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1. I n t r o d u c t i o n  

An Eppley PSP pyranometer was f i r s t  i n s t a l l e d  on the  Hercules i n  1977 

[C lu ley  19781 and an i n s t a l l a t i o n  a l l ow ing  f o r  two upward and two downward 

f a c i n g  pyranometers was i n  use u n t i l  l a t e  1985.  

success fu l l y  t o  measure t o t a l  and d i f f u s e  r a d i a t i v e  f l u x e s  i n  2 wavelength 

bands, us ing  c l e a r  and r e d  domes, i n  a range o f  cond i t ions  f rom c l e a r  t o  

c loudy and a t  a l t i t u d e s  f rom 200 t o  30,000 f e e t .  However, i t  has become 

c l e a r  t h a t  a l though t h e  pyranometers’ performance i s  acceptable f o r  many 

purposes. t he  absolute accuracy o f  t he  pyranometers as they have been used 

u n t i l  now has been uncer ta in .  

They have been used 

Measured downward r a d i a t i v e  f l u x e s  a t  h igh  l e v e l  i n  c loud- f ree 

cond i t ions  were sys temat i ca l l y  l m e r  than f luxes est imated by  a r a d i a t i v e  

t r a n s f e r  model [ i n  some instances by  up t o  t e n  pe r  cen t ) .  Th is  work descr ibes 

an i n v e s t i g a t i o n  i n t o  some o f  the  e r r o r s  associated w i t h  the  uward-  faGing 

pyranometers and methods o f  co r rec t i ng  them. 

Pyranometers are known t o  s u f f e r  f rom a number of  e r r o r  induc ing  

e f f e c t s .  

t he  s o l a r  beam [ t h e  cos-@ e f f e c t ) ,  dependence on the  az imuthal  angle o f  

t he  s o l a r  beam and s e n s i t i v i t y  t o  inst rument  temperature. 

such as l i n e a r i t y  and dependence on t i l t  angle w i l l  no t  be discussed here 

s ince  they are be l i eved  t o  be n e g l i g i b l e  f o r  Eppley PSP inst ruments [Nast 

1983, Andersson e t  a1 19811. 

2.  Inst rument  Background 

Chief  amongst these are s e n s i t i v i t y  t o  t h e  angle o f  inc idence o f  

Other e f f e c t s  

The MRF pyranometers are c a l i b r a t e d  a t  Met 0 16c by comparison w i t h  

a t r a n s f e r  standard pyranometer i n  an i n t e g r a t i n g  hemisphere. 

standard i s  compared w i t h  a secondary standard pyrhel iometer  and t h e  

s e n s i t i u i t y  o f  t he  ”standard”* MRF c l e a r  dome inst rument  [Eppley No. 143931 

*s tandard i n  t h i s  context  means t h e  most w ide ly  used i n  upward f a c i n g  p o s i t i o n .  

The t r a n s f e r  
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h a s  o n l y  v a r i e d  by 0.7% over '  t h e  l a s t  6 y e a r s .  

When t h e  i n s t r u m e n t s  a re  i r r a d i a t e d  by a d i r e c t  s o u r c e ,  s u c h  as  t h e  s u n ,  

t h e n  i n  o r d e r  t o  d e r i v e  t h e  f l u x  t h r o u g h  a h o r i z o n t a l  surface t h e  a t t i t u d e  

of t h e  p l a n e  of  t h e  s enso r  m u s t  b e  known a n d  a cor rec t ion  a p p l i e d .  T h i s  i s  

d o n e  b y  d e t e r m i n i n g  t h e  p i t c h  and  r o l l  of t h e  a i r c r a f t  u s i n g  t h e  INS, 

a d d i n g  t h e  p i t c h  and  r o l l  "offsets"  of  t h e  i n s t r u m e n t  r e l a t ive  t o  t h e  INS 

p l a t f o r m ,  a n d  c o m b i n i n g  t h e  resu l tan t  p i t c h  a n d  r o l l  w i t h  t h e  s u n ' s  r e l a t ive  

a z i m u t h  and  z e n i t h  i n  a formula i m p l e m e n t e d  i n  t h e  p r o c e s s i n g  p r o g r a m  

H e r c r a d  ( C l u l e y  (19781 f o r m u l a  i s  o n l y  an a p p r o x i m a t i o n l .  

T h e  p i t c h  a n d  r o l l  o f f s e t s  h a v e  b e e n  m e a s u r e d  on a number of o c c a s i o n s .  

One method i s  t o  f l y  t h e  a i r c r a f t  on a series o f  s t r a i g h t  and leve l  r u n s  

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

t h e  measurements ( p r o g r a m  S.STRMULT a t  PRFI. A n o t h e r  method i s  t o  measure 

t h e  o f fse t s  d i r e c t l y  on t h e  g r o u n d ,  u s i n g  a clinometer p l a c e d  on t h e  g u a r d  

P l a t e  i n  c o n j u n c t i o n  w i t h  t h e  INS. T h i s  assumes t h e  r a d i a t i v e  a n d  p h y s i c a l  

axes are  c o i n c i d e n t ,  T a b l e  1 shows some values  d e r i v e d  b y  t h e s e  m e t h o d s ,  

and  i t  can be  seen t h a t  s imilar  results are o b t a i n e d  u s i n g  b o t h  m e t h o d s ,  

w i t h  l i t t l e  d i f f e r e n c e  b e t w e e n  i n s t r u m e n t s  No 14312 and No 14393. 

T a b l e  1 

Date F l i g h t  Offsets ( d e g l  I n s t r u m e n t  Comments 
No P i t c h  R o l l  

-2.8 0.6 
16.6.77 H I97  -2.3 0.5 
20.9.77 H223 -1.5 1.0 
15.7.80 H39 7 -2.7 0.6 
31.8.83 H607 -2.8 0.8 
16.11.83 Ground -3.2 0.5 
10.9.85 H745 -3.2 1.0 

-2.5 1 .o 

14393 I n  u s e  i n  H e r c r a d  
14393 
14393 
1431 2 
14393 1 2  r u n s  
14393 
14393 Clear 
14285 Red 

C l i n  ome t e r 

T o t a l  f l u x  measurements h a v e  o f t e n  b e e n  t a k e n  f l y i n g  t o w a r d s  t h e  
0 

s u n  and  it can b e  s e e n  t h a t  a n  e r r o r  i n  t h e  d e t e r m i n a t i o n  of p i t c h  of 0.5 

w o u l d  l ead  t o  an e r r o r  of 1% i n  t h e  ' f l u x  a t  a z e n i t h  angle of 50'. 
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A f a c i l i t y  e x i s t s  i n  Hercrad f o r  a p p l y i n g  a t e m p e r a t u r e  s e n s i t i v i t y  

c o r r e c t i o n ,  bu t  t h i s  has n o t  been i n  widespread use. T h e  s t a n d a r d  c lear  

dome i s  t e m p e r a t u r e  compensated on ly  t o  -20°C; l a t e r  i n s t r u m e n t s  are 

compensated t o  

s e n s i t i v i t i e s  be t t e r  t h a n  1% w i t h i n  t h i s  range. However f o r  t h e  s t a n d a r d  

i n s t r u m e n t  o p e r a t i n g  below - 2 O O C  [ t e m p e r a t u r e s  of -3OOC o r  lower are  

common a t  FL250 o r  h ighe r1  an e r r o r  of  I - 2 %  can occur .  A d e t e r m i n a t i o n  

-4Ooc and t e m p e r a t u r e  s e n s i t i v i t i e s  s u p p l i e d  by E p p l e y  show 

of t e m p e r a t u r e  s e n s i t i v i t y  t o  -4OUC has been c a r r i e d  o u t  [ C l u l e y  19Z81 and 

d a t a  exis t  f o r  o t h e r  Eppleys (Andersson e t  a1  19811 [see F i g u r e  61. F u r t h e r  

tes ts  on t e m p e r a t u r e  s e n s i t i v i t y  are  t o  be unde r t aken .  

3. Aircraf t  Data 

a1 High level  r u n s  

To assess t h e  accu racy  of  t h e  upward f a c i n g  pyranometers  a l l  

a v a i l a b l e  measurements made a t  25,000 f ee t  i n  c loud  free c o n d i t i o n s  

were c o l l a t e d  and compared w i t h  model f l u x e s .  T h e  model f l u x e s  are 

from r u n s  of t h e  s h o r t  wave model of  S l i n g o  and S c h r e c k e r  (19821 

u s i n g  sbandard atmospheres  [McClatchey 19621 s e l e c t e d  a c c o r d i n g  t o  

t h e  time of  y e a r  of  t h e  f l i g h t .  T h e  s e a s o n a l  v a r i a t i o n  of  the  s o l a r  

c o n s t a n t  i s  t a k e n  i n t o  accoun t ,  and t h e  model was a d j u s t e d  f o r  t h e  

s p e c t r a l  t r a n s m i s s i o n  of t h e  c l e a r  and r e d  domes. 

c a r r i e d  o u t  a t  t h e  s o l a r  z e n i t h  o f  t h e  a i r c r a f t  measurement and can be 

c o n s i d e r e d  t o  have a re la t ive accuracy of  b e t t e r  t h a n  4%. A p l o t  of 

t h e  r a t i o  of  a i r c r a f t  t o  model f l u x e s  a g a i n s t  c o s i n e  of  s o l a r  z e n i t h  

is  shown i n  F ig .  1. The a i r c r a f t  f l u x e s  have been c o r r e c t e d  i n  Hercrad 

f o r  p i t c h  and r o l l  b u t  n o t h i n g  else.  

Each model r u n  was 

Despite t h e  s c a t t e r  t h e  p l o t  shows a dependence on c o s i n e  o f  

z e n i t h  a l t h o u g h  t h e  r ange  of  zeniths observed i n  t h e s e  l a t i t u d e s  i s  

somewhat l i m i t e d .  F l u x e s  from t h r e e  i n s t r u m e n t s  are  i n c l u d e d  and 

measurements a t  zeniths o v e r  70 are exc luded .  T h e  m a j o r i t y  o f  f l u x e s  0 
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are from t h e  s t a n d a r d  c lear  dome i n s t r u m e n t  no. 14393, b u t  e i g h t  

values  from a n o t h e r  c lear  dome, no. 14312, are shown i n c l u d i n g  H582 

which was measured a t  18,000 fee t  i n  t h e  Caribbean.  The red. '  dome 

values (No 242851 are g e n e r a l l y  worse than  t h e  co r re spond ing  c lear  

dome values.  T h e  under  estimate of t h e  f l u x e s  a p p a r e n t  i n  F ig .  1 

cannot  be accounted f o r  by s imply  i n c r e a s i n g  the a b s o r b e r  amounts 

[water vapour  and ozone) above t h e  a i r c r a f t .  T h e  n e c e s s a r y  increases 

are t y p i c a l l y  an o r d e r  of  magnitude, w h i c h  i s  p h y s i c a l l y  very 

unreal is t ic .  The obv ious  cause of t h e  z e n i t h  dependence i s  a cos-0 

e r r o r ,  s ince  the a l t e r n a t i v e  i s  a l i n e a r i t y  e r r o r ,  and t h i s  i s  known 

t o  be  n e g l i g i b l e .  T h e  d a t a  used i n  the p l o t  are g iven  i n  t h e  

appendix.  

b l  R a d i a t i v e  p r o f i l e s  

Another e f fec t  h a s  been obse rved  on a number of f l i g h t s  where 

a series of r u n s  a t  d i f f e r e n t  h e i g h t s  was conducted t o  form a 

r a d i a t i v e  p r o f i l e .  The effect  i s  shown well by H747 [ F i g .  21 and 

a p p e a r s  t o  be  a combinat ion of a cos-0 effect  and a n o t h e r  unknown f a c t o r  

[Utby  (2986)). The a i r c r a f t  f l u x e s  i n  Fig.  2 have been c o r r e c t e d  t o  a s i n g l e  

z e n i t h  a n g l e  c o r r e s p o n d i n g  t o  t h e  model p r o f i l e  shown a l o n g s i d e .  It 

can be seen t h a t  t h e  a i r c r a f t  f l u x e s  d i v e r g e  on t h e  upward 

p r o f i l e .  F l i g h t s  H654, H655 and H747 a l l  show t h i s  effect  and were 

c a r r i e d  o u t  i n  c o n s i d e r a b l e  amounts of haze and smoke. H707 ( F i g .  31, 

H666 and H749 on t h e  o t h e r  hand do n o t  show t h e  effect  b u t  were flown 

o v e r  low c loud .  

T h i s  s u g g e s t s  t h a t  t h e  upper  domes become contaminated by a e r o s o l  

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

T h e o r e t i c a l l y  t h e  c o l l i s i o n  efficiency o f  a e r o s o l  p a r t i c l e s  on t h e  

domes is  very low, and contaminated domes have n o t  been observed.  
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The clear dome f l u x e s  from H728 ( F i g .  41 show l i t t l e  d i v e r g e n c e ,  

y e t  t h i s  f l i g h t  was conducted i n  heavy haze, w i t h  numerous f l y  

i m p a c t s  and d u s t  d e p o s i t s  p r e s e n t  on v a r i o u s  p a r t s  o f  t h e  

a i r c r a f t  a f t e r  l a n d i n g .  

4. Labora to ry  Measurements 

To e x p l a i n  t h e  d i s c r e p a n c y  a t  h igh  level,  a l a r g e  cos -0  error i s  

r e q u i r e d  and it was dec ided  t o  c a r r y  o u t  some s e n s i t i v i t y  measurements i n  

t h e  l a b .  Some s u b s i d i a r y  t es t s  were a l s o  conducted t o  i n v e s t i g a t e  azimuth 

r e s p o n s e s  and t h e  e f fec t  of  v a r i o u s  k i n d s  of  damage t o  t h e  domes. 

a1 Cos ine  r e sponse  

T h e  pyranometer  was clamped w i t h  t h e  t h e r m o p i l e  i n  a v e r t i c a l  

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

T h e  f o r e  and a f t  d i r e c t i o n  of  t h e  pyranometer  was a l i g n e d  h o r i z o n t a l l y  

s o  t h a t  t h e  tests would imi ta te  t h e  effect  o f  f l y i n g  a l o n g  t h e  s u n ’ s  

azimuth. T h e  r o t a r y  t a b l e  was f i x e d  t o  an o p t i c a l  bench and a 

1 2 V  2OW q u a r t z  halogen lamp w i t h  r e f l e c t o r  was f i x e d  a t  a d i s t a n c e  

of abou t  60cm from t h e  t h e r m o p i l e .  When measured w i t h  a small 

pho tod iode  t h e  lamp’s beam was c o n s t a n t  t o  b e t t e r  t h a n  3% Dver t h e  

a r e a  of  t h e  t h e r m o p i l e .  When t h e  i n s t r u m e n t  had been i n  p o s i t i o n  i n  

t h e  d a r k  o v e r n i g h t ,  a d a r k  s i g n a l  was measured w h i c h  was s u b s e q u e n t l y  

s u b t r a c t e d  from t h e  r e a d i n g s .  T h e  o u t e r  dome of  t h e  pyranometer  was 

v e n t i l a t e d  by a small f a n  thoughout  t h e  measurements. 

The lamp was o p e r a t e d  t o  g i v e  an e q u i v a l e n t  f l u x  of  around 

900Wm-2 and i t s  o u t p u t  proved t o  be s t a b l e  t o  b e t t e r  t h a n  1% d u r i n g  

a measurement r u n .  To e l i m i n a t e  any e r r o r  due t o  v a r i a t i o n  o f  

i r r a d i a t i o n  and asymmetry of  t h e  pyranometer  w i t h  respect t o  t h e  beam, 
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r e a d i n g s  a t  a p a r t i c u l a r  a n g l e  were taken by measuring t h e  s i g n a l  a t  

t h a t  a n g l e  on bo th  s i d e s  of  t h e  cen t ra l  p o s i t i o n ,  i n t e r s p e r s e d  w i t h  

r e a d i n g s  a t  t h e  cen t ra l  p o s i t i o n .  

T h i s  p rocedure  was fo l lowed  f o r  4 i n s t r u m e n t s  - t h e  s t a n d a r d  

c lear  dome [No. 14393, HI241 a second c lear  dome [No. 14312, HI251 

and t h e  2 r e d  domes (No. 24285, H394and No.24284, H3921. Changing 

domes had l i t t l e  e f fec t ,  b u t  t h e  2 i n s t r u m e n t s  were c o n s i s t e n t l y  

- - -di . f ferent- .  I Severa-f r u n s  a t  v a r i o u s  a n g u l a r  5ntervals between 0 and .~ 

85 d e g r e e s  were made and t h e  resu l tan t  s e n s i t i v i t y  d a t a  form f a i r l y  

c o n s i s t e n t  sets. T y p i c a l  s t a n d a r d  d e v i a t i o n s  i n  t h e  d a t a  were 0.2% 

. .  -- 

s e n s i t i v i t y  a t  30°, 0.4% a t  60' and 1.5% a t  75'. Cubic  e q u a t i o n s  

were f i t t e d  t o  t h e  d a t a  and are g iven  below. 

I n s t r u m e n t  Equa t ion  

HI 24 

HI 25 
H392 S - 1 - 6.88 - X I 0  0 + 1.24 X10-502 - 1.64' x10 0 

S = 1 - 1.05 X'10130 + 2.70 x10-g82 - 3.626 ~ 1 0 - 1 9 ~ ~  
H39 4 S = 1 - 7.04 X I 0  :0 + 1.09! %%O 502 - 2.25 X I 0  0 121 

(11 

S = I - 5.12 ~ 1 0 ~ ~ 0  + 1.56 X 1 0 - 5 0 2  - 2.26 XIO- 'O3 (31 
t 41 - 7  3 

S = s e n s i t i v i t y ,  and 0 i s  z e n i t h  angle i n  d e g r e e s .  

The c o s i n e  e r r o r  i s  s imi la r  i n  shape  t o  t h a t  measured by Nast (19831, 

Andersson e t  a1 119811 and Ambrose t t i  e t  a1  (19841, b u t  i s  of  somewhat 

g r e a t e r  magnitude (see F ig .  51. 

b l  A z i m u t h  effects  

W i t h  t h e  pyranometer  f a c i n g  upwards, and t h e  lamp r a i s e d  t o  

imi t a t e  v a r i o u s  z e n i t h  a n g l e s ,  r o t a t i o n  of  t h e  t a b l e  g i v e s  a 

measurement of  azimuth r e sponse .  However any ins t rumenta l  effect  was 

n e g l i g i b l e  compared w i t h  t h e  l e v e l l i n g  e r r o r s .  

T h e  c lear  dome on No. 14393 appears t o  be damaged on i t s  l e a d i n g  

s i d e  by a b r a s i o n ,  and t o  t es t  i f  t h i s  a f f e c t e d  t h e  r e s p o n s e  t h e  

pyranometer  was clamped as above, b u t  w i t h  t h e  i n t e r n a l  o - r i n g  removed 

t o  a l l o w  r o t a t i o n  of  t h e  dome r e l a t i v e  t o  t h e  t h e r m o p i l e .  T h i s  r o t a t i o n  
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had on ly  a very small effect  on t h e  s i g n a l ,  even a t  z e n i t h s  o v e r  

75 d e g r e e s  w h e r e  e r r o r s  amounted t o  less t h a n  1%. 

cl Red dome d i s c o l o r a t i o n  

One of t h e  downward f a c i n g  r e d  domes had been i n  prolonged 

c o n t a c t  w i t h  water and become v i s i b l y  d i s c o l o r e d .  To t e s t  t h e  effect  

on i n s t r u m e n t  r e sponse  a pyranometer was s u b j e c t e d  t o  con t inuous  

s t a b l e  i r r a d i a t i o n  w h i l e  3 r e d  domes were i n t e r c h a n g e d .  

were; a brand new dome, t h e  d i s c o l o r e d  dome and a dome w h i c h  had 

been used on t h e  upper  pyranometer.  T h i s  t es t  was c a r r i e d  o u t  a t  

zen i ths  of  0 and 50°, b u t  t h e  on ly  s i g n i f i c a n t  effect  was a t  0 = 0’ 

when t h e  d i s c o l o r e d  dome t r a n s m i t t e d  3% less t h a n  the o t h e r s .  

These domes 

5. A p p l i c a t i o n  of  c o r r e c t i o n s  

a1 Cosine and t e m p e r a t u r e  c o r r e c t i o n s  

T h e  results o f  app ly ing  t h e  c o s i n e  c o r r e c t i o n s  t o  F ig .  1 can be 

seen i n  Fig.  7. T h e  zen i th  dependence i s  almost  en t i r e ly  removed 

b u t  t h e  v a l u e s  are s t i l l  c o n s i s t e n t l y  less t h a n  u n i t y .  Fig.  8 shows 

t h e  resul t  of  app ly ing  a t e m p e r a t u r e  c o r r e c t i o n  based on t h e  measurements 

o f  Andersson e t  a1  (19811, w h i c h  is s imi la r  i n  magnitude t o  t h a t  

measured f o r  No 14393 and i s  as fo l lows ;  

S e n s i t i v i t y  - =.99 + 3.0 x 10-4T - 7.0 x IO-’T2 + 2.22 x 10-7T3 Eqn ( 5 1  

T i n  d e g r e e s  Celsius. 

The combinat ion o f  these two c o r r e c t i o n s  i s  adequa te  t o  b r i n g  t h e  

m a j o r i t y  o f  t h e  c lear  dome measurements t o  w i t h i n  2% o f  t h e i r  modelled 

va lue .  The r e d  dome values are s t i l l  ra ther  low. 

T h e  remaining s ca t t e r  may be  due t o  a number of f a c t o r s ;  

- d e v i a t i o n  o f  t h e  model atmosphere from t h e  rea l  atmosphere.  

- inaccuracies i n  de t e rmin ing  t h e  p i t c h  and r o l l  o f  t h e  i n s t r u m e n t .  

- p o s s i b l e  contarninat loo by c loud .  

- a b s o l u t e  accu racy  of c a l i b r a t i o n ,  o n l y  of  o r d e r  2%. 

- 7 -  



When the  co r rec t i ons  a re  app l ied  t o  r a d i a t i v e  p r o f i l e s  t h e  r e s u l t s  

are more ambiguous. Cer ta in  f l i g h t s  reppoduce the  model r e s u l t s  w e l l  

(F ig .  31, b u t  o thers s t i l l  e x h i b i t  a divergence from the  model through 

the  f l i g h t  (Figs. 2, 4).  The cause o f  t h i s  divergence remains t o  be 

i d e n t i f i e d .  This  behaviour was no t  observed i n  e a r l i e r  c l e a r  a i r  

f l i g h t s ,  see K i tchen and Squires (19841. 

b l  Recommendations f o r  f u t u r e  a p p l i c a t i o n  

I t  has become obvious t h a t  t o  use pyranometers on a i r c r a f t  t o  

devise accurate f l u x e s  and f l u x  p r o f i l e s ,  t h e  inst ruments '  i n d i v i d u a l  

c h a r a c t e r i s t i c s  must be known w i t h  some c e r t a i n t y .  

(il 

t h e  present  system o f  c a l i b r a t i o n  w i t h  a d i f f u s e  source i s  

non- ideal  f o r  an inst rument  used t o  measure predominant ly d i r e c t  

r a d i a t i o n  a p r a c t i c a l  a l t e r n a t i v e  method i s  no t  ava i l ab le .  

(iil The i n d i v i d u a l  inst ruments '  thermopi le  o r i e n t a t i o n s  must 

be known accoratwiy, and t h i s  i nvo l ves  p rec i se  knowledge (+O. 1'1 

o f  the  p i t c h  and r o l l  o f f se ts .  Th i s  w i l l  be determined f o r  each 

inst rument  i n  the  new (19861 pyranometer fit. The b e t t e r  method 

o f  t h e  t w o  o u t l i n e d  i n  sec t i on  3 appears t o  be i n - f l i g h t  measure- 

ment and m u l t i p l e  regress ion  s ince the  o the r  method does n o t  

measure the  o r i m t a t i o n  o f  t h e  thermopi le,  bu t  on ly  t h e  guard-plate.  

(iiil Correct ions t o  the  measurements due t o  o r i e n t a t i o n ,  cosine 

e r r o r  and t e m p e r a t u r e . s e n s i t i v i t y  should be app l i ed  i n  a p o i n t  

by p o i n t  fash ion  i n  .the i n i t i a l  processing stage. The cosine 

c o r r e c t i o n  should be based on measurements f o r  t h e  i n d i v i d u a l  

inst rument  (eg. those i n  Eqns 1 t o  4J.The c o r r e c t i o n  f o r  temperature 

s e n s i t i v i t y  should be app l ied  t o  those inst ruments opera t ing  

ou ts ide  t h e i r  compensated range, and i n  t h e  absence o f  any accurate 

i n d i v i d u a l  cha rac te r i s t i cs ,  t h e  r e l a t i o n  g iven i n  Eqn 5 should be 

F i r s t l y  an absolute c a l i b r a t i o n  i s  requ i red  and al though 

used. 
- 8 -  
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