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ABSTRACT 

C o r r e c t i o n s w h i c h a r e dependent on the a tmosphere i n c l u d e t he f i r s t and 
second v e l o c i t y c o r r e c t i o n s and t he c u r v a t u r e c o r r e c t i o n i n EDM, and 
the r e f r a c t i o n c o r r e c t i o n f o r t r i g o n o m e t r i c h e i g h t i n g . G e n e r a l i s e d 
c o r r e c t i o n f o r m u l a e have been d e v e l o p e d to make use o f v a r i a b l e v a l u e s 
o f t he r e f r a c t i v i t y N and t he c o e f f i c i e n t o f r e f r a c t i o n k. There a r e 
no u n i v e r s a l l y a p p l i c a b l e v a l u e s o f t h e s e p a r a m e t e r s , so a t m o s p h e r i c 
models o f t h e t e m p e r a t u r e g r a d i e n t a n d , f o r m i c r o w a v e s , t h e h u m i d i t y 
g r a d i e n t , a r e needed t o r e p r e s e n t t he v e r y s i g n i f i c a n t v a r i a t i o n s . The 
models shou-ld t a k e i n t o a c c o u n t v a r i a t i o n s due t o m e t e o r o l o g i c a l f a c t o r s , 
s u r f a c e c o n d i t i o n s and t h e h e i g h t above t h e s u r f a c e . Many models f o r 
t he v e r t i c a l g r a d i e n t s have been p r o d u c e d . Tha t o f B r o c k s (1948) i s 
v e r y i m p o r t a n t and has been w i d e l y used and d e v e l o p e d by r e s e a r c h e r s . 
More r e c e n t l y Monin and Obukhov , b a s i n g t h e i r work on t h e p h y s i c s o f 
t he l o w e r a tmosphere and d i m e n s i o n a l a n a l y s i s , have i n c l u d e d e q u a t i o n s 
f o r the v e r t i c a l g r a d i e n t s i n t h e i r t u r b u l e n c e t h e o r y . The T u r b u l e n t 
T r a n s f e r M o d e l , w h i c h embodies l a t e r r e s u l t s i n t h i s t h e o r y , i s 
c u r r e n t l y b e i n g r e f i n e d and d e v e l o p e d f o r g e o d e t i c a p p l i c a t i o n s . 

1. INTRODUCTION 

The a t m o s p h e r i c e f f e c t s on g e o d e t i c o b s e r v a t i o n s p l a c e a l i m i t on 
t h e i r a c c u r a c y . The s i m p l e app roaches - u s i n g e n d p o i n t m e t e o r o l o g i c a l 
measurements f o r EDM r e d u c t i o n s and t he c o e f f i c i e n t o f r e f r a c t i o n i n 
t r i g o n o m e t r i c h e i g h t i n g - a r e e f f e c t i v e f o r s u r v e y s o f low o r i n t e r ­
m e d i a t e a c c u r a c y . When h i g h e r a c c u r a c i e s a r e n e e d e d , improvements can 
be found by a d o p t i n g an a t m o s p h e r i c model w h i c h c o r r e s p o n d s more c l o s e l y 
to t h e r e a l a t m o s p h e r e , o r u s i n g a t m o s p h e r i c d i s p e r s i o n , by m e a s u r i n g 
w i t h two o r more c o l o u r s . The d i s p e r s i o n method w i l l no t be d i s c u s s e d 
i n t h i s p a p e r , beyond n o t i n g t h a t t h e r e a r e p r a c t i c a l d i f f i c u l t i e s 
i n v o l v e d , and t h a t even i n t h i s method some a t m o s p h e r i c m o d e l l i n g i s 
e s s e n t i a l . In a m o d i f i e d f o r m , t he s o - c a l l e d p a r a l l e l measurement , t he 
p r a c t i c a l d i f f i c u l t i e s a r e a v o i d e d by u s i n g e x i s t i n g l i g h t w a v e and 
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microwave i n s t r u m e n t s (KUNTZ and M'dLLER, 1971) bu t t h e model adop ted 
f o r t h e r e l a t i o n s h i p between t e m p e r a t u r e and h u m i d i t y i s c r i t i c a l i n 
t he r e d u c t i o n . 

The a t m o s p h e r i c model i s r e q u i r e d t o g i v e t h e t e m p e r a t u r e g r a d i e n t 
a n d , i f m ic rowaves a r e i n v o l v e d , a l s o t h e h u m i d i t y g r a d i e n t . A l l t h e 
r e q u i r e d c o r r e c t i o n s can be d e r i v e d , u s i n g t h e s e g r a d i e n t s and 
m e t e o r o l o g i c a l measurements a t t h e g e o d e t i c s t a t i o n s . The model must 
t a k e i n t o a c c o u n t t h e l a r g e number o f f a c t o r s w h i c h a f f e c t t he g r a d i e n t s . 
No p r o g r e s s w i l l come f rom t r y i n g t o f i n d t h e s t a t i c , u n i v e r s a l m o d e l , 
f o r example the b e s t a v e r a g e v a l u e o f t he t e m p e r a t u r e g r a d i e n t o r t h e 
b e s t v a l u e o f t he c o e f f i c i e n t o f r e f r a c t i o n . The a t m o s p h e r i c model must 
be m u l t i - f a c t o r e d t o t a k e i n t o a c c o u n t t h e v a r i a t i o n s i n t h e a t m o s p h e r e , 
w h i c h a r e ve r y l a r g e and r e a l . F o r e x a m p l e , l o n g te rm t e m p e r a t u r e 
measurements (BEST e t a l . , 1952 ; FLOWER, 1937) show t h e a v e r a g e e r r o r 
due t o o b s e r v i n g t e m p e r a t u r e a t 1.5 m i n s t e a d a t t he h e i g h t o f t he l i n e , 
say 50 m above t he s u r f a c e . In t he month o f A p r i l ( s p r i n g ) t he e r r o r , 
i n p a r t s p e r m i l l i o n (ppm) v a r i e s f rom - 3 i n t he day t o +5 a t n i g h t , 
a t R y e , i n S o u t h e r n E n g l a n d . A t I s m a i l i a , E g y p t , t h e a v e r a g e d a i l y 
v a r i a t i o n i s - 6 t o +6 ppm. In mid-summer t h e e r r o r s a r e s i m i l a r , bu t 
i n w i n t e r t hey a r e q u i t e d i f f e r e n t , w i t h l o w e r a v e r a g e s , bu t a f a r 
l a r g e r v a r i a t i o n f rom day to day (ANGUS-LEPPAN, 1 9 6 7 ) . 

The v a r i a t i o n s i n k, t h e c o e f f i c i e n t o f r e f r a c t i o n , a r e even more 
r e m a r k a b l e . T a b l e I shows v a l u e s a t h e i g h t s o f 1 . 5 , 7 . 5 and 75 m f o r 
t he same month , A p r i l . 

T a b l e I COEFFICIENT OF REFRACTION k 

Minimum (day) and maximum ( n i g h t ) v a l u e s f o r S p r i n g ( A p r i l ) a t R y e , 
E n g l a n d , and I s m a i l i a , E g y p t . 

H e i g h t above Rye I s m a i 1 i a 

s u r f a c e Day N i g h t Day N i g h t 

1.5 m - 1 . 6 2 . 5 - 3 . 7 3.1 
7 .5 - 0 . 2 0 . 8 - 0 . 7 0 . 9 

75 0 . 1 4 0 .25 0 . 1 8 0 . 3 5 

R e f . ANGUS-LEPPAN, 1967 

Even a t 7 .5 m the v a l u e s b e a r l i t t l e r esemb lance t o t h e s t a n d a r d v a l u e 
o f k = 0 . 1 3 , b e i n g - 0 . 2 a t Rye and - 0 . 7 a t I s m a i l i a . On l y a t 75 m do 
the day t ime v a l u e s a p p r o a c h 0 . 1 3 . 
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The t h r e e c o r r e c t i o n s t o EDM wh i ch a r e r e l a t e d t o a t m o s p h e r i c 
r e f r a c t i v e i n d e x a r e : 
- t he f i r s t v e l o c i t y c o r r e c t i o n C x = d ( n r e f - n ] (1) 
- t he second v e l o c i t y c o r r e c t i o n C 2 = (-k+k^)dVl2R2 (2) 
- t h e c o r r e c t i o n f o r c u r v a t u r e o f the C 3 = - k 2 d 3 / 2 4 R 2 (3) 

wave pa th 
(RUEGER, 1978) 

H e r e , d i s t he measured d i s t a n c e , 
n f i s t he r e f e r e n c e r e f r a c t i v e i n d e x adop ted i n t he 

p a r t i c u l a r i n s t r u m e n t t y p e , 
n i s t h e r e f r a c t i v e i n d e x a l o n g the wave p a t h , 
k i s t h e c o e f f i c i e n t o f r e f r a c t i o n , d e f i n e d as t h e r a t i o 

o f t he r a d i u s o f c u r v a t u r e o f t he e l l i p s o i d t o t h e r a d i u s o f 
c u r v a t u r e o f t he wave p a t h , 

R i s t he r a d i u s o f c u r v a t u r e o f t he e l l i p s o i d . 

F o r n and k, v a l u e s a p p r o p r i a t e t o t he EDM c a r r i e r wave a r e needed . 
F o r l i g h t waves t h e group r e f r a c t i v e i n d e x and t h e r e f r a c t i v e i n d e x 
under a t m o s p h e r i c c o n d i t i o n s a r e c a l c u l a t e d a c c o r d i n g t o t h e w e l l - k n o w n 
f o r m u l a e o f BARREL and SEARS ( 1 9 3 9 ) , w h i l e t he e q u a l l y f a m i l i a r f o r m u l a 
o f ESSEN and FROOME (1951) i s used f o r t he a t m o s p h e r i c r e f r a c t i v e i n d e x 
o f m i c r o w a v e s . The c o e f f i c i e n t s o f r e f r a c t i o n n o r m a l l y adop ted a r e 
0 . 1 3 f o r l i g h t w a v e s and 0 . 2 5 f o r mic rowaves (bu t see t he d i s c u s s i o n 
i n BRUNNER, 1977 A ) . 

3 . EDM CORRECTIONS BASED ON EIK0NAL EQUATION 

C o r r e c t i o n f o r m u l a e (1) - (3) a r e s u i t a b l e when n and k a r e 
assumed to be c o n s t a n t . When v a r i a t i o n s i n n and k a r e t a k e n i n t o 
a c c o u n t , more f l e x i b l e f o r m u l a e a r e needed . A s u i t a b l e g e n e r a l f o r m u l a 
has been d e r i v e d by MORITZ (1967) and d e v e l o p e d by BRUNNER and 
ANGUS-LEPPAN ( 1 9 7 6 ) . I t has t h e advan tages t h a t i t combines a l l t h r e e 
c o r r e c t i o n s and t h a t i t s i n t e g r a t i o n i s a l o n g t h e c h o r d between t he 
end p o i n t s and no t a l o n g t h e unknown wave p a t h . 

The b a s i s o f t h e d e r i v a t i o n i s t he e i k o n a l e q u a t i o n : 

( g rad d ) 2 = n 2 , (4) 

a d i f f e r e n t i a l e q u a t i o n w h i c h c o r r e s p o n d s t o F e r m a t ' s p r i n c i p l e , namely 
t h a t t he pa th f o l l o w e d by e l e c t r o m a g n e t i c waves between two p o i n t s i s 
t h a t wh ich t a k e s t he minimum t i m e . The c o r r e c t i o n f o r m u l a i s : 

AS d-s = 1 0 " 5 N dX 1 0 - 1 2

 2 ~ Y c o s 2 6 dX (5) 
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ZAVertical at A 

X 

A 

F i g u r e 1 Wave pa th d and c h o r d s 

where s 
N 
X 

i s t he c h o r d l e n g t h A B , 
i s t he r e f r a c t i v i t y = 1 0 6 ( n - l ) , 
i s d i s t a n c e a l o n g t h e c h o r d , 

dN 
i s t he v e r t i c a l g r a d i e n t o f r e f r a c t i v i t y , 

3 i s t he v e r t i c a l a n g l e , 
£ i s an i n t e g r a t i o n v a r i a b l e a l o n g the c h o r d . 

See F i g u r e 1. The i n t e g r a t i o n s a r e a l o n g t h e c h o r d A B . 

The d e t e r m i n a t i o n o f N and t he r e f r a c t i v i t y g r a d i e n t s dN/dz w i l l 
be d i s c u s s e d l a t e r . These w i l l be v a l u e s a t d i s c r e t e p o i n t s . R a t h e r 
t han e x p r e s s i n g them as f u n c t i o n s o f X f o r (5), n u m e r i c a l i n t e g r a t i o n 
i s u s e d . S i m p s o n ' s R u l e i s a p p r o p r i a t e f o r t he main i n t e g r a l s . However , 
f o r t he m ino r i n t e g r a t i o n w i t h r e s p e c t to £ the T r a p e z o i d a l R u l e i s 
more s u i t a b l e , as t h e number o f o r d i n a t e s i s somet imes odd and somet imes 
e v e n , and S i m p s o n ' s R u l e r e q u i r e s an odd number o f o r d i n a t e s ; a l s o , t he 
c o r r e c t i o n i s s m a l 1 . 

I f f o r example i t i s d e c i d e d t o d i v i d e t he l i n e i n t o 6 s e c t i o n s , 
t h e r e w i l l be 7 v a l u e s o f N: N l s N 2 . . . N 7 , where N x i s t h e v a l u e a t A 
and N 7 t he v a l u e a t B. The f i r s t i n t e g r a l i s a s t r a i g h t f o r w a r d a p p l i c a t i 
o f S i m p s o n ' s R u l e . B e f o r e a p p l y i n g S i m p s o n ' s R u l e i n t h e s e c o n d t e r m , 
each o r d i n a t e must be fo rmed by i n t e g r a t i o n and s q u a r i n g . F o r example 
a t t h e second o r d i n a t e X = s / 6 and { ( d N / d z ) U must be i n t e g r a t e d f rom 
0 t o s / 6 , a p p l y i n g t h e T r a p e z o i d a l R u l e . 

4 . TRIGONOMETRICAL HEIGHTS WITH VARYING k 

I t has been shown t h a t i f a l i n e , l e n g t h S, i s d i v i d e d i n t o 
s e c t i o n s s l 5 s 2 , s 3 . . . s n w i t h r e f r a c t i o n c o e f f i c i e n t s k l 5 k 2 , k 3 . . . k 
t hen w i t h some m i n o r r e s t r i c t i o n s , t he t r i g o n o m e t r i c a l r e f r a c t i o n 
c o r r e c t i o n i s g i v e n , to s u f f i c i e n t a c c u r a c y , by : 
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1 
Az = 2R { k ! S i ( 2 S - S i ) + k 2 s 2 ( 2 S - 2 s 1 - s 2 ) + k 3 s 3 ( 2 S - 2 s 1 - 2 s 2 - s 3 ) . . . 

The s e c t i o n s s l 5 s 2 . . . s n need no t n e c e s s a r i l y be e q u a l . 

More r i g o r o u s l y , t he v e r t i c a l a n g l e o f r e f r a c t i o n A3, the a n g l e 
between the t a n g e n t to t he l i g h t r a y and the c h o r d AB ( F i g u r e 1 ) , can 
a l s o be d e r i v e d f rom t h e e i k o n a l e q u a t i o n : 

5 . ATMOSPHERIC MODELS-GENERAL 

M e t e o r o l o g i c a l measurements a t t he end p o i n t s o f an EDM l i n e can 
be e x p e c t e d to g i v e r e p r e s e n t a t i v e v a l u e s i f o b s e r v a t i o n s a r e f rom 
towers and t h e l i n e t r a v e r s e s o v e r f l a t t e r r a i n w i t h even s u r f a c e 
c o n d i t i o n s . However t ower o b s e r v a t i o n s do no t a l w a y s g i v e a h i g h e r 
a c c u r a c y , as n o t e d by JONES (1971) f rom o b s e r v a t i o n s by t h e G e o d e t i c 
Su rvey o f Canada . The need f o r an a t m o s p h e r i c model can a l s o be a v o i d e d 
by t a k i n g d i r e c t measurements a l o n g the l i n e . M e t e o r o l o g i c a l o b s e r v a t i o n s 
f rom p l a n e s s e t t o f l y a l o n g t h e EDM wave pa th a r e r e p o r t e d by MEADE 
(1969) and PRESCOTT and SAVAGE ( 1 9 7 4 ) . Such measurements have not been 
adop ted more g e n e r a l l y , p r o b a b l y because o f t h e expense and the 
d i f f i c u l t i e s o f o r g a n i s a t i o n . O t h e r p o s s i b l e p rob lems a r e t he low f l i g h t 
a l t i t u d e r e q u i r e d and u n c e r t a i n t i e s i n t he f r i c t i o n h e a t i n g e f f e c t and 
t ime l a g o f t he t e m p e r a t u r e s e n s o r . The use o f t e t h e r e d b a l l o o n s o r 
k i t e s f o r i n t e r m e d i a t e measurements has a l s o been a d v o c a t e d , f o r example 
by MITTER ( 1 9 6 2 ) . In p r a c t i c e , t he b a l l o o n s and k i t e s a r e t r o u b l e s o m e 
and no t c o m p a t i b l e w i t h s e n s i t i v e e l e c t r i c a l a p p a r a t u s . 

Many d i f f e r e n t a t m o s p h e r i c models have been s u g g e s t e d f o r r e f r a c t i o n 
c o r r e c t i o n s . In o r d e r t o p r o v i d e a good r e p r e s e n t a t i o n , t he model needs 
t o t a k e i n t o a c c o u n t , d i r e c t l y o r i n d i r e c t l y , v a r i a t i o n s a r i s i n g f r o m : 
- d a i l y and annua l c y c l e s o f sun and t e m p e r a t u r e , 
- amount o f c l o u d c o v e r , 
- h e i g h t above t he s u r f a c e , 
- w i nd v e l o c i t y , 
- roughness and h e a t p r o p e r t i e s o f t he s u r f a c e . 
The f i r s t two f a c t o r s m i g h t be c o v e r e d by measurements o f r a d i a t i o n . 

G e n e r a l l y t h e mode ls a r e based on measurements a t s p e c i a l 
m e t e o r o l o g i c a l s t a t i o n s . The s t a t i o n s a r e c a r e f u l l y c h o s e n i n t he m i d s t 
o f l a r g e a r e a s o f f l a t t e r r a i n w i t h even s u r f a c e c o n d i t i o n s . In c o n t r a s t , 
g e o d e t i c s t a t i o n s c a n n o t be chosen f o r t h e i r m e t e o r o l o g i c a l s u i t a b i l i t y . 
The models c o u l d be s y s t e m a t i c a l l y d i f f e r e n t f rom c o n d i t i o n s above t h e 
t y p i c a l g e o d e t i c s t a t i o n , w h i c h i s on a h i l l t o p . The models l e a v e ou t 

S 

(7) 

o 
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t he i m p o r t a n t f a c t o r s o f t o p o g r a p h y , uneven s u r f a c e c o n d i t i o n s and the 
e f f e c t s o f movements o f masses o f a i r ( a d v e c t i o n ) . W h i l e i t i s t r u e 
t h a t s c h e m a t i c r e p r e s e n t a t i o n s o f t e m p e r a t u r e s t r u c t u r e under t y p i c a l 
g e o d e t i c l i n e s a r e i m p l i e d o r shown by many w r i t e r s , f o r example 
SCHKDLICH ( 1 9 7 5 ) , ANGUS-LEPPAN (1967) and MAIER ( 1 9 7 7 ) , t h e y a r e 
somewhat c o n j e c t u r a l and may n o t be g e n e r a l l y a p p l i c a b l e . 

I t can be c o n c l u d e d t h a t , a t p r e s e n t , t he h o r i z o n t a l v a r i a t i o n s o f 
m e t e o r o l o g i c a l c o n d i t i o n s a r e i n a d e q u a t e l y r e p r e s e n t e d . I t w i l l be 
w o r t h w h i l e i n t h e f u t u r e to u n d e r t a k e r e s e a r c h towards t h e deve lopment 
o f s u i t a b l e m o d e l s . 

6 . REFRACTION IN TRIGONOMETRIC HEIGHTS 

The c o e f f i c i e n t o f r e f r a c t i o n k has a l o n g h i s t o r y . In t h e c e l e b r a t e d 
g e o d e t i c s u r v e y i n L a p l a n d , 1 7 3 6 - 7 , M a u p e r t i u s made c a l c u l a t i o n s wh ich 
i m p l i e d the use o f t h e c o e f f i c i e n t . In t he 19th c e n t u r y J o r d a n c o m p i l e d 
v a l u e s f rom the s u r v e y s o f v a r i o u s c o u n t r i e s and d e r i v e d a mean v a l u e 
w h i c h i s s t i l l v a l i d t o d a y . The re i s an e x t e n s i v e l i t e r a t u r e on i n v e s t i ­
g a t i o n s , t o f i n d t h e v a l u e o f k. In u s i n g i t , we a r e assum ing t h a t t he 
a t m o s p h e r i c g r a d i e n t o f r e f r a c t i v i t y i s c o n s t a n t , a n d , i n p r a c t i c e , t h a t 
t he t e m p e r a t u r e g r a d i e n t i s a l s o c o n s t a n t . 

R e f r a c t i o n posed an e a r l y c h a l l e n g e i n d e t e r m i n i n g t h e h e i g h t s o f 
t he h i g h H ima layan p e a k s . From the f o o t h i l l s t h e y appea red t o r i s e and 
f a l l 150 m p e r day . J . de G r a a f f - H u n t e r , a t t he t ime M a t h e m a t i c a l 
a d v i s e r to t he Su rvey o f I n d i a , made i n v e s t i g a t i o n s w h i c h e n a b l e d t h e 
r e f r a c t i o n c o r r e c t i o n t o be c a l c u l a t e d w i t h some p r e c i s i o n (de GRAAFF-
HUNTER, 1 9 1 3 ) . 

In a n o t h e r f i e l d , p r e c i s e l e v e l l i n g , t he i n v e s t i g a t i o n s o f 
KUKKAMKKI (1938) were i m p o r t a n t . He adop ted a f u n c t i o n f o r t h e t e m p e r a t u r e 
g r a d i e n t , 

d T / d z = a z b (9) 

i n w h i c h a i s t h e t e m p e r a t u r e g r a d i e n t a t h e i g h t 1 m and t h e exponen t b 
was d e t e r m i n e d f rom a s e r i e s o f t e m p e r a t u r e o b s e r v a t i o n s by BEST ( 1 9 3 5 ) . 

A fundamenta l c o n t r i b u t i o n was t h a t o f BROCKS ( 1 9 4 8 ) . He adop ted 
t h e same f u n c t i o n as K u k k a m a k i , e q u a t i o n ( 9 ) , f o r t h e g r a d i e n t i n a 
l a y e r up t o abou t 30 m, above w h i c h the g r a d i e n t i s a d i a b a t i c , - 1 ° C / 1 0 0 m, 
f o r a few hundred m e t e r s . F o r d a y t i m e c o n d i t i o n s , t h e i n d e x b i n (9) 
i s g e n e r a l l y equa l t o - 1 . Based on l o n g s e r i e s o f t e m p e r a t u r e measure ­
ments i n F r a n c e , Germany, E n g l a n d and E g y p t , B r o c k s deduced v a l u e s o f 
t h e pa rame te r s a and b f o r v a r i o u s h e i g h t s , t i m e s o f day and s e a s o n s o f 
t h e y e a r . These p a r a m e t e r s a l s o d e f i n e the v a l u e s o f k f o r c o r r e s p o n d i n g 
c o n d i t i o n s . 
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The work o f B r o c k s has been v e r y i n f l u e n t i a l i n r e f r a c t i o n r e s e a r c h . 
Numerous i n v e s t i g a t o r s have adop ted h i s f u n c t i o n s as t he b a s i s o f t h e i r 
a t m o s p h e r i c m o d e l s . However , t h i s i n f l u e n c e d i d no t e x t e n d i n t o g e n e r a l 
p r a c t i c e . B r o c k s 1 work s h o u l d have pu t an end t o t h e c o n c e p t o f a s i n g l e 
f i x e d v a l u e f o r k. F o r each o b s e r v a t i o n i t was p o s s i b l e t o l ook up an 
a p p r o p r i a t e v a l u e o f k. S i n c e 1948 many more s e t s o f t e m p e r a t u r e o b s e r v a ­
t i o n s have become a v a i l a b l e , e n a b l i n g m o d i f i e d v a l u e s t o be d e t e r m i n e d 
f o r d i f f e r e n t l o c a l i t i e s and c o n d i t i o n s . U n f o r t u n a t e l y t h i s d i d no t 
h a p p e n , a t l e a s t no t i n t h e E n g l i s h - s p e a k i n g p a r t s o f t h e w o r l d , and 
t h e s e a r c h f o r t h e e l u s i v e k c o n t i n u e d . 

A t abou t t h e same t i m e a group f rom the I n s t i t u t Geog raph ique 
N a t i o n a l was i n v e s t i g a t i n g r e f r a c t i o n i n t he F r e n c h A l p s . T h e i r r e p o r t , 
i n 1953 , i n t r o d u c e d a model f o r a t m o s p h e r i c t e m p e r a t u r e as a f u n c t i o n 
o f h e i g h t and t i m e o f day (LEVALLOIS and d 'AUTUME, 1 9 5 3 ) . F i x e d pa rame te rs 
i n t h e f u n c t i o n were d e t e r m i n e d f rom e a r l i e r r a d i o s o n d e o b s e r v a t i o n s 
a t a nearby w e a t h e r s t a t i o n , and v a r i a b l e p a r a m e t e r s f rom the t e m p e r a t u r e s 
a t t he g e o d e t i c s t a t i o n t h r o u g h o u t t he day o f o b s e r v a t i o n . 

ANGUS-LEPPAN (1967) t r i e d u s i n g the same model i n f l a t t e r r a i n but 
found i t needed m o d i f i c a t i o n s . H i s i n v e s t i g a t i o n s r e s u l t e d i n a 
c o m p r e h e n s i v e f u n c t i o n t o model t e m p e r a t u r e g r a d i e n t s , bu t i t r e q u i r e d 
t h e d e t e r m i n a t i o n o f 10 c o n s t a n t s . 

Recen t deve lopmen ts i n t e c h n o l o g y have made i t e a s i e r t o measure 
t e m p e r a t u r e g r a d i e n t s , bu t t h e use o f d i r e c t t e m p e r a t u r e g r a d i e n t 
measurements i n c a l c u l a t i n g r e f r a c t i o n has no t been s u c c e s s f u l . T h i s i s 
because o f t he l a r g e f l u c t u a t i o n s i n t h e t e m p e r a t u r e (1 - 2 ° ) , and 
because l o c a l measurements a r e no t r e p r e s e n t a t i v e o f t h e l i n e . R e c i p r o c a l 
v e r t i c a l a n g l e s have been used f o r a l o n g t i m e , bu t i t has o n l y r e c e n t l y 
been r e a l i s e d t h a t s i m u l t a n e o u s r e c i p r o c a l o b s e r v a t i o n s o v e r s h o r t l i n e s 
( 1 - 2 km) have an a c c u r a c y a l m o s t up t o t h a t o f t h i r d o r d e r l e v e l l i n g 
(BRUNNER, 1 9 7 4 ) . 

A n o t h e r model p r o p o s e d i s t he Heat B a l a n c e - T u r b u l e n t T r a n s f e r 
Model (TTM). U n l i k e the e a r l i e r , b a s i c a l l y e m p i r i c a l , m o d e l s , t he TTM 
has a b a s i s i n a t m o s p h e r i c p h y s i c s and t u r b u l e n c e t h e o r y . I t w i l l be 
d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n on EDM. I t i s a l s o a p p l i c a b l e i n 
v e r t i c a l r e f r a c t i o n . BRUNNER (1977) r e p o r t s r e s u l t s i n wh i ch t he 
c o e f f i c i e n t o f r e f r a c t i o n , w h i c h v a r i e d f rom - 1 . 0 t o +0.6 d u r i n g a d a y , 
i s c a l c u l a t e d w i t h a s t a n d a r d d e v a t i o n o f ± 0 . 1 3 by t h e TTM method. 
The method a l s o r e p r e s e n t s r a p i d changes i n k w h i c h o c c u r when shadow 
moves o v e r o r away f rom t h e l i n e . 

7 . ATMOSPHERIC MODELS IN EDM 

In t h e 1 9 6 0 ' s t h e emphas is i n r e f r a c t i o n r e s e a r c h s h i f t e d t o EDM, 
where the b a s i c p r o b l e m i s how to d e t e r m i n e t he r e p r e s e n t a t i v e t e m p e r a ­
t u r e and h u m i d i t y f o r a l i n e , g i v e n t he v a l u e s a t t h e end p o i n t s . As 
e a r l y as 1961 i t was r e a l i z e d t h a t b e t t e r m e t e o r o l o g i c a l d a t a was t he 

https://doi.org/10.1017/S0074180900065979 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900065979


172 P. V. ANGUS-LEPPAN 

key t o improved a c c u r a c y i n EDM (RINNER, 1 9 6 1 ) . An e f f e c t i v e model f o r 
t e m p e r a t u r e and h u m i d i t y i n t h e l o w e s t a t m o s p h e r i c l a y e r s s h o u l d 
p r o v i d e the s o l u t i o n , bu t i t has no t been e a s y t o f i n d . 

Many f u n c t i o n s have been t r i e d . B r o c k ' s f u n c t i o n , e q u a t i o n (9) has 
been a p p l i e d , f o r e x a m p l e , by ADLUNG ( 1 9 6 3 ) , FELLETSCHIN ( 1 9 7 8 ) , LANG 
( 1 9 6 9 ) , MAIER ( 1 9 7 7 ) , SCHADLICH (1975) and o t h e r s . BRETTERBAUER (1966) 
used a n o n - l i n e a r r e p r e s e n t a t i o n o f the r e f r a c t i v i t y - h e i g h t r e l a t i o n s s h i p 
to deduce t he mean r e f r a c t i v i t y . KUNTZ (1970) d e v e l o p e d a p a r a b o l i c 
p r o f i l e , termed the " s p h e r i c a l - p a r a b o l i c - m o d e l " . G e n e r a l l y t h e r e s u l t s 
have been i n c o n c l u s i v e . SCHADLICH ( 1 9 7 5 ) , f o r e x a m p l e , c l a i m s t h a t h i s 
" t o p o g r a p h i c - a t m o s p h e r i c r e d u c t i o n " g i v e s good agreement w i t h t e s t d a t a , 
bu t p r o v i d e s no e v i d e n c e , w h i l e PARM ( 1 9 6 7 ) , r e p r e s e n t i n g h i s m e t e o r o l o ­
g i c a l pa rame te rs as l o g a r i t h m i c f u n c t i o n s o f h e i g h t , f i n d s a f t e r c o m p a r i s o n 
w i t h normal r e d u c t i o n s , t h a t t h e t e c h n i q u e does no t g i v e t h e e x p e c t e d 
improvement . 

A u s e f u l r e v i e w o f r e s e a r c h on mic rowave EDM i s g i v e n by LANG ( 1 9 6 9 ) . 
He no tes p a r t i c u l a r l y t h a t t h e r e i s d i s a g r e e m e n t on t h r e e m a t t e r s : 
- t h e most f a v o u r a b l e t ime o f day f o r EDM o b s e r v a t i o n s , 
- t h e d e t e r m i n a t i o n o f t h e r e p r e s e n t a t i v e r e f r a c t i v i t y , 
- t h e minimum h e i g h t o f t h e l i n e above t he s u r f a c e . 

A number o f w r i t e r s have n o t e d s y s t e m a t i c d i f f e r e n c e s between 
g e o d i m e t e r ( l i g h t w a v e ) and t e l l u romete r (m ic rowave) measu remen ts , and 
between day and n i g h t measuremen ts . R e s p o n s i b i l i t y f o r t h e s e has been 
t r a c e d t o s y s t e m a t i c e r r o r s i n t h e r e p r e s e n t a t i v e r e f r a c t i v i t y , by 
B r e t t e r b a u e r and o t h e r s . E x t e n s i v e t e s t measurements i n Canada a r e 
d e s c r i b e d -by JONES ( 1 9 7 1 ) . These were compared , and t h e s y s t e m a t i c 
d i f f e r e n c e s deduced . A p p l y i n g t h e t e m p e r a t u r e and h u m i d i t y o b s e r v a t i o n s 
o f BEST e t a l . ( 1 9 5 2 ) , t h e e x p e c t e d s y s t e m a t i c e r r o r s were c a l c u l a t e d , 
and were found t o be i n good agreement w i t h t h o s e f rom measured 
d i s t a n c e s . Perhaps s u r p r i s i n g l y , t h e r e has been no g e n e r a l agreement 
t o a p p l y c o r r e c t i o n s f o r s u c h s y s t e m a t i c e r r o r s , no r t o adop t a model 
based on o b s e r v a t i o n s such as t h o s e o f B e s t . 

In 1962 Saas tamo inen p r o p o s e d t he use o f z e n i t h d i s t a n c e s , measured 
w i t h t he EDM, t o improve t h e r e f r a c t i o n c o r r e c t i o n . The c o n c e p t o f u s i n g 
t h e v a l u e s o f k t o p r o v i d e i n t e g r a t e d i n f o r m a t i o n on t h e l i n e , i s 
a p p e a l i n g . The t h e o r y was f u l l y d e v e l o p e d by KUNTZ (1970) i n c o n j u n c t i o n 
w i t h h i s s p h e r i c a l - p a r a b o l i c m o d e l . P r a c t i c a l t e s t s were c o n d u c t e d by 
DIECHL and REINHART ( 1 9 6 9 ) , who c o n c l u d e d t h a t t he use o f z e n i t h 
d i s t a n c e s a t one end o n l y was no t f a v o u r a b l e , whereas r e c i p r o c a l z e n i t h 
d i s t a n c e s gave t he same r e s u l t as t he normal m e t e o r o l o g i c a l r e d u c t i o n , 
t h a t i s , no improvement . 

The Heat B a l a n c e - T u r b u l e n t T r a n s f e r M o d e l , pu t f o r w a r d by Angus -
Leppan and Webb (ANGUS-LEPPAN, 1 9 7 1 ; ANGUS-LEPPAN and WEBB, 1971) d i f f e r s 
f rom most o t h e r mode ls i n b e i n g based on a t m o s p h e r i c p h y s i c s and a l s o i n 
b e i n g h i g h l y s e n s i t i v e t o a w ide range o f m e t e o r o l o g i c a l c o n d i t i o n s 
a t t h e t ime o f o b s e r v a t i o n s . I t i s based on t h e o r i e s o f t u r b u l e n t t r a n s f e r 
i n t h e boundary l a y e r t o w h i c h c o n t r i b u t i o n s were made by M o n i n , Obukhov, 
P r i e s t l e y , P a n o v s k y , Webb, Deacon and many o t h e r s . 
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A l t h o u g h t he TTM has a d i f f e r e n t o r i g i n , i t has some p a r a l l e l s w i t h 
B r o c k s ' m o d e l . A d i s t i n c t i o n has t o be drawn between s t a b l e and u n s t a b l e 
the rma l s t r a t i f i c a t i o n i n t he a t m o s p h e r e . F o r u n s t a b l e ( d a y t i m e ) 
c o n d i t i o n s t h e r e a r e t h r e e s t r a t a , d e f i n e d i n te rms o f a s t a b i l i t y 
pa rame te r L , t he Obukhov l e n g t h . L f l u c t u a t e s r a p i d l y w i t h t i m e , v a r y i n g 
as t he cube o f t h e w i n d speed and i n v e r s e l y as t he upward hea t f l o w 
due t o t u r b u l e n c e . On t he t y p i c a l b r e e z y summer day t h e l o w e s t s t r a t u m 
m igh t ave rage up t o 1 m, and t he m i d d l e s t r a t u m , 1 t o 30 m. In t he 
upper s t r a t u m the t e m p e r a t u r e g r a d i e n t i s - 1 ° / 1 0 0 m as i n B r o c k s ' m o d e l . 
The pa rame te r b i s -1 i n a l l c a s e s e x c e p t t h e m i d d l e s t r a t u m where i t 
t a k e s the v a l u e - 1 . 3 3 . The p a r a m e t e r a i s d i f f e r e n t i n each s t r a t u m , 
b e i n g a f u n c t i o n o f m e t e o r o l o g i c a l p a r a m e t e r s , i n c l u d i n g t h o s e w h i c h 
d e t e r m i n e t u r b u l e n t hea t f l o w (sun and s k y r a d i a t i o n , c l o u d i n e s s , hea t 
p r o p e r t i e s o f t he s u r f a c e , s u r f a c e m o i s t u r e e t c . ) , w i n d v e l o c i t y , 
s u r f a c e roughness and a i r t e m p e r a t u r e . BRUNNER and FRASER (1977 A) 
have compared v a l u e s f rom the model a g a i n s t t e s t d a t a , w i t h v e r y 
f a v o u r a b l e r e s u l t s . 

8 . CONCLUSIONS 

E f f e c t i v e a t m o s p h e r i c models f o r t e m p e r a t u r e and h u m i d i t y a re 
b a d l y needed . Pe rhaps g e o d e s i s t s have no t been c o l l a b o r a t i n g s u f f i c i e n t l y 
c l o s e l y w i t h m e t e o r o l o g i s t s , and have not made s u f f i c i e n t use o f 
e x i s t i n g m e t e o r o l o g i c a l d a t a . Even i f changes i n measurement t e c h n i q u e s 
do away w i t h the need t o d e t e r m i n e r e f r a c t i v i t y a l o n g an EDM l i n e , 
s t u d i e s o f t he a tmosphere w i l l r ema in i m p o r t a n t i n g e o d e s y , s i n c e t h e 
a tmosphere i s t he medium i n wh i ch the g e o d e s i s t s make t h e i r o b s e r v a t i o n s . 
There i s a n o t h e r a s p e c t o f g e o d e s y - m e t e o r o l o g y c o l l a b o r a t i o n wh ich 
s h o u l d be borne i n m i n d . G e o d e t i c o b s e r v a t i o n s can be v a l u a b l e i n 
m e t e o r o l o g y . They a r e v e r y e f f i c i e n t i n d e t e r m i n i n g s p a t i a l l y i n t e g r a t e d 
v a l u e s o f m e t e o r o l o g i c a l p a r a m e t e r s . 
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DISCUSSION 

L. Hradilek: As far as the trigonometric leveling is concerned, is it 
satisfactory to measure the temperature gradient at the observation 
station only, or is it necessary to have some information about the 
gradients over the whole line of sight? 

P.V. Angus-Leppan: Meteorologists can tell us quite a lot about the 
vertical gradients but not so much about variations in the horizontal 
direction. The typical site for meteorological research is specially 
selected with very flat terrain and very even surface conditions. In 
special circumstances, such as a mountain top, there may be information 
on the variations in the horizontal. In general not enough is known 
about the changes which will occur in vertical gradients as one moves 
from point to point in the horizontal. 

L. Hradilek: When starting our refraction research, we measured at the 
station all basic meteorological data, especially the temperature grad-
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ient by two independent methods. When introducing these values into 
the formulas of Jordan, we obtained a result which was 30 times larger 
than the actual variation in refraction determined by precise theodo­
lite measurements. 

P.V. Angus-Leppan: In general the direct measurements of temperature 
gradients have been very disappointing, because they are representa­
tive only of a single point. It is very difficult to get representa­
tive values over the length of a line whose height above the surface 
varies. 

T.J. Kukkamaki: In Finland we observed daily periodic variation in 
the lateral direction of a 5 km long sight running rather low along 
a steep sideward slope. The difference between day and night reached 
6 seconds of arc. We made efforts to derive this lateral refraction 
from vertical temperature gradient observations carried out simultan­
eously on the spot. Assuming that the isothermic layers ran parallel 
to the sloping ground surface, we calculated the horizontal component 
of the temperature gradient and on that basis its effect on the lateral 
direction of the sight. The correlation between the observed and the 
calculated refractions was good. (T.J. Kukkamaki: On lateral refraction 
in triangulation, Bull. Geod. No 1 1 , 1 9 ^ 9 ) . 

P.V. Angus-Leppan: There is a line in the Australian Geodetic Survey, 
where the angle varied by 1 3 seconds, in a daily cycle. It lies along 
a low bluff some distance from the sea. It is easy to measure the vari­
ation in lateral refraction, but very difficult to measure the absolute 
value. 

T.J. Kukkamaki: Also in Finland we have carried out observations on 
lateral refraction along the seashore. The variation between day and 
night directions of a 30 km long sight was 2 seconds of arc. The sight 
ran parallel to the shoreline. The horizontal temperature gradient was 
determined from the temperature recordings at two stations, one on a 
small island and the other on land, situated symmetrically on either 
side of the sight. Correlation between the observed and the calculated 
refraction was as good here as on the slope. 

B. Garfinkel: In making the calculation of terrestrial refraction, it 
is crucial that the choose of a good physical model. You suggested 
Brock's model with the parameters a and b. Now these parameters are 
presumably subject to fluctuations with time, depending on the time 
of the day and perhaps the season of the year. Instead of using form­
ulas with constant parameters for such a dependence it would be prac­
tical to measure at the sight three values of temperatures along some 
vertical direction, and from these values calculate those parameters 
a and b for the particular time of the observation. 

P.V. Angus-Leppan: I do not recommend Brock's model any more. It was 
good at the time, but the turbulent transfer model is much better. It 
is based upon theoretical and empirical research in the boundary layer 
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by meteorologists, and it comes close to a true representation of the 
physical processes that take place: the heat-balance at the surface 
and the transfer of heat upwards, taking into account the various 
factors such as the radiation intensity, wind and surface conditions. 

B. Garfinkel: I have a question regarding that other model. Is that 
the one that involves the potential temperature, the temperature which 
you denote with letter 0 ? You suggest there are some difficulties in 
using such an equation, because the potential temperature is not direct­
ly measurable in the field. Is that correct? 

P.V, Angus-Leppan: No, it is just more convenient to use 0 rather than 
T in the theory. 

B. Garfinkel: What about the practise? 

P.V. Angus-Leppan: One can convert from one temperature parameter to 
the other without difficulty. 

B. Garfinkel: Do you have any reference to this other model, which in­
volves the potential temperature? 

P.V. Angus-Leppan: There are papers by Webb listed in the references 
to my paper. 
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