clock, normally 1 or 10 MBr, 

minde moet counters w i l l  not have an internal crystal oscil lator  of sufficient 

aocuracy. The clock frequency i s  most conveniently provided by an off-sir standard 

and i n  our case used the 200 kH5 transmission from Droitwich whose carrier  when 

used t o  phase-lock a quart% crystal oscil lator  has more than adequate accuracy. 

Off-air s:andord receivers are r d i l y  available commercially. 
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V'JO and Multiplier  

The var iable  frequency o s c i l l a t o r  is quartz c rys t a l  controlled and i s  of t he  

Clapp variety.  The o s c i l l a t o r  is tuned, ovor t h e  l i m i t e d  range required 

t o  ca l ib ra te  a Mekometer, by varactor  so as t o  give -00th noiseless  tuning. 

Excellent short  term s t a b i l i t y  is achieved with no d r i f t  a f t e r  a tuning 

adjustment has been made. The o s c i l l a t o r  is b u f f e n d  by a FET source follower 
* 

stage so tha t  t he  frequency counter can be connected without frequency pulline;. 

A s  can be seen from the  c i r c u i t  diagram the  AT-cut quartz c rys t a l  o s c i l l a t e s  i n  

t he  fundamental mode, however t he  second harmonic at 31.2 MHz is picked of f  by a 

tuned c i r c u i t  i n  t h e  t r a n s i s t o r  c ~ l l e c t o r  where it is successively mult ipl ied 

by four  s tages  of s ing le  t r a n s i s t o r  doublers u n t i l  t h e  frequency reaches 5OO Bfl,nIz, 

here an amplifier  i~ used t o  clean up t h e  s ignal  and r a i s e  t h e  l eve l  t o  about 

20 mu. To prevent any tendency t o  frequency-pull t h e  double balanced mixer is 

buffered by a 20 dB, 50 ohm at tenuator  pad. The ~ ~ ~ / m u l t i ~ l i e r  is b u i l t  i n t o  a 

small compartmented box which can include t h e  20 dB pad and mixer. 

In  t h e  NPL prototype ca l ib ra to r  t h e  above uni t  together with t h e  counter 

and of f - s i r  standard were incorporated i n t o  a s ing le  carrying case and ba t te ry  

operated. The only external un i t  was the  oscil loscope,  thus t h e  un i t  l en t  

i t s e l f  t o  f i e l d  use. 

The Calculation 

The design of t he  Mekometer ME 3000 is such t h a t  it has an in t e rna l  w a v e l e r i ~ ~  

(not frequency) standard which compensates f o r  t h e  changing r e f r ac t ive  index of - 

t h e  air  by a l t e r i n g  t h e  modulation frequency of t h e  instrument so as t o  maintain 

a constant wavelength of i n  f a c t  600 mm. It is c l ea r  t h a t  t o  c a l i b r a t e  a Mekome;el 

it i e  necessary t o  compute t he  modulation frequency it ehould give under t he  

prevai l ing atmospheric conditions and t o  compare t h i e  with t h e  ac tua l  measured 

value. From a knowledge of air temperature and pressure t he  prevai l ing refract-.;,: 
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index can be calculated and the  following formula gives t h e  modulation frequecc;! 

f'm i n  YMz from t h e  temperature T i n  K and pressure P i n  mmHg: 

In  Concl u ~ i o n  

The ca l i b r a to r  described has been i n  operation over a considorable period 

and has been found t o  be quick and simple t o  use. A t  first s igh t  it might 

seem tha t  t h e  necess i ty  of having an oscil loscope might be a disadvantsge, 

however i n  pract ice  it much increases t h e  v e r s a t i l i t y  of t h e  device s ince 

considerable diagnost ic  information is ava i lab le  f r o m  t h e  oecil loscope t race .  

For instance t h e  degree of frequency modulation, modulation pulse length, 

frequency s t a b i l i t y  during t he  pulse, Q f a c t o r  of t h e  wavelength standard may 

a l l  be monitored i n  addi t ion t o  a frequency measurement of accuracy i n  excess 

of one par t  i n  a million. 
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LONG-TERM STABILITY OF AN NPL MEUOMETER I l l  WAVELENGTH STANDARD 

K . D .  Froome and R.H. Bradsell, Division of Quantum ~ i t r o l o ~ ~ ,  National Physical 
Laboratory, Teddington, Middlesex, United Kingdom 

Abrtrrct 

One of the unusual features of the Mekometer is the use of a 

rmrll microwave cavity resonator, constructed of fused quartz, to 

control the wavelength of the polarization modulation on the light 

beam used for distance measurement. A brief history of the evolution 

of this standard is given, followed by details of the performance of 

the lOPL Metric Mekometer I11 extending over a period in excess of 

. 8ix 7-6. 

1. Introduction 

The Mekometer began its life as a laboratory demonstration of the 

feasibility of using polarization modulation of a light ray for short- 

ranae electromagnetic distance measurement (EDM) (~roome and Rradsell 

1961, 1963). In fact, the modulation frequency of this experimental 

Mk I was very high, namely 9 GHz and corresponded to a modulation wave- 

length uf only 3.3 cm, the object of the research at this time being to 

6tudy new methods for the calibration of invar tapes of up to 50 m in 

length. 

However, it occurred to us that a more beneficial line to pursue 

would be to produce a short-range EDM system which could replace the tape 

(inexpensive to purchase; very expensive to use) for distance measure- 

ment in the range of up to say, one mile or 1.5 km. Today short range 

EDM i e  universally accepted, but at the time of Mekometer I the suggestion 

appeared very revolutiona~y end, undoubtedly, it was this factor which 

deleyed the production of Mekometer I1 which did not appear until 1966 

(~roomc and Bradsell 1966). 



The rim behind Mekometer I1 was stated as follows: "Mekometer I1 

bar been derigned a5 a prototype inr?.?r-:rr.nnt to investiccte the ze%s:l?em 

mcnt of lengths up to about 5000 ft (1.5 km) in the sin~plest possible 

manner. The potential users for such an instrument would be builders, 

engineers, and those surveyors interested in town and property measure- 

ment. For those purposes it is highly desirable that the required 

distance should be obtained directly without any calculations, calibra- 

tions or the customary atmospheric refractive index observations. Also, 

the accuracy should be better than 1 in lo5 in order to satism 

engineering requirements and the sensitivity should be at least 1 mmtt. 

It should be recalled, here, that in 1966 EDM - in the form of the 
optical Geodimeter and microwave Tellurometer - was well-established 
for the measurement of long ranges to an accuracy of some centimetres, 

but there vas still no short-range system. 

The modulation frequency employed was approximately 500 MHz, 

corresponding to a modulation half-wavelength of 1 ft.  he Metric 

Mekometers are now based on 30 cm). The atmospheric refractivity 

compensation, to the aimed-for accuracy, was obtained by the use of 

invar cavity resonators to control the modulation wavelength in place 

of the customary crystal frequency standards which, of course, require 

the measurement of atmospheric temperature and pressure in order to 

calculate, from a knowledge of the velocity of light in vacuo, the 

actual measuring wavelength at the prevailing ambient conditions. 

The decision to use such resonators was carefully considered and 

evolved from early work by one of us (KDF) on the precision measure- 

ment of the refractive index of air and its ,principal constituent at 

microwave frequencies m d  his personal association with Dr L. Essen 

(Essen and Froome 1951, Essen 1953, Froome 1955). Dr Essen, already 
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well-known for his use of cavity resonators for two determinations of 

the velocity of light, actually used the large 9 GHz invar cavity 

resonator of his 1953 refractivity measurements for the basis of a 

proposed nc,y aethcr drift experiment ( ~ s s e n  1954) which was later 

performed (F:S::~.TI 1955) with a nu1 1 result to a much hia,her accuracy 

than the cel.ebrated Michelson-Morley optical cxperiment. Used in 

Essen's experiment to control the frequency of a fnicrowave oscillator, 

a frequency stability at least as good as 1 in log per hour 

attained. 

Mekometer 11, althoueh large and heavy, did, at the invitation of 

some civil engineers, make some useful field measurements, the personal 

and technical benefits from these encounters being extremely encourag- 

ing. 

Mekometer I11 ('~mperial'! ), which overcame the size, weight and 

other shortcomings of Mk TI, went ahead very rapidly and was first 

demonstrated at the Commonwealth Survey Officers Conference in August 

1967. It achieved a genuine sub-millimetre resolution of f 0.1 mm 

and an estimated accuracy of f 3 parts per million (p.p.m. ) of the 

messured distance to a maximum range of 3 km. In September 1967, at 

the invitation of a Swiss firm of consulting engineers, it began, with 

dam deformation studies, an extensive period of field tests. It is 

interesting to recall here that throughout our many contacts with 
I 

potential users no consumer resistance was encountered; all welcomed 

the Mekometer concept. 

The Metric Mekometer, essentially very similar to the Imperial 

model, began measuring early in 1970 and we have a record of the wave- 

length rtandsrd's history from May of that year. This wavelength 

rtandsrd, rs with the caarmerciel Mekometer, is a silver-plated fused 



quartz, microwave cavity resonator operating at nine times the light- 

berm modulation frequency of approximately 500 MHz. The standard is 

filled with dry air, as shown by the dark-blue condition of its 

associated silica-gel desiccant, but allowed to acquire the ambient 

pressure and temperature as far as is practicable. It is well-known 

that a cavity resonator is often more correctly referred to as a 

'wavemeter' because the wavelength of the oscillations in it is only 

related to the physical dimenrions of the cavity. 

2. Exper iaent a1 

The theory of Mekometer I11 has been described (Froome 1971, so 

only a summary of the action of the wavelength standard is required 

here. If the refractive index of the air in'the standard cavity was 

identical with that along the optical path and the cavity operating 

under the average ambient conditions, then the compensation could be 

made to be perfect, but for the following reasons this is not so in 

practice: the very hi&h refractive index of water vapour at microwave 

f'requencies, not so. at optical frequencies, requires that the air in 

the standard be dry; the microwave refractivity of dry air is approxi- 

mately 20 p.p.m. lower than the corresponding group refractive index 

for an optical wavelength of 0.48 urn, the effective operating wave- 

length of the Mekometer xenon flash light source and detector system. 

Thie figure of 20 p.p.m. is about one-fifteenth of the total optical 

refractivity effect at one standard atmosphere, but this does imply 

an error of that magnitude because the microwave cavity resonator can 

be adjusted to produce exactly the correct optical modulation wavelength 

at a standard atmosphere condition. But if the Mekometer is used 

under extreme conditions, for example in a tunnel pressurized at two 



atmospheres, then in this case, a correction of 20 p.p.m. would have 

to be applied to the measured distance. This correction is snall 

compared to the 300 p.p.m. which would be the comparable correction for 

EDM based on a frequency stnndard. A smaller correction to the 

Mekometer readings arises if it is used nt hich altitudes (~roon~c and 

Bradsell 1966). The standard cavity is placed within the instrument 

and encouraged to acquire ambient temperature by thermally insulating 

it fromthe instrument case and circulating air around it by mean8 of 

a small fan. A small leak into the standard, or connection to water- 

vapour proof bellows accommodates atmospheric pressure fluctuations. 

The compensation is thus achieved only at one end of the line to be 

measured, but normally for short lines this is adequate, and can be 

somewhat improved, if necessary, by measuring the atmospheric tempera- 

ture along the line and appwing the appropriate correction of 1 p.p.m. 

per 'C mean difference from the standard cavity temperature. Pressure 

equalisation presents no problems and neither does the level of atmos- 

pheric water vapour at optical wavelengths. 

But occasionally in practice we have encountered extremel~.gooh, 

stable, atmospheric conditions which have enabled a resolution of a 

few parte in ten million to be achieved. If it is desired to measure 

length t.0 this accuracy, on-site determination9 of pressure, tempera- 

ture, and modulation frequency & then become necessary and the latter 

e m  be conveniently achieved by means of the calibrator used to obtain 

the results presented herein and which is described in the accompanying 

paper by R. H. Bradsell ( 1977). 

Fig. 1 (~roome 1971) shows the mounting of the quartz quarter- 

vsve standard cavity resonator in its surrounding copper container. 

Iht quartz resonator is constructed by erinding from r rod of the solid 



uterial, the interior surfaces being silver-plated by firing-on at 

650 'C a silver paste mixture supplied by Johnson Matthey Ltd. 

Coupling of microwave energy into and out from the cavity is achieved 

by means of very small wire loops through small holes, 1.5 mm in 

diameter, in the base of the standard. The diameter of the quartz 

item is approximately 20 m, the height of the central quarter-wave 

resonant stub is 13 m, the overall height of the quartz being 30 m. 

Thus, the heart of Mekometer I11 is conveniently 8rall, the resonant 

frequency being around 4500 Mz. and nine times the polarization 

mxlulation frequency on the transmitted light beam - when producing 
the standard modulation wavelength of 60 cm. 

The effect of the silver plating is to increase sanwhat the basic 

thermal expansion of fused quartz above its norms1 value of 0.4 p.p.m. 

per 'C and the mounting of the cavity within the copper container is 

urrnged to compensate for this unwanted expansion effect (~roome 

1971). Recently, G. Russell of the ItPT., has successfully applied an 

alternative plating process which has less effect on the residual 

therul expension than the silver paste process and is very reiioduc- 

ible in it8 characteristics: the cavity is first chemically cleaned 

m d  a continuous film of copper, about 0.4 pm thick is deposited by a 

chemical reduction method. This film is then silver plated in a 

cyanide silver bath, the current and time being controlled to give a 

final thickness of 5 vm. This i8 a thinner and more uniform coat than 

that achieved with the paste mnterial, yet ,is electrically equivalent 

or w e n  superior giving rise to cavity Q-factor8 approaching 4000. 

Fig. 2 rhows a plot of the results obtained since May 1970 when 

the quartz cavity currently in use in the NPL Metric Mekometer I11 was 

first installed. The mesrvementr plotted represent frequency 

12 



deviations from t h e  nominal value appropriate t o  the  ambient conditions, 

expressed i n  parts per million. Sso"~lnt  hss  been obtained frca 

laboratory aeasurements of t h e  modulation frequency by the nethod t o  be 

described, together w i t h  eimiltrncaus measurements of standard cavity 

temperature and the  external a i r  pressure. Ram such atmospheric 

observations it is possible t o  calculate what the  resonant frequency 

should be and t o  express the  actual difference from t h i s  nominal value 

i n  parts per million. The actual temperatures ranged f'rom 7.0 'C t o  

37.0 'C, pressures from 739.5 t o  771.8 mm?fg. In its early ws t h e  

cavity was re-set several times .(by means of the  trimning adjustment 

ahown i n  Fig. 1) t o  a frequency as clore ss possible t o  the  calculated 

n d n a l  value. These adjustments, a r i s ing  from minor damage t o  the  

instrument during f i e l d  trials took place i n  December 1970, October 1971 

and June 1972. The cause of the  last mentioned damage is interesting: 

aevere e lec t r i ca l  discharges encountered a t  the  r i m  of Mt Etna's 

volcanic cone, following its eruption e a r l i e r  tha t  year, caused a 

microwave diode t o  f a i l !  There have been no breakdowns or  adjustments 

aince t h i a  date, the  quartz cavity i tue l f  having survived in tac t  up t o  
/ 

the present time from May 1970. 

It is aeen that of t h e  aixty resul t s  shown, only seven l i e  outside 

s l i m i t  of f 2 p.p.m. f r o m  the  overall  mean. This mean value i s  0.4 

p.p.m. sbore the  nominal axir ,  thus indicating we had a s l igh t  tendency 

t o  rat the  cavity reeanmt frequency t h i s  amount high when adjusting it. 

There i r  no evidence of ay r t t s s t i c  o r  secular s h i f t  during the recorded 
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Discussion (papers 1 and 2) 

Q. If you would redesign the mekometer would you use a quartz crystal 

in order to obtain a better accuracy ? 

A .  The accuracy of the cavity resonator was equal to the quartz 

crystal, but it had the additional advantage that it was not a 

frequency standard, it was a wave-length standard, and in fact it was 

a wave-length we wished to generate to measure distance. So if we could 

eliminate the necessity certainly on short ranges for having to measure 

temperature and pressure and ap~lying a correction, we had a feature 

that was very attractive to people who were going to use the instrument, 

and this was the reason for doing this. Admittedly to produce such a 

wave-length standard is both expensive and difficult and having produced 

it one in fact has to adjust it, so that it tracks the characteristics 

of the changes of the refractive index. It is not an easy thing to do 

and certainly to do this conrmercially is reasonabLy expensive and I think 

this is probably answering your question why the instruments cost 

is very high. 

But again I am right in saying that for short distances it is the most 

accurate instrument and in this world one has to pay for accuracy. 

Q. But would you use a quartz crystal now ? 

A .  When I could answer this, I think, if I was going to start again 

I would indeed use a quartz crystal, but I would achieve the refrac- 

tive index compensation by using two colours. So what I'm saying is the 

next stage of instruments what we would yet to see were in fact to use 

a frequency standard and would use one, two or more radiations of diffe- 

rent wave-lengths. We should hear from dr. Huggett about this no doubt. 

Q .  Are you at present conducting research and trying to design 

an instrument that applies different wavelengths ? 

A .  Certainly, at the NPL- we have been doing research into a two-colour 

instrument and for various political and financial reasons, which I shall 

not go into, our progress has been rather slow, in fact for a while 

the work was abandoned. The economic situation required that we 

withdrew some of the areas of research. Now dr. Froome is embarking 

again upon the two-colour instruments. 



Work is going back onto this again. But there has been perhaps 

an almost two-years gap, when we have done very little for purely 

financial reasons. 

We feel that certainly there are two areas in EDM, which are very 

use£ ul . 
One is the two-colour method for very long distances, where it is 

impractical to fly aeroplanes and trying to measure the refractive 

index. So here is an area, where two-colours is extremely valuable. 

The other at very long distances is to consider the system 

of the tellurometer which is a transponder with a micro-wave device 

and to try to apply this to an optical instrument- in other words - 
to produce an optical transponder, which is operating in two-colours 

and this is I think going to the third generation and then it has 

all desirable features with a very long range, because we would not be 

working on a inverse fourth power law, we are working on a inverse 

square law and so it would have a lot more return radiation by not 

using a passive target. Also we have been able to evaluate the refractive 

index by using two-colours, but we await laser-technology. Certainly v 

the blue lasers are very difficult and one has many problems, and I 

think that eventually there will be- and I think dr. Huggett is going 

to tell us very soon - a practical two-colour instrument, which I 
certainly believe is the next state we will go to. 

Q. The accuracy of the mekometer was quoted as 0,2 mm + 3 ppm 
Are these components not out of proportion when compared to 

one another ? 

A. This is for the mekometer that's right. 

The reason that I quoted three parts in a million is because the 

mekometer system samples the air at the instrument only. That is the 

problem. If you measure the refractive index along the path, you can 

in fact achieve better accuracy. 

Q. About frequency-range, modulation from about 9 mega-herz to about 500 

MHz. Did you use a 500 MHz for better adjusting or better dealing with 

the refractive index or refractive problems or is there another reason ? 

A. There was a practical reason, that we started off in the micro-wave 

region, where the half-wave length was in fact l f  cm. 

So in a long distance you had the problem resolving how many I f  cm there 

where in the distance. So that you had a great difficulty in finding your 
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order of incidents of the pieces you had to head'up and certainly, 

when you had changed the refractive index, you had scintillation: 

it made it very difficult to find this order of interference. So we 

found from experience that about 30 cm half-wave length was practical 

over a range of about three kilometers, where one could positively 

find the order of 'interference. You could still use a mechanical 

phase-measuring device, which is very accurate and contain it within 

the shell of the instrument. If you have 10 meters then a 10 meter 

folded light inside is not very practical. So this gave you a practical 

compromise. And I think this is probably the answer to your question. 

Q You are talking about long ranges, where you of course are 

dealing with refraction problems and so on. One has seen in the last 

years the development of the for instance Hewlett Packet laser 

interferometer , where you can measure very accurately over relatively 
short ranges. However, you loose sometimes your fringes. If you would 

design an instrument for- and I think there might be a need in industry- 

for ranges- let's say - upto 15 meters, would you go to the higher 
frequences in modulation, let's say, in 9 giga-herz, that you are talking 

about ? 

A. Yes, this is a good point. That if you have something like a 

fringe counter, you have to have a physical connection between the 

adistant point and the instrument, something like a small railway-line 

on what you can move a corner cube very accurately and you have to count 

fringes. I agree that this is a difficult thing and I think there 

probably is a market for a phase-measuring device, where you can get an 

absolute measurement of a distance without physical contact; I ggree 

with you certainly there one goes to a higher frequency and this is the 

very reason that we did this on our initial experiment, where we thought 

we were designing an instrument to measure to calibrate surveyors 

tapes, where the maximum length was 50 meters. Yes, that is right, 

we worked with the micro-wave frequency. We achieved sensitivities of 

about 0,2 mm and I think one could do better than that in fact. 

So, I agree if there is a market. For instance the mekometer would measure 

10 meters to about 0,l mm. (with care) 

But I agree with you that if you want better than this one should go 

to a higher modulation frequency. 



Q May I please continue my question ? This modulator of 9 

giga-herz, were they commercial or did you build something yourself ? 

A. As a matter of fact we built them ourselves. It was a 9-giga- 

herz cavity-resonator, which was totally filled with KDP-crystal. 

It did not produce a high modulation index, it was only something 

like 2 or 3 percent, where-as in the mekometer-using a pulse system, 

which is basically high-power we produce almost the theoretical 

limit of modulation. And this makes phase-measurement much more easy. 

When working on low level, we are very troubled with polarisation 

effects in the optics and such sort of thing. 

Remark: I would like to tell the legend, which said that when 

Bergstrand designed the first.geodimeter it was to improve the 

measurement of the velocity of light, not to measure distance. 

Being a geodesist he also turned the situation around. 

Q I should like to say something about the cavity resonator. 

You have the equation, expressing the distance as a multiple 

of the wavelength. It actually implies a model, where the refractive 

index is constant along the path. This is the model imitation 

of the mekometer. If you have a two coloured instrument, then the model 

imitation becomes troublesome, not because of the constancy of the 

refractive index, but rather the gradient of the refractive index. 

This is one of the limitations of two coloured instruments namely 

that you have different colours. We put the weakness of the model 

far away, so therefore of course two coloured instruments will 

actually be a continuation for long ranges on a compensation principle. 

The high modulation frequency-as a part of your technical problems, 

let's call them passive(?ed) frequencies - is the guarantee for the 
high resolution, and it is of course quite imaterial whether 

you use a cavity-resonator or a quartz resonator. It is a very clever 

system. The limitation of the early geodimeters was that one 

could not use a Kerr-cell for the modulation for more than 10 MHz. 

Later one has improved, but again, if one has a modulating principle 

with 500 ?!Hz, then almost any other system will of course 

get the high resolution. 

I hope you are going into the two Colour System. 

A. We are very interested in what is coming out and we have very good 

faith in succesful results. 
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MEKOMETER ME 3000 - THEORETICAL ASPECTS, FREQUENCY CALIBRATION, FIELD TESTS - 
B i r g i t  Meier-Hirmer, GeodStisches l n s t i t u t  der Un ive rs i ta t  Karlsruhe, Federal 
Republic of Germany 

Abstract: 

The Mekometer ME 3000 i s  a h igh- reso lu t ion EDM instrument incorpora- 

t i n g  an automatic co r rec t ion  f o r  atmospheric r e f r a c t i v e  index. 

Distances up t o  some hundred metres can be measured w i t h  an accuracy 

o f  a few tenths o f  a m i l l ime t re .  

This h igh p rec is ion  can on ly  be achieved however, i f  the t yp i ca l  

cor rect ions o f  the measuring system are we l l  known. Mathematical 

model S f o r  the l ight-microwave cor rec t ion  and f o r  a supplementary 

meteorological co r rec t ion  are discussed. 

By t e s t i n g  the  instrument i t  i s  shown how e f f ec t s  o f  acc l imat izat ion,  

heat ing up e f f e c t s  and the temperature dependence o f  the wave length  

standard can be taken i n t o  account, i f  necessary. 

The e f f i c i e n c y  o f  the Mekometer i s  demonstrated i n  three p r a c t i c a l  

exampl es . 

1. Basic P r i nc i p l es  

W 

The Mekometer ME 3000, a shor t  range EDM instrument, i s  being manu- 

factored s ince 1974 by the  Kern Company i n  Aarau, Switzerland, i n  

cooperation w i t h  Com-Rad Ltd. i n  Slough, Great B r i t a i n .  Compared w i t h  

already e x i s t i n g  EDM devices i t  d i f fe rs  i n  two cha rac te r i s t i c  fea- 

tures: h igh p rec is ion  and automatic co r rec t ion  f o r  atmospheric re f rac -  

t i v e  index. The p r i n c i p l e  o f  the Mekonieter i s  based on K.D. FROOME [l], 

who introduced i n  1965 a prototype Mekometer I 1  a t  the  In te rna t iona l  

Syrr~posium on EDM i n  Oxford 12, 31. The developement from the proto-  

types [4-81 t o  a commercially ava i lab le  instrument las ted  near l y  ten  

years. The h igh accuracy, t o  a few tenths o f  a m i l l  imetre, i s  achieved 

through the shor t  modulation wavelength as we l l  as the very simple 

optical-mechanical phase measuring system, which works by a va r iab le  

l i gh t -pa th .  



The automatic co r rec t ion  o f  the  atmospheric r e f r a c t i v e  index i s  a t -  

ta ined by using a wave length  standard (microwave c a v i t y  resonator) 

instead o f  a frequency standard which i s  used i n  o ther  EDM instruments. 

Although an understanding o f  the  operat ion p r i nc i p l es  i s  no t  o f  funda- 

mental importance t o  an average user, i t i s  of i n t e res t .  I n  order t o  

b e t t e r  understand the repo r t  which fo l lows. we w i l l  now b r i e f l y  out- 

l i n e  the  most important o f  these p r i nc i p l es .  Those wishing f o r  a more 

complete descr ip t ion  o f  the  ME 3000 are re fe r red  t o  the  papers [g, 101. 

Figure 1 shows a block diagram o f  the Mekometer ME 3000. The modula- 

t i o n  wavelength o f  the  ME 3000 i s  determined by reference t o  t he  reso- 

nance o f  a small microwave c a v i t y  resonator (standard cav i t y )  operat- 

i n g  a t  n ine times the modulation frequency o f  the basic measuring u n i t .  

The modulation frequencies are generated i n  a second microwave resona- 

t o r  (modulation cav i t y ) .  Before comparison w i t h  the  frequency fs o f  

the standard c a v i t y  t he  modulation frequencies fl, f2, f3, f 4 r  fS are 

e i t h e r  mu1 t i p 1  i ed  by n ine o r  ten  and then mixed w i t h  t h e  outputs 

fqls fq25 %, o f  quartz o s c i l  l ators.  Only three side-band o s c i l l a t o r s  
are requ i red t o  produce f i v e  modulation frequencies, necessary f o r  a 

length  measurement w i t h i n  t h e  range o f  three ki lometres. The f o l  lowing 

system i s  used: 

4 495.594 - 22.478 = 4 473.116 MHz 

4 495.594 - 22.478 = 4 473.116 MHz 

4 450.638 + 22.478 = 4 473.116 MHz 

4 491.098 - 17.982 = 4 473.116 MHz 

4 495.144 - 22.028 = 4 473.116 MHz 
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Fig. 1 Block diagram of the Mekometer ME 3000 

The side-band osc i l la tors  do not have to be of h i g h  s t a b i l i t y  since 
the i r  frequencies are only 0.5 % of the 4.5 GHz standard frequency. 
Starting a phase measurement one has to  s e t  the modulating cavity by 
a tuner to produce the fundamental wavelength. A l igh t  beam emerging 
from a Xenon f lash tube (0.485 v m )  is modulated by t h i s  frequency by 
KDP crystals  arranged within the modulation cavity. The resonance f re -  
quency of the standard cavity ditermines substantially the unit  of 
length measurement. The value of t h i s  frequency (4.5 GHz) i s  essen- 
t i a l l y  given by the dimensions of the standard cavity and the atmos- 
phere inside the resonator. 

The standard cavity i s  f i l l e d  with dry a i r .  By ventilation i t  a t t a ins  

atmospheric temperature and through a small hole the pressure i s  ad- 
justed. If the dimensions of the cavity are independent of temperature 

and pressure, the measuring wave1 ength stays constant. Changes in the 
atmospheric refractive index causes changes i n  the resonance frequency 
of the standard cavity, i n  accordance with the formula of ESSEN and 



FROOME. For a measurement w i t h  microwaves t he  standard c a v i t y  would 

automatical l y  co r rec t  f o r  the  inf luence o f  the  atmospheric r e f r a c t i v e  

index, bu t  t h i s  i s  no t  so f o r  measurements done w i t h  the  Mekometer 

using l i g h t  r a d i a t i o n  f o r  c a r r i e r  wave. Ref ract ive  index changes f o r  

l i g h t  f o l l o w  t he  formula o f  BARRELL and SEARS. It i s  possib le however, 

t o  achieve t he  exact co r rec t ion  required f o r  a d i s t i n c t  "standard 

atmosphere". For dev ia t ions from t h i s  standard atmosphere the  measured 

resu l t s  have t o  be corrected. The cor rect ions s tay  small, i f  the  

standard c a v i t y  i s  kept  dry, because t he  in f luence o f  humidi ty on t he  

r e f r a c t i v e  index o f  microwaves i s  two orders o f  magnitude l a r g e r  than 

f o r  l i g h t .  Therefore a dry ing agent ( S i l i c a g e l )  i ns i de  the  standard 

c a v i t y  housing provides f o r  d ry  a i r .  

A f u l l  mathematical treatment o f  the co r rec t ion  problem i s  presented 

i n  [g ] .  

The v e l o c i t y  o f  l i g h t  waves cL i s  given by 

C. 
= v e l o c i t y  o f  l i g h t  i n  vacuum 

nL = r e f r a c t i v e  index f o r  1 i g h t  waves 

fo = modulation frequency 

1, = wavelength 

For an automatic co r rec t ion  o f  t he  atm0,spheric r e f r a c t i v e  ipdex the 

wave1 ength 

must be constant. 



This cond i t i on  i s  f u l f i l l e d  by tun ing the measuring frequency t o  t he  

reference frequency o f  the  standard cav i t y .  As a1 ready mentioned t h i s  

works exac t l y  f o r  microwave r a d i a t i o n  but  not  f o r  l i g h t .  I f  we l e t  7 
be the  measuring frequency, 1 t he  apperta in ing wavelength, nM the  

r e f r a c t i v e  index f o r  microwaves, nMS and nML the r e f r a c t i v e  indexes 

o f  the standard atmosphere, V may be w r i t t en :  

This equation contains a1 l the  important re la t ionsh ips.  For the  wave- 

length  standard one has 

Thus we ge t  f o r  the  standard atmosphere f = fo, otherwise t he  bracket 

deviates from one and consequently f d i f f e r s  s l i g h t l y  from fo 

According t o  BARRELL and SEARS we ob ta in  f o r  the l ightwave used i n  t he  

Mekometer 

and according t o  ESSEN and FROOME f o r  ~iiicrowaves 

Because o f  t he  dry ing agent, which provides f o r  d ry  a i r  i ns i de  t he  

standard cav i t y ,  we can pu t  e = 0 i n  the microwave formula (7). For 

l i g h t  waves we can take an average-value o f  e =- 10 Torr, because the  

in f luence o f  humidi ty on the  r e f r a c t i v e  index of l i g h t  i s  small. 



For the selected standard atmosphere tS = 2 0 ' ~  and pS = 760 Torr  we ob- 

t a i n  (nLs - 1)*107 = 2879.73 and (nMS - l)a107 = 2682.91. With these 

values we can ca lcu la te  a  r e l a t i v e  frequency cor rec t ion  - i den t i ca l  

w i t h  a  r e l a t i v e  length  co r rec t ion  - d i r e c t l y  from formula (3) due t o  

the d i f fe rence  i n  r e f r a c t i v e  index between l i g h t  and microwaves. By an 

expansion we ge t  a simple r e l a t i o n  

and i n  t he  v i c i n i t y  of t he  standard atmosphere we can s i m p l i f y  f u r t h e r  

Fig. 2  Rela t ive  length  co r rec t ion  due t o  the  d i f fe rence  i n  r e f r a c t i v e  

i ndex between l i g h t  and microwaves 



Figure 2 shows a graph ca lcu la ted from the  co r rec t l on  formula (8). 

Formula (9) al lows an estimate o f  the  order  o f  magnitude o f  the re l a -  

t i v e  leng th  correct ion.  We see t h a t  f o r  a  ( t - t S )  o f  about 1 5 ' ~  and f o r  

a  (popS) o f  about 40 Torr, a co r rec t i on  o f  1 ~ 1 0 - ~  resu l t s .  
At  t h i s  stage we must emphasize, t h a t  compensating f o r  t he  in f luence 

o f  t he  atmospheric r e f r a c t i v e  Index i s  on l y  co r rec t  f o r  t he  inmediate 

surroundings o f  the  Mekometer s ta t i on .  For t he  case o f  inhomogenious 

atmospheric condi t ions along t he  l i g h t  path one has t o  measure, per- 

haps a t  several points, t he  temperature and pressure, and ca l cu la te  
the  average values tr and p,. According t o  the formula o f  BARRELL and 

SEARS, we ge t  an add i t iona l  meteorological correct ion,  dependent on the 

d i f fe rence  between t he  values tr and p, and those o f  t and p a t  the  

Mekometer s ta t ion .  Thus we ge t  f o r  t h i s  add i t iona l  meteorological cor- 

r e c t i o n  

o r  s imp l i f i ed ,  i f  we ca lcu la te  t he  c o e f f i c i e n t s  f o r  t he  standard atmos- 

phere 

F igure 3 shows a graph f o r  the  add i t iona l  meteorological correct ion.  

Fig. 3 Re1 a t i  ve leng th  cor rec t ion  due t o  several meteorological 

measuring s ta t ions  



An important f a c t  f o r  precis ion measurements w i th  the Mekometer i s  the 

performance o f  the wave length standard. The standard cav i t y  can be 

tested by frequency cal ibrat ions.  The ca l ib ra t ion  frequency f o r  the 

standard atmosphere i s  given by 

With 1, = 60 cm (e f fec t i ve  30 cm) we get f = 499.5104 MHz.  For devia- 

t ions from the standard atmosphere, equation (3) must be used, which 

can be w r i t t en  i n  the fo l lowing form 

By expansion one obtains 

Fig. 4 Cal i b ra t i on  frequency as a funct ion o f  pressure and 

temperature 



o r  s i m p l i f i e d  i n  t h e  v i c i n i t y  of t h e  standard atmosphere 

F igure  4 shows t h e  dependence o f  t h e  c a l i b r a t i o n  frequency on.pressure  . 

and temperature. 

2. Tests f o r  t h e  Automatic Cor rec t i on  o f  t h e  In f l uence  o f  t h e  Atmos- 

pher i c  R e f r a c t i v e  Index 

The standard c a v i t y  p lays an impor tant  r o l e  i n  determining t h e  abso lu te  

accuracy of t h e  r e s u l t s  and t h e r e f o r e  ex tens ive  frequency c a l  i b r a t i o n s  

a re  necessary. However t h e  frequency measurement i s  n o t  comparabl e t o  

o t h e r  EDM devices. The mode o f  modulat ion and t h e  h igh  frequency re -  

q u i r e  spec ia l  equipment f o r  frequency c a l i b r a t i o n .  A t  t h e  "Geodatisches 

I n s t i t u t  d e r  Un ive rs i  t a t  Kar l  sruhe" we const ruc ted such an equipment 

and t e s t e d  thorough ly  several  Mekometers. The r e s u l  t s  o f  t h e  i nves t iga -  

t i o n s  on ou r  inst rument  a re  g i ven  i n  d e t a i l  i n  E101. I n  t h i s  paper we 

rev iew o n l y  t h e  most impor tant  r e s u l t s .  The t e s t s  r e f e r  ma in l y  t o  t h e  

behaviour o f  t h e  standard c a v i t y  under d i f f e r e n t  atmospheric cond i t ions .  

For t h e  s i m u l a t i o n  o f  temperature and pressure we used a temperature 

c o n t r o l  l e d  room and a pressure chamber. 

The r e s u l t s  o f  t h e  pressure t e s t  can be taken f i r s t .  They showed, t h a t  

t h e  pressure equa l i s ing  works w e l l ,  even though t h e  small ho le  a t  t h e  

standard c a v i t y  was c losed w i t h  a p l a s t i c  cap t o  prevent  humid i ty  en te r -  

ing.  F igu re  5 shows t h e  measured values o f  t h e  pressure t e s t  of t h e  

standard c a v i t y .  

Temperature t e s t s  on t h e  standard c a v i t y  should i n d i c a t e  t h e  performance 

o f  t h e  wave l e n g t h  standard. During t h e  p r e l  in i inary l e n g t h  measurements, 

we'observed s l i g h t  systemat ic  e f f e c t s  a t  t h e  beginning o f  every measur- 

i n g  per iod.  We presumed t h e r e  t o  be a c o r r e l a t i o n  between these e f f e c t s  

and t h e  behaviour of t h e  standard c a v i t y .  During t h e  frequency c a l i b r a -  

t i o n  we measured there fore  n o t  o n l y  t h e  room temperature b u t  a1 so t h e  

c a v i t y  temperature. 
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Fig .  5 Pressure t e s t  o f  t he  standard c a v i t y  

We s t a r t e d  t h e  c a l i b r a t i o n s  by detemi in ing  t h e  so c a l l e d  " a c c l i -  

m a t i s a t i o n  process". For  t h i s  we cooled t h e  Mekometer down t o  2 ' ~  and 

measured t h e  acc l ima t i sa t i on ,  process when i t  was p laced a t  a room tem- 

pera ture  o f  19'~. This was done by s imul taneously measuring t h e  f r e -  

quency and temperature o f  t h e  standard cav i t y .  We then repeated t h i s  

process w i t h  t h e  s t a r t i n g  temperature o f  36'~. F igu re  6 i nd i ca tes ,  t h a t  

t h e  frequency needs almost two hours t o  g e t  s t a b l e  w i t h i n  1-10-6 f o r  

t he  chosen temperature d i f f e r e n c e  o f  17Oc, i .e.  about 6 n~ inu tes  per  

degree temperature d i f f e rence .  To avo id  l ong  delays i n  t h e  f i e l d ,  be- 

f o r e  one can a c t u a l l y  s t a r t  a p rec i se  measurement, t h e  Mekometer should 

be exposed t o  atmospheric temperature as e a r l y  as possib le.  

F igu re  7 shows another temperature e f f e c t  and t h e  r e l a t e d  frequency 

e f f e c t  o f  t h e  standard c a v i t y .  The temperature o f  t h e  standard c a v i t y  

rose about 1 . 8 ' ~  du r ing  t h e  f i r s t  two hours a f t e r  sw i t ch ing  on, a l -  

though t h e  ins t rument  was acc l imat ized and t h e  v e n t i l a t i o n  was working 

we l l .  Th is  temperature d i f f e r e n c e  i s  r e l a t e d  t o  a frequency change of 

2-10'6. Wi thout  v e n t i l a t i o n  these values become a f t e r  2 hours, 4 ' ~  and 

5-10'6. Therefore one has t o  prov ide  good v e n t i l a t i o n  and t o  w a i t  f o r  

about 1 hour u n t i l  t h e  frequency gets s tab le .  To g e t  reasonable data . 

f o r  t h e  temperature dependence o f  t h e  standard c a v i t y  we measured t h i s  

hea t ing  up e f f e c t  a t  every temperature po in t .  

F igu re  8 shows t h e  temperature dependence o f  t h e  wave l e n g t h  standard 

determined us ing  t h e  frequency a t  t h e  end of t h e  heat ing  up per iod.  

The standard c a v i t y  i S n o t  independent o f  temperature and t h e r e f o r e  t h e  

automatic c o r r e c t i o n  o f  atmospheric r e f r a c t i v e  index i s  n o t  f u l l y  



Fig. 6 Accl imatisat ion process Fig. 7 Heating up process 

a )  Re1 a t i v e  frequency a )  Re1 a t i v e  frequency 

correct  ion correction 

b )  Cavity temperature b )  Cavity temperature 

Fig. 8 Temperature dependence o f  the standard cav i ty  



achieved. I n  the case o f  our Mekometer we get  a l i n e a r  dependence and 

t h i s  e r r o r  can be corrected by a su i t ab le  frequency cor rect ion.  A 

' least  squares" f i t  gives a r e l a t i v e  frequency cor rec t ion  o f  

We took data from - 6 ' ~  t o  +36Oc i n  steps o f  3 ' ~  and measured a l so  the  

heat ing up e f f ec t  o f  the standard c a v i t y  a t  every temperature. I t  was 

possible, tnerefore,  t o  make a " l eas t  squares" f i t  f o r  the whole data 

set .  The heat ing up e f fec t  was independent o f  temperature and had an 

exponential t ime dependence. We used the f o l  lowing mathematical model 

f o r  t he  fit. 

a, b, c and d are  constants, t and z are the  var iab les  f o r  temperature 

and time. For z + W we again get  the l inear  ca l  i bra t i on  func t ion  

corresponding t o  equation (16). The t o t a l  heat ing up e f f e c t  i s  g iven 

by 

The r e s u l t  o f  t h i s  combined " l eas t  squares" f i t  was 

With t h i s  complete c a l i b r a t i o n  funct ion,  i t  i s  possib le i n  p r i n c i p l e  

t o  co r rec t  l eng th  measurements made w i t h  an accl imat ized Mekometer 

immediately a f t e r  swi tching on. We have t o  4nsert t i n  'C and z i n  

hours. I n  the same way we a lso  d i d  a " l eas t  squares" f i t  f o r  the  stand- 

ard c a v i t y  temperature. We could show, t h a t  the change o f  the wave 

length  standard dur ing the heating up per iod o f  the  Mekometer can be 

completely explained by the temperature r i s e  o f  the standard cav i t y .  
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A1 l the  frequency measurements were done i n  t h e  range '10 - 500 m': be- 

ca i se  t h e  h i g h  p r e s i c i o n  of t h e  Mekometer i s  o n l y  use fu l  i n  t h i s  range. 

On t h e  l ong  term s t a b i l i t y  o f  t he  standard c a v i t y  we can make no s t a t e -  

ment a t  t h e  moment, bu t  c u r r e n t  frequency c o n t r o l s  a t  our  inst rument  

i n d i c a t e  a reasonable s t a b i l i t y .  

Considering t h i s  t h e o r e t i c a l  aspects and t h e  r e s u l t s  o f  t h e  frequency 

ca l  i bra t ion ,  i t  i s  seen t h a t  t h e  r e s u l t i n g  c o r r e c t i o n s  can considerably 

exceed t h e  p r e c i s i o n  o f  t h e  inst rument  and thus can genera l l y  no t  be 

negl ected. 

3. F i e l d  Tests 

Three p r a c t i c a l  exampl es should demonstrate t h e  e f f i c i e n c y  o f  t h e  

Mekometer ME 3000. 

3.1 Dam Movements a t  t h e  Linach Reservoi r  

W i th in  t h e  framework o f  surveying exerc ises we in t roduced t h e  Mekometer 

t o  students. To make these exerc ises r e a l  i s t i c ,  we t r i e d  t o  measure a 

poss ib le  temperature induced movement o f  t h e  Linach r e s e r v o i r  dam du- 

r i n g  a day w i t h  t h e  Mekonieter as w e l l  as w i t h  angle measurements 

(Wi ld  T 3). F igu re  9 shows a l o c a t i o n  p lan  and the. r e s u l t s  o f  a t y p i c a l  

observat ion  day w i t h  sunshine and a temperature r i s e  o f  6 ' ~  from morn- 

i n g  ti l l noon. We recognize two features:  

- t h e  h igher  accuracy o f  t h e  Mekometer measurements i n  comparison t o  

t h e  angle measurements. Wi th  a l i n e a r  " l e a s t  squares" f i t  we o b t a i n  

a standard e r r o r  o f  + 0.15 mm f o r  t h e  observat ions; 

- t h e  r e s u l t  o f  t h e  angle measurements from p i l l a r  V i s  i n  good agree- 

ment w i t h  t h e  Mekometer r e s u l t ,  whereas t h e  angle measurements from 

p i 1  l a r  I11 show a s t rong dev ia t ion .  Obviously e f f e c t s  o f  l a t e r a l  re -  

f r a c t i o n  show a dam movement, which i s  i n f a c t  n o t  present.  P i l l a r  I11 

i s  s i t u a t e d  on a s lope w i t h  sunshine, whereas p i l l a r  V i s  i n  shadow. 



Fig. 9 Determination o f  dam movements a t  Linach reservo i r  

3.2 Deformation Measurements a t  the Hornberg Reservoir 

The Hornberg reservo i r ,  s i tua ted  i n  the south of the Black Forest, was. 

b u i l t  by the "Schl uchseewerk AG" and serves as a water reservo i r  . f o r  

energy S torage. I n  cooperation w i  t h  the  "Landesvermessungsamt Baden- 

Wurttemberg" we made angle and Mekometer measurements on the reservo i r .  

The network cons is ts  o f  12 double wal led p i l l a r s  s i t t i n g  on the r i m  o f  

the reservo i r  and o f  f i v e  p i l l a r s  f o r  reference some distance from the 

reservo i r .  U n t i l  now the network has been independently measured' f o u r  

times and has been on each occasion f r e e l y  adjusted by a l i n e a r  net-  
- 

work as we1 l as by a combined l inear-angle network. The fo l lowing t a b l e  

shows the accuracies r e s u l t i n g  from the  adjustments. 



Accuracies r e s u l t i n g  from adjustments o f  Hornberg r e s e r v o i r  network 

measurement 
before fllling 

9/75 

second current 
measurement after 
partly filling 

10/75 

third current 
measurement after 
complete filling 

6/76 

The number o f  redundant observat ions was about 45 i n  t h e  l i n e a r  net-  

work and 120 i n  t h e  combined network. Although t h e  measured l eng ths  

l i e  between 100 and 500 m and t h e  cen te r i ng  was done by a  Kern center -  

i n g  dev ice  over  th read b o l t s  w i t h  a  marked centre,  we obta ined a  r a t h e r  

h i g h  accuracy f o r  t h e  l e n g t h  measurement. The average standard e r r o r s  

f o r  p o s i t i o n  l i e ,  w i t h  o n l y  one except ion, below 0.5 mm. The reduced 

accuracy o f  t h e  measurements i n  September 1975 i s  ma in l y  caused by  un- 

favourab le  meteoro log ica l  cond i t ions ,  which n o t  o n l y  increased t h e  

e r r o r  i n  de termin ing  t h e  atmospheric r e f r a c t i v e  index b u t  a l s o  i n f l u -  

enced t h e  c e n t e r i n g  accuracy. A  comparison o f  t h e  l i n e a r  adjustment 

w i t h  the  combined l i nea r -angu la r  adjustment shows, t h a t  t h e  angle meas- 

urement d i d  n o t  d e c i s i v e l y  i n f l u e n c e  t h e  accuracy a l ready  obta ined i n  

t h e  l e n g t h  measurement. On t h e  o t h e r  hand t h e  l e n g t h  measurement can 

e s s e n t i a l l y  inc rease t h e  accuracy o f  an angle measurement as i s  noted 

i n  t he  l a s t  l i n e  o f  t h e  tab le ,  which shows t h e  e r r o r s  o f  t h e  angular  

adjustment. By t h e  l e n g t h  measurement we cou ld  d i m i n i s h  t h e  average 

standard e r r o r  f o r  p o s i t i o n  f rom + 1.02 mm t o  + 0.27 mm. Thus t h e  ques- 

t i o n  a r i ses ,  whether i n  t h i s  network one can abandon angular  measure- 
ments, which a r e  much more t roublesoqe than l e n g t h  measurements. F ig -  

u r e  10 shows the  h o r i z o n t a l  movements between t h e  measurements f rom 

October 1975 and June 1976. Both adjustments a r e  p r a c t i c a l l y  i d e n t i c a l .  
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Fig.  10 Hornberg r e s e r v o i r  - Hor izonta l  movements computed from 

coord inate  d i f f e rences  ( f r e e  network adjustments) between 

October 1975 and June 1976 



3.3 Contro l  Measurements a t  a  Rai lway Br idge 

Another i n t e r e s t i n g  example, which demonstrates t h e  power o f  t h e  Meko- 

meter i s  a  t r i g o n o m e t r i c a l  s tudy  o f  a  r a i l w a y  b r i dge  over  t h e  Gauchach 

gorge. A d d i t i o n a l l y  we can show t h a t  new c o n f i g u r a t i o n s  o f  networks 

are  poss ib le  w i t h  p r e c i s i o n  measurements i n  connect ion w i t h  adequate 

angle measurements. W i t h i n  t h i s  gorge i t  was imposs ib le  t o  e s t a b l i s h  

a  t r i gonomet r i c  network because o f  topographical  reasons. It was a l -  

ready d i  f f i c u i  t t o  f i n d  sa fe  s t a t i o n s  f o r  plummeting from the  br idge.  

Therefore we chose t h e  network f rom f i gu re  11 f o r  c o n t r o l  measurement. 
. . 

N(wwk : not to scale 

e i r a  etlipsor :O* 

@ ltondard ellipso a 95 *h confidence ellipse 

-- - ---------p -- 
F ig .  11 Tr igonomet r ic  network o f  Gauchach Br idge w i t h  e r r o r  e l l i p s e s  

o f  t h e  i n i t i a l  measurement 

P i l l a r s  I and I 1  are  re ference po in ts ,  grappled i n  rock, and are  n o t  

e f f e c t e d  by poss ib le  movements i n  t h e  b r i dge  r e g i o n  according t o  t h e  

op in ion  o f  geo log i ca l  exper ts .  The d i s tance  between t h e  p i l l a r s  i s  

about 400 m. On t h e  t o p  o f  p i e r s  t h e r e  a r e  so l  i d  squares o f  sandstone, 

which served as i d e a l  c a r r i e r  f o r  t h e  Kern b a l l  cen te r i ng  device. For  

mutual re fe rence on each p i e r  we connected together  f o u r  p o i n t s  i n t o  

a  p o i n t  group. The observa t ion  scheme provided f o r  a  l e n g t h  measure- 

ment f rom p i l l a r  I and 11 t o  a1 l p o i n t s  on  t h e  b r i dge  w i t h  t h e  Meko- 

meter and f o r  an angle measurement w i t h  t h e  DKM 2. Moreover we meas- 

u red on each s i d e  o f  t h e  b r i d g e  t h e  angle of r e f r a c t i o n  f rom p o i n t  

group t o  p o i n t  group f o r  a  mutual s t a b i l i s a t i o n .  A d d i t i o n a l l y  t h e  d i s -  

tances w i t h i n  t h e  p o i n t  groups have been measured by a  10 m i n v a r  tape 

t o  one o r  two ten ths  o f  a  m i l l i m e t r e  - comparable t o  t h e  accuracy of 

t h e  Mekometer l e n g t h  measurements. Up t o  t h e  present  we have made t h r e e  

independent measurements. I n  t h e  f o l  low ing tab1 e  we compare t h e  r e s u l t s  

o f  t h e  e r r o r  adjustments o f  t h e  network. The r e s u l t s  speak f o r  them- 

, selves, consider ing,  t h a t  t h e  coord ina te  d i f f e r e n c e s  between t h e  a d j u s t -  

ments of t he  i n i t i a l  measurement and t h e  f i r s t  c u r r e n t  measurement d i d  
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not exceed 0.4 mm, i .e. they l i e  w i t h i n  the range o f  the average e r r o r  

o f  pos i t ion.  We conclude there fo re  t h a t  not  on ly  are there no s i g n i f i -  

cant pos i t i on  s h i f t s  between the measurements, but  a lso we confirmed 

the r e p r o d u c i b i l i t y  o f  a pos i t i on  accuracy t o  some tenths o f  a m i l l i -  

metre. 

Accuracies resul  t i n g  from adjustments o f  the Gauchach Bridge network 

4. Conclusions 

To take advantage o f  the h igh p rec is ion  o f  the ME 3000 and t o  obta in  

accuracies o f  some tenths o f  a m i l l ime t re ,  one has i n  our experience t o  

consider a ser ies  o f  important points:  

- r e s t r i c t i o n  t o  the  measuring range "10 - 500 m" and an accurate de- 

terminat ion o f  the a d d i t i v e  constant (zero cor rect ion) .  I n  the range 

"500 - 3000 m" we have on ly  l i m i  ted  experiences. The s e n s i t i v i t y  i s  

less  good, the frequenc3 cor rec t ion  has i n  add i t i on  'to be determined 'and 

moreover e r ro r s  due t o  meteorological inf luences can exceed the  accu- 

racy o f  the  instrument. I n  t h i s  range accuracies be t t e r  than one 

m i l l i m e t r e  are hard ly  achievable; 

- one has t o  measure p r i n c i p a l l y  i n  the "forward" and "reverse" mode t o  

e l im ina te  zero d r i f t s  from the e l ec t ron i c  p a r t  o f  the instrument; 

- one has t o  regard a l l  correct ions,  which reach an order  o f  magnitude 

o f  a ten th  o f  a m i l l  imetre. The heights measured have t o  be adequately 

precise; 



- the  cen te r ing  accuracy has t o  be one t e n t h  o f  a m i l l i m e t r e  o r  b e t t e r .  

Therefore p i l l a r s  should be used and i f  poss ib le  they must be double 

wa l l ed  t o  prevent  e f f e c t s  f rom sun r a d i a t i o n .  An accuracy b e t t e r  than 

one m i l l i m e t r e  i s  ha rd l y  ever achievable w i t h  t h e  use o f  t r i pods .  The 

o p t i c a l  plummets o f  t h e  inst rument  and o f  t h e  r e f l e c t o r  a re  n o t  pre- 

c i s e  enough i n  our  experience. Even by l a t e r a l  center ing  one has t o  

expect movements o f  t h e  t r i p o d s  du r ing  a measurement; 

- f i n a l l y  we recommend a frequency c a l  i b r a t i o n  before  and a f t e r  a pre- 

c i s e  measurement or ,  i f  one has no adequate equipment, t o  t e s t  t h e  

ins t rument  w i t h  a base f o r  c a l i b r a t i o n .  Furthermore t h e  a i r  i n  t h e  

standard c a v i t y  must be abso lu te l y  dry. One should check t h e  dark 

b lue  co lou r  o f  t h e  d ry ing  agent be fore  s t a r t i n g  a measurement and 

exchange i t  i f  necessary. 
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Discussion (paper 3) 

Q I understand that in the triangulation, and trilateration 

carried out for this type of measurement, the accuracy has 

been indicated by standard ellipses.Are these the standard ellipses 

of the coordinates or are they the standard ellipses of the 

differences of the coordinates which give the actual displacements 

of the dam. If the former case prevails, it will give quite 

a different picture of the accuracy. 

A. They are the standard ellipses of the differences. 

Q You stated or rather derive some operation rules or principles 

or instructions, issues; for instance, that the instrument should 

be acclimatised and in a reasonable state of temperature before 

the start of the measurement. Have they been applied to your 

measurements ? 

A. Sure. 

Remark: I would also add one comment to whether one should 

measure distance or angles while doing deformation-measurement~. 

The idea is of course in general to detect the active spots or 

regions in the higher order network. 

Thereafter it is a matter of putting the instruments on positions 

where you can actually display the maximum effect on what happened. 

I mean that, if you are q~esti0ni.n~ by the measurement of distances, 

then it is a matter of putting the instrument in this distance 

where you expect the largest deformation. Of course it requires 

an expensive general network to find these spots. Obviously 

some positions of observation would be more clear in telling 

what happened. We assume as you have disclosed in what direction 

a point moves, that then you don't have need of a network; 

All you have to do is to measure the displacement in its main 

direction. 



TESTING ELECTRO-OPTICAL DISTANCES ON AN INTERFEROMETRIC BASE-LINE 

M. van den Herrewegen, I G N ,  B r u s s e l s ,  Belgium 

1. Description of t h e  measurements. 

1.1. Introduction. 

The fundamental distance equation for  most actual E. D. M. -equipment can be written 
as  follows : 

where : 

D : the measured distance 

n : the  refract ive index 

CO : the  velocity of l i g h t  in vacuo 

f : the  modulation frequency 

@ : the phase s h i f t  between the outgoing and returning l i g h t  

N : an unknown number of half wavelenghts 

k : zero o r  additive constant. 

The precision of an instrument i.e. the agreement of a se r ies  of measurements with 
one another, depends on the s t a b i l i t y  of the frequency f and the Bccuracy of the  
phase measurement. Whereas the accuracy of a measured distance, i.e. its close- 
ness t o  the t r ue  value, is characterised by many more parameters such as : 

- centering e r rors  
- cycl ic  e r rors  
- pointing e r rors  
- an incorrect assumption of the refract ive index 
- the accuracy w i t h  which the zero or additive constant has been deter- 

mined 
- the  strength of the ref lected signal. 

I t  w a s  our aim t o  analyse the  accuracy of a Tellurometer M 100 and a CD 6 instru- 
ment wi th  regard t o  t he i r  cycl ic  e r rors  and the  accuracyofthe additiveconstantsk. 

1.2. The interferornetric base- line. 

The t e s t s  were executed a t  the interferometric base-line of the "Departement de 
Genie c i v i l  e t  Connaissance des materiaux" of the PACULTE POLYTECHNIQUE de Mons 
(Belgium). This base l i ne  is si tuated in a ce l l a r  and has a length of 55 m. On 
one s ide  the HP laser  measuring system is positioned, on the  other s ide  the  instru- 
ment t o  be tested. For the determination of the  additive constant, it is necessa- 
ry t o  perform absolute measurements, while for  the analysis of the  cycl ic  e r ror ,  
the technique of d i f f e r en t i a l  measurements is preferable. The centering p la te  
which supports the  instrument is fixed permanently on the r a i l .  As for  the  cente- 
ring plate  of the  re f lec tor ,  it can be put anywhere along the  r a i l  and is provided 
wi th  a micrometer. So it is possible t o  rea l ize  accurately any wished distance on 
the base- l ine. 



Fig 1 - f i e  HP-laser Pos i t i oned  

on ono s -de  o f  t h e  base- l ine  

The measuring carriage supports two reflectors (one for the interferometer, the 
other for the instrument) and a microscope. Both WILD GDF. 4 and KERN tribrachs Can 
be used with the centering plates. To avoid the reduction of slope distances t o  
the horizontal, the reflector on the carriage and the socle can be put on the same 
heights as the instrument. 

Fig 2 - The measuring car r iage  

m t h  r e f l e c t o r s  and microsco$e 





1.3. Source s  o f  e r r o r .  

1.3.1. Phase  measurements. 

Apart  from c y c l i c  e r r o r s ,  t h e  remain ing  c r r o r s  i n  t h e  phase  measr~rcmcnts  a r e  
mainly a t  random. 
By t a k i n g  t e n  s u c c e s s i v e  r e a d i n g s  o f  e ach  d i s t , a n c e ,  an  a r i t h m e t i c  mean f o r  t h e  
phase  measurements is ob t a ined .  

1.3.2. The p a t t e r n  o r  modula t ion  f requency  ( s c a l e  e r r o r ) .  

I t  is q u i t e  e a s y  t o  check t h e  modula t ion  f requency  p rov ided  t h e r e  is an e x t e r -  
n a l  f r equency  s o c k e t  on t h e  i n s t rumen t  and i f  one h a s  a c c e s s  t o  a w e l l - c a l l i -  
b r a t e d  f r equency  coun t e r .  Using a r e g u l a t e d  DC power supp ly  t h e  i n s t r u m e n t s  
were warmed up d u r i n g  one hour. Af te rwards  t h e  f r equency  o f  t h e  MA 100 o s c i l -  
l a t e d  a few c y c l e s  around its nominal va lue .  I t  was n o t  p o s s i b l e  t o  check the 
f requency  o f  t h e  CD 6- ins t rument .  

1.3.3. S t r e n g t h  o f  t h e  r e f l e c t e d  s i g n a l .  

'Phe diaphragm o f  t h e  MA 100 is n o t  v e r y  s u i t e d  f o r  measurements on s h o r t  d i s -  
t ance s .  T h e r e f o r e  t h e  r e f l e c t o r  was masked w i t h  a symmetr ica l  diaphragm u n t i l  
t h e  i n t e r n a l  and e x t e r n a l  s i g n a l  had t h e  same ampl i tude .  By do ing  so  thc: sen-  
s i b i l i t y  i n  p o i n t i n g  t h e  beam was c o n s i d e r a b l y  improved. 
For  t h e  CD 6 i n s t r u m e n t ,  t h e  normal procedure  recommended by t h e  c o n s t r u c t o r  
was used. 

Fig 4 - The MA l oo  

r ~ f l e c t o r  

Fig 5 - The CD 6 

r e f l e c t o r  



1.3.4. Pbinting errors. 

The reflector samples only a portion of the radiated energy. A s  there are small 
time delays between different portions of the radiated energy (duetotime delays 
on the surface of the emitted diode) the additive constant w i l l  depend in some 
extent on the exact alignment of the instrument re la t ive  t o  the reflector. 
To get an idea about the significance of t h i s  kind of errors, differentpointings 
were performed for each measurement. 

1.3.5. Refractive Index. 

The atmospheric conditions in the cel lar  are quite stable and did not change 
significantly during the tests. The MA 100-and the CD 6 were tested on diffe-  
rent days. Each time we found a refractive index of n = 1,000273. This value 
matches remarkably with the assumed refractive index n = 1,000274 of both in- 
struments. consequently the meteorological corrections were neglected. 

The interferometric distances are compensated automatically for the variationsof 
the meteorological conditions. 

1.3.6. Centering errors. 

The centering errors could only have interfered in the determination of the addi- 
t ive  constant. The tube in which the spherical centering system of the WildGDF4 
tribrach is housed was constructed with extreme care. When measuring with the 
interferometer, t h i s  tube w i l l  f ac i l i t a t e  the pointing wi th  the microscope. In- 
deed, t h i s  pointing has been done a t  the endpoints of a diameter parallel  with 
the axis of the ra i l .  So the center of the tube, which w i l l  act as  a reference 
point for the instrument (or the ref lector) ,  is defined by the average of both 
readings a t  the ends of its diameter. Once the tribrach has been put in place, 
and carefully levelled, any excentricity between the center of the tube and the 
detection point of the instrument is attr ibutable t o  the additive constant. The 
same condition is valid for the reflector. 

Fig 6 - The cen ter ing  p la t e  

f o r  the r e f l e c t o r  



2. The dct.csrmination of the additive constant. 

2.1. Execution of the areasurements. 

One should avoid t o  determine the additive constant just  for one well-known distan- 
ce, especially i f  its. length is only about 50 meters. In fact t h i s  c6rrection is 
not constant for a l l  distances. 

k = . D t  - D, 

with Dt : the actual or true distance 

D, : the measured distance 

The determination of k may be affected by cyclic and pointing errors. Therefore k 
has been determined a t  an integral number of half wavelengths of the modulation 
frequency. 

The true distances resulting from the measurements with the interferometer were : 

For the MA 100-test : Dt = 51999,9868 mm 

For the CD 6-test  : Dt = 50000,0085 mm. 

During the t e s t s ,  the variations on the laser display of these values were about 2 
1 W. 

Afterwards the reflector and the instrument were fixed on thei r  respective cente- 
ring plates a t  the same height above the ra i l .  Using the signal monitor meter the  
MA 100 was aligned respective t o  the reflector. Because of the mask on the reflec- 
tor ,  t h i s  pointing became very sensitive. 



For t h e  CD 6-instrument t h e  recomended procedure  f o r  t h e  o r i e n t a t i o n  of  t h e  in-  
s t rument  w a s  used. Each measurement is t h e  r e s u l t  of  t e n  success ive  phree rea- 
d ings  ( i  = l.. ..q). Ten d i f f e r e n t  measurements were performed (j  = l.. . .P). The 
r e s u l t s  f o r  t h e  MA 100 are given i n  Table  1 and f o r  t h e  CD 6 i n  Table  2. 
Note t h a t  : 

- l Q 
Xi = - = Xi q is1 

Table 1 - M A  100 Results 

The approximate d i s t a n c e  was : D, = 52.06 m. The u n i t s  used i n  t h i s  table a r e  
millimeters. Each va lue  is t h e  mean of  a forward and r e v e r s e  reading.  

Table 1 



F t p  8 F z g  9 

The CD 6 - instrument 

Table 2 - CD 6 Results 
7 

The approxirnatr> dlsrarice D, was about 50 m. I n  t h i s  t a b l e  only t h e  r m  and mm rea-  
d ings  arc! pri>:.f:~lt cd ( u n i t s  a r e  cent  imeters).  

Table 2 

48 



We can reasonably suppose t h a t  t h e  Q phase readings  xi o f  each ~lessurement are 
independant and follow a normal d i s t r i b u t i o n .  We rill prove nor  t h a t  t h e  p 
measurements have t h e  same variance. 

To test t h e  nul l -hypothesis  : 

we rill use a B A R m ' s  t e s t .  This test is p r i n c i p a l l y  based on t h e  va r iance  
r a t i o  t e s t  ( F - t e s t )  but it has t h e  advantage o f  t e s t i n g  d i f f e r e n t  v a r i m c e s  si- 
~ ~ u l t a n e o u s l y  A p r a c t i c a l  formula f o r  computing is : 

with : 

p : number of measurements 

Q : number of phase l e c t u r e s  i n  each meesarewnt 

N P p~ 

The nul l -hypothesis  is r e j e c t e d  i f  : 

With p - l  degrees of freedom and at a r i s k  l e v e l  a of  5 5 

Aft e r  comput ing we found 

Fbr t h e  MA 100-test : = 9 ' 8  

For t h e  CD 6 - t e s t  : dbs = 19.0 

For t h e  MA 100- tes t  we s e e  t h a t  t h e  nul l -hypothesis ,  i.e. t h e  e q u a l i t y  o f  t h e  R 

va r iances  3, is accepted. In t h e  case of t h e  CD 6 - t e s t  our  nul l -hypothesis  is 

re jec ted .  

From Table 2 re can s e e  t h a t  t h e  r e j e c t i n g  o f  t h e  nul l -hypothesis  is due t o  t h e  
8 t h  measurement (ei = 0.25). 
I f  r e  do t h e  computations over and neglect  t h i s  measurement, re f ind  t h a t  : 



In t h i s  case our null-hypothesis is accepted. R a  nor on re rill neglect the 
8th measurement in the CD 6-test. 

2.2.2. Analysis of the variance. 

I t  is propable that  between the different averages i i ,  some are contaminated by 
pointing errors,  others are not. The former are an indication of the influence 
of pointing errors,  the l a t t e r  w i l l  be used t o  determine the additive constant. 
To separate these two kinds of data, we w i l l  proceed t o  an analysis of the va- 
riance. 

Our null-hypothesis w i l l  now be the equality of the different  averages : 

The deviations within each measurement are defined by the within-group mean 

The deviations between the different measurements are defined by the betreen- 
group mean square (B&) 

Q - 2 
1 Q (Xi - X) 

Bm = i = l  
P -  1 

- 1 P 
with X = - 2 ii 

D i= l  

The r a t i o  of the BhS t o  the WMS characterises the degree of falseness of the 
nu1 l-hypothesis H,. 

Em 
'ohs ' G 

This r a t io  is a F-variable of Snedecor with kl = p - 1 and k2 = N - p degrees of 
freedom. A t  a r i sk  level a of 5 % and for kl  = 9 and k2 = 90 : 

After computing we found : 

For the  MA 100-test : Fobs = 158,04 

For the CM-test : Fobs = 2.6 

In both cases the null-hypothesis is rejected because Fobs > F1-= 

2.2.3. Multiple comparison of the averages. 

- - - 
After rejecting the null-hypothesis H. : xl = x2 = .... X we are  interested t o  P 
know which are between the considered averages those that  are significantly d i f -  
ferent. I t  seems logical t o  use a t-Student t e s t  by comparing two by two and 
reject  the hypothesis of equality each time that  : , 



i i  - x i #  l is called the least s ignificant  difference. 

However, by using for each t - t e s t  a r i sk  level a ,  the global risk on making a 
type I error,  i.e. t o  re jec t  averages as significantly different  when they are 
not, may be much higher. Therefore we preferred t o  use the NEXMAN-KEULS tes t .  
This t e s t  is based on the comparison of the amplitudes of groups of 2. 3 ... . p 
averages with a least  significant range. 

The least  s ignificant  range is defined for a group of 2, 3.. .. p averages by 

the  value ql-, ,e. The value of ql-a that  replaces the value h.tl-a/2 of 

the student t e s t ;  is computed in such a way that  fo r  2, 3 . . . .  p averages. the 
probality t o  pass beyond the least s ignificant  range is equal t o  a. With a = 
0,05 and for N - p = 90 degrees of freedom, the values of ql,, a re  given in 
Table 3. 

Applying the NEWMAN-KEULS t e s t ,  we f inal ly  find that  : 
- - - 

For the MA 100-test : x2 = x3 = x4 = x5 = itl0 

- - - -  For the CD 6- tes t  : it = x2 = x3 = x4 = x5 = S = 5 = X10 

2.3. The additive constant; the pointing error. 

2.3.1. For the MA 100-test. 

The mean value that  w i l l  be used for computing the additive constant is : 



w i t h  i - 2, 3, 4 ,  5 ,  10. 

The ccmfirlcnc:e interval a t  95 46 is : 

The adopted additive constant is : 

k = Dt - D, = 51999.99 - 52061.85 = - 61.86 

From the values i n  Table 1 we can see that errors up t o  2 mn can be made i f  the  
instrument is not carefully pointed. I t  should be kept i n  mind, that whet1 ma- 
king measurements on short distances, morr polntings should be carried out.. Tlie 
influence of the pointing error. c:harac*t~tisrvl h j  it,s m.s.e a has been c'ompll- P' 
ted a s  follows : 

2 . 3 .  2. For t h e  I'll (i- l e s t .  

Irt t h ~ s  cast1. t . h ~  m r w t  valuc that w i l l  I ) (>  usc-d for comput,iop tllr additive con- 
starlt I : ;  : 

The confidence interval a t  95 46 is : 

Consequently the adopted additive constant is : 

The influence of the pointing error,  characterised by its m.s. e. up, has been 
computed as follows 



A s  the m.s.e on the pointing error is of the same order of magnitude as the 
m.s.e on the phase measurement, the pointing of a CD 6-instrument becomes less  
cr it ieal. 

3. The cyclic error. 

3.1. Program of the measurements. 

A s  can be seen in the fundamental distance equation, er rors  in the phase mea- 
surement w i l l  be repeated every half modulation wavelength. Already when the 
f i r s t  E. D. M. -e~uipments were tested,  a non- l inear i t y  in the phase detect ion 
system w a s  found. The reason is not well known. Electronic coupling between 
the different  detecting channels gives r i s e  t o  a cyclic error wi th  a half modu- 
lat ion wavelength period. By using a d i f ferent ia l  technique, we avoid the er- 
ror made in determining the additive constant. The displacements of the re- 
f lec tor  were measured wi th  the HP-interferometer. 

3.2. Tests wi th  the MA 100-instrument. 

For the MA 100 the cyclic error w i l l  have a period of 20. To determine the cy- 
c l i c  error,  the ref lec tor  w a s  moved 8 times over exactly 250 mm. 
A t  each displacement a measurement, consisting of 5 different paintings, was 
carried out. The resu l t s  are given in Table 4. 

r I O ,  l I Col 2 Col 3 

- 0.4 

- 0,7 

- 0,7  

+ 0,Q 

0 - 0  

+ 0 ,6  

+ 0,2  

- 0 , l  

Table 4 



Col l : the MA 100-measurewnt with its confidence interval. 

Col 2 : Di - %+l* 

Col 3 : (Di - Ditl) - 250 m. 

The differences between (Di - Ditl) and the  interferometric d isplaceents  are 
very small. Taking the precision of the YA 100 measurements into account, re 
can s t a t e  that  the MA 100 no 358 has no significative error. This igl les that  
no systematic correction in function of the d i s t b c e  should be applied. 

3.3. Tests with the CD 6-instrument. 

The period of the cyclic error of the  tX 6-instrument is 10 m. Todetenine t h i s  
error the reflector w a s  moved exactly for 1 or 2 m. A t  each d i s p l r c m n t a w r -  
surement consisting of 5 different pointing8 w a s  carried out. The results are 
given in Table 5. 

Table 5 

1 

2 

3 

4 

5 

6 

7 

8 

Col 1 : the CD 6-instrument with its confidence interval. 

Col 2 : Di - Ditl. 

Col 3 : (Di - Ditl) - 1 or 2 m. 

Apparently a small cyclic error with a maximum amplitude of 4 a exists. How- 
ever the number of measurements is insufficient t o  make a defenite conclusion 
about the corrections that  should be applied in function of the distance. The 
technique for detecting the cyclic error still has t o  be igroved. 

Col 3 

t 0,37 

+ 0.37 

- 0.06 

- 0 , l l  

- 0.41 

- 0,w 

l 0,03 

Col 1 

5013,24 2 0,W 

4812,87 2 0,11 

4612,SO + 0,09 

4512.67 + 0.04 

4412,67 2 0,02 

4213.08 2 0.03 

4113.14 2 0.10 

4013.11 2 0.06 

Col 2 

200,37 

200.37 

99,94 

99,89 

199.59 

99,94 

100,03 
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THE PLANE MIRROR I N  ELECTRO-OPTICAL DtSTANCE MEASUREMENT 

A.L. A1 lan, Un ivers i  t y  Col lege, London, Uni ted Kingdom 
Presented by D.  Proc tor  

Abstract 

The plane mi r ro r ,  used i n  e a r l y  Geodimeter work, has been replaced 
as a r e f l e c t o r  i n  EDM by the corner cube. The reasons f o r  t h i s  are we l l  
known and need no e laborat ion here. However, i f  the plane m i r r o r  i s  
mounted on the ob ject ive  o f  a theodol i te  telescope normal t o  the l i n e  of 
s ight ,  a very e f f e c t i v e  r e f l e c t i o n  system i s  obtained which has several 
advantages over the corner cube, if used d i r e c t l y ,  or i f  used i n  con j l ~nc t i on  
w i t h  the corner cube. I n  t h i s  paper we discuss two appl ica t ions of the 
plane m i r ro r  mounted on the theodol i te,  there being i n s u f f i c i e n t  space 
t o  consider a1 l appl icat ions.  

1.0 INTRODUCTION 

1 .l Theodol i t e  Telescope Attachments 

For a number of reasons (accuracy o f  centering, accuracy of 
measuring slope and other  angles, ease o f  po in t ing  and measurement 
o f  steeply i n c l i n e d  l i n e s  e tc . )  the w r i t e r  saw the advantages of 
at taching mi r rors ,  corner cubes and small EDM instruments t o  the 
telescope o f  a theodol i te .  I t  was decided t o  use Watts instruments 
since these were ava i lab le  i n  abundance and because t h e i r  ob jec t i ve  
glasses do no t  protrude beyond the telescope casing ( i n  cont rast  t o  
Wild and Kern instruments). It i s  a for tunate circumstance t h a t  a l l  
Watts instruments i ncl  ud i  ng 01 d Vernier theodol i tes and l eve1 S, have 
telescopes whose outside diameters are i den t i ca l ;  no doubt a de l iberate  
p01 i cy on the manufacturer's par t .  

1 .2 Tel escope M i  r r o r s  

A l ign ing a m i r r o r  even over qu i t e  shor t  distances i s  a time 
consuming and f r u s t r a t i n g  business, so much so t h a t  the w r i t e r  gave 
some thought t o  the problem, eventual ly  h i t t i n g  on the happy idea of 
a t tach ing a m i r r o r  t b  the f r o n t  o f  a telescope. I f  the m i r r o r  has 
a c l ea r  por t ion  (about lcm diameter i s  convenient) the telescope can 
be used as a simple s igh t ing  device. Thus the use o f  plane mi r ro rs  
became qu i t e  simple and d i r e c t .  

A1 though i t  served we1 l , a rear  s i l ve red  he1 iograph m i r r o r  was 
replaced by a f r o n t  s i l ve red  m i r ro r  taken f r o m  a stereoscope. A hole 
was d r i l l e d  through t h i s  m i r r o r  i n t o  which a plug i s  pu t  a f t e r  alignment 
t o  prevent unwanted l i g h t  rays f r o m  the telescope i t s e l f  from contaminating 
the s ignal  . For t ranspor ta t ion the metal covers o f  the stereoscope prove 
most usefu l .  It i s  a comnendable fac t  t h a t  the outs ide cast ings of the 
Watts instruments are a l igned p a r a l l e l  t o  the l i n e s  o f  s i g h t  t o  a 
s u f f i c i e n t l y  h igh order o f  accuracy no t  t o  g ive t roub le  w i t h  interchange- 
a b i l i t y  from one instrument t o  another. Once the m i r r o r  has been 
adjusted w i t h  the screws provided, the a1 ignment problem i s  no t  serious. 

The easiest  way t o  ad just  the m i r r o r  i s  t o  view a corner cube placed 
about 30m away u n t i l  the image o f  the cube can be seen a f t e r  re lex ion  
from the m i r r o r .  The hole i n  the m i r ro r  and the image can be centred on 
the corner cube by the telescope slow motions. I f  t h i s  d i r e c t i o n  i s  
ser ious ly  d i f f e ren t  from the l i n e  o f  s i g h t  o f  the telescope, the m i r r o r  
i s  adjusted by i t s  screws. It has been found t h a t  t h i s  co l l ima t i on  



check can be c a r r i e d  o u t  q u i t e  simply i n  the f i e l d  each t ime the  m i r r o r  
i s  emplaced, and the e f f e c t i v e  l i n e  o f  s i g h t  es tab l ished i n  r e l a t i o n  
t o  t h a t  o f  the  telescope. This procedure i s  necessary when working 
alone. With the he lp  o f  an ass i s tan t  the m i r r o r  was e a s i l y  a l igned f o r  
d is tance measurement a t  a range o f  518 metres. 

1 .3 M i r r o r  Index 

Because the  d is tance between the  m i r r o r  sur face and the t h e o d o l i t e  
t runn ion ax i s  enters d i r e c t l y  i n t o  

cJ-4 the measurement, t h i s  d is tance has 
t o  be measured accurate ly ,  by the  5 p+--{ " arrangementshown D i s t a n c e s P C ~ ,  

L 
--+- 

c, - - ! lC2 P1 Pi and C 2  P2 were measured by 
1% 
U 

scale, C, and C 2  being successive 
m i r r o r  pos i t i ons  1800 apart .  Thus 

2d = PI P2 - ( P 1  Cl + P 2  C2), 
which i s  a simple system app l i cab le  i n  the f i e l d .  

2.0 DOllBLE DISTANCE MEASUREMENT 

I f  the d is tance <GMbmeasured by the EDM instrument G i s  f o l d e d  i n  two 
by a m i r r o r  M, the  d is tance GM o r  RM i s  approximately 1 <GMR>, thus any 
e r r o r s  i n  the measurement system which are independent o f  d is tance w i l l  be 
ha1 ved. Provided t h a t  those e r r o r s  which are  d i s t a n t  dependent ( r e f r a c t i o n ,  
scale)  a re  n o t  p ropor t i ona te l y  worse over the  l a r g e r  d is tance,  there  should 
be a ga in  o f  x2 i n  accuracy. The scal i ng e f f e c t  w i l l  be unchanged, and 
r e f r a c t i o n  e r r o r s  should be b e t t e r  than over  a long l i n e  o f  s i m i l a r  l eng th  
s ince the  meteorological  f a c t o r s  are samples a t  the  "mid p o i n t "  i n  t h i s  
method. 

I n  p r a c t i c e  the  3 beam wid th  b must be l e s s  than the  base GR. The Te l l u ro -  
meter MA.lOO has a h a l f  beam wid th  of 1 /40 o r  about 1 i n  240 and the 
Geodimeter 6 about 1 i n  4000. Thus R can be placed beneath t he  i n s t r u ~ n e n t  
f o r  distances up t o  about 300111, and f o r  longer distances thc r e f l e c t o r  R 
has t o  be placed t o  one side. 

With t h e  m i r r o r  M mounted on a theodo l i t e  telescope, p o i n t i n g  i s  achieved 
w i thou t  d i f f i c u l t y  by b i s e c t i n g  GR as seen through the telescope. The image 
o f  G r e f l e c t e d  i n  R can then be seen a t  M, thus achiev ing a s a t i s f a c t o r y  
p o i n t i n g  w i thou t  the  assistance o f  an observer a t  G. Obviously the  v i s i b l e  
l i g h t  o f  t he  Geodimeter makes t h i s  whole procedure eas ie r  than w i t h  the  
i n f r a  red  Tel lurometer.  I n  the  l a t t e r  case, the  f r o n t  o f  t he  o p t i c s  has 
been pa in ted i n  f l uo rescen t  p a i n t  t o  a s s i s t  po in t i ng .  The t h e o d o l i t e  
a l s o  enables the  necessary angles t o  be observed. The range l i m i t  w i l l  
depend upon the s i z e  o f  t he  m i r r o r  M and the  number o f  r e f l e c t o r s  a t  R. 
The stereoscopic m i r r o r  has been used t o  measure a l i n e  259m w i t h  th ree 
r e f l e c t o r s  a t  R, i n t e n s i t y  l e v e l  o f  40 on MA.lOO scale.  This same l i n e  
was a l so  measured w i t h  the  AGA 12 Geodimeter us ing the  same m i r r o r ,  b u t  
on l y  one corner cube a t  R. 

I n  p r a c t i c e  the  h ighest  accuracy w i l l  normal ly  be requ i red  over  l i n e s  l e s s  
than 300 metres which i s  q u i t e  a feas ib le  range w i t h  the  present equipment. 



2 .l The geometry o f  double distance measurement 

I n  f i gu res  1  and 2, G i s  the reference po in t  o f  the EDM instrument, 
R i s  the r e f l e c t o r ,  and M i s  a  p1 ane m i r r o r  mounted on a  theodol i t e  
telescope; 2' i s  the zeni th o f  M ( f i gu re  2) and v e r t i c a l  angles t o  G 
and R are hG and hR respect ively;  a i s  the hor izonta l  angle between G 
and R. The distance GR (measured by tape), has t o  be s u f f i c i e n t l y  
long t o  avoid s ignal  contamination from the m i r r o r  a t  M. 

The measured distance <GMR> defines an e l l i p s e  whose f o c i  are a t  R and 
G and whose major ax is  2a = <GMR>. The u l t ima te  aim i s  t o  obta in  the 
length o f  MG'. 

Proceed as f o l  lows . 
I n  f i g u r e  2, cos z  = s i n  hG s i n  h~ + cos hG cos hR cos a . . . . (1)  

and 6 i s  obtained i n  a  s i m i l a r  manner fro. the appropriate hor izonta l  
and v e r t i c a l  angles observed a t  R t o  M and G. 

Refer t o  f i gu re  1. Theoret ica l ly  t o  achieve r e f l e c t i o n  o f  the ray 
f r o m  G t o  R a t  the m i r r o r  M, t h i s  m i r r o r  i s  tangent ia l  t o  the e l l i p s e  
and i t s  normal does no t  pass through 0, the centre o f  the e l l i p s e .  
However, the  angles between G, 0 and R can s t i l l  be measured by the 
theodol i te  a t  M and du ly  converted t o  the i n c l i n e d  plane f r o m  equation ( 1  ) . 
I n  p rac t i ce  the plane MGR w i l l  not  be ser ious ly  t i l t e d ,  and angles i n  
i t  may be measured d i r e c t l y  by t i l t i n g  the  theodol i te  primary ax is  w i t h  
the f o o t  screws. 

I n  f i gu re  1  z 3  = 6 - 90, z, i s  measured o r  calculated as described, 
.'. H = z2 + z 3  i s  known. .. .. 

Le t  OM = r, and the equation of the e l l i p s e  be zz+ X'= 1 
a2 b2  

A t  M y  = X c o t  H thus, 

Subs t i tu t ing  f o r  b2  = a2(1 - e 2 )  = a2- s2  where S = ae, i n  

equation y i e l d s  YL a2 - s2 . . . . . ( 2 )  
1 + tan2 H 

Y a  

4 



Equation ( 2 )  i s  a convenient form f o r  t he  computation o f  y from the  
data S. 2a, and H. 

The d is tances MR. MO, o r  MG are obta ined from y and the  secants o f  
t h e  appropr ia te  angles i n  the  i n c l i n e d  plane, and p r o j e c t e d  t o  t h e  
h o r i z o n t a l  as requ i red .  I n  S e r i a l s  5 and 6 o f  Table 1 t h i s  h o r i z o n t a l  
method was employed. 
I f  t h e  p o i n t s  G, M, R a l l  l i e  i n  the  same v e r t i c a l  plane w i t h  R 
v e r t i c a l l y  below G, t he  who1 e measurement and computational process 
i s  much s impler .  The angles z, H e t c .  a re  measured d i r e c t l y  r e l a t i v e  
t o  the  v e r t i c a l  a t  M, and y i s  the  requ i red  h o r i z o n t a l  d is tance.  

2.2 E r ro rs  i n  a u x i l i a r y  measurements. 

E r r o r  ana lys is  has shown t h a t  slopes need t o  be measured t o  
b e t t e r  than 1 '  o f  a rc  i n  general, t h a t  t he  s h o r t  d is tance S i s  n o t  
c r i t i c a l  a1 though i t  can be measured t o  5mn w i t h  ease, and t h a t  
p rec i se  computation i s  advisable throughout.  

2 - 3  Double d is tance measurement - examples 

A base l i n e  a t  St.  David's College, Lampeter, was measured by 
t h e  method seven separate t imes, s i x  by the M A . l O O  i n  1975 arid once 
by the  AGA.12 i n  1976. The r e s u l t s  a r e  as fo l lows.  

TABLE 1 

Ser i  a1 Date No o f  
measures O;n Resul t  Inst.,-uinent 

DM 1 11.6.75 12 0.4 259.340 ) MA.lOO ) l .h 
2 ' I  5 0.7 .342 
3 'l 12 0.4 -342 

1 1 
4 I' 5 0.7 -343 

1 1 
5 13.6.75 7 .340 

1 1 
0.6 

6 'I 6 0 - 6  .339 
) ) 

7 9.6.76 1 E 1 .O .341 
1 

AGA. 12 
1 

3 . 5  



The double distances of se r i a l  DM7 were measured i n  the v e r t i c a l  mode 

to  \ i n g l e  prism placed beneath the AGA. l ? .  Thew i~ras~lr . t .d v ~ l u c s  
were as  fo l lows:-  

Mean 518.518 g i v i ng  residuals i n  mn o f  

and D , =  3.5 om = 1. 

The resu l t s  from the AGA.12 are p a r t i c u l a r l y  g ra t i f y i ng .  

3.0 INDIRECT MEASUREMENT OF A LINE 

It sometimes happens t h a t  a very steep l i n e  has t o  be measured. 
To close out  a t raverse the distance was required f o r  a l ine  w i t h  a 44O 
slope. Since ne i t he r  the MA.lOO nor the Geodimter 6 could be used 
d i r e c t l y  w i thout  t i l t i n g  the base, i t  was decided t o  use the m i r r o r  
mounted on a theodol i te  T a t  the top end o f  the l i n e .  

Points G, T and R were t raverse s ta t ions.  Line GT was measured i n  the 
normal way, then l ines <GMR> f r o m  which the required distance TR was 
calculated. The whole procedure was repeated by a d i f f e r e n t  group of 
students, both values agreeing t o  lmn. 

To ass is t  alignment a plane m i r r o r  was a lso used a t  s t a t i o n  R thus 
enabling i t s  observer t o  d i r e c t  the operator a t  T t o  a1 i g n  the m i r r o r  
f i n a l l y .  The procedure began by s e t t i n g  TM t o  b i sec t  the hor izonta l  
and v e r t i c a l  d i rec t ions  t o  G and R, which was followed by the  observer 
a t  P looking i n t o  the m i r r o r  t o  obta in  a view o f  R, m i r r o r  M being 
then moved u n t i l  P's eye coincided approximately w i t h  G, the EDM 
instrument. By t h i s  time the observer a t  R would see the o p t i c  o f  the 
MA.lOO which has been painted i n  f luorescent orange f o r  t h i s  purpose. 
Only a s l i g h t  adjustment was f i n a l l y  required a t  T fo r  the measurement 
t o  proceed. 

3.1 Measuring a distance i n d i r e c t l y  using the plane m i r r o r  

G = EDM s t a t i o n  - MA.lOO Tellurometer 

T = Theodolite w i t h  m i r r o r  M on ob ject ive  

R = Ref lec tor  

TR = required distance 



h 

Observed angles a, = C'T B '  
h 

a2 = BIT A '  

hC = hG = c l ?  C 
A 

hB = hM = B'T B 
h 

hR = A ' T  A 

PRTMG arc! coplanar, and MB b isects  angle GMR, MP J- RT 
TG and < GMR '. are measured lengths. 

TM = d 

cos 81 = s i n  hG s i n  hM + cos hG cos hM cos n, - ( 1 )  

cos 8, = s i n  hM s i n  hR + cos hM cos hR cos R ?  - ( 2 )  



Whence 0 ,  = 37C832 

The hor izonta l  p ro jec t ion  o f  which i s  34.216111. 
The complete measurement was repeated on a second day by e n t i r e l y  
d i f f e r e n t  observers y i e l d i n g  a r e s u l t  o f  340217111. 

3.3 Example 2 

Recently the method was used i n  the deformation analysis of 
a box g i r de r  br idge under tes t .  Most sides o f  a network of s i x  
s ta t ions were observed i n d i r e c t l y  wi thout  moving the MA.lOO which was 
located outs ide the  survey area. Precisions o f  lmn were obtained 
throughout. 

Some l i n e s  were a lso measured by the Double Distance method using the 
AGA.12, again givi-ng 2mn precis ion.  

4.0 CONCLUS IONS 

For several reasons, we advocate the use o f  a theodol i t e  as a 
base f o r  EDM re f lec to rs .  Not on ly  does t h i s  permit the very highest 
accuracy t o  be achieved, bu t  i t  a lso enables t h i s  q u a l i t y  t o  be ca r r i ed  
forward i n t o  the next  stage of the survey, f o r  example i n  s e t t i n g  out .  
The theodo l i te  i s  not  d isturbed when removing the corner cube, i t  
can be centered proper ly and be seen t o  remain so, and the various 
re l a ted  angles may be measured t o  the required p rec is ion  i n  a s t r a i g h t -  
forward manner. This i s  espec ia l ly  t r u e  when the plane m i r r o r  i s  
used as a r e f l e c t o r .  



Discussion (paper 5 )  

Remark 1 .  I think it is very inspiring what you can achieve 

with-let us say - relative small means and a sprankling mind. 
I think it is very brilliant and it shows that a lot of things 

and details with which, let's say - the ordinary pe9pl.e walk around 
and we have all the possibilities, a lot of mirrors in the world, 

a lot of theodolites and nobody has the ingenuity to make a 

combination. 

Remark 2. The paper is very encouraging because everybody 

who tries to get top precision has to face such l' simple " 
problems. 

There are very encouraging ideas in this paper and they may be 

used for various practical purposes. 



A NEW LASER DISTANCE METER WITH RANGE-UP TO 40 KM - AGA GEODlMETER 600 - 
J. Stenstrbm, Federa l  Repub l i c  of  Germany 

S h o r t  a b s t r a c t  

I n  connection to the 30-years ce lebra t ion  of the 
f i r s t  Geodimeter AGA in t roduces  a new member of the 
Geodimeter 6-family, the Geodimeter 600. I t  i s  a 
long-range EDM w i  t h  an optimal range of about 40 km. 
Under very good weather conditions,  55 km has been 
measured. The instrument has a 1 m W  HeNe gas l a s e r  a s  
a l i g h t  source and the coaxial  o p t i c a l  system from 
e a r l i e r  Geodimeter 6 where the  t r ansmi t t e r  and the  
rece iver  "have changed places".  A new phototube with 
a higher s e n s i t i v i  t y  a l s o  con t r ibu tes  t o  the  reached 
longer  range. By means of t h i s  together  with the  
b e t t e r  o p t i c s  and the l a s e r  which can be focussed a t  
the measuring point  the instrument a l so  can be used 
f o r  accurate  deformation measurements up t o  about 
200 m without any r e f l e c t o r  and by means of a simple 
p l a s t i c  r e f l e c t o r  up t o  1 , 5  km. 

The Swedish AGA concern who e x i s t s  s ince  t he  
beginning of t h i s  century and who has 50 years  of 
experience i n  the f ' ie lds  of e lec t ron ics ,  o p t i c s  and 
p rec i s ion  engineering, c e l eb ra t e s  i n  t h i s  year, 
1977, the b i r t h  of the f i r s t  e l ec t ro -op t ica l  
d i s t ance  measuring instrument 30 years  ago. It was 
i n  1947 D r .  Erik Bergstrand offered  the AGA t o  t rans-  
form h i s  prototype to  a proper production un i t .  Since 
then a cons i s ten t  product development based on 
experiences i n  labora tory  and i n  the f i e l d  has made 
the  AGA Geodimeter instrument s e r i e s  one of the  most 
economical and r e l i a b l e  EDM ava i lab le  f o r  shor t ,  
intermediate  and long-range measurements. 

Many of you nave followed t h i s  development s t e p  by 
s t e p  from the  Geodimeter 2 i n  1952-53 v i a  the  
Geodimeter 4 i n  1959 to  the big EDM brake-through 
with the Geodime t e r  6 i n  1964. This instrument was 
spread a l l  over the world and regarded a s  the  almost 
optimum EDM conception. Many Geodimeter 6 a r e  even 
today s t i l l  good working. 

With the in t roduct ion  of the Laser even f o r  c i v i l  
purposes i n  1961, i t  was the beginning of a new epoch 
i n  the  e l ec  t ro-opt ica l  measuring f i e l d .  



This  monocromatic and coherent l i g h t  was very w e l l  
s u i t e d  a s  l i g h t  source f o r  the  EDM instruments .  The 
f i rst  experiences xere  made by the  American "Coast 
Geodetic survey" who with good r e s u l t s  a t tached a l a s e r  
t o  Geodimeter 4. The corresponding s e r i a l  product ion 
ve r s ion  from AGA was the  Geodimeter 8, a f i r s t  o r d e r  
network EDM, with a maximum range over  60 km and the  
accuracy of ~ x ~ o - ~ D  introduced i n  1968. 

For medium ranges,  however, the  Geodimeter 6,now i n  
the  modernized ve r s ion  6~ and l a t e r  6B, remained as 
the  most used e l e c t r o - o p t i c a l  instrument.  I n  o r d e r  t o  
inc rease  the  day l igh t  range and the  maximum range i n  
darkness  the  Geodimeter was equipped with a mercury 
lamp by means of which the  maximum darkness  range was 
increased  up t o  25 km. O f  coilrse, the  ques t ion  was 
posed i f  i t  was no t  poss ib le  t o  use a laser l i g h t  
source i n  the  Geodimeter 6 i n s t e a d  of the  mercury lamp. 
The disadvantage with t h i s  equipment was t h e  h ighly  
requi red  e f f e c t  ( 6 ~  and 50TJDC). T h i s  energy was 
generated by means of a motor-generator. 

I n  1972 the  technic ians  had overcome the d i f f i -  
c u l t i e s  t o  bui ld  i n  a l a s e r  i n  the  Geodimeter 6~ 
and you had the ~ B L  by means of which d i s t a n c e s  up 
t o  about 23 km were poss ib le  t o  measure even a t  
day l igh t  because of the monocromatic l a s e r  and the 
narrowband- f i l t e r .  

I n  t h i s  instrument ,  however, the  l a s e r  J u s t  replaced 
the  tungsten lamp and you had the same t r a n s m i t t e r  
and rece ive r  o p t i c s  a s  before.  This  meant t h a t  
because of the very narrow coherent l a s e r  beam 
although a beam expander was used only  a small p a r t  
of the  sender-opt ics  was demanded. The kept  
r e c e i v e r  o p t i c s  was dimensioned f o r  the  maximum 
range. 

This  instrument,  the Geodimeter ~ B L ,  has found good 
use f o r  many geodet ic  a p p l i c a t i o n s ,  i . e .  the 
St .  Cotthard-network and measurements i n  Greenland. 

F ie ld  experiences,  however, shcwed t h a t  i t  a s  a 
demand of an EDM with the accuracy of l ~ l O - ~  f o r  
ranges up t o  about 40 km over  which i t  was r a t h e r  
d i f f i c u l t  t o  keep the  meteorological in f luences  by 
normal measurements only  a t  the endpoints of the  
measured d i s t a n c e ,  under t h i s  accuracy l i m i t .  This  
l e d  t o  the i'act t h a t  when .4SA looked f'or a replace-  
ment instrument for the  Geodimeter q ,  we used the 
sum of the  passed years  experiences.  The r e s u l t  o r  
t h i s  is  the  Geodimeter 600 where you have the 
f e a t u r e s  of the  ccax ia l  opkica l  syst2em and where you 
use the 105 mm diameter opt ic ;  as  recsni \Ter. T'le weight 
of the instrument i s  only l', kg and ,. , required power 
supply a normal 1 2  V DC ca r -ba t t e ry  i s  srlfficient:. 
The power consumption i s  only  26 W. 



The o p t i c a l  and e l e c t r o n i c a l  design can be seen i n  
f'igure 1 and f i g u r e  2. Here we see t h a t  the beam 
coming from the  l a s e r  w i l l  be two times de f l ec ted  of 
90' by prisms i n t o  the condenser-system and between 
the k e r r  c e l l  e l ec t rodes .  A po laro id  f i l t e r  i s  
included i n  the  condenser- system and so or ientav .  ed 
t h a t  the  l a s e r  l i g h t  e n t e r i n g  the k e r r  c e l l  i s  
polar ized  45' with r e spec t  t o  the e l e c t r i c a l  f i e l d  i n  
the  k e r r  c e l l .  A second polaro id  r i l t e r  fol lows upon 
the k e r r  c e l l  and normally so o r i e n t a t e d  t h a t  i t ' s  
p o l a r i z a t i o n  plane i s  perpendicular  t o  t h a t  one of 
the  .first polaro id .  The l i g h t  then passes  two l e n s e s  
used f o r  focussing the light-beam and i s  the d e r l e c t e d  
900 i n  the c e n t r a l  prism. The divergence i s  :hen 
increased  by a l e n s  system so t h a t  the  l i g h t  i l l u m i n a t e s  
the c e n t r a l  ob jec t ive .  

The l i g h t  w i l l  be focussed a t  the  d i s t ance  by the  
Yocussing knob. 

In this re 'spect i t  i s  perhaps necessa.ry t o  say 
~oiaef~kl i rg  about, the  chosed modulation- sys  tem. The 
HelJe-Gas l a s e r  needs an e x t e r m 1  modulator i n  o rde r  
to  be i n t e n s i t y  modulated. I n  Geodimeter 600 a s  well 
a s  i n  the  ~ B L  and the  700/710 a  k e r r  n e l l  has  been 
chosen although one knows t h a t  t h e  KD+P modulator has  
a  higher  o p t i c a l  q u a l i t y  and b e t t e r  temperature 
p r o p e r t i e s  compared with a  k e r r  c e l l  where the 
turbulence i n  the  l i q u i d  ni t robenzene may in t roduce  
an undes i rable  amplitude of noise  i n  the  s igna l .  
However, experience has shown t h a t  t h i s  turbulence 
i n  most cases  i s  small compared t o  the  atmospheric 
turbulence.  The k e r r  c e l l  has  the  advantage of a 
s h o r t e r  o p t i c a l  pa th  l eng th  than the KD+P which 
f a c i l i t a t e s  the  o p t i c a l  1ayout.The l i g h t ,  which i s  
re turned  from the  r e f l e c t o r ,  i s  received by the  main 
spher ica l  mirror .  The r e f l e c t e d  l i g h t  i s  d e f l e c t e d  
90' i n  the  c e n t r a l  prism, passes  then two t h i n  g lass -  
wedges and a  t h i n  g l a s s  p l a t e  t i l t e d  45O (used f o r  
d e f l e c t i o n  of the c a l i b r a t i o n  l i g h t - p a t h )  and before 
coming t o  the  f o c a l  plane two focussing l enses .  The 
spher i ca l  mir ror  can be t i l t e d  by turn ing  the  th ree  
knobs access ib le  on the mirror-end of the  c e n t r a l  
tube. T h i s  makes i t  poss ib le  t o  change t h e  o r i e n t a t i o n  
of  the  r e c e i v e r  o p t i c a l  a x i s  so t h a t  i t  coinc ides  with 
the  o p t i c a l  a x i s  of the t r a n s m i t t e r .  

During measurements, the  l i g h t  passes  an a d j u s t a b l e  
diaphragm i n  the  f o c a l  plane,  then v i a  a  p r o j e c t i o n  
system t o  the  cathode of the  photomul t ip l ie r  where i t  
i s  focussed. The i n t e r f e r e n c e  f i l t e r  i n  f r o n t  of the  
photo tube reduces most of the  day l igh t  inf luence ,  
which makes a l a r g e  diaphragm aper tu re  poss ib le .  

A manual v a r i a b l e  greywedge i s  i n s e r t e d  i n  the  l i g h t -  
pa th  f o r  adjustment of the  l i g h t  i n t e n s i t y  t o  a proper 
l e v e l .  



I n  o r d e r  t o  f a c i l i t a t e  p o i n t i n g  o f  t h e  ins t rument  on 
t h e  t a r g e t  t he  l i g h t - p a t h  can  be d e f l e c t e d  by 
s w i  t ch ing  i n  a p l ane  m i r r o r  and observed through an  
eyepiece v i a  a prism and l e n s  system. The image observed 
i n  the  eyepiece  i s  however r eve r sed  s idewise .  By means 
o f  a swi t ch  a r e d  c o n t r a s t  f i l t e r  can  be used i n  o r d e r  
t o  f u r t h e r  F a c i l i t a t e  t he  p o i n t i n g  o f  t h e  r a t h e r  
narrow l a s e r  beem ( t h e o r e t i c a l  beam divergence 5 cm/km). 

11: '.l;i s rw.-:pe?t i t  perhaps  c o i ~ l d  ne o l i ~ :  e r e  : r  
t,;: inent.ion a s p e c i a l  method success l 'u l ly  used by 
t h e  Geoerzphical  Survey Of f i ce  of  Sweden +o l o c a ? e  
3 rc?!'leccor at. long  d i s t a n c e s .  The method has  been 
devclopped by working with t he  Geodimeter 3 bu t  can 
i n  t he  fo l lowing  m a t t e r  be app l i ed  t o  t h e  o p e r a t i n g  
wi th  Geodimeter 600. The method presupposes  t h a t  
t h e  r e f l e c t o r  o p e r a t o r  i s  equipped wi th  a f i e l d - g l a s s  
and a communication r ad io ,  enab l ing  him t o  communicate 
with t h e  Geodimeter o p e r a t o r .  It is  a l s o  assumed t h a t  
t h e  approximate bea r ings  from both  s i d e s  a r e  known. 
The t h e o r e t i c a l  beam width of  t h e  Geodimeter 600, as 
a l r e a d y  mentioned, corresponds t o  approxirnat e l y  0,05 m 
p e r  km, when focussed on i n f i n i t y .  If t h e  beam i s  
expanded by s e t t i n g  t h e  focus  c o n t r o l  a t  e.g.  30 m, 
t h e  beam w i l l  be focussed t o  a th inny  p o i n t  a t  30 m 
bu t  w i l l  d ive rge  Crom t h a t  p o i n t  on. The d ivergence  
w i l l  be 0.03:30 = 1 m / l  km where 0.03 i s  t h e  l a s e r  
beam d iameter  a t  t h e  e x i t  a p e r t u r e .  

The r e c e i v e r  is, however, a u t o m a t i c a l l y  focussed  a t  
30 m which makes i t  necessary  t o  u se  t h e  s i g h t i n g  
t e l e s c o p e  f o r  a coa r se  o r i e n t a t i o n .  The r e f l e c t o r  
o p e r a t o r  now observes  t h e  Geodimeter s t a t i o n  wi th  h i s  
f i e l d - g l a s s  and w i l l  e a s i l y  see  t h e  f l a s h  of  t h e  l a s e r  
l i g h t  when t h e  Geodimeter beam i s s l o w l y  swept a long  
the  hor izon.  By r a d i o  t h e  Geodimeter o p e r a t o r  i s  in -  
formed and reduces  t h e  beam divergence by g r a d u a l l y  
focuss ing  "or a longe r  d i s t a n c e  and r e a d j u s t i n g  the  
p o i n t i n g  u n t i l  he I s  a b l e  t o  make t h e  f i n a l  adjustme:.t 
u s i n g  t h e  r e c e i v e r  c p t i c ;  0 2  the  Geodimeter, f irst  
v i s u a l l y  and f i n a l l y  by looking a t  t he  control-instrument, 
d e f l e c t i o n .  

The e l e c t r o n i c a l  d e s i z n  mainly corresponds fc, f h a t  0;' 
t h e  Geodime t e r  ~ B L  where +he phase comparisons h e ~ w e e n  
t h e  t r ansmi t t ed  and receiver;  . i - ;nals  i s  achiey;e< !wia,h 
t h e  mix-frequency of  l , 5  kMz. The s c a l e  deterrning 
modulation f requences  a r e  approximately  30 mHz and 

11 750 kHz corresponding t o  t h e  u n i t  l eng ths"  of  5  m and 
200 m r e s p e c t i v e l y .  

11 By means of' a new Hamumatsu" pho to -mul t ip l i e r  t h e  
s e n s i t i v i t y  of t h i s  i s  extremely i c c r e a s e d  c o m p z r e ~  ;.ri:r: 
e a r l i e r  models. Th i s  t o g e t h e r  ~ i ~ h  t h e  l a r g e r  r e c e i v e r  
o p t i c s  make t h e  s p e c i f i e d  range of  40 km as a r e a l  
optimum. Under extreme good c o n d i t i o n s  55 km h a s  been 
measured with 32 pr isms and with  a spread  o f  on ly  4  mm 
between t h r e e  independent measurements du r ing  30 
minutes.  



(9 s p e c i a l  instrument f e a t u r e  seen  f'rom the  
spec i  t ' ication on  f i g u r e  5 i s  t h a t  you - depending 
on the r equ i red  accuracy - can chose the  s u i t a b l e  
measuring method ( i n t e r n a l  i n s t rumen ta l  accuracy 
1 mm - 10 m m ) .  

I n  t h i s  r e s p e c t  i t  i s  a l s o  necessary  t o  s t a t e  some 
f a c t s  about the  used l a s e r  and the  output  e i ' fec t s  
i n  o r d e r  t o  c l e a r  t he  ques t ion  i f  i t  i s  dangerous 
f o r  the  eyes  o r  not .  

The used l a s e r  i s  a 1 m W  HeNe g a s - l a s e r  manufactured 
by Spec t ra -Phys ics  o r  Siemens. Reduced by d e f l e c t i o n s  
and r e f l e c t i o n s  a long the  t r a n s m i t t e r  l i gh t -pa th ,  
t he  t o t a l  ou tpu t  e f f e c t  i s  about 200,uW and t h e  
e f f e c t i v e  output  a r e a  has  a  diameter  of about 30 mm 
whk h CO responds t o  a n  e f f e c t  d e n s i t y  of  about  h 28 ,u~/cm . I n  many c o u n t r i e s  this value i s  good 
acceptab le  but  i n  some c o u n t r i e s  where t h e  l i m i t s  
have been s t a t e d  very low e.g. i n  Germany, t h e  
Geodimeter o p e r a t o r  have t o  a c t  according t o  t h e  
a c t u a l  r e g u l a t i o n s .  

F i n a l l y ,  I wish you welcome t o  Sweden and the  FIG- 
Congress and hope t h a t  you then w i l l  t ake  t h e  
oppor tun i ty  t o  v i s i t  AGA and p a r t i c i p a t e d  a t  t h e  30- 
y e a r s  c e l e b r a t i o n  of the  AGA Geodimeter. 

L i t e r a t u r e :  

A G A  ~ e o t r o n i c s  AB: Geodime t e r  600, 
Operat ing Manual. 

Ragnar Scholdstr6m: Various publ ished papers  
re Geodimeter 6 ~ ,  8 and 700. 



Fig. 4 
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Fig. 2 
Optical and electror.ica1 design 31. Oeodimeter 6~ and 
Geodime ter 600. 
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The effects of the individual errors on the end result can be found in the lollowina table: 

I. setting 
2. Pham determlnrtion 
3. Geodimeter constant 
4a. Eccentricity, Geodimeter 
4b. Eccentricity. Reflector 
Sa. Frequency settlng 
9. Frequency ageing 
6. Meteorological data 

Resulting mean square error 

Mean square 
error 
mm 

Proportional 
error 
101.0 - 
- 

The methods described in the following will eliminate or reduce the contribution of the 
individual errors as follows: 

Method 1: Error 2 is eliminated: do- 3 mm f l. 10-b.D 
Method 2: Errors 2. 3 are eliminated: dD---.2 mm? l. 1W.D 

Method 3: Only setting errors remain. dD=2 v2. where n is the number of observations. 

-- - - - v. 
--p 

Fig. 4 
Geodime t e r  600 
The e f f e c t s  o f  individual  errors .  



AGA Geodirneter 600 
- a new long range instrument 

Range 

!fnxii,",": ddiZaa,":: fnm w~th AGA prisms 57 1 .125.02 1 

The range is dependent on visibility. light conditions and thc rektors.  
Daylight and after-& rnnges m ppctically thc same. Sec diagrnm 
below. 

Accuracy 
One-phw measurement (measuring time = I min): 
Mean square error is less than 2 10 mm + I mnikm 
Standard method (measuring time = 3 min): 
Mean squm ermr is less than 2 5 mm + I mmkm 
Special m e w  (measuring time = 20-30 min): 
Mean squm error is less than I mm + I mmfkm 
The accuracy is unaffected by bum interruptions 

(;eneral data 
Light source I mW He-Ne laser 
Power source l2VDC banery 
Power consumption 26 W 
Elevation -55"to + W  
Ambient temperature 
range -40°C to + W C  

(up to + 50°C with slightly lower frequency 
stability) 

Optical dab  
Receiver: 
h x a l  length Hr) mm 
Magnification 28 x 
Diameter 105 mm 
Diaphragm infinitely 
adjustable bctween 0.5 x 0.5 and 0.1 X 0.1 mm 
Corresponding 
'projected' area 0.8xO.X-O.lSr0.15 mlkm 

Transm~ner: 
Focal length HXI mm 
1)iamcter 53 mm 

1)irnensions and v eif ib 
Standard equipmri~t No. 57 l .I W (MM: 
Instrument unit with Kern trihr. I S kg 220 r 3M) X S30 lnln 
Transport case (including tm l  kit, 
operating manual, recording forms. 
hattery cable) X.5 ke 2 8 O x 3 0 x 6 M  mm 
Harness for transport caw 1.1 kg 

The greatly ~mproved receiver optics and the laser light source enable you 
to measure distances of up to 200 meter directly against walls a d  other 
reflect~ng surf.dces without reflector. Distances of up to 1.5 km can he 
measured using a plactic reflector. The main rcurscy in connection with 
the above make the Gcod1meter600 suitable for displacement mcasure- 
ments. 

Slamcurd claar Vary claur E .eptmon.lly clear 
tarn) (1s km) (2'3,s km) (-km) 160 bml 

I 
l i 

Maximum range with AGA prisms (Part No. 571.125.021 or 
571.125.001). 
For long ranges a very solid instrument set-up is necessary. sincc 
AGA Geodimetcr600 has a small bum diwrgence. 

First in electro-optical distance measuring 
AGA have 50 years of experience in the fields of electronics. optics and 
precision engineering. and have been manufacturing clectro-opric;~l 
distance measuring instruments since 1947. Constant product development 
based on experience in the field has made the AGA Geodimeter instrument 
series one of the most economical and reliahle available for short. intcr- 
mediate. and long-range measurements. 

Contact us to discuss your measuring work 
AGA hac subsidiaries and general agents with qualified sen  cc stations In 
every major country in the world. They, in rum. are backed up h? a nrr- 
work of representatives. 
To find out more abwt AGA Geodimeters and surveying acces\tjrlc\. 
contact thc AGA representative in your area. 

.AGA Georronich AB 
S-  I X  1 81 I ~ d ~ r i ~  'iwctlcbt1 

Telephone: Oh-707 O r ) ? ( )  
Telex: 1778 1 AGAGEO S 

Telegrams: Agafari~s Stockholm 

Scandinavia and Finland France, Belgium, Algeria, Australasia Canada 
A(iA (;c$mn,nr\. S c a ' m J ~ ~ v i r  Tunisia and Morocco .\GA hxIwl\ . \ t~\ t ra l ,  8 1'1, l I*: .\(i41n,ns,* 1 111111s.4 

I l l  H l l.lDIM'). SWEDEN AGA Gmlnnrr S.A.R.L. 171. k811n?y S11m.t 41. Hon~rr .\xcnuc I'IIII ' 
Tclrph~ne IIRI 7h7In20 12. Aw dull Mm l945 ST KII.I>A. Yc. 1IW AI\'II(ZI.IA ~ O R O V ~ O  IK.II~II \IN? J \ J  I \\\!l\ 
'l+lcr AGACEO S 

I r s  F l N v h  !Mrlh~uml Tclcph~m. 1Jlh8 ?V *,')I 
F-9.lZQ) SARCEt.t.ES FRANCE rclcpknr: WN JO rCl,., IU. m7s<h .\I,.\('\\ 
Tclcph~m: I!) WII45QH. W 4 2 7 7  Tclrr 147XZ AGAMEI. 

W-Germany, Holland, Telex 2 x 1 ~  wrw AGA hrhlcls Auslr.lw PI! 1.14 

Switzerland and Austria I' o Rarx 21 1275 HarhqnJ R,VAI Japan, Taiwan. Korea 
,\(;A Opnnil, GmhH HRCKXVAI.~: N S W 21111 .AI:S~K:\I IA 'c~.,~I,u\ AH 

I>-h?lh tV'HRORtiTTS United Kingdom ISydncy I l k p l  tiEM.III 
Inrlu*lncunw J W-GERMANY Tclcpkm. V3ll:.1?? Y 0 Rn I?W 

ACiA Gnannio Tclcprrm. AGAF4ROS SYI>NI.j '~OKYO C IIII-01 I,\I':\S Iclcpkmc 1(lilW11 WUI 
WY? 

b. The O u y  Tclcptm: ll?,Jll? ? 1-4 I 

k l c r  117555 A(IAOP 
51 IVES Cmhnlprhim. ['.K 

USA Tclcx 2J2-2075 
Tcknhcnr S1 Iwr ((UROI NW7 
Teka: MAGW G AGA Ccxpcrra~ton 

Gad~nrlrr I l ~ v ~ r ~ , n  
Italy xo MUL c h v c  Iran 
A(;A IV.I~S S R I. Eastern Europe (Comecon) SAN RAFAEL Iran*, SwrJnrh C',, AR 
Vlr Vslawms 24 AGA h m . 1  krpns ('ALIF Scvnm E r f d  ?Q 
I-?OI?V ).(II.ANO ITAIY C.IXI X I  I.dmp. SW& U4903 VSA TEHERAN IRAN 
Telrphmr: (021 N107N). NlU17h Tc.lc@nr. (M 76527 15 Tclepkm: (410 479-Wlh TckPbrr IlJlhl h9 
r c k ~  W I  TEKITAI. ~prr AGAI TCICI I(R21 AGADEX rclct 34ww AMAI.AR~S ~CICX: 212411 



~iscus S ion (paper 6) 

Q. Is the method of reading by an analogue read-out not 

somewhat old fashioned ? 

A. We have used the same electronics as in the model 6BL etc. 

and by means of this measuring principle you can choose 

what kind of accuracy you want to reach. 

Q. I know that there have been complaints about, let's say, 

the rather high built up shape of the models 6, and it ought 

to be physically more stable, Do you know something more about 

this or do you consider the instrument stable enough as it is ? 

A. Well, I understand. but I don't feel responsible for the 

research, and I regret I can't give you a proper answer. 

Remark 1 )  I would personally say, that I am to a certain extent in favour 

of the analogue read out. In the digital read out, I have 

the feeling that the last digit is being chopped off, unless 

there is a special rounding off mechanism built in, So we would 

get a truncated reading instead of a rounded off one. One 

may of course add an extra digit, and use that for rounding. 

I favour the analogue read out, because I am not happy to have 

the same figures coming up again. 

This is of course psychologlcal. But the digital read out 

has many advantages of one wants an automatic transfer 

of the reading for registration. 

Remark 2) The development cost with regard to the digital read out 

would be higher. But from the standpoint of precision and 

truncation I think that usually digits are added, so that changes 

occur below the noise level. 

You don't see the truncation because the noise would usually 

dominate . 
Remark 3) A good analogue read out may be more expensive today. I like 

to congratulate Aga that they eventually abandoned the 2dea 

of the high frequency delay line'in the 6A model. It caused 

reasonable complaints from the user. It was very good on the 

old organ-like instrument because there it was used for interpolation. 



I n  t h e  model 3, which you d i d  no t  show,as we l l  a s  i n  the  models 

4 and t h e  e a r l y  model 6 i t  was d i f f i c u l t  t o  c a l i b r a t e  t h i s  

de lay  l i n e .  They were l i a b l e  t o  a l l  s o r t  of inf luences .  

Q. You mentioned a frequency of about 30 MHz and .750 KHz. 

The l a t t e r  i s  a " v i r t u a l  " frequency I t r u s t .  This  i s  d i f f e r e n t  

from t h e  previous instruments.  

A. Yes, t h i s  touches on a ques t ion  of EDM instruments i n  genera l  

namely t h e  checking t h a t  t h e  f requencies  a r e  c o r r e c t .  

Of course you can use  a frequency meter,  and they can be 

very small  today , but  you can g e t  a good va lue  by us ing  

more than one c r y s t a l  frequency, o r  - let 's  say -more  than 

one passing frequency. It might a l s o  be a c a v i t y  r e sona to r .  

Then you have more than one p o s s i b i l i t y  having an independent 

check i n  t h e  f i e l d ;  i t  w i l l  g ive  you a redundancy. 

The AFC - d e t e c t o r  more o r  l e s s  guarantees t h a t  your bea t  

f requencies  a r e  co r rec t .  But s t i l l  i f  t h e  main c r y s t a l  gives'  

away, than t h e  only  way t o  check accura te ly  is by applying 

an e x t e r n a l  frequency reference .  For t h e  people f n  t h e  f i e l d  

i t  i s  simply a ma t t e r  of how o f t e n  we have t o  c a l i b r a t e .  

We have t r i e d ,  taking a por tab le  frequency meter i n t o  t h e  

f i e l d .  We found out  i t  was very very c o r r e c t ,  S t i l l  E think" 

we would l i k e  you a s  ordinary  u s e r s  t o  g i v e  cons idera t ion  

t o  .the thought t h a t  t h e  instrument should show up i f  something 

goes wrong, i n  t h e  form of an alarm, i n  preference  of making 

t h e  instrument abso lu te ly  foolproof .  



HIGH PRECISION TRAVERSE OF FINLAND AND .THE UTILIZATION OF IT 

Teuvo Patm, Helsinki University of Technology, Department of Surveying, 
SF-02150 Espoo 15, Finland. 

U~r ing  the years 1972 ... 1974 the Finnish Geodetic Ins t i tu te  planned and 

measured through Finland the traverse seen in Fig. 1. The traverse con- 

sists of 25 sides,  the directions of which were mainly obtained f r m  

e a r l i e r  adjustments of the whole Finnish f i r s t  order triangulation net.  

The direct ions of the rest sides w e r e  obtained from separate detenni- 

nations. The heights of the s ta t ions  of the traverse are  e i t h e r  levelled, 

14 cases, o r  determined from the observations of the ver t ica l  angles 

carried out i n  connection with distance measurements, 1 2  cases. 

?'he distances were measured with the laser  geodimter,  Geodimeter Model 8. 

4-9 measurements on each side were carr ied out a t  different  times of day 

and, in some cases, even in d i f ferent  years, 

A detai led description of the traverse and the resul t s  were already pub- 

1 ished ( P a n  1976). 

The re la t ive  accuracy of the f ina l  resul t  of the length of the geodesic 

l i n e  between the terminal points of the traverse is 1:7 400 000. This 

high accuracy achieved is due t o  the repeated cal ibrat ions of a l l  instru- 

ments used, and especially by the measurement of the modulation frequency 

every day the distance measurements were carr ied out,  and by the careful 

select ion of observing conditions and procedures. For the geametrical 

reductions of the traverse legs the qual i ty  of the Finnish f i r s t  order 

triangulation net  is essent ia l ly  important. The knowledge of the geoid 

in  the Finnish area is re l i ab le  because both the astro-geodetic and gravi- 

metric geoid were detemiaed and the agreement betwen them is good. The 

f latness of the topography of Finland is favourable for  these determi- 

nations. 



A scale corl.ectioll appl led t o  the geodjnleter resul ts  of the traverse 

measul*ea~tnt should esl>ecially be pointed out. In 1971 the Finnish 

Geodetic Ins t i tu te  carried out geodimeter measurements on the Niinisa- 

10 2 2 . 2  km long cal ibrat ion baseline, the accuracy of which is about 

1:lO 000 000. 'These measurements indicated in  the geodimeter measure- 

ment a scale  e r ro r  of +l .6 mn/22.2 lan on average. The measurements 

before noon (AM) and a f t e r  noon (PM) deviated from each other 7 mn. 

The dis t r ibut ion  of the measurements was 

4 1 8 %  

PM 82 % 

So we see that  there seems t o  be some systematic e r ro r  still exist ing i n  

the geodimeter resul t s .  

The resul t s  of the geodimeter measurements on the traverse were corrected 

w i t h  the scale  correcti.on -1.6 1mn/22.2 km. On the traverse again, 

depending on the time of observations, there seems t o  e x i s t  systematic 

differences between resu l t s ,  On the t raverse the d is t r ibut ion  of the 

observations is,  not only by chance, 

AM 2 1  % 

PM 79 % 

'I'hus the observing procedures and the dis tr ibut ions of AM and PM measure- 

ments were s imilar  on the cal ibrat ion baseline and on the traverse. Thus 

the systematic e r ro r s  in  both cases are  a lso  similar and the application 

of the scale correction mentioned above eliminates the systematic e r ro r  

and the resul t  of the length of the traverse is correct ,  

The u t i l i za t ion  of the traverse is a work of current in te res t ,  As pre- 

sented in (Parm 1976) the traverse is used for  checking the sca le  of 

the f i r s t  order triangulation net and the resu l t s  of the f i r s t  compari- 

sons were already given in the same paper. 

The differences between the geodimeter resul t s  and the s ide  lengths 

obtained from the adjustment of the whole f i r s t  order net were 211 an 

on average, the greatest difference being 29 an, On the whole length of 

the t raverse,  888 km, the agreement is good: 1:4 500 000, 

The traverse was recently included i n  the l a t e s t  adjustment of the 

Finnish f i r s t  order net (Hytonen 1977) , 

The traverse and whichever section of it is available for  scaling the 

national s t e l l a r  triangulation net of Finland. 



'I'lle traverse and a l l sect ior~s of i t a r t  a l so available for. cal ibrat ing 

illst r - m n t s  and r~lethod needing reference distances of 100-900 km. In ad- 

di t ion i t  is worth nlentioning here, that  we have now the following ca l i -  

bration lengths of the following re la t ive  accuracies i n  Finland: 

Numme la Standard Base1 ine 864 m * 0.69 10'~ 
Niinjsalo Calibration Baseline 2 2 . 2  h 0-78 10 '~ 
tiigh Precision Traverse 888 lan l 10 '~ 

According t o  the advice given by Finnish geologists tm sides of the 

traverse were selected t o  be measured repeatedly i n  order t o  indicate 

possible tectonic movements. The two sides were measured i n  1974 and 

1976. I t  is yet too early t o  conclude any changes i n  lengths. 

l l t i l  i zat ion of the high precision traverse for  the international purposes 

is a lso  going on. Professor Juhani Kakkuri (Kakkuri 1977) from the FGI 

has just completed the observations made simultaneously a t  both ends of 

the traverse with two h p p l e r  receivers (Magnavox MX702q/GEO 11). The re- 

ceivers were kindly delivered fo r  the measurement by manufacturer Magna- 
vox. The observations are  also a f f i l i a t e d  with the European Doppler Cam- 

paign EDOC. 'I'hus the traverse may serve in  the scaling of the EDOC- net- 

work. Furthermore, the resu l t s  may be used fo r  cal ibrat ion of the Doppler 

instrun~ents the~i~selves.  

Some other plans t o  u t i l i z e  the traverse are  under discussions a s  w e l l .  

I t  would be recomndable  t o  have new instruments o r  equipment for  a 

measuring method, not yet well enough studied, brought t o  the t raverse 

giving cal ibrat ion distances r ight  up t o  900 h. 

Kakktrri, J. ,  1977. Private commicat jon.  

thtonen, E. ,  1977. The National Report of Finland fo r  the Comnission 
fo r  the New Adjustment of the European Triangulation. 
Reports of the FGI 77:2. Helsinki. 

Parnl, T. , 1976. High Precision Traverse of Finland. 
Publ. of the FGI No, 79. Helsinki. 





 isc cuss ion (paper 7 )  

Q. I'm impressed by . your confidence in applying a correction, which is 

considerably less than 0.1 or 1 part of a million to geodimeter 

measurements On 2 counts. 
- 7 

Firstly you have quoted the base-line as 0.78 X 10 , standard error of the 
base itself, which is about the same order I think as the 1.6 m over 

that distance. 

And, so quite apart from that factor itself I was wondering whether you 

did any significance tests or something like that of the results obtained, 

so that you could decfde that this correction was significant. 

I know you mentioned you could detect morning and afternoon differences 

and really it is quite impressive that you could produce something 

which was significant at all in that sort of realm. 

A ,  f have no numerical indication at a frequency level or something 

like that. I can only tell that, as I have mentioned in my publication 

that there is a systematic change during the day in morning and 

afternoon measurements. But the mean of our measurements agrees with 

the result of the invar wires, the difference being this 0.6 mm. 

Again because this kind of difference really exist it would cause 

a systematic difference of errors on the traverse be it small or great. 

Therefore we have applied this kind of small correction. On the traverse 

measurements we observed this systematic change at different kinds 

of observation. There is some reason for systematic errors of course, 

since the conditions concerning the distribution of measurements and the 

observing procedures and the instruments are the same for the calibration 

measurements and the traverse measurements; therefore it is justified 

to conclude that the'systematic error is eliminated even if it is very 

small. 

Q, Whet &S the cause of the systematic difference between the afternoon 

and the early -morning measurements ? 

A. I don't know of any research on that. I can only guess as 

many others have guessed and conclude perhaps, that some influence 

of the refraction is left, effecting the EDM results anyway.,but which 

is not compensated for. 

If there is some constant error in the refraction left, it may 

be compensated, when using the scale correction, derived from the 

measurements on the calibration baseline. 



P R E C I S E  MEASUREMENT OF V E R T I C A L  D I S T K N C E S  U S I N G  ELECTRO-OPTICAL RANGEFINDERS 

B . U .  W i t t e ,  U n i v e r s i t y  of B o n n ,  F e d e r a l  R e p u b l i c  of G e r ~ n y  

Abstract: 

By means of a rotatable plane mirror the transmitted signal 
of an electro-optical rangefinder can be transferred to an 
arbitrarily oriented spatial distance. This technique gives 
a better accuracy compared to distances directly determined, 
if the so called modified differential method is employed. 
Distances up to 250 m can be measured using this method, 
which is advocated for accurate measurements as well as 
for engineering work, where often vertical distances must 
be evaluated. Using the Tellurometer MA 100 the height of 
an 18 floor building has been determined with an accuracy 
of about - + 0.5 mm. 

l .  Introductary remarks 

In engineering surveys it is quite often necessary to 

measure vertical and slope distances with high accuracy. 

In the following a method is therefore presented, by which 

it is possible to transfer the transmitted rangefinder 

signal by means of a rotatable plane mirror to an arbi- 

trarily oriented spatial distance. This provides for a 

broader application of the rangefinder and in addition 

for increased accuracy. 

It is well known, that the "precision" (inner accuracy 

or internal consistency) of various rangefinders is con- 

siderably higher than their "accuracy" (outer accuracy). 

Precision is understood to be the accuracy of the resul- 

ting distances obtained from repetitions observations 

without changing the set up of either the rangefinder 

or the reflector and, in addition, without changing the 

initial alignment of rangefinder and reflector. This 

higher precision is utilised in the already known dif- 

ferential method (compare e.g. the Tellurometer MA 100 

handbook and ALLAN 121) to increase the accuracy of the 

resulting distance, which is obtained as the difference 

of two distances. The rangefinder and the two reflectors 

have to be aligned in a straight line. Moreover, it is 

assumed that the reflectors have the same additive con- 

stant or are exchanged during the observation using forced 

centering. 



Using this method it is very important, when forming the 

difference between the two observed distances, that the 

additive constant of the instrument cancels itself. In 

this way the long and short time variations of this 

"constant", which for this reason may also be called zero 

shift, are eliminated. The identical alignment for the 

two distance measurements provides, moreover, that the 

phase inhomogeneities of the wave front affect the "dif- 
ference" distance to a lesser degree than direct obtained 

distances. The error due to the phase inhomogeneities 

cannot completely be eliminated, because the difference 
distance consists of a short and a relative long distance 

SO that both reflectors do not reflect the same part of 

the wave front. 

2. Description of the modified differential method 

To make the method more universally applicable it is man- 

datory to abandon the condition of colinearity between 

rangefinder and reflector. This can be achieved by trans- 

mitting the signal to the terminal point of a distance 

via a gimbaled plane mirror, which can be turned around 

two axes. The length of the traverse P,, P2, P3 is ob- 

tained according to the set up in figure 1. Replacing the 

mirror in P2 with a reflector, the distance PIP2 can be 

measured and the distance PIP3 is obtainedaa the diffe- 

rence of the two measurements. 



Figure 1 

Examining this "modified differential methodn for further 

error sources points to the' dependance on the signal strength 

and the cyclic error. The effect of the signal strength on 

the measurement will be noticed when larger differences in 

signal strength appear which are caused by the length of 

the line PZP3 and the distance between rangefinder and 

mirror. HEUPEL and WITTE ( 5 )  have proved that such diffe- 

rences may cause an error of some tenth of a millimeter 

when using the Tellurometer MA 100, whereas using the Zeiss 

SM 1 1  an error of some millimeters may occur (HALLERMANN 

1 4 1 ) .  However, this error can be easily eliminated by ap- 

plying proper corrections. The cyclic error, too, can be 

determined a priori and then accounted for. Moreover, the 

influence of this error can be reduced if the difference 

distance PZP3 is a multiple of integers of the basic perio- 

dicity for the used rangefinder (e.g. 2 m or 75 MHz for 

the Tellurometer MA 100). The remaining part of the diffe- 

rence distance has then to be measured in the conventional 

way. The amplitude of the cyclic error which is inversely 



proportional to the received signal strength (e.g. GREENE 

13)) varies from rangefinder to rangefinder. It depends 

also on the length of the measured distance (see also 

HULSCHER (61) as tests, using the baselines of the Geo- 

detic Institute at the University of Bonn, have shown. 

The signal strength of the received signal has been 

sufficient for these tests. Besides these error sources 

the range of a possible nonperiodical zero error's de- 

pendency on distance should be taken into account. Using 

seven differeqt Kern DM 1000 instruments AESCHLIMANN and 

STOCKER 1 1 1  have shown that in a range between 30 m 
and 150 m the additive constant can vary between +6 mm 

and -4 mm against a mean value for this "constant". This 

dependency is caused by phase inhomogeneities and differs 

from instrument to instrument, but it can be determined 

in advance. If such nonperiodical errors become too large 

compared with the required precision, the use of a type 
of instrument having less or no nonperiodical errors 

would be suitable like for instance the MA 100. Because 

such a determination is also relative laborious it is 

furthermore easier to measure with anaccurate instrument. 

A t  a maximal distance of about 200 m, which is considered 

the upper limit of the differential method (see later), 

other error sources as e.g. the instrument scale error 

and the uncertainty of the mean atmospheric refractive 

index do not affect the accuracy obtainable with the 

tested rangefinders, because the frequencies show no 

greater deviations and the temperature can be observed 

sufficiently accurate. In any case, no undue deviations 

were found in the frequency checks routinely conducted 

by the Geodetic Institute. 



3. Pointing procedure 

Using instruments whose transmitter and receiver optics 

and their telescopes are set up coaxially, e.g. Zeiss 

SM 11,' Zeiss Eldi 2, the alignment of the mirror can be 

obtained very easily with the line of sight of the built 

in telescope. With the aid of this telescope the mirror 

can be aligned with slow motion knobs for vertical and 

horizontal traversing such that the image of the terminal 

point P3 appears in the center of the reticle. If the 

rangefinder does not have a coaxial telescope, e.g. Tellu- 

rometer MA 100, then the aiming procedure is reversed. 

Instead of a reflector a theodolite is set up in P3. But 

the vertical axis of this theodolite must have the same 

height as the used mirror and reflector. After aiming at 

the middle of the mirror with the theodolite's telescope 

the mirror is again turned around his axes such that the 

image of the transmitter and receiver optics appears in 

the center of the reticle. For an electronic fine adjust- 

ment both methods need a maximum returned signal, as in- 

dicated by the microamperemeter, in order to compensate 

a divergence between the line of sight and the transmitted 

signal for the first method, whereas the second method 

needs this adjustment as a proof that the transmitted 

signal reaches via mirror and reflector the receiver. This 

electronic alignment in vertical and horizontal direction 

is obtained from a emall movement of the rangefinder's 

slow-motion drive screws. It can now be assumed that for 

both methods the transmitted signal will reach the receiver 

after being reflected in the middle of the mirror and the 

prism. Afterwards mirror and reflector are exchanged using 

forced centering so that the short distance can be measu- 

red without any alignment of the instrument. 

For rangefinders with biaxially arranged transmitter and 

receiver optics, e.g. Tellurometer CD 6, the alignment, 

as indicated before, can be obtained from Pj. With the 

aid of a special target, which may consist of white 

carton, the geometrical alignment can now be achieved. 



Zeise SM 1 1  is not equipped with temperature stabilised 

oecillator crystals a special scheme has been developed 

in order to use this instrument without any loss of accu- 

racy. The exact prodecure can be found in 171. 

The field tests were performed on the test baseline of 

the Geodetic Institute, in the Kottenqorst near Bonn. The 

sections of the base line, used for the tests, are 48 m 

and 96 m, respectively, long and have been determined to 

within f 0.16 mm with two calibrated invar wires and one 

invar tape. The set up wae the same as shown in fig. 1. 

The mean from four independent difference measurements 

differed only by 0.4 mm for the MA 100 from the results 

obtained with the invar wires for the 48 m and 96 m di- 

stance. The mean errors of the MA 100 for both distances 

were f 0.3 mm, as computed from the observation discre- 

pancies. 

The Kern DM 1000 No 197746, the Tellurometer CD 6 NO 

1232, the Zeiss SM 1 1  No 78342 and the Zeiss (Jena) EOK 

2000 No 240396 were also tested. 

4. Test measurements 

At first tests were performed with the Tellurometer MA 1 0 0  

No 127 and the Zeiss SM 1 1  No 78347 in order to get an 

estimate of the precision of these instruments. These 

tests have shown a precision of 2 0.2 mm for the MA 1 0 0  

and of f 2.5 mm for the SM 1 1  respectively. For a quick 

check of the differential method, the prism tribrach was 

mounted on a cross-slide to allow for its moving along 

the line of sight, and set up in P3 ( S  fig. 1). The dis- 

placement was measured to within + 0.05 m. With this 
device it is possible to prove directly the maximal ob- 

tainable accuracy of the differential method. From 10 inde- 

pendent difference measurements with shifts of 10 m ,  an 

accuracy of 2 0.2 m for the MA 100 and of + 2.6 m for 
the SM 1 1  was derived for a distance obtained from five 

individual measurements. Because of the fact that the 

Zeiss SM 1 1  is not equipped with temperature stabilised 

oscillator crystals a special scheme has been developed 

in order to use this instrument without any loss of accu- 

racy. The exact prodecure can be found in 17). 



The field tests were performed on the test baseline of 

the Geodetic Institute, in the Kottenforst near Bonn. The 

sections of the base line, used for the tests, are 48 m 

and 96 m, respectively, long and have been determined to 

within - + 0.16 mm with two calibrated invar wires and one 
invar tape. The set up was the same as shown in fig. 1. 

The mean from four independent difference measurements 

differed only by 0.4 mm for the MA 100 from the results 

obtained with the invar wires for the 48 m and 96 m di- 

stance. The mean errors of the MA 100 for both distances 

were - + 0.3 mm, as computed from the observation discre- 

panties. 

The Kern DM 1000 No 197746, the Tellurometer CD 6 No 

1232, the Zeiss SM 1 1  No 78342 and the Zeiss (Jena) EOK 

2000 No 240396 were also tested. 

Summarizing one can say that their accuracy was improved 

by a factor or about 3. 

5. Practical application of:the method for elevation mea- 

surements 

Elevation differences in high buildings can be measured 

either directly along the plumbline (see fig. 2) or indi- 

rectly by reducing a slope distance, and only the zenith 

distance associated with P2P3 (fig. 1) must be determined. 

Fig. 2 shows the set-up of instrumentation necessary for 

the determination of elevation differences between bench- 

marks in floors or mezzanines of buildings and which addi- 

tional measurements have to be made. 



All 

I 

Figure 2 

The total differenca in elevation between the points is: 

bH = AFU - AFO - AD + AK + L - K + K S  + KBR 
bH = elevation difference between the two bencharks 

L = long distance 

KS = constant height of the mirror8@ trunnion axis 
above tribrach 

KBR= constant height of the reflector's trunnion axis 

go ) = readlngs on a levelling rod 
AFU 

As an accessory equipment a special bow is necessary so 

that the reflector can be attached below the tripod head 

within forced cantering (fig. 3). The geometrical alignment 

8 8 



Figure 3 

can now be obtained with the aid of an optical plummet, 

which can be exchanged for the bow using forced centering. 

This optical plummet serves here only as a telescope. The 

elevation differences between the benchmark and the highest 

point of the bow are determined by levelling. The constant 

height of the mirroreta trunnion axis above the tribrach and 

the constant difference in height between the trunnion axis 

of the reflector and the highest point of the bow are evalu- 

ated in a laboratory. This Method was applied to check the 

accuracy of elevation differences between several bench- 

marks on different floors of an 18 floor building obtained 

with a special levelling procedure using two rods screwed 

together on top of each other. 



For this kind of levelling procedure it was not possible 

to give an estimate of the influence of systematic errors. 

But from the surveyor's point of view a standard deviation 

of only - + 5 mm for the elevation differences could be tole- 
rated. Therefore the levelled elevation differences had 

to be checked by an independent method. In order to examine 

the accuracy obtained by levelling thoroughfullyrthe accu- 

racy of the differential method had here to be better than 

one millimeter. This could only be achieved with the Tellu- 

rometer MA 100 and its precision of - + 0.2 mm. The cyclic 
error could be eliminated because the distance between mir- 

ror and reflector, i.e. the difference distance, was tuned 

to a multiple of integers of the MA 100's basic periodi- 

city by a corresponding high or low setting up of the used 

tripods. 

On 4 different days 1 1  elevation differences were evalua- 

ted with the aid of the MA 100. The precision (inner accu- 

racy) of all measurements could be determined, because 

every elevation difference was independently obtained two 

times. The standard deviation for the measurements is 

+ 0.2 mm and the biggest discrepancy between two indepen- - 
dent measurements amounts to 0.4 mm. These discrepancies 

not only contain the standard deviations of all MA 1 0 0  

measurements but also the standard deviati-ons of the con- 

necting levellings (2 instrument set ups for every eleva- 

tion difference). But it ehould be pointed out that every 

distance (the long and short ones, see fig. 2) were deter- 

mined five times. Using the differential method for this 

kind of elevation evaluation it is advantageous that the 

precision does not depend on the height of the elevation 

difference, because long (up to 200 m) and short distancea 
are obtained with the same accuracy. 
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A LASER SYSTEM FOR R A N G I N G  TO SATELLITES 

F.W. Zeeman, Geodetic Ins t i tu te ,  Delft University of Technology, The Netherlands 

abstract  

A t  the  observatory fo r  s a t e l l i t e  geodesy i n  Kootwijk, The lletherlands 
the Geodetic I n s t i t u t e  of the  Delft University of Technology operates 
a l a se r  ranging system since September 1976. 

With t h i s  system distance measurements can be performed t o  a l l  
cooperative geodetic s a t e l l i t e s  presently i n  orb i t .  
The measurements so f a r  show an in te rna l  accuracy of 15 - 30 cm i n  
s a t e l l i t e  ranging and 3 - 6 cm on ground ta rge ts  at short  distance. 

The purpose of t h i s  paper is t o  give a general description of t he  
present system and i t s  potential8 f o r  the  next few years. 

Introduction 

The working group f o r  s a t e l l i t e  geodesy of the  Delft  University of 
Technology operates a geodetic s a t e l l i t e  tracking s t a t i on  i n  Kootwijk, 
30 km North of Wageningen, since the  end of 1973. A t  the  same time a 
project f o r  design and construction of a l a s e r  system f o r  ranging t o  
s a t e l l i t e s  s ta r ted  i n  close cooperation with the  I n s t i t u t e  of Applied 
Physics (Tm)) i n  Delft.  
This project  has been supported by the Royal Netherlands Academy of 
Sciences. 

r e t ro re f l ec to r s  

I 
8 

l 
t 

- - - - -- -1-  nanoseconds ,=l 
time in te rva l  T epoch clock 

f ig .  1 

The pr inciple  used for  ranging t o  s a t e l l i t e s  is tha t  of a pulsed 
I1 opt ica l  radar". 
The time-of-flight T of the  l i g h t  pulses from the t ransmit ter ,  v i a  the  
s a t e l l i t e  t o  the  receiver yie lds  the  distance d t o  the  s a t e l l i t e  
according t o  d = . c . 

2 
9 2 



The velocity of l i gh t  c has t o  be corrected for  the  path through the 
atmosphere. 
Only time-of-flight measurements together with the  l oca l  meteorological 
data  a re  recorded. The influence of the  atmospheric re f rac t ion  is  
implemented during geodetic network computations. 
Before and a f t e r  each s a t e l l i t e  pass the  measured values a re  compared 
with an ident ical  distance measurement t o  a careful ly  surveyed fixed 
t a rge t  a t  short distance. This method eliminates any delay caused by 
the in te rna l  opt ical  path, cables, e lectronic  equipment e tc .  

In order t o  define the position of the  s a t e l l i t e  i n  i ts  o r b i t  the  epoch 
of the  measurement, i . e .  the ins tan t  when the  s a t e l l i t e  has been h i t  by 
the laser  pulse, has t o  recorded i n  UTC time scale.  
The accuracy of t h i s  time measurement has t o  be compatible with the 
ranging accuracy. With a topocentric r ad i a l  veloci ty  of the s a t e l l i t e  
in i t s  o rb i t  of 5 km/s ,  5 cm accuracy correeponds t o  a timing 
requirement of 10 PS UTC. 

t ab le  1 

So f a r  r e su l t s  have been obtained i n  routine nighttime ranging t o  the  
s a t e l l i t e s  S t a r l e t t e ,  LAGEOS and the GEOS-1, GEOS-2 and GEOS-3 s a t e l l i t e s .  
Daytime ranging on a l l  these s a t e l l i t e s  except LAGEOS which has an 
o r b i t a l  a l t i t ude  of about 6000 km has been performed as a rout ine 
operation. Work is in  progress however t o  obtain a f a i r  output from 
LAGEOS daylight passes. 
In te rna l  accuracy of the  measurements i s  15 - 30 cm RMS. 
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The pulse laser  i s  the most c r i t i c a l  par t  i n  the  ranging system. It 
requires much at tent ion and for  t h a t  reason it has been ins ta l led  i n  
an air-conditioned room. 
This ruby pulse l a se r  consists of the  following parts:  
- a Q-switched osc i l l a to r  
- a spark-gap activated pulse chopper - two amplifier  stages 
- a high voltage power supply, water cooling uni t  and control e lectronics  



It has been b u i l t  t o  our specifications by an American laser  manufac- 
tu re r .  
The Q-switched osc i l l a to r  consists of the  l a se r  head, a 100% re f l ec to r ,  
a p a r t i a l l y  re f lec t ing  output mirror and the  Q-switch, a combination 
of a v e r t i c a l  Brewster stack polarizer and a switchable Pockels c e l l  
polarizer.  The output of t h i s  o sc i l l a to r  i s  a 25 ns wide l i g h t  pulse 
of 6943 wavelength, horizontally polarized. From t h i s  25 ns pulse a 
central  par t  4 ns wide i s  chopped out by means of an op t ica l  switch, 

again b u i l t  with a Brewster stack polarizer and a Pockels c e l l .  
This short l i g h t  pulse i s  then amplified by a two s tage amplifier t o  a 
1.5 Joule operational energy leve l  ( 3  Joule max.). 
The maximum f i r i n g  r a t e  of th ia  system is  15 pulses per minute. 

Optical/ mechanical subsystem 

The ro le  of t h i s  subsystem i s  t o  point the  l a se r  beem t o  the  s a t e l l i t e  
and t o  co l lec t  the  l a se r  l i gh t  re f lec ted  by the  s a t e l l i t d .  The equip- 
ment i s  located i n  a dome on top of t he  building and has been designed 
special ly  for  t h i s  application. 
The transmitter and receiver optics have been combined i n  a theodol i te  
type of s t ructure .  The absolute pointing of t h i s  mount i s  be t t e r  than 
20 arcseconds ( 1/3 of minimum laser  beam divergence) with a windload 
up t o  Beaufort 8. 
The mount's angular posit ion i s  read out using absolute op t ica l  shaf't 
encoders t o  a resolution of 0.001 degree. The mount control  un i t  then 
compares the actual  posit ion with t he  desired position. The e r ror  
s igna l  generated i s  used t o  drive the  DC servo motors. 



Fig. 2. CoudC telescope. 

The l a se r  beam is directed upwards through the  hollow concrete p i l l a r  i n t o  
the v e r t i c a l  axis of the mount. Via prisms the  beam is directed t o  t he  
elevation axis and in to  a 5 power Galilean collimator. The use of t h i s  
collimator a f t e r  the moving prisms in  the op t ica l  t r a i n  diminishes t h e  
alignment precision requirement of the  coud6 l i g h t  path by a fac tor  of 5 -  



'rht* ~livc.r~r.rrc.f. 0 1 '  I . / I ( .  lar.1.r bcnm a f t e r  Lhtl col l imator is  l arcminute. 
liy (lt.l'oc.~l:;n i nl: I . / r c l  c 6 r ,  l l i mat,or thc divergence can be adjusted between 
1 :1r1(1 ?n :1rc5rn i I I I I ~ . ~ . : ;  i n  ordcr t o  adapt the  system t o  t h e  accuracy of the  
prf.,lic.l.i~lr~ of' 1 . t 1 c n  ::at,cal l i t c  pos i t ion  a t  t h e  time of l a s e r  f i r i n g .  
'l'h(\ r c B r - c . i  v i rll? 1,c.l (!scope is  of a p a r t i a l  coud6 design ( the  o p t i c a l  path 
passes through the e levat ion ax i s  only) with a ca tad iop t r i c  ( l e n s  - mir ror )  
o p t i c a l  t r a i n .  I t  has a 50 cm aper ture  and t h e  f i e l d  of view i s  ad jus tab le  
between l and 20 arcqinutes.  
By means of a d ichroic  red  r e f l e c t o r  t h e  received l i g h t  i s  s p l i t  i n t o  
wavelengths > 6 00 8 which a r e  d i rec ted  t o  t h e  photodetector and wave- 
lengths ( 6500 5 going t o  an eyepiece. I n  t h i s  way t h e  operator  can see  
s u n l i t  s a t e l l i t e s  t o  a v i s u a l  magnitude of +13. This f e a t u r e  has shown 
t o  be very u s e f u l i n a c q u i r i n g  s a t e l l i t e s  within a narrow beam. 
The r e f l e c t i o n  of t h e  l a s e r  b e m  on t h e  second prism is d i rec ted  v i a  a 
secondary o p t i c a l  path (not  shown i n  f igure  2 )  and an ad jus tab le  a t t enua to r  
t o  t h e  photodetector. I n  t h i s  way it is  poss ib le  t o  perform system 
ca l ib ra t ions  without an ex te rna l  t a rge t .  

Detector subsystem 

The transmitted and t h e  received l a s e r  pulses have t o  be converted t o  
s u i t a b l e  e l e c t r i c a l  s igna l s  i n  order t o  perform a time i n t e r v a l  measure- 
ment. 
For the  detec t ion of the  r e t u r n  l i g h t  pulse  a very f a s t  vacuum photo- 
diode ( r i se t ime  0.5 ns )  is used. 
For the  detec t ion of t h e  r e t u r n  l i g h t  pulse  a very s e n s i t i v e  de tec to r  i s  
needed. In our case we use a 12 - s tage  photomult ipl ier  with a quantum 
e f f i c iency  of 5 - 6 %. 
I n  addi t ion  t o  t h e  re tu rn  s igna l  from t h e  s a t e l l i t e  t h e  photomult ipl ier  
produces noise from t h e  sky background and a l s o  i n t e r n a l  ( thermal)  noise. 
Background noise i s  el iminated as much as poss ib le  by using a f i e l d  s t o p  
i n  t h e  te lescope and a narrow band in te r fe rence  f i l t e r  ( adjus table  3 o r  
10 8 bandwidth). 
A narrow time window a c t s  a s  an e x t r a  noise  f i l t e r .  I n  our case  during 
only 10 ps around t h e  predicted a r r i v a l  time of t h e  re tu rn  pulse e l e c t r i c a l  
s igna l s  a r e  allowed t o  s t o p  t h e  time-of-flight measurement. 

Timing subsystem 

The purpose of t h i s  subsystem is t o  - measure t h e  time-of-flight of t h e  l a s e r  pulse - record t h e  epoch ( i n  UTC time s c a l e )  of t h e  start of t h e  time-of-flight 
measurement - provide timing s igna l s  f o r  t h e  automatic operat ion o f  t h e  system 

A l l  measurements a r e  based on t h e  output of a lfybidium vapor frequency 
standard with a s t a b i l i t y  o f  a few p a r t s  i n  10 . 
The time-of-flight measurement i s  performed by a commercially w a i l a b l e  
time i n t e r v a l  counter with a reso lu t ion  of 0.1 nanosecond. The measurement 
i s  performed between t h e  leading edges of  both t h e  t ransmit ted  and t h e  
received pulses.  
The epoch of l a s e r  f i r i n g  is recorded w i t h  a r e so lu t ion  of l )IS UTC- 
The UTC time s c a l e  is maintained us ing d a i l y  t i m e  comparisons agains t  t h e  
Netherlands nat ional  time standard UTC-(VSL). These comparisons a r e  based 
on the  so-called "TV sync. pulse  technique" , which has been described i n  
severa l  publ ica t ions  ( 1 ) . The accuracy of our measurements is b e t t e r  
than 1 microsecond. 



Additional frequency monitoring i s  performed by means of plinsc ctwl- 

parison a g ~ i n s t  the  transmission of MSF ( ~ u g b y ,  Kngland, 60 kl l z ) .  

Future improvements 

The major improvement t h a t  w i l l  be implemented i n  t he  near fu tu re  i s  t he  
d i g i t a l  recording of the shape of both t he  transmitted and the received 
pulse. With t h i s  da ta  corrections can be calcula ted fo r :  - time walk along t he  leading edges, caused by varying amplitude - d i s to r t i on  of the  shape of t he  re tu rn  s ignal .  

This technique w i l l  improve t he  accuracy t o  an expected 5 - 15 cm leve l .  
Further improvement of t h e  accuracy, especia l ly  t o  higher s a t e l l i t e s ,  can 
be expected from a decreased l a s e r  pulsewidth. This modification has been 
planned f o r  1979 - 1980. 
Other modifications envisaged are:  - computer con t ro l  of t h e  operation - improvement of t he  signal-to-noise r a t i o  - i n s t a l l a t i o n  of a b e t t e r  photodetector 

These l a t t e r  act ions w i l l  give only a s l i g h t  increase i n  accuracy but  
they a r e  intended mainly t o  improve t he  system eff ic iency.  

Results 

Short ly a f t e r  each s a t e l l i t e  pass t h e  observations a r e  subjected t o  an 
adjustment with respect  t o  a bes t  f i t t i n g  e l l i p t i c a l  o r b i t  i n  order t o  
have a f i r s t  ins igh t  i n t o  the  number of l i k e l y  succesful  re turns .  After 
r e j e c t i ng  probable o u t l i e r s  each res idua l  i s  individually t e s t e d  statis- 
t i c a l l y  with respect  t o  an a p r i o r i  estimated s i ng l e  shot  precis ion of 
1.5 nanosecond (round t r a v e l  time). Figures 3,4,5 give examples of t h e  
res iduals  of t y p i c a l  passes of t he  LAGEOS, S t a r l e t t e  and GEOS- 3 s a t e l l i t e s  
under good atmospheric conditions. 
On longer term, a f t e r  having adjusted many passes of d i f f e r e n t  s a t e l l i t e s  
conclusions can be drawn about t he  qua l i ty  of t h e  system. A t  present  t h e  
following statements can be made: - under good atmospheric conditions t he  assumption of a s i ng l e  shot  

( i n t e r n a l )  precis ion of 1.5 nanosecond i s  acceptable f o r  a l l  observed 
s a t e l l i t e s .  

- the re  i s  no evidence of any s i gn i f i c an t  dependance of t h i s  precis ion 
on t he  range t o  t he  s a t e l l i t e .  

As mentioned already before and a f t e r  each observed s a t e l l i t e  pass 
c a l i b r a t i on  measurements a r e  carr ied  out  rout inely  over a given ground 
range ( e i t h e r  a 6 m i n t e rna l  shor t -c i rcu i t  l i g h t  path,  o r  an external  953 m ) ,  
pr imari ly t o  update t he  value of t he  system delay with respect  t o  t he  
reference point a t  t he  in te r sec t ion  of t h e  two telescope axes. 
The ca l i b r a t i on  measurements, being repeated a t  l e a s t  10 times i n  each 
s e r i e s ,  give de ta i l ed  (atmosphere independant) information on t he  overa l l  
system s t a b i l i t y  (standard deviat ion W 0.3 ns) .  Figure 6 shows res idua l s  
with respect  t o  t he  adjusted mean value of a s e r i e s  of c a l i b r a t i on  
measurements. 
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SOME ABSOLUTE TESTS OF THE RESULTS OF IDM-MEASUREMENTS IN THE FIELD WITH A 
DESCRIPTION OF FORMULAS USED IN THE TESTS 

E r i k  ~ e n g s t r E m ,  U p p s a l a ,  Sweden  

I n t r o d u c t i o n .  

Dur ing  a sequence o f  years, t h e  I n s t i t u t e  o f  Geodesy a t  

t h e  U n i v e r s i t y  o f  Uppsala has been i n v o l v e d  i n  exper iments 

f o r  de termin ing  t e r r e s t r i a l  r e f r a c t i o n .  C11 137 
Using cont inuous l a s e r s  o f  d i f f e r e n t  wave-lengths [He-Cd 

UV 3250 A ,  Argon b l u e  4880 A and He-Ne r e d  6328 A ) ,  care-  

f u l l y  ad jus ted  i n  he igh t ,  so t h a t  each beamapex i s  l y i n g  i n  

t h e  same h o r i a o n t a l  plane, and approx imate ly  i n  a  s t r a i g h t  

l i n e  pe rpend icu la r  t o  t h e  l i n e  of s i g h t ,  i t  was p o s s i b l e  t o  

determine t h e  r e l a t i v e  v e r t i c a l  p o s i t i o n  between t h e  normal8 

of t h e  l a s e r  wavefronts  a t  a  d i s t a n c e  o f  20 km t o  w i t h i n  0.1  

centes ima l  seconds o f  arc .  The d i s p e r s i o n  between t h e  UV- 

and t h e  r e d  beam i s  observed w i t h  a  Cassegrain camera [ f  = 

6260 mm), i n  f r o n t  o f  which i s  p laced a  6 s l i t  g r a t i n g  w i t h  

d 5 mm spacing. The r e d  apex and t h e  UV apex have a  h o r i -  

eonta l  d i s tance  o f  1 m f rom each o ther ,  so on t h e  exposed 

f i l m ,  t h e  i n t e r f e r e n c e  p a t t e r n s  are  s u f f i c i e n t l y  w e l l  sepa- 

r a t e d  t o  enable accura te  comparator measurements t o  be made 

of t h e  v e r t i c a l  d i s t a n c e  z between t h e  c e n t r a l  f r i n g e s .  

z i s  ob ta ined i n  microns [mean e r r o r  p e r  exposure 2 1 ~ )  and 

then conver ted t o  angu lar  measure 6 ,  accord ing  t o  

where Xr  i s  t h e  r e d  wavelength, Er t h e  f r i n g e  d i s tance  of 

t he  r e d  pa t te rn ,  which i s  a l s o  measured. 

I n  e v a l u a t i n g  t h e  mean e r r o r  o f  6 , we accept r e a l i s t i c  

va lues of  t h e  mean e r r o r s  i n  Ar,d,z and L,, and compute 

"6 f o r  normal c o n d i t i o n s  i n  t h e  atmosphere. We have here 

assumed: 



Now 

and we get  f rom ( 1 )  

n 
From (2) we know, t h a t ,  n e g l e c t i n g  any i n f l u e n c  es  from 

C1 

humid i ty ,  t h e  r e f r a c t i o n  angle f o r  t h e  0 - l i n e  ( y e l l o w  l i g h t )  

uv a,, = '6, 

t h e  c o e f f i c i e n t  be ing  computed f rom B a r r e l 1  and Sear 's formula 

f o r  no0, nor and nouv as 

Under normal c o n d i t i o n s  i n  d r y  a i r  end e t  20 km d is tance  

NOW, w i t h  f = 6260 X 10'~ 

'r X f m 7 9 2 ~  , and w i t h  i = 0.1 , 
r 

From these numbers we see, t h a t ,  w i t h  accepted mean e r r o r s  

i n  Ar,z,lr and d  , t h e i r  c o n t r i b u t i o n  t o  6 a re  i n  o r d e r  

Even i f  we should have mA = t100 A, md 20.1 mm and 
r 

mR = 2 1Op , t h e  mean e r r o r  o f  6 i s  o n l y  o f  t h e  o r d e r  o f  to" . 2  
r 



\l I n  r e a l i t y .  however. m& W t O  .l . as s t a t e d  above. 

The accuracy o f  t h e  r e f r a c t i o n  ang le  aD = 23.42 X 68" 

depends a l s o  on t h e  accuracy o f  t h e  c o e f f i c i e n t  23.42 1 

Assuming r e a l i s t i c a l l y ,  t h a t  a l l  no :s  have a  mean e r r o r  

of k0.05 x I O - ~ C ~ ,  ob ta i ned  f r o m  B a r r e l 1  and Sears'  f o r m u l a  - 8 
( o r  E d l e n ' s  formula ,  wh ich g i v e s  same va lues  t o  w i t h i n  10 1, 
we g e t  

m,- k0.1 , and consequent ly .  a t  20 km 

The n o  :S  have been determined f o r  d r y  a i r  a t  OOC and 760 mm 

Hg-pressure.  I t  i s  assumed, t h a t  t h i s  a i r  c o n t a i n s  t h e  f o l l o w -  

i n g  main c o n s t i t u e n t s :  N Z ,  02, A and CO2 w i t h  p e r c e n t s  by 

volume equa l  t o  78.09, 20.95, 0.93 and 0.03 r e s p e c t i v e l y . c ? 1  

Th i s  compos i t i on  seems t o  be r a t h e r  cons tan t  up t o  a  h e i g h t  

o f  about  90 km except  f o r  a  s low and s m a l l  v a r i a t i o n  o f  t h e  

CO*-dontent.  so o u r  K - v a l u e  above shou ld  be s u f f i c i e n t l y  

accu ra te  t o  make o u r  va lues  f o r  a and ma r e a l i s t i c  i n  d r y  

a i r  under  a l l  o b s e r v a t i o n  c o n d i t i o n s  i n  t h i s  p a r t  o f  t h e  

atmosphere. But  f u r t h e r  i n v e s t i g a t i o n s  a r e  des i red .  

I n  C33 we have i n v e s t i g a t e d  t h e  i n f l u e n c e  o f  h u m i d i t y .  

We o b t a i n e d  

- 
where 8 Q P -3.36 6 - ( I  - 0.38 l 

P 1+0.29 & d  

- - 4 e  , p and ( 1 b e i n g  mean va lues  ove r  t h e  d is tance .AP 

X 
) A i s  the observer, P the nearest point on the ray, 

where the tangent is  para l l e l  t o  the chord AB, B being 

the l ightsource.  



t h e  mean o v e r c ~ o f  t h e  b r a c k e t - v a l u e s  b e i n g  taken.  

I n  t h e  f o rmu las  above e, p a r e  expressed i n  t o r r ,  

H c o u l d  h a r d l y  r each  v a l u e s )  0*.0I/km (see (3) and 

m igh t  be neg lec ted !  

Q is normally small but might reach appreciable values 

during great negative humidity gradients, see (2) and ~ppendix I. 

However, it seems formally possible to evaluate Q by using 

a third laser.' 

We h a v e c h o s e n  an Argon l a s e r  (see above) w i t h  A,, - 4880 A . 
Observ ing  tSr we have an exp ress ion  

- 1  1  1 
where K - =  D and k  = K X 0.0083 (X--,- 

+ 

- " o r  Ob 

We know nog - 1 -  292.40 X 10- 
- 6 

= 1  + 291.76 X 10 

From B a r r e l 1  and Sears '  f o r m u l a  we o b t a i n  (wave i n d e x )  

which g i v e s  

and K = 100.('1( 

For k , we g e t  t h e  v a l u e  2.43 . 
104 



F i g  1 



1 We should then have a nonzero value of 

Q = 1 3.9  6'" - l ,  6 X 10' 
P 

( 4 )  
bVitn ebtainable accuracies 1. meaeurilp~b , it ie olear,that ( 4 )  is 

~mpeesible te uee in praetire. 

Possibilities of absolute tests of the IDM determination8 

of terrestrial refraction. 

Thebresults obtained, in using the observational means, 

and the theory described in the introduction, should be of 

minor value, if no method existed of absolutely checkinc 

them against values, computed from data, independent of tho 

atmospherical conditions during the observation plus simul- 

taneous observations of other kind, depending on these con- 

ditions. In fact, if we know the geoidal height difference 

between the IOM observer and the laser source, and the 

components of the deflection of the vertical at the site 

of the observer, we may calculate having vertical 

angle measurements made at the same time as the IDM ex- 

posures are performed. A formula for such an ao-computation 

is given below. We have here accepted the ED-system for 

defining 5,5,7. 

In fig. l the unit vectors and 4 are the true directions 

from observer P1 toward the lightsource P2 and the true 

nadir respectively. So B,$ define a true vertical section 

in P1 , which contains P 2  . The angle v between and 

is given by 

k x $ =  COS v 
\ 

Let the ellipsoidal angular €0-coordinates for the P : s  be 

given, that is aED, 
A ED together with the orthometric 

height h , and the geoidal height 5 in the same system. 



The e l l i p s o i d a l  m e r i d i a n  t h r o u g h  P , c o n t a i n s  fie ( t h e  

d i r e c t i o n  o f  e l l i p s o i d a l  n a d i r  o f  P1 ) ,  a n d  t h e  z - a x i s  ( k )  

o f  t h e  e l l i p s o i d .  T h e  x - a x i s  ( i )  t h r o u g h  t h e  c e n t e r  o f  t h e  

€ 0 , - e l l i p s o i d  i s  p e r p e n d i c u l a r  t o  k i n  t h i s  m e r i d i a n  p l a n e .  

The  e l l i p s o i d a l  n o r m a l  o f  P p  i n t e r s e c t s  t h e  z - a x i s  a t  a 

p o i n t ,  a n d  d e f i n e s  e l l i p s o i d a l  $ 2 , X 2 - X l = X  , S O  X~~ f o r  

P1 e q u a l s  0 ( X l )  a n d  X E D  f o r  Pp e q u a l s  X ( X 2 )  . 
The  y - c o o r d i n a t e  f o r  P 1  i n  t h i s  e l l i p s o i d a l  s y s t e m  ( w i t h  

o r i g i n  a t  0 ,  s e e  t h e  f i g u r e )  i s  t h e r e f o r e  = 0 ,  a n d  we h a v e  

w h e r e  N i s  t h e  e l l i p s o i d a l  n o r m a l  r a d i u s  o f  c u r v a t u r e  
P10 

o f  t h e  o r t o g o n a l  p r o j e c t i o n  o f  P 1  o n  t h e  e l l i p s o i d  ( P ~ o ) ,  

t h a t  i s  

F o r  P p  , N i s  a l s o  g i v e n  t o g e t h e r  w i t h  ti2 a n d  t 2  . 
P20 

F o r  t h i s  p o i n t  ( P 2 1  we h a v e  

+ h2 + t z l c o s  $ 2  s i n  X Y p 2  = ( N  P2 0 
( 5 ' )  

I l 
S e e  f i g .  2 ! P'l a n d  P r  . a r e  t h e i r  or thogonal  - p r o j e c t i o n s  of P1 and 

P2 i n  t h e  e l l i p s o i d a l  equator .  

I n  t h e  i n  j, k s y s t e m  we now h a v e  



w i t h  

Tho v e c t o r  ge i s  acc. t o  f i g .  1 

6 P - C O S  4 l x i  - s i n  $ l * k  -e 

Whst i s  t h e n  ? 

I t s  d i r e c t i o n - c o s i n e s  a r e  o b v i o u s l y  i n  t h e  i , j , k  system : 

- cos $a C O S  A a  . - cos 4  s i n  A a  . - s i n  $ 
a  a  

where a denotes a s t r o n o m i c a l  va l ues  (Xa b a i n g  d e f i n e d  as 

t h e  ang le  between t h e  e l l i p s o i d a l  and a s t r o n o m i c a l  m e r i d i a n s  

o f  P 1 1  counted p o s i t i v e  eastwards.  

From f i g -  3 we g e t  t h e  components of fj i n  t h e  f o r m  

- COS + F s i n  d . - - s i n  $ 1  - 5 cos $1 

g =  - cos 4 1  X i - s i n  Ol*k + 5 s i n  $ l i  - X j - 

- r; cos 41hk ( 7 )  

and t h e r e f o r e  

108 



1 
cos v = 6~ 5 = [I(N + h2  + ~ 2 1 ~ 0 s  42 COS A - 

P2  0 

+ [ ( N  p2 o + h2 + ~ 2 1 ~ 0 s  $ 2  s i n  A I x [ - n ) +  

+ [ ( N  ( 1 - e 2 )  + hp + c 2 ) s i n $ t 2  - [ J V  ( l - C 2 )  + 
P2 0 P 1  o 

w i t h  v = 9 0 ° + $ - U  ; cos v  = - s i n ( @  - a )  

s i n ( a  - B )  = [ [ N  + hl + c 1 ) c o s 2 + 1  - 
P10 

- (N + h2  + < 2 ) ~ ~ ~ + 1  cos42 C O S X  + 

P2 0 

X - X  Y z - 2  
+ - p2 

S 
P L  s i n  a ,  x E - J-zn - - 1 ,  

S S 

T h i s  can be  w r i t t e n :  

X s i n  2 A - e 2 s i n $ l  [IJ s i n  - N s i n  g 2 ]  ] +  
P1 0 P2 0 



FIG, 11 

We o b t a i n  f r o m  t h e  f i g u r e s  4 and 5 

t = s i n  $1  X i - cos  4 ,  X k - 
X ' X  z - 2  

= cos  y = P 2  P 1 s i n  4 ,  - 
S S 

P l c o s  $ 1  

fi j = cos 6 = 2' - S 

cos  y = c o s ( @  + U - a )  X -cos  A e  

B + P - a .  where p depends on 5 .n  . i s  t h e  

t r u e  e l l i p s o i d a l  e l e v a t i o n  a n g l e  o f  P2 i n  P I  

( can  now be w r i t t e n :  

+ 2 ( N  P2 o + h2 + < 2 1 ~ ~ s ~ l  s i n  2 X -  7 

- e 2 s i n 4 1 1 ~  s i n  4 ,  - N s i n  4 2 ] ]  - 
P10 P2 0 

- cos ( 0  + y -  COS A e  X 5 - c o s ( @  + v - a l  x 

X s i n  A e  X Q 



Ordering the terms, we have: 

- e2sin 41 [N sin - N  sin $ n ]  + ( N  - N - 
P1 0 P2 0 P10 P20 

+ p sin Ae] 

Observe : < = ( $ a  - i =[(Aa - Ae)cos$ ) e P1 

A is counted from ellipsoidal north e clockwise. 

Further cos(f3 +(a-p)) = cos0xcos(a-p) + sins X sin(a-v) 

Put e.g.  a = 500* (great refraction: 50 km gives normally 
350" 

Then 500 1 cos(a-p) - 1 - (--l X 

That is cos(B+p-a) = cos 8 + asin B 

S\IH (&-p) sina cos0 - cosa sins = - 
S 

2(N + hl + 51 + 
l [  P20 

+ (h2 - 2 91 - 9 2  h11 + ( 5  - 511) X [sin 7 + 

(9a) 

+ cos01 cos92 sin2 $1 - e'sin~~ [ N  sinOl - N 
P10 P2 0 

1 - - S [(h2 - 1 + (52 - 5 1 )  - ( N  - N 
P10 P20 

- (cos0 + asin0)Ic cos A, + nsin Ael 



I t  i s  e a s i l y  shown,  t h a t  

c o s a  s i n 0  = s i n 0  

i n  a l l  p r a c t i c a l  c a s e s :  

We have  a l s o  

c o s a  t g B  = t ~ 0  

\\ 

and  s i n a  X p" = a 

where T = ~ [ N  + h l + < l + ( h 2 - h l l + ( ~ 2  
P2 0 - C l ) ]  

2 A ]  - X [sinz9+- + cosOl c o s 0 2  s i n  

We have f i n a l l y ,  i f  O 1  > $ 2  

= p  ~ ~ B + P ~ ~ ~ ' ~ T - P  
S - S 

where - T = 2  + h l  + c l  + h - h l )  + ( 5 ,  - c l ) ]  x Pz 0 

X [ s i n 2  + c o s m l  s i n  2 3 - ( 9 )  
T 

Here i s  e 2  = a ( 2 - a ] ,  w i t h  t h e  f l a t t e n i n g  a, a c c e p t e d  i n  E L  = 1/2';7 



O b s e r v e :  A e  i s  c o u n t e d  c l o c k w i s e  f r o m  e l l i p s o i d a l  N o r t h  i n  

t h e  e l l i p s o i d a l  t a n g e n t  p l a n e ,  r e p a r d e d  a s  p a r a l l e l  t o  t h e  

e l l i p s o i d a l  t a n g e n t  p l a n e  a t  t h e  H e l m e r t  p r o j e c t i o n  P i o  . 

The f o r m u l a  (9) i s  m e a n t  t o  d e f i n i t i v e l y ,  c l e s r l y  a n d  

a c c u r a t e l y  r e a l i z e  t h e  p r e v i o u s  a t t e m p t s  t o  c l a r i f y  t h e  

r e l a t i o n  b e t w e e n  r e f r a c t i o n ,  o b s e r v e d  v e r t i c a l  a n p l e  a n d  

g e o i d a l  d a t a ,  d o n e  by Helmert C41, a n d  by B a e s c h l i n  La. 
But  I am g r a t e f u l  f o r  a l l  i n a t e r e s t  f r o m  my c o l l e a ~ u c s  t o  

c r i t i c i z e  i t .  

I 
In Appendix I a more convenient formula is given . 

F i e l d  m e a s u r e m e n t s  w i t h  IDlY s i n c e  1 9 7 0 .  V a r i o u s  t y p e s  o f  t e s t s .  

The p h o t o g r a p h i c  m e a s u r i n g  c a m p a i g n s  h a v e  b e e n  t h e  f o l l o w i n g  

( s e e  C33 1 :  

1 9 7 0  ( J u l y ,  A u g u s t ,  S e p t e m b e r )  

w i t h  M e r c u r y  l a m p s  a n d  f i l t e r s  ( 6 3 0 0  A a n d  4400  A I  a s  l i g h t -  

s o u r c e s ,  a p o c h r o m a t i c  o p t i c s  w i t h  d o u b l e  s l i t  ( f = l  m )  a n d  

c a r e f u l  a d j u s t m e n t  o f  p a r a l l a x .  B a s e  a t  U p p s a l a ,  20  km. 

Mcan e r r o r  p a r  p a i r  ( 2  min .  o b s e r v a t i o n )  o f  i n t e r c h a n g e d  
\\ 

f i l t e r s  - + 9 . No v e r t i c a l  a n p l e  m e a s u r o m o n t s ,  h u t  r e a s o n -  

a b l e  m a g n i t u d e s .  T a b l e  1  . 
1971  [ l a t e  S e p t e m b e r ,  o n e  n i g h t )  

w i t h  same l i ~ h t - s o u r c e s  a n d  r e c e i v i n p  o p t i c s .  F i l t e r  c a l i -  

b r s t i o n  w i t h  He-Ne o b s e r v a t i o n s .  B a s e  a t  N i i n i s a l o  1 7 . 5  k m .  

Mean e r r o r  p a r  p a i r  ( s e e  a b o v e )  - f 6 "  . NO v e r t i c a l  a n p l a  

m e a s u r e m e n t s  b u t  m e t e o r o l o g i c a l  d a t a .  T h e s e  w e r e  h o w e v s r ,  

t o o  i n a c c u r a t e  a n d  n o t  s u f f i c i e n t l y  r e p r e s e n t a t i v e  f o r  t h e  

w h o l e  b a s e ,  s o  no reliable a b s o l u t ~  t e s t s  c o u l d  b e  madc.  

Mcan v a l v e  o f  4 o b s e r v a t i o n s  ( p a i r s ]  was 172" + 3 " .  M ~ a n  

v a l u c  o f  r e f r a c t i o n ,  c o m p u t e d  f r o m  t h e  m e t e o r o l o r i c a l  d a t a  

was 1 8 9  + 2 5 "  . S e e  a l s o  f i ~ .  6 . 



R e f r a c t i o n ,  de te rm ined  a t  Uppsaia, 

i n  t h e  summer :970, a l o n g  t tbe  bese 

brsundsbro - A l s i k e  t o w e r  ( 2 2  k m ) .  

Date D i s p e r s i o n  R e f r a c t i o n  No. o f  
( n i g h t - o b s e r v a t i o n s )  i n  on f i l m  mean meas. p a i r s  

June 2  

J u l y  9  

J u l y  23 

Aug. 21 

Sept.  2  

The mean f o r  a l l  n i g h t s  is 47",2. Us inp  k  = 0,14 as nonna l  

r e f r a c t i o n  c o e f f i c i e n t ,  we o b t a i n  45 0,4. Using  a t  = - I~.I / IOO m, 

L e i j o n h u f v u d  i n  "On as t ronomic ,  p h o t o g r a m e t r i c  and t r i g o n o -  

m e t r i c  r e f r a c t i o n " ,  RAK Redd. Nc,. 13, 1953, o b t a i n s  w i t h  h i s  

f o r m u l a s  46",0. 

D u r i n g  t h e  n i g h t  of 9  J u l y ,  t , i e  4  p a i r s  o f  exFosures were 

t a k e n  w i t h  about  h a l f  an h o u r ' s  .t ime d i f f e r e n c e .  A l i n e a r  

change i n  t h e  4  means, o b t a i n e d  groin t t i e  measurements w i t h  

an a rea1  d e n s i t o m e t e r  ( f i l m  scanner1 i s  c l e a r l y  i n d i c a t e d  

[ - 5  / hou r ) .  

Obs. elev. angle True elev. angle 
Time 1'Dfl r e f r .  c o r r .  

centesimal seconds No humidity correction 

21.30 - 16' 9 0 ~  l i n t )  - 420h 2 2" - 21' 10" 

21.45 - 17' 16* - 392\\ 2 2' - 21' 08' 

22.00 - 16\ 70% - 44?X t 3" - 21' llb 

22.15 - 17\11U - 401' * 4  k4 - 21' 12" 

The p r e c i s i o n ,  g i v e n  f o r  I D f l - r e s u l t s  is d e r i v e d  f r o m  t h e  

r e a d i n g s  of t h e  f i l m s  by two persons  ( S t i g  f ld r tensson and 

Sune E k l u n d l .  

Early August night 1974. 





1 0 1 4  ( e a r l y  August,  one n i p h t  l 
w i t 1 1  l ?s t : r - sou rces  (He-Cd LIV 3250 A p l u s  He-Ne G328 81 and 

r e f 1 c ; c t i n p  o p t i c s  ( C a s s e g r a i n  sys tem f=6.,6$? m and K - s l i t  

g r a t i n g ) .  NGW base a t  Uppsa la  19.8 km. S imu l taneous  v e r t i c a l  

a n g l s  mnasurements.  Mean i n t e r n n l  e r r o r  i n  I D M  r e f r a c t i o n  

+- 3" . E s t i m a t e d  mean e r r o r  i n  t h e  b e s t  obse rved  v e r t i c a l  

a n g l e s  i s  + 2" .  

Tab le  2  ? i v e s  t h e  I D N - r e f r a c t i o n s  f o r  t h e  4 most r e l i a b l e  

a n f u l a r  measurements.  As can be seen, t h e  d i f f e r e n c e s  be twesn 

t h e  o b s ~ r v e d  v e r t i c a l  a n p l e s  and t h e  c o r r e s p o n d i n p  d i f f e r ~ n c e s  

of I D M - r e f r a c t i o n s  i s  v e r y  good ( t o  w i t h i n  - 2" 1 .  

The q u e s t i o n ,  i f  each c a l c u l a t e d  e l e v a t i o n  a n y l e ,  e q u a l s  t h e  

t r u e  one, howevcr ,  s t i l l  r ema ins  unanswered. To i n v e s t i ~ a t a  

t h i s  we used ( 9 )  w i t h  c a r e f u l l y  d e t e r m i n e d  g e o i d a l  and 

~ l l i p s o i d a l  d a t a  and o b t a i n e d  an a l m o s t  c o n s t a n t  d i f f e r e n c e  

( f o r  t h i s  n i g h t )  o f  + 2 4 h e t w e e n  t h e  v a l u e s ,  computed f rom 

IDM and t h o s e  c a l c u l a t e d  by  means o f  (91.  

A reason for this could be the one indicated in Appendix 11. 

1975-76 - 
Due t o  p rob lems  w i t h  o u r  UV- lase r ,  we had t o  use  o n l y  He-NE 

and Arcon i n  t h i s  p e r i o d .  A l o n g  t h e  base o f  1974, w h i c h  i s  

now o u r  s t a n d a r d  base, o b s e r v a t i o n s  were made w i t h  same 

i n s t r u m e n t s  as m e n t i o n e d  above, and u n d e r  v a r i o u s  b u t  a l l  

t h e  t i m e  v e r y  ex t reme a t m o s p h e r i c a l  c o n d i t i o n s .  The K - V ~ ~ U L  

f o r  t h e s e  wave leng ths  i s ,  o f  course ,  much g r e a t e r ,  and w i l l  

t h e r e f o r e  dec rease  t h e  a c c u r a c y  i n  t h e  v a l u e  o f  " d r y "  r a -  

f r a c t j c n .  F u r t h e r m o r e  h u m i d i t y  i s  n o t  t a k e n  i n t o  account ,  

w h i c h  i s  an a d d i t i o n a l  s o u r c e  o f  e r r o r .  The e x p o s u r e - t i m e  

i s  v e r y  s h o r t  i n  a l l  o u r  e x p e r i m e n t s  ( 0 . 2  seconds ) ,  so short.- 

p e r i o d  v a r i a t i o n s  i n  r e f r a c t i o n  w i l l  be c l e a r l y  r e f l e c t e d  

i n  t h e  r e s u l t s .  We have d e t e c t e d  p r e a t  s i g n i f i c a n t  amplitudes 

(up  t o  one m i n u t e  of  a r c )  i n  t h e s e  v a r i a t i o n s .  The v e r t i c a l  

a n g l e  measurements have n o t  y e t  been o r g a n i z e d  t o  f o l l o w  t h e  

exposures  c l o s e l y  enough i n  t i m e ,  b u t  i t  seems, t h a t  t h e  

smoothed IDU c u r v e  (20  seconds i n t e r v a l s )  c o i n c i d e s  w i t h  

t h e  v e r t i c a l  a n g l e  c u r v e  t o  w i t h i n  10' as an averaps .  



1 9 7 7 - 7 8  

I t  i s  v e r y  i m p o r t a n t ,  t h a t  t h e  Uppsa la  g r o u p  now c o n s i d s r s  

a f o r e m e n t i o n e d  p rob lems  i n  i t s  o r g a n i z i n g  c o n t i n u o u s  f i e l d  

measurements a l o n g  t h e  base, m e n t i o n e d  ( w h i c h  moreove r  r u n s  

a b o u t  30 m  abovo t h e  g r o u n d ) .  I t  i s  a l s o  i m p o r t a n t ,  t h a t  i t  

c o n t i n u o u s l y  draws c o n c l u s i o n s  f r o m  t h e  e x p e r i e n c e s  of  o t h e r  

g r o u p s  [G l issmann,  P r i l e p i n ,  W i l l i a m s  e t c . )  t o  bo a b l e  t o  

p r o v e  d e f i n i t i v e l y ,  t h a t  t h e  mu l t iwave -method  can a c h i e v e  

i n s t a n t a n e o u s  v a l u e s  o f  r e f r a c t i o n  w i t h  t h e  I D M - g r a t i n g ,  

w h i c h  a r e  good t o  2', as i n d i c e t e d  by my r e l a t i v e  t e s t s .  

The p r o b l e m  o f  t u r b u l e n c e ,  c a u s i n g  s y s t e m a t i c a l  e f f e c t s  

because o f  t h e  s p a c i n g  uded (- 1 m) a t  t h e  l a s e r  s t a t i o n ,  

I p e r s o n a l l y  r e g a r d  as  o f  m i n o r  impor tance ,  b u t  i t  muat a l s o  

be i n v e s t i g a t e d  i n  t h e  f u t u r e  i n s i d e  SSG 1.42. 

D u r i n g  t h i s  symposium, t h e  m i c r o m e t e o r o l o g i c a l  p r o b l e m s  aa 

r e g a r d s  wave p r o p a g a t i o n ,  w i l l  be  d e a l t  w i t h ,  and I hope, 

t h a t  a  s p e c i a l  s e s s i o n  c o u l d  be  devo ted  t o  t h i s  i m p o r t a n t  

a rea ,  t h e  main  t h e o r y  o f  w h i c h  i s  w e l l  e s t a b l i s h e d  b y  

T a t a r s k i  [&l. From t h e  d i s c u s s i o n  d u r i n g  such a s e s s i o n ,  

w e  wou ld  e v e n t u a l l y  c a t c h  p o i n t s  o f  v iew,  w h i c h  c o u l d  be o f  

i m p o r t a n c e  f o r  r e a l i s t i c a l l y  i n t r o d u c i n g  t u r b u l e n c e  t h e o r y  

i n t o  t h e  s i m p l e  g e o m e t r i c a l  t k s o r y ,  u n d e r l y i n g  o u r  IDM- 

e x p e r i m e n t s  i n  Uppsala.  

A t  t h e  end o f  t h i s  paper ,  I l i k e  t o  men t ion ,  t h a t  t h e  

M i c h e l s o n - m a g n i f i c a t i o n  o f  d e t e r m i n i n g  6 , w h i c h  I sugges ted  

a t  a  v e r y  e a r l y  s t a g e  o f  o u r  e x p e r i m e n t s  C13, i s  s t i l l  o f  

i m p o r t a n c e .  The i n c r e a s e  i n  t h e  a c c u r a c y  of  d e t e r m i n i n g  6 

( f a c t o r  10 o r  more) ,  w h i c h  demands b y  e x p e r i e n c e  v e r y  s t a b l e  

a t m o s p h e r i c a l  c o n d i t i o n s ,  wou ld  f a c i l i t a t e  a  d e t e r m i n a t i o n  

o f  6 t o  w i t h i n  0.01' o f  a r c ,  t h a t  i s  t e n  t i m e s  t h e  a c c u r a c y ,  

t a l k e d  abou t  above: 

I n  t h i s  c o n n e c t i o n ,  i t  s h o u l d  n o t  be f o r g o t t e n ,  however, 

t h a t  t h e  a c c u r a c y  09 the ~ - v j l u e s  must a l s o  be improved,  

e i t h e r  b y  new l a b o r a t o r y  e x p e r i m e n t s  o f  no o r  s t i l l  b e t t e r  

by  u s i n g  more l a s e r  wave leng ths  d u r i n g  t h e  o b s e r v a t i o n s .  

F o r  t h e  a b s o l u t e  t e s t s  i n  t h i s  case, t h e  e l l i p s o i d a l  and 

g e o i d a l  i n f o r m a t i o n  as w e l l  as t h e  necessa ry  a c c u r a c y  and 

c o n t i n u i t y  o f  v e r t i c l e  a n g l e  measurements have t o  be con-  

s i d e r e d .  
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APPENDIX I 

The formulas, derived here for refr. a,are now 

definitively checked to be correct. However, the followinp 

presentation of the calculation of refcais, to my under- 

standing mere convenient and understandable, when compared 

to the spherical case: 

ey putting a = 0, we get from ( g a l  after refr 
new ordering of the terms, the refractionfree elevationaneleso, 

21 
(cos ( g - 9  1 - 2cos@lcos$2sin- 7 

2 1 

2 2 -e sin $1(N2sin$2 - N , ~ i n $ ~  1 

Here P I  is. as before, the point of observation, P2 

the position of the lightsource, S the refractionfree distance 

PIP2. @ellipsoidal latitudes, A ellipsoidal longitudedifference 

P1+P2, positive eastward. N radius of normal curvature of the 

international ellipsoid, a its equatorradius, e2 =a(Z-a). where 

a is the flrtteninp; 1/297, h, and h2 ''true" orthometric heights, 

5, and c2 peoidal heights above the ellipsoid, E, 0, the de- 
flectioncomponents Oa- $ and Aacos$ at P, with respect to the 

ellipsoid. 

( 9 ' )  is in principle to be iterated. but the unknown 

%efr is usually so small, that the last term can be written 

as merely ClcosAB + qlsinAe 



In ( 9 ' 1 ,  the quantity 

Q'= ( NZ-Nq ( cos(%+l 1 - 2 o 0 s ~ ~ c o s ~ ~ s i n ~ ~ )  

2 2 - e sin cb1(N2sincb2 - N1sint$ll 

can be proved to be small [for 20 km meridional distance 
ae2 2 

only about 1Ocm). Approximately it has the magnitude 7 cos 0. 
The term cb -cb 2 2 1  

T'= -2(Nl+hl +Sl 1 (sin -7 + coe$lcos$2sin2$) 

is the main curvatureinfluence, Q'a correction for excentricity. 

We could write (9') as 

- l [ b l c o s ( ~ + ~ - ~ b ~ l  - 2 c o ~ $ ~ c o s ~ ~ s i n ~ ~ l +  T0 + sineo - 
S 

(9") 1 + Q' + SlcosA + nlsinAe e with A = h2-h1+c2-c1 1 
1 

This formula will be used for our base, when calculating 

OLrefr . (9") gives Do. Then : 

U 
refr E $ohs - B,. 

We may now investigate the requirements as to the accu- 

racy in the various pieces of information, needed. 

For our base (0-60°, X very small) we eat, if B. shall 

be correct to within : 0:'s : 



APPENDIX I 1  

The exp ress ion  (3)was d e r i v e d  i n  [3b], u s i n g  EdlBn 's  

f o r m u l a  f o r  n  - 1 o f  humid a i r ,  as g i v e n  by de Nunck [2 ]  

and B a r r e l  and Sears '  f o r m u l a  f o r  no- 1 o f  d r y  a i r ,  wh ich  

c o i n c i d e s  a c c u r a t e l y  enough w i t h  Ed lBn 's  d r y  p a r t .  The t o t a l  P res -  

s u r e  c o e f f i c i e n t  K 23.42 cor responds t o  t h e  wavelengths,  

used [UV = 3250 A D  r = 6328 A). ag i s  t h e  r e f r a c t i o n a n g l e  a t  

A f o r  t h e  N a - l i n e  5900 A, wh ich i s . u s u a l l y  v a l i d  f o r  v i s u a l  

v z r t i c a l  anglemeasurements. The f a c t o r  k  = 2.37 is  computed 

f rom t h e  fo rmu la  o f  Ed l6n as 

The t e r m  H ought  t o  be n e g l i g a b l e !  

The exp ress ion  (3a )  i s  d e r i v e d  i n  [3b] under  t h e  

assumption, t h a t  Lap lace ' s  fo rmu la  f o r  t h e  p ressu res  i n  t h e  

atmosphere i s  c o r r e c t ,  n o t  o n l y  f o r  pdry, b u t  a l s o  f o r  t h e  

p a r t i a l  e -p ressure .  

A l l  i n t e g r a l s i n  o u r  t h e o r y  have t o  be t a k e n  between 

A and P, P b e i n g  t h e  n e a r e s t p o i n t  on t h e  l i g h t - r a y ,  where t h e  

t angen t  i s  p a r a l l e l  t o  t h e  chord  AB. As a f i r s t  approx imat ion ,  

P i s  assumed t o  be s i t u a t e d  ha l fway  between A and B. T h i s  c o u l d  

be v a l i d ,  of  course, e s p e c i a l l y  f o r  h o r i s o n t a l  s i g h t s .  

I n  t h e  o r i g i n s 1  t h e o r y  I , I used t h e  fo rmu la ,  

accepted a t  t h a t  t ime,  namely: 

where no r e f e r s  t o  z e r o - c o n d i t i o n s  o f  c o n v e n t i o n a l  d r y  a i r ,  

V, and M2 b e i n g  independent  o f  no (Ao).  



I ob ta ined  
P P 

A- A - P v be ing  t h e  pos. normal  o f  t h e  ray:  As OA i s  i n d ~ p e n d o n t  of  A o  , 
t h e  d i s p e r s i o n ,  measured, shou ld  be 

and 

m i d i c a t i n g  mean va lues  a long  W. 
With  de Munckps f o r m u l a  [ 2 ] f o r  n  - 1 we o b t a i n  (same 

P Q A  as above) 
P 

aD r b  + kfJA - H, 

where c and 9; a r e  t h e  same as above, 

X i n  urn. 
If. from me teo ro log i c  measurements Q! i s  eva luated.  

t h e  h u m i d i t y  c o r r e c t i o n  i s  : 

where H shou ld  be  ve ry  sme l l .  

The e v a l u a t i o n  ( 3 a )  o f  Q was made as a p r e d i c t i o n ,  

assuming Lap lace ' s  formula f o r  p 
d r y  

end e  s u f f i c i e n t l y  accura te .  

By c o n s t r u c t i n g  t h e  example i n  [Jb l .  6 '  was, howover. 

kep t  cons tan t ,  equa l  t o  50' ;  which is, o f  course,wrong. 
- ' 
a = ( n  a 

o *D 1 goes t o  zero  w i t h  {& - f Elrn a t  t h e  same 

a t  t i m e  as t h e  denominator  1 + 0m29m, and t h e  f a l s e  asymp to t i c  

b e h a v i o r  o f  Q d isappears  



F o r  "lode1 computat ions,  ( 3 a )  shou ld  be w r i t t e n  

An i s  g i ven .  R may be eva lua ted  f r o m  d e f i n i t i o n !  

We have approx imate ly ,  and good enough, f o r  a  

h o r i s o n t a l  beam, S = 20 km : 

oo, i n  (3al o n l y  (%lm and (El oupht  t o  be known, bes ides  
m (E) ,  and Tm. 

We cou ld ,  o f  course, and p r e f e r a b l y ,  d i r e c t l y  c a l -  

c u l a t e  Q as i t  i s  de f ined ,  o r  app rox ima te l y  as 

which i n  o u r  case w i l l  be 

I n  t he  f i r s t  case, u s i n g  t h e  a p p r o p r i a t e  (3a) - fo rmu la ,  

we accept  t h e  Lap lace  f o rmu la  as v a l i d  for p and e. 
drYa, I n  t h e  second case, we may e i t h e r  compute f rom 

accepted Lap lace formula, or ,  wh ich i s  t h e  most r e a l i s t i c  
ae , approach. i n s e r t  a l s o  r e a l i s t i c  measured va lues  of K . 

For my model i n  [3b], Lap lace f o rmu la  i s  accepted, so 

t h e  r e s u l t s  of 11 and 2) shou ld  co inc ide .  And t h e y  do ! 

The i n f o r m a t i o n  f o r  t h e  example was pmn 750 mm, em= 21.4 mm 

T = 2 9 8 ° ~ .  h o r i s o n t a l  beam n o t  t o o  nea r  t h e  ground, where m 
T -300 '~ .  Our base has h  = 30 m above ground. 

The Laplace-approach g i v e s  



Instead of the table of corrections, computed for the example 

in [3b], we should have the following list, which also contains 
- 
a': L5pl,3ca formuls is still used. 

? 

Humidity 
correction 

I ask the readers to correct the table in [3b] accordingly. 

Excuses for my blunder! 

Experiences at the meteorological institute of Uppsala .- 
univo$ity show, however, that g) even at our base heieht ( 3 0 ~ 1 1  

can reach values more than 20 times those predicted from LaplaceJs 

formula. During inversions and strong negative a e sin the refraction 
is great, and the negative humidity correction, too. During the 

night in August 1974, the reported refraction was around 130", 

and the correction (for humidity?] of the order of - 8". To 

explain the observed result we should have had a humidity-gradient 

of 4- 3Omm/km and a temperatureinversion of around + ~ ~ / l 0 0 m .  

As a comparison, I can mention, that our IDM measurements in June 

of 1977, a v e r a ~ e d  over one minute ( 1 0  exposures), agree to 

within 5" with.the theoretical values, derived, us in^ verticsl 
aneles and the formula (g"), in which now all geodetic information 

QL 
is checked No significant Q-ccrrection. Wormal values/%60" 

To o b t ~ i n  representative values, comparable with the theodo- 

lite angleme~surements, it will be trizc! to use longer exposure- 

times (and slower films) in the next future. The present expo- 

sures (0.2-0.5sec) show considerable shortperiodic variations 

of the rafraction, which cannot be detected by the eye. We have 

recorded fast chanees between our exposures, which are made in 

intervals of 4 sec. Amplitudes of these changes can reach 5 ': 

\ 

+4 

+ 3  

+ 2  

+ 1 

0 

-1.1 

-0.9 

Inversion -0.7 

-0.5 

-0.4 

- 1  normal -0.2 



 isc cuss ion (paper 10) 

Q All instrumental errors in measuring vertical angles 

are asymmetric by reason of gravity, the bending of the instrument, 

the pivot that sinks down the oil etc. Could these errors not have 

influence on the errors you found in the absolute value ? If you measure 

with another instrument, the vertical angles may differ amongst them. 

A. Thank you very much. And with this suggestion: I liked to have 

an explanation., but I thought you should be happy with the 

humidity. 

Q. What is the reasonable shortest range of your method ? 

A. You know the first test we did was one km, but the refraction is small, 

so this did not interest us. Of course we can realise this under 

stable conditions and with a Michelson device with a base of 12 cm 

and a 0.5 cm. slit distance, giving a theoretical magnification 

of 24. We, however, did not use it in this experiment, only 

a 6 grid grating. In any case we can rely on a magnification of 

10, which means that 2 sec. of an arc will be 0.2 sec. 

But it is very difficult to have such weather-conditions, that 

interference patterns in the Michelson device will be stable 

enough in order to make a good photograph. 

We made in the laboratory, as I told you that magnification 

with a big ?lichelson device, and when the airplanes from the 

military-base passed high over, everything disappeared in the 

interference. 

So we have to have, I think usually big refraction but stable 

refraction in order to be able to use it, but that doesn't matter, 

because what shall we use the refraction value for. That was my 

original aim and that was to determine the geoid, to fill in the 

gaps between the astrostations, we made and simple field 

method and get the geoidal undulations. 

Q, In the paper you wrote that this difference of 25 sec between 

the values computed from IDM and those by means of equation 9) 

is only for the night you observed the dispersion-angles. What was 

the difference at other nights ? 

I only want to ask you were there some changes in this constant 

difference for several nights ? 



This is just a bad thing you know, because these are the only 

measurements, which could be made before the Rubylaser broke down 

and therefore I was hesitating to give you anything here, but 

I think already they are relative coTncidences of importance for 

the future. I think that your group in Hannover and Williams 

group in NPL, you have also such correlation measurements made, 

but for much shorter days. But you haven't made any absolute test and 

we have to decide that this is absolutely necessary before we can 

convince the scientific community that we have really solved 

the problem. The accuracy I'm not thinking so much about. 

But don't you think that what I demonstrated here from the 

old days at U~psala, from the Niinisalo measurements and the 

subsequent improvement, this is some result in any case and now 

we have only to collect more and more data and perhaps, if we can 

see that these 24 sec, are constant we have to look at it in 

another way, But if it is reflecting the humidity, that is the 

temperature gradisnt, we will see that too. 

Q. Could it be interesting to make simultaneous measurements with 

other instruments while using your instrument on the same base ? 

A. I can tell you that, and Williams also, that in the Uppsala 

.meeting it was planned to make measurements with their devices 

and with mine. But as I told you in the introduction here, there will 

be a combined astronomical union and association meeting on refraction, 

1978 in Uppsala, 

We have already talked about that, So we shall have real fieldwork 

durfng the working, Of course it is essential, 



D 1 E  ERFASSUNG DER REPRRSENTATIVEN TEMPERATUR BE1 LASER-STRECKENMESSUNGEN OBER 
DEN RHEl  NGRABEN 

Udo Maier ,  GeodBtisches l n s t i  t u t  der Universi  tEit Karlsruhe, Federal Republic 
of Germany 

Ein  groDer T e i l  der Strecken des Testnetzes Karlsruhe Uberquert den 

Rheingraben i n  e i n e r  Hohe von mehreren hundert Metern uber der Graben- 

sohle. Die Endpunkte d ieser  Strecken l i egen  auf  Bergkuppen am Graben- 

rand. Die d o r t  gemessenen Luft temperaturen s ind  - wie al lgemein be- 

kannt - i n f o l g e  der Bodennahe n i c h t  rep rasen ta t i v  f U r  d i e  MeRstrecke. 

Um d i e  Genauigkeit von Lasermessungen solcher Strecken zu ste igern,  

muD man daher nach Wegen suchen, d i e  reprasenta t ive  Temperatur besser 

a l s  durch bloBe Endpunktmessungen zu erfassen. 

/ 
Jsothermen (bei Tag 1 

B --------------- p -------------- )F! C 
I I I 

Abb. 1 Gelandeprof i l  i m  Rheingraben 

E i  nen guten Anhal tspunkt  f u r  d i e  reprasenta t ive  Temperatur s t e l  l t d i e  

Temperatur i n  der M i t t e  des MeBstrahls (Punkt D i n  der Abb. 1) dar. 

Um s i e  aus der am Streckenendpunkt A gemessenen Temperatur zu ermi t -  

t e l n ,  b e n o t i g t  man Informationen uber d i e  Temperaturvertei lung i m  

Rheingraben. Die Isothermen s ind  i n  der Nahe der Erdoberflache d i c h t e r  

geschart a l s  i n  groBerer Hohe; auDerdem s te igen s i e  an den Hangen etwas 

an, wahrend s i e  i n  der Grabenmitte ho r i zon ta l  verlaufen. I n  groBerer 

Hohe fo lgen  d i e  Isothermen dem Gel andeprof i  l i n  abgeschwachter Form; 



dieser E f f ek t  w i r d  m i t  we i ter  zunehmender Hohe k l e i ne r  und verschwin- 

det  sch l ieDl ich ganz. Wahlt man zwei Punkte B und C i n  e iner  solchen 

Hohe, i n  der d ie  Isothermen be re i t s  hor izonta l  verlaufen, so b i e t e t  

s i ch  zur Berechnung der Temperatur am Punkt D der Weg A - B - C - D 

an. Das v e r t i k a l e  Temperaturprofi l D - C i s t  i n  den meisten Fa l len 

durch einen genahert konstanten Temperaturgradienten gekennzeichnet, 

der s i ch  beispielsweise durch g l e i c h z e i t i g  m i t  der Streckenmessung 

vorgenommene Zenitdistanzmessung bestimmen 1aBt. Das P r o f i l  A - B 

dagegen l i e g t  i n  der "bodennahen Luf tschicht" ;  zu seiner Beschreibung 

i s t  man auf Modellvorstel lungen angewiesen, wei l  es i m  allgemeinen 

n i c h t  unmi t te lbar  gemessen werden kann. 

E i  ne so l  che Model l vors te l  l ung wurde von BROCKS aufgrund von Prof i  l - 
messungen an verschiedenen Orten empirisch entwicke l t  [l], 121. Da- 

nach i s t  der Temperaturgradient i n  der " l ab i l en  Unterschicht" bei  Tag 

durch f o l  gende G1 eichung zu beschrei ben: 

Oberhal b d ieser "l ab i len  Unterschicht" bef indet  s i ch  nach BROCKS d i e  

"adiabatische Zwischenschicht", d i e  s i ch  b i s  i n  mehrere hundert Meter 

Hohe ers t reckt .  BROCKS g i b t  i n  Tabellenform m i t t l e r e  Zahlenwerte f u r  

d i e  Konstanten i n  Abhangigkeit von der Tages- und Jahreszei t  an. Da 

das BROCKS-Model l nur e i  nen s t a t i  st ischen Erwartungszustand beschrei b t ,  

kann man es nur m i  t Einschrankungen auf  p r a k t i  sche Einzel fa1 l e anwen- 

den; auch i s t  man heute der Ansicht, daR d ie  I1adiabatische Zwischen- 

schicht"  be i  weitem n i c h t  von solcher Bedeutung i s t  wie BROCKS ange- 

nommen hat. 

E i  ne wei t e r e  Model l vors te l  lung uber das Temperaturprof i l der boden- 

nahen Luf tsch icht  wurde von A.S. MONIN und A.M. OBUCHOV aufgrund von 

turbu l  enztheoretischen Untersuchungen entwickel t 131. Aus der d o r t  

hergelei  te ten Forme1 e r g i b t  s i ch  das Temperaturprofi l i m  wesentl ichen 

a l s  eine Funktion des turbulenten Stromes fuh l  barer Warme. Da d ieser  

n i c h t  d i r e k t  gemessen werden kann, muD e r  i m  allgemeinen aus den 

ubrigen Komponenten der Warmebilanzgleichung der Erdoberflache be- 

rechnet werden; zu diesen zahlen vor al lem d ie  kurz- und langwell igen 

St rah l  ungsstrome. Das MONIN-OBUCHOV-Model l g i  l t nur unter  f o l  genden 



Einschrankungen bzw. Bedi ngungen: 

1. Die bodennahe Atmosphare i s t  l a b i l  geschichtet ;  

2. d i e  Ober f l  ache i s t  e i  ne ho r i zon ta l  e, i n s  Unendl i che  ausgedehnte 

Ebene; 

3. roan e r h a l t  s t a t i s t i s c h e  Erwartungswerte, von denen s i c h  der kon- 

k r e t e  Einzel  fa1  l b e t r s c h t l  i c h  unterscheiden kann. 

Die Bedingung e i n e r  unendlichen Ebene i s t  gerade auf  Bergkuppen am 

wenigsten e r f u l l t ,  so daB das MONIN-OBUCHOV-Model1 au f  unser Problem 

- ebenso wie das BROCKS-Model1 - nur  u n t e r  groBen Vorbehalten anwend- 

ba r  i s t .  

Be f inde t  s i c h  auf  der  Talsohle e i n  meteorologischer MeBmast, so b ie -  

t e t  s i c h  e ine  we i te re  Mogl ichke i t  zu r  E rm i t t l ung  der  reprasenta t iven 

Temperatur. E in  so lcher  Mast i s t  an z e n t r a l e r  S t e l l e  i m  Testnetz 

Kar lsruhe guns t ig  gelegen; m i  t se ine r  H i1  f e  w i r d  das Temperaturprof i l  

i n  sieben Hohen b i s  zu 200 m uber Grund lau fend r e g i s t r i e r t .  B i s  zur  

Mebstrahlhohe mu8 das Temperaturprof i l  indessen noch ve r langer t  wer- 

den. Diese Ex t rapo la t i on  i s t  i m  allgemeinen m i t  H i l f e  des Temperatur- 

gradienten i n  Hohe der  Mastspi tze vorzunehmen. Man e r h a l t  i h n  aus der 

Temperaturdi f f e renz  zwischen den beiden hochsten MeBstel len; dami t 

s i c h  d i e  kurzperiodischen Temperaturschwankungen an diesen MeBstellen 

n i c h t  a l s  vergrol3erte Schwankungen au f  d i e  e x t r a p o l i e r t e  Temperatur 

auswi rken, i s t  e i  ne Gla t tung des z e i  tl ichen Ver laufs d ieser  ex t ra -  

p o l i e r t e n  Temperatur notwendig. Der Temperaturgradient oberhalb der 

Mastspi tze l a B t  s i c h  aber auch durch Messung von Zeni td is tanzen wah- 

rend der Streckenmessung best i~mien. Eine ausgewahlte Strecke des Test- 

netzes Karlsruhe, d i e  an d r e i  verschiedenen Tagen gemessen wurde, i s t  

nach den erwahnten Verfahren ausgewertet worden; d i e  Ergebnisse s i n d  

i n  der Abb. 2 darges t e l  l t. 

1. Es wurden d i e  an den Streckenendpunkten gemessenen Temperaturen un- 

verandert  zu r  Streckenredukt ion verwendet. 

2. Aus diesen Temperaturen wurde un te r  Verwendung des BROCKS-Modells 

d i e  reprasenta t ive  Temperatur f u r  den MeBstrahl berechnet. 

3. Eine entsprechende Berechnung wie un te r  Z i f f e r  2 wurde m i t  H i l f e  

des MONIN-OBUCHOV-Model l s vorgenommen. 



Er1 auterung: m i t  gemessenen Temperaturen ( im Text  Z i f f e r  1) 
----- BROCKS-Model l (im Text Z i f f e r  2 )  

-.-.- MONIN-OBUCHOV-Model 1 (im Text  Z i f f e r  3 )  
--- meteor01 ogi scher Mast ( im Text  Z i f f e r  4 )  

Abb. 2 Streckenmessungen Michael sberg - Madenburg, r e d u z i e r t  m i  t 
verschi edenen Temperaturen 
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4. Das Temperaturprof i l ,  das an dem erwahnten meteorologischen MeB- 

mast i m  Gebiet des Testnetzes Karlsruhe r e g i s t r i e r t  wird, wurde b i s  

zur MeBstrahlhohe verlangert;  m i t  der so erhaltenen reprasentat iven 

Temperatur wurden d i e  Streckenmessungen g1 e ich fa l  l S reduzier t .  

Der Streckenverlauf nach Z i f f e r  1 i s t  an a l l e n  d re i  MeBtagen am stark-  

sten vom Tagesgang beeinf luBt.  Auch d i e  Ergebnisse nach Z i f f e r  2 und 3 

zeigen einen - wenn auch gegenuber Z i f f e r  1 abgeschwachten - Tagesgang. 

Die beste Konstanz zeigen d i e  Werte nach Z i f f e r  4; diese Werte zeigen 

auch d i e  beste Obereinstimmung an den d re i  MeBtagen, wie aus der f o l -  

genden Tabelle e r s i c h t l  i c h  i s t .  

Tabelle: Tagesmi t t e l  der nach den Verfahren 1 b i s  4 (siehe Text) 

reduz ier ten Strecken 

Man e rs i eh t  daraus f o l  gendes: 

23. 5. 73 

1. Die an den Endpunkten gemessenen Temperaturen f i ihren zu den am 

wenigsten befriedigenden Ergebnissen. 

2. Auch d i e  Model l vors te l  l ungen nach BROCKS und nach MONIN-OBUCHOV 

konnen n i c h t  ganz befr iedigen; d ies leuch te t  auch ein, wenn man d i e  

erwahnten Voraussetzungen und Einschrankungen f u r  diese Modelle i n  

Betracht z ieht .  

3. Bessere Ergebnisse a l s  eine Modellvorstel lung e r g i b t  d i e  Messung 

des Temperaturprofi ls, auch wenn dies n i c h t  ganz b i s  zur Hohe des 

MeBstrahls r e i ch t .  

12. 2. 74 

.698 

.658 

.698 

.698 

1. m i  t gemessenen 
Stat .  temperaturen 

2. BROCKS-Model l 

3. MONIN-OBUCHOV- 
Model l 

4. meteorol. ~ a s t  

12. 5. 74 

.735 

.685 

.684 

.690 

41585.719 

.685 

.662 

.680 



1 Bef indet s ich also e i n  MeDmast i n  der Nahe einer zu messenden Strecke, 
so w i rd  d i e  Verwendung der do r t  gemessenen Temperaturen empfohlen. 

Fehl t e i n  geeigneter Mast, so ware i n  besonderen Fa1 l e n  der Einsatz 

e iner  Radiosonde i n  Erwagung zu ziehen. 

Li te ra tu r :  

[l] BROCKS, K. 

121 BROCKS, K. 

Ober den tag l ichen und jahr l i chen  Gang der 
Hohenabhangi g ke i  t der Tm~peratur i n  den 
unteren 300 Metern der Atmosphare und ih ren  
Zusamnenhang m i t  der Konvektion. 
Ber. d. Deutschen Wetterdienstes i n  der US- 
Zone N r .  5, Bad Kissingen 1948. 

Temperatur und Austausch i n  der unteren 
Atmosphare. 
Ber. d. Deutschen Wetterdienstes i n  der US- 
Zone Nr. 12, Bad Kissingen 1950. 

[31 MONIN, A.S. Fundamental e GesetzmaDi g kei  ten der turbu l  enten 
OBUCHOW, A. M. Vermi schung i n  der bodennahen Schi ch t  der 

Atmosphare. 
In :  Sammel band zur s t a t i s t i  schen Theorie der 
Turbul enz, Hrsg. H. Goering , B e r l i n  1958. 

L41 MAIER, U. Genau i gke i  tsuntersuchungen zur e l  ek t roop t i  schen 
Messung langer Strecken. 
(Disser ta t ion i n  Vorberei tung ) 



STRENGTH OF TRILATERATION NETWORKS OBSERVED IN PAIRS 

Kamal A. A t i a ,  U n i v e r s i t y  o f  Newcastle upon Tyne, Un i ted  Kingdom 

Llne prirs m.asurs~lent haa been suggested m a teahniqtu to 

improve &ape deteminetion in trilateretion networks. The effact 

of the gecnnatry of suCh networks on the acoureay of shape is not 

the anme m in triangulation . Strength analyeis ie carried out 

by deriving a single fomula for the acouraojr of propagatian of 

a in a of triangles . The effeot of geometry 

oriontation is .loo aamhad. Coparison with triurgul.tim k 

Bad. rrd gamral rrrl.8 foz rooommis#rroa a m  1 J d  doun. 

A great deal of work has been done in the paclt for the p\lrpoaa 

of oor~porison between trisngulation,trilateretion and mixad netvorka. 

In theme works pure trilateration wae generally reJected for its 

we.lm.~s in shape detemination. Quzanowaki and Koneay [J ] found 

that ocnnbined triangulation - trilateration is the moet aocurate 
method;md that in oontrast to either triangulation or trilaterstian, . 

the ounbiaetion of both does not depend on ideal configurations. 

!he introduation of llne pairs technique [5] shoved proswots 
' 

of agaln ooneidering pure trilateration [l ] . It is interesting to 
inveetigate W m e  Pars m a technique to improve the shape in w e  

trilateretion. An immediate queetion ariees oonoerning the meaning of 

"ideal oonfiguration" . In epite of the eimilarity and analogy in tha 
fonnulation of gecnnetriaal oonditione between tria.n&ation and 

line-paire trilateration , it oan be eaeily eeen that the eine rule 

is not used in the propegation of saale in the latter.It ie'not expeatad 

therefore that a configuration whioh ie "ideelmfor one eyetan would 

b. so for the other. 



In  the present treatment the strength of figure w i l l  be aemewd 
wing m approach shiles t o  that used in traditional trian&dation 
ahine;i,e.using es a cri terion the standard error of a computed leagtb 
at  the end of the chain, Altho* the main derivation is for  a r k p l e  
dmin of triangles and themfom not appliceble t o  more 
figures except,pelchsps,after introdwing some appmxUtions,  thir 

approach was favoured over the alterzmtive method of error el l ipses 
for the following ramone: 

(1)The ooaputrtion t o  derive a single optiPriaation f-ul. b 

f .u ib1e . I~~  oont ru t  th. method of ormr ellipmor roquinr  gartio* 
numerical ceaes in order to b. manageable,A general optinisation f o n u l a  

would provide an understanding of the favourable geometriaal ooaditioru 
so that general rules for reoonnaisssnoe oould be reached, 

(2)~eady comparison ' w i t h  triangulation would be available r i m e  
the derived formula would be equivalent t o  the known tri.rrgulotion 
f o n u l a  of strength of figure . 

( 3 ) ~ h e  derived fomula m be used a s  a oamparison oriterion for 

alternative layouts; end as a speoifioetion fmula for  accuzlQcy. 
(4)0ne of the proposed sohemes for line-pdrs t r i l a temt ion  

involves tb. mu-ent of selected b e .  to. soale detezminstion (11. 

The esemption of a network extending betweon two &er i e  thorofon 

a p s o t i o a l  one, 

The effeot of geometry on orientation w i l l  a lso be investigated, 

2,PRBCfSION OF AM RATIO I l A SUJCIG TRIAIGIG 

In the f o l l ~ ~ i n g  derivation the notation of Ridmrdus [Z) b 
eeaume a s i q l e  triangle m e a m r e d  usiag Line ~ai.rr(figun 1). 

side l.lrgfhs a,b ud 0 ; ud a l l  the thrme rrt ioa 



~ ' m  , , m d O g r b  3 .  
O1 .2 3 

r*lm t. -1 - A'B'C* [l] 

We&&ht olmffioients for th. tk.0 0- mtioe moorbiryt to  th. 

w ~ t w  of [n] 

1 - 7(1+IJ2)  and ~ B B  a 

- 11 ('+c2) 
b 

Correlative normal equation : 

whi& a m  be reduced to 

Inveree matrix of nonnd equation is t 

or , fa tome of ratio6 and one ride : 



TO O b W  tb. \nWt coeffici-t "Qu" of the . d j ~ ~ t e d  ratio "A" , 
fozmla (7.27) in [)] Is applied 8 leading ,after m e  rrduoti-, to 

In a eingle triangle , the funation wed to oorpute side "a" fra 

side 'Cbw is 

0 a' = b1 C 

The variance of em w i l l  therefore be 

h e r e  B is the variance factor . * 

Therefore a -  C. 

and the proportional varianae is 

Pbr r ohein of triangles with e f i n a l  oomputed beee nd* ,if the 

aomlet ion between ratios with coplpron sides is negleoted , th. 
proportional variance of the end base w i l l  be 

d e n  the aquare braakets lndlaate k t i o n  for swoeesivo triangles. 



Fomols (2) require8 for  a mtroag network t 

( i )  Iarge values for s ides @aw and @bm in swoessiv, t r i a n g l e ~ ; ~  
( i i ) ~  large value fo r  the r a t i o  C = A / B . 

4; ORIENTATION OF THE C M I N  

The orientation error  i n  a nhain is obtained m the uro-trlrtion 
of errors  i n  the v e r t u  angles of mooessive triuilgles ( ) . Aooording 

t o  [l] , v is given by a 

For eimplification assme the ohedn t o  be amposed of ieosoalam 

tr iangles . Therefore 

Apply- the l a w  of propagation of er rors  a 

Proa (1) and ( f ) ,af ter  same reduotiom : 

This formula show the effect  of geometry on the orientation.Co~lparison 
between two triauglee with the same values fo r  s ides @aw and "bW but 

with different  "on represents a oamparieon between the bymtu of 
figures 2 and 3 . The variation of the funotion between braaLrets 

i n  (4) i8 plotted a@net the vertex angle f in figure 4 .!ha f u n o t i a  

is miaimm at dQY1/ dA dl , which is a 9th. d e g m  equation. Zh. 

desired root of this equotion ham been obtained n u n e r i d l y  M A - 1 0167 
o o m s p u  t o  '/r 71' 2)' . Ib. oriantation m e t i o n  ,however. i u  

mla t iva ly  flat batmoa '/= 40° and v- 120.. and is da430foub4 6-P 

o ~ t s i d a  this - 0  





5 .  CONCLUSIONS 
(1 ) Line-pairs trilateration provides a strong propagation of soale 

in the case of networks whioh grow in size as they extend; e,g, base 

exteneion networke. 

(2) Sal1 angles opposite to known and desired sides in a triangle 

have no advsree effeot err in the 0889 of triangulation . The layout 
of figure 3 is as good as that of figure 2 in soale propagation, The 

firet with widely epaced stations would then be preferred due to the 

speed of propagation, 

(3) The bigger the eise of a network ie , the mmller the standsrd 

error of a canputed length (in proportional units). 

(4) Orientation requirement impoees a limitation to (2) above. 

The angle should be kept between 40. and 120~.  Serious degradation 

of orientation ocoure outside this range . It ie necessary to guard 
ageinet this by applying a rigorous error analyeie in ewpeoted 0B6es 

in the reconnaiee~oe etage, 

(5) A complete cmparieon between triangulation and line-pair6 
trilateration would depend largely on the particular instmente and 

field ciromstancee (a priori eetimatee of accuracy). The required 

eetimstee in euch comparisone for edm need to be new (mnaller) values 

epecifically assessed for line paire technique . Again the proepeots 
of these etand in favour of trilateration , for the further major 
developaent of e& instr\pents is m w h  more likely than that of 

th-dolitese 
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RECENT ADVANCE S I N  MULTIWAVELENGTH DISTANCE MEASUREMENT 

G.R.  Huggett and L.E. S l a t e r ,  Applied Physics  Laboratory, Univers i ty  of 
Washington, S e a t t l e ,  Washington, USA 

ABSTRACT 

A highly portable, multiwavelength distance-measuring instrument 
has been developed for field use. Its precision is better than 1 part 
in 107. Simultaneous optical path-length measurements at different 
wavelengths and the dispersive nature of the atmosphere enable the 
corrected distance to be calculated without the need for the usual 
meteorological measurements. A minicomputer in the system allows real- 
time distance calculation (every 10 seconds), as well as mean value and 
standard deviation calculations. This instrument is currently being 
used to determine strain over baselines 3-9 km long. Strain episodes 
have been observed that are attributed to slip, at depth, on major 
faults in the area. There is a suggestion that this slip begins several 
kilometers down and propagates upward to the surface. Many of these 
strain episodes have coincided with magnitude 2.5-3.5 earthquakes in the 
region. Another strain episode indicates that the eastern end of the 
Sargent Fault may continue approximately 2-3 km past the point that it 
is currently thought to terminate. 

INTRODUCTION 

The solution to many geophysical questions would be greatly aided 
by the precise measurement of distance through the earth's atmosphere:. 
While distances of a few meters or tens of meters can be measured with 
very high precision by interferometric techniques, it is generally not 
feasible to extend these techniques to baselines several kilometers in 
length. Standard triangulation techniques yield, at best, a precision 
of 1 X 10-', while the solution of many geophysical problems in a rea- 
sonable amount of time requires a precision of l X l ~ - ~  or better (pre- 
cision is defined here as the ratio of the standard deviation of the 
determinations to their mean value). 

A variety of electromagnetic techniques are now in use for high- 
precision measurement. An excellent bibliography of such techniques is 
given by Wood [1971]. One of the major obstacles to an improvement of 
the precision is the uncertainty in the value of the index of refraction 
along the path. Despite this limitation, Parm [1973, 19751 in Finland 
and Savage and co-workers [Savage and Burford, 1973; Savage and Prescott, 
19731 in the United States have made excellent distance measurements 
over baselines in the open atmosphere. 



Savage and I'rescott [l9731 report a precision characterized by a 
standard deviation of measurements over a baseline of length L of 
a = (a2 + b2~2)1/2, where a = 3 mm and b = 2 X 10-'. The need for 
flying the line, however, not only makes the measurement expensive and 
time consuming but may actually prohibit measurements during the night. 
Higher precision and more rapid determinations require a direct method 
for determining the average index of refraction over the path rather 
than an approximation obtained by sampling. 

 rilep pin [l9571 proposed a method using measurements at two wave- 
lengths. Independently, Bender and bens [1965]' made a similar propo- 
sal. The method is based on the dispersive characteristic of air in the 
visible regions of the spectrum, which causes two optical signals of 
different wavelengths to propagate over the same path at slightly dif- 
ferent velocities. Several authors have described the application of 
two-wavelength techniques [Huggett and Slater, 1975; Shipley, 1974; 
Birdsell, 19741. The major noninstrumental source of error in the two- 
wavelength systems is uncertainty in the water vapor concentration along 
the path. An error of 1 mb in the determination of the partial pressure 
of water vapor causes an error of 1 X 10" in the calculated distance. 

The index of refraction at microwave frequencies is about 100 times 
more sensitive to water vapor than the optical indices. By adding a 
third wavelength, microwave, to the instrument, the optical microwave 
dispersion can be used to determine the average water vapor density over 
the path being measured [Thompson, 19681. Thayer [l9671 analyzed the 
three-wavelength technique and determined that a precision of a few 
parts in 10' should be possible for path lengths of up to 50 km and 
temperatures of up to 30'~. The instrument described here is a cornbi- 
nation of a dual-wavelength Fizeau type system and a direct phase- 
measuring microwave system. 

.THE THREE-WAVELENGTH DISTANCE EQUATION 

The refractivity of the air N is proportional to the density of the 
air at the wavelength of the radiation used in the determination 

where p, is the density of dry air and p, is the water vapor density 
[hens, 19671. A three-wavelength instrument measures the optical path 
lengths R13 R2, R3, at three wavelengths. It follows from (1) that D = 
R1 - DNl, D = R2 - DN2 and D = R3 - DN3. When any two of the difference 
terms are used, say, m 

and 

AR3-i/D = N3 - N1 = (a3 - a1)pS + (B3 - B1)~, 

it is possible to solve for p, and p,. Substitution of these expressions 
for ps and p, in the distance equation 



yields 

The calculated distance is thus seen to be a function only of the 
measured optical path lengths R1 and the two sets of dispersion coeffi- 
cients cc1 and B1.. The present three-wavelength instrument utilizes two 
optical lasers, a red He-Ne gas laser (632.9 m) and a blue He-Cd metal 
vapor laser (441.6 m). The third wavelength is a radio source operating 
in the microwave region. The subscripts in (2) are assigned as follows: 
1 is red, 2 is blue, and 3 is microwave. Now al, a2, as, B1, B2 depend 
only on wavelength and hence, for a given instrument, are constants. 
Because of the polar nature of the water molecule, the B3 coefficient is 
temperature dependent [Bean and Dutton, 19661. Substituting the numeri- 
cal constants and linearizing the temperature dependence yield the 
three-wavelength distance equation 

where A = 20.9288, A '  = -2.9184 X 10'~, B = -0.0198733, Bf = 3.6243 X 

and Tc is the atmospheric temperature in degrees Celsius. The three- 
wavelength distance equation is only weakly dependent on atmospheric 
temperature; an error of 10°c produces an error of only 1 X 10-' in the 
calculated distance. There is no need for atmospheric pressure or water 
vapor partial pressure measurements. 

THE INSTRUMENT 

A photograph of the three-wavelength distance-measuring instrument 
is shown in Figure 1 and a system block diagram in Figure 2. The basic 
concept of the instrument is that of the Fizeau velocity-of-light experi- 
ment. Light is passed through an optical modulator and returned to the 
same.modulator after reflection from a distant retro-directive reflector. 
The return light reaches a photodetector only if the modulator voltage 
is in phase with the returning optical signal. This occurs when the 
optical path length is an integral number of modulation wavelengths 
(2R = kh) or R = kc/2f, where R is the one-way optical path length, k is 
an integer, h is the modulation wavelength, f is the modulation frequency, 
and c is the velocity of light in a,vacuum. 

The optical sources are a 5-mW helium-neon gas laser operating at 
632.8 nm and a 5-mW helium-cadmium metal vapor laser operating at 441.6 nm. 
The two laser beams enter a Wollaston prism at the proper angle and polar- 
ization to make the outgoing beams collinear. The light passes through' 
a microwave Pockels cell modulator that varies the ellipticity of the 
polarized light at 3 GHz and is transmitted by a 20-cm Cassegrainian 
telescope. The light traverses the path being measured and is returned 
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by a cat's eye retro-reflector, a 20-cm parabolic reflector with a plane 
mirror at its focal point. The beam is received by the same optics used 
for transmission and passes through the modulator a second time where 
the ellipticity of the polarization is increased or cancelled depending 
on the phase of the microwave modulator excitation. The returning light 
passes through the Wollaston prism (now used as a polarization analyzer), 
the output of which will be a minimum if the transit time is a half 
integral number of modulation periods. The beam emerging from the prism 
is both separated by color and directed to the photodetector by a dichroic 
mirror. 

The instrument has two complete servo systems: One controls the 
modulation frequency on the red laser beam so that it is an integral 
number of half-wavelengths while the other system controls the modula- 
tion on the blue beam. The servos are identical and the common micro- 
wave elements and optical modulator are time-shared. The modulator is a 
potassium di-hydrogen phosphate crystal mounted in a re-entrant microwave 
cavity. The microwave portion of the system drives the modulator at a 
stable, accurately measured frequency. 

The microwave power is pulsed on for about 25 vsec to produce a 
large peak modulation index, while keeping the average power dissipation 
in the modulator low. The system is designed to deliver 20 W of peak 
power at a 5 percent duty cycle and the modulator is double pulsed at a 
repetition rate of 1000 Hz. The second pulse is delayed by a time equal 
to the transit time of the light over the path being measured. 

The microwave modulation frequency at 3.005 GHz is derived from 
5 MHz by an offset microwave phase-locked oscillator. In order to have 
a stable microwave frequency, the reference oscillator is phase-locked 
to the system clock and the computer-controlled 5-MHz frequency is added 
to it. The 5-MHz oscillator is a simple varactor-controlled LC oscilla- 
tor. Tests have shown an output stability better than 1 part in 10' 
when the RF loop is phase-locked to a 5-MHz crystal test oscillator. 
The 3-GHz reference oscillator is phase-locked to the system master 
clock, a high-precision crystal oscillator with a stability of Af/f = 
1 X 10-" rms per second and a long-term stability of Af/f = 5 X 10-l0 
per day. 

To follow fluctuations in the optical path length, a servo system 
adjusts the frequency of the microwave modulation to the optical path 
length such that the round-trip distance always remains a half integral 
number of modulation wavelengths. The 5-MHz oscillators are monitored 
by frequency counters that determine the average modulation frequency 
during each sample period, nonnally 1 or 10 seconds. 

Simultaneously with the optical measurements, the radio path length. 
is determined by standard direct phase measurement of a 9.6-GHz carrier 
frequency. This phase data and the modulation frequencies of the optical 
system are then input to the computer for the distance calculation. At 
the conclusion of each calculation (every 10 seconds), the corrected 
distance and all related data are output to magnetic tape and to various 
other peripheral devices at the operator's discretion. The operator 
can, at any time, request the computer to calculate the mean value and 
the standard deviation of the corrected distance. This information is 
displayed on a teletype. 



FIELD DATA AND INTERPRETATION 

Beginning in mid-September 1975, nine baselines radiating from 
Hollister have been measured daily with the MWDM system whenever possi- 
ble. More lines were added to the network in early November 1975. The 
current network of 10 lines is shown in Figure 3, along with the approx- 
imate location of the major faults in the region. Data collected on the 
10 lines from September 21, 1975, to April 17, 1976, are presented in 
Figure 4. Each point represents a daily mean value calculated from 30- 
100 consecutive 10-second determinations. The standard deviation of 
these 30-100 points (1 part in 10' or less from the mean) is a measure 
of the "visibility" on that particular line that day. The visibility is 
generally a function of both the clarity and the scintillation of the 
atmosphere and may vary considerably from hour to hour. 

It became obvious by mid-October 1975 that the baselines Gambetta 
and Hollair-Easy had a considerably higher strain rate than the .other 
lines in the array. The compression of the lines Gambetta and Hollair- 
Easy continued until mid-November 1975, when after about 1 ustrain of 
compression the rate abruptly decreased. Both lines are about 4 km long 
and extend northward from Hollister, ending on the east side of the 
Calaveras Fault. The MWDM instrument is also located just to the east 
of the Calaveras Fault. The close proximity of the MWDM instrument to 
the active trace of the Calaveras Fault is unusual for geodimeter lines, 
but the number of lines and radial pattern of the array make it easy to 
differentiate between movements of the instrument site and any of the 
retro-reflector sites. 

This region had been seismically quiet for several months. On 
November 18, 1975, approximately one week after the decrease in strain 
rate, two earthquakes (magnitudes 3.1 and 2.8) occurred along the Cala- 
veras Fault 7 km north of the northern ends of the two baselines (see 
Figure 5). A creep meter 1 km north of station Gambetta registered a 
moderate (3 mm) event on the Calaveras Fault on November 17, 1975 [R.O. 
Burford, personal communication, 191. A creep meter 200 m from the 
instrument site has been monitored by us since the experiment began. 
During the time covered in this paper, it showed no appreciable change. 
No discontinuity is apparent in the strain data on the 17th or 18th. 

A mechanism that may explain the observed strain episode is slip at 
depth on the Calaveras Fault north of Hollister. Note that the decrease 
in strain rate apparently occurred on baseline Hollair-Easy a few days 
before it appeared on baseline Gambetta. This may imply propagation of 
a slip episode from depth to the surface. 

The detected "slip" terminated in early November, with surface 
creep and small earthquakes following within a week. These earthquakes 
may have resulted because the earlier, larger-scale aseismic fault slip 
episode loaded small, local zones of more difficult slip on the fault 
surface. 

The second episode began abruptly on January 14, 1976, with base- 
lines Knob, Goat, Gambetta, and Hollair-Easy all showing initial exten- 
sion. The character of the event became clear within a few days; lines 
bob and Goat continued to extend, while baseline Gambetta reversed its 
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FIELD DATA AND INTERPRETATION 

Beginning in mid-September 1975, nine baselines radiating from 
Hollister have been measured daily with the MWDM system whenever possi- 
ble. More lines were added to the network in early November 1975. The 
current network of 10 lines is shown in Figure 3, along with the approx- 
imate location of the major faults in the region. Data collected on the 
10 lines from September 21, 1975, to April 17, 1976, are presented in 
Figure 4. Each point represents a daily mean value calculated from 30- 
100 consecutive 10-second determinations. The standard deviation of 
these 30-100 points (1 part in 10' or less from the mean) is a measure 
of the llvisibility" on that particular line that day. The visibility is 
generally a function of both the clarity and the scintillation of the 
atmosphere and may vary considerably from hour to hour. 

It became obvious by mid-October 1975 that the baselines Gambetta 
and Hollair-Easy had a considerably higher strain rate than the other 
lines in the array. The compression of the lines Gambetta and Hollair- 
Easy continued until mid-November 1975, when after about 1 ustrain of 
compression the rate abruptly decreased. Both lines are about 4 km long 
and extend northward from Hollister, ending on the east side of the 
Calaveras Fault. The MWDM instrument is also located just to the east 
of the Calaveras Fault. The close proximity of the MWDM instrument to 
the active trace of the Calaveras Fault is unusual for geodimeter lines, 
but the number of lines and radial pattern of the array make it easy to 
differentiate between movements of the instrument site and any of the 
retro-reflector sites. 

This region had been seismically quiet for several months. On 
November 18, 1975, approximately one week after the decrease in strain 
rate, two earthquakes (magnitudes 3.1 and 2.8) occurred along the Cala- 
veras Fault 7 km north of the northern ends of the two baselines (see 
Figure 5). A creep meter 1 km north of station Gambetta registered a 
moderate (3 mm) event on the Calaveras Fault on November 17, 1975 [R.O. 
Burford, personal communication, 191. A creep meter 200 m from the 
instrument site has been monitored by us since the experiment began. 
During the time covered in this paper, it showed no appreciable change. 
No discontinuity is apparent in the strain data on the 17th or 18th. 

A mechanism that may explain the observed strain episode is slip at 
. depth on the Calaveras Fault north of Hollister. Note that the decrease 

in strain rate apparently occurred on baseline Hollair-Easy a few days 
before it appeared on baseline Gambetta. This may imply propagation of 
a slip episode from depth to the surface. 

The detected "slip" terminated in early November, with surface 
creep and small earthquakes following within a week. These earthquakes 
may have resulted because the earlier, larger-scale aseismic fault slip 
episode loaded small, local zones of more difficult slip on the fault 
surface. 

The second episode began abruptly on January 14, 1976, with base- 
lines Knob, Goat, Gambetta, and Hollair-Easy all showing initial exten- 
sion. The character of the event became clear within a few days; lines 
hob and Goat continued to extend, while baseline Gambetta reversed its 



many pcople who have kindly allowed continued access to their property. 
This work was supported by the U.S. Department of Interior, Geological 
Survey, under Contract 14-08-0001-15263. 

REFERENCES 

Bean, B.R., and E.J. Dutton, Radio meteorology, Nat. Bur. Stand. U.S. 
Monogr., - 92, 7, 1966. 

Bender, P.L., and J.C. Owens, Correction of optical distance measure- 
ments for the fluctuating atmospheric index of refraction, J. Geophys. 
Res., 70, 2461-2462, 1965. - -  
Bradsell, R.H., Georan l, a new two-color laser ranger. Part 2: 
Technical description, Proceedings of the Int. Symp. on Terr. Electromag. 
Dis. Meas. and Atmos. Effects on Annular Meas.. Stockholm. Sweden. 19- - - - - - .. ~ ~.. - . , - - -  ~ ~ - -  ~~ 

24 August 1974, Vol. 1, Paper No. 13. 

Huggett, G.R., and L.E. Slater, Precision electromagnetic distance- 
measuring instrument for determining secular strain and fault movement, 
Tectonophysics, - 29, 19-27, 1975. 

Owens, J.C., Optical refractive index of air: Dependence on pressure, 
temperature, and composition, Appl. Opt., &(l), 51-59, 1967. 

Pakiser, L.C., J.P. Eaton, J.H. Healy, and C.B. Raleigh, Earthquake 
prediction and control, Science, 166, 1467, 1969. 

Parm, T., Observing procedure and meteorological factors for electronic 
distance measurements, paper presented at International Symposium on 
Electronic Distance Measurements, Int. Ass. of Geod., Lagos, 1973. 

Parm, T., High precision traverse for scale determination of satellite 
and stellar triangulation and for controlling the first order triangula- 
tion, paper presented at General Assembly, Int. Ass. of Geod., Grenoble, 
1975. 

Prilepin, M.T., Light-modulating method for determining the average 
index of refraction of air along a line, Trans. Inst. Geod. Aeron. 
Cartogr. USSR, Engl. Transl., no. 114, 127-130, 1957. 

Savage, J.C., and R.O. Burford, Geodetic determination of relative plate 
motion in central California, J. Geophys. Res., 78, 832-845, 1973. 

Savage, J.C. , and W.H. Prescott, Precision of geodolite distance mea- 
surements for determining fault movements, J. Geophys. Res., 78, 6001- 
6008, 1973. 

Scholz, C.H., and T.J. Fitch, Strain and creep in central California, 
J. Geophys. Res., 75, 4447-4453, 1970. - 
Shipley, G., Georan 1, a new two-color laser ranger. Part 1: Basic 
principles and preliminary results, Proceedings of the Int. Symp. on 
Terr. Electromag. Dis. Meas. and Atmos. Effects on Angular Meas. , Stock- 
holm, Sweden, 19-24 August 1974, Vol. 1, Paper No. 12. 

147 



Thayer, G . C . ,  Atmospheric c f f e c t s  of  m u l t i p l e  frequency range measure- 
ments, Tech. Rep. IER 56-ITSA 53, Environ. S c i .  Serv.  Admin., Rockvi l le ,  
Md., 1967. 

Thompson, M . C . ,  Jr . ,  Space averages of  a i r  and water  vapor d e n s i t i e s  by 
d i spe r s ion  f o r  r e f r a c t i v e  c o r r e c t i o n  of e lec t romagnet ic  range measure- 
ments, J .  Geophys. Res., - 73, 3097-3102, 1968. 

Wood, L . E . ,  P rogress  i n  e l e c t r o n i c  surveying,  U.S. National Report,  
1967-1971, Eos Trans. AGU, 52 ,  IUGG17-IUGG21, 1971. - 

Wood, L .E . ,  and M.C. Thompson, Jr., Technique f o r  improving accuracy of 
air- to-ground r a d i o  d i s t a n c e  measurement systems. Tech. Rep. ~RL108-ITS 76, 
Environ. S c i .  Serv.  Admin.., Rockvil le ,  Md., 1969. 

Figure I .  The muZtiwavetength distance-measuring instrument. 
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Figure 2 .  BZock diagram o f  the rnuZtiwaveZength 
distance-measuring iwtnunent .  

= *€.NE LASER 

Figure 3 .  Map of the HoZZister netuork shming i t s  location r e l a t i v e  
t o  the major faults i n  the area ( the  faults are shown by 
the heavy l ines ) .  The instrument i s  located a t  the central 
s ta t ion  i n  the town of Ho l l i s t e r ,  California.  
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Figure 5 .  Map o f  the HoZZister netoork shming epicenters  o f  the  earth- 
quakes that  have occurred-in the area between the beginning o f  
the s t r a i n  measurements i n  September 1975 and April  1976. 



PRECISION LEVELING WITH A TWO-FLUID TILTMETER 

G.R. Huggett ,  L.E. S l a t e r  and G .  P a v l i s ,  Applied Physics Laboratory, Univers i ty  
of Washington, S e a t t l e ,  Washington, USA 

Abstract.  Thermally induced e r r o r s ,  dominant 
i n  a water-tube t i l t n e t e r .  a r e  eliminated by using 
two adjacent  tubes containing f l u i d s  with d e n s i t i s s  
having d i f f e r e n t  temperature coe f f i c i en t s .  Simul- 
taneous measurements of  t h e  apparent d i f fe rence  i n  
height  between two s t a t i o n s  indicated by t h e  two 
f l u i d s  a r e  used t o  provide t h e  required cor rec t ion  
f o r  t he  dens i ty  changes. The appl ica t ion  o f  t h i s  
method could allow prec ise  measurements over long 
base l ines  (a  reso lu t ion  of about 1 0 - ~  t o  10-9 r a -  
dians i n  a l -ki lometer  instrument) without a l eve l  
interconnect ing tube o r  deep b u r i a l .  

Introduct ion 

The measurement of  v e r t i c a l  displacement and 
ttlt i n  a c t i v e  geophysical regions is  an important 
ye t  d i f f i c u l t  t ask .  The advent o f  the  theory of  
d i la tancy  has s trengthened t h e  need fo r  high-pre- 
c i s i on  measurements over base l ines  t ha t  a r e  kilom- 
e t e r s  i n  length.  Other f i e l d s  with s im i l a r  
requirements a r e  t h e  de t ec t i on  of  i n f l a t i o n  phe- 
nomena i n  a c t i ve  vo lcan ic  regions,  and the  
de tec t ion  of subsidence i n  mining and geothermal 
resource a reas .  

Ver t ica l  displacement is general ly determined 
using g r av i t y  meters o r  p rec i s ion  l eve l s .  The use 
of  a g rav i ty  meter t o  i n f e r  v e r t i c a l  displacement 
assumes t ha t  t he  mater ia l  beneath t he  instrument 
has a constant  dens i ty ;  t h i s  may be a poor assump- 
t i on ,  p a r t i c u l a r l y  i n  an ac t i ve  volcanic region. 
The measurement of l eve l  l i ne s  is subjec t  t o  many 
systematic  e r r o r s ,  and great  care  and expense a r e  
required t o  measure v e r t i c a l  displacements over 
kilometer-long base l ines  t o  a p r ec i s i on  approaching 
a mil l imeter  (an in fe r red  average t i l t  o f  a micro- 
rad ian) .  The use of shor t -base l ine  t i l t m e t e r s  is 
s i g n i f i c a n t l y  l imited by t h e i r  g rea t  s e n s i t i v i t y  t o  
surface condit ions near t he  p i e r .  Fluid-tube tilt- 
meters with long base l ines  overcome many of these  
problems and have been used success fu l ly  f o r  some 
appl ica t ions  [%, 19591. 

The most s e r i ous  problem with a f lu id- tube  tilt- 
meter of considerable length (>S0 m) is va r i a t i ons  
i n  t he  f l u i d ' s  dens i ty  caused by temperature 
changes along t h e  pa th ,  p a r t i c u l a r l y  i f  t he  con- 
nect ing tube between t he  s t a t i o n s  is not kept hor i -  
zontal .  To i l l u s t r a t e ,  consider  a column of  f l u i d  
of height  h. The pressure  a t  t he  bottom due t o  t he  
f l u i d  is h 

P = S P(TJ g(y) dy (1) 
0 

where p(T) = dens i ty ,  g(y) = acce le ra t ion  of  
g r a v i t y ,  T = temperature, and h = height .  The 
g r a v i t a t i ona l  term can be assumed constant  f o r  rea- 
sonable values of h s i nce  t h e  Bouguer g r av i t y  term, 
W a y ,  equals  -2vgal/cm. 
Copyright 1976 by t h e  American Geoph.vsica1 Union 

Assuming t h a t  t h e  dens i t y  v a r i e s  l i n e a r l y  wi th  
temperature, 

then 

a t  some height  h i n  t h e  column. 
For a simple example t h a t  i l l u s t r a t e s  t h e  t h e r -  

mal s e n s i t i v i t y ,  consider  a wa t e r - f i l l ed  t i l t m e t e r .  
The temperature e r r o r  is  Ay = ppohaAT = 1.5  X 10-4 
HUU deg C ,  where a = 1.5  X 10-4/deg C and p. = 1 gm/ 4 cm . An average temperature change of  only 1 ' ~  
along a tube with h = log cm y i e ld s  a teypera ture  
e r r o r  of  1.5 mm. 

This e r r o r  is s i g n i f i c a n t l y  l a r g e r  than t he  
height  reso lu t ion  usua l ly  des i red .  This temperature 
e r r o r ,  o r  apparent t i l t ,  appears a s  "noise" on t h e  
t i l t  da ta .  

The thermally induced noise  can be reduced by 
burying t he  tube and keeping it pe r f ec t l y  horizon- 
t a l ,  but t h i s  g r e a t l y  increases  t he  cos t  of i n s t a l -  
l a t i o n  and maintenance. I n  regions where deep 
bu r i a l  a t  p r a c t i c a l l y  zero s lope is  impossible o r  
imprac t ica l ,  t h e  noise caused by thermal f l uc tu a -  
t i o n s  w i l l  be  t h e  l imi t ing  f a c t o r  con t ro l l i ng  t h e  
prec is ion  o f  long-baseline tilt measurements. 

Two-Fluid Ti l tmeter  

We suggest a new technique t o  overcome t h e  t he r -  
mal no ise  problem i n  l i qu id  leve l ing :  using two 
f l u i d s  with d e n s i t i e s  t h a t  vary l i nea r l y  with temp- 
e r a tu r e ,  each i n  a separa te  tube but i n  thermal 
contact  s o  they experience t he  same thermal 
environment. This instrument i s  diagrammatically 
i l l u s t r a t e d  i n  Figure 1 .  

The pressure  o f  a column of  f l u i d  is given by 

where p = p(y) = dens i ty  o f  t h e  f l u i d ,  and g = g(y)  
= g rav i t a t i ona l  a cce l e r a t i on .  I t  can be assumed 
t h a t  g is constant  f o r  reasonable values o f  h ,  
s i nce  t h e  Bou uer  g r av i t y  term, ag(y)/ay, equals  - 2  S X 1 0 - ~  cm/sec /cm. In  t h i s  case 

h 
( l  + aT) dy . (5) 

The pressure due t o  t he  column o f  f l u i d  t o  s t a t i o n  
2 is  P = pog (h2 + hg) + poga12. P is a l s o  equal 
t o  t he  pressure  caused by t h e  column o f  f l u i d  t o  
s t a t i o n  1 ,  s o  P = poghl + pogaI1, where 



STATION 1 
STATION 2 
m 

Figure 1. Diagrarmatic sketch of two-fluid 
t i l tme te r .  

The difference i n  the  height of t h e  l iquid a t  each 
s t a t ion  is 

Assume two f lu ids  a and b. Then 

Aa = h3 + aaI and S = h3 + a,,I , (8) 

where I = I2 - 11. Then 4 - A, = (at, - a,) I and 
(ba-hs)/ (b-Aa) [a,/ (%-ad l 

The difference i n  height between s t a t ions  is 
then simply 

By measuring only the  differences A, and At,, the  
r e l a t ive  height of two s t a t ions  can be determined 
with no r e s t r i c t ion  upon s t a t i o n  separation. I t  is 
thus possible t o  aake a very long-baseline l iquid- 

. t ube  t i l tme te r  tha t  compensates f o r  temperature 
variat ions along the  baseline.  The height measure- 
ments could be accomplished i n  many ways, using 
opt ica l  sensors, d i f ferent ia l  transformers, capaci- 
t i v e  coupling, mechanical indexing, e t c .  

There appear t o  be several  su i table  organic 
f lu ids  with density coeff ic ients  tha t  would y ie ld  
an aa/(ab-a,) term approximately equal t o  2. This 
mans  t h a t  the  colunm heights must be measured t o  a 
precision two times greater  than would be required 
i n  a single-fluid t i l tmeter .  This should present 
no problem, and the  instrument should provide a 
resolution of 1 0 - ~  t o  1 0 - ~  radians. While t h i s  
discussion has not addressed the  dynamics of such a 
system, these a re  well presented by others [Eaton, 
19591. 

Experimental Verification 

A simple two-fluid t i l tme te r  was constructed t o  
experimentally ver i fy  the  two-fluid Concept. The 
arrangement is i l l u s t r a t e d  i n  Figure 2. The device 
consisted of two adjoining tubes, each co~nposed of 
t en  1.2-m long sections of 8 -m d i m  glass  tubing 
joined together with sections of p l a s t i c  tubing 
2-3 ca long. One tube contained methyl alcohol and 
the  other ethylene glycol. Four 1.5-cm d i m  g las s  
tubes with precision scales were attached t o  the  
four ends of the  tubing and fastened s ide  by s i d e  
on a common reference stand. Thus any d i f f e r e n t i a l  . 
changes i n  l iquid levels were due sole ly  t o  tenper- 
a tu re  ef fec ts .  

The two tubes contained an inclined section.  the  
top of which could be raised t o  a height of about 2 
m. On one s ide  of t h i s  sec t ion the  f lu ids  were a t  
room temperature; on the  other s ide ,  the  tubing 
passed through a 2.3-m water jacket which could be 
varied from 20' t o  49 '~ .  The inclined sect ion with 
the  large temperature difference between the  two 
s ides  was designed t o  simulate the  uncontrolled 
thermal and geometric conditions tha t  ex i s t  i n  the  
f i e l d .  

Figure 3 shows the  difference i n  the  levels  of 
each f lu id  (thermally induced er ror)  and the  cor- 
rected difference as a function of water jacket 
temperature for  two heights of the  inclined section 
(1 m and s l i g h t l y  l e s s  than 2 m). Because both end 
s t a t ions  were mounted on a collaon stand,  the cor- 
rected difference should always be zero. 

The r e s u l t s  a r e  qui te  dramatic. The corrected 
data have a standard deviation from the  mean of 
0.13 m. Because a l l  of the data were taken by 
visual ly  sighting the  mensicus of the  l iquids 
against  the  machinist 'S sca le ,  t h i s  value could 
eas i ly  be improved with automatic level  recording. 

Note tha t  the  large temperature changes induced 
i n  t h i s  experiment reveal a s l i g h t  nonlineari ty i n  
the f lu ids :  the  corrected values tend t o  be posi- 
t i v e  i n  the  center of the  range and negative a t  t h e  
low and high temperature extremes. p(T) = p, ( l  + 
aT + m2) if the next higher t e rn  i n  the  expansion 
of P(T) is  included. Applying the  correction de- 
scribed above, the  r e s u l t s  w i l l  be i n  e r r o r  by 
[(B,% - a,&)/ (aa - at,)] J, where 

Using published values of a and B f o r  methanol and 
~~ 

glycol- [International  C r i t i c a l  ~ a b l e ~ ] ,  t he  e r r o r  
is  (-4.0 X 10-0) J. By se lec t ing two f lu ids  f o r  
which aa/ab = Ba/Bb > l ,  t h i s  e r ro r  could be re-  
duced as  much as  three  orders of magnitude. 

Figure 2. Test arrangement fo r  
two-fluid t i l tms te r .  



Figure 3. Test data for two-fluid tiltmeter. 
Thermally induced errors in methanol 
(a) and glycol (b) are shown for two 
incline elevations, l m (solid line) 
and approx. 2 m (dashed line) as a 
function of water jacket temperature 
The upper horizontal line shows the 
corrected station height difference. 

Conclusions 

Minor local perturbations have a profound effect 
on small tiltmeters placed on a single pier, produc- 
ing apparent secular tilting that is many times 

larger than the actual secular tilting of the region 
[Ha iwara, 19471. These perturbations have only a 
small ---%F e ect on fluid-tube tiltmeters used to mea- 
sure the relative changes of height of two piers 
many meters apart. The major shortcoming of the 
fluid-tube tiltmeter is its sensitivity to tempera- 
ture. The temperature dependence requires that the 
tube be level and buried to reduce thermally induced 
errors. 

The two-fluid tiltmeter eliminates thermal error 
from liquid-tube tiltmeter data. With the tempera- 
ture sensitivity eliminated, precise long-baseline 
measurements are now possible, and may well result 
in considerable cost savings because deep burial and 
level tubing are unnecessary. 

The two-fluid concept can be utilized to measure 
the relative height of two piers either by measur- 
ing the distance from the piers to the surface of 
the liquids, as discussed, or by measuring the 
pressure of the fluids. The pressure measurements 
can be used when there are large differences in 
elevation between stations. Both methods eliminate 
thermally induced errors. 
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D iscussion (paper 13) 

Q. Are the tests with the peculiar strainmeter collaborating 

with the tests with a gravimeter and with tiltmeters 

A. We do have some tiltmeters in the area, unfortunately most of the 

tiltmeters data are suspect. And then I found there has been a 

great deal of instrumental instability as well as an uncertainty 

as to the quality of the stations. It is not uncommon to find that 

with the small or common point measurement of tilt one can get the 

opposite of the original tilt, and they don't have a dense 

enough tiltmeter array to get good statistics. 

The gravimeter work has not been done in this particular 

area, there is a large program, operating in Southern California 

near Los Angelos, where there is concern in the uplift area. 

They are doing a lot of gravimeter surveys and running a lot of 

levellines this summer, we have ours done on operating with the 

geodetic net as well. And there will be some correlation. 

We have now correlated with straingauges and gravimeters 

and we have increased the density of strainmeters around us. 

Q. I am interested in your work because even in Europe we are in need 

of the best solution for prediction nets, and I.know that after 

the disaster 2n North Italy, you remember, the Italians woke up 

and understood that they had to pay a lot of money in order to do 

something and I just guess that they have got experience from you, 

but they are going to use suspensionmeters and tiltmeters and 

gravimeters mainly, but they probably don't know anything about your 

instruments, 

A. This is possible. 

Q. You have to contact them, because it is very important. 

A. I might point out that in the time that we have been in that area, 

we can say something about increased strain, I call it activity. I 

indrcated that there was a temporal coherence between the earthquakes 

and our strain measurements. 

We have no correlation, no specfal correlation as yet, because 

1 think we don't have a dense net either, we just have one radial 

ray, 

It is a start. 



I wonder how such a high accuracy could be checked by 

an independent measure or something like that. 

Well, I guess it is difficult to check our instrument against 

any other system. I guess the biggest convincing argument would 

be, how multiple instruments on the same line, under as 

severe operating conditions as possible, would behave. 

But in Europe there are such precise baselines, in Finland 

for instance, which are comparable in accuracy. 

I think that we must get on those lines, and I also would 

h a g h e  that most of you would like to see that kind of comparison 

just as a very convincing argument. This device that has been 

talked about so long must be good, and in fact is. 

What is your solution, how do you find it is the best way to 

resolve the instrument constant for the three-colour-system. 

What technique do you use ? 

The same technique you do. We simple set up a number of points 

in a line and measure combinations. 

Do you in'fact consider it's necessary to incorporate an instrument 

of this sort, that has the ability to measure the order of inter- 

ference, Or do you really think that is not necessary ? 

I don't think it's necessary. The geodesist would disagree with me, 

but such a device, such a feature can be built in. 

An additional engineering copplexity are the cost and we have not 

incorporated them. 

May T emphasize that the time has been of course for strain-there is 

no reason that ?t has limited the strain- as long as the base-line is 

known to 5 cm. So, with most systems, with most single wave-lengths, 

with reasonable fractions we know that one. So we decided that, because 

a11 these trade offs have to be made usually and we would not 

incorporate the ambiguity resolution. ( ?  ed). 



Q. You have an intelligent machine because it measures the 

water-vapour and corrects it. I have a question in this respect. 
II Have you ever checked the water-vapour density, your l' pw , 

against metereological parameters, because we have made measurements 

in infrared and radiation measurements, close micro-wave ~ro~agation 

in the atmosphere and water-vapour density or the amount of water- 

vapour, what we get out is always different from the three methodes 

we used, and ft differed by the factor two or three or even more. 

We did it for the testing of the millimeter telescope, so we 

are no longer at the moment confident actually, which type of 

water-vapour we measured. 

In this respect - if one turns around the instrument, you measure 
the water-vapour perhaps. So T have the question, have you ever 

checRed thrs rho-W against metereological or water-vapour 
. . 

dens*ty, you derhe from temperature, relative water-humidity 

and so on, 

A, Yes, we have. 

Q. May I ask you; do you find that the changes are the factor 2 
. . 

h the correction or in the water-vapour determination ? 

A. It is fn the amount of water-vapour, I mean we try to calibrate 

our things as careful as possible in the water-vapour tank 

and so on, but even after that we have the confidence that something 

is happening in the atmosphere, which we don't detect. 

Q. People studying propagation at let's say 300 microns 

and so, they discovered already that beside the water-vapour, 

there is something like a watervapour doubling molecule 

( ? ed.), things like this, which starts to attenuate; it should 

alter the refraction in some way. So, my question is just 

whether you touched on this problem. 

A. Yes, we did. We did not look specifically at the water-vapour 

determination itself. We determined the correction for the 

instrument both from a micro-wave measurement as well 

as from meteorological data measurements. We found in the regions 

we have operated, crossing over a large lake and also in the 

central California area, in both cases, that point meteorological 

measurements were adequate for the  recision required for the 
".met " correction to the optical system. 
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I can't go on to say that this is going to be true in all cases, 

but we haven't moved this instrument to enough areas yet to 

rule out the necessity of the microwave path, but to answer 

your question briefly, yes we looked at it in our context, and 

the two results are the same. 

Q. In the astronomy and the meteorological section, one may have a 

sudden need to determine the water vapour amount more properly 

than just putting out a hair hygrometer or something like this. 

Do you think it is practical to get your p-W out with a certain 

confidence, by measuring a baseline of a certain known distance. 

Do you think it is possible to turn your instrument " around " 
in some way ? 

A. Yes. Also I think that, if one wants to look at profiles, one 

could set up a reflector on a sounding balloon, and look at 

vertical angles, which is probably easier than ranging. 

Q. I tell you that the meteorologists, when they started to 

study the micrometeorology by sounding, the principle 

was accepted that we could map all these meteorological 

factors by taking bases like this and then try to construct 

vertical temperature gradients etc. Now they are interested 

in using just vertical angles in the optical case to do the same. 

In the Uppsala test, where we make such meteorological studies, 

we will use angles. Then of course one makes meteorological 

observations at the same time, so we can be confident. As you 

say, I think it is very important even in his case that he always 

checks very different conditions in the beginning. 

A. I think you have to always convince yourself. For that matter 

we have been operating in California close to the Geological 

Survey, and until we operated, sensing right 



at their location, they were rather sceptical about our 

results, primarily because of the appropriate comment, that 

there is said so much about the two-colour method, and very 

little came out of it. And I think that with the close cooperation 

with them now, our credibility is finally been established. 

Q. I would like to ask how much consideration you have given to 

the question of the zero-constant, the instrument constant 

or index-error or what you like to call it, because more or less 

you are thinking in terms of an instrument that will cover 

a range of let's say, 10 km lines with an accuracy from atmospheric 

reasons of roughly I m ,  which means you should be able to maintain 

your instrument constant to at least 1 mm, probably 0,I m for at 

least a certain period of time. And this is, as seems with all 

other instrumentations also to be very near the attainable limit. 

Maybe it is the highest demand that is ever been put to an index 

error. I think this is a very vital point, when you consider 

this instrument, because it would be extremely difficult to use 

a difference of 2 mirrors-technique to eliminate the index error. 

A. We cannot eliminate the index error. 

Q. It will be very difficult to do it by the difference of two 

mirrors because your mirrors are very complicated involving 

a micro-wave transponder etc. 

A. No, for the device itself the two wavelength portion of it . . 
we are not depending upon the micro-wave contribution to determine 

the instrument constant. It is the optical instrument-constant 

that we have to determine. 

And you do that by simply moving one reticule from one position 

to another. 

I have measured the differences, but it is not the micro-wave 

transponder, that enters into that determination. We have operated 

now for 2 years with that instrument and we do continue to monitor 

the master-crystal, which is as discussed. 

You brought up earlier the necessity to really trust some 

master, some second rate standard if you will and we indeed do that. 

I may also add that our components that determine the optical 

path-length are invar based. 
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I think I may have not stated : clearly what I said. 

It is obvious you will have to produce a crystal-oscillator 

good to somewhat better than one part in 10 millions - let's say 
one part in hundred millions. 

This is quite feasible and this is not a real problem. What I think is, 

that you really are able to maintain a relation between the, let's 

call it, the physical center of the instrument and the optical 

centre of the instrument. 

A. But that is mechanical. 

Q. Yes, it is,but don't forget that no existing instrument to my 

opinion has been much better than one mm up till today. You should 

attain less than one mm to make 10 parts per million over 

sensible. 

A. These kind of things are machine: tool accuracies, that are 

required and known expansion coefficient of materials. And those 

things are known. 

The electrical centre will not be translated from the mechanical 

centre. 

Q. Maybe I'm not following the details, but is this something 

specific if you use 2 wave-lengths ? 

Q. Then I wonder why the other makers haven't used the same technique 

to maintain their stability better than 1 mm. 

Comment Dr. Bradsell 

I would like to say that in fact we had 6 years experience with 

our prototype mekometer, where we had a resolution of 0,l mm and 

we were very conscious of this problem and over that 6 years we 

read the term in the instrument constant and I think that over that 

total time it was only a change by a little over a tenth of a mm., 

so I think mechanically this certainly is possible. Admittedly 

this was a small or lighter instrument. I don't know what the 

Kern-commercial prototype does, but I suspect it is a similar 

sort of stability. This is necessary with an instrument of this sort 

and we certainly confirm that in our experiences it can be done. 



There is another thing before we stop, I have a peculiar feeling 

about it and that is that usually when we try to investigate 

how points on the earth-surface are moving, we are not interested 

to make an absolute determination of the distance 

between them. If there would be a possibility to just look 

at changes by some sort of a phase- modulating system, 

where refraction can be included as a part, then a lot of 

systematic errors could disappear. This is a strainmeter, 

which measures the absolute distance, but we are interested 

in the changes of the distance. Is it not possible to go 

directly to the difference method instead of making a absolute 

measurement and then taking the difference between that measurements ? 

IF we take the geodimeter, and disregard anything but 

the most significant features, that is the phase measurement. 

Basically we have the 10 cm wavelength only. We really don't 

know the absolute length, we know only the delta phase if you 

will. 

But you get the absolute distance . 
I expect we do with our instrument, but on the other hand 

one can say so does the geodimeter. 

Remark: He is right, because you must have a good starting 

value, you cannot make a long distance measurement with 

this accuracy, without knowing anything before. 

Right. Of all these lines we have showed here for example 

we do 'not know the absolute length. 

This should not be forgotten when we use your instrument. 

And that is why I ask how is the work, going on with Owens 

and Thomson in Boulder, because there it is just the direct 

determination of the distance. 

No, they do the same thing. They did the same thing 

I thought that it was a distance-meter 

No, it is this instrument. This instrument, is their effort, it 

started in Boulder and it moved to continuation of their work. 



FIRST FIELD TESTS OF AN ANGULAR DUAL WAVELENGTH INSTRUMENT 

D.C. Wi l l i ams ,  D i v i s i o n  of Mechenical and O p t i c a l  Metro logy,  N a t i o n a l  Physical  
Laboratory ,  Teddington,  Middlesex  TWll OLV, U n i t e d  Kingdom 

I n  t h e  NPL wdi spe r somete rg  f o r  m e u u r i n g  a n g u l a r  r e f r a c t i o n ,  c a b i n a d  
b o u s  from helium-neon r e d  (633 M) and helium-cadmium blw (112 M) 
lasers are brought  t o  a commcm focus by a r e f l e c t i n g  teleacop.. 
Atmorpheric  r e f r a c t i o n  produces  a small s e p r r g t i o n  b e t w e n  the cantre8 
of t h e  two images, which a r o  chopped by a r o t a t i n g  g r a t i n g .  Ibe 
r e s u l t i n g  phase  d i f f e r e n c e  between p h o t o m u l t i p l i e r  o u t p u t s  for r e d  ud 
b l u e  is t h e n  d e t e c t e d ,  and s e r v e s  as  a measure o f  t h e  total  r e f r a o t i o n .  

I n i t i a l  tests have  been performed u s i n g  a white l i g h t  s o u r c e  o v e r  a 
600 m f o l d e d  p a t h ,  1.5 m above f l a t  g r a s s ,  o n  o v e r c a r t  evening* a t  dusk. 
These showed f a i r l y  good c ~ r r o l a t i o n  between t h e  a c t u a l  randan iMge 
wander (sometimes 15 arc seconds  d u r i n g  a f e u  m i e u t e s  o f  time) and t h e  
r ed -b lue  d i f f e r e n c e  s i g n a l .  

F u r t h e r  t r i a l s  are be ing  c a r r i e d ' o u t  w i th  t h e  lasers o v e r  a 4 k. 
suburban r a n g e  a t  a n  ave rage  h q i g b t  of 30 m, for which t h e  ima8e wander 
is  much smaller. Using a r o t a t a b l e  t r i p l e  m i r r o ~  ar rangement  f i t t e d  to 
t h e  f r o n t  of t h e  telescope to e l i m i n a t e  s y s t e m a t i c  errors, sob a b s o l u t e  
measurements  of r e f r a c t i o n  b v e  been made, o n  c loudy  a f t e r n o o n s  i n  
November 1976. Values  o b t a i n e d  on d i f f e r e n t  o c c a a l o n s  wore from 7 to 14 
arc seconds ,  showing s a t i s f a c t o r y  agreement  w i t h  pub l i shed  v a l w s  of 
t e m p e r a t u r e  g r a d i e n t s .  

S y s t e m a t i c  e r r o r s  due t o  t h e  i m p e r f e c t i o n s  O F  t h e  mirrors a p p e a r  t o  
b e  s m a l l ,  c o n f i r m i n g  t h e  p r e d i c t i o n s  of r t h e o r e t i c a l  a n a l y s i s .  It hoS 
been found t h a t  t h e  effects o f  t u r b u l e n c e  c a n  b e  reduced by d i v i d i n g  t h e  
s i g n a l s  by a t h i r d  s i g n a l  d e r i v e d  from t h e  l i g h t  b e f o r e  i t  is chopped; 
t h i s  shou ld  l e a d  to a n  improvement i n  a c c u r a c y  and e n a b l e  t h e  i n s t r u m e n t  
t o  work i n  more a d v e r s e  c o n d i t i o n s .  

The "d ispersometer"  be in^ developed a t  the Na t iona l  P h y s i c a l  
L a b o r a t o r y  f o r  t h e  measurement o f  a n g u l a r  r e f r a c t i o n  h a s  been 
d e s c r i b e d  p r e v i o u s l y  [1 ,2] .  Combined beams frm helium-cadmium b l u e  
(442  nm) and helium-neon ~ e d  (633 nrn) l a s e r s  are brought  t o  a cormon 
f o c u s  by a Casseg ra in  r e f l e c t i n g  t e l e s c o p e  (Fig .  l ) ;  t h e  a p e r t u r e  is 
50 mm and t h e  f o c a l  l e n g t h  1.6 m. Atmospheric r e f r a c t i o n  p roduces  a 
small s e p a r a t i o n  between the c e n t r e s  o f  t h e  images, which can  be  
n u l l e d  by t i l t i n g  a g l a s s  compensat ing p l a t e .  The a n g l e  o f  tilt then  
p r o v i d e s  a measure o f  t h e  r e f r a c t i o n .  To d e t e c t  t h e  s e p a r a t i o n ,  t h e  
images are chopped by a s p i r a l  g r a t i n g  r o t a t e d  by a m i n i a t u r e  
synchronous  motor. The r e s u l t i n g  phase d i f f e r e n c e  between 
p h o t o m u l t i p l i e r  o u t p u t s  f o r  b l u e  and r e d  is i n d i c a t e d  by a meter, and 
can  b e  r eco rded  on a c h a r t .  
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Fig.  1. Dispersometer  p r i n c i p l e  

I n  t h e  e l e c t r o n i c  sys tem (Fig .  2 ) ,  a u t o m a t i c  g a i n  c o n t r o l  is 
a p p l i e d  t o  t h e  a.c. components of  t h e  b l u e  and r e d  s i g n a l s ,  and t h e y  
a r e  t h e n  s u b t r a c t e d .  The d i f f e r e n c e  s i g n a l  is passed t o  two phase 
s e n s i t i v e  rectifiers swi tched by in-phase and q u a d r a t u r e  r e f e r e n c e  
s q u a r e  waves. The in-phase PSR o u t p u t  is used t o  e n s u r e  t h a t  t h e  red  
s i g n a l  is  e q u a l  i n  a m p l i t u d e  t o  t h e  b lue .  The q u a d r a t u r e  PSR o u t p u t  is 
t h e n  p r o p o r t i o n a l  t o  t h e  blue-red phase d i f f e r e n c e ,  and is d i s p l a y e d  
on  t h e  meter .  The r e f e r e n c e  s q u a r e  waves a r e  d e r i v e d  from a v o l t a g e  
c o n t r o l l e d  o s c i l l a t o r ,  which is phase locked t o  t h e  b l u e  s i g n a l  u s i n g  
a t h i r d  PSR. One o f  t h e  r e f e r e n c e s  is fed  t o  a d iv ide-by- ten  c i r c u i t ,  
t o  produce  a f r equency  e q u a l  t o  t h a t  o f  t h e  s i n e  wave d r i v i n g  t h e  
g r a t i n g  motor.  
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Fig. 2. E l e c t r o n i c  sys tem 
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TESTS OVER 600 m 

The first ou tdoor  tests were performed ove r  a f l a t  grass f i e l d  
a d j a c e n t  to t h e  Labora tory .  The d i s p e r s o m e t e r  was mounted on a 
c o n c r e t e  p l i n t h  wi th  t h e  s o u r c e  p laced  a l o n g s i d e  i t ,  t h e  l i g h t  be ing  
r e f l e c t e d  from a m i r r o r  f i x e d  t o  a second p l i n t h  300 m away. Thus t h e  
e f f e c t i v e  r a n g e  was 600 m ,  1.5 m above t h e  qround.  The m i r r o r  s u r f a c e  
was f l a t  t o  b e t t e r  t han  0.1 wavelength ,  and t h e  a p e r t u r e  was 180 mm 
s q u a r e ,  s u f f i c i e n t l y  l a r g e  to g i v e  n e g l i g i b l e  edge  d i f f r a c t i o n  
effects. 

The b l u e  laser was n o t  a v a i l a b l e  f o r  t h e s e  tests,  s o  t h e  s o u r c e  
used was a small t u n g s t e n  ha logen lamp a t  t h e  f o c u s  o f  a c o l l i m a t i n g  
l e n s ,  g i v i n g  an 18 mm d i ame te r  i l l u m i n a t e d  a p e r t u r e .  The g e o m e t r i c a l  
s i z e  o f  t h e  image formed by t h e  i n s t r u m e n t  t e l e s c o p e  was t h e n  50 pm, 
comparable  w i t h  t h e  Ai ry  d i s c  d i a m e t e r  o f  40 pm ( a t  540 nm wavelength)  
and w i t h  t h e  g r a t i n g  l i n e  width  o f  55 pm. 

When u s i n g  a whi t e  l i g h t  s o u r c e ,  b o t h  r e c e i v e r  c h a n n e l s  must a c c e p t  
broad bands o f  wavelengths  i n  o r d e r  to o b t a i n  an adequa te  
s i g n a l -  t o -no i se  r a t i o  . Unwanted bac kground l i g h t  t hen  becomes more 
s i g n i f i c a n t ,  and t o  minimize i t  t h e  i n s t r u m e n t  h a s  a f i e l d  s t o p  n e a r  
t h e  image p l a n e ,  set t o  1.5 w a c r o s s .  Even s o ,  i t  was o n l y  p o s s i b l e  
t o  o p e r a t e  w i t h i n  abou t  one  hour o f  d a r k n e s s .  The a p e r t u r e  h a s  a 
diamond s h a p e ,  which facilitates s i z e  ad jus tmen t  and r e d u c e s  a n y  
modu la t ion  o f  t h e  unwanted l i g h t  by t h e  r o t a t i n g  g r a t i n g .  

The a c t u a l  movement of t h e  "b luew image due  t o  r e f r a c t i o n  changes  
was reco rded  as w e l l  a s  t h e  blue-red image s e p a r a t i o n .  When t h e  iInage 
moves a t  r i g h t  a n g l e s  t o  t h e  g r a t i n g  l i n e s ,  t h e  divide-by-ten c i r c u i t  
o u t p u t  is s h i f t e d  i n  phase  r e l a t i v e  t o  t h e  synchronous  motor  d r i v e .  
A f u r t h e r  PSR was used t o  o b t a i n  a v o l t a g e  p r o p o r t i o n a l  t o  t h i s  phase 
s h i f t .  The t echn ique  r e q u i r e s  t h e  d i s p e r s o m e t e r  and m i r r o r  to  be  
mounted r i g i d l y ,  s i n c e  small t ilts would produce  s p u r i o u s  iIitage 
movements. Also,  phase  s l i p  o c c u r s  i f  t h e  phase  locked  loop is 
momentar i ly  unlocked due  t o  a b u r s t  o f  t u r b u l e n c e .  
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Fig .  3. Recording o f  d i s p e r s i o n  ( D )  and r e f r a c t i o n  ( R )  ove r  600 m 

Fig .  3 shows p a r t  o f  a t y p i c a l  r e c o r d i n g  ( o u t p u t  time c o n s t a n t  4 S )  
o b t a i n e d  i n  J u l y  1975 a t  2100 GMT. The day  and even ing  were o v e r c a s t  
and  t h e  wind was f a i r l y  l i g h t .  The random image wander shown by t h e  
lower  trace is a b o u t  15' ( a r c  s econds )  peak-to-peak. lhis was 
conf i rmed by v i s u a l  o b s e r v a t i o n  o f  t h e  image wi th  t h e  g r a t i n g  
s t a t i o n a r y .  I n  t h e  upper t r a c e ,  t h e  blue-red d i f f e r e n c e  is magnif ied  
by t h e  r e c i p r o c a l  d i s p e r s i v e  power o f  t h e  air  f o r  d i r e c t  comparison 
w i t h  t h e  lower  t r a c e ,  and it can  be  seen  t h a t  t h e r e  is a fa i r  d e g r e e  
o f  c o r r e l a t i o n  between t h e  two. On a p a r t i c u l a r l y  f a v o u r a b l e  n i g h t  
w i t h  g e n t l e  r a i n  and a l i g h t  wind, t h e  image wander was reduced t o  
a b o u t  8' and t h e  n o i s e  o n  t h e  blue-red t r a c e  was c o n s i d e r a b l y  less. 

TESTS OVER 4 km 

F u r t h e r  t e s t s  a r e  b e i n ~  c a r r i e d  o u t  o v e r  a r a n g e  o f  4.0 km, u s i n g  
l a s e r s  ( L i c o n i x  model 401 f o r  b l u e  and Spec t r a -Phys i c s  model 120 f o r  
r e d ) .  The d i s p e r s o m e t e r  is l o c a t e d  i n  t h e  t a l l e s t  b u i l d i n g  on t h e  NPL 
s i t e ,  20 m from t h e  ground. The lasers are i n  a b u i l d i n g  n e a r  t h e  brow 
o f  Richmond h i l l ,  45 m above t h e  g e n e r a l  around l e v e l .  The t e r r a i n  is 
f l a t  and mainly  b u i l t - u p  away from t h e  h i l l ,  and t h e  l i n e  o f  s i g h t  
c r o s s e s  t h e  r i v e r  Thames 1.5 km from t h e  r e c e i v e r .  



The power i n  e ach  l a s e r  beam is a b o u t  6 mu, and t h e  d i v e r g e n c e  is 
1 mrad. A s i g h t i n g  t e l e s c o p e  is p rov ided  f o r  p o i n t i n g  t h e  lasers 
a p p r o x i m a t e 1  y a t  t h e  r e c e i v e r ,  f i n a l  a l i g n m e n t  b e i n g  accompl i shed  by 
maximiz ing  t h e  l i g h t  r e f l e c t e d  from a c u b e  c o r n e r .  I n t e r f e r e n c e  
f i l ters  of 10 nm bandwidth make it p o s s i b l e  to o p e r a t e  t h e  i n s t r u m e n t  
i n  f u l l  d a y l i g h t .  With a c l e a r  a tmosphe re ,  t h e  amount of l i g h t  
r e c e i v e d  is a t  l e a s t  50 times t h e  minimum r e q u i r e d .  

The r e c o r d i n g  o f  F i g .  4 was o b t a i n e d  i n  A p r i l  1976 a t  1800 GMT. 
Compared w i t h  t h e  p r e v i o u s  r e s u l t s ,  t h e  wander o f  t h e  image o v e r  a 
p e r i o d  of a few m i n u t e s  was v e r y  much less - u s u a l l y  a b o u t  1". 

Fig .  4. Reco rd ing  of d i s p e r s i o n  ( D )  and r e f r a c t i o n  ( R )  o v e r  4 km 

i 
40" - 

- 
8 
C 
B 

D 
r 
0 

8 

On most o c c a s i o n s  i t  was i m p o s s i b l e  t o  h o l d  t h e  phase  l o c k  and  o b t a i n  
a r e c o r d i n g  o f  t h e  to ta l  r e f r a c t i o n  for more t h a n  a b o u t  a m i n u t e ,  
p r o b a b l y  b e c a u s e  t u r b u l e n t  g a s e s  from chimneys f r e q u e n t l y  d r i f t e d  
a c r o s s  t h e  l i n e  o f  s i g h t .  However, t h e  d i s p e r s i o n  o u t p u t  Was 
u n a f f e c t e d  u n l e s s  t h e  phase  s l i p p e d  s e v e r a l  times p e r  s econd ,  s i n c e  
t h e  c i r c u i t r y  r e c o v e r s  r a p i d l y .  
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IMAGE ROTATOR UNIT 

To make a b s o l u t e  measuremen t a  o f  d i s p e r s i o n ,  any  a p p a r e n t  
s e p a r a t i o n  o f  b l u e  and r e d  images due  t o  i n s t r u m e n t a l  i m p e r f e c t i o n s  
mus t  be  e l i m i n a t e d .  T h i s  h a s  been a c h i e v e d  by f i t t i n g  t o  t h e  f r o n t  o f  
t h e  i n s t r u m e n t  t e l e s c o p e  a n  a s semb ly  o f  t h r e e  f l a t  m i r r o r s  (Fig .  5). 
The a s s e m b l y  is mounted on a b a r r e l  h e l d  i n  a p a i r  o f  b a l l  b e a r i n g s ,  
s o  t h a t  i t  c a n  be  t u r n e d  a b o u t  t h e  o p t i c a l  a x i s  and set a t  v a r i o u s  
o r i e n t a t i o n s .  

Adjustment 

--- 

Fig .  5. T r i p l e  m i r r o r  u n i t  

The o u t p u t  beams r o t a t e  t h r o u g h  t w i c e  t h e  a n g l e  o f  r o t a t i o n  of t h e  
u n i t ,  s o  t h e r e  are two p o s i t i o n s  a t  90' and 270' which d o  n o t  affect 
t h e  images, and  two p o s i t i o n s  a t  0' and 180° which i n z e r t  them. Half 
t h e  d i f f e r e n c e  between r e a d i n g s  t a k e n  a t  0' and 90  t h u s  g i v e s  a 
measu re  of t h e  d i s p e r s i o n  w i t h  t h e  i n s t r u m e n t a l  offset e l i m i n a t e d .  
A f u r t h e r  p a i r  o f  r e a d i n g s  a t  270' and  180' a l s o  eliminates errors d u e  
t o  t h e  m i r r o r  a s s emb ly  i tself ,  and l i n e a r  d r i f t .  The p r o c e d u r e  is 
r a t h e r  l i k e  pe r fo rmin6  t h e  t r a n s i t  of a t h e o d o l i t e .  Fou r  i n t e r m e d i a t e  
p o s i t i o n s  a t  45O, 135 , 315' and 225' a l l o w  measurement  of h o r i z o n t a l  
r e f r a c t i o n .  



Any c o n f i g u r a t i o n  o f  t h r e e  m i r r o r s  which does  n o t  d e v i a t e  t h e  beam 
w i l l  produce t h e  d e s i r e d  e f f e c t ;  t h e  a r rangement  adopted  a f f o r d s  a 
r e l a t i v e l y  compact c o n s t r u c t i o n  wi th  good mechanical  ba lance .  The 
l a t e r a l  d i sp l acemen t  o f  t h e  i n p u t  a p e r t u r e  d o e s  n o t  matter, s i n c e  it 
i s  small compared wi th  t h e  d i a m e t e r s  o f  t h e  a r r i v i n g  beams. One m i r r o r  
c a n  be t i l t e d  by two screws u n t i l  t h e  image r e t u r n s  t o  t h e  same p l a c e  
o n  r o t a t i o n  o f  t h e  u n i t  through 180°, and a f u r t h e r  p a i r  o f  s c rews  
( n o t  s h o r n  i n  Fig.  5 )  e n a b l e s  t h e  r o t a t i o n  a x i s  t o  be set p a r a l l e l  to 
t h e  t e l e s c o p e  a x i s .  

ABSOLUTE MEASUREMENTS 

The fo l lowing  t a b l e  summarizes t h e  r e s u l t s  from some r e c e n t  
measurements ,  t aken  i n  t h e  l a t e  a f t e r n o o n  on c loudy  days  wi th  l i g h t  
wind. For  each  p o s i t i o n  o f  t h e  m i r r o r  u n i t ,  t h e  d i s p e r s o m e t e r  o u t p u t  
was reco rded  f o r  3 min and t h e  ave rage  v a l u e  was t aken .  The_ i n d i v i d u a l  
v a l u e s  are r e l a t i v e  t o  an  a r b i t r a r y  ze ro .  

Date Half-way I n d i v i d u a l  r e s u l t s  R e f r a c t i o n  
(1976)  time 

o0 90' 270' 180' VERTICAL 

O c t  26 1610 -6 +8 + l 0  -4" 7" 
Oct 27 1540 -9 +5 + l 2  -11 9 
IJOV 4 1510 -11 + l 6  + l 2  -17 14 
NOV 4 1615 -11 + l1  + l 0  -12 11 
NOV 17 1415 -12 + l 6  + l 5  -12 14 

45' 135' 315' 225' HORIZONTAL 

O c t 2 7  1630 0 -4 0 +4 " -2 
NOV 4 1550 +2 -2 - 1 + 1 -2 
Nov 17 1500 0 +3 0 -7 +2 

The u n c e r t a i n t y  i n  t h e  f i n a l  r e f r a c t i o n  v a l u e s  is abou t  2". The 
v e r t i c a l  measurements acco rd  w e l l  w i th  t h e o r e t i c a l  v a l u e s  c a l c u l a t e d  
from t h e  mean t empera tu re  g r a d i e n t s  a t  t h i s  h e i g h t  g i v e n  i n  [31  f o r  
t h e  same months and times o f  day. The h o r i z o n t a l  v a l u e s  o b t a i n e d  were 
a l l  q u i t e  small. 

There are a p p r e c i a b l e  d i f f e r e n c e s  between 0' and 180' r e a d i n g s ,  and 

between 90' and 270' r e a d i c g s ,  but  t h e y  change  randomly on d i f f e r e n t  
o c c a s i o n s  and do  n o t  show a n o t i c e a b l e  s y s t e m a t i c  b i a s .  T h i s  con f i rms  
a t h e o r e t i c a l  a n a l y s i s  which h a s  been made, i n d i c a t i n g  t h a t  S p u r i ~ U s  
b lue- red  d i s p l a c e m e n t s  due t o  t h e  t r i p l e  m i r r o r  u n i t  and t h e  t e l e s c o p e  
m i r r o r s  are l i k e l y  t o  be small. 

Suppose t h a t  t h e  e r r o r s  o f  f i g u r e  o f  t h e  m i r r o r s  are c o n s i d e r a b l y  
less than  a wavelength,  and t h e y  a r e  uni formly  i l l u m i n a t e d .  The 
a m p l i t u d e  a t  any p o i n t  on t h e  t r a n s m i t t e d  wavefront  can then  be  
e x p r e s s e d  a s  t h a t  due t o  a p e r f e c t  u n d i s t o r t e d  wavefront  p l u s  a Small 
component i n  q u a d r a t u r e  r e p r e s e n t i n g  t h e  phase e r r o r .  With t h i s  
app rox ima t ion ,  i t  is found t h a t  t h e  p o s i t i o n  o f  t h e  c e n t r o i d  of 
i r r a d i a n c e  i n  t h e  image formed is independent  o f  wavelength ,  a l t h o u g h  
t h e  d e t a i l e d  d i s t r i b u t i o n  o f  l i g h t  i n  t h e  d i f f r a c t i o n  p a t t e r n  w i l l  
v a ry .  The e f f e c t i v e  image p o s i t i o n  sensed  by t h e  NPL i n s t r u m e n t  d o e s  
n o t  co r r e spond  p r e c i s e l y  t o  t h e  c e n t r o i d ,  but  t h e  r e s u l t  s t i l l  l e a d s  
o n e  t o  e x p e c t  q u i t e  small e r r o r s .  
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TOR0 ULENCE EFFECTS 

When t h e  p h o t o m u l t i p l i e r  s i g n a l s  a r e  d i s p l a y e d  on a n  o s c i l l o s c o p e ,  
t h e  effects o f  t u r b u l e n c e  a r e  s i m i l a r  i n  c h a r a c t e r  f o r  b o t h  600 m and 
4  km r a n g e s .  The most  f a v o u r a b l e  f e a t u r e  is t h a t  t h e  a m p l i t u d e  
f l u c t u a t i o n s  o f  b l u e  and r e d  due t o  t u r b u l e n c e  a lways  a p p e a r  well 
c o r r e l a t e d .  T h i s  means t h a t  t h e  n o i s e  l e v e l  on t h e  d i f f e r e n c e  s i g n a l  
is  s u f f i c i e n t l y  low t o  a l l o w  measurements  o f  u s e f u l  a c c u r a c y .  

The f l u c t u a t i o n s  a r e  u s u a l l y  q u i t e  l a r g e ;  5:l  is t y p i c a l  w i t h  
mode ra t e  c l o u d  c o v e r .  I n  f u l l  s u n l i g h t ,  t h e  s i g n a l  a m p l i t u d e s  a r e  v e r y  
l o w  f o r  a l a r g e  p r o p o r t i o n  o f  t h e  time, w i t h  s h o r t  b u r s t s  o f  l a r g e  
a m p l i t u d e .  It is t h u s  u n l i k e l y  t h a t  t h e  i n s t r u m e n t  c a n  be made t o  
f u n c t i o n  s a t i s f a c t o r i l y  on c l o u d l e s s  d a y s .  However, a  c o n s i d e r a b l e  
improvement is a1 ways obse rved  t owards  s u n s e t .  The predominant  
f r e q u e n c i e s  i n  t h e  f l u c t u a t i o n s  are r e l a t e d  t o  t h e  t r a n s v e r s e  wind 
s p e e d .  F o r  a mean speed  o f  6  m / s ,  up t o  200 Hz is t y p i c a l  f o r  t h e  4  km 
r a n g e ,  c o n s i d e r a b l y  l ower  t h a n  t h e  chopp ing  f r e q u e n c y  o f  1.7 kHz. 

It is p o s s i b l e  to eliminate t h e  effects o f  image i n t e n s i t y  
s c i n t i l l a t i o n  by s p l i t t i n g  o f f  a  f r a c t i o n  o f  t h e  b l u e  l i g h t  b e f o r e  i t  
is  chopped and p a s s i n g  it t o  a  t h i r d  d e t e c t o r .  The s i g n a l s  af ter  
c h o p p i n g  a r e  t h e n  d i v i d e d  by t h e  s i g n a l  b e f o r e  chopp ing  i n  a n a l o g  
d i v i d e  c i r c u i t s .  The r e s u l t a n t  s i g n a l s  have  c o n s t a n t  mean l e v e l s ,  and 
t h e  o n l y  r e m a i n i n g  a m p l i t u d e  f l u c t u a t i o n s  a r e  t h o s e  d u e  t o  s p r e a d i n g  
o f  t h e  image s o  t h a t  i t  s p a n s  more t h a n  one  g r a t i n g  l i n e  w id th .  

T h i s  scheme h a s  been s u c c e s s f u l l y  t e s t e d  f o r  t h e  i n d i v i d u a l  s i g n a l s  
u s i n g  one  o f  t h e  two e x i s t i n g  p h o t o m u l t i p l i e r s  f o r  t h e  unchopped 
l i g h t .  It is p l anned  to add a  t h i r d  p h o t o m u l t i p l i e r  s o  t h a t  b o t h  
s i g n a l s  c a n  b e  improved s i m u l t a n e o u s l y .  The improved s i g n a l s  d o  n o t  
r e d u c e  t h e  t endency  o f  t h e  phase  l o c k  t o  s l i p ,  as  had been hoped.  
However, t h e y  s h o u l d  make t h e  d i s p e r s o m e t e r  more a c c u r a t e  and a l l o w  it  
t o  work i n  more t u r b u l e n t  c o n d i t i o n s .  

[ 1 ] Dyson, J. " A  method f o r  t h e  d e t e r m i n a t i o n  'o f  t h e  error due  t o  
r e f r a c t i o n  in t h e  a tmosphere .  P r o c e e d i n g s  of X I V  
I n t e r n a t i o n a l  Congress  o f  S u r v e y o r s ,  Washington,  D.C., 
Sep tember  1974. 

123  Williams, D.C. "A d i s p e r s o m e t e r  for t h e  measurem.mt of 
a n g u l a r  r e f r a c t i o n . "  P r o c e e d i n g s  o f  I A G  I n t e r n a t i o n a l  
Symposium on T e r r e s t r i a l  E l e c t r o m a g n e t i c  D i s t a n c e  
Measurements  and  Atmospheric  E f f e c t s  on  Angular  Measurements  
(Vol .  5, Paper  4 ) ,  Stockholm,  August 1974. 

131  B e s t ,  A.C. e t  a l .  "Temperature  and h u m i d i t y  g r a d i e n t s  i n  t h e  
first 100 m o v e r  South-Eas t  England." M e t e o r o l o g i c a l  
O f f i c e  Geophys i ca l  Memoirs No. 89  ( 4 t h  No., Vol. X I ) ,  1952. 



MOGLI CHKEITEN DER GENAUIGKE ITSSTElGERUllG .I 14 DER EDM MIT L I  CHT- UND M I  KROWELLEN - 
Vol ke r  Fe1 l e t s c h i  n, Geodati sches l n s t i  t u t  der Un ive rs i  t S t  Kar l  sruhe, Federal 
Republ ic o f  Germany 

1. Ein le i tung 

Fur lange Strecken ( S > 5 km ) i s t  d i e  Genauigkeit der Elektronischen 

Distanzmessung (EDM) eng m i t  der Genauigkelt der Erfassung des .reprl-  

senta t i  ven Brechungsindexes l lngs der MeBstrecke verbunden. Durch Zwei- 

farbenlaser (BRADSELL & SHIPLEY 1974) oder durch Registrierung meteoro- 

logischer Daten lZngs der MeSstrecke Uber den Einsatz von Flugzeugen 

(PRESCOTT & SAVAGE 1974) s ind zwar Genauigkeikn biS nahetu i n  d i e  Gr60en- 

ordnung 0.1 ppm mogl ich, aber m i  t gro0em Aufwand verbunden. 

I n  dieser Arbei t sol l deshal b untersucht werden; inwiewei t das blsherige 

Verfahren der Endpunktmessungen, d. h. Messungen der Temperatur, Feucht- 

temperatur und des Druckes nur an den Endpunkten der Strecke, Genauig- 

ke i  t s s te i  gerungen zulaBt. 

M i  t Endpunktmessungen ausgewertete Strecken telgeh eine s ign i  f i  kante 
' 

Dif ferenz zwischen L icht -  und M i  krowel lenmessungen, d ie  i m  Testnett 

Karlsruhe etwa 2 ppm betragen (KUNTZ 1971). Das mathemati3che Model1 

der Auswertung - das sphlr ische Brechuhgsindexmdell (HUPCKE 1964) - 
trifft groBtentei ls bei gro0em Bddenabstand des lk8st rah ls  tu. An den 

Endpunkten werden d i e  Temperaturen (trocken und feucht) jedoch n i ch t  re- 

prasentat iv fUr d ie  MeDstrecke e rm i t t e l t ,  denn Ein- und Ausstrahlungsvor- 

gange uber der Bodenoberfllche rufen starke negative wie pos i t ive  Gradi- 

enten hervor, so da0 d i e  Temperaturen gegenUber der f re ien  Atmosphlre 
gle icher Hohe zu hoch oder zu n i ed r i g  gemessen werden. Ers t  ab der Hahe 

von 30 m uber Boden i s t  das Temperaturfeld nahezu ungestUrt (BROCKS 1948). 

Die durch d ie  Temperaturverteilung i n  der bodennahen Luf tschicht  beding- 

ten systemati schen Model l feh l  e r  werden in f o l  genden m1 t Temperaturanoma- 

l i en bezeichnet. 

Fiir Endpunktmessungen m i  t einem Tr lge r  werden folgende Model l e  untersucht: 

- Messung der Temperaturen i n  30 m Hahe. 

- Messung i n  Instrumentenh6he (1.50 m) und Extrapolat ion auf 30 m Uber 

Austauschbedingungen. Dazu s ind weitere Messuhgen wie etwa d ie  der Son- 
nenstrahlung, der Windgeschwindigkeit und der Verdunstung notwendig 

(MAIER 1974). 
17 1 



- Verwendung von s t a t i  stischen M i  t t e l  werten von Temperaturgradienten 

i n  der Unterschi cht. Dabei i nte ress ie r t  besonders , unter wel~hen Be- 

dingungen d ie  Temperaturanomalien verschwinden. 

2. Trocken- und Feuchttemperaturgradient 

Nach BROCKS (1948) kann f u r  den Temperaturgradienten i n  der Unter- 

schicht  

m i t  bt = - 1 + 0.2 geschrieben werden. Der Faktor at i s t  am Tage von 
der  erd dun stun^, dem Bedeckungsgrad, der Windgqschwindigkei t, der Tem- 

peratur und besonders von der Sonnenhohe h abhangig. Fur H i t te lwer te  

e x i s t i e r t  folgende von der Jahreszeit  unabhangige Funktion 

at = a + b s i n  h. 

Durch Ausgleichung des Datenmaterials, das BEST (1952) und FRANKENBERGER 

(1955) uber d ie  bodennahe Luf tsch icht  ve ro f fen t l  i c h t  haben, erhal t man 

m i t  der Annahme bt = - 1 b i s  zur Hohe 30 m f u r  d ie  Z e i t  auserhalb der 
Inversion und fur k la re  Tage, d ie  besonders be i  Lichtwellenmessungen zu- 
t re f fen,  d i e  Konstanten a und b s i g n i f i k a n t  gesichert zu: 

Die Werte werden auch durch Gradientenmessungen auf  den Bodenpunkten 

des Testnetzes Karl sruhe besta t ig t .  

Die Temperaturanomalie ~t bei  Streckenmessungen am Tage (Abb. 1)kann 

durch In teg ra t ion  von (1) und dem Ansatz (2) i m  M i t t e l  m i t  

A t  = - (0.2 - 1.0 s i n  h) ( I n  30 - I n  z)  + y (30 - z )  (3) 

angegeben werden. Hier  i s t  h d i e  m i t t l e r e  Sonnenhohe wahrend der Me0- 

ze i t ,  z d ie  Beobachtungshohe der meteorologischen Daten Uber Boden 

und y der Temperaturgradient oberhalb der bodennahen Luf tschicht ,  deren 

Hohe i m  a1 lgemeinen m i t  30 m angegeben wird. Fur y g i l t  i m  M i t t e l  ca. 

- 1°/100 m. I m  Somner gegen M i  t t a g  i s t  damit eine m i  t t l e r e  Temperatur- 

d i f fe renz zwischen der Instrumentenhohe (1.5 m) und 30 m von rund 20C 



Hohe 

vorhanden. Weiterhin l a B t  s i ch  

fes ts te l  len,  daD f u r  e ine Sonnen- 

hohe von hc~150, d. h. etwa 2 

Stunden vo r  Sonnenuntergang 

kurz vor  Inversionsbeginn 

A t  = 0 w i  rd. Dami t werden 

zu diesem Zei tpunkt  L i ch t -  

we1 l enmessungen f r e i  von 

systematischen Fehlern. 

Abb. 1 Temperaturprof i l 

z 

30 m 

Beobocht 
hohe 

Zu (1)  und ( 2 )  analoge Funktionen konnen auch fir den Feuchttempera- 

t u rg rad i  enten angegeben werden: 

h 
dt/dz = - 1°c/ 100 m 

-- 

ungs - , 
-- 

At  Temperatur 

m i t  b - 1 und a l t  = f ( h ) .  Fur d i e  Feuchttemperaturanomalie g i l t  nit  
den Daten von BEST, und FRANKENBERGER 

t 

b t l  = - (0.05 - 0.7 s i n  h)  ( I n  30 - I n  z )  + y1 (30  - z) (5) 

wobei y k  - 0.60C/100 m i s t .  

Die Korre l  a t  i o n  zwischen der Sonnenhohe und den Feuchttemperaturgradien- 

t e n  i s t  jedoch n i c h t  so ausgepragt wie b e i  der Trockentemperatur, aber 

f u r  den Berei  ch auDerhal b der Invers ion  auch s i  g n i f  i kant gesi cher t  . 

Fur d i e  Messung mi t M i  krowel l e n  kann ke in  gunst iger  Messungszei tpunkt  

angegeben werden, da im  M i t t e l  ~t = 0 und ~ t '  = 0 z e i t l i c h  n i c h t  zu- 

samnenfallen. 

Fur d i e  Zei t der  Invers ion  konnen kaum empirische Formeln ahnl i c h  (3) 

und (5)  fir d i e  bodennahe Lu f t sch i ch t  b i s  30 m Hohe entw icke l t  werden. 

Es i s t  f r a g l i c h ,  ob das vorgeschlagene Model1 h i e r  noch seine Gu l t ig -  

k e i t  b e s i t z t ,  da d i e  Invers ionsschicht  mehrere hundert Meter Hohe 

uber Boden er re ichen kann (JORDAN-EGGERT-KNEISSL 1966, KLEISS 1963) 



und nur unsicher abzuschatzen i s t ,  ob der MeDstrahl innerhalb der I n -  
versionsschicht oder i n  der f r e i e n  Atmosphare v e r l a u f t .  Deshalb s o l l -  

ten Messungen wahrend der Nacht mogl i c h s t  n i c h t  durchgefiuhrt werden. 

Fir Streckenmessungen i n  der MeDzeit MittagINachmittag ergeben s i ch  

aus (3 )  und (5 )  folgende systematische Fehler, wenn d i e  meteorolo- 

gischen Daten i n  Instrumentenhohe b e s t i m t  werden: M i  t Lichtwel  l e n  

w i rd  um 1 b i s  2 ppm zu lang, m i t  Mikrowellen w i rd  um 2 b i s  4 ppm zu 

kurz.gemessen. Bei der Beobachtungshohe 10 m ver r ingern  s ich  d iese 

Werte um d i e  Ha l f t e .  

A l le rd ings  kann das oben s k i z z i e r t e  Temperaturmodell nur  zur  Fehlerab- 

schatzung benutzt  werden, da Mi t te lwer te  verwendet werden, d i e  nur  f u r  

Messungen uber ebenem Grasland zu t re f fen .  

Fur d i e  Praxis  w i r d  deshal b vorgeschl agen, durch Gradientenmessungen 

von 1.5 m au f  ca. 10 m m i  t mobilen Masten den Faktor at i n  (1)  zu be- 

stimmen und au f  30 m zu extrapol  ieren. Durch e ine d r i t t e  MeDstelle i n  

ca. 4 m uber Boden konnte sogar der Wert des Exponenten bt ube rp ru f t  
werden . 

3. Paral l e l  messungen 

Eine wei tere Mogl ichkei t ,  systematische Fehler i n  der EDM be i  End- 

punktmessungen zu reduzieren, b i e t e t  s i ch  durch d i e  g l e i c h z e i t i g e  

Messung m i  t L i  ch t -  und M i  krowel l e n  (Paral l elmessungen) an (KUNTZ 81 

MULLER 1971). H ierbe i  kann m i  t berei  t s  vorhandenen Geraten (etwa 

Geodimeter 8 und T e l l  urometer MRA4) gearbe i te t  werden. 

Bei der Paral l elmessung s ind  zwei Informationen (Messungen) , aber d r e i  

Unbekannte (S  = gesuchte Strecke, ~t = Temperaturanomalie und ~ t '  = 

Feuchttemperaturanomal i e )  vorhanden, wenn d i e  Temperaturmessungen i n  

der bodennahen Lu f t sch i ch t  ausgefuhrt werden. Eine d r i t t e  In format ion 

kann aus dem m i t  (1 )  und (4)  beschriebenen Temperaturmodell entnommen 

werden: Danach i s t  i n  einem bel iebigen Hoheninterval l  AZ innerhalb der 

bodennahen L u f t s c h i c h t  und auDerhalb der Invers ionsze i t  das Verhalt-  



n i s  c = ~ t / ~ t '  konstant.  MiRt man an den Streckenendpunkten d i e  Gradien- 

t en  b i s  etwa 10 m Hohe und f u h r t  deren Verhal tn is  i n  d i e  Rechnung e in,  

so kann e ine  von Temperaturanomalien weitgehend b e f r e i t e  ~ t r e c k e  herge- 

l e i  t e t  werden. Die Temperaturanomal i e  e r g i  b t  s i c h  aus: 

C Aa 
A t  = - a c - b  

P P 

AU i s t  d i e  D i f f e renz  zwischen den gemessenen L i c h t -  und Mikrowel len- 

strecken i n  ppm, a und b s ind  von Ternperatur-, Feucht tm~pera tur  und 
druckabhsngigen ~r& l3en,  dye b e r e i t s  bei  KUNTZ & MULLER (1971) ver ta -  

f e l t  sind. 

Wegen der groOen Bedeutung f u r  d i e  Parallelmessung i s t  das Ve rha l t n i s  c, 

dessen M i  t t e l  etwa 1.1 betragt ,  auf  Abhangi gkei ten  meteorologi  scher Pa- 

rameter h i n  un tersucht  worden, um ohne Gradientenmessung auskommen zu 

konnen. Wesentl iche s i g n i f i k a n t e  Korre lat ionen s ind  aber n i c h t  nachzu- 

weisen. 

Wie feh le r theo re t i sche  Untersuchungen zeigen (FELLETSCHIN 1974), braucht  

der  Wert von c nur  auf  - + 0.5 bekannt zu sein, um e ine  Genauigkeit  der  

von Systematik weitgehend b e f r e i t e n  Strecke von - + 0.5 ppm zu erre ichen.  

4. Messungen und Ausgleichungen i m  Testnetz Karlsruhe 

Zur Uberprufung der oben angefuhrten Model lvorste l  lungen konnen d i e  i m  
Testnetz Kar l  sruhe durchgefuhrten Geodimeter-8- und T e l l  urometer -MRA4- 

Messungen herangezogen werden (KUNTZ 1971). 

Weiterhin stehen zum Vergle ich d i e  meteorologischen Daten des Kern- 

forschungszentrums Karlsruhe (KFZ) i n  ca. 200 m Hohe uber Boden z u r  

Verfugung. Diese Hohe e n t s p r i c h t  der m i t t l e r e n  Z ie l s t rah lhohe  der  i m  Test- 
netz  Karl sruhe gemessenen Strecken. 

I n  Tab. 1 s i n d  a1 S E e i s p i e l  d i e  Ergebnisse der  Geodimetermessungen e i n e r  

Strecke m i  t g e t e i l  t: 



Tab. 1 Ergebnisse au f  der Strecke Michaelsberg - Madenburg i n  m 

Darin bedeuten: 1 m i  t den Temperaturen an den Endpunkten i n  1.5 m 

Hohe meteorologisch reduz ie r te  Strecken; 

1 

Datum 

25.4.69 

23.5.73 

12.2.74 

12.5.74 

M i  t t e l  

I 1  Strecken, fir d i e  nach dem Model1 von BROCKS 

~t = 0 i s t ;  

MeSzei t 

17.00-20.30 

12.00-20.30 

11.30-16.00 

13.30-19.00 

I 

41585.649 

.719 

.698 

.735 

.700 

I 1 1  nach dern Model1 von Monin-Obukhov verbesserte 

Strecken (MAIER 1974); 

1V durch Parallelmessung verbesserte Strecken 

(FELLETSCHIN 1974); 

I I 

.692 

,685 

,658 

,685 

.680 

V m i t  den Temperaturen des KFZ reduz ie r te  

Strecken. 

Wahrend d ie  Werte m i t  den meteorologischen Daten i n  1.5 m Hohe noc'h 

um 2.1 ppm streuen, d i  f f e r i e r e n  d i e  ausgewahl t en  bzw. verbesserten 

Werte nur noch urn 1.0 ppm. Die M i t t e l w e r t e  dcr  Verfahren I 1  b i s  V 

unterscheiden s i c h  maximal sogar nur  noch' um 0.3 ppm. Das bedeutet, 

daS d i e  verschiedenen Methoden zu p rak t i sch  den g le ichen Ergebnissen 

fi ihren. Die Temperaturanomalien s i n d  durch d i e  verschiedenen Verfahren 

wei tgehend e l  i m i n i e r t  worden , da k e i  ne s i  gn i  f i kanten Unterschi ede mehr 

zu erkennen sind. 

I11 

,700 

,662 

,698 

.684 

.686 

I m  folgenden so l  l e n  neben der normal en Auswertung (Tab. 1 u n t e r  I )  

besonders d i e  rn i t  der  Methode der Parallelmessung ( IV)  e r z i e l t e n  

Resul t a t e  d i  s k u t i e r t  werden. Danach konnen d i e  Ergebnisse i n  d r e i  

Punkten zusamnengefaRt werden: 

I V 

- 
.669 

,684 

.678 

.677 

V 

- 
,680 

.698 

.690 

.689 



1. Geodimeterstrecken , d i e  gegen M i  t t a g  und am fruhen-Nachmittag ge- 
messen wurden, s i n d  i m  Testnetz Karlsruhe i m  M i t t e l  um 0.6 ppn Zu 

lang. 

2. Durch Parallelmessung verbesserte Strecken und Strecken, d i e  i m  

M i  t t e l  2 Stunden vo r  Sonnenuntergang gemessen wurden, zeigen keine 

MaDstabsdi f fe renz .  

3. Bei ca. 5 ' ~  s i n d  ke ine Unterschiede zwischen L i c h t -  und M i  krowel- 

lenstrecken f e s t z u s t e l l e n ,  b e i  ca. 200C s ind  es dagegen i m  M i t t e l  

3 ppm, i m  Ex t remfa l l  sogar 10 ppm. 

Fur d i e  Ausgleichungen im Testnetz Kar l  sruhe ( j e t z t  11 Punkte) l iegen 

65 Tagesmessungen m i  t dem Geodimeter-8 und 14.5 Tagesmessungen mi t dem 

Tel l urometer-MRA4 vor. Davon wurden i n  den l e t z t e n  Jahren 34 Tages- 

messungen g le i chze i  t i g  durchgef i ihrt .  A l s  Gewichtsansatz f u r  d i e  AUS- 

g1 e i  chung w i  r d  der  f o l  gende Ansatz benutzt  (HUPCKE 1965): 

n = Anzahl der Tagesmessungen au f  e i n e r  Strecke 

m ~ ~ ~ 8  = + 8 mm + 0.7 ppm - - 
m ~ ~ ~ 4  = + 9 mm + 1.4 ppm - - 
r ~ ~ ~ 8  

= \ a p r i o r i  abgeschatzte Korre lat ionskoef f iz ienten.  
r ~ ~ ~ 4  = 0.5 J 

Die Konstante k w i r d  so bestimmt, daD f u r  n = 1 und S = 30 km p = 1 

w i  rd. Die m i  t t l e r e n  Feh le r  werden aus dem Messungsmaterial abge le i t e t .  

Die Korrel  a t i onskoe f f  i z i  en t e n  s i  nd m i  t dem empir i  schen Model l nach 

Gleichung ( 3 )  und ( 5 )  abgeschatzt u n t e r  der  Annahme, daD d i e  Tempera- 

turanomal i en ~t a1 s "wahre Fehl e r "  aufgefaDt werden konnen. Die hohen 

Werte s i  nd darauf zuruckzufihren , daD Wiederhol ungsmessungen sehr o f t  

i n  g1 e icher  Jahreszei t und von dense1 ben ExzenWen ausgefuhrt wurden. 

Kreuzkorrel a t ionen s i n d  a p r i o r i  n i c h t  nachzuweisen. 

M i t  den an den Endpunkten i n  Instrumentenhohe gemessenen Temperaturen - 
zum T e i l  auch i n  30 m Hohe auf TUrmen - wurdpm folgende Resul ta te e r -  

ha1 ten: 
175  



Tab. 2 Ausgl eichungsergebni sse 

Die Ergebnisse m i t  rund - + 0.5 ppm zeigen hohe innere Genauigkeiten; 

das Geodimeternetz m i  t m i  ttl eren Fehlere l  l i psen nach HELMERT i s t  i n  

Abb. 2 dargestel  l t. A1 s K r i t e r i um der au0eren Genauigkeit kann der 

s i  g n i f i  kante MaDstabsunterschied zwischen beiden Netzen m i  t 2 p p  
angesehen werden. 

Gerat 

GDM8 

MRA4 

Wendet man an d ieser  S t e l l e  das oben beschriebene Temperaturmodell 

nach Gleichung (3)  und (5)  an und berechnet aus den .mi t t le ren  Me0- 

z e i  ten  und den m i  ttl eren Beobachtungshohen der  meteorologi schen 

Daten d i e  Anomalien ~t und ~ t ' ,  so e r h a l t  man i m  M i t t e l  un te r  Ver- 

wendung der D i f f e r e n t i a l e  der Formeln von ESSEN & FROOME fUr Mikro- 

we1 l e n  bzw. von BARRELL & SEARS f u r  L ich twe l len  (KUNTZ 1971) 

durchschni ttl . 
m i  ttl . r e l a t i v e r  
Streckenfehler  

PPm 

- + 0.4 

+ 0.6 

mm 

- +28 

- +40 

A s ~ D M 8  = + O m 3  ppm bzw* V G D M ~  Verb. = 10.8 ppm 

Die systematische D i f fe renz  der  MaRstabsfaktoren i n  Tab. 2 i s t  damit 

nahezu aufgehoben. Durch den Modellansatz konnen a lso  MaBstabsver- 

besserungen f u r  EDM-Netze angegeben werden. D ie  MaDstabsverbesserung 

f u r  das Geodimeternetz i s t  deshal b so gering, wei l das M i  t t e l  der Mef3- 

ze i t en  'etwa be i  d r e i  Stunden vor  Sonnenuntergang l i e g t  und damit nur  

knapp vor der  gunst igen MeBzei t f u r  L i  chtmessungen. 

durchschni ttl . 
m i  ttl . Punkt- 
l agefehler 

mm 

+ 17 - 
+ 22 - 

+) Das Landesnetz en tsp r i ch t  dem Deutschen Hauptdreiecksnetz. 

I 

MaDstab M nach e ine r  
Helmerttransf.  zwischen 
Landes-U. Streckennetz +) 

PP"' 

+ 11.1 

+ 9.0 



PROJEKT  : 

T E S T N E T Z  K R R L S R U H E  
G E O D I M E T E R M E S S U N G E N  

M R S S T R B  10 K M  2 cm E L L I P S E N  I----+ 

Abb. 2 Geodimeternetz m i  t rni ttleren Fehlerel l ipsen 



Die Ausgleichung m i t  den nach (6) reduzier ten Strecken und dem Ge- 

wichtsansatz (7) f u r  m = + 13 m + 0.5 und r = 0 e r g i b t  folgen- par - Par 
des Resultat: 

Tab. 3 Ausgleichungsergebnisse der Parallelmessungen 

Der m i t t l e r e  Gewichtseinheitsfehler bezieht  s i c h  wieder au f  e ine Tages- 

messung be i  der m i t t l e r e n  Streckenlange von 30 km. Gegenuber dem unver- 

besserten Geodimeternetz i s t  sogar e ine Genauigkeitssteigerung einge- 

t re ten,  obwohl zur  Reduktion wesentl i c h  ungenauere M i  krowel lenstrecken 

benutzt wurden. 

mn 

+l7 - 

Der nach e i n e r  Helmerttransformation erhal tene MaBstabsunterschied von 

10.6 ppm e n t s p r i c h t  den Werten, d i e  durch Verbesserung der Netze m i t  

M i  t t e l  werten von Gradi enten erhal t en  werden. Zum Vergl e i  ch konnen auch 

noch zwei wei t e r e  Werte angegeben werden: MAZER (1974) erhal  t a1 S MaB- 

stabsfaktor  f u r  d i e  nach dem Model l von Monin-Obukhov verbesserten 

durchschni ttl . 
m i t t l .  r e l a t i v e r  
Streckenfehler  
nach der Ausgl. 

PPm 

+ 0.3 - 

1 

durchschni ttl . 
m i t t l .  Punkt- 
l agefehler 

mn 

+ 11 - 

Strecken i m  Testnetz Karlsruhe 10.6 ppm; durch meteorologische Reduk- 

t i o n  m i t  den Werten des KFZ e r h a l t  man a l s  wahrscheinl ichsten MaBstabs- 

unterschied i m  Tes tne tz  Kar l  sruhe zwi schen Streckennetz und Landesnetz 

10.7 ppm. 

MaBstab nach e ine r  
Helmerttransf. zwischen 
Landes- und Streckennetz 

Ppm 

+ 10.6 - 

M i  t der geschatzten MaBstabsunsicherheit von - + 0.3 ppm und den m i t t l e -  

ren durchschni ttl ichen Fehl e rn  nach der Ausgleichung von - + 0.3 ppm kann 

fur d i e  Strecken i m  Testnetz Karlsruhe a l s  m i t t l e r e n  Fehler - + 0.4 ppm 

angegeben werden. 



5. Restfehl e r  und Korre lat ionen 
i 

' B, 

F 
Die aus der l e t z t e n  Ausglei chung erhal  tenen Strecken s t e l l  en: d i e  Wr . 
Z e i t  wahrscheinl ichsten Strecken des Testnetzes Karlsruhe dar. MSt den 
Differenzen d ieser  ausgeglichenen Strecken zu den gemessenen Svtzqn Qer 
Geodimeter- und Tel l urometerstrecken s i  nd Restfehl eranalysqq und p y r e -  

lationsuntersuchungen mogl ich. Die Dif ferenzen komen i n  e r s t e t  m h ~ r u n g  
l 

a l s  "wahre Fehler"  angesehen werden. 
F 

U' ' . l  

Zunachst zu den Restfehleranalysen: H ie r  geht es urn den Nachueis drs em- 
p i r i  schen Temperaturmodel l s, d. h. der Abhangigkei t der R e s t f e h l e ~  yon 

der Sonnenhohe (bzw. Tageszeit) und von der HBhe der m e t e o r ~ o g i s h t a  

Beobachtungsstation uber Boden. 

Aus den Rest feh le rn  der  Geodimetermessungen (Abb. 3) l a 0 t  s i c h  d i d  AQ 

htingigkeit  von der  Sonnenhohe durch d i e  s i g n i f i k a n t  gesicher%e ~ & k t i o h  

angeben . 

Abb. 3 Rest feh le r  der Geodimetermessungen 

Hieraus e r g i b t  s i c h  b e i  der m i t t l e r e n  Hohe der MeDstellen uber Boden 

von 8 m, d i e  d u r c h s c h n i t t l i c h  fU r  d i e  Punkte des Testnetzes Karlsruhe 

g i l t ,  d i e  Funkt ion 

at = + 0.3 - 1.1 s i n  h, 

deren Konstanten m i t  denen aus Gleichung (2)  i den t i sch  sind. 



Wahrend aus den Rest feh le rn  der  Geodimetermessungen e ine Abhangigkeit 

von der Hohe der  meteor01 ogischen Me0stel l e  n i c h t  s i g n i f i  kant  nachzu- 

weisen i s t  , kann aus den Restfehl  e rn  der Tel l urometermessungen e i  ne 

solche Abhangigkeit  nachgewiesen werden. 

Man e r h a l t  

As M R A ~  = - 3.8 + 1.1 I n  z (ppm) 

H ier  1 s t  d i e  Abhangigkeit  s i g n i f i  kant ges icher t .  G1 eichung (3)  kann 

damit f u r  d i e  Berechnung fystemat ischer  Temperaturfehler i m  Testnetz 

Karl  sruhe benutzt  werden. 

Fur d ie  Feuchttemperaturanomalien nach 61. ( 5 )  i s t  nu r  f u r  d i e  s i c h  aus 

der m i t t l e r e n  MeBzeit ergebende Sonnenhohe von 400, n i c h t  dagegen f u r  

andere Sonnenhohen Ubereinst immu~g zwischen Model1 und Prax is  festzu-  

s t e l  len. H i e r  s p i e l e n  s i c h e r l  i c h  mehrere Punkte eine Rol le :  

1. Die aus den Rest feh le rn  der Geodimetermessungen herge le i  t e t e  Ab- 

hangigkei t  von der Sonnenhohe muB auf  d i e  Tellurometermessungen 

ubertragen werden, d i e  i m  M i t t e l  zu ganz anderen Zei ten ausgefuhrt  

wurden. 

2. Die K o r r e l a t i o n  zwischen h und a; i s t  n i c h t  so s ta rk  wie zwischen 
h und at. 

3. Bei GEIGER (1961) w i rd  gezeigt,  dab durch den tag1 ichen Gang des 

Part ialdampfdrucks und damit der  Feuchttemperatur besonders am 

Nachmittag, der  HauptmeBzeit i m  Testnetz Karlsruhe, b i s  zu 70 m 

hohe Luf tschichten b e e i n f l u b t  werden. 

Nach E l im ina t i on  der  s i  gn i  f i  kanten Zei t- und Hohentrends kann e ine  Be- 
rechnung der  Kor re l  a t  i onen e r f o  lgen, 'd ie  dann nur  noch vom Zei t un te r -  

schied AT,  und n i c h t  mehr von der Z e i t  T se lbs t  abhangig sind. 

Fur Geodimetermessungen s i n d  danach i n  den ers ten  zwei Stunden s i g n i -  

f i  kante Autokor re la t ionen fes t zus te l  l e n  (Abb. 4) d i e  s i ch  genahert durch 

eine Funkt ion von der  Form 



m i t  a 3  0.9, bw 0.6 und AT i n  der Dimension Stunden dakstel  l e n  lassen. 

\ 
\ 

2 4 6 At 
( Stunden) 

Abb. 4 Autokorre lat io~nsfunkt ionen 

Fur Tellurometermessungen, deren meteorologische Daten i n  mindestens 

10 m Hohe uber Boden e r m i t t e l  t werden, e r h a l t  man m i t  dem Ansatz (8) 

b e r e i t s  bu0.25: Der Au toko r re la t i onskoe f f i z i en t  f a l l t  e r s t  innerha lb  

von 6 Stunden von 0.9 au f  0.1 ab. FUr Tellurometermessungen, deren 

meteorologische Daten i n  ca. 1.5 m Hohe gemessen werden, f a l l  t r sogar 

nur  von 0.9 auf  0.4 - h i e r  i s t  b-0.15 - . 

Weitere Aussagen f u r  A T  > 1 Tag s i n d  wegen des zu geringen Beobachtungs- 

ma te r i a l s  und wegen der  deshalb n i c h t  s i g n i f i k a n t  f e s t s t e l l b a r e n  Korre- 

l a t i o n e n  problematisch. A l l e rd ings  decken s i ch  d i e  Werte, d i e  aus den 

Messungen des Tes tnetzes Kar l  sruhe ermi t t e l  t wurden m i  t denen, d i e  be- 

r e i t s  an f ruheren Untersuchungen bekannt geworden s ind  (z.  B. HUPCKE 

1965). 

6. Zusammenfassung 

Die H i l f e  von verschiedenen Modellen (KLINTZ & MULLER 1971, MAIER 1974, 

FELLETSCHIN 1974) i s t  es moglich, Endpunktmessungen der Trocken- und 

der  Feuchttemperatur zu verbessern und e ine  von Temperaturanomal i e n  

wei tgehend b e f r e i  t e  Strecke herzul e i  ten. Die Ergebnisse der  verschiede- 

denen Model l vors t e l  l ungen l i egen sehr eng zusamrnen und l assen vermuten, 

da8 Rest fehler  be i  ca. - t 0.5 ppm l iegen. Damit kann auch ohne groBen 

Aufwand i n  der EDM e ine  Genauigkeit e r r e i c h t  werden, d i e  m i t  der von 

Zweifarbenlasern (BRADSELL & SHIPLEY 1974) verg le ichbar  i s t .  
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DETERMINATION OF CRUSTAL MOVEMENTS BY THREE-DIMENSIONAL TRIANGULATION 

Ludvtk Hradi l ek ,  Facul ty  of Science, Charles Universi  ty ,  Prague, Czechoslovakia 

In the last 2 decadee, different kinds of observational data 
have been tested at the Department of Applied Geophysic8,Charlea 
University [~radilek, 1 958a, l 958b, 1 959,1960,1962,1963,1968a, 1 968b, 
1972,19771 for precise evaluation of heights in mountainous ar- 
eas. Steep distances measured by a geodimeter proved to be of a 
fundamental importance to create a basic pattern for a three-di- 
mensional terrestrial triangulation. The three-dimensional tri- 
angulation can be considered a leading method for determination 
of mutual position of mountain peaks. In the years 1961/62, a 
three-dimensional network was established in the region of the 
Ziar-valley in the West Carpathians (Fig, l ) , Spatial distances 
inclined as much as 30 degrees of arc were measured by a geodime- 
ter NASM2A, horizontal and vertical anglee were observed by Wild 
T2,T3 theodolites. Terrestrial refraction was overcome largely 
by a special observation , weighting and elaborating-procedure 
for vertical angles. Standard deviationsof 9 and 13 millime- 
ters in the estimates of horizontal and vertical coordinates of 
the peaks was a promising result with respect to the possibility 
of determination of the crustal uplift in this region. In the 
years 1963/64, the three-dimensional network was extended to the 
whole area of the High Tatras. 

For the reconnaisance of the uplift, three spirit levelling 
lines were repeated in the year 1974. They proved a significant 
uplift of 50 mm in the Ziar-valley within a time interval of 13 
years. In the granite part of the High Tatras minor uplifts of 
10 and 16 millimeters within 1 1  years were found.This result 
stimulated a renewal of spatial triangulation in the Ziar-valley 
in the year 1975. The precision of the renewed network corre- 
sponds to that of the original one. Spatial distances were mea- 
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sured by AGA8 geodimeter. The observa t ion  time requi red  f o r  one 
d i s t a n c e  dropped from two o r  t h r e e  n i g h t s  i n  t h e  yea r  1961 t o  
about 50 minutes i n  t h e  yea r  1975. The changes i n  e l e v a t i o n  d i f -  
f e r ences  determined by three-dimensional  t r i a n g u l a t i o n  a r e  giv- 
en  i n  Table 1 .  

Table 1 .  Changes i n  e l e v a t i o n  d i f f e r e n c e s  determined by 
three-dimensional  t r i a n g u l a t i o n  wi th in  13 yea r s  

End p o i n t  of Poin t  on Change i n  e leva-  Standard d e v i a t i o n  of 
l e v e l l i n g  l i n e  t h e  peak t i o n  d i f f e r e n c e  t h e  change i n  e l e v - d i f .  

Geodimeter - Baranec + 42.0 mm 
Geodimeter - P r i e s l o p  + 18.0 
Geodimeter - Raztoka + 17.0 

The peak Baranec is formed by a s p e c i a l  t e c t o n i c  u n i t  and t h e  
change i n  i ts  e l e v a t i o n  d i f f e r e n c e  seems t o  be evident .  The o t h e r  
two peaks a r e  s i t u a t e d  on another  mountain r i d g e  and t h e  magnitu- 

de of t h e i r  change i n  e l e v a t i o n  equa ls  t o  t h e  e s t i m a t e s  of a tan-  
dard dev ia t ions .  The evidence f o r  t h e  r e a l i t y  of t h e  changes is 
supported by t h e  f a c t  t h a t  a l l  changes show t h e  same p o s i t i v e  s i g n  
and match t h e  change i n  e l e v a t i o n  of t h e  end po in t  of s p i r i t  l e v e l -  
l i n g  l i n e ,  i .e .  Geodimeter po in t  i n  Fig.2. The change i n  e l e v a t i o n  
eva lua ted  by s p i r i t  l e v e l l i n g  is composed i n  its major of 58 mm/ 
13 y e a r s ,  determined i n  t h e  b a r - v a l l e y ,  and its minor p a r t  of 
10 mm/13 yea r s .  The l a t t e r  corresponds t o  t h e  u p l i f t  of  t h e  near- 
e s t  f i r s t - o r d e r  l e v e l l i n g  po in t  OkoliEn6 i n  t h e  e l e v a t i o n  system 
of t h e  Slovak S o c i a l i s t  Republik. The t o t a l  u p l i f t s  of  t h e  peaks 
sur rounding  t h e  Ziar-val ley a r e  es t imated  t o  be 6.6 mm/year and 
8.4 mm/year, wi th  a s tandard  d e v i a t i o n  1.5 &year, i . e .  roughly 
7 rnm/year above t h e  B a l t i c -  and Black-Sea l e v e l s .  This  value seems 
t o  be too  l a r g e  with  r e s p e c t  t o  t h e  u p l i f t s  of  t h e  Alps e v a l u a t e d 4  
r e l e v e l l i n g  [ ~ e v a l l o i s  ,1972].~owever, t h e  r e s u l t s  obtained by r e -  
l e v e l l i n g  i n  two o t h e r  reg ions  i n  t h e  West Carpathians ,  i .e .  i n  
t h e  Mal4 Karpaty and Nitranskh pahorka t ina ,  suppor t  our r e s u l t s  - 
obtained i n  t h e  Ziar-val ley @ . ~ a r E h k , ~ e r s o n a l  comrnunications,l976J. 

Fu r the r  I n v e s t i g a t i o n s  

The promising r e s u l t s  i n  de te rmina t ion  of c r u s t a l  u p l i f t s  
obtained by use  of three-dimensional t r i a n g u l a t i o n  i n  t h e  West 





Carpathians are to be considered as preliminary ones. To veriFy 

the recent results and to improve the accuracy of the method 
used, further investigations are necessary. 

i) Spirit levelling is to be investigated for systematic 
errors which play a much more important role in mountains than 
in plains. 

ii) The method for evaluation of terrestrial refraction from 
vertical angles has its limits in elevation precision character- 
ised by a standard deviation of about 13 mm and 25 mm for average 
distances of about 3 km and 6 km, respectively. For higher preci- 

men 
sion, the method should be complbted or replaced by direct mea- 

9' surement of refraction angles designed by Tengstram or by 
Prilepin. 

iii) The problem of vertical angles disturbed by terrestrial 
refraction may be avoided by total exclusion of vertical angles 
from our observations and by drawing the majority of information 
from spatial distances.This procedure may yield a significant 
increase of accuracy when top-precision ranging instruments 
are used,and one steep distance at least radiates from each point 
of the three-dimensional network; the inclination of the distance 

I 

being about 15 degrees of arc or larger. A theoretical investiga- 
tion has been made on the network in the Ziar-valley simulating 
a standard deviation of 0.67 second of arc for all horizontal 

l 
l directions and an accuracy of 1 part per million for all spatial 

distances (with an alternative of 2 parts per million for steep 
distances radiating from the point 3a). The estimates of standard 
deviations of adjusted coordinates are given in Table 2. 

Table 2. Standard deviations of coordinates estimated 
by the adjustment of simulated observation8 

Point No. 3a 4 6a 6b 5a 

m 2 .2 2.6 2.3 2.3 2.2 
2.2 2.3 2 3 2.2 2.3 
4.7 9.8 9.2 6.1 6.2 

The results given in the upper part of the table correspond to 
the standard deviation of 1 part per million, assigned to all 
+)~rof.~enstr~)m's IDM-observations show an agreement of the order 
of one centesimal second of arc with refraction angles calculat- 
ed from si ultaneous vertical angle measurements and from spirit 
levelling TE.Tengstram, Personal communications, 1 9757. 
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spatial distances; in the lower part is an alternative solution 
with 2-parts-per-million accuracy for steep distances radiating 

from the point 3a. 
iv) The spatial network in the giar-valley has been adjusted 

as a "free networkn, i.e. four columns more, corresponding to the 
coordinates x 3, y3, z3, y4,have been incorporated into the obser- 
vation equations matrix. The full rank of the matrix was completed 

by its bordering with four rows orthogonal to the original rows 
of the matrix. A new procedure has been developed to evaluate 

the elements of the bordering rows.The first three bordering rows 
consist Prom naughts and ones, and may be written without any com- 
putation immediately;the elements of the fourth row are evaluated 

from the orthogonality conditions by a simple computation. 
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ÿ is cuss ion (paper 16) 

Q. Professor Hradilek made sensation already in Vienna in 1967, 

by treating the refraction the way he did, and several other 

people have continued, not in mountainous areas. I know 

professor Ramsayer has treated a similar problem but in more 

flat areas, where he can make a different estimate of the 

refraction cogfficient. You are forced to use the k-value at the 

observation site, but he prefers to make some more realistic 

mean values over the distance. You cannot do that because you 

cannot climb the peaks for local observations. 

I have a question: You need spirit levelling, you have 

geometrical angles and distance measurements in your net 

Have you taken into account your extensive material of 

gravity measurements in order to transfer the levelling results 

to be used in the geometrical system. You are in a favourable 

position there. 

A. Yes. The gravity network is quite dense in this area. It was 

necessary to take it on the slopes, with two points about 

113 and 2/3 on the slopes in order to com~lete the network. 

A computer programme has been designed, and the resulting values 

of the deflections of the vertical have been used to check 

our values, which have been estimated from astronomical measurements. 

The difference was about 1.5 sec. of arc. Professor Pick, however, 

assumes that the precision of the vertical measurements is 

satisfactory for the estimate of the refraction of the vertical 

angle as 0 . 5  sec. of arc and T believe that he is right. 

We have checked our results with his and the differences in the 

geoidal height, deduced from the three dimensional triangulation 

and by other methods and by Prof. Pick's gravity measurements 

are only 1.5 cm. ( ?  ed) maximum. 

Q. May I ask why you deliberately assumed the steep distances 

were only good to 2 ppm, where for the other distances 

you said 1 ppm. 

A .  I am not an expert in ranging, but I realised that the data 

taken at the end points are not representative enough for the 

steep distances, because there may be quite substantial 



differences in the temperature, in the mid point of the 

line and the end-point. 

I have used both of them, because I think the meteorology 

plays a significant role in this. 

Q. I would say if you have a very strongly sloping line in EDM 

then of course you might be forced to take into consideration the 

second order derivative, with respect of the value of the 

refractive-index. But it turns out that if the line is just 

reasonably short, the proportionality factor is the difference 

of the height multiplied by the length of the line. 

The length of the line is reasonably small here and therefore 

I think actually there is not much reason even if you use a 

very simple model of the atmosphere by just using the average 

value, corrected sufficiently for curvature and velocity, which 

is easy to do. 

Then I think the short line should be measured quite as well as 

the long one just by the ordinary procedure, so my question is 

would they not be more homogeneous if you had assumed that your 

sloping lines also would be of a one part of the million quality ? 

A .  Absolutely, differences do exist. Only for shorter distance 

than 2 or 3 km it is convenient to use this refraction model. 

Q. I would share your precautions about the meteorology measurement 

of EDM between valley and mountain peaks because, from meteorolo!rv 

you know that in the middle of the slope there will be the warmest 

zone because people grow the vinyards, because it is warm there; 

in the valley you would have an inversion-layer, which in many 

valleys can stay all year long. 

And so, I would think that if you just take the average of 

the mountain and the valley, you are not getting a representative 

value for the line. 

And so T think that those sloping lines, which you mentioned 

have to be treated very carefully, as you pointed out. 

A .  Yes, Thank you. 



THE USE OF RADIOFREQUENCIES FOR ELECTRONIC POSITIONING SYSTEMS AND THE 
PLICATION IN SERCEL'S SYLEDIS 

S. Stellingwerf f Beintema, Radio-Holland B.V., Amsterdam, The Netherlands 

After World War II, the application of radiofrequencies for location of vessels 
and other crafts has found a wide-spread use. 
A large number of system have been developed for different applications. 
For global navigation of merchant vessels the low frequencies (10 - 100 kHz) 
are used in Omega, Decca-Navigator, Loran C. 
The used radio-waves follow the curvature of the earth, thus giving a coverage 
over a wide area. 
Positional accuracies are low (upto 1 mile) and one i s  influenced by atmospheric 
conditions . 
For a number of applications much higher accuracies are required, which followed 
to the development of systems, using 'the 2 MHz band. 
This resulted i n  higher accuracies, but shorter ranges, due to the fact that the 
radio-waves do not follow the earth curvature as easily. Still one i s  influenced 
by atmospheric conditions. 
The use of still higher frequencies, 200 MHz to 10 GHz, eliminated the influence 
of the atmosphere, but limi ted the range to the so-called line-of-sight. 
Accuracies are very good (a few meters) but the requirement of long range forces 
the operator to seek high locations for the shore-stations. 

Sercel has developed the Syledis system, which operates in the 420 - 450 MHz 
band, and with which system i t  i s  possible to measure distances beyond the horizon. 
Special correlation techniques are used to compare the very weak received signals 
and process them to present ranges. 



1 . Propagation of radio-waves 

The a tmosphere has an important influence on the propagation of radio-waves. 
Radio-waves with a long period follow the earth quite easily, where short waves ' 
mainly follow a direct path and can therefore not be received at  long distances 
from the transmitter, due to the curvature of the earth. 
We wi l l  shortly describe the different waves. 
We can divide the waves i n  the ground- and sky-waves, where the ground-waves 
are further subdivided i n  direct, surface and ground-reflected waves. 

G = Ground l = Sky wave 
a = Transmrllinq aer~al  2 = D ~ r e c ~  wJve 
b = Recerv~nq a e r ~ o l  3 = Ground rrllecled wave 
L E Ionosphere 4 = Surlace w a v e  

figure 1 

The path, followed by a radio-wave i s  a direct result of the frequency, and this 
results directly in the size of the area which can be covered from a transmitter. 

1 . l  . Effects of ionosphere 

An importan t effect on the propagation of radio-waves i s  the degree of ionisation. 
The ionosphere can be considered as consisting of different layers, each with an own 
degree of ionisation. 
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figure 2 

'thus i t  i s  possible to regard the ionosphere where each layer has 

a refractive index, following the formula 

f I 

figure 3 

Depending on the frequency, the wave wf l l be refracted more or less by passing 
from one layer to the next. I t can be seen in  the formula that a higher frequency 
f wi l l resul t i n  a figure n, closer to 1 , and thus less refraction. l t i s  then easy to 
understand that long waves wil l travel long ~athes between the ionosphere and the 
earth, where they are reflected again and up to the ionosphere again. These low 
frequencies wi I I thus travel a long time, covering wide areas. 
'the shorter waves wi l l  penetrate further i n  the ionosphere, before returning to the 
earth. 
During its path the radio-waves are attenuated, but the main attenuation takes 
place at the reflection to the earth. For shorter waves the attenuation i s  more than 
for longer waves, which i s  a second explanation for the wider coverage of longer 
waves. 



figure 4 

Still shorter waves, shorter than 10 meters can be regarded as travelling linear, 
due to the refractive index which i s  now nearly 1. 

1 .2. Propagation of very short waves, effects of the troposphere 

As the Syledis system, which i s  described later, uses wavelength of approximately 70 cen ti- 
meters (frequency 420 to 450 MHz) , we wi l i develop the properties of propagation of such 
waves. 
Usually one considers that 70 cm, or shorter, waves propagate up to the horizon or 10% 
beyond. In fact, up to the horizon, the signal-strength decreases with the distance, with 
an average rate corresponding to that in  free space. 
Signals are only effected by spatial pseudo-periodic increasing and decreasing, which 
corresponds to the interference between direct rays and those reflected on the soil. 
The area of propagation to the horizon i s  often called the "interference zone". At the 
horizon one finds a so-called "intermediate zone" and beyond the horizon a "shadow zone". 
Works from 20 years ago show that the "shadow zone" can be split into two other zones: 
a "diffraction zone" and a "tropospheric scattering zone". 
The first shadow diffraction zone i s  characterized by a very high rate of attenuation of 
signal strength versus distance. This rate corresponds to the theory of optical physics through 
Maxwel l-equations near the "limit conditions", and applied to the sphere. This i s  rather 
complex and for practical use we have to remind mainly that the rate of attenuation in the 
diffraction zone i s  approximately: 

0.6 oc in  dB/kilometers 
cx = in which: 

\3/ - X in meters 
V A  

This means, for a Syledis wave-length of 70 centime ters: o< = 0.7 dB/ki lometers. 

Such an attenuation-rate would fastly l imit the ~apabi  l i ty of transmission beyond the horizon. 
Fortunately, about 50 kilometers beyond the horizon, the rate of attenuation for this wave- 
length changes suddenly to become= = 0.12 dB/ki lometers: the "tropospheric scattering zone" 
begins here. 
The reason of this phenomenon are still not very we1 l known; they are supposed to correspond to 
the sum of a lot of complex factors, such as: heterogenity of the lower atmosphere, variable 
rate of change of refractive index versus altitude, diffusion from irregularities of soil surface, 
etc. 
The signals, observed in this zone due to tropospheric scattering are characterized by: - a total independance of sunlight - a relative independance of atmospheric conditions - a fast and deep fading 
- a strength, independant of the elevation of the antennas above the ground. 
Roughly, i f  one disposes of a system able to reach the horizon, one has to find 30 to 40 dBs 
more to reach the "paradise zone" of tropospheric scattering where the rate of attenuation i s  
only 0.1 2 dB/km. In that case one can reach very long distances. 



The Syledis concept follows these propagation-laws, achieving accurate distance-measurements 
np to 10 times the horizon, using high-sensitivity receivers and high energies, through 
correlation thechniques, high gain antennas and particular processes to fight fading. 
Propaga lion anomalies occur far beyond the horizon: they are the result of strong increases 
i n  signal-strength, due to effects of the so-called "ducts" between layer, caused b y  
tempera ture-inversions i n  the lower atmosphere. This type of propagation i s  usable for 
distance-measurement, but cannot be regarded as a normal law. Reliable maximum range 
must be based alone on the tropospheric scattering. 

2. Methods used in  Electronic Positioning Systems. 

Generally i t  i s  possible to separate the methods used i n  two classes, being 
measurement of phase differences or measurement of the time travel led by a 
signal from the transmitter to the receiver. 

2. a. Phase comparison methods 

These methods are mainly i n  use i n  public networks, where the user of the 
positioning system only needs to have a receiver on board, to receive the 
transmitted signals. 'The transmitters transmit the signals either on a time- 
sharing basis, or using more-or-less separated frequencies. Both systems have 
advantages and disadvantages. The use of only one frequency i s  an advantage 
i n  the always crowded frequency-spectrum, when one i s  talking to the govern- 
ment agency which has to allocate i t .  The advantage of the use of free running 
transmitters i s  that there i s  no influence due to obstacles i n  the pathes between 
the synchronisation-transmitter and those which come later. A second advantage 
i s  that a break-down of the synchronisation transmitter does not influence the 
performance of the other transmitters, as i n  a coupled network. 

I n  these systems the time i s  measured, which i t  takes for a short pulse of energy 
to travel between transmitter and receiver. Normal ly  the interrogator on board 
transmi ts a signal, which i s  received by the shore-station, which on its turn 
transmits an answer. The total time-elapse i s  measured and, using the velocity 
of radio-waves, converted to a distance. 
I t i s  clear that this method requires very short pulses. (l f the velocity i s  300.000 
km/sec, three meter i s  10-8 sec.) Typically the duration of pulses i s  i n  the order 
of mi croseconds. 
Normally the received pulses are processed to give them back their original 
shape, which has been distorted due to reflections and attenuation, after which 
a certain level on the pulse i s  used as a reference for the time-measurement. 
This principle requires rather high energies, and as high energies, transmitted i n  
a short time result i n  a wide bandwidth, i t  i s  obvious that one can use this 
principle only i n  the Ultra and Super High Frequencies. 



The great advantage of the measurement of time-difference lies i n  the fact that 
i t  does away with one of the drawbacks of the phase-comparison systems, namely 
the ambigui ty of the phase and the resulting phenomenon of loosing of lanes. 
The transmission of short pulses of high energy requires the use of tubes as 
magnetrons or klystrons, where the systems using the principle of phase-comparison 
can be bui l t  completely solid state. 

2. c. Evaluation of the different systems 

As seen before both the phase-comparison and the pulse-measurement systems have 
advantages and disadvantages. I t often depends on the type of work and the 
number of vessels that have to use the system i n  an area of a certain size and 
location which positioning system can be used. 
N o  system existing nowadays i s  suitable for a l l  applications and i t  seems rather 
unlikely that any system, other than the Navstar Global Positioning System, w i l l  
satisfy a l l  users. 
I t has been on purpose that no special system has been described, as there i s  much 
documentation available on this subiect and i t  i s  not the intention to give a review 
of a l l  positioning systems, before going over to the more interesting part of this 
article: The new Syledis System of Sercel . 
3. Sercel and Posi tioninn Systems 

Sercel has been a manufacturer of positioning systems for many years. Being the 
daughter of a leading international geophysic,al contractor i t  has designed and 
constructed equipment that has found a worldwide use. A lot of this i s  geophysical 
equipment, which i s  used by many other geophysical companies other than Sercel's 
mother CGG. 
One of its best-known products i s  the Distomat which Sercel bui Ids for Wild. 
I n  the f ield of positioning Sercel has developed the we1 l-known Toran system and 
which i s  i n  use i n  many countries a l l  over the world. 
A n  other product i n  this f ie ld i s  the Omega and differential-Omega receivers. 
The newest, and by far most interesting, product of Sercel i s  the positioning 
system Syledis, Systeme Leger de mesure de Distances. 

4. Syledis 

4 .a. Use of frequency 

Syledis operates i n  the 420 to 450 MHz band. 
As seen before these frequencies are generally considered to propagate along 
nearly optical lines. 
I t  has been found, however, that by using sufficient energy, one can receive these 
signals a t  distances beyond the horizon, at ranges of 3 times or more this previous 
considered horizon. 
As said, this requires a high level of energy. A t  these frequencies this requires big 
amplifiers, which i s  a drawback i f  the system i s  to be operated i n  remote locations 
as this results i n  high consumption of power. 
Older systems which use these frequencies and are used to measure beyond the 
optical horison have always used very high power to transmi t short pulses. 
European frequency-boards have as a result often refused to allow the operation 
i n  their waters. 

TO transmit beyond the horizon the most important factor i s  the quantity of trans- 
mi tted energy. 



Instead of transmi tting high power during a short period, Syledis transrni ts during 
a long period at a relatively low level. A Syledis pulse lasts for 2.6 rnsec. and 
has a level of 20 watts. 

t 
The total transmitted energy i s  l E, which can therefore be compared with a pulse 
of 100 kW and 0.5 mi crosecond duration. 
One of the advantages of the 420 - 450 MHz band i s  that transmitted signals are 
not influenced by the changing humidity and temperature of the earth. 'Therefore 
one does not find changes of the patterns a t  the coast. 

4. b. Organisation of the measurements 

Sy ledis works on the principle o f  time-sharing. The total period i s  divided in 30 
pbrts, which parts are allocated to a special function. 
The period starts with the transmission of the synchronisation pulse, which i s  
received at the other transmitter stations as well as at the other receivers. This 
signal i s  used to tel l  a l l  the other transrni tters when i t  i s  their turn to transrni t. 
I n  case there i s  one ship using two shore-beacons one can have the fol lowing 

As there are 28 time-slots available for transmission the system can be very flexible. 
I f  only the shore-stations transrni t i t  i s  possible to set-up a hyperbolic network. 
The ships are then only f i t ted with a receiver, i n  which the time-differences are 
measured between arrival of signals from the various transrni tters. 



The construction of a Syledis hyperbolic network follows from the following 
drawing: 

beacon, synchro 

m da!kn 

A combination of the two modes-of-operation i s  possible. In such a "compound" 
network a number of ships can work in  the range-range mode with the shore- 
stations, and at the same time an unl i mi ted number of ships can receive the 
hyperbolic patterns. 
We give the sequence-diagram for such a system: 

4. c. Processina of the sinnals 

The accuracy of a system i s  depending on the following factors: - the pulse-length of the transmi tted ~ u l s e  or the equivalence after correlation 
- the signal-to-noise ratio, which i s  directly depending on the transmitted 

energy of the transmitter 
- the static and dynamic errors i n  the equipment. 

Similar positioning systems use a signal which consists of an as small as possible 
pulse with a very high energy. The rising time of this signal determines the 
accuracy and the energy the maximum possible working distance. 
Contrary to this the Syledis system uses a relatively wide pulse of 2.66 msec 
which due to special processing techniques gives a resolution to the signal that 
can be compared with a 0.52 microsecond pulse. This means that the Syledis 
transmi ts during 2.666 sec a 20 watts signal, which has the same caracteristi c 

/.' Y of a 0.52 sec pulse o 100 kwatt power. 
The basic Syledis code signal lasts 0.52 sec. A complete code-sequence consists 
of 127 units and lasts 66.66 sec. This ode-sequence i s  repeated 40 times to P derive a 2.66 millisec. wid pulse. 

P 
The code-sequence i s  derived by phase modulating the carrier with the discrete 
values 0 and pi, control led for each 0.5 msec. clock-period by the logic levels 

0 and 1 from a pseudo-random code-generator. 



This code-sequence can be generated easily i n  a l l  the units and thus can be 
compared wi th the code-sequence generated local l y. The au to-correla tion 
function of this sequence has got one maximum, when the two sequences are 
i n  coincidence. I t i s  now possible to measure the required shift, which i s  a 
measure to the distance travel led by the sequence, thus giving the range or 
the difference in  range. 





Discussion (paper 17) 

Q. I think this is an important work, just to try to select frequencies 

which are at an optimum ,~elue for the accuracy to achieve, 

and I would like to ask you what accuracy approximately 

can you achieve in your measurements using this band ? 

A. In this system you can have about one meter at ranges up to 

the horizon. It is not good enough, but it is better than 

10 meters anyway. It is an improvement when you realise that 

you are on a moving' boat, and have the antenne in the mast 

so you don't know where you are actually measuring 

Q. Why is the band of 400 MHz given as approximate ? 

A .  In this kind of equipment you sometimes have problems with the 

authorities to get the frequency clearence. 

Q. Why did you state that the 420-450 MHz band is not affected 

by the chanqing- humidity and temperature of the earth. 

I don't believe that. 

A. I said for our practical purposes, that means if you measure 

with an accuracy of say I meter, 1.50 or even 2 meters 

you would not worry about half a meter more or less. 

Remark: You know Mrs. Hopfield has dealt very much with 

the problem of tropospheric refraction, dividing it into a 

humid and a dry part. She is not very happy about the 

humid part. 

A. That is why I think it is a ~ i t y  that they from the factory are 

not here, because we have done some operational trials with 

the equipment, and we have seen that, when you are sitting in 

a certain place, a rain shower at a 30 km distance 

would not cause difference in the readings 

final remark: " I don't mean rain showers l'. 



Introduction Chairman - Mr. de Munck. 

Ladies and Gentlemen, this morning we will speak about the 

atmosphere, about spatial and temporal variations in the 

atmosphere. What varies in the atmosphere is the pressure, 

(of which we do not speak often because the model is well 

known) ; temperature (somewhat less well known). 

We can do direct measurements with balloons and construct a 

model of the temperature. Another method perhaps not known 

to everybody is by acoustic means. One measures temperature 

profiles, by transmitting acoustic waves into the atmosphere 

and tracking them with radar waves of the same length and 

of course one knows the dual wavelength method to find something 

about temperature gradients. 

The humidity is more difficult to handle. Water vapour 

is the limiting factor for dual wavelength, angle and distance 

measurements and for the use of microwaves. Also the variations 

are irregular. 

As you know scintillation is a practical limit to most 

geodetic measurements, but sometimes we can use scintillation 

to measure terrestrial distances far beyond the horizon up to 

several hundreds of km. on short radio waves of 400 MHz. 

from the forward scatter, This type of irregularities is 

very little known, and I think they deserve more interest. 



TROPOSPHERfC CORRECTION OF ELECTRO-MAGNETIC RANGING SIGNALS TO A SATELLITE: 
STUDY OF PARAMETERS 

Helen S .  Hopfield,  The Johns Hopkins Un i ve rs i t y ,  Appl ied Physics Laboratory, 
Laure l ,  Maryland, United States of America 

ABSTRACT 

An all-weather s a t e l l i t e  tracking system must use a radio 
s ignal frequency. A two- frequency sys tern can correct for  ionospheric 
e f f ec t s  on range measurenrent but not for the troposphere, since un- 
ionized a i r  is not dispersive a t  radio frequencies. l e s s  than (ap- 
proximately) 30 GHz. A tropospheric range correction must be based 
e i t h e r  on local measurements involving the whole atmosphere above 
the tracking s ta t ion  (radiol~ster data, meteorological balloon data, 
etc.) or  on surface data and an atmospheric model. A "two-quartic" 
re f rac t iv i ty  model that  t r ea t s  the "dry" and "wet" components of 
re f rac t iv i ty  separately as fourth-degree functions of height was  pro- 
posed ea r l i e r  by the author. The present paper reports  some improve- 
ments i n  the model. Specifically, the height parameters a re  re- 
examined on the basis of meteorological balloon data from more loca- 
t ions,  over a longer period of time. A s  before, the height parmeter  
for  dry a i r  is found t o  be consistent with theory and predictable 
f r m  surface temperature, globally. The water vapor height parameter 
h~ varies with both position and time and i t s  behavior is not very 
well understood. Evidence i s  presented here t o  show tha t  it varies 
diurnally (hw larger a t  night), seasonally (hw larger i n  sumrrer) and 
possibly a l so  with the sunspot cycle. The value of h, is especial ly  
important for correcting low-elevation-angle observations. Since the 
parameter hw involves the height dis t r ibut ion of water vapor, i ts 
var ia t ion i s  significant not only for range measurement but perhaps 
a l so  for  weather forecasting. 

A t  low angles the range e f f ec t  of signal path bending i a  
important. This i s  neglected i n  the model, bu t  a correction is  being 
developed; resu l t s  w i l l  be published in  .a l a t e r  paper. 

These studies were supported by the De fense Mapping Agency Topographic 
Center and the U. S. Mpartment of the Navy. 



I. Introduction 

The lcr~ser, un-ionized par t  of the atmosphere (troposphere 
and stratosphere) delays the passage of an electromagnetic s ignal  
and introduces an e r ro r  in to  an apparent s a t e l l i t e  range. Most of 
t h L  delay occurs i n  the troposphere proper, below the tropopawe, 
and for  brevity, the term "tropoepheric effect" w i l l  here include 
the stratospheric e f fec t  except where specified. 

Ionospheric e f fec t s  w i l l  not be discussed here. 

Un-ionized a i r  is dispersive i n  the op t ica l  range of wave- 
lengths, but not appreciably so i n  the radio region, up t o  fre- 
quencies of approximately 30 GHc (in sp i t e  of the water vapor absorp- 
t ion  line a t  22.2 Gllz) . Thus it i e  p o ~ e i b l e  t o  correct  range measura- 
ments fo r  tropospheric e f f ec t s  by using two opt ica l  frequencies, but 
not two radio frequencies . On the other hand, op t ica l  s i p a l e  a re  
rapidly attenuated by clouds, while radio signals a re  l i t t l e  affected. 
For an all-weather s a t e l l i t e  tracking rystem, it is neceesary t o  use 
radio frequencies and t o  get  a tropospheric range correction e i t he r  
from local  measurements involving the upper a i r ,  or  from an atarol 
spheric mode l. 

The present paper w i l l  report fur ther  work on h e i m t  para- 
meters for  an e a r l i e r  d e l .  (183) Variations of va te r  vapor d ie t r i -  
bution are  examined especially. Path-bending e f f ec t s  on range are  
ment icmed b r i e f l y  . 
11. Backmound and Procedures 

The index of ref ract ion n of a i r  is a function of tempera- 
ture,  pressure and water vapor content. A meerured range Le the 
magnitude of the in tegral  Spathn ds  along the signal path. Thu0 the 
atmospheric e f fec t  is 

where p is  the s l an t  range. I f  s ignal  path bending is emall enough 
t o  be negligible, the in tegral  can be taken along the s lan t  range 
vector. This approximation i r  

A model must a t  l eas t  provide a value of (2) that  matches 
the r e a l  atmosphere a t  any angle, and needs parameters sui table  f o r  
the location and time involved. 

A t  low elevation angles, the model should a l so  provide an 
evaluation of eq (1). This is under etudy, but w i l l  be mentioned 
only b r ie f ly  here and w i l l  be presented i n  a l a t e r  paper. 

The refract iv i ty '  (m 106 (U-l)) fo r  a i r  



i n  which T is the Kelvin temperature and P and e are ,  r e s p e c t i n l y ,  
the t o t a l  preeeure and the p a r t i a l  pressure of water vapor, both i n  
mil l ibare.  The two componente of N i n  eq (3) ,  the "dry" and "wet" 
components, w i l l  be eubecripted d and W respectively. The N p ro f i l e  
model used here is  the eum of separate Nd and #(S prof i l e s  with d i f -  
ferent  height pararnetere. Horizontal gradients a r e  aesr~med neglig- 
ible.  The fourth-degree form of the  p ro f i l e  is theore t ica l ly  jus t i -  
f i ed  fo r  dry a i r ;  ( l )  it is used fo r  water vapor a l so ,  f o r  lack of a 
be t t e r  expreseion. 

The two-quartic model f o r  the r e f r a c t i v i t y  p ro f i l e  (Pig. 1)  
is  : 

where h is  height above the geoid, the subscript  S refer8  t o  .,the 
surface, and hd and 12, are  parameters t o  be determined. 

hd = 43.091 km above geoid 
-Theoretia( hw = 10.1 85 km above geoid " Observed 

'Height above geoid (km) 

Fig. 1 Refractivity Profile, Dry a d  Wet Components, Theoretical a d  
Obrervd 



T h e ~ r e t i c a l l y , ( ~ )  h -h is  a l i n e a r  funct ion of the  sur face  
temperature : 

d S 

where (hdo-h,) i s  the value of &d-hs) a t  OOC and ahd i s  i t s  temper- 
a t u r e  coe f f i c i en t .  

No comparable expression has  been found f o r  h. It i s  
assumed constant  f o r  a given da t a  s e t ,  but i t s  va r i a t i on  with time 
and place w i l l  be discuesed below. 

The parameters hdo, ahd and h, were determined from meteoro- 
l og ica l  balloon da t a  by a l e a s t  squares method. (3) 

The p r o f i l e  model of eq (4) y i e lds  expression f o r  
APmdel t h a t  can be in tegra ted  i n  closed form?') o r  otherwise evalu- 
a t ed  (4) not  only a t  the zeni th but  a t  any e l eva t ion  angle of the 
vector p. AP of eqs (1) and (2) a t  d i f f e r e n t  e l eva t ion  angles were 
s tudied by t r ac ing  s igna l  paths through the  observed, layered atmo- 
spheres: (1) t r ac ing  a curved path by using Sne l l ' s  law, assuming 
t h a t  the ray  path i n  each layer  is an a r c  of a c i r c l e  ( radius of 
curvature changing between l aye r s ) ;  and (2) assuming a s t r a i g h t - l i n e  
path t o  the same end-point. 

111. Results 

Table I ives  the  l is t  of loca t ions  s tudied ,  and supplements 
e a r l i e r  lists. ( 3 ~ 5 f  Data were processed f o r  a l l  balloon f l i g h t s  (00 
and 12 hours U.T.) but were screened f o r  completeness before being 
used fu r the r .  Special  procedures were developed f o r  est imating the 
unmeasured cont r ibu t ion  of t he  atmosphere above the balloon f l i g h t .  

The s t a t i o n s  l i s t e d  here and i n  Refs. (3) and (5) provide 
sampling from more than h a l f  the globe; however, Table I is weighted 
toward the U.S.A. 

TABLE I 

LOCATIONS AND DATES OF OBSERVATIONS 

S t a t l o n  

Shlp E, Ocean Weather S t a t l o n  
Carlbou. b l n e .  U.S.A. 
Washington, D.C.. U.S.A., Dul les  Airport 
S t .  Cloud. Minnesota. U.S.A. 
n o n e t t ,  Miraourl, U.S.A. 
U n d e r .  Uyanlng, U.S.A. 
Drnver, Colorado. U.S.A. 
Ely .  Nevada. U.S.A. 
Albuquerque. New Mexico. U.S.A. 
El Paso, Texaa, U.S.A. 
Vandenberg Air Force Bare. U.S.A. 
Point Barrw.  Alamka, U.S.A. 
Wake Imland 
b J u r o  Imland 
Pago Pago. S a a w  

U t l t u d e  

35' N 
46'52' N 
3aY59' N 
45'35' P: 
36'53' N 
42'$9' N 
39'46' N 
39'17' N 
35'03' N 
31'68' N 
3k045' N 
71°18' N 
19'17' N 

7O05' W 
16O20' S 

The parameters were computed separa te ly  fo r  each one-year 
s e t  of balloon da t a  (6-month s e t  fo r  the year 1970), and f o r  seasonal 
o r  d iu rna l  subsets  i n  some cases .  



A.  Dry Component Parameters 

The dry component parameters appear t o  be global  i n  nature 
and invar ian t  with time. Their global  mean values and standard devi- 
a t ions  o a r e  l i s t e d  i n  Table 11, computed from a l l  the data.  Agree- 
ment between a l l  s t a t i o n s  i s  surpr i s ingly  c lose ,  a s  indicated by the 
small value of U. When the  two locat ions neares t  the equator a re  
separated from the r e s t  of the  s t a t i o n s ,  there  i s  a  small d i f fe rence  
between the two subsets ,  a s  shown. For cont inenta l  s t a t i o n s ,  no 
cons is ten t  difference was found between low-elevation and high-eleva- 
t i o n  s t a t i o n s .  

The dry component of the  tropospheric range e f f e c t  a t  the 
zeni th can be estimated within 1 o r  2 m (0.1 percent o r  l e s s )  with 
the qua r t i c  model and su i t ab le  dry parameters; or  l e s s )  with the  
qua r t i c  model and s u i t a b l e  dry parameters; o r  from the surface pres- 
sure alone. (3 A t  low angles ,  the model has the advantage. 

Extrapolat ing from the values i n  the t ab le ,  (h -h ) would 
do S vanish a t  a  temperature close t o  O'K. This approximation is poorest 

for  the t rop ica l  s t a t i o n s ,  where the assumption t h a t  the dry component 
can be t r ea t ed  a s  a  dry atmosphere i s  most i n  e r r o r .  

TABLE? I1 

DRY COMPONENT HEIGHT PARAMETERS 
- h  

Data Se t  
hdo - hs '  km ahds W d e g  hdO S 

Mean a Mean U deg K 
p--- 

A l l  Data 40.152 0.114 0.14795 0.00296 271.39 
(70 s e t s )  

Marine Tropi- 
c a l  Data : 40.402 0.097 0.14281 0.00330 282.91 
Majuro I s .  & 
Samoa 
(10 s e t s )  

A l l  Other 
Data 40.110 0.040 0.14881 0.00180 269.54 
(60 s e t s )  

B .  Wet Component Parameter h 
W 

The water vapor e f f e c t  i s  seldom more than 10% of the t o t a l  
range e f f e c t  a t  high angles ,  but i t  i s  extremely var iab le .  The value 
of h, was found t o  be var iab le  a l s o ,  both with locat ion and with time. 
It was usual ly between 8 and 13 km above the s t a t ion .  A higher-than- 
average value of \ fo r  a  da ta  s e t  ind ica tes  t h a t  the  amount of water 
vapor a l o f t  was grea ter  than the average expectat ion on the bas i s  of 
surface conditions. Figure 1 i l l u s t r a t e s  the case of a  humid surface 
layer  and an i r r egu la r  water vapor p ro f i l e .  

209 



1. Geographical Variat ions of hw 

There a re  large ; e  .g., the annual mean of hw was 8  h i n  
Cal i forn ia  and 12.6 km i n  Texas (USA) i n  the same year ,  1971, i f  both 
were measured above the s t a t ion .  The d i f fe rence  was even more i f  h  
was measured above sea leve l .  S ta t ions  i n  similar l a t i t u d e s  o r  c l i y  
mates showed s imi lar  values of hw i n  some cases ,  but not always. No 

general  r u l e  has ye t  been found. 

2. Seasonal Variat ions 

Data from a  few locat ions were examined i n  seasonal s e t s  
(winter, spring,  summer, autumn). An annual va r i a t ion  i n  h  was found 
a t  most locat ions.  The peak value generally (but not alwags) occurred 
i n  loca l  sumner, with the winter value 2 or  3  km smaller (15 t o  25%. 
Figure 2  shows three samples of the e f f e c t t  two from the northern and 
one from the southern hemisphere. The 180 phase d i f fe rence  i s  c l e a r .  
The indicated 1 U deviat ions from the mean are  la rge  but do not  mask 
the seasonal e f f e c t .  

3. Diurnal Effec ts  

The balloons a t  a l l  locat ions were launched a t  00 and 12 
hours U.T., therefore  a t  d i f f e r e n t  loca l  times. With only two da ta  
points per day, a  d iu rna l  e f f e c t  would not be equal ly evident a! a l l  
longitudes, but should be v i s i b l e  a t  longitudes near 0' and 180 . 
Figure 3 shows the d iu rna l  change of h  along with the seasonal vari-  
a t i o n  fo r  two mid-Pacif i c  and one ~ t l a K t  i c  s t a t i o n .  The seasonal 
e f f e c t  i s  out of phase f o r  the two Paci f ic  s t a t i o n s  s ince  one was 
north and one south of the equator (cf.  Fig. 2).  But the d iu rna l  
e f f e c t  i s  the same fo r  both, with the night value of hw (12 hours 
U.T.) g rea t e r  than the daytime value. In  the At l an t i c ,  the value 
of h  was l e s s  a t  1 2 ~  U.T. than a t  Ooh U.T., but here 1 2 ~  U.T. w a s  
i n  tKe daytime (9 a.m.). 

Data from cont inenta l  s t a t i o n s  a l s o  suggested a  d iurna l  
e f f e c t ,  but the loca l  times of observation made t h i s  l e s s  c l e a r .  

4. Relation t o  Sunspot Cycle 

The balloon da ta  on hand fo r  two s t a t i o n s  covered almost 
the durat ion of one sunspot cycle .  Figure 4(a)  shows the annual 
mean of the Zurich r e l a t i v e  sunspot number f o r  the years 1963- 1975 
inclusive.  R e r e  was a  minimum i n  1964; the next minimum had not 
qui te  been reached i n  1975. 

Par t s  (b) and (c) of tile f igure show the annual mean values 
of hw fo r  Ship E and Wake Is land respec t ive ly ,  over the same time 
i n t e r v a l  (data not ava i lab le  fo r  every year) .  For Ship E e spec ia l ly ,  
a  low value of hw appears t o  be cor re la ted  with high sunspot numbers, 
with perhaps a  small time lag.  The e f f e c t  f o r  Wake Is land i s  l e s s  
d e f i n i t e  but is  at l e a s t  suggested by the f igure .  Further da ta  a re  
needed t o  determine whether a r e a l  co r re l a t ion  e x i s t s ,  and i f  so, 
what is the mechanism. For example, does the g rea t e r  amount of s o l a r  
wind t h a t  accompanies high sunspot number i n  some way a f f e c t  the d is -  
t r i bu t ion  of water vapor; and by what means? Understanding such 
r e l a t i o n s  may cont r ibute  t o  our understanding of cl imate and weather. 



C. Low-Angle Studies 

The ray-tracing procedure mentioned above was used t o  com- 
pute s igna l  paths through some samples of observed atmospheres based 
on balloon da ta .  For each case, Ap from eqs (1) and (2),  a l so ,  
AP d 1, and the t o t a l  angular bending T along the s igna l  path of 
eq?lf were computed. Figure 5 shows the mean Ap from eqs (1) and 
(2) a s  a funct ion of s igna l  path e leva t ion  angle,  f o r  a one-month 
winter sample of balloon-measured atmospheres. Figure 6,  on a l a rge r  
s ca l e ,  shows the curvature e f f e c t  on range fo r  a summer sample, f o r  
the lower angles ,  i .e. ,  the  d i f f e r e n t i a l  e f  f e c t  (Uvector - Appath) ; 
and a l s o  the quant i ty  (Apmdel - APpath)* 

The two curves of Fig. 6 would coincide fo r  a per fec t  
model of Apvector. Agreement was exce l l en t  a t  t he  l o w e t  angle,  
with the  parameters used, but there  was a small b i a s  a t  o ther  anglee. 
The b i a s  can be minimized by adjus t ing  parameters. However, the  1 a 
s c a t t e r  of the model predic t ion  is muc\ l a rge r  than the b i a s ,  and i e  
la rge ly  a water vapor e f f e c t .  The water vapor parameter s tud ie s  w r e  
undertaken with the  hope of reducing t h i s  s c a t t e r .  

Even i f  the model matches Apvector 9 the path bending 
e f f e c t  should s t i l l  be considered a t  low angles ,  a s  shown by Fig. 6 .  
The e f f e c t  on z a t e l l i t e  range i s  g rea t e r  than l meter a t  e l eva t ion  
angles below 2 , and severa l  meters a t  0.5'. Although the curved 
path is geometrically longer than a s t r a i g h t  path, i t  is  electromag- 
n e t i c a l l y  shor te r ,  a s  indicated by Fig. 6  erma mat's ~ r i n c i p l e ) .  
The procedure t h a t  i s  being developed f o r  es t imat ing  the bending 
correc t ion  t o  range w i l l  be presented i n  a l a t e r  paper. 
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Discussion (paper 18) .. 
0 Ls it possible that some of the effects you found are 

due to the inaccuracy ? 

A .  I looked at that and Z think they are not, but the plots that I 

showed with the variation in HW are based on all the data, 

because of the insufficiency of profiles otherwise, but I did 

look at some and found the same trend, even if we threw out 

the high humidity profiles. 

Q. It would appear to me that if you use the very low 

elevations - you are talking about a few degrees elevation 
- the meteorological observation at your point of observation 

is not representative any more for the pass. 

Have you taken into consideration changes in the atmospheric 

conditions away from your point of observation. Would you com- 

ment on that ? 

A .  I am sure that, to a greater extent from more angles 
I 

it is more or less rather surprising how sometimes the trend 

of the vertical integral shows about the same pattern for 

stations that are quite a distance apart. I have no slides 

to show that, I may have a report with me, which shows 

some samples like that, if you would like to look after, but I 

have no slides. 

Q. Do you think this effect you found for the radio wave-lengths, 

can there be also some sort of effects, if you use optical 

light for ranging to satellites ? I mean seasonable and annual 

A.  That is quite possible, but I have not looked at it. 

Q. You are showing in one of your slides the refractivity integral 

of tlie wet and the dry components and one could see for the months 

january and july, there was an ondulation of about ten to eleven 

days. Have you more data than these two months to proove 

sudden ondulation ? 



A. I have more data, but I have not done any spectrum calculations 

on it. There just has not been time to go all direction, that might 

be interesting and that is one. So I have not done that. 

- They could be probably interesting for the prediction of 

the measured data, if you know the period of 10 to I I  days 

and the wet and dry components. 

A. T agree, there might be interesting information there. About the 

time you have that information although, the time for   re diction is 
much passed. Well, I mean you haven't the balloon data at up to date 

bases. YOU think of, I suppose, a systematic formula that could 

be used at any time. You may look at weather-maps and they show 

a certain periodicity in weather systems following eachother, 

perhaps it shows more clearly when you get these integrals. 

I haven't done it anyway. 

Q. There is one point mentioned before, this is the low 

elevation ray tracing. I found that this low elevation 

ray tracing is so uncertain, that one should not rely 

upon any data at the present. The reason for it is the 
I 1  concentric sphere " model, and at such low elevation 

angles the sine of the angle S has such a strong influence. 

The sine S has a considerable variation at these lower 

elevation angles sometimes of a magnitude of several 

hundreds of percent. 

Thus, this error would enter proportionally into the ray 

bending, and the ray bending would be off by some hundreds 

of percent either. 

A .  I would not trust the ray tracing at very low angles 

either. I agree. 



SOME CONSIDERATIONS ON THE STOCHASTIC BEHAVIOUR OF THE ANGLES OF REFRACTION 
AN3 OF THE REFRACTION IN31CES, CONCERNING LASER- AND MICROWAVE DISTANCE MEASURE- 
MENTS 

H e r i b e r t  Kahmen, G e o d s t i s c h e s  l n s t i t u t  d e r  U n i v e r s i t a ' t  K a r l s r u h e , F e d e r a l  R e p u b l i c  
o f  Ge rmany  

Summary: A cons ide ra t i on  o f  t h e  meteoro log ica l  f i e l d  shows t h a t  t he  
f l u c t u a t i o n s  o f  t h e  angles o f  r e f r a c t i o n  and o f  t he  r e f r a c t i o n  index, 
concerning l aser- and m i  crowave-measurements, may be descr ibed by  a  
s t ochas t i c  process : a  two-component process. The process i s t  n o t  
s t a t i o n a r y .  The s tochas t i c  behaviour o f  t h e  process however can be 
descr ibed by t h e  f i r s t  and second o rder  c e n t r a l  moments o f  a  s t a t i o n a r y  
process, i f  t he  two components are considered separate ly .  The ca l cu l a -  
t i o n s  show, t h a t  t he re  i s  no fundamental d i f f e r e n c e  between the  s t a t i s t i -  
c a l  f unc t i ons  desc r i b i ng  e f f e c t s  o f  r e f r a c t i o n  on measured d is tances and 
i t s  e f fec ts  on observed v e r t i c a l  angles. The parameters o f  t he  c e n t r a l  
moments a re  est imated us ing  parameters o f  t he  meteoro log ica l  f i e l d ,  which 
were r e g i s t e r e d  over  a  pe r i od  o f  years  on towers a t  d i f f e r e n t  he igh ts .  

l .  I n t r o d u c t i o n  

For  v e r t i c a l  ang le  measurement and e l e c t r o n i c  d is tance  measurement 

ins t ruments  of such a  h i g h  p r e c i s i o n  a re  ava i l ab l e ,  t h a t  the  accuracy of 

t he  measuring procedures depends ma in ly  on t he  es t ima t i on  of t h e  meteoro- 

l o g i c a l  f i e l d  a long t he  ray  path.  However as t he  ex te rna l  cond i t i ons  can 

n o t  be est imated exac t l y ,  t h e  s i n g l e  values o f  t ime  se r i es  are n o t  always 

independent, b u t  co r re l a ted .  I f  t h e  c o r r e l a t i o n  f a c t o r s  a re  neglected t he  

adjustment o f  geodet ic  networks may r e s u l t  i n  apparent a l t e r a t i o n s  of 

coord inates,  which s imu la te  seeming p o i n t  s h i f t i n g s .  Tests w i t h  t r i l a t e r a -  

t i o n  networks have shown, t h a t  these apparent p o i n t  s h i f t i n g s  may become 

two o re  t h ree  t imes l a r g e r  than standard e r r o r s  o f  pos i t i ons ,  if cor re l a -  

t i o n  coe f f i c i en t s  > 0,5 are  neglected (SCHOLLER, K., 1973). 

Normal ly i t  i s  d i f f i c u l t  t o  est imate t he  c o r r e l a t i o n  f unc t i ons  d i r e c t l y  

from the  geodet ic measurements, s ince  f o r  economic reasons on l y  a  smal l  

number of repeated measurements can be performed. Therefore an at tempt  

s h a l l  be made t o  es t imate  t he  phys ica l  causes o f  t h e  f l u c t u a t i o n s  f rom 

t h e  meteoro log ica l  f i e l d  and then t o  de r i ve  f rom these values t h e  f l uc -  

t u a t i o n s  o f  geodet ic  observat ions by l i n e a r  t rans fo rmat ions .  With these 

model s t ud ies  no absolu te  values o f  t he  parameters o f  t h e  c o r r e l a t i o n  

func t ions  s h a l l  be est imated b u t  we can ga in  more exper iences about t h e  

func t iona l  behaviour o f  t he  c o r r e l a t i o n  f a c t o r s .  I f  t h e  f unc t i ona l  

behaviour i s  w e l l  known, t he  absolu te  parameters can be est imated by 

o n l y  a  smal l  number o f  d i r e c t  geodet ic  measurements. 



2. The Stochast ic  and Funct ional  Behaviour o f  t he  F i e l d  o f  Re f rac t ion  

The bas ic  equat ions f o r  t he  c o e f f i c i e n t s  o f  r e f r a c t i o n  and t he  angles of  

r e f r a c t i o n  a re  (FEARNLEY 1884/85) : 

where K = K ( S ' )  i s  t he  l o c a l  r e f r a c t i o n  c o e f f i c i e n t ,  R i s  the rad ius  

o f  t he  earth,  S i s  the  l eng th  o f  t he  ray  pa th ( the  d i f f e rence  between t h e  

a rc - leng th  and t he  chord- length 
i s  neglected) and S '  denotes t he  

coordinates a long t he  l i g h t  r ay  

F ig .  1. 

F ig .  1 

For low e l e v a t i o n  angles, as i s  usua l l y  the  case w i t h  geodet ic observa- 

t i ons ,  the  l o c a l  r e f r a c t i o n  c o e f f i  cents dre obta ined from (BROCKS, K., 
1973) : 

where p [mbar] i s  t he  barometr ic  pressure, T i s  t h e  absolute temperature and 

z [ un i t y :  100 m1 - i s  t h e  he igh t .  

The accuracy o f  v e r t i c a l  angle measurements i s  l i m i t e d  due t o  the  

inadequate mathematical model o f  t he  atmosphere. The meteoro log ica l  

f i e l d  o f  the  parameters p and T shows i n  d i f f e r e n t  regions o f  the  

ea r th  a d i f f e r e n t  s t ochas t i c  and func t iona l  behaviour. Consider ing 

the  meteoro log ica l  process - e.g. i n  Germany - we can assume, t h a t  the  

var iance spectrum of t h e  f l u c t u a t i o n s  

Ak ( t )  = km - k ( t )  ( 4 )  



w i l l  have t h ree  frequency bands w i t h  h i ghe r  var iances. I n  equat ion (4 )  

km denotes t h e  average ~ [ k ( t ) ]  . The f i r s t  maximum, extending f rom low 

frequencies t o  f requenc ies o f  some hundred Hz (Her tz )  i s  main ly  caused 

by o p t i c a l  e f f e c t s  o f  t h e  t u r b u l e n t  medium. A second frequency band i s  

i n f l uenced  b y  the da i  ly a l t e r a t i o n s  o f  t h e  p o s i t i o n  o f  t h e  sun and t h e  

sho r t - pe r i od i c  c l  i m a t i c  v a r i a t i o n s  w i t h  per iodes o f  about one t o  f i v e  

days. The t h i r d  maximum o f  t h e  spectrum w i  l 1  be caused by t h e  y e a r l y  

c l i m a t i c  v a r i a t i o n s .  The f l u c t u a t i o n s  o f  t h e  r e f r a c t i o n  c o e f f i c i e n t s  

are sma l les t  du r i ng  t he  t ime o f  maximum downward r a d i a t i o n  and they 

become a maximum du r i ng  midn ight .  Genera l ly  t he  amp1 i t udes  of t h e  

f l u c t u a t i o n s  increase w i t h  t h e  l eng th  o f  t h e  r ay  pa th  and they  decrease 

w i t h  h e i g h t  above sea l e v e l .  

S i m i l a r l y  f o r  l ong  d is tances i n  e l e c t r o n i c  d is tance  measurement t h e  

accuracy o f  t h e  path l eng th  depends e s s e n t i a l l y  on p r e c i s i o n  of t h e  

atmospheric model, which i s  app l i ed  f o r  r educ t i on  o f  t h e  d is tances.  

Normal ly r e f r a c t i o n  i nd i ces  f o r  r educ t i on  can o n l y  be c a l c u l a t e d  from 

endpoi n t  measurements near t h e  ground. The r e f r a c t i v e  i nd i ces  ne, 

c a l  cu l  a t ed  from endpoin t  measurements, gene ra l l y  d i f f e r  f rom those, 

be ing  averaged a long t h e  ray  path 

where n(s') a re  t h e  l o c a l  r e f r a c t i v e  ind ices .  The r e f r a c t i v e  index i s  

a func t ion  o f  t h e  parameters: d r y  temperature, wet temperature and 

pressure.  Cons ider ing t h e  meteoro log ica l  process - e.g. i n  Germany - 
we can assume t h a t  t he  var iance spectrum o f  t h e  f l u c t u a t i o n s  

o f  t h e  r e f r a c t i v e  i nd i ces  w i l l  a1 so have t h ree  frequency bands w i t h  

h i ghe r  var iances. The causes a re  analogous t o  those, which in f luence  

t h e  f l u c t u a t i o n s  o f  t h e  r e f r a c t i o n  c o e f f i c i e n t s .  

The f l u c t u a t i o n s ,  be ing  i n f l uenced  by t h e  o p t i c a l  e f f e c t s  o f  t h e  t u r b u l e n t  

medium s h a l l  n o t  be discussed here, as they  can e a s i l y  be e l i m i n a t e d  by 



A t ime averaging. The f o l l o w i n g  

considerat ions on l y  base on 

those frequency bands o f  t he  

spectrum, which a re  in f luenced 

by t he  d a i l y  and y e a r l y  a1 t e ra -  

[pried ] t i o n s  o f  t he  c l ima te  F ig.  2. 

F ig .  2 

Generally, the  f l u c t u a t i o n s  o f  t he  r e f r a c t i o n  c o e f f i c i e n t s  and those of 

the  r e f r a c t i v e  ind ices  are s tochas t i c  func t ions  o f  t he  coordinates X, y, 

z of t he  s t a t i o n  and o f  the  parameter t ime t: 

Ak = ~k (X, y, z, t ) ,  

An = An (X,  y, z, t ) .  

The dependence on the  p o s i t i o n  i s  main ly  given by t he  topographical  

features, the  nature o f  t he  s o i l  and the  vegetat ion. I n  t he  fo l low ing  

considerat ion,  however, on l y  t he  dependence on t ime s h a l l  be analysed. 

3. The S t a t i s t i c a l  Analysis o f  the  F i e l d  o f  Ref rac t ion  

The f i r s t  and second order  moments 

l i m  1 
= T.p. j dt ,  

of a random process can e a s i l y  be est imated by apply ing t he  s t a t i o n a r y  

and ergodic  hypothesis.  ~ ( t )  denotes a random va r i ab le  and T i s  t he  t ime 

delay. The random var iab les  ~ k ( t )  and ~ n ( t )  however a re  n e i t h e r  s ta t i ona ry  

no r  ergodic  since the  averages and variances a re  a f unc t i on  o f  t he  t ime of 

day and of t he  t ime o f  year. The s ta t i ona ry  and ergodic  hypothesis however 

can be appl i e d  i f  the  process i s  sp l  i t  up i n t o  two components where one 

component cl(t) i s  character ized by t he  f i r s t  maximum o f  t he  spectrum 

and the  o the r  component c 2 ( t )  by t he  second maximum (F ig .  2 ) .  With f u r t he r  



special  i sa t i ons  of the ca lcu la t ions  then the f i r s t  and second order 

moments can be est imated by means o f  equations (8) and (9) .  Imposing 

c e r t a i n  l im i ta t i ons ,  then the  moments o f  the t o t a l  process may be 

ca lcu la ted  from the moments o f  t he  components o f  the  process. I n  case 

the two components superimpose addi t i vel  y , we have 

l i m  1 
@ S S ~ ~ ( ' )  = T- T[r51(t) + t 2 ( t ) l  [cl(t + T )  + r 2 ( t  + T)] d t ,  

0 

I f  the  two components are uncorrelated, we obta in  

The two components can be separated by using transversal f i l t e r s  of 

the  form 

X( t )  i s  the f i l t e r e d  random var iable.  g($) i s  the func t ion  of t he  

weight, which i s  def ined f o r  -m<,$<+.., where 

The frequency c h a r a c t e r i s t i c  G($) of t he  f i l t e r  i s  obtained by means 

of a Fourier-Transformation o f  g(3): 

+m 
G(v) = ( g($) exp ( i 2 1 ~ ~ 3 )  d S .  

-m 

For the  fo l l ow ing  ca lcu la t ions  the  Gaussian func t ion  

1 2 
~ ( 3 )  = exp (-5 ) 

0 J;; 0 
2 



i s  used f o r  est imat ing the  weights, where 20 denotes the i n te r va l  of 

the time average. Then the frequency cha rac te r i s t i c  o f  the f i l t e r  i s  

a lso a  Gaussian funct ion:  

2  2  2  G(v) exp (-V V o ) . (15) 
l 

4. Calqulat ion o f  the Real i s a t i o n  Funktions o f  the Random Processes 

from the Meteorological F i e l d  

Meteorological data, recorded on a  tower near Munich a t  heights of 

2  m, 5 m, 10 m, 20 m and 50 m sha l l  be used t o  ca lcu la te  r e a l i s a t i o n  

functions o f  the random processes. The fo l low ing  studies base on the 

idea l i zed  assumption t h a t  the recorded data w i l l  be homogeneous a l l  

over the t e s t  area. For the ca lcu la t ions,  instead o f  equation ( l ) ,  

the summation equation 

i s  used, where V denotes the number of the i n t e r v a l s  beginning a t  the 

observation s t a t i o n  and n i s  the t o t a l  number o f  the i n te r va l s .  

The co r re l a t i on  funct ion o f  the random signal  (4) i s  

As we f i n d  from (1) and (2)  the l i n e a r  re la t ionssh ip  

the co r re l a t i on  func t ion  o f  the A6 i s  



As the f luc tuat ionsAh( t )  o f  the  t r igonometr ic  determined heights are 

der ived from the f luc tua t ions  ~ k ( t )  o f  the r e f r a c t i v e  ind ices by 

the co r re l a t i on  funct ion o f  t he  ~ h ( t )  i s  

l i m  - 1 J I [ 4 A*(+-) (- S') ~ k ( t t ~ )  1 d t ,  or 
'~hah(') = T- T m 

The random signal  ~ n ( t )  - see equ. (6)  - can be ca lcu la ted by the 

meteorological f i e l d  (dry  temperature tt, wet temperature t f )  if the  

differences A t t  and ~t~ between the averages ca lcu la ted w i t h  endpoint 

measurements and the i n teg ra l  averages along the ray path may be 

estimated. For the est imat ion o f  the nt t  and the n t f  a lso temperatures 

recorded on towers a t  d i f f e r e n t  heights can be used, i f  an idea l i zed  

model i s  assumed (KAHMEN, H., 1975). 

For a given se t  o f  meteor01 ogical  condi t ions (dry temperature, wet 

temperature andpressure) the r e f r a c t i v e  index n o f  microwaves can be 

computed by the formulae o f  ESSEN and FROOME and the r e f r a c t i v e  index 

of Lasers by those o f  BARREL and SEARS. A s i m p l i f i e d  form o f  the law 

o f  propagation o f  e r ro rs  f o r  the  r e f r a c t i v e  ind ices i S 

dnL = - a d t t  ( f o r  l i g h t  waves) , (2 1) 

dnM = - a ' d t t  t b l d t f  ( f o r  micro waves) , (22) 

where a, a '  and b '  can be computed w i t h  the meteorological parameters. 

Thus we f i n d  f o r  the co r re l a t i on  funct ionsof  the  f luc tuat ions of the 

re f r ac t i ve  ind ices i f  l i g h t  i s  used as c a r r i e r  o s c i l  l a t i o n  

l i m  1 ' 
'anLnnL (T) = Tao l [ ( - a )  o a t t ( t )  (-a) ~t~ ( t + ~ ) ]  dt,  o r  



and if micro waves are used as carrier oscillations 

( T )  = a '  2 2 
' ~ t ~ ~ t ~ l ' )  + b 1  ' b t fd t f  (4 - a'b' m A t  A t  (4 - 

--1 
@ d n M ~ n M  t f 

- b'a' m A t  A t  ( T )  . (24)  
I f t  

Wit h -the expression 

dn d s = - - .  
n S-,- dn S (25 

( n  %l )  

the correl ation functions of the fl  uctuations AS of the di stances become 

lim 1 I 

= T- T 1 {[(-S)  ~ n ( t ) ]  [(-S) A n ( t  + T ) ]  I d t , ~ r  
0 

5. Numerical Estimation of the Correlation Functions 

For the numerical calculations meteorological da ta  are used recorded on a 
tower near Munich. The da ta  are: dry temperatures recorded a t  heights 

of 2 m, 5 m, 10 m,  20 m and 50 m, wet temperatures recorded a t  heights 
of 2 m, 20 m and 50 m and barometric pressure recorded a t  a height of 
2 m. The tower i s  surrounded by grassland. The temperatures were 
measured every ten minutes. In order t o  eliminate the daily sinusoidal 
behaviour of the refractive indices and of the refraction coefficients, 
only one mean hourly value of every day is used for the single series 

of observations. Extensive tests have shown t h a t  for many measuring 
dispositions no significant a1 terations of the refractive indices and 



of the re f rac t ion  coe f f i c i en t s  do occur even i f  the observation t ime 

extends from 9 a.m. t o  4 p.m. (see e.g. RINNER, K., 1971; BROCKS, K., 

1973). 

The random processes, characterized by the f i r s t  maximum o f  the  variance 

spectrum (Fig.  2) may be considered s ta t ionary  i f  on ly  data o f  a l i m i t e d  

day t i h e  (e.g. mean hour ly  values) are  used and i f  moreover the t ime 

ser ies  are l i m i t e d  t o  ce r t a i n  periods of the year. The periods must be 

chosen i n  such a way t h a t  dur ing t h i s  t ime the physical causes of the  

f l u c t u a t i o n s w i l l  remain constant. For these t ime ser ies  the ergodic 

hypothesis a lso can be accepted since the tendency o f  conservation of 

the shor t  pe r iod ic  c l i m a t i c  va r ia t ions  w i l l  l a s t  about one t o  f i v e  days 

and consequently the co r re l a t i on  coe f f i c i en t s  o f  the An(t)  and ~ k ( t )  

w i l l  tend t o  zero a f t e r  a few days. 

The computations o f  the moments o f  the  short  pe r iod ic  random processes 

base on mean hour ly  values p l o t t e d  d a i l y  from January 1962 t o  December 

1963. Three ser ies  o f  observations have been calculated, the f i r s t  using 

values recorded between 9 a.m. and 10 a.m., the second using values re- 

corded between 12 a.m. and l.p.m., the t h i r d  using values recorded between 

3 p.m. and 4 p.m. The s i ng le  ser ies  o f  observations have been l i m i t e d  t o  

a per iod o f  two months. The resu l t s  show, t h a t  already f o r  a t ime-delay 

of one t o  two days the co r re l a t i on  coe f f i c i en t s  o f  the ~ k ( t )  and ~ n ( t )  

are smaller than 0,5. For a minimum time-delay o f  a t  l e a s t  some 

days we get  
C 

! 0 elsewhere , 
L 

1 0 elsewhere . 

The variances o (0) become maximum i n  winter .  



The random processes, character ized by the  second maximum o f  th*- 

variance spectrum (Fig.  2) can be approximated by a Gaussian narrow- 

band noise 

which i s  superimposed by a s igna l  

s ( t )  = A cos w 0 t  . 

i s  t h e  center  .frequency o f  t h e  noise. 
0 

Equation (30) i s  s u i t a b l e  fo r  the  physical  i n t e r p r e t a t i o n  o f  t h e  random 

s igna l .  The s t a t i s t i c a l  behaviour o f  t h e  random process however can 

b e t t e r  be described, i f  equ. (30) i s  transformed i n t o  

r ( t )  = r l ( t)  cos wet - r 2 ( t )  s i n  o o t  (32 

w i t h  

r l ( t )  = r o ( t )  COS P ( t )  and 

r 2 ( t )  = r o ( t )  s i n  l ( t ) ,  

where r l ( t )  and r 2 ( t )  f o l l o w  a two-dimensional Gaussian d i s t r i b u t i o n  

Then, w i t h  (31) and (32) we ge t  f o r  the  t o t a l  process: 

s g ( t )  = [A + r l ( t ) ]  cos o0 t  - r 2 ( t )  s i n  wet 



where 

r2 ( t 
y ( t )  = arc t g  n+r,o 
The p r o b a b i l i t y  densi ty o f  ~ ~ ( t )  and y ( t )  i s  

and 

1 2 2 * s i n  + exp ( -  W)( l t e r f  ( P($)= exP (-  7) 
2a 2 a 

(36) 

f o r  the  i n te r va l  0 - < y ( t )  < 2n, where I. i s  the Bessel-Function w i t h  
- 2  X the index n=o and e r f ( x )  = - 2 

& L e  'U du, 

The p r o b a b i l i t y  dens i ty  (35) i s  c a l l e d  Rice d i s t r i b u t i o n .  The form of 

the Rice d i s t r i b u t i o n  depends on the r e l a t i o n  between the energy o f  the  

s ignal  and the energy o f  the  noise on the same frequency. I f  the  energy 

o f  the s ignal  i s  much greater than the energy o f  the noise on the same 

frequency the R ice -d is t r ibu t ion  changes i n t o  a Gaussian d i s t r i b u t i o n .  

Then the phase angles are l i m i t e d  t o  a small p a r t  o f  the i n te r va l  

0 - < y ( t )  - < 2n. Such a process i s  no t  ergodic and no t  s ta t ionary .  

Consequently f o r  the est imat ion o f  the second order moments equ. (9) 

cannot be used. Besides equations (35) and (36) show, tha t ,  even if 

idea l i zed  model S are used the p r o b a b i l i t y  densi ty funct ions become 

very complicated. 

If the  energy o f  the noise on the frequency wo predominates, the Rice, 

d i s t r i b u t i o n  tends t o  a Ray1eigh.d is t r ibut ion 

and the p r o b a b i l i t y  dens i ty  funct ion o f  the y ( t )  tends t o  

l 
P($) = Lar(?) - ar(Y - 2 d l  

(a, : normed step function). 
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Then t h e  phases $ ( t )  a re  epqua l ly  d i s t r i b u t e d  over  t h e  i n t e r v a l  

0 - <?It) - <  IT. A random process charac ter ized by t h e  probabi l i ty  dens i ty  

func t ions  (37) and (38) can e x a c t l y  be described by equations (8)  and 

(9)  (SCHLITT, H., 1960; TAUBENHEIM, J., 1969). 

Cor re la t i on  funct ions,  charac ter ized by (37) and (38) can be 

approximated by t h e  f u n c t i o n  

2 2 
Q )  = CO exp ( a  r ) cos uo 

where CO and a. a re  constants. The c o r r e l a t i o n  f u n c t i o n  has t h e  form 

o f  a cos i  ne-funct ion whose amp1 i tude s lowly  decreases. 

Fig. 3 

I n  the  f o l l o w i n g  we s h a l l  am- lyse h o b t - c l a e l y  the  c o r r e l a t i o n  func t ions  of t he  

long p e r i o d i c  f l ~ ~ c t u a t i o n s  ~ k ( t )  and An( t )  can be approximated by t h e  

model func t ion  (39).  The t e s t s  base on t ime ser ies  o f  t he  ~ k ( t )  and 

An(t )  computed from mean hour l y  values o f  meteorological  parameters 

recorded du r ing  t h e  t ime from Januray 1962 t o  december 1971. Four t ime 

se r ies  have been ca lcu la ted,  the  f i r s t  us ing values recorded every f i f t h  

day between 1 p .m. and 2 p.m. , t h e  second using val  ues recorded every f i f t h  

day between 3 p.m. and 4 p.m., t he  t h i r d  us ing values recorded every f i f t h  

day a l t e r n a t e l y  between 1 p.m. - 2 p.m. and 3 p.m. - 4 p.m., t h e  four th  

us ing values recorded every t e n t h  day about two hours be fo re  sunset. A l l  

t h e  c a l c u l a t i o n s  v e r i f y  t h a t  t he  c o r r e l a t i o n  func t ions  my be approximated 

by t h e  model func t ion  (39). Consequently we can w r i t e  

2 2 
QAkAk(r)  = Cl exp (-al T ) cos uor , 

2 2 
m A n A n ( ~ )  = C2 exp (-a2 T ) cos uor . 



Cl, C2 and al, a2 are constants. 

Hence we get for the corre la t ion functions of the t o t a l  processes 

c (T) 1 
= @ (T) + @ ( l ) ( ? )  

(O (P3) ( r )  

where the indices (Pl), (Pi!), . . . denote the corre la t ion functions o f  
the short per iodic f luc tuat ions calculated f o r  d i f f e ren t  periodes of a 

year and the index (1 ) denotes the corre la t ion function of the long 
periodic f luctuat ions. 

6. Concl usi ons 

The measurements being used i n  t h i s  paper are l im i t ed  t o  a special 

topographic s i tuat ion.  Therefore the author intends t o  do fu r ther  

studies considering d i f f e ren t  conditions. These fur ther  
invest igat ions and more detai led discussions o f  the resu l ts  w i l l  be 
pub1 i shed. 
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Discussion (paper 19) 

How long are the short period processes, how many minutes 

or something like that ? 

I took time at intervals of about 2 months 

Two months, and is that the shortest period possible ? 

Yes, if there is a time-delay of about 2 days, the correlation 

coefficient will be about 0.4 or 0 .3 .  It depends on the 

signal, you use to eliminate the trend. And if you take a time-delay 

of about 5 days, you will get the correlation-function 

be nearly a delta-function. 

This is very interesting: if you have at least 2 correlation- 

functions you can use least squares collocation to adjust 

for instance trilateration networks or three-dimensional 

networks . 
Did you look for measurements at certain moments of the day 

only ? 

Yes. My experience shows that these very short fluctuations 

can only be caught by direct measurements, and my task 

was to estimate the correlation functions for a ~eriod for which 

direct measurements are very uneconomical. 

It is very difficult to get direct measurements over such long 

periods. 

I'm wondering in how far those functions compare with each other 

at the various levels. You mentioned that you used data on a 

tower at levels of 2 m, 5 m, 10 m and 15 m. Did you take the 

average of these data or did you treat them separately. 

I took the mean values 

Did you take each level separately 

The difference of the levels, yes. 

and then averaged at 200 m. 

at 15 m; I calculated the local refraction coefficients for the 

different surfaces. 



SCINTILLATIONMEASUREMENTS OF A LASER - BEAM 

R .  Bruckner, Geodetic I n s t i  t u t e ,  U n i v e r s l  t y  of Hannover, Federa l Republ i c  of 
Germany 

Summary : 

The ang le  of e l a v a t i o n  wi thou t  t h e  i n f l u e n c e  of r e f r a c t i -  
v i t y  can be measured w i t h  t h e  d i spersometer .  The s o  found 
ang le -va r i a t ion -  depends - b e s i d e s  o t h e r  f a c t o r s  - on t h e  
c h a r a c t e r  of t h e  ampli tude - and frequency-spectrum o f  t h e  
s c i n t i l l a t i o n  of  d i r e c t i o n ,  t o o .  Th i s  c o g n i t i o n  w a s  t h e  
inducement t o  exaa ine  t h e  s c i n t i l l a t i o n  of d i r e c t i o n  and 
i n t e n s i t y .  A beam of a He-Ne-laser modulated by 1 kHz is 
rece ived  by t h e  t e l e s c o 2 e  system of t h e  d i spe r somete r .  
In  t h e  f o c a l  p l ane  of  which a p o s i t i o n  s e n s i n g  pho tode tec to r  
is .  The h o r i z o n t a l  and v e r t i c a l  a l t e r n a t i o n s  of d i r e c t i o n  
as w e l l  a s  t h e  f l u c t u a t i o n s  of  i n t e n s i t y  of l i g h t  a r e  re- 
g i s t r a t e d  by an ana log tape reco rde r .  T h e  e v a l u a t i o n  a f t e r  
t h e  d i g i t a l i z a t i o n  (250  d a t a / s )  s h a l l  be  done i n  t h e  f r e -  
quenc ies  0 - 100 Hz. Besides  t h i s  d ry  and wet tempera tures  
are mcasured i n  d i f f e r e n t  h e i g t h s  a t  l i t t l e  temporale  d i s -  
i n t e g r a t i o n  as w e l l  as t h e  v e l o c i t y  of t h e  wind. 

1 . I n t r o d u c t i o n :  

A beam of l i g h t  p ropaga t ing  through t h e  atmosphere of e a r t h  i s  
a l t e r e d  by d i f f e r e n t  p rocesses  f o r  example by s c a t t e r i n g  caused by 

a tmospher ic  molecules as w e l l  as by m i s t ,  haze and a e r s o l e s ,  o r  by 

r e f r a c t i o n  from unhomogeneities of t h e  d e n s i t y  of t h e  atmosphere. 

Contrary t o  t h e  propaga t ion  i n  t h e  vacuum where a beam of l i g h t ,  

f o r  example a laser beam, propaga tes  e x a c t l y  r e c t i l i n e a l l y  from 

source  t o  r e c e i v e r ,  i n  t h e  r e a l  atmosphere t h e  wave of l i g t  becomes 

more o r  less d e f l e c t e d .  I n  t h e  fo l lowing  t h e  propaga t ion  of a 
laser-beam i n  a t u r b u l e n t  medium s h a l l  be  d e s c r i b e d  (p l ane  waves ) ,  

t hen  w i l l  b e  r e p o r t e d  about  a system of measurement r e g i s t r a t i n g  i n  

d i r e c t i o n  and i n t e n s i t y  caused by a tmospher ic  t u r b u l e n c e ,  and 

f i n a l l y  r e s u l t s  of measurement n o t  y e t  e x p l o i t e d  s h a l l  be  set o u t .  

2.  Propagat ion of a laser-beam i n  a t u r b u l e n t  medium 

According t o  t h e  Fermat P r i n c i p l e  eve ry  e lec t ro-magnet ic  wave pro- 

paga tes  s o  t h a t  t h e  t r a n s i t e  t i m e  becomes a minimum. 

B 
/ n ( x r y , z , t )  d s  + min. 
A 



In  ( 1 )  n is t h e  r e f r a c t i v e  index of t h e  a i r  which is  a f u n c t i o n  of 

space and of  t i m e .  The f l u c t u a t i o n s  of t h e  r e f r a c t i v e  index  as a 

func t ion  of dry- and wet- temperatures  and of the a i r - p r e s s u r e  and 

i ts  g r a d i e n t s  now cause a non- l inear  s r o p a g a t i o n ,  r e s p e c t i v e l y  a 
propaga t ion  d i s t u r b e d  by e f f e c t s  of t u rbu lence .  On t h e  o t h e r  hand 

t h e  f l u c t u a t i o n s  of t h e  parameters  mentioned depend on t h e  wea ther  

cond i t i ons  and t h e  t i m e  of day and season ,  on t h e  t opograph ic  con- 

d i t i o n s  of t h e  p r o f i l e  and on t h e  ground d i s t a n c e .  Thus [LEE and 

HARP, 1 9 6 9 1  r e g i s t r a t e d  changes i n  t h e  t empera tu re  up t o  5 K wi th-  

i n  f r a c t i o n  of seconds i n  about  1  .S metres above t h e  ground. 

The p roces ses  of  f l u c t u a t i o n  have a  frequency-spectrum t h a t  can  

reach up t o  s e v e r a l  hundreds cps  [BUNN 1 9 6 9 1 .  Everyone knows t h e  

e f f e c t ,  i f  a s t a r  is observed t rough  a t e l e s c o p e  wi th  a s m a l l  

a p e r t u r e :  t h e  star seems t o  dance con t ionous ly  and t o  f l u c t u a t e  i n  

i ts  i n t e n s i t y .  Astronoms speak of s c i n t i l l a t i o n .  Many works e s p e c i -  

a l l y  w i t h i n  t h e  Engl ish-speaking p a r t  of t h e  world d e a l t  w i t h  

s c i n t i l l a t i o n  of i n t e n s i t y  d u r i n g  t h e  l a s t  f i f t e e n  y e a r s .  Beyond 

t h i s  t h e  g e o d e s i s t  i s  i n t e r e s t e d  i n  s c i n t i l l a t i o n  of d i r e c t i o n ,  

s p e c i a l l y  i t s  r e a c t i o n s  w i t h i n  t h e  ground n e a r  f i e l d  of r e f r a c t i o n .  

With t h e  Nannover d i spe r some te r  [GLISSwN 1 9 7 6 1  t h e  e f f e c t  o f  a  

g r a d u a l l y  a l t e r i n g  f i e l d  of r e f r a c t i v i t y  on t h e  a n g l e  of e l e v a t i o n  

can be i n v e s t i g a t e d .  The i n d i c a t e d  s m a l l  a l t e r n a t i o n s  d u r i n g  t h e  

t i m e  of o b s e r v a t i o n  mani fes t  i n  t h e  imageplane f o r  exanp le  of a 

t h e o d o l i t e  as a  s h i v e r i n g  of t h e  t a r g e t ,  as f l u c t u a t i o n s  i n  i n t e n -  

s i t y  of l i g h t  and a s  defocuss ing  of t h e  image of t h e  t a r g e t .  Accor- 

d i n g  t o  t h e  fundamental  work by [TARTARSKI 1 9 6 1  ] i r l  t h e  s t a t i s t i c  

theo ry  of t u r b u l e n c e  t h e  s t r u c t u r e  f u n c t i o n  o f  t h e  r e f r a c t i v e  index  i s  

used to  d e s c r i b e  i ts  s p a t i a l  d i s t r i b u t i o n :  

P r a c t i c a l l y  it r e p r e s e n t s  t h e  geomet r ic  mean v a l u e  of a l l  d i f f e -  

rences  of r e f r a c t i v e  i n d i c e s  between two p o i n t s  which a r e  remote 

t h e  d i s t a n c e  o f  r .  Thereby t h e  squa re  b r a c k e t s  s i g n i f y  t h e  mean 

va lue  of t h e  sample by a  c o n s t a n t  v e c t o r  ( x , y , z )  . Besides  t h i s  i n  

many w o r k s  a l s o  a  s p a t i a l  and tempora l  c o r e l l a t i o n - f u n c t i o n  of t h e  

a l t e r n a t i o n  of t h e  r e f r a c t i v e  index i s  used. 
231 



K,(=) = < An(x) An(x + K) > = < Anl An2 > 

K,(T) = Anl ( t )  An2( t  + 7 )  

S,(=) = Z [ K ( O )  - K ( ~ I  

The connec t ion  between ( 2 )  and ( 3 )  follows from r e l a t i o n  ( 5 )  . 
According t o  t h i s  S n ( r )  can also be c a l c u l a t e d  from t h e  autocova- 

r i a n z f u n c t i o n  X, (=) .  The s t r u c t u r e  f u n c t i o n  depends on ly  on t h e  

d i f f e r e n c e  between t w o  f u n c t i o n a l  va lues .  T h i s  means t h a t  t h e  s ta-  

t i s t ic  f i e l d  is i s o t r o p  and homogeneous on ly  w i t h i n  a s m a l l  r e g i o n .  

The msan v a l u e s  of t h e  r e f r a c t i v e  i n d i c e s  may s t i l l  a l ter  l i n e a r l y  

w i t h i n  t h i s  reg ion .  The t h e o r y  of t u r b u l e n c e  coined t h e  o u t e r  scale 

L. f o r  t h e  d i s t a n c e  a t  which t h i s  i s  no longe r  v a l i d .  Elements o f  

t u rbu lence  l a r g e r  t han  L. a r e  u n i s o t r o ?  and unhomogeneous. 3n t h e  

o t h e r  hand t h e  i n n e r  scale l. amounts t o  few mm (up t o  c m )  n e a r  

t h e  ground t h u s  cor responding  t o  t h e  s c a l e  of t h e  s m a l l e s t  e lement  

of  t u rbu lence .  According t o  [TARTARSKI 19611 t h e  temporal  spec t rum 

of a s t a t i s t i c  v a r i a b l e  q u a n t i t y  can be d e s c r i b e d  by t h e  geomet r ic  

o p t i c  as l o n g  as c o n d i t i o n  ( 6 )  i s  v a l i d .  

L. = d iame te r  o f  t h e  l a r g e s t  e lement  o f  t u r b u l e n c e ,  

X = wave-length, 

L = d i s t a n c e  between sou rce  and r e c e i v e r ,  

p = c o r r e l a t i o n l e n g t h .  

P r a c t i c a l l y  t h i s  means " f r eez ing"  t h e  spectrum of  q u a n t i t y  of t h e  

e lements  of t u rbu lence .  [HODARA 19661 found e m p i r i c a l l y  f o r  t h e  

dependences of  f i g u r e  L. on h  up t o  400 m: 

Following t h e  same work a l s o  an e s t i m a t i o n  of  t h e  dependences on h  

of t h e  f l u c t u a t i o n s  of t h e  r e f r a c t i v e  i ndex  r e s u l t s :  



S p e c i a l l y  w i t h i n  t h e  f i r s t  100 m of  t h e  atmosphere of t u r b u l e n c e  

from s e v e r a l  mm up t o  some dec ime t r e s  e x i s t .  

According t o  [TARTARSKI 1961 ] t h e  s t r u c t u r e  f u n c t i o n  of t h e  re- 

f r a c t i v e  i n d e x  can  b e  e s t i m a t e d  f o l l o w i n g  ( 9 ) :  

Here Cn is t h e  s t r u c t u r e  c o n s t a n t  o f  t h e  f l u c t u a t i o n s  of t h e  re- 
f r a c t i v e  index.  I t  r e p r e s e n t s  a measure f o r  t h e  q u a n t i t y  of t h e  t u r -  

bulence concerned [DAVIS 1966 1 and s e r v e s  as s ta t i s t i c  f o r  t h e  

d e s c r i p t i o n  of t h e  a tmospher ic  t u r b u l e n t  r e c i p r o c a l  e f f e c t  w i t h  

o p t i c a l  waves. 

weak tu rbu lence :  Cn = 8 
- 8  mean tu rbu lence :  Cn = 4 * 1 0  

s t r o n g  tu rbu lence :  C, = 5 • 10-'. 

T h i s  arrangement is  a r a t h e r  s u b j e c t i v e  one,  f o r  t h e  2 r o 2 o r t i o n a l  

f a c t o r  C, i n  ( 9 )  depends on many f a c t o r s ,  as on t h e  average  t i m e  

of  day, when t h e  o b e r s e r v a t i o n s  are made, on t h e  h e i g t h  above 

ground, on t h e  l o c a l  ground and s o  on. Regarding r e l a t i o n  ( 9 )  t h e  

s t r u c t u r e  f u n c t i o n  t h a t  r e p r e s e n t s  a mean v a l u e  o f  d i f f e r e n c e s  of  

t h e  r e f r a c t i v e  i ndex  depends on t h e  magnitude o f  t h e  e lements  of 

t u rbu lence  and on t h e  d i s t a n c e  between t h e  obse rva t ion -po in t s .  

However, h o r i z o n t a l  and v e r t i c a l  r e f r a c t i v e  i ndex  g r a d i e n t s  i n s e r t  

i n  bo th  f u n c t i o n a l  v a l u e s ,  caus ing  an a l t e r n a t i o n  of  t h e  speed  and 

d i r e c t i o n  of  t h e  p a r a l l e l  l i g h t .  I n  many works t h e  behaviour  of Cn 

were confirmed by o t h e r  au tho r s .  I n  [CLIFFORD 19761 some examples 

of t h e  r e a c t i o n s  of t h e  s t r u c t u r e  c o n s t a n t  are mentioned. Fol lowing 

t h i s  l o w  va lues  a r e  r e c e i v e d  i n  t h e  morning w h i l e  t h e  maximum is  

reached i n  t h e  a f t e rnoon .  Then t h e  ground g i v e s  t h e  warmth r e c e i v e d  

d u r i n g  t h e  day t o  t h e  a i r - l a y e r s  n e a r  t h e  ground. A minimum comes 

aga in  a t  s u n s e t .  

Within t h e  Engl ish-speaking p a r t  of t h e  world t h e  bubbles  i n  which 

t h e  r e f r a c t i v e  index  v a r i e s  from t h e  average  v a l u e  are a l s o  called 

EDDIES. T h e i r  e f f e c t  can be shawn roughly by t h e  f o l l o w i n g  d i v i s i o n .  

233 



Elements of  t u r b u l e n c e  w i t h  medium diameter l. i n  which t h e  refrac- 

t i v e  i ndex  can  r e a c h  d i f f e r e n t  v a l u e s ,  too, are r ega rded .  

Fall C 
0 = I, 

Fig .  1:  E f f e c t  o f  t h e  e l emen t s  o f  t u r b u l e n c e  on t h e  p r o p a g a t i o n  of  
laser beams 

D = d iame te r  of beam 

1 = d i a m e t e r  of an e lement  of t u r b u l e n c e  
0 

I n  c a s e  A t h e  d i a m e t e r  D of  t h e  beam is v e r y  l a r g e  i n  r e l a t i o n  t o  

t h e  d i a m e t e r  of an e lement  o f  t u r b u l e n c e .  Each e lement  e x e r c i s e s  an 

i n f l u e n c e  on a p a r t i a l  bundle  and c a u s e s  a broaden ing  of beams, a 

s p l i t t i n g  of  beams a s  w e l l  a s  f l u c t u a t i o n s  of phase s  and amp l i t udes .  

I n  case B t h e  whole beam i s d e f l e c t e d ,  t h e d i s t r i b u t i o n  of i n t e n s i t y  

ove r  t h e  c r o s s - c u t  of r a d i a t i o n  remains c o n s t a n t  w h i l e  i n  case C 

t h e  beam is  bundled l i k e  by a l e n s e  or widened,  d e f l e c t e d  o r  d e f o r -  

med. I n  t h e  real atmosphere t h i s  s e p a r a t i o n  i s  n o t  p o s s i b l e ,  how- 

e v e r .  There  a l l  s i z e s  a r e  found a s  w e l l  i n  h o r i z o n t a l  as i n  vert i-  
cal  d i r e c t i o n  o f  p ropaga t i on .  However, t h e  effect a l s o  depends on 

t h e  s i t u a t i o n  o f  t h e  e lements  of  t u r b u l e n c e  i n  r e l a t i o n  t o  s o u r c e  

and r e c e i v e r .  A s  a l r e a d y  mentioned t h e  o t h e r  me te r eo log i c  parame- 

ters e x e r c i s e  a more o r  less l a r g e  i n f l u e n c e  on t h e  s c i n t i l l a t i o n -  

behav io r  o f  a l a s e r  beam, whereby a l l  q u a n t i t i e s  have  t o  be r e g a r -  

ded as f u n c t i o n s  o f  space  and t i m e .  Here o n l y  s o l a r  r a d i a t i o n ,  

v e l o c i t y  and t h e  g r ade  o f  c l o u d i n g  s h a l l  be mentioned. Concern ing  



t h e  i n s t r u m e n t a l  c o n d i t i o n s  t o  measure phenomena of s c i n t i l l a t i o n  

many exper iments  w e r e  done. However, g e n e r a l  methods of o n l y  l i t t l e  

common cur rency  w e r e  deduced. But t h e  opening o f  t h e  r e c e i v e r -  

system should n o t  b e  too s m a l l  a cco rd ing  t o  [ F R I E D  19671 about  

10 c m .  [HODARA 19661 mentions an e s t i m a t i o n  of t h e  mean e l e v a t i o n  

d e v i a t i o n ,  t o o ,  

lJ 
0 

which [HOLTZ 19681 conve r t s  t o  va lues  of t h e  beam-displacements i n  
t h e  d i s t a n c e  L from t h e  sou rce ,  

by which A r E  g i v e s  t h e  d i s t a n c e  between t h e  a x i s s e s  o f  t h e  d i s t u r -  

bed and t h e  und i s tu rbed  s i g n a l .  

3. Source ,  r e c e i v e r ,  t e s t - r a n g e s  

I n  t h i s  paragraph some d a t e s .  about  t h e  Hanover tests are r e p o r t e d .  

A modulatable  He-Ne-laser of t h e  f i r m  of LICONIX s e r v e s  as source :  

wavelength : 632,8 nm 

power: 5 mW 

beam d iameter :  1,O mm 
beam d ivergenze  : 0 , 8  mrad ^= 50 mgon 

coherence leng th :  20 c m  

modulation : 1 kHz 

The t e l e scope - sys  tern d e s c r i b e d  i n  [GLISSMANN 1976 1 s e r v e s  as re- 

c e i v e r ,  h e r e  w i t h  a f o c a l  l e n g t h  o f  6 ,8  m. An i r o n  t u b e  c o n t a i n s  

a Cassegrain-system. A p o s i t i o n - s e n s i n g  p h o t o d e t e c t o r  is i n  t h e  

f o c a l  p lane .  

S r e l a t i v e  a p e r t u r e  of t h e  te lesco2e-sys tem M: 

f o c a l  d i s t a n c e  f e s  6 , 8  m 
M = - - = 62 

diameter of pr imary m i r r o r  0 ,11 m 



~ f t e r  an e l e c t r o n i c  t r e a t m e n t  of t h e  s i g n a l s  f rom t h e  detector t h e  

t o t a l  i n t e n s i t y ,  t h e  h o r i z o n t a l  and t h e  v e r t i c a l  p o s i t i o n  of t h e  

r e c e i v e d  laser-beam and  a s i g n a l  of 5 0  c p s  as a marking of t i m e  a r e  re- 

g i s t r a t e d  on f o u r  t r a c k s  o f  an a n a l o g  t a p e  r e c o r d e r .  The d i g i t a l i -  

z a t i o n  f o r  t h e  e x p l o i t a t i o n  w i t h  a computer  i s  done a t  t h e  Bundes- 

a n s t a l t  f u r  Geowissenschaf ten  a t  Hanover , a t  256 datas p e r  second  

and p e r  channe l  what  co r r e sponds  'to a Nyqu i s t f r equency  of 125 c p s .  

However, t h e  f i l t e r  o f  t h e  r e c e i v e r - s e t  a l l o w s  a r e s o l v i n g  up t o  

90  c p s .  I l l u s t r a t i o n s  4 and 5 show measurements on a 2 km l o n g  

t e s t - r a n g e  r o u g h l y  r u n n i n g  i n  e a s t - w e s t  d i r e c t i o n .  Thereby t h e  

laser-beam p r o p a g a t e s  i n  a h e i g h t  o f  abou t  2 m above t h e  ground.  The 

s o u r c e  i s  on a v e r y  heavy wooden t r i p o d  s t a n d i n g  on i r o n  t u b e s  of 

abou t  0.75 m l e n g t h  t h a t  are d r i v e n  i n t o  t h e  ground.  The r e c e i v e r  

s t a n d s  on  a b r i c k  p i l l a r .  unshakeab le  as w e l l .  I n  c o n t r a r y  t o  t h e  

s h o r t  t e s t - r a n g e  above t h e  ground of t h e  22 km l o n g  r a n g e  from t h e  

Nordmannsturm ( D e i s t e r )  t o  t h e  Geoda t i s ches  I n s t i t u t  (Hanover) i s  

v e r y  unhornogeneous (see f i g .  2 )  . 

Fig .  2: Prof i le  of  t h e  t e s t - r a n g e  Deister - Hanover 

The d i s t a n c e  between t h e  beam and t h e  t r e e - t o p s .  r e s p e c t i v e l y  t h e  

ground,  is from 10 (sl = 1 , s  km d i s t a n c e  f rom s o u r c e )  up t o  230 m 

S = 5 . 4  km d i s t a n c e  from s o u r c e ) .  Now t h e  v a l u e s  o f  some o f  
t h e  pa r ame te r s  ment ioned i n  c h a p t e r  2 f o r  t h e  described t e s t - r a n g e s  
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shall be Bummarized i n  t a b u l a r  f o r n  ( t a b .  1 ) .  According t o  t h i s  the 

e lements  o f  t u r b u l e n c e  have t o  be  c o n s i d e r & l y  l a r g e r  t h a n  0.4 m, if 

t h e  s t a t i s t i c  f i e l d  t o  be  f i g u r e d  cannot  be  d e s c r i b e d  by geome t r i c  

o p t i c  any l o n g e r .  The r a d i a l  d e f l e c t i o n  between t h e  d i s t u r b e d  and 
t h e  und i s tu rbed  laser-beam h a s  t o  be  expec ted  t o  be  about  0 , 3  m 

f o r  t h e  2 km-distance and 4 , 9  m f o r  t h e  22  km-distance - acco rd ing  

t o  t h e  t h e o r e t i c  s t a t e m e n t s .  

I value for out.. 
s c a l e  L- (W. f7bl 1 I ' l 

1 .  Roh:ircnxlSnne (01. (61 l 
coherence longth IEq. (61 ) 

2. Abschltxung fur 
L. fa. f?) )  

besmdlmeter In  the 
receiverplane l 

rab. 1 L#tlmetlona for sou psr .wtere  o f  turbulence for  the 
tw test-ranyes 

2-Lutestrange 

0 - 0 , l l  D 

h 9 2 =,Lo 9 0,67 D 

4.  - Rcqis t ra t j .on of t h e  p o s i t i o n  o f  t h e  Laser-beam 

22-km-tostrange 

L -  5 .4  km q - 0 0 w D  
L - 0 , o  km t - 0,31 l 
L - 22.0 *. 5 0137 1 

h m l 0  D L,, m 2 .0  

h . 9 2 3 0 ~  L o g J ~ 8 D  

The f i r s t  measurements on t h e  2 km long  t e s t - r a n g e  Vahrenheide were 
made every  f u l l  hour  between 1 and 8 p.m. on May 2gth 1976 f o r  f o u r  

minutes  each  t i m e .  The g e n e r a l  wea ther  c o n d i t i o n s  were marked by a 

s l i g h t ,  c loudy  h igh-pressure -a rea  e n c l o s i n g  r a i n  and thunder-showers.  

Indeed it remained d r y  d u r i n g  t h e  t i m e  o f  o b s e r v a t i o n .  Bes ides  t e m -  

p o r a r y  r a t h e r  s t r o n g  c l o u d i n g  t h e r e  were s h o r t  sunny p e r i o d s .  A t  

t h e  r e c e i v e r - s t a t i o n  dry- and wet- temperatures  were r e g i s t r a t e d  a t  

p o l e  i n  t h e  h e i g h t s  o f  1 .7 ,  3.7 and 5.7 m above t h e  ground a t  
i n t e r v a l s  of about  10 seconds .  The g r a d i s n t  of a i r  p r e s s u r e  was n o t  

measured. H e  c a l c u l a t e d  r e f r a c t i v e  v a l u e s  N, show a v a r i a t i o n  from 3 0 2 t o  
- 
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309 w i t h i n  6 minutes a t  2 p.m., wh i l e  a t  8 p.m., s h o r t l y  b e f o r e  

s u n s e t ,  t h e  va lues  w e r e  between 307 and 308. S i m i l a r  o b s e r v a t i o n s  

cannot b e  made f o r  wind v e l o c i t y ,  which is observed a t  6 m above 

t h e  ground. A t  2 p.m. t h e  va lues  w i t h i n  t h e  6 min . j long  t i m e  o f  ob- 

s e r v a t i o n  are between 2.0 and 6 .0  m / s ,  a t  8 p.m. s t i l l  between 1 , s  

and 5.0 m / s .  I l l u s t r a t i o n s  4 and 5 show p a r t s  o f  t h e  measurements 

of s c i n t i l l a t i o n  of  2.5 S each a t  2 p.m. and 8 p.m., t h e  uncor rec t ed  

va lues  a r e  shown. A comparison l e a d s  t o  t h e  fo l lowing  s t a t e m e n t  

f i r s t :  The maximum ampli tudes  of  t h e  o s c i l l a t i o n s  of p o s i t i o n  n e a r l y  

decrease  t o  h a l f  t h e  amount between t h e  t w o  d a t e s  of  o b s e r v a t i o n ,  

h o r i z o n t a l l y  from 14 mgon down t o  8 mgon, v e r t i c a l l y  from 11 mgon 

down t o  7 mgon. A dec rease  i n  t u r b u l e n c e  can be r ead  o f f  t h e  re- 
f r a c t i v e  va lues  o f  f i g .  3,  t o o .  

b )  ---------W---- 22 km-test-range 

For t h e s e s  exper iments  t h e  laser w a s  on a heavy wooden t r i p o d  on 

t o p  o f  t h e  Nordmannsturm i n  t h e  Deister h i l l s .  The r e c e i v e r - t e l e s -  

cope was f i x e d  on an i r o n  t r i p o d  on t h e  t o p  of  t h e  Geodat isches  

I n s t i t u t .  The weather  c o n d i t i o n s  f o r  t h i s  exper iment  on August 5 
th 

1976 were marked by s h o r t  c l e a r i n g  ups w i t h  very  i n t e n s i v e  sunsh ine  

and, bes ides  t h a t ,  by very  heavy r a i n  and showers of h a i l .  The ob- 

s e r v a t i o n s  were made w i t h i n  a p e r i o d ,  when a shower p a s s e s  t rough  

from west  t o  e a s t  about  i n  t h e  middle of t h e  range.  However, s o u r c e  

and r e c e i v e r  remain dry .  For some minutes t h e  s i g n a l  i n t e r r u p t s  
complete ly ,  n e i t h e r  c o n t i n u e s  t h e  v i s i b l e  c o n t a c t  between t h e  two 

s t a t i o n s .  A f t e r  t h e  shower passed t rough  t h e  r e g i s t a t i o n  is con- 

t i nued .  A c u t  of about 3.5 s of  t h i s  i s  shown i n  f i g .  6. Hereby t h e  

maximum o s c i l l a t i o n s  i n  v e r t i c a l  and h o r i z o n t a l  d i r e c t i o n  are n e a r  

6 mgon and l a y  i n  t h e  sun.  ble tereologic  d a t e s  were n o t  found, for 

t h e i r  importance would have been n e g l i g i b l e  i n  comparison t o  t h e  

2 km-range. 
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Abb. 3: Brechungsindex NL i n  verschiedenen HOhen und 

Windgeschwindigkeitr 29.5.1976, 1 lh und 2ohe 
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F i g .  3: Refract ive  index NL i n  d i f f e r e n t  h e i g h t s  and 

t h e  wind-velocity:  >lay 2gth 1976, 2 p.m. 
and 8 p.m., Vahrenheide tes t -range  



Abb. 4: Schwankungen e i n e s  Laserstrahls  i n f o l g e  
h 

turbulenter Atmosphare: 29.5.1976,  14 , 
2 km - Tests trecke  

F ig .  4: O s c i l l a t i o n  of a laser-beam due to turbulent  

atmosphere: May 2gth 1976, 2 p.m., 

2 km - test-range 
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Abb. 5: Schwankungen e i n e s  Laserstrahls  i n f o l g e  turbulenter 
h Atmosphlre: 29. 5.  1976, 20 , 2 km-Teststrecke 

F ig .  5: O s c i l l a t i o n s  of a laser-beam due to turbulent  atrnos- 

phere: May 29- 1976, 8 p.rn., 2 km-testrange 
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Abb. 6:  Schwankungen e ines  Laserstrahls infolge 
h turbulenter Atmosphtlre: 5.8.1976, 14 10 mint 

22 km - Teststrecke 

Fig. 6:  Oscillationsof a laser-beam due t o  turbulent 
atmosphere: August sth 1976, 2 p .a . ,  
22 km - test-range 
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Discussion (paper 20) 

Q. You have repor ted  about the  devia t ion of the  d i r e c t i o n  

of the  laser-beam perpendicular t o  the  d i r e c t i o n .  

For me i t  i s  of i n t e r e s t  to  know the  v a r i a t i o n  of the  

o p t i c a l  path,  the  i n t e g r a l  of the  r e f r a c t i v e  index and 

ds ;  and the  dependence of the  time o r  with o t h e r  words, 

the  fluctuation-spectrum of the  d i s t ance  between 2 points .  

Can you g i v e  me any information o r  perhaps anyone e l s e  

i n  t h i s  room. 

A. What we  d id  i s  t o  determine the  f l u c t u a t i o n  of the  l a s e r  

on the  a x i s  of the  de tec to r .  We looked f o r  t h e  v a r i a t i o n s  

i n  the  angle and not  i n  the  d is tance .  

Q. Have you any idea  what t o  do with these measurements. 

Are you t ry ing  t o  do more measurements i n  o t h e r  regions ,  

and c o r r e l a t e  with o the r  th ings  ? 

A. We t r i e d  t o  f i n d  the  frequency spectrum within  t h e  

time of a  few minutes. 



EXPERIMENTAL D E T E R M I N A T I O N  OF THE COEFFICIENTS OF REFRACTION FROM HEAT FLUX 
MEASUREMENTS 

F.K. Brunner, Department of Geodesy, The University of New South Wales, 
Sydney, Australia 

ABSTRACT 

The uncertainty associated with the determination of ve r t i ca l  refract ion 
is s t i l l  the l imit ing fac tor  i n  the precision a t ta inable  with 
trigonometric level l ing.  The atmospheric temperature gradient is  the 
v i t a l  component i n  the calculation of the  coeff ic ient  of refract ion.  
A re la t ionship between heat f lux and the temperature gradient ,  based 
on the  energy balance a t  t h e  ea r th ' s  surface has been established in 
the l i t e r a tu re .  

In  order t o  study the  nature and prediction of the refract ion 
coeff ic ients ,  a f i e l d  experiment was s e t  up. A 480 m t es t - l ine  was 
established on a grassy slope i n  Berry, NSW, Australia. Reciprocal 
refract ion coeff ic ients  were determined by zenith distance observations 
a s  well a s  v ia  the  heat f lux approach, a t  every 15 minutes during the 
time period 0600 t o  1900 hours. Values of heat f lux were determined 
by d i rec t  measurements of net  radiation,  heat  f lux  i n t o  the  ground, bnd 
through application of the combination method. The measured coeff ic ients  
of refract ion show high numerical values, with a range of +1.5 t o  -0.8. 
The correla t ion coeff ic ient  between the values determined independently 
by the two d i f fe ren t  methods i s  found t o  be 0.88. It is shown t h a t  
t he  p ro f i l e  of the  l i n e  is essen t ia l  i n  the determination of the  
absolute values of individual refract ion coeff ic ients ,  and t h a t  the 
sun/shadow conditions a t  t h e  observation s t a t i on  play an important ro le  
i n  the  modelling of refract ion coeff ic ients .  

The r e su l t s  presented encourage fur ther  t e s t i ng  of the  heat f lux 
method for  the determination of refract ion coeff ic ients ,  and these 
t e s t s  should now be extended t o  longer l i n e s  of s igh t .  

1 .  l NTRODUCT ION 

1 . 1  Aims of the Investigation 

There a re  advantages i n  replacing s p i r i t  level l ing by the  more economical 
trigonometric level l ing,  where t he  l i nes  of s igh t  may be both incl ined 
and much longer (> 400 m ) ,  depending on the topography. However, the 
e f fec t s  of atmospheric refract ion over longer l i n e s  of s igh t  reduce 
the precision of trigonometric levell ing.  Consequently, it is 
appropriate t h a t  research should concentrate on the determination of 
t he  ve r t i ca l  refract ion i n  trigonometric level l ing.  



The gradient of temperature is the  key fac tor  i n  the calculation of the 
coefficient of refraction. To date,  the representative measurement of 
the gradient of temperature using temperature sensors has met with 
limited success i n  geodetic applications,  especially because of the 
turbulent character of the  atmosphere close t o  the ground. The use 
of the relat ionship between heat f lux and the temperature gradient, 
which was established by micrometeorologists [g], [10], [12], [14], 
has therefore been proposed. The heat f lux  can be calculated by the 
combination method using the measurements of net radiation, heat f lux 
in to  the  ground, water vapour pressure, a i r  pressure, mean wind speed 
and mean a i r  temperature. These parameters show smaller f luctuations 
than the  measured temperature gradients, and the gradients derived by 
t h i s  method are  therefore expected t o  be more representative for  the 
refract ion of the l i gh t  path. 

A theore t ica l  discussion of t he  heat f lux approach as a method fo r  
the  determination of the  coeff ic ient  of refract ion has been given i n  
the l i t e r a t u r e  [ l  2 In  the present paper, modifications t o  t h i s  
method are  discussed and experimental t e s t  measurements are  reported 
and analysed. The l i n e  over which the  experimental measurements were 
taken was reasonably shor t  (500 m ) ,  with the underlying vegetation 
d is t r ibu t ion  being homogenous over the prof i le .  In order t o  l i m i t  
uncertainties which accompany empirical formulae, most of the  
required meteorological parameters have been measured direct ly .  

1.2 Trigonometric Levelling 

The height differences between two points A and B, A H ~ ,  can be calculated 
from observations of the  zenith distance ~ A B  and the slope distance 
S by the formula [4]: 

- 1 A H ~  = S cos zAB + + (S s in  zAB12 r (1 - km) 

where r is the radius of the spheroidal section i n  the azimuth A t o  
B, and kAB the  refract ion coeff ic ient  fo r  the l i ne  of s igh t  A to B. 
The e f f ec t  of t he  deviation of the v e r t i c a l  on the height differences 
which a re  determined by measuring zenith distances and slope distances 
may be neglected fo r  the  present investigation, according t o  the  previous 
work of the author, [4], 151. The refract ion coeff ic ient  kAB i n  Eq. (1) 
is -def ined  as  the r a t i o  of the refract ion angle ABAB a t  the s ta t ion  A, 
t o  half of the centre angle of the spheroidal section: 

r (S s i n z  ) - l  
AB 

For reciprocal zenith distance observations the  mean height difference 

AHm is calculated from the formula, [4]: 
- 2 -1 
A H ~ ~  = *(COS - 'OS z~~ 

) - $ (S s i n  z 1 r Ak 
AB 

where Ak = (km - k 1 .  From t h i s  equation it is obvious t h a t  besides 
observation e r rors  opd i s t ance  and zenith distance,  the height 
difference w i l l  be affected by the  difference of t he  reciprocal refract ion 
coefficients.  Research should therefore concentrate on the  difference 
of reciprocal refract ion coeff ic ients  Ak rather  than on the absolute 
values of k. Investigations should also be extended t o  determining 
the allowable time differences between the reciprocal zenith distance 
observations. This would fur ther  make organization of the trigonometrical 
l eve l l ing  operation eas ie r .  In seeking a f u l l e r  understanding of the 



behaviour o f  Ak, t h e  inves t iga t ion  of the  individual  r e f r a c t i o n  
coef f i c ien t s  appears t o  be t h e  appropriate s t a r t i n g  point .  

In the  following sec t ions ,  de r iva t ions  a r e  c a r r i e d  o u t  f o r  t h e  
d i rec t ion  AB only,  and s i m i l a r  equations f o r  BA may be found by simple 
s u b s t i t u t i o n  o f  t h e  appropr ia te  values. Throughout t h i s  paper p r e s s w e  
is taken i n  m b ,  b u t  a l l  o t h e r  q u a n t i t i e s  a r e  expressed i n  SI  un i t s .  

2. DETERMINATION OF REFRACTION COEFFICIENTS 

2 .1  Geometrical Method 

The individual  r e f r a c t i o n  c o e f f i c i e n t  km can be determined by a 
geometrical method, i f  i n  addi t ion  t o  t h e  zen i th  d is tance  zAB and 
t h e  slope dis tance  S, t h e  ( t rue )  height  d i f ference  has a l s o  
been measured, f o r  example by s p i r i t  l eve l l ing .  From Eq.( l )  it follows 
t h a t :  

The mean r e f r a c t i o n  c o e f f i c i e n t  can be determined without knowing 
A [6], b u t  t h i s  aspect  w i l l  not be d e a l t  with i n  t h e  present  
CO%LXt. 

2 .2  Meteorological Method 

An expression f o r  t h e  r e f r a c t i o n  angle ABAB, based on t h e  so lu t ion  of 
t h e  e ikonal  equation f o r  geometrical o p t l c s  by MOFUTZ [ll], has been 
given i n  [7]: 

S 
dN ABAB = - s - ~  s i n  z I (S - X) d~ 

AB 0 

where (dN/dh) is t h e  v e r t i c a l  gradient  of the  r e f r a c t i v i t y  (NI of 
l i g h t  waves, and X an in tegra t ion  va r iab le ,  s e e  Fig. 1. I t  should 
be noted, t h a t  t h e  in tegra t ion  i n  ~ q .  (5) is c a r r i e d  ou t  along t h e  chord. 
Using t h e  formula of BARRELL and SEARS, t h e  g rad ien t  of r e f r a c t i v i t y  
can be derived a s  [7]: 

where p i s  t h e  a i r  pressure ,  T the  a i r  temperature (H)  , and (dT/dh) 
is the  v e r t i c a l  g rad ien t  of  temperature. In  the  der ivat ion of Eq.(6) ,  
t h e  e f f e c t  of t h e  water vapour pressure  gradient  on t h e  curvature of 

188 :H at* (U -- 
length lal 

Fig. 1: Geometry o f  t r igonometrical  l e v e l l i n g ,  and ground p r o f i l e  of 
t h e  l i n e  of the  experiment. 24 7 



l i g h t  waves has been considered i n s ign i f i c an t .  However, t h i s  
assumption is  only v a l i d  f o r  l i g h t  rays  a t  heights  more than one metre 
above t he  ground, which i s  generally the case f o r  ordinary theodol i te  
observations. 

Subst i tu t ion of Eq. (6) i n t o  Eq. ( 5 ) ,  and then i n t o  Eq. (2) y ie lds  t he  
required value of k '  from meteorological measurements, considering 
p and T constant  $?ong the l i g h t  path: 

where r has been taken a s  6.37-106 m. For the  p r a c t i c a l  app l ica t ion  
of Eq.(7),  t he  determination of (dT/dh) has t o  be r e s t r i c t e d  t o  t he  
terminals only,  and hence (dT/dh) a long t he  chord w i l l  be predic ted 
from the  terminal  values. 

I t  has been shown [3], 1121 t h a t  the  po t en t i a l  temperature g rad ien t  
c lose  t o  t h e  ground can be expressed by the equation: 

where, a i s  t h e  po t en t i a l  temperature g rad ien t  a t  l m height ,  and 
B an exponent which changes w i t h  atmospheric s t a b i l i t y .  

The po t en t i a l  temperature is calcula ted from the  w e l l  known equation: 

and t he  re la t ionsh ip  between (de/dh) and (dT/dh) is then given t o  
s u f f i c i e n t  accuracy by: 

where r is  the  ad iaba t ic  lapse  r a t e ,  0.00977 ~ m - l .  
1 

I f  the p o t e n t i a l  temperature gradient  a t  l m height  has been derived 
a t  t he  s t a t i o n  A a s  a and is assumed constant f o r  the l i n e  AB, then 

A * 
Eq. (7) can be rewri t ten:  

For t h e  measured p r o f i l e  of a l i n e  of s i gh t ,  and f o r  a known exponent 
B,  t h e  in tegra t ion  i n  Eq . ( l l )  can e a s i l y  be c a r r i e d  ou t  by numerical 
in tegra t ion  methods. (The value of B w i l l  be discussed i n  t he  next  
s ec t i on ) .  Introducing the equivalent  height  

S h~~ : 
Y 

h A ~  
= [ 2 ~ - ~  I hB (S-X)&] B 

0 

y i e ld s  t h e  f i n a l  form f o r  the  r e f r ac t i on  coe f f i c i en t  k h  : 

3.  EVALUATION OF (de/dh) FROM HEAT FLUX MEASUREMENTS 

3 . 1  General Remarks 

A determination of (dT/dh) can be made by measuring e i t h e r  temperatur 
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or  temperature di f ferences  a t  a few leve ls  on meteorological masts. Xn 
geodetic l i t e r a t u r e ,  a i r  temperature di f ferences  between two points ,  
ve r t i ca l l y  separated by a small distance , a r e  of ten  referred t o  a s  ' 

temperature gradients. More r e l i ab l e  est imates of (dT/dh) can be 
derived from multi- level  temperature recordings. This i s  the common 
pract ice  i n  meteorology. However, because of the  e f f ec t s  of 
f luctuat ions  i n  small-scale atmospheric turbulence, representative 
mean temperature gradients can only be derived from measurements close 
t o  the ground when recordings a r e  in tegrated over a few minutes. 
Turbulent f luctuat ions  can reach applitudes of 2K , during unstable 
atmospheric conditions. 

3.2 Formulae for  t h e  Evaluation of (de/dh) 

An a l t e rna t ive  way f o r  t he  evaluation of (de/dh), using the sensible  
heat  f l ux  through the atmosphere, has been proposed by ANGUS-LEPPAN 
and WEBB i n  [2]. It is  thought t h a t  the  sensible  heat  f lux ,  which 
is  sub jec t  t o  l e s s  f luctuat ion,  w i l l  y ie ld  more representative mean 
po t en t i a l  temperature gradients.  

Turbulent t r ans fe r  of sensible  heat  H (heat f lux)  forms one c o ~ 0 n e n t  
of the  energy balanck equation [g], (131 which cqp be given i n  the 
form: 

where R is  the net  radia t ion;  G the heat  f l ux  i n t o  the  ground; and 
XE is  the  l a t e n t  heat  f l ux  of evaporation o r  condensation, X being 
the l a t e n t  heat  of t h i s  change of phase. The determination of (R - G) 
values has been proposed [2] from empirical formulae using qua l i t a t i ve  
observations of prevai l ing weather conditions, cloud type, surface 
mater ia l ,  vegetation, s o i l  type and moisture. For the  present 
invest igat ion,  the  values of (R - G )  were measured d i r ec t l y  using 

1 commercially avai lable  ne t  radiometers and heat  f lux  p la tes .  The 

d i r ec t  measurement was chosen i n  order t o  el iminate inaccuracies of the  
input data  fo r  t he  heat  f lux  approach. The pr inc ip les  of measurement 
of evaporation E have been extensively discussed i n  l i t e r a t u r e  [131, 

l Clsl. 

Of t he  many methods employed, t he  so-called'combination method' appears 
t o  be most su i tab le  i n  the  evaluation of Eq.(14). The heat  f lux H may 
then be expressed as: 

where y is the  psychrometric constant (y = cp/X) ; 
C~ 

the spec i f i c  
heat  a t  constant pressure; S the gradient of sa tura t ion  spec i f i c  humidity - 
with temperature; P the  density of a i r ;  U the  mean wind speed a t  
height z ;  D and D, the wet-bulb depressions a t  height z and a t  
the  surface,  respectively;  and a non-dimensional bulk aerodynamic 
coeff ic ient .  The combination method i s  vulnerable t o  an inadequate 
knowledge of the  appropriate value of n fo r  a pa r t i cu l a r  surface. rl 
is  a function of both surface roughness and thermal s t a b i l i t y  and values 
given t o  date  [l] appear t o  be only ten ta t ive .  The major advantage of 
the  combination method i n  the prediction of evaporation, is the f a c t  



t h a t  Eq.(15) is defined i n  terms of standard meteorological data only. 
In  geodetic fieldwork, measurementsof dry- and wet-bulb temperature 
a re  generally made with aspirated psychrometers, and wind speed 
measurements can eas i ly  be carr ied out  using cup anemometers. 

~ormulae f o r  the  ve r t i ca l  gradient of po ten t ia l  temperature (do/&) 
have been derived from the t ransfer  equation of turbulent heat  f lux 
[l23 : 

where K H  i s  the  eddy t ransfer  coeff ic ient  f o r  sensible heat. 

These formulae take d i f fe ren t  forms f o r  d i f fe ren t  (neutral ,  unstable, 
s tab le )  s t a b i l i t y  regimes and a re  a l so  height dependent, WEBB [15]. 
The present experiment has been spec i f ica l ly  designed such t h a t  only 
a few of these formulae a re  t o  be applied. By l imit ing the zenith 
distance observations t o  usual daylight observation times and keeping 
the ray path between 1 t o  10 m above the  ground, only formulae 
relevant t o  unstable and neutral  s t a b i l i t y  conditions a re  required. 
For the  unstable period, the  ray path can be assumed t o  be fu l ly  
within the middle region (Region 11) of the turbulent regime, WEBB [l41 , 
[15], 181. S t a b i l i t y  regimes are  iden t i f ied  i n  the present invest igat ion 
by use of the  sensible  heat f lux  value, H. I f  H assumes e i the r  very 
small pos i t ive  o r  negative values, near-neutral conditions a re  indicated. 
Unstable conditions a re  iden t i f ied  by a posi t ive  (upward) heat  flux. 

For region I1 of the  unstable regime WEBB [l51 has given an expression 
which y ie lds  values of the  parameters a and of Eq.(8), appropriate 
when H > 0 : 

where g is the acceleration due t o  gravity. It is important t o  note 
t h a t  fo r  unstable conditions the gradient (do/&) is not dependent 
on the wind speed, see Eq.(17), a s  the sensible heat f lux  H plays 
the  governing role .  

During neutral  conditions the gradient of po ten t ia l  temperature is 
dependent on the wind's shearing s t r e s s ,  and sensible heat flux. An 
expression f o r  (dvdh)  has been derived from dimensional analysis 
of wind and temperature prof i les  during adiabatic conditions [ 121 . For 
neut ra l  s t r a t i f i c a t i o n  (H & 0) , the parameters a and p can be 
expressed as: 

where U, is  the  f r i c t i o n  velocity;  and K von Karman's constant, 
with numerical value 0.4. 

The f r i c t i o n  velocity U, is a reference velocity,  which characterises 
the par t icu la r  turbulent regime. The magnitude of U, i s  dependent 
on the wind's shearing s t r e s s  and on a i r  density. U, can be calculated 
fo r  neutral  conditions from the  well-known logarithmic wind p ro f i l e  [l21 : 

- I 
U, = U K/ln (z/zO) (19) 

- 
where U is  the  mean wind speed measured a t  height z ,  and & 
the  roughness length. The value of the  roughness length zo corresponding 



t o  various n a t u r a l  su r faces  can be es t imated  with s u f f i c i e n t  accuracy 
from tables [12], o r  read  from graphs [14]. A t  the roughness length  
z,, t he  value of  C ,  according t o  Eq.(19) becomes zero. For surfaces  

whose c h a r a c t e r i s t i c s  do n o t  a l t e r  markedly with changing wind speed, 
z0 may be considered a s  more o r  less a constant  surface  property [13]. 

4. F I E L D  EXPERIMENT 

4 .1  Measurements 

The s i t e  of  t h e  experiment was a t  Berry, NSW, Aus t ra l i a .  The test  l i n e  
runs north-south on a west-facing slope w i t h  smooth topography and 
reasonably homogenous g r a s s  vegetat ion.  The measurements were c a r r i e d  
o u t  on February 9, 1977 which was t h e  f i r s t  day of f i n e  weather a f t e r  
seve ra l  days of  r a i n .  

The ground prof i le  of t h e  test l i n e  AB, shown i n  Fig.1,  was determined 
t o  s u f f i c i e n t  accuracy i n  o rde r  t o  evaluate  t h e  equivalent  he igh t s  f o r  
each terminal .  The height difference was determined by l e v e l l i n g  
between t h e  two terminal  reference  marks with an automatic l e v e l  Z e i s s  
N i l  and invar  s t a f f s ,  using l i n e s  of  s i g h t  l i m i t e d  t o  15 m i n  o rde r  t o  
e l imina te  r e f r a c t i o n  e r r o r s .  From these  measurements t h e  he igh t  
d i f f e rence  between t h e  transit axes of  the theodo l i t e s  a t  A and B was 
derived a s  24.0775 m, with an est imated p rec i s ion  of 0.5 mm. The slope 
distance between A and B was measured a t  t h r e e  d i f f e r e n t  times w i t h  a 
H P  3805 Distance Meter. A va lue  of 479.446 m was obtained a f t e r  
co r rec t ion  f o r  atmospheric e f f e c t s .  The p rec i s ion  of t h e  d i s t ance  can 
be es t imated  a t  5 mm. 

The fol lowing measurements and observations were c a r r i e d  o u t  a t  both 
terminals  between 0600 and 1900 hours Eastern Standard Time, s t a r t i n g  
a t  every 15 minutes. Simultaneous recipmcal zenith distances w e r e  
observed with Wild T2 theodo l i t e s  (automatic index) using t h e  three-wire 
method. These observat ions  were c a r r i e d  o u t  from t r ipods ,  set a t  
both s t a t i o n s  t o  an instrument he igh t  of 1.50 m. Specia l  s i g h t i n g  
t a r g e t s  were f i t t e d  t o  each t h e o d o l i t e  allowing f o r  simultaneous 
rec ip roca l  observations.  The p rec i s ion  of  t h e  mean zeni th  d i s t ance  
(three-wire method) has been es t imated  from a l l  observations a s  f0.9". 
Dry-and wet-bulb temperatures were measured by s p e c i a l l y  manufactured 
a s p i r a t e d  psychrometers with an e l e c t r o n i c  read-out system. The 
psychrometers w e r e  mounted on a small  mast a t  he igh t s  of 1.5, 3 and 
6 m above t h e  ground. The wet-bulb depression a t  the su r face  was 
measured wi th  a hand he ld  Assmann psychrometer. A i r  pressure was measured 
using mechanical barometers. Horizontul wind speed was measured w i t h  
a Rimco three-cup s e n s i t i v e  anemometer a t  t h e  1.5m l e v e l .  The 
revolut ions  w e r e  counted f o r  per iods  of  3 minutes. Net radiation 
was measured wi th  Swissteco n e t  radiometer S-l,  a t  1 m above t h e  
ground. Heat f l u x  i n to  the gmund was measured with Solar  Radiat ion 
s o i l  h e a t  f l u x  p l a t e s .  Three p l a t e s  w e r e  connected i n  series, and 
placed about 8 cm below t h e  n a t u r a l  surface .  CZoudiness was est imated 
i n  oktas.  The sun/shada, condition a t  each s t a t i o n  was a l s o  recorded 
by not ing  whether t h e  observation s t a t i o n  was s u b j e c t  t o  t h e  f u l l  
s t r eng th  of  t h e  sun 's  r a d i a t i o n ,  sub jec t  t o  v a r i a b l e  s t r e n g t h  r a d i a t i o n  
through pass ing clouds, o r  i n  t o t a l  shadow. 
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~ i g .  2: Refraction coeff ic ients  from zenith distance observations (k) ,  
values of heat  f l u  ( H ) ,  and derived refract ion coeff ic ients  
( k ' ) ,  cloudiness and sun/shadow, separated f o r  s t a t i o n  A and 
B, p lo t ted  against  time. 

4.2 Analysis 

A l l  calculations have been carr ied out separately f o r  the  direct ions  
AB and BA i n  order t o  study the behaviour of the individual refract ion 
coeff ic ients ,  and t o  f a c i l i t a t e  understanding of t he  causes of the  

difference between reciprocal values of k. 



Using the  observations d e s c r i b d  previously,  individual  re f rac t ion  

coef f i c ien t s  and k f o r  every 15 minutes have been derived,  
and a re  shown m Fig.2. !Re standard deviat ion of an individual  determination 
can be estimated a s  f0.13, applying the law of propagation of variances 
t o  Eq. (4) and using t h e  given numerical values. 

Using t h e  ground p r o f i l e ,  equivalent  heights have been calcula ted by 
the  nume:ical in tegra t ion  of Eq. (12). This y i e ld s  f o r  B = -l(-4/3) ,' 
hAB = 3.67(3.51), and hgA = 4.56(4.39). 

Values of hea t  f lux ,  shown i n  Fig.2, have been calcula ted using t he  
combination method described i n  sect ion 3.2. The bulk aerodynamic 
coe f f i c i en t  q has been evaluated as 0.0045 f o r  t h e  estimated 
roughness length z of 2 cm f o r  both s t a t i o n s ,  [l]. Values 

0 
f o r  neu t ra l  and unstable condit ions have been separated,  and 
appropriate formulae are employed f o r  the  calcula t ion of the  parameter 
a ,  Eqs.( l7,  18) .  Subsequently, t he  representa t ive  values of t he  
r e f r ac t i on  coef f i c ien t s  k '  and k b  shown i n  Fig.2, have been 
determined using t he  c a l c u f b e d  equivalent  heights.  Assuming a 5% 
e r r o r  i n  the  hea t  f l u x  determination, the  standard deviat ion of k '  
can be est imated from Eqs. (17,13) as f0.03,for average conditions 
of t h e  experiment. 

5. DISCUSSION 

The height  d i f ferences  computed from simultaneous reciprocal  zeni th  
d is tance  observations have been compared with the  ( t r ue )  value G 
obtained by s p i r i t  l eve l l ing .  The standard e r r o r  of a s i ng l e  heigk! 
determination can be estimated a s  f2.7 mm, and t he  maximum e r ro r  is  
found t o  be 6.6 mm. I f  t h e  measurements a r e  r e s t r i c t e d  t o  the  working 
period 090D t o  1700 hours t h e  standard e r r o r  of a s i ng l e  height  
determination would have been f1.9 mm, and the  maximum e r r o r  4.0 m. 
These r e s u l t s  again show the  v a l i d i t y  of tr igonometrical  l eve l l i ng  as 
a p rec i se  and accurate method f o r  height  d i f ference determinations [5]. 
From an ana lys i s  of t h e  va r ia t ions  of k with t i m e  and changing 
weather condit ions t he  conclusion can be drawn t h a t  f o r  changing 
weather condit ions rec ip roca l  zeni th  d is tances  must be measured 
simultaneously, bu t  f o r  h~mogenous weather condit ions (heavy overcas t  
o r  c l e a r  sky) a time di f ference of up t o  one hour between the  reciprocal  
measurements may be allowed, when observations a r e  r e s t r i c t e d  t o  0900 
t o  1700 hours. 

Although temperature g rad ien t s  have been evaluated from t h e  mast 
measurements, and subsequently used f o r  t h e  ca lcu la t ion  of r e f r ac t i on  
coef f i c ien t s ,  these  are not  presented and discussed here. These values 
show very l a rge  f luc tua t ions  and are therefore  considered a s  not 
representa t ive ,  which is i n  accordance with previous experience. 

The measured values of k determined by the  geometrical method show 
high numerical values with a range of +1.5 t o  -0.8, which a r e  i n  
agreement with those values of  k determined on a mountain slope i n  
a previous inves t iga t ion  [6].. The sho r t  term f luc tua t ions  of k can 
p a r t l y  be explained as a r e s u l t  of random observation e r r o r s  of t h e  
zeni th  d is tances ,  and p a r t l y  by the  changing sun/shadow condit ions a t  
t h e  terminal  S. 
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An inspection of t h e  graphs (Fig.2) of t h e  r e f r ac t i on  coef f i c ien t s  
determined by the  two independent methods, zeni th  d is tance  observations 
and hea t  f l u x  approach, show high para l l e l i sm between them. This 
becomes espec ia l ly  stunning when the observation s t a t i o n s  were i n  
shadow, j u s t  before 1400 hours. Both methods a l s o  showed s im i l a r  
r e s u l t s  when t h e  s e t t i n g  sun was hidden by a cloud bank f o r  4 hour, 
appeared f o r  t h e  1845 hour observations,  and f i n a l l y  set a t  1855 hours. 
A t  both s t a t i o n s  the reappearing sun rad ia t ion  i s  pe r f ec t l y  i l l u s t r a t e d  

by t he  increase  of t h e  hea t  f l ux  value and t h e  derived k '  values,  
a s  w e l l  a s  by those k values which a r e  derived from zenith d is tance  
observations. This sho r t  term var ia t ion  would not  have been modelled 
s u f f i c i e n t l y  i f  empirical  formulae r a the r  than the  d i r e c t  measurement 
o f  (R-G) had been used. 

Assuming t h e  r e f r ac t i on  coef f i c ien t s  k '  derived from hea t  f l ux  
measurements a s  e r r o r  f r e e ,  the  l i n e a r  regression with t he  observed 
k values can be calcula ted f o r  a l l  106 p a i r s  a s :  

I n  addi t ion,  the  cor re la t ion  coef f i c ien t  has been est imated a t  0.88. 
The r e l a t i v e l y  small i n t e r cep t  value of the  regression l i n e  shows the  
importance of ca lcu la t ing  t h e  cor rec t  equivalent  heights f o r  the  l i n e  
of s i gh t .  However, i n  Eq.(20) both the  in re rcep t  and the  slope of the 
regress ion l i n e  a r e  s i gn i f i c an t  values on a 5% s ignif icance level .  
This difference from the  hypothetical  regression (k = k ' )  appears 
t o  a r i s e  through the presence o f  model e r ro r s ;  f o r  example, the  
assumption of H and U, being invar ian t  with changing height  [10]. 
Fortunately,  f o r  t h e  di f ference of rec iprocal  r e f r ac t i on  coef f i c ien t s  
t h i s  f a c t  w i l l  have l i t t l e  bearing. 

The experimental r e s u l t s  of t h i s  inves t iga t ion  have c l ea r l y  shown t h a t  
the  der ivat ion of r e f r ac t i on  coef f i c ien t s  from hea t  f l ux  measurements 
is  an accurate  and p r a c t i c a l  method. This method is the re fore  w e l l  
s u i t e d  f o r  f u r t he r  research i n t o  t he  nature of the  di f ferences  between 
reciprocal  r e f rac t ion  coef f i c ien t s ,  and thej.+ predic t ion.  From this 
inves t iga t ion  it can be concluded t h a t  f o r  longer l i n e s  of  s i g h t  with 
assymetric p r o f i l e s ,  t he  equivalent  heights  f o r  each terminal  w i l l  
become increas ingly  important. Fuxthermoxe i.t has been shown t h a t  the  
sun/shadow condit ions a t  t h e  observatiori s t a t i o n  play an important 
r o l e  i n  the  modelling of r e f r ac t i on  coef f i c ien t s .  This e f f e c t  becomes 
immediately apparent when (R-G) is measured by sensors,  r a t h e r  than 
modelled by empirical  formulae. 

The present  paper has a l s o  shown t h a t  it i s  a p r a c t i c a l  p o s s i b i l i t y  t o  
determine hea t  f l u x  values from reciprocal  zeni th  d is tance  observations,  
when the  r o l e s  of r e f r ac t i on  coe f f i c i en t  and hea t  f l ux  a re  reversed. 
The advantage of t h i s  o p t i c a l  method is  twofold; it does not  require  
the  physical  presence of instruments i n  the  measurement area ,  and it 
y i e ld s  the  i n t e g r a l  value of t he  hea t  f l ux  over the  whole l i n e  of 
measurement. Evaluation of the  e f f e c t s  of water vapour pressure  
gradients  on l i g h t  path curvature,  and refinements t o  t he  p r o f i l e  
re la t ionsh ips  used i n  t h i s  method a r e  p resen t ly  under invest igat ion.  
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Discussion (paper 2 1 ) 

Q. Over the  kind of range, which you have been us ing,  

we used q u i t e  ex tens ive ly  the  system i n  which 

we p lace  a zoneplate i n  the  middle of the  range 

and a screen a t  the  o t h e r ;  and we observed the  image 

movements on t h a t  screen.  We genera l ly  found t h a t  the  

searching wi th  t h a t  kind of system i s  of a  higher 

p r e c i s i o n  than with the  theodo l i t e .  I f  you manage your 

t h r e e  components on t h r e e  s t a b l e  p i l l a r s ,  I wonder 

whether t h a t  kind of system would g ive  you more accura te  

measurements of the  e f f e c t i v e  K. 

A. I must say t h a t  I thought about using o t h e r  means than 

t h e o d o l i t e s  t o  measure t h e  geometrical  path of the  r e f r a c t i o n  

c o ~ f f i c i ~ n t ,  bu t  somehow, I could not  a t t r a c t  funds 

f o r  everyth ing and so  I had t o  go back t o  the  o ld  method 

of us ing t h e  theodo l i t e .  Maybe t h e  l a s t  a p p l i c a t i o n  where 

you want i t  anywhere. 

There i s  somebody i n  America us ing a s i m i l a r  method a s  

you j u s t  descr ibed t o  us  and they had q u i t e  good r e s u l t s  

too,  bu t  they had t o  apply t h e i r  t e s t s  on a s a l t  l a k e  

because they were r e a l l y  scared about the  topography. 

But a l s o  what I was worried about was a t  the  time we inves- 

t i g a t e d  t o  use  l a s e r s ,  we found out  t h a t  laser-beams a r e  not  

r e a l l y  a s  s t a b l e  a s  we want. 

Q. The system, which I descr ibed i s  no t  dependent on the  s t a b i l i t y  

po in t  of the  l a s e r s .  The l a s e r  simply a c t s  a s  a  po in t  scource and does 

not  have- t o  be s t a b l e .  

A.  Well, I should l i k e  t o  hear  more about t h a t .  

Q. Can you g ive  us an impression of the  c o s t  of t h e  a d d i t i o n a l  

equipment of your heat-f lux sensors  and of your n e t  radiometer .  

A. The ne t - rad ia t ion  instrument c o s t s  about 450,- d o l l a r s  (Aust ra l ian)  

I ' m  s u r e  the  one we used i s  t h e  b e s t  design a v a i l a b l e .  

The important p a r t  i s ,  t h a t  i f  you would use  it  during n igh t ,  during 

invers ion ,  where you have dew coming down, then you would a l s o  need 

an o u t e r  s h i e l d ,  so  t h a t  dew i s  no t  thrown on t o . t h e  windshield 

of the  sensor  and t h i s  i s  a l i t t l e  b i t  of a  head-ache, but we overcame 
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this problem then finally too. So, 450 dollars for the net-radiometer. 

The heat-flux plate costs you about 90 dollars. I found that was an 

increase of 20 dollars, when I decided to buy the net-radiometer at 

an other producer. He increased by 20 dollars then. 90 dollars 
each heat-flux plate, so you would have to reckon about 

600 dollars, because you have to put three in series to get 

a reasonable result. Otherwise you have just a spot- 

measurement and don't get anywhere. 

The heat-flux into the ground is the easiest path to the model 

and I think there is no trouble at all, because it is just 

one conduction equation which you have to solve. 

But it is also a very shall amount; SO YOU hav;? to reckon 
there for both stations about 600 dollars for 6 heat-flux 

plates and a windspeed meter,a good animomator is,quite 

expensive. You have to include a mechanical counter of 

about 350 dollars, maybe today already 360. 

Of course you in Australia are famous, you said that. And this 

is completely true, because already Bergstrand relied upon 

the meteorological conditions in Australia, when he should correct 

for his measurements in Sweden. Of course you are in a favourable 

position, because you can make all this measurements very easily, 

the conditions are very good. I know that Angus has dealt with such 

a topography as you have been dealing with, both over water-surfaces 

and over ice. Of course the heat-flux approach, is not so easy 

over water, but it is very important that we know the micro- 

meteorological conditions near the water-surfaces, because 

vertical angle-measurements will become very important 

when we shall make connections just from one island to-another 

island. 

Why I'm talking about that is that we are planning to go from 

the Swedish island to a Finnish island making vertical angle- 

measurements, correct them for refraction and make a levelling 

in this way. This is the only way we can do it and now I ask you, 

have you any experience in spite of the fact that you have been 

talking about the heatflux. It is just the question, where should 

I put my theodolite, my measuring instrument, shall I put it 



over land at an elevation as high as you practically can, say 

20 meters or something like that. That is, shall I go up at the 

island, put my theodolite there and the other island the same 

or shall T go very near the surface of the water, where the 

turbulence is most dangerous ? 

Is that at 10 m or is it very near the surface of the water ? 

Have you any experience of that, because we are planning such a 

measurement now this fall, and of course if I use the multi-wave 

met hod, in any case, I like to have stable conditions from 

the point of view of turbulence. Have you an experience of 

watersurfaces ? 

A, Well, you ask me a few questions and I have to say I have a 

few good news and a few bad news for you, but you should 

put this theodolite as high as possible at the surface. 

Q. Even from island to island ? 

A. I think so, that is confirmed by the good results prof. Hradilek 

gets with his measurements, because he uses a tower and then 

he gets, one refraction-coZfficignt per station. 

The higher the surface the better you are off. The other thing, 

which I have to say, I tend to disagree with you, when you say 

that all water is more difficult for the heat-flux approach, 

because, I don't think this is true: It is easier on the water 

and this is the good news. And it is easier on the water, because 

water is a homogeneous surface and has an almost homogeneous body 

and the evaporation is saturated at this surface and is equal 

to the potential one. If you have an ordinary salt-surface, 

the evaporation and the salt-saturation with water changes 

from place to place. That is quite obvious. So on the water 

you have a better situation for evaluation of the heat-flux. 

Q. But you must measure the heat-flux . 
._ 1 

A. Yes, 



Q. You need a lot of boats, simultaneous measurements with the other 

measurements. How do yau measure the heat-flux over the water- 

surface ? Well, your device, you have to distribute them in some 

way and you have to do it about the saiue time as your angle- 

measurements. 

A .  Well, I will admit that I haven't thought about using it over 

water, but I think one would have to shield the eut-going 

radiation from the surface. This can easily be done. 

Shield it completely and measure only the incoming radiation 

which will be the same ovar water and over the surfaces and 

combine it then with other equations, but I'm sorry I can't 

give you a complete iapteosion, 

Q. Your heat-flux approach is very interesting in pact; 

cal cases, because I can *tell you that mr. Kakuri has had practical 

experience from measurements from Finland to Oland. He told me," 

to put your theodoliw as near at the surface of the water as 

possible, because there is the most stable condition. Real tur- 

bulence begins some meters up. 

Q. In the tropics you find the air temperature changes very rapidly 

in the morning, and around the midday it reaches a constant. 

It is accepted down there that, if you do observations 

for trigonometrical heighting you get the best values 

around midday. 

I would expect you have a graph to show more or less a constant - 

value of the flux refraction - cogffici~nt. This is in 
accordance to the accepted procedure of carrying out 

an observation for trigonometrical heighting around midday. 

It is often seen that the refraction-coGfficignt 

is constant around that time, the midday. However probably 

from the observations, that you carried out, what would 

you suggest as the best time for carrying out this tri- 

gonometrical heighting, because you suggest between 9 and 

17.00 hrs. 

But we only accept around midday for any observation of 

trigonometrical heighting. 



A. I would be very careful to suggest anything from one 

experiment for a practical method, where you only want 

to have one constant. I would be very cautious to do that. 

So, if you look at the graph, you just mentioned, 

then you indeed see that the refraction c6efficiZnt between 

about 10 o'clock with the exception of the sun-shadow 

condition, till about 4 o'clock in the afternoon is a 

reasonable constant. Of course it is negative because it 

was about only three meter above the ground. And what 

you said about observation during the noon period, well 

that is a standard procedure not only in the tropics 

but also especially in central-europe., they use the zenith 

distance observations around noon. 



A REFRACTION MODEL FOR ELECTROOPTICAL RANGE FINDING IN THE MOUNTAINS 

W. Mendel, Graz, Austria 

I.  preliminary notes 

I ~ i : ; t a n c e  ln ! : a s~~r inc  by meaaa o f  l i g h t  o r  mic rowaves  i s  g a i n i n g  

i n c r c a s i n r :  jmpor t ance .  By u d n g  mociern c o n s t r u c t i o n  e l e m e n t o  

(in tcy;rat,all c i . r c u i  t o  e t c . )  t h e  r e q u i r e d  a p p a r a t u ~  i s  becoming + 

s m a l l e r  and  s m a l l - e r  ( a n d  more a n d  more r e d u c e d  i n  w e i g h t )  arid 

i t s  h a n d l i n t :  i s  q u i t e  u n p r o b l e m a t i c ;  n o  p r e v i o u ~  e l e c t r o n i c  

knowledge  i s  n e c e s s a r y  t o  o p e r a t e  t h e s e  a e a a u r i n g  i n s t r u m e n t s .  

E x p e n s i v e  p r o c e d u r e s  a r e  r e q u i r e d ,  however ,  f o r  t h e  m e t e o r o l o -  

e ; ica l  a n d  g ~ o t n e t r i c a l  reciuc t i n n  of t h e  r e f i u l t s  o f  measurement  

o b t a i n e d ,  p a r t i c u l . a r l y S i n  t h e  c a s e  o f  l o n g  d i s t a n c e s .  Meteoro-  

l o c i  c a l  reriuc t i o n  I s t h e  r e d u c t i o n  o f  measurcmcnt  r e s u 7 . t ~  ( t r a n s i t  

t i m e ,  rough  d i s t a n c e  a n d  t h e  l i k e )  t o  t h e  l e n g t h  o f  t h e  p a t h  

c u r v e .  

The b a s j c  e ~ u a t l o n  f o r  m s t o r o l o q j c a l  r e d u c t i o n  Jn a homogeneous 

medium is: 

' ; = V .  t 

s = l i n t a n c e  l e n g t h  

v  = v e l o c i t y  o f  s i g n a l .  

t. = t ,rrtnsi  t t i m e  o f  s i g n a l  

T h e r e f o r e ,  t,hc T o l l o w i n ~  r e l a t i o n  h o l d s  f o r  v: 

c = l i y h t  v e l o c i - t y  

n = q r c u o  r p f r a c t i v o  i n d c x  o f  a i r  

.?i.r.ce i.n t h ~  r r c l J i 1 1 1 n  "ai rtt t,he C ~ O ~ I D  r e  f r a ~  t i v e  i n d e x  c h a n g e s  

a l o n g  t h e  r;iprla.l p a t h  t h e  p a t h  c u r v c  l e n g t h  s must  be c a l c u l . a t e d  

U n f o r t u n a t ; ~ l y  .it i s  n o t  y e t .  p o s s i b l e  t.0 clat,c.rmine t h e  r e f r a c t i v e  

inf lex '  o f  a i r  d i r e c t l y  by s i m p l e  means ;  i t  m u s t  b e  c a l c u l a t e d  

from rnr--tec~.c? ln26:ical. mca:..ur-emen t o  by meal?s o f  cm?i.ri ca l .  f o r m u l a s .  



The r e f r a c t j  V C  i n d e x  o f  a i r  m a i n l y  depend6  on t h e  fo l l -owing  

p a r a m e t e r s :  

1 )  Wave l e n g t h  o f  l i g h t  ' 

2 )  l 'cmpera t u r e  

3) Atmospher i c  p r e s s u r w e  

4 )  ' p a r t i a l .  s t eam p r e s s u r e  

5 )  Compos i t ion  o f  t h e  a t m o s p h e r e  ( 0 2 ,  OS, N,Argon'  

He, e t c . )  

The p a r a r n ~ t ~ e r s  2-4 a r e  h i g h l y  v a r i a b l e  a n d  mus t  t h e r e f o r e  

be measured .  The wave l - eng th  o f  l . i g h t  u s e d  i s  i n d i c a t e d  by 

t h e  m a n u f a c t u r e r  o f  t h e  r a n g e  f i n d e r .  F o r  p a r a m e t e r  5 assump- 

t i o n s  i v i l l  b c  s u f f i c i e n t  b u t  a CO2 c o n t e n t  o f  0.03%, on which 

t h e  f o l l o w i n g  f o r m u l a s  a r e  b a s e d ,  w i l l  mos t  p r o b a b l y  b e  t o o  

low. A c c o r d i n g  t o  B a r e l l  a n d  s e a i s  t h e  f o l l o w i n g  e q u a t i o n  h o l d s  
f o r  t h e  a c t u a l  group r e f r a c t i v e  i n d e x  o f  a i r  ( s e e  1 5 1 ,  538) :  

A,B,C = c ~ n s t a n t s  

p  = a t m o s p h e r i c  p r e s s u r e  
0 T  = t e m p e r a t u r e  ( K) 

e = part ial  steaui . pressure . 

Among t h e  t h r e e  p a r a m e t e r s  o f  t h i s  e q u a t i o n ,  t h e  t e m p e r a t u r e  T 

and t h e  a t -mospher ic  p r e s s u r e  p  c a n  be measl i rcd d i - r e c t l y ,  t h e  

p a r t i a l  s t eam pressure e ,  however,  o n l y  i n d i r e c t l y  by m e a s u r i n g  

aux i1 in r .y  auan t , j . t i e s .  Hygromete r s  a n d  p s y c h r o m e t e r s  h a v e  g i v e n  

good p r a c t i c a l  r e s u l t s .  

The differential f o r m u l a  o f  Eq. ( 1 . 2 )  c a n  bc  u s e d  t o  e s t i m a t e  

t h e  i n f l u c n c e  o f  i n c o r r e c t  i n i t . i a 1  v a l u e s .  The  f o l l o w i n g  equa- 

t i o n  h o l d s  f o r  a mean wave l e n g t h  o f  0 Y)" t,empe;ature o f  loOc, 

a n  a t m o s p h e r i c  p r e s s u r e  o f  7 6 0  t .or r  a n d  a p a r t i a l  s t e a m  p r e s -  

s u r e  o f  5 I;orr: . 

The i n f l u e n c e  o f  t h e  a t m o s p h e r i c  p r e s s u r e  d p  i s  u n p r o b l e m a t i c ,  

i t  n e a r l y  h a s  a s t r i c t 1 , y  r e g u l a r  e f f e c t ,  and  s o " i t  i s  p o s s i b l e  



The r e f r a c t i v e  i n d e x  o f  a i r  m a i n l y  depend's on ' t h e  f o l l o w i n g  

parame t e r c :  e 

l ) - W a v e  l e n g t h  o f  l i g h t '  

2 )  T e ~ n p e r a t u r e  

3) Atmosphe r i c  p r e s s u r e '  

4 )  ' p a r t i a l  s t e a m  p r e s s u r e  
I 

5 )  C o m p o s i t i o n  o f  t h e  a t m o s p h e r e  (0 2 9  OJ9 N , A r g o n b  . 

CO2, He, e t c . )  

The p a r a m e t e r s  2-4 a r e  highly v a r i a b l e  a n d  mus t  t h e r e f o r e  

b e  measu red .  The  wave l e n g t h  o f  l i g h t  u ~ e d  i s  i n d i c a t e d  by 

t h e  m a n u f a c t u r e r  o f  t h e  r a n g e  f i n d e r .  F o r  p a r a m e t e r  5 assump- 

t i o n s  w i l l  bc  s u f f i c i e n t  b u t  a CO c o n t e n t  o f  0.03?4, on which  
2 

t h e  f o l l o w i n g  f o r m u l a s  a r e  based, w i l l  mos t  p r o b a b l y  b e  t o o  

low,  ~ c c o r d i n ~  to Barell a n d  sears  t h e  f o l l o w i n g  e q u a t i o n  h o l d s  
f o r  t h e  a c t u a l  g r o u p  r e f r a c t i v e  i n d e x  o f  a i r  ( s e e  / 5 / ,  5 3 8 ) :  

C( 

A,B',C . =  c o n s t a n t s  

p = a t m o s p h e r i c  p r e G s u r e  ' 

0 T  = t e m p e r a t u r e  ( K) 

e  = p a r t i a l  steam p r e s s u r e  

Among t h e  t h r e e  p a r a m e t e r s  o f  t h i s  e q u a t i o n ,  t h e  t e m p e r a t u r e  T 

a n d  t h e  a t m o s p h e r j c  p r e s s u r e  p c a n  b e  measu red  d i . r e c t l y ,  t h e  

pn r t , l  a1 r; taam n r a c c u r e  e ,  however ,  o n l y  i n d i r e c t l y  by m e a s u r i n g  

a u x l l l n t * y  q u n n t i t i r s .  H y g r o m e t e r s  a n d  p s y c h r o m e t o r s  h a v e  g i v e n  

good p r a c  t i c a l  r e s u l  ts. 

The  d i f f e r e n t i a l  for rnula  o f  Eq. (1 .2)  c a n  b c  u s e d  t o  e s t l r n a t e  . 

t h e  i n f l u e n c e  o f  i n c o r r e c t  i n i t i a l  v a l u e s .  The  f o l  l o w i n g  equa-  
0 

t i o n  h o l d s  f o r  a mean wave l e n g t h  o f  0.5 a t e m p e r a t u r e  o f  10 C, 

a n  a t m o s p h e r i - c  p r e s s u r e  o f  760 t o r r  a n d  a p a r t i a l  s t e a m  p r e s -  

s u r e  o f  5 t , o r r :  . 
l 

6 10 d n =  0,hdp - I,Od/ 0,05de (1.3) 

The i n f l u e n c e  o f  t h e  a t m o s p h e r i c  p r e s s u r e  d p  i s  u n p r o b l e m a t i c ,  

i t  n e a r l y  h a s  a s t r i c t l y  r e g u l a r  e f f e c t ,  a n d  so"it  i s  p o s s i b l e  



t o  c a l c u l a t e ,  from end p o i n t  moacuremen ts,  a r e p r e s e n t a t i v e  

mean v a l u c  f o r  t h e  p a t h  c u r v e s .  ~ 1 . ~ 0 '  t h e  i n f l u e n c e  o f  t h e  

p a r t i a l  fitearn p r e s s u r e  d e  i s  v e r y  sma ' l l ,  a n d  c a n  b e  n e g l e c t e d  ' . 

when m e a m r i n g  w i t h  l i g h t  el .oc t r i c  (pho t .oe l ec  t r i c )  a p p a r a t u s .  

T h e  t n f l u  r n c e  o f  t e m p e r a t u r e  i s  most  dj.f l ' i c u l  t t o  a s c e r t a f n ,  

a n d  i t  i s  n o t  pern1i6sj.bl.e t o  d e t e r m i n e ,  by f:i.ntljng mean v a l u e s .  

f o r  end p - o i n t  t , o m p e r a t u r e s ,  a r e p r e s e n t a t i v e  val-ue f o r  t h e  .. .' 

whole s i g n a l  p a t h .  The d a i l y  t e m p e r a t u r e  v a r i a t i o n  o f  a i r  

l a y e r ;  n e a r  t h e  g round  i s  ab t :  10-15 '~  i n  t h e  summer  month^, , 

t h a t  i n  t h e  f r e e  a t m o s p h e r e  (.500 m a b o v e  g r o u n d )  a b t .  3 . 7 ' ~  
a t  m o s t .  ( a c c o r d i n g .  t o .  S u h r i n g ) .  T h u s ,  h i g h e r  t e m ~ k r a t u r e s  a re  

measured  by day  a n d  l o w e r  o n e s  a t  n i ~ h t  i n  a i r  1 . a y e r s  n e a r  t h e .  

g round  t h a n  i n  th ,e  f r e e  a t m o s p h e r e .  T h e r e f o r e ,  the mean re- I 

p r e s e n t a t i v e  t e m p e r a t u r e  o f  t h e  s i g n a l  p a t h  c a n  .only b e  .de- 

t e r m i n e d  w j  t h  t h e  a i d  o f  m o d e l s  f o r  t h e  t e m p e r a t u r e  f i e l d .  

2. Development  o f  t h e  t e m p e r a t u r e  model  -- 
2.1 S o l a r  r a d i a t i o n  .................... 
Sol . a r  r a d i a t i o n  r e a c h i n g  t h e  u p p e r  bounda ry  o f  t h e  a t m o s p h e r e  

o n l y  v a r i e s  a b t .  1% d e p e n d i n g  on t h e  d i s t a n c e  from t h e  s u n  and  

i s  t h e r e f o r e  n e a r l y  c o n s t a n t .  The  e n e r g y  t h a t  r e a c h e s  t h e  

e a r  t h l  s ~ u r f a c e ,  however ,  v a r i e s  w i t h  t h e  s u n t  s z e n i t h  d i s -  

t a n c e  a n d  i s  b e s i d e s  d e p e n d e n t  on t h e  a b s o r p t i o n ,  t h e  d i c p c r -  

s i o n  a n d  t h e  r e f l e c t i o n  in t h e  c l o u d a  a n d  i n  ' t h e  a t m o s p h e r e  

i t s e l f .  

T h e  v a r i n t . i o n  o f  i n t e n s i t y  a l o n g  a l i g h t  beam : i s  g i v e n  by t h e  

d i f f  e r e n t i a i  r e l a t i o n  ( s e e  / 6 / ,  /77).:; . . . 

dJ P ~ J d m  .l (2.1) 

' ,  IT = i . n t e n s i t y  

' c  = a b s o r p t i o n  c o e f  f i . c i e n t  

d m  = mass e l e m e n t  , 

I f  Jo 1s t h e  i n t , e n s i t y  o u t s i d e  t h e  a t m o s a h s r e  t h e  f o l l o b i n g  

h o l d s  f o r  t h e  e n t i r e  , l i g h t  p a t h :  ' . . 



The e n t i r e  r a d i a t i o n  compr ises  t h e  d i r e c t  Gun r a d i a t i o n  an? 

t h e  d i f f u s e d  r a d i a t i o n  from c l o u d s  and at.mospherc. Empi r i ca l  

t e n t s  ( ~ a u r v t i t z  and  Brocks) y i e l d e d  t h e  a b s o r p t i o n  c o e f f i c i e n t  

c  .= 0.09 f o r  c l e a r  sky. The Inass m via6 accurncd with  l / c o s z  
(3' 

i . e .  t h e  attnosphcre was cons ide red  as a h o m o ~ c n e o ~ ~ s  l a y e r ,  

t h e  mass of  t h e  a i r  column t o  t h e  z e n i t h  r m r c n e n t i n g  t h e  

u n i t  mnsc. For t h e  r a d i a t i o n  H e  on to  a  p l a n e  s u r f a c e  t h e  f o l -  
'loving holds"(s i e  1 4 1 ,  /l l/, 1 1 2 1 ) :  

.. . 

n  = degree  o f  cove r ing  

: b  = c o n i t a n t  f o r  t ype  o f  c loud in . e s s  

m = a i r  mass s l /cosz ,  

I t  fo l l ows  f o r  an i .nc l ined  s u r f a c e :  

-0 ,OQm 
R -  (ao- nb) cosd e 

OL = a n g l e  o f  incidence' o f  t h e  sun 

Types o f  c i o u d s  Symbols . Al. t i tude6  b  
--7 ( m  w/cm2) 

above 6,000 m 

2,000-6,000 In 

Stra tocumulus  sc 78 

S t r a t u s  S t  a b t .  2,000 m 92 

Nimbos t ra tus  N s  95 

95 

T a b l e  I '(see /11/,/12/) 



2.2 Thcrmal c r p i l i b r i u m  on t h e  e a r t h ' s  s u r f a c e  
-rt 'L--r-- , - - -  ------------------------------m- 

* 
The t h e r m a l  i n f l u e n c e  R i n .  Eq. (2.3) ic; .:ie e n t i r c  e n e r g y  

r e a c h i n g  t l ~ e g r o u n d  by way o f  s h o r t -  a n d  1.on.gwave r a d i a t i o n .  

1 t  s c a ' t t e r s  manifo1.dl.y . . a c c o r d i n g  t o  t h e  f o l l . o w i n g  e q u a t i o n  ' (see  - 1 3 1 ,  / S / ) :  
. . . . .  

'IU . clo\vnward l o n ~ ; ~ v a v c !  r a d i a t i o n  

U pvrard longvrave r a d l a t i o n  

I I  upward t u r b u l e n t  h e a t  f l  o a  ( a f f e c t i n g  
t.he t e l n p e r a t u r c  e;radj.ent n e a r  t h e  g r o u n d )  ' 

S h e a t  f l o w  t o  t h e  e a r t h ' s  i n t e r i o r  

I n  i t  y.Q 1 6  t h e  e n e r g y  r e f l e c t e d  from t h e  e a r t h ' s  s u r f a c e .  

The  r c f l c c t i o n  f a c t o r  P m a i n l y  d e p e n d s  on t h e  c o n d i t i o n  o f  t h e  

s u r f a c e  ( s t r u c t u r e ,  m o i s t u r e ,  v c c e t a t l . o n )  a n d ,  i n  some c a s e s ,  

on t h e  a n g l e  o f  i n c i d e n c e .  I 

R e f l c c  t i o n  f a c  t o r s  

S u r f a c e s  --- S u r f a c  CS 

F r e s h  nnovr ' 0.80- 0,90  later z> 60' 0.05 

Old snow 0.35 -0.65 Stltbb1.e f  i e l d s  0.16 

0.9 Vle t s a n d  Reaped f j . e l c 1 ~  0.12-0.35 
1 

l)ry sand 0,20 - Q30 \'!,!'nt f i e 1 . d ~  0,05 - O,l4 
Graen  g r a s r ;  0.16-0.27 F i r - p i n e  v:oocl s 0,10 - 0.14 
Ory g r a s s  0.17 TJeafy wool1 6 0.16 - 0.37 
' h t e r  z = . 8 5 '  0.30- 0,85 Corn  f i e l d s  0.10- 0,25 

. . 
T a b l e  2 ( s e e  1 1 1 1 , 1 1 2 1 )  

. .. , 

2.3 Upv~nrd l o n e w a v e  r a d i a t i o n  .............................. 
The  Stef ' an-Rol tzmann law f o r  t h e  e n t l r c  e m i s s i o n  M r e a d s  
( s e e  / 3 / , / 6 / , / 7 / ) :  

N - E ~ T '  ( 2 . 5 )  

= oni.i.nsj.on f a c t o r  f o r  b l ack -body  r a d i a t o r s  E = 1 
- 41 g = 5 ; 6 ? . 4 0  W C ~ * ~ * ~ - *  Ste fan -Eo3  tzmnnn c o n s t , a n t  



Su r f a c  es 
-p- 

Emi.csion  factor^ -- 
0,995 . Snow c o v e r  

* 

Crass 

Sand 

C l o ~ l ~ l  S 0.9 - 1.0 
. . Pol. i .shed & e t . a l s  

I 
. . 

0,02 
. , .  

' ~ a b i e  3 (see /6/) , 

A c c o r d i n g  t o  T n b l e  S t h e  e a r t h . i s  al.rno:;t n bl-ack-body r a d i a t o r .  

The mean e n i i ~ s i o n  f a c t o r  f o r  t h e  e a r t h ' s  ~ 1 1 r f a c e  i c  O.%. T h u s ,  

t h e  lonewave  r a d i a t i o n  f o r  a c l e a r  sky i s  

I n  a cl.ouded sky  o n l y  p a r t  o f  t h a t  e n e r e y  becornes e f f e c t i v e .  

T h e n , ,  t h e  f o l  l o v ~ i n g   hold^ f o r  t h e  l ongvrave r a d j  a t i o n  w i t h  
clouded sky (see / 1 1 /, / 1'2/)  :' ' 

. \  .. . 

b  s e e  T a b l e  1 ( c o n s t a n t  f o r  t y p e  o f  c l o u d i n e s e )  

n  d e g r e e  o f  c l o u d i n c ~ s  

2.11 Hea t  f low t o  t i le  c a r t h l r ,  i . u t e r i o r  ...................................... 
T h e  t e m p e r a t u r e  d i s t r i b u t i o n  on t h e  e a r t h ' s  c u r f a c e  c a n  be 

representet b y  a Fourier expansion (see 1 8 1 ) :  

. .I c,, - T, + ,LT k i  COS (it t d i )  
J *  r 

'l' 
o , t  

t e m p e r a t u r e  on t h e  e a r t h 1  s s u r f a c e  
c ~ t  t t i c  ti.rne t. 

! Tm mean day  t e m p c r n t u r c  

t c1.ock t i m e  

T h e  h e a t  i s  t r a n c f e r r e d  t o  t h e  e a r t h ' s  i n t e r i o r  o n l y  by h e a t  

c o n c i u c t i . ~ n .  Hcrc,  i n  all. s t r i c  t n e c s ,  t h e  e q n a t i o n  o f  t h e r m a l  

c o n d u c t i v i t y  h o l d s :  



w i t h  t h e  boundary c o n d i t i o n :  

The s o l u t i o n  g i v e s :  

n - a2 
Tm + .L A;,e cos ( i l  + d; - or) 

/ a t  

K* kJ/ca t e m p e r a t u r e  c o n d u c t i o n  c o e f f i c i e n t  

K,= h e a t  c o n d u c t i o n  c b c f f i c i e n t  
I 

The h e a t  f low S t o  t h ~  e a r t h ' s  i n t e r i o r  i s  t h u s  g i v e n  by t h e  

t e m p e r a t u r e  g r a d i e n t  and  t h e  h o a t  c o n d u c t i o n  c o e f f i c i e n t  Its : 

2.5 T u r b u l e n t  h e a t  exchange 
fl 

---------------I------------- 

The h e a t  exchange upward t h r o u q h  t h e  ai.r i.c c h i e f l y  e f f e c t e d  

by turbul .en  t hoa  t exchange  p r o c e s s e s .  'l'he t u r b u l e n t  a i r  ex- 

change  groct2r;scs t , r a n o p o r t  t h e  h e a t  much f a s t e r  t h a n  t h o  

m o l e c u l a r  h e a t  c o n d u c t i o n .  T h e r e  i s  a c.l.ofie r e l a t i o n s h i p  

between a t m o s p h e r i c  s t a b i 1 . i  t y  a n d  turbu. l .ence.  

For  t h i s  r e a s o n ,  t h c  pot'enti.al. t ,einpcratlrre Q i s  'de f ined  a s  

t h e  t e m p e r a t u r e  an  a i r  p a r t i c l e  woirld assunie i f  b r o u g h t  wi th .  

no ene rgy  t o  t h e  l e v e l  o f  looo  rnb a i r  p r e s z u r e .  An a t m o s p h e r e  

w i t h  c o n s t a n t  p o t e n t i a l  t e m p e r a t u r e  ( 3 . .  c. "@ = 0) h a c  a n  z 
a d i a b a t i c  t , cmpcra tu re  g r a d i e n t  (ncu t r a l .  c o n d i t i o n s )  , and  t h e  

following . - - .. holds (see / 6 / , / 7 / ) :  , 

I .  



I f d o  --. -- - i s  p o s i t i v t l ,  s tnb1.o c o n d i t i ' o n s  w i l l  p r e v a i l .  Under  
c/z 

u n s t a b l e  c o n d i  t i o n , s  7e 
DC i s  n e g a t i v e ,  a n d  a n y  d i s t u r b a n c e ,  

(e.r?;. t u r b u l e n t  w inds )  w i l l  pyorluce l i f t i n g  f o r c e s  ( b a c k  c o u p l i n g ,  

wind becomes s t r o n g e r  ! ) .  

F o r  r ~ n ~ t a b l o  w e a t h e r  c o n d i t i o n r ;  t h c  a t m o s p h e r e  5 s  d i v i d e d  I n t o  

t h r e c  zoncn  a ,  b ,  c  which a r c  d i f f e r e n t  by t h e  s o - c a l l e d  

Obulcov l e n g t h  L. F i g .  l shovrs' t h e  d e p e n d e n c e  o f  L on t h e  wind 

v e l o c i t y  a n d  t h e  r o u g h n e ~ s  o f  t h e  g round .  

O v e r - a d i a b a t i c  u n d e r l a y e r  a *  --p- - 
I t  r e a c h e s  u p  t o  a h e i g h t  o f  z 4 0.03  I., i . e .  u p  t o  a max. 

o f  2  m ;  i n  t h e  m o u n t a i n s ' i t  r e a c h e s  a max. o f  0.4 m a n d  c a n  

b e  n e g l c c t e r l  a s  t h e  m e a s u r i n g  i n s t r u m e n t s  are g e n e r a l l y  ar- 

r a n g e d  h i g h e r  a n d  t h e  l i g h t  p a t h  t h r o u c h  t h i f i  z o n e  i s  i n  e v e r y  a 

c a s e  v e r y  s h o r t .  The  f o l l o w i n g  i s  found  . f o r  t h i s ,  zone,(eee/  10/,/1 I/): 

11 = h e a t  f l o w  

C = s p e c i f i c  h e a t  o f  a i r  a t  c o n s t a n t  p r o s s u r e  
P 

p = d e n s i t y  o f  a i r  

y = h o r i z o n t a l  t e n s i o n 6  ( n o t  r e c o r d a b l e )  

k = K a r m o n t s  c o n s t a n t  = 0..4 

T h i s  z o n e  r c n c h c s  from z = 0.03 t o  z = L. ' 

For  t h i s  z c ~ n e ,  '/!ebb found t h e  potential t e m p e r a t u r e  g r a d i e n t  
(see /10/ , /11/ , /12/ ) :  I 

H'T. 
G I 

E = [  2 2  *I' r J (2 .14 )  
21 429  , -. c, g I 

I1 = h e a t  f l o w  

. T = a i r  t e m p e r a t u r e  

C p  = ~ p e c i f i c  h e a t  o f  a i r  a t  c o n s t a n t  p r e s s u r e  

g = g r a v i t a t i o n a l  a c c e l e r a t i o n  

p = d s n s i t y ' o f  a i r  . 



c .  Frcfc a t m o s p h e r e  --- 
T h i s  z o n e  re ache^ from t h e  h e i g h t  z = L  t o .  t h e  f i c t i t i o u ~  u p p e r  

b o r d e r  o f  t h e  a t m o s p h e r e  h  = 1 1  km. I n  t,h!.s r a n g e ,  f r e e  convec-  

t i o n  w i l l  p r e v a i l  where l i f t i n g  f o r c e s  a r c  t h e  p r i n c i p a l  r e a s o n  

f o r  t u r b u l e n c e .  I l o re ,  i n  t h e  rangci I ,  c z < IOL, t h c  p o t e n t i a l  

t c n ~ p c r a l . u r ~  g r a d i e n t  wJ.1.1 gr, l i n e a r l y  from t h e  v a l t ~ e  found '-in 

f o r m u l a  2. 1 1 1  toward  0 .and  w i l l  r ema in  s o  a s  f a r  as t h e  l o w e r  

b o r d e r  o f  t h e  c l o u d s .  

3. App1.i c a t i o n  o f  t h e  nlodcl ---- - 
Eq. (2.11) 16 t h e  b a s i c  e q u a t i o n  f o r  th'e t h e r m a l  e q u i l i b r i u m  

on t h c  e a r t h ' s  s u r f a c e .  If t h e  r e q u t r c d  p a r a m e t e r s  a r e  known 

t h e  t u r b u l e n t  h e a t  f low upwards  can  b e  c a l c u l a t e d  f o r  a n y  p o i n t .  

A~sumine;  t h a t  a t  a g round  d i s t a n c e  z > 70L t h e  i s o t h e r m f i  are.  

r u n n i n , ~  a t  c o n f i t a n t  a l t i t u d e s  we c a n  c a l c u l a t e  - by i t e r a t i o n  ' 

from t,lle f o r m u l a s  g i v e n  i n  s e c t i o n  2 - t h e  temperature f o r  

e v e r y  gro~inc i  p o i n t  a n d ,  t l luc ,  a1 so  f o r  e v c r y  p o i n t  o f  t h e  

p a t h  c u r v e .  

F o r  t h e  h e a t  fl.o\y t o  t h e  c a r t h t s  i n t c r i o r  we r e q u i r e  a F o u r i e r  

ana1.ysi s r ,  f t h e  d a i l y  t e m p e r a t u r e  d i  s t r i  b u t i o n .  I f ,  however ,  , 

w e  h a v e  r o t  o b s e r v e d  t h e  t e m p e r a t u r e s  t h r o u g h o u t  t h e  day we 

c a n  t a k e  - vr i thout  c o m m i t t i n g  t o o  g r e a t  i n a c c u r a c i . e s  o f  corn- 

p u t a t i o n  - t h e  mean c o e f f i c i e n t r ;  f o r  t h e  dai1.y t e m p e r a t u r e  

r ~ i s t , r i b u t , i o n  from meteo roQogj . ca l  a l n l a n a c s  o r  manual S (e .g .  

L~1l r t )ueh  tier I.lc t . eo ro log l . e ,  by E. I?. Schrnid, 1,eopol.d-Vonr3-Verlag, 

1890). 

'l'hi.s t e m ~ c r n l u i - e  model i s  o n l y  u s e f u l  f o r  r a n g e  f indin :  l.n 

t h e  mount ,ains s i n c e  i n  t h i s  c a s e  t h e  l i n e s  o f  s i g h t  m o s t l y  

, run a t  ~ r c n t  hcj.,,rh t-,S abovr! ~ r o u n c i ,  and  t h e r e f o r e  t h e  i n f l u e n c e  

o f  e r r o r s  i n  t h e  i t e r a t i v e  b a c k - c a l c u l . a t i o n  o f   round tempera-  

t u r e s  js o f  l i t t l e  i .mportance.  A n o t h e r  weal:ness o f  t h e  model  

j o  t h e  n c ~ l . t . c t  o f  h o r i z o n t a l  t e m p e r a t u r e  g r a d i e n t s .  The t e r m i n a l  

e r r o r  o f  ~ o t ~ i p u t a t i o n  j.6 o n l y  d i v i d e d  u p  l i n e a r l y  from t h e  

i n 1  t i a l  t.o f.he a ~ c i  poi .nt .  



F o r  t h e  ZJ-nken-Gle ina lpe  cid 'c  i n  t h e  S t y r i a n  t e o t  n e t w o r k  

t h e  end p o i n t  v a l u e s  g i v e n  i n  Annex 1 were  measured  o r  e s t i m a t e d .  

A r i l ( l i n t f o q  e n e r g y  o f  35 .92  mvl/cn~~ i s  o b t a i r l e d  f o r  b o t h  p o i n t s  

from Rq.  (2.3) a n d  t h e  va111es a, = 1 1  5 rnrl/arn2 a n d  b  = 58 rnV//cm2 

i n  Tab1.e 1 .  I 'he e f f e c  t t v e  .l o n ~ w a v c  r a d i - a t j  orl I,, t i l e  r e f 1 . c ~  t e d  

sho r tv rave  r a d i a t i o n  <.l? a n d  t h e  h n n t .  f low t o  t h e  e a r t h ' s  i n t e r i o r  

s a r e  d e d u c t e d  from t h a t  v a l u e  t o  o b t a i n  t h e  upward h e a t  f l ow H 

which i:s c i o c i s i v e  f o r  t h e  t e t n p c r n t u r e  e ; r a d i c n t  n e a r  . t h e  g round .  

Theraf rorn , ,  t h e  t e t n p e r a t u r e  d i ~ t r i b u t i o n  o v e r  t h o  tvro end p o i n t s  

c a n  b e  corn iu ted  wl.th t h e  a4.d o f  Eq. (2: 111). Assuming a n  e q u a l  . 

0 
t c l n p e r a t u r a  o f T  = - 5 C a t  5,000 m nl t i . t u d e  t h e  t e m p e r a t u r e  

' 

c a n  b c  c'a l . c u l a t e d  f o r  e v e r y  p o i n t  on t h e  p a t h  c u r v e  by means  

o f  i t e r a t i o n  from R q .  ( 2 . 1 4 ) .  The mean t e m p e r a t u b e  c a l c u l a t e d  

from t h i . s  tcrnper-atu ' re  model  i s  2 ' ~  l owcr t h a n  t h e  mean v a l u e  

o f  t h e  two e n d '  p o i n  t value$, .  T h i s  neanr;  a d! .s tance c o r r s c t i o n  

o f  52  m m  f o r  t h e  26 km 1.011.3. G l e i n a l p e - Z i n k e n  . ~ i c i e .  
I j 

R E M A R K  

1 

W r i t i n g  t h i s  paper  I u s e d  t h e  l i t e r a t u r e  i n d i c a t e d ' i n ,  

t h e  r e f e r e n c e s  f r o m . / l /  t o  1 1 1 1 .  A f t e r  p r e s e n t i n g  i t  I 

r e c e i v e d  t h e  paper  i n d i c a t e d  w i t h  1 1 2 1 .  The p a r t i a l  i d e n t i t y  

o f  f o r m u l a s ,  . t a b l e s  and t h e  f i g u r e  h a s  t h e  r e a s o n  i n  t h e  

i n d e p e n d e n t  u s e  o f  the;same s o u r c e s  ... 



61 ven values: 
Zinken Gleinalpe 

Computed values: . . 

G/. 2.3 Re 35,92m W/cm' 35,92m ~ / c m '  
G/. 2 . 7  1 .  8 h2m W/cma 9, 76mW/cmt , 

Tab, 2 P 7,18m ~ / c m '  70.80 mw/crnS 
G/. 2.77 S 2,4 7m W/c m' 2.7 l mW/cma 
G/ .  2.4 H 7 7,9 7m W/cm8 . 73.85m W/cma 

4 



.. . 
Fig. 1 (gee  /11 / , / 12 / )  
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Discussion (Paper 22)  

Q. I would like to ask about the graph, What is 

the reason for this ? 

A. The estimation depends on the temperature with the 

terrain elevation, that is to say on the profile. 

If there is little distance to the ground we have 

higher temperatures. 

Q .  What do you think about the general application of 

your model ? 

Do you think it can be used in flat regions or in 

mountains ? 

A. Sometimes it is difficult to describe the roundness 

of the topographical surface exactly, and one cannot 

measure the temperature along the total profile. 

Q. I would like to put, I would call it a junk question, to the 

reader of this paper and also to the president of this 

session here, namely we have here brought up some, let's 

call it, physical model of vhat is going to happen or what 

is happening in the atmosphere, when we are (?  ed) 
promulgating ( ?  ed.) information in it. In dr. Kahmens paper we 

heard about how one could statistically take hand of a 

large amount of information and how one tried to get, 

let's say an improvement of the answer. I have the feeling 

that the more you know about this physical reality behind 

a heap of Information, before you do the statistical analysis 

on it, the better. So, I would like to ask, would it not be 

possible to apply some of the mechanism, described in this 

paper and also in Brunners paper to improve the statistical 

analysis as dr. Kahmen has made, it may be a serious 

question I'm just guessing, but I don't know who is going 

to answer this. 

AI) I think it will be possible and I intend to try it. My cal- 

culations are going on and in future I will use some more 

parameters to test these models. 

A2) I like to offer an answer to this.question, Yesterday 

dr. Kahmen and myself had a discussion about his finding 

of peaks in his analysis. And maybe you will be able to see 

in my lecture this afternoon that we can explain several 

peaks, which dr. Kahmen found, looking at the boundary layer 

meteorology and the seasonal and diurnal variations. 



A COINCIDENCE METHOD FOR REFRACTION ELIMINATING ANGLE MEASUREMENT 

Tamrno Glfssmann, Technische U n i v e r s i t s t  Hannover, Federal Republic o f  
Germany 

Summary 

Some i n s t r u m e n t s  are developed f o r  t h e  e l i m i n a t i o n  o f  a n g u l a r  

r e f r a c t i o n  by means of t h e  d i s p e r s i o n  method. With t h e s e  i n -  

s t r u m e n t s  t h e  measurement o f  d i s p e r s i o n  a n g l e s  h a s  t o  be done 

s i m u l t a n e o u s l y  w i t h  t h e  measurement o f  t h e  refracted d i r e c t i o n s ,  

t h u s  t w o  i n s t r u m e n t s  are r e q u i r e d .  

The a u t h o r  p r o p o s e s  a measurement p r i n c i p l e ,  based on t h e  t w o -  

wave leng th  d i s p e r s i o n  method, which p r o d u c e s  t h e  r e f r a c t i o n -  

f r e e  d i r e c t i o n  i n  a direct way w i t h  o n l y  one ( t h e o d o l i t e - l i k e )  

i n s t r u m e n t .  The o p t i c a l  sys tem of t h i s  i n s t r u m e n t  i s  composed 

by two c o a x i a l  sys tems .  T h e i r  f o c a l l e n g t h s  d i f f e r  s l i g h t l y ,  

t h e  d i f f e r e n c e  depends  i n d i r e c t l y  on t h e  d i s p e r s i o n  c o e f f i c i e n t .  

The f o c a l p l a n e s  on t h e  image s i d e  c o i n c i d e .  The r e f r a c t i o n -  

f r e e  d i r e c t i o n  is  e s t a b l i s h e d ,  when t h e  t w o  d i f f e r e n t - c o l o u r e d  

images of t h e  l i g h t  s o u r c e  a t  t h e  remote end  of  t h e  o p t i c a l  

p a t h  c o i n c i d e .  Co inc idence  i s  induced by t h e  means of a po- 

s i t i o n s e n s i n g  pho tod iode  i n  c o n n e c t i o n  w i t h  an  e l e c t r o n i c  cor- 

relator .  The d i s p e r s i o m e t r i c a l l y  d e t e r m i n i s t i c  p o r t i o n  of d i -  

r e c t i o n  s c i n t i l l a t i o n  is  employed f o r  i n c r e a s i n g  s y s t e m  a c c u r a c y .  
-- -. -- - -- 

. _. _ _ . 

INT RODUC?l"l'ON -.. 

Anglllar r c f r i~c t : i . on  is t h e  most l i m i t i n g  f a c t o r  i n  terres- 

t r i a l  di r c c t i o n  mcasurcment. The i n f  l u c n c c  on h o r i z o n t a l  

d i r e c t i o n s  is  less t h a n  1.6 - 3.1 prad under  normal  atmos- 

p h e r i c  c o n d i t i o n s  and may exceed  16 prad  under  u n f a v o u r a b l e  

c o n d i t i o n s .  With v e r t i c a l  d i r e c t i o n s  t h e  i n f l u e n c e  i s  l a r g e r  

and i s  a p p r o x i m a t e l y  r e l a t e d  t o  d i s t a n c e :  1 0  prad/km under  

normal  c o n d i t i o n s  and u p  t o  5 0  prad/km under  u n f a v o u r a b l e  

c o n d i t i o n s .  

T h e r e  a r e  v a r i o u s  approaches  t o  minimize  a n g u l a r  r e f r a c t i o n  

effects.  One i s  t h e  measurement o f  d i s p e r s i o n  a n g l e s .  

D i f f e r e n t  k i n d s  o f  d i s p e r s o m e t e r s  are d e s c r i b e d  by BREIN 

1968,  PRITSPIN 1974, TENGSTMM 1974 and 1975,  WILLIAMS 1974,  

GLISSI.YUJN 1976. 
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D i s p e r s i o n  a n g l e  and r e f r a c t e d  d i r e c t i o n  are measured by 

t w o  s e p a r a t e  i n s t r u m c q t s :  d i s p e r s o m e t e r  and t h e o d o l i t e .  Ob- 

s e r v a t i o n  t e c h n i q u e s  are o r  may be d i f f e r e n t  w i t h  t h e s e  t w o  

i n s t r u m e n t s ;  w i t h  r e s p e c t  t o  h i g h  p r e c i s i o n  ( c  1.6 prad) it 

may be v e r y  d i f f i c u l t  t o  combine t h e  r e s u l t s  o f  b o t h  i n t r u -  

ments .  T h e r e f o r  t h e  s e a r c h  f o r  a n  i n s t r u m e n t a l  approach  combi- 

n i n g  r e f r a c t i o n  e l i m i n p t i o n  and a n g l e  measurement is  t h o u g h t  

t o  be 'of  i n t e r e s t .  T h i s  p a p e r  o u t l i n e s  a p r o p o s a l  f o r  s u c h  

a n  i n s t r u m e n t .  

BASIC PRINCIPLES 

F o r  t h e  two-wavelength d i s p e r s i o n  method t h e  f o l l o w i n g  f i r s t  

o r d e r  a p p r o x i m a t i o n  is v a l i d t  

a1 = r e f r a c t i o n  a n g l e  for  t h e  ( l o n g )  w a v e l e n g t h  1 1 0  

6 = d i s p e r s i o n  a n g l e  # d i f f e r e n c e  between r e f r a c t i o n  

a n g l e  as  ( f o r  t h e  s h o r t  w a v e l e n g t h  A s  and a1 # 

K = d i s p e r s i o n  c o e f f i c i e n t .  

_ _ _  -- - - -  - -  / 

The n u m e r i c a l  v a l u e  of  K depends  on t h e  s e l e c t i o n  of 
the  w a v e l e n g t h s  A s  and A 1 ,  f o r  example A s  = 366 nm, 

With 6 = as - a e q u a t i o n  ( 1 )  may be w r i t t e n  as folloWs 
1 

The r e f r a c t i o n  a n g l e s  of d i f f e r e n t  c o l o u r s  are related t o  

e a c h o t h c r  b y  a c o n s t a n t  f a c t o r .  Under t h e  c o n d i t i o n  of 
s u f f i c i e n t  c o i n c i d e n c e  of t h e  d i f f e r e n t  c o l o u r e d  r a y  traces 

w e  assume t h a t  r e l a t i o n  ( 2 )  is  n e a r l y  i n v a r i a n t  w i t h  respect 

t o  t i m e .  I n  o t h e r  words,  t h e  s t a t i s t i c a l  b e h a v i o u r  of t h e  

two-coloured  d i r e c t i o n  s c i n t i l l a t i o n  is assumed t o  be more 

or less d i s p e r s i o r n e t r i c a l l y  d e t e r m i n i s t i c .  



The b a s i c  i d e a  f o r  t h e  i n s t r u m e n t  p roposed  is q u i t e  s i m p l e .  

It is  n o t  n e c e s s a r y  t o  measure t h e  d i s p e r s i o n  a n g l e  and 

m u l t i p l y  it by t h e  d i s p e r s i o n  c o e f f i c i e n t  K.  The r e c e i v i n g  

optics however i n c l u d e  K o p t i c a l l y .  The s y s t e m  o p e r a t e s  w i t h  

t w o  d i f f e r e n t  c o l o u r e d  images. C o i n c i d e n c e  o f  t h e s e  images 

is o n l y  t h e n  p o s s i b l e  when t h e  o p t i c a l  ax is  o f  t h e  s y s t e m  

c o i n c i d e s  w i t h  t h e  r e f r a c t i o n - f r e e  d i r e c t i o n .  

H w  d o e s  s u c h  a n  o p t i c a l  sys tem l o o k s  l i k e ?  

The s y s t e m  c o n s i s t s  o f  two p a r t i a l  s y s t e m s  which  

- are c o a x i a l  (have  i d e n t i c a l  o p t i c a l  axes ) ,  

- are wave leng th  s p e c i f i c ,  

- have a common f o c a l p l a n e  on t h e  image s i d e ,  

- have  d i f f e r e n t  f o c a l l e n g t h s  f l  and f s .  

R e f r a c t i o n - f r e e  d i r e c t i o n  and d i r e c t i o n  of  t h e  o p t i c a l  axis  
c o i n c i d e  under  t h e  f o l l o w i n g  c o n d i t i o n :  

With e q u a t i o n  (2) and ( 3 )  w e  g e t  t h e  f o c a l l e n g t h  r a t i o  fo r  
t h e  t w o  p a r t i a l  sys tems :  

Using t h e  above wave leng ths  t h e  n u m e r i c a l  v a l u e  o f  t h i s  

r a t i o  i s  0.9735;  t h e  e q u i v a l e n t  d i f f e r e n c e  i n  f o c a l l c n g t h  

is  2.65% of f l .  

To i l l u s t r a t e  t h e  meaning o f  e q u a t i o n  ( 3 )  w e  assume y t o  

be a d e v i a t i o n  between o p t i c a l  ax is  and r e f r a c t i o n - f r e e  

d i r e c t i o n .  Then t h e  d i f f e r e n t  c o l o u r e d  images d o  n o t  c o i n -  

c i d e :  

and t h e  l a t e r a l  d i s t a n c e  g  of  b o t h  image c e n t e r s  i n  t h e  

f o c a l p l a n e  e q u a l s :  



Fol lowing e q u a t i o n  ( 6 )  t h e  image c e n t e r  d i s t a n c e  g does  n o t  

depend on ( d i s p e r s i o m e t r i c a l l y  d e t e r m i n i s t i c )  v a r i a t i o n s  i n  

a and as .  The problem is  now t o  minimize g d u r i n g  image 1 
wandering due t o  d i r e c t i o n  s c i n t i l l a t i o n .  E.g. f l  is 3 m and 

t h e  d e s i r e d  accuracy i n  d i r e c t i o n  i s  about  - + 1.6 prad t h e  

co inc idence  accuracy  necessary  must b e  - + 0.125 pm. I t  i s  

e v i d e n t  t h a t  t h i s  can no t  b e  reached n e i t h e r  by v i s u a l  obser -  

v a t i o n  n o r  by photographic  r e g i s t r a t i o n .  The on ly  means f o r  

d e t e c t i n g  n e a r  z e r o  d i f f e r e n c e s  is  a p o s i t i o n  s e n s i n g  photo- 

d iode .  

SUGGESTION FOR AV INSTRUMENTAL REALIZATION 

The t h r e e  e s s e n t i a l  p a r t s  of an in s t rumen t  based upon t h e  

above d e s c r i b e d  concept ion a r e  

- r e c e i v i n g  o p t i c s  

- electro o p t i c a l  co inc idence  d e t e c t o r  

- two-wavelength l i g h t  sou rce .  

The a n g l e  measuring p a r t  of t h e  system needs  n o t  be  d i c u s s e d  

h e r e  because it is i d e n t i c a l  t o  t h e  a n g l e  measuring p a r t  o f  

a t h e o d o l i t e .  T o  e l i m i n a t e  r e s i d u a l  i n s t r u m e n t a l  errors, e .g .  

misalignment of t h e  o p t i c a l  axes  of  t h e  p a r t i a l  sys tems ,  

asymmetry of f i g u r e  of t h e  o p t i c a l  e lements  ect . ,  t h e  m e a -  

surement is proposed t o  be  done a second t i m e  a f t e r  r e v c r -  

s i n g  and r o t a t i n g  t h e  system by 180°, a s  i t  i s  u s u a l l y  done 
w i t h  t h e o d o l i t e s .  

Receiving o p t i c s  ---------------- 
Fig .  1 shows a p o s s i b l e  arrangement f o r  t h e  t w o  p a r t i a l  

systems needed. The t w o  Cassegra in  r e f l e c t i n g  t e l e s c o p e s  

c o n s i s t s  of two d i f f e r e n t  prime mirrors S l l  and S l s  ( f o c a l -  

l e n g t h s  ill and f l s )  and a common secondary mirror S? .  The 

f o c a l p l a n e s  on t h e  image side c o i n c i d e .  With an arrangement 

l i k e  t h i s ,  r a t i o  ( 4 )  is v a l i d  f o r  t h e  f o c a l l e n g t h s  o f  t h e  

prime mirrors : 



The mirrors a r e  t o  be  coa t ed  f o r  s p e c t r a l  s e l e c t i o n  of wave- 

l eng ths :  

S l 1  
f o r  A1, S I P  f o r  A s  and S2 f o r  A s  and A l  . 

The d e t e c t o r  ------------ 
The p o s i t i o n  s e n s i n g  pho tode t ec to r  is  s i t u a t e d  a t  t h e  f o c a l -  

p l ane  of t h e  o p t i c a l  system. The p o s i t i o n  of a  l i g h t  s p o t  

f a l l i n g  on t o  t h e  a c t i v e  a r e a  o f  t h e  d e t e c t o r  is s i g n a l i z e d  

by t h e  amount of  c u r r e n t  f lowing th rough  t h e  grounded e l e c t r o -  

des  on t h e  r e a r  s i d e  of t h e  d e t e c t o r .  D i f f e r e n t  t y p e s  of  

d e t e c t o r s  are commercial ly a v a i l a b l e .  Exper iences  made w i t h  

t h e  d u a l  a x i s  SC 10 (UDT, C a l i f o r n i a ,  USA) prove t h a t  p o s i t i o n  

r e p e a t i b i l i t y  o f  some 0 . 1  p m  is o b t a i n a b l e  under c o n d i t i o n  

of  a  p o s i t i o n  f i x e d  l i g h t  beam (GLISSYANN 1976) .  U n t i l  now 

t h e r e  a r e  no  e x p e r i e n c e s  f o r  co inc idence  accuracy  f o r  e q u i -  

d i s t a n t  wandering l i g h t  s p o t s .  The i d e n t i f i c a t i o n  of t h e  

p o s i t i o n  d i f f e r e n c e s  of d i f f e r e n t  co lou red  l i g h t  s p o t s  demands 

some s p e c i f i c  i d e n t i f i c a t i o n  marks. T h i s  may be  t h e  modula- 

t i o n  of  the l i g h t  s o u r c e  a t  t h e  remote end of  t h e  o p t i c a l  p a t h .  

The l i g h t  has t o  bc modulated 

- at a cons t an t  f rccluency F 1 
- ;it a ccblonr a l t c r n n t i > g  f requency  P2. 

- 
. . 

F1 h a s  t o  bc  an i n t e g e r  m u l t i p l e  of  F2. 

The c l c c t r o n i c s  (F ig .  2 )  produce a  s i g n a l  r e p r e s e n t i n g  t h e  

w a n d e r i ~ ~ y  p o s i t i o n s  o f  t h e  c o l o u r  a l t e r n a t i n g  l i g h t  s p o t s .  

F ig .  3a shows t h i s  s i g n a l ,  which appea r s  a f t e r  c o n v e r t i n g  

t h e  e l e c t r o d e  c u r r e n t s  i n t o  v o l t a g e s ,  f i l t e r i n g ,  forming t h e  

sum and t h e  d i f f e r e n c e  of  t h e s e  v o l t a g e s ,  r e c t i f y i n g  t h e  sum 

and d i v i d i n g  t h e  d i f f e r e n c e  by t h e  r e c t i f i e d  sum. T h e * o u t p u t  

o f  t h e  d i v i d e r  is p h a s e s e n s i t i v e l y  r e t i f i e d  and f i l t e r e d  f o r  

t h e  s e l e c t i o n  of t h e  f requency F2 (F ig .  3 b ) .  The r e c t i f i e d  

sum, which must have a n o t  van i sh ing  ampl i tude  i n  F2, is 
also f i l t e r e d  (F ig .  3 c ) .  The l a t t e r  r e n d e r s  p o s s i b l e  c r o s s -  

28 0 . . 



c o r r e l a t i o n  o f  the p e r i o d i c a l  (F2) p o s i t i o n  s i g n a l  and a 

s i g n a l  of t h e  same f requency .  The n o t  v a n i s h i n g  a m p l i t u d e  i n  

t h e  s i g n a l  of t h e  sum is  g iven  v i a  d i f f e r e n t  i n t e n s i t i e s  of 
t h e  t w o  c o l o u r s .  C r o s s c o r r e l a t i o n  w i t h  a  z e r o  t i m e  l a g  i s  

done by a  m u l t i p l i e r ,  t h e  f i l t e r e d  o u t p u t  of  which i n d i c a t e s  

z e r o  i n  t h e  c a s e  o f  co inc idence .  C r o s s c o r r e l a t i o n  is  o f  great 

advan tage  i f  a s i g n a l  ( t h e  p o s i t i o n  d i f f e r e n c e )  b u r i e d  i n  

e x t r a n e o u s  n o i s e  ( s t o c h a s t i c  p a r t  o f  d i r e c t i o n  s c i n t i l l a t i o n )  

is t o  be detected, even i f  t h e  phase  t r u e  f r equency  r e p l i c a  

of t h e  s i g n a l  - r e p r e s e n t e d  by c o l o u r  a l t e r n a t i n g  i n t e n s i t i e s  - 
is n o i s y  too ( i n t e n s i t y  s c i n t i l l a t i o n )  ( F i g .  3d) . 

The l i g h t  s o u r c e  
--------'-------- 

F i g .  4 shows a  p o s s i b l e  d e s i g n  of t h e  l i g h t  s o u r c e .  A h i g h  

p r e s s u r e  mercury lamp L is  l o c a t e d  a t  t h e  f o c u s  of a  New- 

t o n i a n  sys tem.  Near t h e  lamp L i s  a modula t ing  f i l t e r  disc 

F a t t a c h e d .  F i s  rotated by a f r equency  s t a b i l i z e d  motor t h e  

r o t a t i o n a l  f r equency  o f  which is FM. The f i l t e r  disc is 

equ ipped  w i t h  c o l o u r  s e l e c t i v e  g l a s s  f i l t e r s ,  t h e  t o t a l  number 

o f  which is m. The g l a s s  f i l t e r s  f o r  e ach  c o l o u r  are a r r a n g e d  

i n  p  g roups .  Around t h e  circle m/p f i l ters  f o r  A s  a r e  f o l l owed  

by m/p f i l t e r s  f o r  Al. The modula t ion  f r equency  F, t h a n  e q u a l s  
- 

F M  m, t h e  c o l o u r  a l t e r n a t i n g  f r equency  F2 e q u a l s  FM p/2 .  

ACCURACY LIMITS IMPOSED BY METEOROLOGICAL CONDITIONS -- 
dPw 

The in f l .ucncc  of w a t e r  vapour g r a d i e n t s  - p e r p e n d i c u l a r  
d~ 

t o  t h e  l i n e  o f  s i g h t  can  n o t  be  e n t i r e l y  e l i m i n a t e d  by t h e  
two-wavelength d i s p e r s i o n  method. 

De f in ing  a p a r t i a l  r e f r a c t i o n  a n g l e  a '  f o r  d r y  a i r  and a 
p a r t i a l  r e f r a c t i o n  a n g l e  c f o r  moist a i r ,  t h e  r e s u l t i n g  

r e f r a c t i o n  a n g l e  a is  t h e  compos i t e . o f  b o t h  components: 



Fol lowing t h e  OWENS 1967 formula f o r  t h e  r e f r a c t i v e  index  

of  a i r  t h e  d i s p e r s i o n  c o e f f i c i e n t  L f o r  c is L = 25.6 f o r  

t h e  above waveleng-ths. NW i n  t h e  s ta te  o f  image c o i n c i -  ' 

dence w e  f i n d  

where 4 s i g n i f i e s  t h e  r e s u l t i n g  error i n  d i r e c t i o n  de te rmi-  

n a t i o n  caused by water vapour g r a d i e n t s .  S u b s t i t u t i n g  a ' =  

and c by 

- and cs = c  
K 1  

ra t io  ( 4 )  w e  f i n d  

K - L  
4 = cl . K *  

L+ 1 - 
L and keep ing  i n  mind t h e  

The r e s u l t i n g  e r r o r  is  about  44% of  c l .  

-- 

- 
dz 

-- ..- -- 
0.005 mbar/m 

0.1 mbar/m 

(DE blUNCK 1974, GLISSMZWN 1976) 

dpw S i n c e  t h e  d i s t r i b u t i o n  of - dz  a long  t h e  l i n e  of  s i g h t  is more 

o r  less synunc t r ica l ly  ( f o r  h o r i z o n t a l  d i r e c t i o n s ) ,  s imul tane-  

ous  measurements from both  s i d e s  r educe  t h i s  e f f e c t  upon 4.  

4 

0.2 prad/km 

4.7 prad/km 

m e t e o r o l o g i c a l  

c o n d i t i o n  

.--m 

t y p i c a l  

unfavourab le  
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Fig. 3 
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Discussion (paper 23) 

Q. Is it not necessary to synchronize the modulation at the remote 

point with the scanning at the instrument ? 

A. Well, I think not. We tried to stabilize the motor frequency to a 

very high extent so that the photographs you saw at the electronics 

are well in the middle of the frequency we need. 

Q. We wonder when it is the red filter and when it is the blue filter. 

A. That is the question and therefore you have to do something. I did it; 

in my paper I wrote that the intensities, the power of blue and green 

here must be different. Then you get a signal which is of the same 

frequency as the position signal, which should be a minimum. 

Perhaps there are other ways to reach this, this is only one and this 

is also only one sort of light-scource; we are going to range 2 

lasers as Mr. Williams is doing, modulating lasers. 

Comments by Dr. Williams. 

At the ~ational physical Laboratory, we have been thinking in fact within 

very similar lines to what by Dr. Glissman has been described, but the 

optical system, which we are proposing to realise the idea, is ,somewhat 

different. 

Can I say just briefly what we are trying to do. In a normal dispersometer 

if the refraction changes, the separation between red and blue changes and 

that is what we measure. Tf the tilt of the instrument changes, the 

separation between the red and the blue remains constant and the measurement 

is insensitive to tilt. We are proposing a complementary system in which 

dispersion is built in into the instrument, so that as the instrument 

tilts, the separation between the red and the blue alters and we use the 

separation between the red and the blue to sense the tilt of the instrument 

and to point it into a particular direction. 

But we are designing internal optics, so that changes in refraction are 

automatically compensated if the pointing of the instrument remains 

constant but the refraction changes and the red and the blue both move, 

but the images in red and blue stay together. Dr. Glissmann has proposed 

doing this by using 2 concentric telescopes effectively, with different 

focal lengths for the red and the blue. What we are proposing in the 

simplest versions, is shown in the first picture. In the upper picture 

I represented the reflecting telescope, by an achromatic lense in order 

to try to keep the diagram simple, but this would in fact be replaced 

by a telescope and it would be a completely achromatic lense forming 

images in the 
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identical positions for red and blue. What you can do 

is to insert just before the image plane a single positive 

lense which then focuses the blue image a little further 

in than the red and the effect of that I try to show, 

is to make the effective focal length of the telescope a little 

bit shorter for the blue than for.tbe red. And you can make this 

modification to an ordinary dispersometer, either to ours 

or to Glissman's. 

You simply put in this lense and you have produced the kind 

of instrument, which we are ~ro~osing. There is a slight difficulty 

in this case, in that the red and the blue images are literally 

separated. I think you could probably overcome that, although 

we haven't done the detailed calculations by making this separated 

pair of lenses of some kind. The other point is, that at NPL 

we did not originally conceive this idea for using the kind of 

application which Glissman has talked about. 

We are thinking about it more recently incorporating it in a 

theodolite type instrument, just as is suggested. But our original. 

idea was for testing our own dispersometer. We did not want a system, 

which moved the image, so, that when we inserted the lense we had 

to change the focus of the telescope. So we infact constructed 

a doublette lense, consisting of diverging and converging components, 

cemented together. But unlike the usual kind of doublette, it has 

an infinite focal length - the converging and diverging components 
have equal but opposite focal lengths. 

But because they are not different glasses, it does produce lateral 

dispersion. We can now insert this into the dispersometer and try 

the idea. We have in fact tried it and we have showed it does basically 

work, but it did not compensate completely, it compensated till 5 

procent or so. I think I know now why and I think I have to make it 

work properly, but we are really more interested in our basic dispersometer 

well work first, but with this kind of modification we can invert 

any dispersometer of this type to work in this way and to integrate 

the angle-measurement and dispersion-measurement. Thank you. 

Chairman: Thank you very much. That was a real contribution. 

It's just to show that there are 2 ways to solve the problem and 

of course it will probably be so in the future that we have an 

instrument, which eliminates the refraction. 
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So, if the work on the precursor have not reached that state, 

we can just forget about the refraction. 

Q .  I have one question. Do you have published this or written down ? 

A. No, we haven't yet, in fact to be honest with you. in the 

laboratory they asked me not to describe it unless Dr. Glissmanns 

ideas were very similar. 

While Dr. Glissmanns were very similar I had in fact to describe it. 

Q. So, if Dr. Glissmann had not presented his idea, you should not 

have said anything either. 

A. It has been suggested by one of my seniors that this would be 

in fact difficult to realise in practice because of the fact that to build 

an instrument of this kind into a theodolite, and make it 

adequately stable would be quite difficult. 

I think that it's the same in almost all parts of geodetic field 

instruments. 

There will be at last so many types and solutions for the instruments, 

as soon as we know that we are making no systematical errors 

in the derivation of the quantity we need, from the quantity 

we measure. So, stil1,it is very important to prove that 

any simple dispersion measurement, which is correctly made 

with high accuracy gives us the refraction correctly. 



APPLYING THE MOVEMENT SMOOTHNESS OF A VEHICLE TO DETERMINE THE POSITION OF 
TRANSPONDERS 

J . C .  de M u n c k ,  H.M. d e H e u s  en W .  T u i t m a n  

For t h e  determinat ion o f  t he  p o s i t i o n s  o f  a number o f  po in ts ,  

d is tance measurements from a smoothly moving v e h i c l e  t o  these 

p o i n t s  are  o f ten  used. If t h e  t ime i n t e r v a l s  between these measure- 

ments a re  short ,  t h e  movement o f  t h e  v e h i c l e  may be used t o  st reng- 

then the  adjustment o r  even make t h e  adjustment possib le.  

I n  t h i s  paper the  course o f  t h e  v e h i c l e  i s  expressed i n  Chebyshev 

se r ies  f o r  s o l v i n g  t h e  unknown co-ordinates. 

I .  Introduction 

Distance measurements are  more and more performed by moving veh ic les  

e.g. s a t e l l i t e s ,  aeroplanes and ships. Some movements a r e  more smooth 

than others.  The movement o f  t h e  s t a r s  e.g. can be p red ic ted  very 

w e l l  and i s  a very smooth one; f o r  s a t e l l i t e s ,  aeroplanes and ships 

t h e  movements a re  successively l e s s  smooth. S t i l l  t h e r e  i s  some 

c o r r e l a t i o n  between t h e  successive pos i t ions .  

There are  several  techniques us ing  t h e  smoothness of t h e  veh ic le ,  

e.g. t he  l i n e  c ross ing technique. I n  t h i s  case t h e  v e h i c l e  i s  sup- 

posed t o  move along a s t r a i g h t  course and t h e  minimum of t h e  sum 

of t h e  two d is tances i s  considered t o  be t h e  wanted d is tance.  I n  

t h i s  paper a more general  s i t u a t i o n  i s  described. 

2. FomruZQtion of the problem 

The r e l a t i v e  p o s i t i o n s  and the  heigths o f  t h ree  o r  more p o i n t s  i n  

space must be ca l cu la ted  f rom a great  number of d is tance measure- 

ments between each o f  t h e  t h r e e  p o i n t s  and a smoothly moving v e h i c l e  

o f  which the  h e i g t h  i s  always known. See Figure 1. Here t h e  r e l a -  

t i v e  p o s i t i o n s  o f  t h r e e  o r  more acous t i ca l  transponders on t h e  

bottom o f  t h e  sea a re  determined by d is tance measurements from a 

ship. Another example i s  t h e  p o s i t i o n i n g  o f  microwave transponders 

from an aeroplane. 
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Figure 1 

Distance measurements to three tkmrsponders 

Using a  sh ip  t h e  h e i g t h  may be found f rom t h e  reduc t i on  o f  t h e  sea 

l e v e l ,  and i n  t h e  case o f  an aeroplane f rom t h e  barometer readings. 

The l e v e l  sur faces a re  assumed t o  be plane and t h e  he ig ths  of t h e  

v e h i c l e  p o s i t i o n s  a r e  supposed t o  be e x a c t l y  known. 

3. The co-ordinate system 

The v e h i c l e  i s  supposed t o  s a i l  a long a  f l a t  smooth course which 

does not  dev ia te  much f rom a  s t r a i g h t ,  h o r i z o n t a l  l i n e .  Thus t h e  

whole geometry o f  t ransponder- and sh ip  p o s i t i o n  i s  no t  w e l l  f i x e d :  

a  r o t a t i o n  around t h i s  l i n e  i s  possib le.  Hence t h e  X-Y-plane t o  be 

chosen, w i l l  no t  be exac t l y  ho r i zon ta l ,  bu t  w i l l  be a  p lane through 

t h e  f i r s t  and t h e  l a s t  sh ip  p o s i t i o n  a t  a  preassumed d is tance D f rom 

one of t h e  transponders. D i s  then o f  course chosen i n  such a  way 

t h a t  i t  equals an est imate o f  t h e  depth o f  t h e  transponder; t h e  

transponder should l a y  f a r  f rom t h e  v e r t i c a l  plane through t h e  

sh ip  pos i t i ons .  So t h e  X-Y-plane i s  no t  e x a c t l y  h o r i z o n t a l  (Figure 21 

bu t  t h e  g r a v i t y - o r i e n t e d  co-ord inates o f  t h e  transponders can be 

found by c a r r y i n g  out  t h e  same t ype  o f  measurements w i t h  th,e v e h i c l e  

s a i l i n g  another  course. 



Figure 2 

The choice of the co-ordinate system 

The origin i s  the f i r s t  ship position. 

The Y-&S goes through the Zast ship position. 

The 2-co-ordinate of one of the transduaers 

equa 2s D 

4. The geometry 

The measured d i s t a n c e s  1 between t h e  t r a n s p o n d e r  p o s i t i o n s  
i c i  

{xi; Yi; zi} ( w i t h  i = 1. 2. . . . . I1 and t h e  v e h i c l e  p o s i t i o n s  

{xq; Y ; Z } ( w i t h  q  = 1. 2, 3. . . . . Q 1  can e a s e l y  be  e x p r e s s e d  i n  
9  9  

t h e s e  c o - o r d i n a t e s :  

If t h e  d e v i a t i o n s  of t h e  v e h i c l e  f rom t h e  X-axis  are  s m a l l  and if 

t h e  Z - c o - o r d i n a t e  D h a s  been chosen  f a i r l y  well, t h e  Z - c o - o r d i n a t e s  

of t h e  v e h i c l e  may b e  n e g l e c t e d :  



1f r e a s o n a b l e  p r o v i s i o n a l  v a l u e s  a r e  a v a i l a b l e  e q u a t i o n  (1) may be 

l i n e a r i z e d  by t a k i n g  d i f f e r e n c e s  f rom t h e s e  p r o v i s i o n a l  v a l u e s ,  

such a s :  

A 1  = l  - 
i q  i q  ( l i q )  o  

, A X i = X i - ( X i l o  , e t c .  

One f i n d s :  

If t h e  p r o p o r t i o n a l  p r e c i s i o n  o f  t h e  m e a s u r e d , d i s t a n c e s  i s  c o n s t a n t  

( s e e  s e c t i o n  61 it i s  u s e f u l  t o  c o n s i d e r  ( A 1  ] / ( l  l  z A n  l a s  
i q  i q  0 i q  

o b s e r v a t i o n s .  Then t h e  above e q u a t i o n  may be w r i t t e n  a s :  

[Xi-X 1 LAXi-AX l  + [Yi-Y I [AYi-AYq) + [Zilo AZi 
A l n  1 = 9 0  9  9 0  

i q 
(2) 

[ l i q l  : 
The c h o i c e  o f  t h e  c o - o r d i n a t e  sys tem g i v e s  t h e  c o n d i t i o n s :  

and [Zili=3 = D 

i f  t h e  Z-co-ord ina te  o f  t h e  t r a n s p o n d e r  i = 3  has  been assumed. 

F u r t h e r  we have t h e  t r i v i a l  c o n d i t i o n s :  

Of c o u r s e  t h e  p r o v i s i o n a l  v a l u e s  have t o  be chosen i n  such a  way 

t h a t  t h e y  f u l f i l 1  t h e  c o n d i t i o n  (l), (3a) and (3b). If a  s u f f i c i e n t  

number o f  measurements i s  performed t h e  d i f f e r e n c e  q u a n t i t i e s  

- and f rom them t h e  c o - o r d i n a t e s  o f  t h e  v e h i c l e  p o s i t i o n s  [ i f  wan- 

t e d ]  and t h e  c o - o r d i n a t e s  of  t h e  t r a n s p o n d e r s  - can  be c a l c u l a t e d  

by a d j u s t m e n t ,  assuming a  s t o c h a s t i c  model. 



5 .  The smoothness ~f the movement 

I n  many c a s e s  t h e  c o u r s e  of t h e  v e h i c l e  w i l l  be s o  smooth t h a t  t h e  

measuring p o s i t i o n s  a r e  f i x e d  q u i t e  well by a  r e l a t i v e l y  smal l  

number of  pa ramete rs ,  which may be found by e x p r e s s i n g  t h e  p o s i -  

t i o n s  of t h e  v e h i c l e  i n  one o r  more polynomials  such a s  power- 

s e r i e s  o r  F o u r i e r  s e r i e s .  One can a l s o  u s e  s p l i n e  f u n c t i o n  o r  a s -  

sume a  c o r r e l a t i o n  between t h e  p o s i t i o n s  which may be a  d e c r e a s i n g  

f u n c t i o n  of  t h e  d i s t a n c e  between t h e  p o i n t s .  

A t  t h e  D e l f t  Geodet ic  I n s t i t u t e  we have c h o s e n t h e  polynomials.  

not  because  t h e y  l e a d  n e c e s s a r i l y  t o  t h e  b e s t  s o l u t i o n  b u t  because  

we found it t h e  most s t r a i g h t - f o r w a r d  one. We d i d  n o t  choose  t h e  

F o u r i e r  s e r i e s  because  t h e r e  i s  no r e a s o n  f o r  a  p e r i o d i c i t y .  The 

Chebyshev polynomials  were p r e f e r r e d  because  t h e y  f i t  f a i r l y  w e l l  

over  a  l i m i t e d  s e c t i o n  of t h e  s h i p ' s  course .  

Because l o n g i t u d i n a l  and t r a n s v e r s a l  d e v i a t i o n s  of  a n  uniform 

l i n e a r  motion may be q u i t e  d i f f e r e n t  i n  c h a r a c t e r ,  we expanded t h e  

X- and t h e  Y-co-ordinates  of  t h e  s h i p  p o s i t i o n s  each i n  a  polynomial:  

where: 

r i s ' a  l i n e a r  t r a n s f o r m  of  t h e  t i m e  t, s o  t h a t  T = -1 f o r  t h e  f i rst  

v e h i c l e  p o s i t i o n  [ q = l l  and T = +l f o r  t h e  l a s t  p o s i t i o n  [ q = Q l :  

T [ r l ,  w i t h  !< = n o r  m, a r e  Chebyshev polynomials  w i t h  t h e  argument k  
r and of t h e  d e g r e e  k, d e f i n e d  a s :  

T k ( ~ )  = c o s ( k  ~ ~ C C O S T )  (see a l s o  tabLe I )  

a and b  a r e  t h e  c o e f f i c i e n t s ,  cons idered  a s  unknowns i n  t h e  problem. n  m 



The measurements a r e  on l y  performed on d i s c r e t e  moments g i ven  by 

t o r  by r . 
q  q 

The l m e s t  degree Chebyshev polynomials 

T o ( r l  = l 

T 1 ( r l  " r 
T 2 ( r l  = 2 r 2  - 1  

T 3 ( r l  = 4 r 3  - 3 r  

T 4 [ r l  = 8 r 4  - 8 r 2  + 1  

Table 1 

Because o f  t h e  cho ice  o f  t h e  co-ord ina te  system and because o f  

t h e  cho ice  of T. t h e r e  a r e  t h r e e  r e l a t i o n s  between t h e  c o e f f i c i e n t s  

a  and bn. They f o l l o w  f rom 13a). n  

N  
= 2 anTn(- l1 = 0 (Xqlq=o n-o 

Now from t h e  d e f i n i t i o n  o f  t h e  Chebyshev polynomial  i t  f o l l o w s  

t h a t  

and T k ( + l )  = 1  

So one f i n d s  t h e  r e l a t i o n s :  

N  
n  

H M 
C (-11 an = 0. g ( - l l m b m  = 0  and bm = 0  

n=o m-o m=o 



I n  case t h e  f u n c t i o n s  X(r1 and Y(r1 a r e  almost l i n e a r ,  t h e  coe f f i -  

c i e n t s  a  2 B  a3, ..... a  and b2, b3, ..... b  a r e  very smal l .  So 
N m 

according t o  (7) : 

a  a,, bo W 0, bl W o . 
0 

I f  the  p r o v i s i o n a l  va lue  f o r  a  i s  chosen: (allo then t h e  p r o v i s i o n a l  
1 

va lue  f o r  a  can be assumed t o  be equal t o  ( a  l The p r o v i s i o n a l  
0 1 0' 

values f o r  a l l  o the r  c o e f f i c i e n t s  a r e  taken 0, so t h a t  w i t h  (5) f o r  

d i s c r e t e  moments r : 
9  

The d i f f e r e n t i a l s  o f  t h e  v e h i c l e  co-ord inates a r e  found by sub- 

t r a c t i n g  (8) f rom (5) f o r  t h e  moments r : 
9  

N 
AX = X - (Xqlo = Aao + Aa r + E2 anTn(rql 

9  9  1 ' 4  

M 
AY = Y 

= bo 
+ 

9  
E b  T (+Iq) 

9  b ~ r q  + m-2 m m 

w i t h  Aao = a. - (allo, Aal = a  - (allo and w i t h  (7) these 1 
equations may be w r i t t e n  as: 

N 
AX = ( I + =  IAa - { ( - I I ~ - T ~ ( ~ ~ I } .  a 

9  q  1 n-2 n  

M m m (9) 
l + ( - 1 1  - AY = E { -  q  m-2 r + T  ( r  l}. bm 2  9  m q  

S u b s t i t u t i o n  o f  these forms f o r  AX and AY i n  (2) and us ing  (3b) 
9  9  

and ( 4 )  g ives  a  number of r e l a t i o n s  between t h e  unknown d i f fe ren-  

t i a l s  of t h e  co-ord inates of t h e  transponders, t h e  unknown coe f f i -  
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c i e n t s  o f  t h e  Chebyshev  p o l y n o m i a l s  and  t h e  d i f f e r e n t i a l s  o f  t h e  

measu red  d i s t a n c e s .  I n  v e c t o r  f o r m  t h e s e  r e l a t i o n s  may b e  w r i t t e n  

a s  : 

EAU = A0 

w h e r e  AU and  A0 are column v e c t o r s  and  E  i s  a  m a t r i x ;  

AU i s  a column v e c t o r  w i t h  t h e  componen t s  AXi, AYiJ  AZiJ AalJ  a  . n 
bm, w h e r e  i = 1, 2, ..... I, e x c e p t  f o r  t h e  componen t s  AZi of 

wh ich  t h e  v a l u e  c o r r e s p o n d i n g  w i t h  t h e  assumed d e p t h  D ( f o r  i n -  

s t a n c e  AZ31 mus t  b e  o m i t t e d ,  and  w h e r e  n  = 1, 2,  3. ..... N a n d  

m = 2 ,  3, 4,  ..... N. 

A0 i s  a co lumn v e c t o r  w i t h  t h e  componen t s  A l n l  whe re  i = 1, 
i q J  

2, ..... I a n d  q = 1, 2, ..... Q. 

E i s  a  m a t r i x  w i t h  (31-2+N+Nl co lumns  a n d  3Q rows .  The  n o n - v a n i s h -  

i n g  e l e m e n t s  are  f u n c t i o n s  o f  t h e  p r o v i s i o n a l  c o - o r d i n a t e s  [XiloJ  

IYilo. (Z l  a n d  [Xqlo = ( a l l o  + ( a l l 0Tq .  See a p p e n d i x .  
i o  

6. The aaustment 

If t h e  s t o c h a s t i c  model  i s  known, t h e  d i f f e r e n t i a l  v a l u e s  AU of 

t h e  unknowns may b e  f o u n d  by a d j u s t m e n t .  F o r  t h i s  s t o c h a s t i c  model  

we s i m p l y  a s s u m e  t h a t  a l l  " o b s e r v a t i o n s "  I n  1 h a v e  e q u a l  s t a n d a r d  
i q 

d e v i a t i o n s  T a n d  t h a t  t h e r e  i s  no c o r r e l a t i o n  be tween  t h e  o b s e r v a -  

t i o n s .  

The  a d j u s t m e n t  g i v e s :  

T  -1 -1 T -1 
AU = E ' E P  E l  E P AO 

T -1 whe re  [ E  P El- '  i s  t h e  c o v a r i a n c e  m a t r i x  o f  t h e  unknowns, a n d  P  

i s  t h e  c o v a r i a n c e  m a t r i x  o f  t h e  o b s e r v a t i o n s ,  i n  o u r  case: 



For t h i s  s imple m a t r i x  P = uL1 one f i n d s :  

7. Extensions of the problem 

2 
= a 1  i f  I i s  a  u n i t  m a t r i x  

o f  30 X 30 elements. 

p = 

A. - 
As mentioned i n  sec t i on  3. a  b e t t e r  de terminat ion  o f  t h e  transpon- 

der  co-ord inates i s  poss ib le  i f  t h e  measurements a r e  done a long 

more than one s t r a i g h t  pa th  o f  t h e  veh ic le .  Also i n  t h i s  case t h e  

adjustment o f  t h e  whole problem i s  poss ib le  i n  one step. However, 

t h e  choice o f  t h e  co-ord inate system i s  then more complicated than 

f o r  one s t r a i g h t  path. Fu r the r  t h e  m a t r i x  o f  t he  c o e f f i c i e n t s  o f  

t h e  unknowns (comparable w i t h  E l  becomes very la rge .  Since the  

m a t r i x  has many ze ro ' s  s p e c i a l  methods can be used, see e.g. 

CKok, 19771. However, t h e  adjustment may b e t t e r  be done i n  two 

u2 0 0 ----- 
D u2 D ----- 
0 0 (12 ----- 

\ 
I l l \ ,  I l l  
1 1  1 
I l l  

Figure 3 

Fixing 3 transponders using 3 straighe-line paths. 



steps. I n  t h e  f i r s t  s tep  a s e r i e s  o f  measurement over each o f  t h e  

s t r a i g h t  l i n e s  i s  ad jus ted  as descr ibed i n  s e c t i o n  6. I n  t h e  second 

step t h e  d i f f e r e n t  co-ord inate systems a re  transformed i n t o  one 

sytem. Th i s  i s  poss ib le  by an adjustment because a l l  t h e  co-ord inates 

o f  t h e  transponders a r e  known i n  each o f  t h e  co-ord ina te  systems. 

B. - 
Another extension i s  a combinat ion o f  two systems o f  p o s i t i o n  f i x i n g ,  

t h e  so-ca l led  " i n t e g r a t e d  navigat ion" .  The co-ord inates o f  t h e  v e h i c l e  

found i n  one system may then be expressed i n  t h e  observat ions o f  

t h e  o the r  system. 

C. - 
I t  i s  no t  necessary t o  c a r r y  ou t  measurements f rom each s h i p  pos i -  

t i o n  q t o  a l l  o f  t h e  transponders. Of ten t h e  measurements a re  done 

a l t e r n a t i v e l y  t o  each o f  t h e  transponders. Wi th t h e  use o f  t h e  

polynomials enough redundancy may remain t o  per form t h e  c a l c u l a t i o n s  

i n  t h e  manner descr ibed i n  t h e  sec t ions  2. - 6. 

D. - 
I f  more than t h r e e  transponders a r e  used t h e  three-d imensional  po- 

s i t i o n s  may be found w i thout  knowledge o f  t h e  he igh t  o f  t h e  veh ic le .  

An a d d i t i o n a l  s e r i e s  o f  polynomials  can then be used f o r  t h e  v e r t i -  

c a l  co-ord inates o f  t h e  veh ic le .  
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I n  t h i s  appendix  t h e  d e s i g n  m a t r i x  E i s  g i v e n  f o r  t h r e e  t r a n s p o n -  

d e r s  [ I  = 3 )  and f o r  Chebyshev series o f  t h e  t h i r d  d e g r e e  [N=IY=3), 

assuming t h e  Z-co-ord ina te  Z 
3' 

The e l e m e n t s  e: of  t h e  m a t r i x  a r e  found w i t h  t h e  f o l l o w i n g  r u l e s :  

f o r  i = 1 :  

f o r  i = 2:  

f o r  i = 3: 

f o r  i = 1, 2 ,  3: 

eg = - [ l + =  A eg = -2 ( T ~ - 1 )  A eg = - ( 4 ~ ~ - 3 ~  + l )  
9 q  i q  10 9  i q  11 9  9  

eg = -2 [ T ~ - I )  eg = -4 ( T ~ - T  B 
12  9  13 q Cl i q  

Renmrk: 'The e lements  i n  t h e  upper  and lower  r i g h t h a n d  r e c t a n g l e s  

a l l  become z e r o .  





Discussion (paper 24) 

For which task do you use transponders in Holland 

For finding pipelines and boreholes, and survey the 

topography of the sea bottom, where a platform is to be 

placed. 

In which regions of Holland do you use it 

In the North Sea. But electro magnetic transponders are 

also used from aircraft, and not especially in Holland 

but in other countries too. 

I think they are mostly used to find relative positions 

not absolute positions. 

If the method is integrated into another system one 

can find absolute positions. 

I would like to ask whether you do the sumations in the 

Chebyshev polynominals by the Clinshaw method. 

You know there is a special method if you are summing a 

polynomial, where the coefficients have a recursion between 

them, there is a very elegant method for summation 

indicated by Clinshaw. It is a small algorithm which 

makes the summation easy both from a mathematical and a 

numerical point of view. To a certain extent it resembles the 

Horner scheme. 

I. don't know the method. 

In that case the restriction to the 3th or 4th degree for 

conveniency is quite irrelevant. 

And I have done some fitting of polynomials, where I did'nt 

decide in the beginning to which degree I wanted to go. 

For instance to find a transformation between 2 cokdinate systems. 

There you can start with a very low degree and find how the 

variants come out and then you can increase the degree until 

the variants coming out of the adjustment remain constant. 

It means, then you are at noise-level. 



A. Actually, mr. Tuitman, who did these calculations has 

just something in that direction. Maybe it's the same. 

You see the danger of fitting with polynomials of a very 

high degree is, that it eventually fits only in the points. 

But if you have a reasonable redundancy then you can play 

quite safely and you can see that the noise in general will 

stop and you can stop your increase of degrees, when you 

use Clinshaw sumations, then you don't have to worry 

about the degree from the programme point of 

It is immaterial whether to use the degree of 3 or 25 for 

that matter. 

May I ask: Do you need equally spaced data for this or 

any data ? 

Of course, This is one of the snags of Chybeshev polynomials; 

In general you would like equally spaced data. But you 

could possibly use also other kind of orthogonal polynomials 

All orthogonal polynomials with a recursion structure 

could be used. 

I missed in your explanation the relation between the 

dimension of the standard ellipses in meters and the 

standard deviation in the beginning which was expressed 
- 3 

in percentages or rather as a proportion 10 

In the figure we have assumed an equilateral triangle 

with sides of 100 m. 

Did you do any investigations as to the optimum course 

the vessel should follow in order to get the best 

determination of the coordinates of your transponder. 

Because that is one of the problems we always face in 

practice, we normally sail at random some 8 figures through 

the area. We have to work with discrete measurements of course, 

when you cannot work with continuous measurements and we never 

know whether we are doing things right. 

I would like an optimum trace to follow with the vessel, 

still limited to a reasonable number of points. 

No, we did not. We assumed a straight line only to begin with 

because this is the simplest. One could use crossing 

lines or a number of parallel lines, but we did not look 

for the best method to sail 



AN ATMOSPHERIC TURBULENT TRANSFER MODEL FOR EDM R E D U C T I O N  
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Wales, Kensington, Sydney, Aust ra l ia .  

ABSTRACT 

Atmospheric e f f e c t s  remain the  l imi t ing  f a c t o r  f o r  the  precis ion of 
s i n g l e  wave length edm, and hence a new atmospheric model f o r  t h e  
reduction of edm has been developed. The p red ic t ion  of meteorological 
parameters along an edm l i n e ,  from ground based measurements, is only 
p r a c t i c a l l y  poss ib le  during periods of  f r e e  convection. The atmosphere 
is  genera l ly  found t o  be homogeneous between 1000 and 1500 h r s  f o r  
moderate weather condit ions.  Such periods have long been favoured f o r  
t r igonometric l e v e l l i n g  and a r e  considered, i n  the  present  paper, t o  
be a l s o  t h e  optimum f o r  edm. 

Within t h e  turbulent  regime, during thermal i n s t a b i l i t y ,  th ree  height  
regions with d i f f e r e n t  p o t e n t i a l  temperature gradients  have been 
dist inguished.  For a t y p i c a l  edm l i n e  with e levated  endpoints, the  
wave pa th  w i l l  l i e  predominately i n  t h e  upper region, i n  which 
a d i a b a t i c  condit ions p reva i l .  Adiabatic condit ions a r e  b e s t  described 
by t h e  conservative parameters of p o t e n t i a l  temperature and s p e c i f i c  
humidity. 

I n  ordinary edm prac t i ce ,  meteorological measurements a t  t h e  terminals  
of an edm l i n e  a r e  c a r r i e d  ou t  a t  instrument height .  These measurements, 
however, a r e  only representa t ive  f o r  t h e  unstable surface  layer  and 
need t o  be transformed t o  t h e  boundary between t h i s  l ayer  and t h e  
adjoining ad iaba t i c  layer .  This transformation requ i res  t h e  determination 
of t h e  represen ta t ive  p o t e n t i a l  temperature gradient  and t h e  height  of 
t h e  atmospheric surface  l a y e r ,  f o r  which t h e  appropr ia te  laws governing 
atmospheric tu rbu len t  t r a n s f e r  processes a r e  employed. In  these  
ca lcu la t ions  t h e  sens ib le  hea t  f l u x ,  which can be determined from t h e  
energy balance equation, p lays  a fundamental r o l e .  The app l i ca t ion  of 
t h i s  approach involves the  determination of add i t iona l  meteorological 
parameters t o  those normally measured f o r  edm reduction; these  are :  
n e t  r ad ia t ion ,  hea t  f l u x  i n t o  t h e  ground, evaporation and wind speed. 
These parameters can be measured d i r e c t l y  o r ,  with the  exception of 
wind speed, est imated from empirical  formulae. 

The atmospheric tu rbu len t  t r a n s f e r  model developed is appl icable  to  
both l i g h t  and microwave edm and appropriate reduction formulae a r e  
derived. F i e l d  measurements involving edm observations,  a s  we l l  a s  
heat  f l u x  determinations, have been c a r r i e d  ou t  i n  order  t o  t e s t  t h i s  
new model. The r e s u l t s ,  which a r e  reported elsewhere, support t h e  use 
of t h e  turbulent  t r a n s f e r  model a s  a v iab le  reduction technique f o r  
edm. 



1. INTRODUCTION 

1.1 Preamble 

For s i ng l e  wavelength edm, using l a s e r  l i g h t  o r  microwave instruments, 
the  determination of t h e  mean ( i n t eg ra l )  r e f r ac t i ve  index over the  
propagation path  is  c ruc ia l .  Methods of determination have been the  
t op i c  of numerous papers i n  the  l a s t  decade. However, t he  problem is  
nowadays even more re levant  a s  the instrumental and ground swing e r r o r s  
have undergone a d r a s t i c  reduction i n  magnitude a s  a r e s u l t  of new 
instrumental developments. 

The a r i thmet ic  mean of t he  r e f r ac t i ve  ind ices ,  derived from meteorological 
observations a t  the  terminals of the  edm l i n e ,  i s  generally not  equal 
t o  the  i n t eg ra l  r e f r ac t i ve  index. I t  has been found 1111 t h a t  t h i s  
e r r o r  i s  l a rge ly  dependent on the  p r o f i l e  of t he  l i n e  and the  time of 
t he  edm observation. There a r e  current ly  several  diverging opinions 
regarding t h e  se lec t ion  of the  most su i t ab l e  time of observation f o r  
edm. However, t h e  general  condit ions favoured appear t o  be t he  morning 
and afternoon t r a n s i t i o n  periods when a near-isothermal v e r t i c a l  
d i s t r i bu t i on  may be expected. 

The time per iod of 1000 t o  1500 h r s  has long been favoured a s  the  
optimum per iod of observation f o r  tr igonometric l eve l l i ng ,  though 
ra re ly  f o r  edm. During t h i s  period,  the  atmosphere above the  lowest 
few metres of the  boundary layer  i s  generally i n  an ad iaba t ic  s t a t e  a s  
a r e s u l t  of thermal mixing from turbulent  t r an s f e r  processes. During 
dry ad iaba t ic  processes,  the  p reva i l ing  temperature gradient  is  t he  
ad iaba t ic  gradient  (-0.00977 ~ m " ) .  Using the  well-known formula fo r  
the  v e r t i c a l  r e f r ac t i on  of lightwaves, t he  r e f r ac t i on  coe f f i c i en t  kL 
corresponding t o  t h e  ad iaba t ic  temperature gradient  can be calculated.  
For average meteorological conditions (p = 950 mb, T = 283 K ,  e = 7.6 mb 
a t  r e l a t i v e  humidity of 60%) a value f o r  kL of 0.146 is  calculated.  
This value i s  very c lose  t o  the  empirical  mean value of kL = 0.13, which 
is  generally accepted a s  the  standard value i n  geodesy. This empirical 
mean value f o r  kL has been derived from reciprocal  zenith d is tance  
observations i n  h i l l y  t o  mountainous a reas ,  with the  times of observation 
being between 1000 and 1500 hrs .  The exce l l en t  r e s u l t s  from 
trigonometric l eve l l i ng  during t h i s  t i m e  period of ad iaba t ic  condit ions 
encourage an inves t iga t ion  of t he  appl ica t ion of ad iaba t ic  models f o r  
atmospheric edm reduction. 

Because the  v e r t i c a l  and hor izonta l  d i s t r i bu t i on  within the  ad iaba t ic  
layer  i s  e s sen t i a l l y  homogenous, extending from about 20-50 m t o  heights 
of a few hundred metres above t h e  ground, a modelling of t h i s  l ayer  is  
r e l a t i v e l y  simple when t he  conservative atmospheric parameters of po t en t i a l  
temperature and s p e c i f i c  humidity a r e  employed. Bearing i n  mind t he  
p r a c t i c a b i l i t y  of the  model t o  be developed, meteorological measurements 
a re  confined t o  the  endpoints only. However, t he  meteorological 
measurements a t  t h e  terminals a r e  generally taken a t  the instrument l e v e l  
which invar iably  f a l l s  i n  the  unstable atmospheric surface layer .  Thus, 
t he  measurements need t o  be transformed t o  the  lower boundary of the  
ad iaba t ic  l ayer ,  t h e  l ayer  i n  which t he  predominant por t ion of t he  
propagation path  f a l l s .  For t h i s  transformation t h e  appropriate laws 
governing tu rbu len t  t r a n s f e r  processes w i l l  be applied. A turbulent  
t r an s f e r  model w i l l  be developed and new formulae f o r  t h e  reduction of 
both l i g h t  and microwave edm w i l l  be derived. The suggestion fo r  such 
a model must be a t t r i b u t e d  t o  ANGUS-LEPPAN[~]. 



Field measurements involving edm and heat f lux determinations have been 
carr ied out i n  order t o  t e s t  the new model. The r e su l t s ,  which a re  
reported elsewhere 161, support the use of the turbulent t ransfer  model 
as  a viable reduction technique for  edm. 

1.2 Conservative Meteorological Parameters 

'in adiabatic process is one i n  which heat  does not enter  o r  leave the 
system; these processes play a fundamental role  i n  meteorology. Potent ia l  
temperature 8 and specif ic  humidity q a re  invariant with height 
during adiabatic processes and are  therefore referred t o  as  conservative 
parameters. The spec i f ic  humidity q is defined a s  the r a t i o  of the 
mass of water vapour t o  the t o t a l  mass of a i r ,  and can be calculated with 
suf f ic ien t  accuracy from the formula: 

where p is  the  atmospheric pressure. 
e is  the p a r t i a l  pressure of water vapour. 

(Throughout t h i s  paper, pressure is taken i n  mb, 
but a l l  other quant i t ies  a re  expressed i n  S1 uni t s )  

The poten t ia l  temperature 8 of an a i r  mass is  defined a s  the 
temperature it would assume i f  it were brought adiabat ical ly  t o  the 
standard pressure of 1000 mb. The expression re la t ing  absolute 
temperature T and potent ia l  temperature 8 i s  given as:  

The ve r t i ca l  gradient. of potent ia l  temperature (do/&) can be used 
t o  determine the thermal s t a b i l i t y  of the atmosphere. Three main 
s t a t e s  of (de/dh) may be distinguished: s tab le ,  neutral  and unstable 
s t r a t i f i ca t ion .  

1.3 Thermal S tab i l i ty  and i ts  Effects on Edm 

Stable conditions, characterised by posi t ive (de/dh), tend t o  exercise 
a s t ab i l i s ing  influence on a i r  motion such t h a t  turbulence is 
suppressed. Stable conditions are  generally found on clear  nights 
when temperature inversions form a s  a r e su l t  of ground cooling. For 
medium t o  long edm l ines ,  observations during inversions have been 
found t o  produce systematically shorter distances of lesser  precision 
than the corresponding determinations i n  unstable conditions. The 
poor r e su l t s  obtained during inversion conditions can be mainly explained 
by two factors:  humidity anomalies along the propagation path, and the 
f a c t  t ha t  for  a typical  edm l i n e  of elevated endpoints, much of the wave 
path may be above the shallow intense inversion layer. Above the 
inversion, neutral  t o  near-stable conditions a re  generally found and 
endpoint meteorological measurements cannot be safely extrapolated t o  
greater heights because of the discontinuity between the inversion and 
upper layers. 

Neutral, o r  adiabatic conditions, characterised by zero (do/&) , 
generally p e r s i s t  i n  the atmospheric surface layer fo r  only short  
periods. A zero potent ia l  temperature gradient is usually found during 
the t rans i t ion  periods which, i n  idea l  conditions, f a l l  a short  time 
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a f t e r  sunr ise  and a shor t  time before sunset .  The neu t ra l  s t r a t i f i c a t i o n  
within the  t r a n s i t i o n  periods i s  a shor t  term phenomenon, r a r e ly  
exceeding periods of more than a few tens  of minutes, and usually 
confined t o  t h e  lowest few tens  of metres of t he  atmosphere. Hence, 
the proposal t o  confine edm observations t o  the t i m e s  of t r a n s i t i o n  i s  
generally impractical .  

Adiabatic conditions may a l s o  p r eva i l  i n  c e r t a i n  spec i a l  circumstances, 
the  most t yp i ca l  of these  is when t he  cloud cover is  very th ick  and 
the re  is  a moderate o r  high wind. In  addi t ion,  near-neutral conditions 
a r e  encountered i n  the  upper region of t he  turbulent  regime, above 
the  unstable l ayer ,  and t h i s  ad iaba t ic  layer  plays a fundamental r o l e  
i n  the  development of t he  proposed model. 

Unstable condit ions,  character ised by negative (de/dh), occur when the  
e a r t h ' s  surface  i s  strongly heated by incoming short-wave s o l a r  radia t ion.  
Any disturbance of t he  a i r  mass under these  conditions is accentuated 
by buoyancy forces ,  so turbulence increases.  In  t he  lowest few metres 
of the  atmospheric boundary layer ,  s t rongly  negative temperature 
gradients  can occur, t h e i r  magnitude being dependent on the  upward 
sensible  heat  f lux.  

Attempts t o  evaluate the  e f f e c t s  of the  temperature d i s t r i bu t i on  close 
t o  t he  ground on edm reduction have included t h e  use of meteorological 
measurements from masts. However, i n  general  the  mast heights  have been 
a rb i t r a r e ly  chosen (10 m is  the  common height)  and inves t iga t ions  have 
m e t  with l imi ted  success,  p a r t l y  because var ia t ions  i n  the  height  s ca l e  
of t he  turbulent  regime have not  been considered. 

2.  M I C R O M E T E O R O L O G I C A L  BACKGROUND 

2.1 Turbulent Transfer of Sensible Heat and Obukhov Length 

Turbulent t r an s f e r  of sens ib le  heat  H (heat  f lux)  forms one component 
of t h e  energy balance equation [7], [9] which can be given i n  the 
form: 

where R is t h e  ne t  radia t ion.  
G i s  t he  heat  f l ux  i n t o  t he  ground. 

XE is t h e  l a t e n t  heat  f lux  of evaporation o r  condensation, 
with X being the  l a t e n t  heat  of the  change of phase. 

Values f o r  (R - G) can be measured d i r e c t l y  using commerically 
ava i l ab le  ne t  radiometers and heat  f l ux  p l a t e s ,  o r  i nd i r ec t l y  estimated 
from empirical  formulae [2] using qua l i t a t i ve  observations of prevai l ing 
weather condit ions,  i .e. cloud type, surface  mater ia l ,  vegetat ion,  s o i l  
type and moisture. The p r inc ip les  of measurement of evaporation E 
have been extensively discussed i n  l i t e r a t u r e  [12],  [ l61 , and of the 
many methods employed, the  so-called 'combination method' appears t o  be 
the  most su i t ab l e  f o r  t he  evaluation of Eq.(3). The major advantage of 
t h e  combination method i s  t h a t  it i s  defined i n  terms of standard 
meteorological measurements only; i . e . ,  w e t -  and dry-bulb temperatures, 
and wind speed. 



I n  s im i l a r i t y  considerat ions of atmospheric turbulence a s ca l e  l en  
termed t h e  Obukhov length,  L has proved very valuable [ l~] ,  [ l3  

L is defined by t h e  equation: 

where U* is t h e  f r i c t i o n  veloci ty .  
c  is t he  s p e c i f i c  heat  a t  constant  pressure.  
pp is the  densi ty  of a i r .  
K is t he  von Karman's constant ,  with value 0.4. 
g is the  accelera t ion due t o  gravi ty .  

The f r i c t i o n  ve loc i ty  U, i s  a reference ve loc i ty ,  which charac te r i ses  
the  p a r t i c u l a r  tu rbu len t  regime. The magnitude of U, is  dependent on 
t he  winds shearing s t r e s s  and on a i r  density.  For the  evaluation of 

U, [10], [12], [ l41 , t h e  well-known logarithmic wind pro£ i l e  
re la t ionsh ip  is generally used. This evaluation requires  the  measurement 
of  t he  hor izonta l  wind w e d  a t  only one height .  

I n  unstable condit ions t he  Obukhov length L is negative,  i n  s t a b l e  
conditions pos i t ive ,  and i n  near-neutral condit ions L becomes 
i nde f in i t e l y  large .  Small values of L occur when la rge  heat  f l u x  
and weak wind cause strong thermal e f f e c t s ,  a  t yp i ca l  example being the 
noon period on a ho t  c l e a r  summer's day. For the  use of the  Obukhov 
length i n  the  present  context ,  it i s  important t o  note t h a t  the  height 
s ca l e  of  atmospheric turbulence expands and con t rac t s  i n  accordance with 
the  magnitude of L [7], [ l31 . It is  therefore  an advantage t o  
introduce the  r a t i o  h/L a s  a convenient s t a b i l i t y  and height  
parameter, where h i s  t he  he igh t  above t h e  ground. 

The evaluation of H and L from ac tua l  f i e l d  measurements, i n  
conjunction with the  proposed model f o r  edm reduction,  has been discussed 
i n  d e t a i l  by the  authors,  BRUNNER and FRASER i n  [6]. 

2.2 The Unstable Potential  Temperature P ro f i l e  

The unstable,  and t he  adjacent  ad iaba t ic  layer  i n  the  lower atmosphere 
have been discussed qua l i t a t i ve ly  by BROCKS [3]. Within the  unstable 
turbulent  regime, W E B B [ ~ ~ ]  has i den t i f i ed  t h r ee  regions of d i f f e r en t  
physical  behaviour, with associa ted d i f f e r en t  po t en t i a l  temperature 
gradients.  The t yp i ca l  form of t he  po t en t i a l  temperature gradient  
p reva i l ing  i n  unstable condit ions is shown i n  Fig. 1. The boundaries 
of the  th ree  regions a r e  defined i n  terms of t he  Obukhov length L. 
The physical  nature of the  regions can be discussed i n  terms of 
convective processes [ l31 and a b r i e f  account of t he  types of  convection 
na tu ra l ,  f r e e ,  forced - w i l l  now be given i n  conjunction with the  
discussion of the  p r o f i l e  (de/dh) which predominates i n  each region. 



\ REGION I1 

I .--.. .- 

8 
Fig. 1: A typical prof i le  of mean potent ial  
temperature 0 with 10 arithmic scale h/ I L  1 ,  
i n  unstable conditions q141. 

Forced convection occurs with the passage of wind over a rough surface. 
The resulting wind-generated turbulence is the primary mode of heat 
t ransfer  i n  region I, and the atmospheric conditions are always near- 
neutral. The prevailing potential  temperature gradient within t h i s  
region is i n  accordance with the well-known logarithmic profi le .  The 
upper height l i m i t  of region I can be estimated as  h = 0.03 1 ~ 1  , see 
Fig. 1. The prof i les  of temperature within region I have limited 
applications i n  geodesy, as  most geodetic measurements are generally 
above t h i s  region. Exceptions are found i n  conditions of weak 
ins t ab i l i ty  when the wind is strong o r  the skies are heavily overcast. 

Free convection is caused by density o r  buoyancy differences within 
moving a i r ,  and t h i s  type of convection governs the heat t ransfer  i n  
region 11. Here the turbulent heat flux H is  the main factor  i n  
determining the radient (do/&). Region I1 extends i n  height between 
the l i m i t s  0.03 ~ L I  < h < I L \  , see Fig. 1. The prevailing potential  
temperature gradient within t h i s  region i s  described by the so-called 
(-4/3) law, [10]. Introducing for  convenience a term a: 

which can be considered independent of height and windspeed, the 
potential  temperature gradient can be expressed with suff icient  
accuracy by: 

Eq.(G)defines the ver t ica l  potential  temperature gradient within region 
11, the region where most meteorological measurements are made for  the 
purposes of determining refractive index and the coefficient of 
refraction. On clear days with moderate winds, over a grassland surface, 
region I1 generally extends from heights less  than a metre up t o  a few 
tens of metres [15]. 



Quasi-free convection governs the t r ans f e r  process i n  region 111 [ 131 , 
[ l41 ; the convection is not  wholly f r e e  because t he  exis tence  of 
region I11 depends on the  presence of thermal upcurrents from region 11. 

Within t he  range ( L (  < h < 10 (L(  , t h e  a i r  mass, w i t h  the exception 
of the  thermal plumes, is  gently descending and i s  e s sen t i a l l y  neu t ra l  
i n  s t a b i l i t y .  I n  t h i s  region it appears t h a t  the  e f f e c t  of wind-induced 
turbulence has become so  feeble  t h a t  the  buoyant elements r i s e  i n  
thermal plumes which su f f e r  no appreciable d i f fus ion  w i t h  the surrounding 
a i r .  Because of the  ad iaba t ic  conditions which p reva i l ,  t h e  mean po t en t i a l  
temperature gradient  within region I11 can be considered t o  be near-zero, 
see  Fig. 1. 

3. DEVELOPMENT OF THE TURBULENT TRANSFER MODEL 

3.1 Atmospheric Model fo r  Unstable Conditions 

Fig. 2 g ives  a s impl i f ied  schematic representa t ion of  the s t r uc tu r e  of 
the  thermal regions I1 and I l l a s  they might appear over a typ ica l  edm 
l i n e  i n  unstable conditions. P ro f i l e s  of po t en t i a l  temperature 0 and 
r e l a t i ve  humidity f a r e  shown a t  both terminals,  and a t yp i ca l  t r a ce  
of the  Obukhov s c a l e  length L is  a l so  given. 

Fig.2: Schematic representa t ion of t h e  Turbulent 
Transfer Model f o r  an edm l ine .  



Within region 11, f o r  t yp i ca l  sunny condit ions around noon, s t rongly  
negative po t en t i a l  temperature gradients  (do/&) a r e  encountered, 
corresponding t o  t he  l a rge  upward heat  f l ux  H. The increased 
turbulence r e su l t i ng  from the  t r an s f e r  by f r e e  convection causes 
increased mixing between the  hea t  and water vapour c a r r i ed  by the  
turbulent  eddies,  and t h a t  present  i n  the  surrounding a i r .  A s  the  
extent  of turbulent  mixing increases , the  atmosphere becomes more 
homogenous and t h e  previously s t rong p o t e n t i a l  temperature gradients  
a r e  reduced t o  near-zero a s  ad iaba t ic  processes become apparent i n  t he  
well  mixed a i r .  

I f  s im i l a r  turbulent  processes a r e  assumed t o  a c t  over the  length of 
an edm path ,  then f o r  t h e  t yp i ca l  edm l i n e  p r o f i l e  with elevatied 
endpoints, the  wave propagation w i l l  be through the  e s sen t i a l l y  
quiescent  a i r  of region 111. However, meteorological measurements 
fo r  edm a r e  usually c a r r i ed  ou t  with asp i ra ted  psychrometers a t  or  
near t h e  instrument height  ( typ ica l ly  around 1.5 m ) ,  which w i l l  be well  
within region 11. To obta in  the  po t en t i a l  temperature a t  the upper 
boundary of region 11, which w i l l  be representa t ive  and constant  f o r  
t he  whole ad iaba t ic  region 111, an in tegra t ion  of  t he  po t en t i a l  
temperature gradient  over t h e  appropriate height  i n t e rva l  is  required. 
Designating t h e  parameters a t  the  s t a t i o n  A by a subscr ip t  A ,  the 
po t en t i a l  temperature a t  t he  Obukhov s ca l e  height  LA is given 
by: 

where hA is t he  height  a t  which the  po t en t i a l  temperature 8 i s  
obtained. Subs t i tu t ion  of Eq. (6) f o r  (a8/ah) gives the  p r ac t i c a l  
equation : 

h m i d i t y  f i s  defined a s  t h e ' r a t i o  of the  p a r t i a l  p ress  re of 
water vapour e t o  t he  sa tu ra t ion  water vapour pressure es a t  t i e  
dry-bulb temperature. For unstable condit ions,  t h e  gradient  of  f with 
height ,  (df/&),  has been shown t o  be near-zero throughout the  
turbulent  regime [4]. Thus the  r e l a t i v e  humidity fA,  determined a t  
t h e  psychrometer height  hAl w i l l  a l so  be appropriate a t  the  lower 
boundary of region 111. The s p e c i f i c  humidity,  LA , a t  t h e  Obukhov 
s ca l e  height  can therefore  be calcula ted from t h e  equation: 

= f A  - qs (LA) 

where 
9 s  LA 

is t h e  sa tu ra t ion  spec i f i c  humidity f o r  the  dry bulb 
t empera tde  a t  height  LA, ca lcula ted from 

I t  has been shown t h a t  i n  region I11 of t h e  unstable regime the  
condit ions approach near-neutral and t he  conservative parameters 9 
and q may be considered invar ian t  with height .  Thus i n  est imating 
t h e  mean po t en t i a l  temperature 9, and mean spec i f i c  humidity qm 
which charac te r i se  t h e  mean condit ions f o r  t he  ray path ,  only hor izonta l  
temperature and humidity gradients  need be considered. I n  the  formulation 
of the atmospheric turbulent  t r a n s f e r  model, advection processes a r e  not  
examined and hor izon ta l  gradients  a r e  assumed t o  be l inear .  Hence fo r  
t he  s i t u a t i o n  depicted i n  Fig.2, 9, and qm a r e  given by: 



where the subscript  LB denotes the appropriate values a t  the 
terminal B. 

3 . 2  Edm Reduction Formulae 

3 . 2 . 1  General derivations 

Electromagnetic distance measurements ( l i g h t  and microwave) between two 
terminals A and B give the  opt ica l  path length a, but f o r  geodetic 
purposes the  geometric (chord) distance S is needed. The opt ica l  
path length a of a wave propagation through an inhomogeneous medium 
i s  described by a f i r s t  order p a r t i a l  d i f f e ren t i a l  equation, the so- 
cal led eikonal equation. The or ig ina l  solution of the eikonal equation 
of geometrical opt ics  by MORITZ [8] has been reviewed and the following 
revised formula for  edm reduction has been derived [S]: 

where N is  the  re f rac t iv i ty  of a i r ,  N = (n-1) 106. 
(dN/dh) is  the ve r t i ca l  gradient of re f rac t iv i ty .  
B is  the incl inat ion of the chord AB. 
X and 5 are  the integration variables along the chord. 

The advantage of Eq.(12) over other edm reduction formulae is tha t  the 
integrations are  carr ied out  along the known chord and not along the 
unknown wave path. Hence, it is  necessary t o  know e i the r  the value of 
the  r e f r ac t iv i ty  N and i t s  gradient a t  a l l  points along the chord, o r  
t he  respective meteorological data which are  necessary for  the evaluation 
of N and (dN/dh). 

Ignoring the short  portions of the path length a t  the terminals, which 
l i e  i n  the  unstable surface layer (region I I ) ,  the  chord AB w i l l  be 
predominantly i n  the temperature and humidity quiescent a i r  of region 
111, see Fig.2. For the s i tua t ion  depicted, the  poten t ia l  temperature 
8, and spec i f ic  humidity qm may be considered constant along the 
chord, t h e i r  respective ve r t i ca l  gradients being zero i n  the adiabatic 
layer. Hence, only pressure w i l l  be a function of height between the 
terminal values pA and pB; fo r  convenience, the mean pressure pm 
is introduced: 

'm = +(pA + pg) (13) 

For constant (dN/dh) along the chord, Eq.(12) can be evaluated as: 

which i s  a va l id  assumption f o r  almost any case considering the 
magnitude of the second term of ~ q .  (14) . 
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3.2.2  Lightwave Edm 

Using the formula of Barrel1 and Sears the  r e f r a c t i v i t y  of lightwave 
propagation can be given i n  terms of conservative parameters as: 

where N is the group r e f r ac t i v i t y .  The v e r t i c a l  gradient of 
GO 

r e f r ac t i v i t y  (dNL/dh) may then be expressedfd t  dry adiabat ic  conditions 
with su f f i c i en t  accuracy as:  

Subst i tu t ing Eqs. (15) and (16) i n t o  Eq. (14) and using the mean values 

8, and qm which a r e  representative f o r  the  edm l i n e  yie lds:  

The i n t eg ra l  of t h e  pressure i n  Eq. (17) can be solved e i t h e r  r igorously,  
leading t o  the  d i s t r ibu t ion  function of the  normal d i s t r ibu t ion ,  o r  by 
a numerical in tegrat ion method. However, it seems t o  be more convenient 
t o  use t he  following expression: 

where C is a correction term which can be assumed with su f f i c i en t  
accuracy t o  be zero f o r  a l l  edm l i n e s  shor ter  than 40 km. Detai ls  
of t h i s  in tegra t ion  and formulae f o r  the  correction term C f o r  

longer edm l i ne s  have been given by BRUNNER and FRASER i n  [6]. 

3.2.3  Microwave Edm 

Using the  formula of Essen and Froome the r e f r a c t i v i t y  of microwave 
propagation can be given i n  terms of conservative parameters as: 

and t h e  v e r t i c a l  gradient (dNM/dh) f o r  dry adiabat ic  conditions as: 

(ad&) = -98. 7p014288-2 - 3282.10~ q 1420-3 (20 

Substi tution of these equations i n t o  t he  correction formula, Eq.(14), 
and using the  mean values em, and p y ie lds ,  with su f f i c i en t  

m 
accuracy, the  f i n a l  form: 



This equation w i l l  only be app l i cab le  f o r  dry  a d i a b a t i c  condi t ions  
along t h e  chord, as s a t u r a t e d  a d i a b a t i c  processes have n o t  been 
considered here.  
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Discussion (paper 25) 

Q. You have shown us a very interesting slide with a three dimensional 

image of the behaviour of the atmosphere with a cold airstream 

coming downward and the separated streams of hot air going 

upward. 

What I would like to ask you: what is the diameter of such a 

atnspheric adiabatic element and what is the diameter of the 

hot-air walls of this element ? 

A. I would think about 5 years ago I would have asked the 

same question, but. that is a typical question of geodesists. 

Other scientists never ask questions like this, because most of 

the things that they do are speculative. You are happy if you get 

some idea what is going on. It is difficult to get some 

measurements. T tell how they do it. They use gliders. I think 

a fact in that the rising air and the sinking air do not exchange 

heat with the surrounding air, and therefore only-pressure adjust- 

ment is happening. The parcels of air move up and down with a 

change of temperature only, but there are no changes of the 

specific humidity and the potential temperature because they 

are adiabatic processes, that is all there is. There are no 

other forces involved. 

Of course there is some wind there but you can consider the wind 

only as mixing. This area here is in a real mixed state. And 

therefore because it is well mixed, and it is a representative 

temperature profile, it will show you always this condition. 

But you must have a turbulent surface-layer to get 

these conditions, I have forgotten to mention one thing: 

the model will work also if you have heavily overcast skies, 

because then this turbulent surface-layer will not generate 

and therefore this constant profile will go down right to the surface. 

So, I'm sorry I can't tell you any diameters or anything like this, 

but people are working on it. So, this is the knowledge of meteo- 

rologists at present. 

Q. An additional remark: In physics of fluids, such structures are well 

known, and also the diameter of such structures; and these are 

functions of the viscosity. For me it is only of general interest 

to know the diameter of this, to get a better suggestion of the atmosphere 

It is not a question to have a suggestion for correction. 
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A. Sorry. I can't help you. 

Q. May the theory you have, also be used to understand 

forward scatter. For instance very long distances can be 

measured on a frequency of 400 MHz which is probably 

a matter of forward scatter. Do you know something about 

it. 

A. A theory like this could open many other areas, and 

throw up many questions. I cannot answer you. 



METEOROLOGICAL CORRECTION OF LASER AND MICROWAVE DISTANCES 

K. R i n n e r ,  G r a r ,  A u s t r i a  

I n  t h e  t e s t  ne twork  " S t e i e r m a r k W  ( S t y r i . a )  s e v e r a l  24-hour 

d i s t a n c e  mcasuramen t s  were  c a r r i e d  o u t  i n  t h e  y e a r s  1967 t o  1975  

w i t h  m e a s u r i n g  i n t e r v a l s  o f  a b t .  30 m i n u t e s  f o r  v a r i o u s  d i s t a n c e s  

w i t h  v a r i o u s  p r o f i l e s  by means  o f  laser a n d  microwaves.  With  t h e  

m e t e o r o l a e i c a l  d a t a  measured  i n  t h e  end  p o i n t s  ( a t m o s p h e r i c  

p r e s s u r e  p ,  t e m p e r a t u r e  t ,  s t e a m  p r e s s u r e  e) a n d  t h e  measured  

v a l u e s  o f  t h e  i n s t r u m e n t s  ( g e o d i m e t e r  Q and  t e l l u r o m c t e r  MRA 31, 
non-reduc  cd and  m e t e o r o l o g i c a l l  y r e d u c e d  d i s t a n c e s  G a n d  R 

were  d e t e r m i n e d ,  a n d  F o u r i e r  f u n c t i o n s  were  i n t e r p o l a t e d  a n d  

g r a p h i c a l l y  r e p r e s e n t e d  f o r  G ,  R a n d  t h e  d a t a  p ,  t ,  e. 

As a r e s u l . t ,  t y p i c a l  r e l a t i o n s  be t~l reen  t h e s e  c u r v e s  were  

o b t a i n e d  f o r  l a s e r  a n d  microwave measurements .  Examples t h e r e f o r  

a r e  g i v e n  i n  Figs. 1 a n d  2. The  f o l l o w i n g  r e s u l t s  h a v e  been 

d e r i v e d  t h e r e f r o m  i n  / l / :  

( 1 )  Tho11,qh a c o n s t a n t  p o r t i o n  o f  t h e  m e t e o r o l . o g i c a 1  i n f l u e n c e  

i s  tnltcn i n t o  a c c o u n t  hy t h e  c u s t o m a r y  m e t e o r o l o g i c a l  re- 

d u c t i o n  ( a c c o r d i n g  t o  Ovens, from end p o i n t  v a l u e s )  t h e  

v a r i a b l e  p o r t i o n  w i l l .  b e  o v e r c o r r e c t e d .  S i n c e  between t h e  

mean t . empera tu re  v a l u e s  t a n d  t h e  rci iuced measurcd  v a l u e s  m 
R a  s j g n i f i c a n t  c o r r e l a t i o n  c a n  b e  observed i t  f:cems pos-  

s ib1 . c  t o  c o r r e c t .  i .ndivi t lual  rnecrsurcmen t . ~  rt.om t c m ~ e r a t u r e  

measuremen t s  o f  o n e  day  c y c l e .  Thc mathcm;i t ica l  f o r m u l a t i o n  

o f  t h e  c o r r e l n t . i o n  a s  a f u n c t i o n  o f  p a r a n e t e r s  o f  t h e  meas- 

urinc; p r o f i l o  a n d  o f  g e n e r a l  m e t e o r o l o g i c a l  d a t a  s h o u l d  be  

s t u d i e d .  

(2) The u s u a l  r ec luc t ion  o f  micrnwaves  ( a c c o r d i n g  t o  E s s e n )  is  

l e s s  efficient s o  t h a t  t h e  v a r i a b l e  p o r t i o n s  o f  t h e  meteo- 

r o l o ~ j  c a l  i n f l u e n c e  w i l l  b e  u n d e r c o r r c c  t e d .  L e s s  s i g n i  f i c a n t  

c o r r e l a t i o n s  seem t o  e x i s t  be tween t h e  r e d u c e d  d i s t a n c e  R 

and tlic mt7an v a l . u e n  c and  tIn ( p a r t i a l  x a t p r  p r e s s u r e  a n d  
m 



t empera ture ) .  The re fo re  i t  shou1.d be d i f f i c u l t  t o  

fo rmu la t e  a  c o r r e l a t i o n  func t ion  and t o  de te rmine  

t h e  cor responding  parameters .  

The mean va lues  of microwave measurements ove r  s e v e r a l  

y e a r s  (1367 - 1969) a r e  o f  high i n t r i n s i c  accu racy  o f  
+ 

a b t .  - 1 mm/km comparable t o  t h a t  o f  l a s e r  measurements. 

They a r e ,  however, s h o r t e r  than l a s e r  b i d e s  and a r e  

dds t i ncu i shed  from them, i n  t h e  S t y r i a n  t e s t  network,  by 
+ 

a  s i e n i f i c a n t  s c a l e  f a c t o r  o f  (+  4.1 - 0.4) mm/km. S i n c e  

t h e  cau6e f o r  t h i p  pseudosystemat ic  d i f f e r e n c e  l i e s  i n  

t h e  j n s u f f i c i c n t  cons idera t j -on  o f  t h e  p a r t i a l  steam Pres-  

s u r e  a n  a t t e m p t  i s  made t o  e l i m i n a t e  i t  by c a l c u l a t i n g  

p o s i t i o n  c o n s t a n t s .  A r e s p e c t i v e  t heo ry  i s  g iven  i n  / l /  

and /2/, a  phenomenological e x p l a n a t i o n  i n  / 3 / .  

S i n c e  t h e  above r e s u l t e  may l e a d  t o  a  s imp le  c o r r e c t i o n  

o f  l a s e r  and microwave d i s t a n c e s  r a i s i n g  t h e o r e t i c a l l y  

i n t e r e e t i n g  problems they  a r e  aga in  communicated h e r e  and 

submit ted t o  d i s cus s ion .  

L i t e r a t u r e :  

/ l /  RINNEE:.9 K .  : Rer i ch t  uber  Laser-  und F1ikrowellen-Messungen 

i n  T e s t n e t z  S t e i e rmark ,  Mi t t e i l ungen  d e r  geo- 

d5.t ischen I n s t i t u t e  d e r  TU Graz, Fo lge  22,  1976 

/2/ HIKIJE!? K. : B e r i c h t  Uber d i e  1971 ausqef i ih r ten  Laser-  und 

Mi.l:rowell enrnessungen, M i  t t e i l u n q e n  d e r  geodti- 

t i s c h e n  I n s t i t u t e  d e r  TII i n  Graz, Folge 13, 1973 

/3/ BRWTEHRAUER K. : Ph5nomenologische Deu tung d e r  RJ.nner8 schen 

Or t skons t an t en ,  Verm.Photoqr., Kul . tu r technik ,  

OOO/IV/75, P.  231-2z3, 1975 



Lasergeodimeler 8 

~ i s tooce :Z -  7(Schdck/-Rennfeld) Dote: 28;2/1.3.75 

Hi Height of i [m] 
AHi  Height above ground 

' of the  thermometer 
B Met. datos at ground 
T Day 

N Night ---- G measured value 
R met. red slope distance 

Water  vapor pressure in i 
Water vapor pressure mean 
Water vapor pressure computed 
Temperature m i 
Temperature mean 

, Temperature computed 
barometric pressure in i 
barometric pressure mean 

Heights 
Time 

T 
N 

T +  N 

Pt 
2 
7 

Hi 
1 .L45,31 
1628.79 

Cenfered mean dist. Meon of met Dotas 

B 
B 

GL 
24 302 838 
24 302.8 75 
24 302.859 

- 
A Hi 

+ 1.50 
t1.50 

RL 
24 304,557 
24 304, 4 70 
24304.508 

em 
3.2 
2.6 
3.0 

tm 
5,2 

- 0.4 
2.1 

pm 
632,4 
633.4 
632.9 



Hi Height of i /m) 
AHi  Height obave ground 

of the t'hermometer 

U t s t a n c e . 1 -  d Ibchockl- Koralpej Dote:Y/7U. 7U. 7Ybd 

B Met. dotas at ground 
T Day 

N N~ght  -- -- G measured wlue 
R mpt red ~ 1 0 W  d ; ~ h ~ p  

er Water vapor pressure rn i 
em Water vapor pressure mean 
eg Water vapor pressure computed 
ti Temperature ~n i 
tm Temperature mean 
tg Temperature computed 
pi barometric pressure In I 
pm boromctric messure meon 

32 1 

-. 

Tellwometer MRA3 e3 e2 
I r 

fime 

N 
T+ N 

--- Neigh ts Centered mean dis t. --- ------, 
GM 

59 Iv/91848 
S9179.712 
59 179,788 

Pt 
2 
3 

i 

Mean of met. Potas - --- -- -- 
RM 

59 183.031 
59182956 
59 182.998 

f f  
H 

HI 
!U5..?1 
2140,68 

- .---- 
t m  
7.1 
3.9 
5.7 

-. 

A H t  

1 ~.'JO 

+ / . W  

pm 
623.5 
621.8 
622.6 

em 
6.3 
5.4 
6.0 



Discussion (paper 26)  

Q. I'm delighted to see that one of your geodimeterlines 

was nearly 60 km. long. 

I thought 60 km. was something that only our Scandinavian 

colleagues could achieve with the laser- geodimeter. 

But you managed that also ? 

A. We measured even longer distances, about 93 km. We did 

do that 4 times in 2 years. The test net is in the mountains 

and in autumn there is a very clear atmosphere. 

Q. You told us, there is a systematical difference between 

laser and microwaves of about 4 nnnlkm. 

And you said this is a difference caused by steam 

pressure but you know there is a systematic difference 

from temperature influence too. 

You have different signs on micro-waves and on light-waves. 

Don't you think there is an influence on this 4 ppm from 

temperature 7 

A. I think the greatest portion of this difference should 

come from the differences in the determination of the water 

vapour pressure. 



AN EXPERIMENT WITH A HIGH PRECISION METHOD OF ALIGNMENT 

P. Richardus  and R.H. Mas6e 

SUMMARY 

It is generally known that the alignment of three points at a maximum distance of say 
30 meters as applied to industrial purposes frequently constitutes a problem in respect 
of the precision required. 
One of the most precise methods of alignment is described by Van Heel (1950) employing 
a beam of coherent light, and a zone plate between two fixed points represented mpectively 
by the centre of a circular diaphragm and the intersection point of crosswires. It owes its 
high precision to the fact that it does not apply an optical lens system, thus obviating the 
influence of the non-symmetric aberrations of such a system, and the detrimental influence 
of the need of focussing at various distances. The precision of each setting is therefore 
inkpendent of distance. The method is, however, just as well liable to the influence of 
refraction. 
An experiment has been conducted in the laboratory investigating the possibilities of 
improving the precision of alignment in a vertical sense by trying to eliminate - at least 
partly - the influence of the vertical refraction. This improvement is thought to be obtained 
by the application of a liquid level surface (water) as a reference surface, the alignment 
in a horizontal direction still being performed with the conventional Van Heel's arrange- 
ment. 
The results are very encouraging. It appeared that by the instrumentation and the method 
desdribed in this paper, one may measure the vertical distance of two fixed (terminal) 
points of the alignment in respect of this surface with micrometers; calculate the position 
of intermediate points by interpolation and set the micrometers accordingly. The internal 
standard deviation of alignment is estimated at approximately 3-5 pm (single setting). 
The total length of the line in the experiment was 134 meter, with 4 intermediate points 
at equal distances. An extension to 30 meters is possible maintaining the same precision. 

1 Introduction 

The requirement of the highest possible precision 
up = 1.48 ,/F 

of a three point alignment at relatively short 
distances is particularly stringent in respect of 
industrial and other technical purposes. Refraction 
and the many mechanical inaccuracies of the optical 
instruments have a considerably detrimental in- 
fluence on the precision particularly of the pointing 
at short distances. The standard deviation (sq. root 
of the variance: s.d.) of pointing (horizontal as well 
as vertical) may be expressed (in sex. sec. of arc) by 
the formula (Richardus 1963, 1968) 

where Cis the "vernier acuity" of the observer; M 
the magnification of the optical system and d the 
distance to the target in meters. 
One may allow for laboratory circumstances by 
taking *up. This formula is based on a very large 
number of observations by Washer and Williams 
(1946); Washer (1947) and Anon. (1968). It is note- 
worthy that very few references to this problem are 
found in the literature to this date. 
Characteristic for the optical systems is that the 

Paper p m t e d  at the Vn International Course of Tech- influence of diffracted light is eliminated as much as 
nical Measurements of High Precision and The Symposium 
F.I.G. Commissions 5 and 6, Darmstadt. W.-Gennany, possible. 
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published by Van Heel (1950), employing diffracted 
light only. A coherent wavefront in the form of a 
narrow pencil proceeding through or from a circular 
diaphragm is caught by a zone plate. The inter- 
ference patterns formed at any arbitrary distance 
from this plate will consist of concentric coloured 
rings with a clear centre. In the case of a monochro- 
matic wavefront the pattern shows light and dark 
rings. An index (circles or crosswires etched on 
glass) can be set on this interference pattern with a 
micrometer. 
This will effect the alignment of the centres of the 
first diaphragm, the centre of the zone plate and the 
index. It is noted instantly in comparison with the 
conventional use of telescopes, that focussing has 
been eliminated as a source of errors. Van Heel 
claims a precision of pointing (under laboratory 
circumstances) of 0,01 mm {standard deviation) for 
distances of 0.5 to 30 metres. This linear measure 
is independent of the distance. A second advantage 
of this method is, that a diffraction pattern is form- 
ed at any arbitrary place passed the zone plate, 
where the index can be set without loss of precision. 
This eliminates the error-theoretical d ihul ty  that 
becomes apparent in continuating a line by extra- 
polation. 
For these reasons a similar set up was selected for 
the experiment. A 1.5 mW LS-32lE.N.L. HeNe gas 
laser system provided a coherent pencil of optical 
red (632.8 nm) light, the diameter being 2 mm at 
the exit aperture. The zone plate produces a pattern 
of red and black rings on which could be pointed 
with an index of three concentric rings etched on 
glass. It is possible to use the centre of the beam 
for the alignment, or the centre of the circular 
aperture of the optical system with which the con- 
vergence of the beam can be adjusted. As could be 
expected, however (see a.0. Geilen 1971), the direc- 
tional stability of the beam was by no means suffi- 
cient to maintain the required high precision of 
alignment especially during the three hours after 
first triggering the laser. Deviations could amount 
to 0.2 mm at a distance of a few meters. This diffi- 
culty was avoided by locating an independent 
circular diaphragm at a few centimeters in front of 
the laser. This diaphragm (diameter 0.1 mm) then 

acts as an independent source of coherent light and 
produces a high quality pattern as long as it 
remains situated within the laser beam. The line 
could now be held fixed perfectly between the centre 
of this diaphragm and the index. 
After the arrangement of the alignment in the lab- 
oratory with an intial total length of approximately 
30 meters, the internal precision of pointing was 
checked. The zone plate, being attached to a micro- 
meter reading directly to 0.01 mm and an estimation 
of 2 pm, could be moved by remote electronical 
control from the observer's place (at the index). 
The observations were subdivided into groups of 
10 settings in order to avoid long term influence of 
refraction. 
The position of the diffraction pattern reacted 
sharply to short term turbulence, caused mainly by 
walking along the line; therefore one should wait 
observing until the unrest in the atmosphere settles 
down. It then appeared that the internal precision 
of pointing (s.d.) was 6.5 pm. This agrees with the 
findings of Van Heel, the difference being caused 
by the use of a more precise micrometer and the 
fact that the laser did not exist at the time of Van 
Heel's experiment. 
The influence of refraction cannot be eliminated, 
at least not the horizontal refraction. The question 
arose whether the alignment could be improved in 
a vertical direction by the use of a liquid level 
surface as a reference surface. 
A number of points should be considered when 
using a liquid surface in this way: 
1. The surface is in fact an equipotential surface, 

which can be taken as spherical over the short 
distances involved. 
The corrections Ah to the horizontal direction 
at a point of the surface can be calculated with 
the formula (see Fig. 1) 

where a is the distance from the tangent point 
and R the radius of the earth (6378 km). 

2. It is a known fact in hydrostatic levelling, that 
the tidal forces cause the liquid to follow a 



horlzon a t  P Fig. 1. 

periodic movement. The difference of level be- 
tween two points may be given by the formula: 

where k is a constant equal to 0.032 and 0.068 
for the influence of the sun and the moon res- 
pectively; Z is the zenith angle; a and A the 
azimuth of the alignment and the sunlmoon 
respectively (Jensen 1950, Waalewijn 1964). The 
amplitude reaches an absolute maximum when 
2 = 45" and cos (a- A) = l for both the sun 
and the moon at the same time (i.c. 1.5 pm). It 
was considered that the necessary time of obser- 
vation was that short in comparison with the 
time between two such amplitudes, that the 
influence could be neglected as disappearing in 
the "noise" of the measurements. 

3. To establish the liquid reference surface, a PVC 
pipe of a length of approximately 13 meter was 
filled with distilled water. Windows in the pipe 
every 2.6 meters made it possible to reach the 
surface. Since the measurements involve con- 
ducting an electrical current through the liquid, 
some chemicals were added in order to increase 
the conductivity. Special care must then be taken 
that the specific density is the same everywhere 
in the solution. Differences in the specific density 
may have a noticable local influence on the level 
of the surface in the pipe. 

4. The height of points above the surface is being 
measured at different times and not simultane- 
ously at the same instant. Therefore the influence 
of evaporation; of the fluctuations of the tem- 
perature of the air and of the liquid internally; 
and of the air pressure should be assessed. By 
the measurement of the various parameters and 
the knowledge of the coefficients of expansion, 
elasticity, compressibility of water, etc., it would 
be possible to calculate the movements of the 
liquid surface with the applicable formulae 
(Waalewijn 1964, Sneddon 1974, 1975). The 
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check measurements made in the experiment, 
however, were nowhere in agreement with the 
results of the calculations, most probably 
because the constants given in these formulae 
were not applicable. The formulae indicate a 
proportionality of the change in volume to the 
differences in pressure and temperature. The 
internal temperature differences in the liquid are 
much more critical than the external ones. With- 
in the relatively short time of observations these 
differences will be considered proportional to 
time also. 

The alignment set up is shown schematically in the 
figure 2. 
Problems on cohesion and adhesion, capillary 
action in the liquid system are assumed to be solved 
in the instrumentation as described in the next sec- 
tion. It should be mentioned that in many respects 
use is made of the experiences as laid down by 
Oostenrijk (1968) in his paper on the "Nivelmatic", 
a multi precision hydrostatic levelling instrument 
for the precise placing and checking of large machine 
beddings, surface plates etc. in heavy industry. 

2 lostnunentation (design and speciflcatiom by 
M A )  

The height of a point is measured with two micro- 
meters (l), (2) as shown in the figure 3; one moving 
upward with the zoneplate (3) attached, and the 
other moving downward initially with a needle 
attached to touch the liquid surface. The movements 
of both micrometers are electronically controlled 
with servomotors and switches from .the observer's 
place. The downward movement is measured 
automatically with a counter that stops when the 
needle touches the surface. The pointing of the 
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Fig. 3. 

interference pattern is done by the observer by 
remote control ; the micrometer (2) of the zoneplate 
is read on a clock (4). The total arrangement is 
fixed within a frame of four pillars standing on a 
sledge allowing a small horizontal movement (also 
by remote control) for easier pointing. I he total 
instrument is placed on a triback on a heavy mobile 
industrial tripod. The height of the instrument is 
approximately 50 cm. 
The windows in the pipe have a diameter of 42 mm 
thus allowing for a flat liquid surface in the centre. 
The arrangement of the needle did not appear satis- 
factory because of adhesion and corrosion problems. 
After much experimenting the following design 
gave the best results. The needle was replaced by a 
cap with a flat bottom and a float (of a carburettor) 
was placed in the window (Fig. 4). it consisted of a 
barrel (diam. 21 mm) with a vertical bar in the 
centre of which a platinum wire of 0.2 mm length. 
Underneath three horizontal bars placed under an 
angle of 120" made the float automatically main- 
taining a central position (Fig. 5). Such a float was 
placed in each window. It was then necessary for the 
alignment to standardise them for the reduction of 
differences in height of the platinum wire above the 
liquid level. It was found that the precision of mea- 
suring the downward movement of the micrometer 
until the cap touched the platinum wire could not 

Fig. 5. 

only be kept steady, but was also the highest of all 
possibilities tried. The s.d. derived from the counter 
readings was 2.1 pm. 

3 The observations; precision 
During the measurements, airpressure and air- 
temperature (wet and dry) and the internal tem- 
perature of the liquid at every window (by built-in 
thermocouples) were registered. The evaporation 
was checked by separate regular readings at one of 
the floats (the other windows remaining covered) 
during a number of extended periods when air- 
pressure and temperatures were stable. The amount 
of evaporation was approximately 0.03 pm per 
minute. 
The order of observation decided upon was the 
following. It was not possible in the present 
arrangement to fix the two terminal points indepen- 
dently and measure the height above the liquid 
level (the ideal situation as i t  should be effected in 
the industry). The position of the zoneplate in the 
"laser" line was determined instead above the 
terminal floats nos. 1 and 6 by the mean of 4 series 
of 10 settings. These two points were then assumed 
to be fixed with a s.d. of 1.1 pm. 

It was decided that the influence of the evapora- 
tion for the 10 minutes necessary to take these 
measurements and the shifting of the tripod in be- 



tween, could be ignored. Then the tripod was moved 
consccutively to the floats 5, 4, 3 and 2, and the 
respective micrometer readings registered together 
with those of the corresponding settings of the 
interference pattern in the laser line. The sequence 
was concluded by readings at the terminal no. 1 
again. After a proportional reduction for the dif- 
ferences between the readings at this terminal the 
intermediate readings may be compared with the 
settings of the micrometer as calculated by inter- 
polation. The differences A would show at least 
the order of magnitude of the influence of the 
vertical refraction. The intermediate readings were 
the mean of two series of 10 settings each. The s.d. 
can be estimated as 1.6 pm (inclusive the s.d. of the 
standardization) so that the s.d. of a difference A 
would amount to 1.9 pm. 
Four examples are given below, the first one show- 
ing the method of calculation, the last one showing 
the largest difference A ever obtained. (Rounded 
off to pm). 

float 1 2 3 4 5 6  

readings 7985 9054 
7972 8196 8426 8637 8824 -. 

interp. for time* 13 10 8 5 3 0 

reduced read. 7985 8206 8434 8642 8827 9054 
earthcw. (-) -0 -1 2 5 8 13 ---- 
correct. read. 7985 8205 8432 8637 8819 9041 
calcul. interp. 7985 8196 8407 8619 8830 9041 

- - - -F -  

differences Awn 0 + 9 +25 +l8 -11 0 

2nd example 
differencesA~m 0 +l5 - 4  +l5 + 7  0 

3rd example 
differenccsApm 0 +l6 +l8 +26 - 6  0 

4th example 
differencesApm 0 +35 +l4 +48 +l9 0 

infl. of evapor., temp. etc. 

4 Conclusion 
From the results it may be inferrred that the vertical 
long term refraction has a more considerable 
influence on an alignment than would be expected 
at first sight. It seems possible to eliminate the larger 

part of this influence by the inclusion of a liquid 
level surface as a reference. One can measure the 
vertical distance of two fixed terminal points of the 
alignment in respect of this surface, calculate the 
position of intermediate points by interpolation and 
set the micrometer accordingly. The instrumentation 
required is complex, but may be justified for specific 
purposes. The instrumentation described is only 
experimental and can of course be perfected for use 
in practice. 
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MEETING OF SSG 1 . 4 2  

The  m e e t i n g  was  h e l d  f o r  t h e  p u r p o s e  o f  i n s p i r i n g  member s ,  

p r e s e n t ,  t o  c o n t r i b u t e  i n  v a r i o u s  a r e a s  o f  t h e  SSG 1 . 4 2  - 
r e s e a r c h .  

T h e  C h a i r m a n  o p e n e d  t h e  m e e t i n g ,  by  i n d i c a t i n g  some  l i n e s  

o f  r e s e a r c h ,  w h i c h  s h o u l d  b e  f o l l o w e d  by  t h e  member s .  

T h e s e  l i n e s  were:  

1 1  A b s o l u t e  t e s t s  i n  u s i n g  6 - m e a s u r e m e n t s  f o r  d e t e r m i n i n g  

r e f r a c t i o n .  

a 1  E r r o r  o f ~ i n  t h e  d r y  a i r  t e rm ~ 6 ,  d u e  t o  e v .  v a r i a t i o n s  

i n  t h e  r e l a t i v e  c o n t e n t s  o f  d r y  a i r  c o n s t i t u e n t s .  

b1 H u m i d i t y  c o r r e c t i o n  Q i n  [ l ]  has b e e n  d e r i v e d ,  a s s u m i n g ,  

t h a t  w a t e r d a m p  b e h a v e s  l i k e  a n  i d e a l  g a s ,  t h a t  i s ,  La-  

p l a c e  e q u a t i o n  i s  v a l i d  f o r  Q. Is t h i s  c o r r e c t ?  T h e  

e l i m i n a t i o n  o f  t h e  Q- te rm,  i s  i t  p o s s i b l e ?  

c l  C o n c e r n i n g  t h e  H - t e r m  of  h u m i d i t y .  Can i t  b e  n e g l e c t e d ?  

d 1  Ev.  e r r o r s  i n  t h e  a b s o l u t e  t e s t  f o r m u l a ,  p r e s e n t e d  a s  

e q .  ( 9 1  i n  my own c o n t r i b u t i o n  h e r e  [ l ] .  

21  R e s e a r c h  i n t o  t h e  d e v e l o p m e n t  o f  i n s t r u m e n t s ,  g i v i n g  

d i r e c t l y  r e f r a c t i o n - f r e e  a n g l e s  a n d  d i s t a n c e s .  T h i s  g o a l  

i s  r e f l e c t e d  i n  t h e  s u g g e s t e d  r e s o l u t i o n  1 ,  w h i c h  h e  

h o p e d  s h o u l d  p a s s .  

3 1  A g e n e r a l  s o l u t i o n  o f  t h e  p r o b l e m  o f  p a r a l l a c t i c  r e -  

f r a c t i o n  i s  u r g e n t l y  n e e d e d ,  t a k i n g  l o c a l  a t m o s p h e r e  i n t o  

a c c o u n t .  

41  S h i m m e r  p r o b l e m s  m u s t  b e  c o n s i d e r e d ,  e s p e c i a l l y  i n  s a t e l l i t e  

d i r e c t i o n  o b s e r v a t i o n s .  

51  To i m p r o v e  t h e  a c c u r a c y  of t h e  d i r e c t i o n  o b s e r v a t i o n s  of 

p a s s i v e  s a t e l l i t e s ,  t h e  S . C .  K a k k u r i  t i m e  r e c o r d e r  [ 2 ] ,  

w i l l  p l a y  a n  e s s e n t i a l  r o l e  i n  t h e  f u t u r e ,  n o t  l e a s t  b e -  

c a u s e  i t  seems t o  e n a b l e  t h e  d e t e r m i n a t i o n  o f  s h i m m e r  

e f f e c t s .  I t  w i l l  p r o b a b l y  a l s o  i n c r e a s e  t h e  a c c u r a c y  of 



s t a r  b b s e r v a t i o n s  f o r  P o l a r  Motion s t u d i e s  w i t h  long-  

f o c u s  z e n i t h  t e l e s c o p e s .  SSG 1 .42  i s  c e r t a i n l y  con- 

ce rned :  

61 To avoid  r e f r a c t i o n  e f f e c t s  a t  a l l ,  t h e  f o r e - r u n n e r  

problem m u s t  be s o l v e d .  I f  t h e s e  f o r e - r u n n e r s  cou ld  

be obse rved ,  no r e f r a c t i o n  problems would e x i s t .  What 

i s  t h e  s t a t e  of r e c e n t  r e s e a r c h ?  

71 The s t a t i s t i c a l  a n a l y s i s  of o b t a i n e d  t e r r e s t r i a l  r e -  

f r a c t i o n  by means of t h e  two wave method shou ld  be 

done by s p e c t r a l  a n a l y s i s .  The i m p o r t a n t  work [3] by 

Kahmen on s e r i e s  of r e f r a c t i o n  a n g l e  and n - o b s e r v a t i o n s  

cou ld  s e r v e  a s  g u i d e l i n e .  The chairman mentioned a l s o  

L i v i e r a t o s '  i n t e r e s t i n g  approach f o r  s t a t i s t i c a l l y  s t u d y -  

i n g  t e r r e s t r i a l  r e f r a c t i o n  i n  mountainous a r e a s  from 

e x p o s u r e s  of l a s e r  l i g h t s o u r c e s  a g a i n s t  t h e  s t a r r y  back-  

ground!5'~he s t a t i s t i c a l  t r e a t m e n t  of r e f r a c t i o n  and meteo- 

r o l o g i c a l  d a t a  shou ld  be d e a l t  w i t h  d u r i n g  a  s p e c i a l  work- 

shop on F r i d a y  27 May, e n t i t l e d  " C o r r e l a t i o n  a n a l y s i s  and 

s y s t e m a t i c a l  e r r o r s " .  I t  was h e r e  a l r e a d y  s t r e s s e d ,  t h a t  

when sampl ing  d a t a  f o r  such  a  s t a t i s t i c a l  a n a l y s i s ,  v a r i o u s  

t o p o g r a p h i c a l  and c l i m a t o l o g i c a l  c o n d i t i o n s  shou ld  be pa id  

due a t t e n t i o n  t o .  

81 I n  g e n e r a l ,  t h e  a n a l y s i s  of e r r o r s  i n  t h e  r e s u l t s  of geo-  

d e t i c  measurements shou ld  be performed w i t h  modern s t a t i s t -  

i c a l  methods [ c o n f i d e n c e -  and t e s t  a n a l y s i s ) .  The r o l e  of 

c o r r e l a t i o n -  and s p e c t r a l  a n a l y s i s  shou ld  be emphasized.  

91 F o r  r a n g e -  and r a n g e - r a t e  o b s e r v a t i o n s ,  i n v e s t i g a t i o n s  of 

i o n o s p h e r i c  and t r o p o s p h e r i c  c o r r e c t i o n s  shou ld  be c o n t i n u e d  

and i n t e n s i f i e d .  

101 S t u d i e s  of a s t r o n o m i c a l  r e f r a c t i o n  m u s t  be i n t e n s i f i e d .  New 

t a b l e s  and b e t t e r  l o c a l  models shou ld  be e l a b o r a t e d  i n  co-  

o p e r a t i o n  w i t h  WGAR [Working Group on As t ronomica l  R e f r a c t i o n  

i n  Comm. 8  of I A U I .  S p e c i a l  a t t e n t i o n  s h o u l d  be pa id  t o  t h e  

problem of d e t e r m i n i n g  t h e  z e n i t h  r e f r a c t i o n .  

111 L e v e l l i n g  r e f r a c t i o n  shou ld  be i n v e s t i g a t e d  more c a r e f u l l y .  



S t a t i s t i c a l  a n a l y s i s  of l e v e l l i n g  d a t a  s h o u l d  be con-  

t i n u e d  i n  a  way, w h i c h  a l r e a d y  had been f o l l o w e d  by  

O l e  Remmer i n  h i s  i m p o r t a n t  s t u d i e s  (e.g.  " L e v e l l i n g  

E r r o r s  i n  S t a t u  Nascend i " ) . [ 4 ]  

12 )  The cha i rman announced an i n t e r n a t i o n a l  symposium t o  

be h e l d  i n  Uppsa la  i n  August  1978 w i t h  t h e  t i t l e  " R e f r a c t i o n a l  

I n f  l u e n c i e s  i n  A s t r o m e t r y  and Geodesy". A symposium w i t h  

same t i t l e  was o r i g i n a l l y  p r e p a r e d  t o  be h e l d  i n  B e l g r a d e  

f lay 1978 w i t h  p r o f .  T e l e k i  as convenor  ( c h a i r m a n  o f  WGAR), 

b u t  p o l i t i c a l  reasons  made i t  i m p o s s i b l e .  A t t e m p t s  a r e  now 

made f o r  a r r a n g i n g  t h i s  symposium i n  Uppsala,  i n  c o o p e r a t i o n  

between IAU and I A G . ( t h r o u g h  WGAR and 1 . 4 2 ) .  I t  i s  p l a n n e d  

t o  c a r r y  o u t  r e f r a c t i o n  measurements d u r i n g  t h i s  symposium 

a l o n g  t h e  20 km t e s t b a s e  n e a r  t h e  G e o d e t i c  I n s t i t u t e  of 

Uppsa la  U n i v e r s i t y ,  by means of i n s t r u m e n t s  and methods, 

deve loped  by v a r i o u s  i n v e s t i g a t i o n  g roups  w i t h i n  1.42. 

( f loscow-group, Tedd ing ton -g roup ,  Hannover -group and Uppsa la-  

g r o u p ) .  

131 The cha i rman  touched  t h e  q u e s t i o n  abou t  n e c e s s a r y  consequen- 

ces f o r  f u t u r e  3D geodesy and geodynamics, a r i s i n g  f r o m  t h e  

f a c t ,  t h a t  r e f r a c t i o n - f r e e  a n g l e s  and d i s t a n c e s  a r e  soon 

p o s s i b l e  t o  o b t a i n  d u r i n g  a c t u a l  f i e l d  measurements .  The 

d e s i r a b i l i t y  o f  h a v i n g  handy i n s t r u m e n t s ,  c o m m e r c i a l l y  

a v a i l a b l e ,  w h i c h  d i r e c t l y  g i v e  r e f r a c t i o n - f r e e  d a t a ,  i s  

r e f l e c t e d  i n  t h e  p roposed  r e s o l u t i o n  no 2, w h i c h  hope- 

f u l l y  w i l l  pass.  The i m p o r t a n c e  o f  c a r e f u l l y  s t u d y i n g  t h e  

i n f l u e n c e  of  a t m o s p h e r i c  t u r b u l e n c e  on m u l t i - w a v e  r e f r a c t i o n  

d e t e r m i n a t i o n s  was a l s o  emphasized. 

The d i s c u s s i o n ,  w h i c h  f o l l o w e d ,  was an imated,  and i n s p i r i n g -  

As we had no t a p e - r e c o r d e r  d u r i n g  t h i s  mee t ing ,  I'll t r y  t o  

s k e t c h  t h e  main  l i n e s  o n l y  of t h e  d i s c u s s i o n ,  r e l y i n g  on my n o t e s  

and my memory. 

As r e g a r d s  t h e  p o i n t  I ) ,  I d i d  n o t  g e t  a  c l e a r  answer a t  l a l -  

Nobody knew, if l o c a l  a i r  c o m p o s i t i o n  c o u l d  e s s e n t i a l l y  change 

t h e  C - c o n s t a n t  i n  B a r r e l  and S e a r s '  f o r m u l a .  So t h i s  q u e s t i o n  

i s  s t i l l  open. 
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W i t h  r e s p e c t  t o  I b l ,  i t  was  f e l t  - f r o m  t h e  d i s c u s s i o n  - , 
t h a t  m u l t i - w a v e  m e t h o d s  m u s t  b e  u n s u c c e s s f u l .  The  o n l y  p o s s i b i l i t y  

of c a l c u l a t i n g  a  r e l i a b l e  Q- term was  t o  u s e  m e t e o r o l o g i c a l  d a t a  

o f  some k i n d  [ G l i s s m a n n ,  B r a d s e l l ,  W i l l i a m s ,  B r u n n e r l .  

What c o n c e r n s  t h e  H - t e r m  I c l ,  no  a n s w e r  c o u l d  b e  g i v e n .  The  

w h o l e  t h e o r y  o f  h u m i d i t y  e f f e c t s  on t h e  r e f r a c t i o n  f o r m u l a  s h o u l d  

b e  f u r t h e r  i n v e s t i g a t e d !  [ d e  Munck l .  

I d 1  g a v e  n o  r e s p o n s e  f o r  t h e  moment! 

What c o n c e r n s  2 1 ,  i t  s h o u l d  b e  m e n t i o n e d  t h a t  G l i s s m a n n  h a d  

a  s o l u t i o n ,  w h i c h  was  s u p p o r t e d  by  W i l l i a m s .  F u r t h e r  d e t a i l s  o f  

t h e  G l i s s m a n n  s o l u t i o n  w i l l  b e  b r o u g h t  t o  t h e  1 . 4 2  members  a t t e n -  

t i o n  v e r y  s o o n ,  o r  a t  l e a s t  i n  t h e  p r o c e e d i n g s  o f  t h e  s y m p o s i u m .  

A s  r e g a r d s  p o i n t  31, Pa rm i n d i c a t e d ,  t h a t  K a k k u r i  i n  F i n l a n d  

i s  a b o u t  t o  p u b l i s h  a n  i m p o r t a n t  p a p e r  a b o u t  t h e  s o l u t i o n  of  

t h i s  p r o b l e m ,  e s p e c i a l l y  o f  v a l u e  f o r  t h e  o b s e r v a t i o n s  a t  l o w  

a l t i t u d e s  i n  s t e l l a r  t r i a n g u l a t i o n .  

T h e  c h a i r m a n  p o i n t e d  o u t ,  t h a t  on p o i n t  4 1 ,  t h e  K a k k u r i  

" T i m e - m i c r o m e t e r " ,  t h e  t h e o r y  a n d  a p p l i c a t i o n  o f  w h i c h  i s  a l r e a d y  

p u b l i s h e d ,  w i l l  b e  a b l e  t o  s o l v e  t h e  p r o b l e m .  F o r  f u r t h e r  i n -  

f o r m a t i o n ,  p l e a s e ,  c o n t a c t  K a k k u r i  d i r e c t l y !  

P o i n t  61 d e a l s  w i t h  a  q u e s t i o n ,  w h i c h  i s  v e r y  o l d .  I [ t h e  

c h a i r m a n )  a s k e d  f o r  r e c e n t  news  a s  r e g a r d s  t h e  p o s s i b i l i t y  of  

o b s e r v i n g  t h e  f o r e - r u n n e r s .  No i m m e d i a t e  r e s p o n s e  was  g i v e n  t o  

t h i s  q u e s t i o n ,  b u t  i n f o r m a t i o n  a b o u t  t h e  t h e o r e t i c a l  w o r k  on 

t h e  s u b j e c t  was  d e l i v e r e d  by B r u n n e r  a n d  W i l l i a m s .  The  c o n c e p t  

o f  r e f r a c t i o n - f r e e  s i g n a l s  w a s ,  i n  f a c t ,  t r e a t e d  by S o m m e r f e l d  

l o n g  t ime  a g o .  W i l l i a m s  p r o m i s e d  t o  s e n d  a  c o p y  o f  S o m m e r f e l d ' s  

o r i g i n a l  a r t i c l e  on  t h e  s u b j e c t  t o  t h e  c h a i r m a n  o f  1 . 4 2  a s  s o o n  

a s  p o s s i b l e ,  t o  b e  d i s t r i b u t e d  t o  a l l  members  o f  t h e  g r o u p .  

A s  t o  p o i n t  5 1 ,  no  s p e c i a l  d i s c u s s i o n  f o l l o w e d .  The  c h a i r m a n  

r e p o r t e d ,  t h a t  a  c o o p e r a t i o n  b e t w e e n  t h e  G e o d e t i c  I n s t i t u t e  i n  

U p p s a l a  a n d  t h e  A s t r o n o m i c a l  O b s e r v a t o r y  t h e r e  h a s  a l r e a d y  b e e n  

s t a r t e d  f o r  c a r r y i n g  o u t  e x p e r i m e n t s  i n t o  s o l v i n g  t h e  p r o b l e m  

o f  i n c r e a s i n g  t h e  d i r e c t i o n  a c c u r a c y  when o b s e r v i n g  s a t e l l i t e s  

p h o t o g r a p h i c a l l y  by  m e a n s  o f  l o n g  f o c u s  c a m e r a s .  

7 1 , 8 1  T h e  s t a t i s t i c a l  a n a l y s i s  o f  a l l  g e o d e t i c  d a t a ,  o b t a i n e d  

f r o m  s i g n a l s  i n  o u r  a t m o s p h e r e  was  d i s c u s s e d .  H o p e f u l l y  f u t u r e  ' 



methods o f  t r e a t i n g  t h e s e  d a t a  w i l l  be  s e t t l e d  a f t e r  t h e  

d i s c u s s i o n s  a t  t h e  workshop  on F r i d a y .  Parm d e c l a r e d ,  t h a t  

t h e  a c c u r a c y  o f  t h e  800  km b a s e l i n e  i n  F i n l a n d  w i l l  be  r e -  

computed, u s i n g  modern s t a t i s t i c a l  a n a l y s i s .  [ 6 ]  

91 I t  was emphasized,  t h a t  t h e  r e f r a c t i o n a l  c o r r e c t i o n s  

i n  r a n g e  r e l a t e d  methods s h o u l d  be i n v e s t i g a t e d  s t i l l  more 

c a r e f u l l y  t h a n  t i l  now. S u g g e s t i o n s  were g i v e n  b y  H o p f i e l d  

and o t h e r s .  

101,111 No c o n t r i b u t i o n s  f r o m  t h e  p e o p l e  p r e s e n t .  However 

t h e s e  t w o  i t e m s  a r e  o f  u t m o s t  i m p o r t a n c e  f o r  t h e  work  o f  1.42, 

and i t  i s  hoped, t h a t  we s h a l l  soon have more c o n t r i b u t i o n s  t o  

t h e i r  s o l u t i o n s ,  b o t h  t h e o r e t i c a l l y  and p r a c t i c a l l y .  

131  M r  P o d e r  p o i n t e d  o u t ,  t h a t  w i t h  r e f r a c t i o n - f r e e  d i r e c t i o n s  

and d i s t a n c e s  i n  30 work ,  t h e  c o n c e p t  o f  g e o i d a l  h e i g h t s  and de -  

f l e c t i o n s  a r e  unnecessa ry  and s h o u l d  be a v o i d e d  i n  t h e  t r e a t m e n t  

o f  t h e  r e s u l t s ,  w h i c h  s e r v e  m a i n l y  g e o m e t r i c a l  and g e o d y n a m i c a l  

pu rposes .  The c h a i r m a n  answered t o  P o d e r ' s  remark ,  t h a t  he was 

i n t e r e s t e d  a l s o  i n  t h e  mapp ing  o f  I l a r u s s i ' s  i n t r i n s i c  c o o r d i n a t e s  

o v e r  t h e  i n v e s t i g a t e d  a rea ,  b e i n g  e s s e n t i a l  f o r  t h e  modern t r e a t -  

ment o f  g e n e r a l  d y n a m i c a l  geodesy ( f i x e d  BV-prob lem) ,  and t h e r e -  

f o r e  f o r m a l l y  needs t h e  c o n c e p t s  of p o t e n t i a l ,  g e o i d a l  h e i g h t s  

( h e i g h t  a n o m a l i e s 1  and d e f l e c t i o n s .  

Taken f r o m  my memory 

E r i k  Tengst rGm 
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vahiance and covahiance t o  ~Rhength 06 t e6mct ive  twrbdence and 

Rhan6vme w i n d .  We exploLt t k i b  hen6ivLty by ubing a mohhed-pa$h 

.technique t o  d&ve p a t h  p t 0 6 i . h  06  t h a e  q u a W a .  The taut& 
m e  in6ensiLive Ito c h g a  i n  f ie h p a t i d  hpectruun 06 f ie  te6tacZive- 

index vcvtiationn. The paZh t a o l u t i o n  h eabily v d e d  by changing 

fie teceiveh and Rhan6mLtteh hepahation6 and A u W ~ a Z d y  LimLted 

by higvd-Ito-nobe considmatian6. The e x p h e n t a e  tau52 d o t  
h o ~ z o n t a e  p&, d a d b e d  hehe, wLU uRR;imaZdy be uaed Ito i n -  

dicaZe f ie  6 e a b i b W y  06 pt06Xing on v M c d  p& w.ith pabhive 

4 O W r C Q A .  
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We have devdoped a phyhicatty bad& extemion 06 f ie  Qht-otdm 



p W b a R ; i o n  Rheoky 06 opaXcd b c i W a J t i o n  ,that accouna2 604 Rhe 

obbehved vahiance and covahiance 06  Rhe ampk5A.de ~ l u & a t i a m  i n  

h;Drong integhcLted m b d e n c e .  We use thh mod& a3 andybe t h e  

expehcimevttaeey ob~ehved cCurnga i n  t h e  opehaJtion 06 OWL lass wind 

semok. The Rheoky b u g g a d  a RharnrnLtXeh-&ec~veh conbigwration 

a%aA can n e d y  d i m i n a t e  t h e  peh~omance-dqmcling ebb&& 06 

baong t m b d e n c e .  Based on Rkis a n d y ~ h ,  we Curve developed a 

baRuhaR;ion-kehhhnt o p f i c d  wind A emoh t h a t  m a i n a k l n h  iA 

d b h a - t L o n  and w ~ - w e L g h ; t i n g  b u n d o n  thoughout  t h e  obbehved 
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157-166 ,  March  1976 ,  

Remote p+ob&g 06 aAnobph&c phenomena has become an atrea 06 
intense k u e m c h  dWLing t h e  past decade. One ~ a u R t  0 6  Rkis m- 
4 m c h  h a technique 604 &emote measmement ob t e m p e h m e  PO- 
6.iea i n  Rhe loweh fiopobphehe, which was developed and h being 

fated at S;tanbotrd U n i v m a y .  Tkib technique h based on Rhe 

concept 0 6  Doppleh-Rhacking an acousaXc p&e by an electrromagnetic 

&m; hence Rhe name W O - b c o u s f i c  bounding bybtem (RASSI . W& 

thh bljbtem, k e d - L h e  tempehcLtwze p&ob.iea @om nem gkound lev& 
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MINUTES OF THE WORKSHOP MEETING 

Present: Prof. K. n inner - President of Section I of IAG (in the chair) 
Prof. E. ~engstrgm - President of SSG I:42 of IAG 

Backer, A. 
Bradsell, Dr. R.H. 
~rGckner, R. 
Brunner, Dr. F .K. 
Ducloux, J. 
Ehbets, H. 
Engen, 0. 
Gatome, J.H. 
van Gein, W.A. 
Hopfield, H.S. 
~radilek, Prof. L. 
Kahmen, Dr. H. 
Kouba, J. 
Louis, M. 

Mendel, W. 
Milewski, Dr. J. 
de Munck, Prof. J .C. 
Overgaard, T.L. 
Parm, Prof T.V.J. 
Poder, Prof. K. 
Prils, H. 
Proctor, D.W. 
Richards , M. R. 
Richardus, Dr. P. 
~tenstrzm, J. 
Tuitman, W. 
van Wely, G.A. 
Williams, D.C. 

Prof. Rinner opened the meeting and explained briefly why "Spectral Analysis of 
Effects of Atmospheric Refraction" had been chosen as the topic for this special 
workshop meeting; He pointed out that the atmospheric effects on geodetic measure- 
ments are generally of a nonstationary random character. Hence, modern statisti- 
cal tools should be applied to study explanations for those effects, for they 
are not fully explained bysconventional statistical techniques. He then invited 
Dr. Kahmen to give an introduction into spectral analysis and its relationship 
to geodetic refraction problems. 

Dr. Kahmen pointed out at the beginning of his short lecture that the very small 
rms errors obtained for the measurements in test nets were of similar order as 
those of dual or triple wavelength edm equipment. The question therefore arises 
if the expensive equipment is really necessary for such measurements. A similar 
situation could be found for vertical angles. He used statistical tools to in- 
vestigate the correlation function of the atmospheric effects in order to attempt 
an explanation of the above mentioned results. Significant periods of the fluc- 
tuations of the meteorological parameters (temperature, temperature gradient) 
are the annual and diurnal period. Short term fluctuation were not considered 
in his studies. 

Considering some results of "Spectral Analysis of Geodetic Observations" , he 
stated that the rms errors of geodetic observations depend greatly on the time 
period over which these measurements are spread, and this finding should be 
used for the studies of separating the inner (precision) from the external ac- 
curacy (accuracy) of geodetic measurements. 

Prof. de Munck pointed out that there also exist errors which do not vary with 
time and hence will not show up in such investigations. 

Prof. Rinner referred to the high accuracy of which geodetic measurements are 
capable. This is mainly due to the excellent instruments and the advanced ob- 
serving techniques. It would therefore now be appropriate to concentrate on the 
atmospheric processes in order to develop better models of the atmosphere for 
the determination of the refraction effects. . 
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I n  t h i s  contex t  he  recommended a s  t e x t ,  t h e  book by V . I .  T a t a r s k i i  (1961).  
I n  "wave propagat ion i n  a  t u rbu len t  medium", Dover Pub l i ca t ions .  

M r .  Kouba s t a t e d  t h a t  i n  h i s  op in ion  s t a t i s t i c a l  methods should only be used, 
when modelling of t h e  atmosphere could no t  be  c a r r i e d  ou t .  

Prof .  TengstrEm agreed wi th  t h i s  s ta tement ,  and mentioned t h a t  modelling should 
be used t o  s tudy  t h e  d i f f e r e n t  atmospheric e f f e c t s  on astronomical  observa t ions  
du r ing  d i f f e r e n t  n i g h t s .  The answer t o  such problems could come from an  a n a l y s i s  
of t h e  pcaks i n  t h e  app ropr i a t e  s p e c t r a l  a n a l y s i s .  

D r .  Kahmen explained t h a t  h e  has t r i e d  t o  f i n d  t h e  s p e c t r a  of geode t i c  measure- 
ments from t h e  atmospheric d a t a ,  and n o t  from geodet ic  d a t a .  H i s  t a s k  had been 
t o  f i n d  t h e  c o r r e l a t i o n  f u n c t i o n  of geode t i c  measurements which could subse- 
quent ly  be used i n  t h e  formula t ion  of t h e  adjustment of a l l  geode t i c  d a t a  spread 
over many y e a r s  i n  t h e  form of a  c o l l o c a t i o n  procedure. 

Prof .  Rinner asked f o r  t h e  explana t ion  of t h e  pseudo-systematic e r r o r  (about  4 ppm) 
between l i g h t  and microwave edm (he mentioned t h a t  P ro f .  K .  B re t t e rbaue r  had 
given a  phenomenological exp lana t ion ) .  

D r .  Kahmen s t a t e d ,  t h a t  t h e  meteoro logica l  process  must be  considered a s  a  random 
process  which i s  superimposed by a  t rend .  The trend-model may g ive  an explana- 
t i o n  of t h e  pseudo-systematic e r r o r .  

Prof .  Poder agreed wi th  t h e  s ta tement  t h a t  sys temat ic  e r r o r s  should no t  be  e l i -  
minated by s t a t i s t i c a l  methods. For t h e  a n a l y s i s  of such e f f e c t s ,  meteoro logica l  
parameters should be  used. 

Prof .  ~ e n g s t r z m  asked M r .  Kouba i f  t h e  American Doppler d a t a  had been analysed 
by a  method of s i m i l a r  concepts .  

M r .  Kouba answered t h a t  t h e  a n a l y s i s  had been c a r r i e d  ou t  a long s i m i l a r  l i n e s ,  
and he  s t r e s s e d  t h e  importance of such a n  a n a l y s i s  a s  a  most u s e f u l  t o o l .  
I t  i s  important  t o  remove t h e  c o r r e l a t i o n  between t h e  observa t ions  by models, 
and hence a l s o  i n  f u t u r e ,  t h e  development of such models w i l l  be  necessary .  

Prof .  ~ e n g s t r z m  asked D r .  Kahmen f o r  d e t a i l s  about t h e  de te rmina t ion  of t h e  
c o r r e l a t i o n  func t ion .  

D r .  Kahmen r e p l i e d  t h a t  f o r  t h e  p r a c t i c a l  a n a l y s i s  t h e  long-periodic  and sho r t -  
p e r i o d i c  f l u c t u a t i o n s  were s p l i t  up by f i l t e r i n g  i n t o  i n d i v i d u a l  s e c t i o n s ,  which 
were then analysed.  He found t h a t  i t  woufd be s u f f i c i e n t  t o  approximate the  
c o r r e l a t i o n  f u n c t i o n  of long p e r i o d i c  processes  by a cos ine  func t ion ,  whose ampli- 
tude s lowly decreases .  The f l u c t u a t i o n s  of t h e  sho r t -pe r iod ic  f l u c t u a t i o n s  may 
be descr ibed  by a  de l ta - f  unc t ion .  

D r .  Brunner poin ted  ou t  t h a t  t he  a n a l y s i s  of such meteoro logica l  d a t a  u s u a l l y  
had t h e  advantage of equal  spacing.  However, t h e  a n a l y s i s  of geode t i c  d a t a  which 
a r e  gene ra l ly  n o t  equa l ly  spaced, would need p r e f i l t e r i n g  of t h e  o r i g i n a l  d a t a  
s e t .  

Prof .  Poder s t a t e d  t h a t  i n  h i s  op in ion ,  n o t  a l l  t h e  r e f r a c t i o n  problems w i l l  
be solved by s t a t i s t i c a l  methods and asked f o r  ba lanc ing  t h e  d i f f e r e n t  approaches.  

Prof .  Rinner reques ted  Prof .  ~ e n ~ s t r z m  t o  g ive  a  b r i e f  review of t h e  book by 
T a t a r s k i i ,  because s e v e r a l  co l l eagues  might n o t  be  f a m i l i a r  w i th  i t .  

Prof .  Tengstrom then  gave us h i s  review about t h e  book: V . I .  T a t a r s k i i  (1961) 
11 Wave propagat ion i n  a  t u r b u l e n t  medium" Dover p u b l i c a t i o n s .  He s t r e s s e d  t h e  f a c t  
t h a t  t h e  book g ives  an e x c e l l e n t  i n t r o d u c t i o n  t o  nons t a t iona ry  random processes  
w i th  s p e c i a l  cons ide ra t ion  of t h e  atmospheric p roces ses .  



The treatment of these  processes leads t o  the  development of atmospheric s t r u c t u r e  
functions i n  order t o  descr ibe  the wave propagation i n  a turbulent  medium. 

Prof. Rinner summarised the  workshop meeting and concluded t h a t  the re  i s  a need 
f o r  a b e t t e r  (more r e a l i s t i c )  atmospheric model f o r  the  treatment of atmospheric 
e f f e c t s  on geodetic measurements. He recommended t h a t  t h e  necessary contacts  with 
meteorologists should be es tabl ished.  

In theisecond p a r t  of the  workshop the  quest ion of l a s e r  s a f e t y  was brought up by 
P. Richardus. 
The Symposium had been informed t h a t  the  In te rna t iona l  Technical Commission pro- 
posed r e s t r i c t i o n s  which would v i r t u a l l y  prevent geodesis ts  and landsurveyors 
using c l a s s  3A l a s e r s  (up t o  5 m). It was decided t h a t  a r eso lu t ion  be passed 
t o  the  In te rna t iona l  Association of Geodesy suggesting t o  e s t a b l i s h  contact  t o  
ensure a reasonable code of p r a c t i c e  f o r  providing adequate s a f e t y .  
( see  reso lu t ion  4) 



RESOLUTIONS 

1 .  This symposium supports and encourages investigation into the use.of the 

multi-wavelength principle as applied to the elimination of refractional 

influences in Geodesy. 

It recognises the great need for instruments that are able to give direct- 

ly refraction free angles and distances and urges that all efforts should be made 

to develop such instruments. 

2. The symposium 

- recognising that studies of wave propagation in a turbulent medium become , 
increasingly important, recommends that the scope of these studies should 

be such as to include already available research results from other branches 

of science. 

3. The symposium 

- recognising the need for further investigations of the spectra of geo- 
detic measurements in conjunction with results from boundary layer meteoro- 

logy, encourages the search for quantitatively complementary methods to 

determine the effects of electromagnetic wave propagation in Geodesy. 

4. The symposium 
- noting with concern the form taken by preliminary and developinn use nuide- 

lines for lasers, feeling that unnecessary restrictions are beinn imposed while in 

some respects not providing adequate safety recommends that the A.1.G. esta- 

blishes the appropriate contacts to ensure the development of a safe and rea- 

sonable code of practice, 

5. The symposium 

-thanks The Netherlands Geodetic Commission, the International Agricultural 

Centre, Wageningen, and particularly the Department of Surveying and Photo- 

grammetry of the Agricultural University, Wageningen, for the excellent 

arrangements for this meeting. 
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