
Publisher’s version  /   Version de l'éditeur: 

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 
first page of the publication for their contact information. 

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Proceedings of the First Canadian Conference on Micrometeorology, pp. 29-50, 
1968-02-01

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=aa6d97e8-ce07-4df8-a0e7-69937085d71d

https://publications-cnrc.canada.ca/fra/voir/objet/?id=aa6d97e8-ce07-4df8-a0e7-69937085d71d

NRC Publications Archive
Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 
La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 
acceptée du manuscrit ou la version de l’éditeur.

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

Apparatus for calibrating net radiometers in the long wavelength region
Boyd, D. W.

https://nrc-publications.canada.ca/eng/view/object/?id=aa6d97e8-ce07-4df8-a0e7-69937085d71d
https://publications-cnrc.canada.ca/fra/voir/objet/?id=aa6d97e8-ce07-4df8-a0e7-69937085d71d
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits






Reprinted from PROCEEDINGS O F  T H E  F IRST C A N A D I A N  C O N F E R E N C E  O N  MICROMETEOROLOGY, P A R T  1, 
Meteorological Service of Canada I\ 

Toronto, Canada, 1967. 

A P P A R A T U S  FOR C A L I B R A T I N G  NET R A D I O M E T E R S  
I N  T H E  LONG WAVELENGTH R E G I O N  

D o n a l d  74. Boyd 

ABSTRACT 

Net radiometers measure t h e  ne t  f lux  of both s o l a r  and t e r r e s t r i a l  radia-  

t i o n ,  and should be c a l i b r a t e d  separately i n  each of  these  wavelength regions. The 

bas ic  p r i n c i p l e  of t h e  absolute  c a l i b r a t i o n  of radiometers f o r  t e r r e s t r i a l  o r  long- 

wave rad ia t ion  is very simple, but the problem of  providing adjacent a r e a s  with con- 

t r o l l e d  and ca lcu lab le  rad ia t ion  f luxes  is  ra ther  complex. The design of a  conical  

r a d i a t i n g  cav i ty  has been developed i n  d e t a i l .  

A rad ia t ing  cone and a  c a l i b r a t i o n  chamber have been b u i l t  a t  t h e  National 

Research Council and t h e  necessary cont ro l l ing  and measuring apparatus  assembled. The 

c a l i b r a t i o n  of four d i f f e r e n t  types of  n e t  radiometers i n d i c a t e s  t h a t  t h e  apparatus  

funct ions s a t i s f a c t o r i l y  and y i e l d s  c a l i b r a t i o n  f a c t o r s  with p rec i s ion  and accuracy 

within a  few per  cent. Several improvements a r e  suggested t h a t  might reduce e r r o r s  t o  

about 1 per  cer:t. 
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I .  l N T R O D U C T  l ON 

The n e t  r ad iome te r s  cons ide red  h e r e  a r e  i n s t rumen t s  f o r  measuring t h e  n e t  
v e r t i c a l  f l u x  o f  b o t h  s o l a r  and t e r r e s t r i a l  r a d i a t i o n  a t  e l e v a t i o n s  o f  a  few me t re s  
above t h e  su r f ace .  

The e s s e n t i a l  p a r t s  o f  t h e  n e t  r ad iome te r  a r e  a  p a i r  o f  b lack h o r i z o n t a l  
s u r f a c e s ,  one f ac ing  upwards and t h e  o t h e r  downwards, and some system o f  measuring t h e  
d i f f e r e n c e  i n  t empera tu re  between t h e s e  s u r f a c e s ,  o r  some q u a n t i t y  p r o p o r t i o n a l  t o  t h e  
t empera tu re  d i f f e r e n c e .  Thermopiles a r e  commonly used,  wi th  t h e  o u t p u t  measured i n  m i l -  
l i v o l t s  r a t h e r  t han  i n  deg rees  of tempera ture .  The b lack s u r f a c e s  r each  a  s t e a d y - s t a t e  
t empera tu re  by exchanging energy by r a d i a t i o n ,  conduct ion ,  and convect ion  wi th  t h e i r  
surroundings ,  and by conduct ion  through t h e  m a t e r i a l  s e p a r a t i n g  them. I f  surrounding 
c o n d i t i o n s  a r e  kep t  c o n s t a n t  t h e s e  energy t r a n s f e r s  w i l l  be  p r o p o r t i o n a l  t o  t h e  tem- 
p e r a t u r e  d i f f e r e n c e s  i nvo lved  and hence t h e  equ i l i b r ium t empera tu re  d i f f e r e n c e  between 
t h e  b lack s u r f a c e s  w i l l  be p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  between t h e  upward and down- 
r a d i a t i o n  f l u x e s .  

The t empera tu re  o f  t h e  surrounding a i r  can e a s i l y  be measured and a l lowed 
f o r .  Air movement can be kep t  c o n s t a n t  by p l a c i n g  a  po lye thy lene  sh . ie ld  ove r  t h e  black 
s u r f a c e s  o r  by d i r e c t i n g  a  c o n s t a n t  d r a f t  w e r  them. The ou tpu t  v o l t a g e  is, t h e r e f o r e ,  
p r o p o r t i o n a l  t o  t h e  n e t  r a d i a t i o n ,  but t h e  c o n s t r u c t i o n  o f  t h e  i n s t r u m e n t s  is such t h a t  
i t  is d i f f i c u l t ,  i f  n o t  i r ; .poss ib le ,  t o  compute t h e  c o n s t a n t  o f  p r o p o r t i o n a l i t y .  Th i s  
c o n s t a n t ,  o r  c a l i b r a t i o n  f a c t o r ,  can be o b t a i n e d  by comparing a  n e t  radiometer  wi th  
ano the r  i n s t rumen t  t h a t  h a s  a l r e a d y  been c a l i b r a t e d ,  bu t  sooner  o r  l a t e r  an a b s o l u t e  
c a l i b r a t i o n  w i l l  be needed. 

I f  t h e  b lack s u r f a c e s  o f  t h e  n e t  r ad iome te r  a r e  p e r f e c t l y  I~lncl: ,  t h a t  i s ,  
i f  t hey  abso rb  a l l  t h e  r a d i a t i o n  f a l l i n g  on them, t h e n  t h e  c a l i b r a t i o n  f a c t o r  w i l l  he 
t h e  same throughout  t h e  r ange  o f  wavelengths from 0 . 2  t o  about  40 microns.  Cost u f  t h e  



rad ia t ion  f a l l s  i n t o  one of t h e  two main bands: s o l a r  rad ia t ion ,  which is mostly i n  t h e  
v i s i b l e  and near -v i s ib le  region from about 0. 2 t o  1. 5 microns, and t e r r e s t r i a l  radia-  
t i o n ,  which is mostly i n  t h e  region from 5 t o  40 microns. I f  t h e  c a l i b r a t i o n  f a c t o r  is 
determined f o r  each of  these  two ranges it need not  be checked a t  o t h e r  wavelengths. 

When t h e  work described herein was s t a r t e d ,  t h e  Meteorological Branch of 
t h e  Department of  Transport seemed t o  have t h e  problem of absolute  c a l i b r a t i o n  i n  the  
short-wavelength region well i n  hand. It was considered s a t i s f a c t o r y  t o  c a l i b r a t e  our  
n e t  radiometers i n  the  short-wavelength region by comparing them with Eppley pyrheliom- 

e t e r s  c a l i b r a t e d  a t  t h e  Scarborough, Ontario, research s ta t ion .  It was decided, there-  
fo re ,  t o  concentrate  on t h e  long-wavelength ca l ib ra t ion .  The apparatus  described i s  
f o r  t h e  s o l e  purpose of ob ta in ing  an absolute  c a l i b r a t i o n  f a c t o r  f o r  ne t  radiometers 
f o r  wavelengths from around 5 t 0  40microns, which a re  typ ica l  of  t e r r e s t r i a l  rad ia t ion .  

2. P R I N C I P L E  O F  T H E  APPARATUS 

The bas ic  p r i n c i p l e  of t h e  absolute  c a l i b r a t i o n  is very simple. The n e t  
radiometer is placed i n  an enclosure f o r  which t h e  temperature and emissivi ty  of  a l l  
t h e  sur faces  a r e  known. The rad ia t ion  f a l l i n g  on each of t h e  black sur faces  canbe  
computed and t h e  m i l l i v o l t  output measured, t h u s  y i e l d i n g t h e  required fac tor .  

The temperatures  above andbelowthe radiometer must be d i f f e r e n t  t o  produce 
a v e r t i c a l  f l u x  of rad ia t ion  and hence an ontput from t h e  radiometer. This means t h a t  
r e f l e c t e d  rad ia t ion  must be computed unless  it is neg l ig ib ly  small. I f  r e f l e c t i o n s h a v e  
t o  be considered t h e  c a l c u l a t i o n s  become extremely complex, even i n  a simple enclosure. 
To avoid r e f l e c t i o n s  t h e  enclosure is usuakly painted black so t h a t  t h e  r e f l e c t i v i t y  
w i l l  be near  zero and t h e  emissivi ty  near  uni ty.  

The ca lcu la t ions  w i l l  a l s o  be s impl i f i ed  i f  t h e  number of  d i f f e r e n t  ten-  
pera tures  is reduced, i f  poss lb le  t o  two. The usual  arrangement i s  t o  have a r e l a t i v e l y  
l a r g e  .enclosure a t  room temperature and t o  provide f o r  a r e l a t i v e l y  small temperature 
con t ro l led  a rea  facing one s ide  of t h e  radiometer. 

The emissivi ty  and r e f l e c t i v i t y  of t h i s  small temperature con t ro l led  a rea  
a r e  mare c r i t i c a l  than t h e  emissivi ty  and r e f l e c t i v i t y  of  t h e  r e s t  of t h e  enclosure. 
I f  t h e  whole of an enclosure is a t  t h e  same temperature, then t h e  emissivi ty  and 
r e f l e c t i v i t y  of t h e  sur face  do not a f f e c t  t h e  rad ia t ion  f l u x  because a decrease i n  
emissivi ty  is compensated by an increase i n  r e f l e c t i v i t y .  I f  most of an enclosure is 
a t  a uniform temperature, then t h e  emissivi ty  of t h e  sur face  is l e s s  important than t h e  
emissivi ty  of  a small a r e a  a t  a d i f f e r e n t  temperature. The small c r i t i c a l  a r e a  can be 
replaced by a cavi ty,  which w i l l  increase i ts  e f f e c t i v e  emissivi ty .  The optimum shape 
of t h e  cavi ty w i l l  be considered under t h e  construct ion of  t h e  cone. Themain enclosure 
i s  described i n  t h e  next sec t ion .  



3. THE BOX 

The main enc losu re ,  which i s  kep t  a t  room t e m p r a t u r e ,  is e s s e n t i a l l y  a 
r e c t a n g u l a r  copper box 16 in .  square  and about 36 in .  long. F igure  1 is  a photograph 
of  t h e  box showing t h e  suppor t  and some of t h e  the rmojunc t ions  be fo re  t h e  i n s u l a t i o n  
was added. F igure  2 shows t h e  r i g h t  s i d e  and top  of  t h e  box, w h i c h i s n e a r l y  t h e  same shape 
a s  t h a t  used by Machwal l  ( 1 ) .  The s e n s i t i v e  s u r f a c e s  o f  t h e  n e t  radiometer  a r e  mounted 
i n  t h e  c e n t r e  o f  t h e  box - t h a t  i s ,  t h e  c e n t r e  of  t h e  radiometer  i s  8 in .  from t h e  top,  
bottom,and s i d e s ,  and 12 in .  from t h e  r e a r .  The r e a r  end i s  one o f  s e v e r a l  p a n e l s  t h a t  
s l i d e  i n t o  p l a c e  and have h o l e s  i n  themtoaccommodate t h e  suppor t ing  s t r u c t u r e s  o f  t h e  
v a r i o u s  radiometers .  ( I t  would have been more convenient  i f  t h e  r e a r  end had been bo l t ed  
i n  p l a c e  ( i n s t e a d  o f  s l i d i n g ) ,  s o  t h a t  it could  be removed with t h e  radiometer  s t i l l  
mounted on it. 

A c i r c u l a r  h o l e  8 in .  i n  d iameter  was c u t  i n  t h e  t o p  (o r  bottom depending 
on how t h e  box was s e t )  of  t h e  box, with t h e  c e n t r e  of  t h e  h o l e  d i r e c t l y  above t h e  
c e n t r e  of  t h e  radiometer .  The c o n i c a l  c a v i t y  desc r ibed  i n  t h e  nex t  s e c t i o n  was mounted 
a t  t h i s  hole .  

A v e n t i l a t e d  n e t  radiometer  is  equipped with a motor and f an  which blows 
a i r  ove r  t h e  s e n s i t i v e  s u r f a c e s .  To accommodate such a radiometer  i n  t h e  box and t o  
avoid  a i r  c u r r e n t s  t h a t  would be u n l i k e l y  under f i e l d  c o n d i t i o n s ,  it was necessary  t o  
have an a d j u s t a b l e  opening a t  t h e  f r o n t  end o f  t h e  box. The c o n s t r u c t i o n  is  shown i n  
t h e  drawings. To a d j u s t  t h e  opening t o  t h e  b e s t  width f o r  a p a r t i c u l a r  radiometer  a 
s h e e t  o f  t h i n  pape r  was placed ove r  t h e  h o l e  i n  t h e  t o p  o f  t h e  box, a s  suggested by 
Machwal l  ( 1 ) .  With t h e  radiometer  i n  p l a c e  t h e  fan  was tu rned  on and t h e  opening a t  
t h e  f r o n t  o f  t h e  box a d j u s t e d  u n t i l  t h e  t h i n  pape r  showed no tendency t o  be e i t h e r  
blown o f f  a r  sucked in .  

The i n t e r i o r  of t h e  box was p a i n t e d  with Parsons'  o p t i c a l  b lack l acque r , "  
which i s  s a i d  t o  have an e m i s s i v i t y  o f  0.98 o r  more. It i s  es t ima ted  t h a t  when t h e  
c a v i t y  i s  h o t  t h e  excess  r a d i a t i o n  r e f l e c t e d  from t h e  bottom o f  t h e  box t o  t h e  c o o l e r  
s i d e  o f  t h e  radiometer  would neve r  be a s  much a s  one -ha l f  o f  1 p e r  c e n t  of t h e  n e t  
r a d i a t i o n  a t  t h e  radiometer .  T h i s  e r r o r  could  have been reduced by i n c r e a s i n g  t h e  a r e a  
o f  t h e  radiometer  s o  t h a t  it s h i e l d e d  t h e  bottom o f  t h e  box from r a d i a t i o n  d i r e c t l y  
from t h e  cav i ty .  

The box was made o f  f a i r l y  heavy copper i n  t h e  hope t h a t  t h e  h igh  thermal  
conduc t iv i ty  would p reven t  s i g n i f i c a n t  t empera tu re  d i f f e r e n c e s  ove r  i t s  su r face .  To 
check t h e  t empera tu re  d i f f e r e n c e s ,  c o n s t a n t a n w i r e  was so lde red  t o  s e v e r a l  more o r  l e s s  

* rile o p t i c a l  black lacquer  was ob ta ined  from Thos.  P a r s ~ n s  and Sons, L t d . ,  Church 
Road, M i  tcham, Surrey ,  England. 



randomly s e l e c t e d  l o c a t i o n s  on t h e  hox and a  s i n g l e  copper  wire was used t o  complete 
t h e  s e v e r a l  thermocouples.  A m u l t i p o i n t  r e c o r d e r  was used t o  r ead  each t empera tu re  i n  
t u r n .  D i f f e r e n c e s  o f  ove r  5F deg and f l u c t u a t i o n s  o v e r  a  few minu te s  o f  about 2 deg at. 
a  s i n g l e  thermocouple were measured. These d i f f e r e n c e s  were reduced by c l o s i n g  t h e  
l a b o r a t o r y  window and cove r ing  t h e  box with a  b l anke t .  L a t e r  t h e  box was covered with 

% - i n  f e l t  and !/4 - i n  plywood and removed t o  a  windowless l a b o r a t o r y  where t h e  a i r  tem- 
p e r a t u r e  was more c l o s e l y  c o n t r o l l e d .  The p a r t  o f  t h e  box c l o s e s t  t o  t h e  c a v i t y  was 
s t i l l  i n f l u e n c e d  by t h e  c a v i t y  t empera tu re ,  but  o t h e r  d i f f e r e n c e s  and f l u c t u a t i o n s  
d i sappea red .  The remaining t empera tu re  d i f f e r e n c e s ,  a l t hough  s t i l l  a  nu i sance ,  could  
be accounted f o r  and a l lowed f o r  a s  shown i n  t h e  s e c t i o n  on computations.  

l!. T H E C O N E  

' : ' t~e c a v i t y  is t h e  1110st c r i t i c a l  p a r t  o f  t h e  a p p a r a t u s ,  because  it is t h e  
:source o f  rndi a t i o n  t h a t  must be c a l c u l a b l e  a c c u r a t e l y  from temp e r o t u r e  l leasurements 
: o e  The opeliilig t o  t h e  c a v i t ~  must be e f f e c t i v e l y  a s u r f a c e  wit;i~ e m i s s i v i t y  
~ i e g l i g i b l y  d i f f e r e n t  from u n i t y ,  and t h e  temnera t . r~re  o f  t h e  c a v i t y  wall:: must be 
c o n t r o l l a b l e  and measurable.  

To c!csign stir:\ a c a v i t y ,  one must s t u d y  t h e  r e f l e c t i o n s  o f  r a d i a t i o n  wi th in  
c a v i t i e s  o f  v a r i o u s  shapes  and c a l c u l a t e  o r  e s t i m a t e  t h e  amount of r a d i a t i o n  t h a t  u l -  
' c i~ l la tc ly  e sc spes  throukh t h e  opening. Corlsider f i r s t  d i f f u s e  r e f l e c t i o n ,  which does  nc;!; 
depend on t h e  d i r e c t i o n  from which t h e  i n c i d e n t  r a d i a t i o n  comes. The r e f l e c t e d  r ad i a -  
t i o n  obeys  Lamber t ' s  law t h a t  t h e  f l u x  d e n s i t y  from a  u n i t  a r e a  i n  any d i r e c t i o n  a t  an 
ang le  O: t o  t h e  normal t o  t h e  s u r f a c e  i s  p r o n o r t i o n a l  t o  t h e  c o s i n e  o f  a. 

For an opaque s u r f a c e  t h e  e m i s s i v i t y  ( E )  i s  equal  t o  t h e  a t ) s u r p t i v i t ~ ,  and 

t h e  r e f l e c t i v i t y  ip)  p l u s  t h e  a b s o r p t i v i t y  is u n i t y .  

I f  t h e  r e f l e c t i v i t y  of a  s u r f a c e  o r  t h e  e f f e c t i v e  r e f l e c t i v i t y  o f  an openjng car1 t ~ e  
found, t hen  t h e  e m i s s i v i t y  w i l l  a l s o  be  known. I t  i s  commonly e a s i e r  t o  work with 
r e f l e c t i o n .  

Consider a  c a v i t y  of any shape  with a  sma l l  opening o f  a r e a  a  a t  p o i n t  
A (F igu re  3 ) .  Suppose t h a t  d i f f u s e  r a d i a t i o n  wi th  f l u x  d e n s i t y  I e n t o r s  t h e  c a v i t y  a t  



A. It can be shown t h a t  t h e  f l u x  d e n s i t y  zt  G a t  a  d i s t a n c e  r  from A i n  a  d i r e c t i o n  
making an ang le  :i with  t h e  normal a t  A w i l l  be:  

I a  cos  3 
> 7 r r  " 

I f  t h e  l i n e  AF? makes an ang le  3 with  t h e  normal a t  B, t h e n  t h e  r a d i a t i o n  f a l l i n g  on a  
sma l l  a r e a  b w i l l  be.  

I a  cos  L b  cos  i4 

7r r z  

The r e f l e c t e d  f l u s w i l l  be t.he same expres s ion  mu1ti:lied by (1, t h e  r e f l e c t i v i t y  of  t h e  
i c t e r i o r  su r f ace .  T h e r e f l e c t c , i  f l u x  t h a t  w i l l  escape  through t h e  opening a t  A w i l l  be: 

I a  c o s  CL b  cos { , cos  ~1 a  cos  14 - , . .  
n r 2  n r  2 

I f  b  i s  r e p l a c e d  by d s  and i n t e g r a t e d  ove r  t h e  i n t e r i o r  s u r f a c e  of t h e  c a v i t y ,  t h e n  t h e  
t o t a l  f l u s  e scap ing  a f t e r  one r e f l e c t i o n  w i l l  be: 

S ince  t h e  incoming f l u x  1s I a ,  t h e  e f f e c t i v e  r e f l e c t i v i t y  ((lo) o f  t h e  sma l l  opening st 
1 clue t o  one i n t e r n a l  r e f l e c t i o n  will be 

This  exp res s ion  can b~  i n t e g r a t e d  f o r  s e v e r a l  c a v i t i e s  of s imple  shape such a s  t hose  
i n  F igu res  4 and 5. For a henlisphere c e n t r e d  a t  A :  

For a  p a i r  o f  i n f i n i t e  p a r a l l e l  p 1 a l . c ~  ser iara ted  a  d i s t a n c e  H 

For a  s e m i - . i n f i n i t e  c y l i n d e r  wi th  a  s r a l l  opening i n  t h e  end:  



For a  cone wi th  a  smal l  opening a t  t h e  c e n t r e  o f  t h e  c i r c u l a r  base  t h e  i n t e g r a t i o n  be- 
comes more complex. I f  y  i s  t h e  h a l f - a n g l e  a t  t h e  apex then :  

2  a p  
P o  = 

1 3 3 2 
( - s i n  y  + - s i n  y  c o s  y  

2 2 
R c o s  y \ 6 7 r  3 2 

To compare cones  wi th  d i f f e r e n t  apex h a l f - a n g l e s  t h e  d imensions  
of t h e  cones  must be  kept  w i th in  r ea sonab le  limits. I f  t h e  r a d i u s  o f  t h e  base  is  kept  
c o n s t a n t ,  t h e  cone becomes very  sha l low f o r  l a r g e  apex ang le s :  I f  t h e  h e i g h t  i s  kept  
c o n s t a n t ,  t h e  cone becomes very  narrow f o r  sma l l  apex ang le s .  The form o f  t h e  above 
equa t ion  s u g g e s t s  keeping R c o s  y  c o n s t a n t .  (R c o s  y  is t h e  d i s t a n c e  from t h e  opening 
i n  t h e  base  t o  t h e  n e a r e s t  p o i n t  ( o r  c i r c l e )  on t h e  cone i t s e l f . )  I f  t h i s  is done t h e  
c y l i n d e r  and t h e  p a i r  o f  p a r a l l e l  p l a t e s  a r e  i nc luded  as s p e c i a l  c a s e s  when y  is ze ro  
and 90 deg, r e s p e c t i v e l y .  

F i g u r e 5 s h o w s  t h e  v a r i a t i o n  i n  t h e  va lue  o f  t h e  p a r t  i n  b r a c k e t s  
f o r  apex h a l f - a n g l e s  from z e r o  t o  90 deg. I f  t h e  a r e a  o f  t h e  opening,  t h e  v a l u e  o f  R 
c o s y ,  and t h e  r e f l e c t i v i t y  o f  t h e  i n t e r i o r  s u r f a c e  a r e  a l l  kep t  c o n s t a n t ,  t h e n  t h i s  i s  
p r o p o r t i o n a l  t o  t h e  e f f e c t i v e  r e f l e c t i v i t y  o f  t h e  opening. 

I t  should  be  noted  t h a t  i n  t h i s  d e r i v a t i o n  o f  t h e  e f f e c t i v e  
r e f l e c t i v i t y  t h e  t o t a l  f l u x  escaping from t h e  c a v i t y  ( a f t e r  one d i f f u s e  r e f l e c t i o n )  
was cons ide red ,  and no account  was t aken  o f  t h e  d i r e c t i o n  i n  which t h i s  r a d i a t i o n  was 
moving. In  g e n e r a l ,  t h i s  escaping r a d i a t i o n  w i l l  n o t  obey Lambert! s law, t h a t  is ,  it 
w i l l  no t  be p r o m r t i o n a l  t o  t h e  c o s i n e  o f  t h e  a n g l e  from t h e  normal t o  t h e  p l a n e  o f  
o f  t h e  opening. T h i s  means t h a t  t h e  e f f e c t i v e  r e f l e c t i v i t y  w i l l  seem t o  va ry  wi th  t h i s  
angle .  For l a r g e  apex a n g l e s  t h e  e scap ing  r a d i a t i o n  w i l l  be  more c o n c e n t r a t e d  towards  
t h e  a x i s  o f  t h e  cone; f o r  smal l  apex a n g l e s  it will be  more c o n c e n t r a t e d  towards  t h e  
p l ane  o f  t h e  base  o f  t h e  cone. The r ad iome te r  w i l l  be p l aced  on o r  n e a r  t h e  a x i s  o f  
t h e  cone and, t h e r e f o r e ,  t h e  r e f l e c t e d  r a d i a t i o n  i n  t h i s  a r e a  should  be kep t  t o  a  min- 
inum. Th i s  s u g g e s t s  t h e  u se  o f  a  sma l l  apex ang le  i n  t h e  hope of keeping t h e  e f f e c t i v e  
r e f l e c t i v i t y  a s  low a s  t h a t  i n d i c a t e d  i n  F igu re  5, o r  pe rhaps  even reducing it s l i g h t l y  
below t h a t  va lue .  

The c a v i t y  t h a t  was f i n a l l y  b u i l t  was a  copper  cone wi th  an apex 
h a l f - a n g l e  j u s t  ove r  20 deg. The h e i g h t  from t h e  p l a n e  o f  t h e  opening t o  t h e  apex was 
19 i n .  and t h e  opening was a  c i r c l e  with r a d i u s  4 i n .  Such an opening is admi t t ed ly  
r a t h e r  l a r g e  t o  be cons ide red  a s  a  p o i n t ,  a s w a s  done i n  t h e  d e r i v a t i o n  o f  t h e  equa t ion  
above. The e f f e c t i v e  r e f l e c t i v i t y  f o r  p o i n t s  n e a r  t h e  a x i s ,  however, would n o t  d i f f e r  
g r e a t l y  from t h e  va lue  f o r  t h e  p o i n t  on t h e  a x i s ,  and it is b e l i e v e d  t h a t  t h e  equa t ion  
w i l l  g l v e  reasonably  good values .  I f  t h e s e  v a l u e s  a r e  s u b s t i t u t e d  111 t h e  equa t ion  one 
o b t a i n s :  



No at tempt  h a s  been made t o  compute a c c u r a t e l y  t h e  a~~ ioun t  o f  
r a d i a t i o n  t h a t w o u l d e s c a p e  from a  c a v i t y  a f t e r  two d i f f u s e  r e f l e c t i o n s  on t h e  i n t e r i o r  
su r faces .  I t  i s  assumed, however, t h a t  it would be about p t imes  t h e  amount escaping 
a f t e r  one r e f l e c t i o n .  With p about 2  p e r  c e n t  t h i s  a d d i t i o n a l  r e f l e c t e d  r a d i a t i o n  would 
i n c r e a s e  t h e  e f f e c t i v e  r e f l e c t i v i t y  t o .  

This  means t h a t  i f  t h e  r e f l e c t i v i t y  o f  a  f l a t  p l a t e  is  about 2 p e r  c e n t ,  t hen  t h e  
e f f e c t i v e  r e f l e c t i v i t y  of  t h i s  cone is  l e s s  t h a n  o n e - t h i r d  o f  1 p e r  c e n t  f o r  d i f f u s e  
r e f l e c t i o n s .  

So f a r  on ly  d i f f u s e  r e f l e c t i o n s  wi th in  t h e  c a v i t y  have been 
considered.  P a r t  o f  t h e  r e f l e c t i o n ,  even from a  matte b lack s u r f a c e ,  i:: prol,ably 
s p e c u l a r ;  t h a t  is, t h e  r e f l e c t e d  r a d i a t i o n  w i l l  be i n  t h e  form o f  a  r a y  i n  t h e  p l ane  
o f  t h e  i n c i d e n t  r a y  and t h e  normal t o  t h e  s u r f a c e ,  and make an ang le  wi th  t h e  normal 
equal  t o  t h e  ang le  made by t h e  i n c i d e n t  r ay ,  but on t h e  o p p o s i t e  s i d e  of  t h e  normal. 

In  des ign ing  t h e  c a v i t y  t o  minimize s p e c u l a r l y  r e f l e c t e d  r a d i a -  
t i o n  one must be s u r e ,  f i r s t  o f  a l l ,  t h a t  no r a d i a t i o n  escapes  from t h e  c a v i t y  a f t e r  
only  one i n t e r n a l  r e f l e c t i o n .  The hemisphere (F igure  4) i s  immediately r u l e d  o u t  
because any r a y  e n t e r i n g  a t  A w i l l  be r e f l e c t e d  back a long  t h e  same pa th  and hence 
w i l l  escape. Only cones and t h e i r  two l i m i t i n g  forms need be considered.  

In  any cone t h e r e  w i l l  be a  r i n g  where t h e  normals t o  t h c  s u r f a c e  
p a s s  through t h e  opening i n  t h e  base  o f  t h e  cone. Radia t ion e n t e r i n g  a long any of  t h e s e  
normals w i l l  escape a f t e r  one r e f l e c t i o n .  This  cannot  be avoided i n  a  s imple  cone, but  
t o  minimize i ts e f f e c t  one can ensure  t h a t  t h e  radiometer  is n o t  on any of  t h e s e  ra3.s. 

In  d e a l i n g  wi th  s p e c u l a r  r e f l e c t i o n  by t r a c i n g  i r ~ d i v i d u a l  r a y s  
it w i l l  be e a s i e r  t o  cons ide r  a  c a v i t y  des igned f o r  use  with t h e  box o r  main enc losu re  
desc r ibed  e a r l i e r  i n s t e a d  o f  t r y i n g  t o  t r e a t  t h e  problem gene ra l ly .  The openings  i n  
t h e  box and i n  t h e  c a v i t y  have t o  be f a i r l y  l a r g e  s o  t h a t  t h e  f l u x  from t h e  c a v i t y  w i l l  
produce an ou tpu t  from t h e  radiometer  t h a t  is comparable t o  its ou tpu t  when i n  use  i n  
t h e  f i e l d .  Asmal l e r  opening would r e q u i r e  a  l a r g e r  range of  t empera tu res  i n  t h e  cavit\: 
In t h i s  case  a  r a d i u s  o f  4 in .  was chosen, and it seems t o  have been a  good compromise. 
The radiometer  i s  p laced  i n  t h e  c e n t r e  of  t h e  box and hence is 8 i n .  from t h e  p l a n e  of  
t h e  opening. I t  w i l l  be assumed t h a t  no p o i n t  on t h e  s e n s i t i v e  s u r f a c e  of  t h e  radiom- 
e t e r  i s  more than 2  in .  from t h e  a x i s  o f  t h e  cone. 

The geometry of i n d i v i d u a l  r a y s  depends a l s o  on t h e  apex ang le  
and t h e  r a d i u s  of  t h e  cone. Many v a r i a t i o n s  were t r i e d ,  but  t h e  d e t a i l s  need n o t  be 
r epea ted  here .  A few q u a l i t a t i v e  remarks should  s u f f i c e .  I f  a  r e f l e c t e d  r a y  is t o  f a l l  
on any p a r t  o f  t h e  radiometer ,  t h e n i t s  a n g l e  from t h e  v e r t i c a l  must be l e s s  than  about  
37 deg. For a  cone with a  base  r a d i u s  o f  8 in .  and an apex h a l f - a n g l e  of 35 deg such a  
ray could  occur  a f t e r  only  o n e r e f l e c t i o n .  A s m a l l e r  apex a n g l e  is t h e r e f o r e  necessary .  
I t  was found t h a t  i t  was p o s s i b l e  t o  p reven t  a l l  r a y s  with two r e f l e c t i o n s  from reach-  
i n g  t h e  radiometer  without making t h e  cone unreasonably  long.  The dimensions f i n a l l y  
chosen were: h e i g h t  from t h e  p l ane  of  t h e  opening t o  t h e  apex. 19 i n . ;  r a d i u s  of  t h e  
base ,  7  l /8 i n . ;  apex h a l f - a n g l e ,  20° 33' (F igure  6) .  



The opening i n  t h e  base of t h e  cavi ty and t h e  oi~ening i n  the  to:, 
of t h e  box must be i n  t h e  same o r  very nearly t h e  same plane. I f  they were appreciably 
separated t h e r e  would be some rad ia t ing  sur face  between them a t  an indeterminate tem- 
perature,  which would i n v a l i d a t e  t h e  rad ia t ion  ca lcu la t ions .  On t h e  o t h e r  hand, t h e  
base of t h e  cone cannot be placed i n  contact  with t h e  box because it would be impos- 
s i b l e  t o  control  i ts  temperature. The lowest 3 in .  of the  cone was, kherefore,  replaced 
by an inverted,  t runca ted  cone having t h e  sane rad ius  a s  t h e  main cone a t  t h e  3-in. 
l e v e l  and a rad ius  of 4 in .  where it would be almost i n  contact with t h e  top of  t h e  
box. The angle of t h i s  t runcated cone was such t h a t  no rad ia t ion  from it would reach a 
radiometer whose radius was l e s s  than 1 1/3 in .  The i n t e r i o r  of t h e  copper cavi ty was 
painted with Parsons' o p t i c a l  black lacquer. 

To measure t h e  temperature of  t h e  cone t h r e e  thermocouples were 
glued t o  i ts  ou ts ide  surface.  They were encased i n  a water r e s i s t a n t  glue and were 

placed so a s  t o  be i n  good thermal contact  with t h e  copper cone, but insu la ted  from it 
e l e c t r i c a l l y .  The temperature of  t h e  cone was cont ro l led  by encasing it i n  a cyl in-  
d r i c a l  copper can and c i r c u l a t i n g  water (o r  e t h y l e ~ e  glycol  so lu t ion)  through t h e  
voLume between the  can and t h e  cone. To allow f o r  i n s u l a t i n g  mate r ia l  between t h e  can 
and th.e box it was necessary t o  allow t h e  t runcated cone t o  extended about 1 in. below 
t h e  base of  t h e  encasing can. Half-inch copper p ipes  were l e t  i n t o  t h e  can near  t h e  
bottom and top t o  supply and remove t h e  temperature-control led water. These p ipes  were 
s e t  inwards a t  an angle ( ins tead  of towards t h e  a x i s  of  t h e  cones) so t h a t  t h e  water 
would have a c i r c u l a r  motion and provide more uniform temperatures t o  t h e  cone. The 
thermocouple l eads  were brought out through a separa te  opening. 

The c i r c u l a t i n g  water was introduced near  t h e  bottom of t h e  can, 

and a s  it rose slowly t o  t h e  o u t l e t  a t  t h e  top some heat  was l o s t  ( o r  gained) through 
t h e  walls  of t h e  c y l i n d r i c a l  can. The temperatures sometimes d i f f e r e d  by a few degrees. 
The can was, there fore ,  insu la ted  and t h e  temperature gradient  das  reduced t o  an ac- 
ceptable  l eve l .  

Apparatus fo r  con t ro l l ing  t h e  temperature of t h e  water surround- 
ing t h e  cav i ty  might have been b u i l t  i l l to t h e  c y l i n d r i c a l  can. I t  would probably 
cons i s t  of  a hea te r  (and possibly cool ing c o i l s )  and a s t i r r e r .  This  would make t h e  
apparatus  more compact but l e s s  f l e x i b l e .  In t h i s  case, t h e r e  was another reason for  
having t h e  temperature-control l ing apparatus  separate .  A cubical  tank about 20 in.  t o  
a s i d e  b u i l t  f o r  an e n t i r e l y  d i f f e r e n t  purpose was ava i lab le .  The tank was f i l l e d  with 
ethylene glycol  so lu t ion  and was equipped with r e f r i g e r a t i n g  apparatus  and a c i r c u l a t -  
ing pump. I t  was easy t o  add hea te rs .  With t h i s  tank connected t o  t h e  can it was pos- 
s i b l e  t o  obtain cone temperatures anywhere t o  t h e  range from about zero t o  1 4 0 ~ ~ .  

The thermocouple temperatures o f  severa l  p o i n t s  on t h e  sur faces  
of  t h e  box and t h e  cone were recorded on a mult ipoint  recorder  arranged t o  r e a d d i r e c t -  
l y  i n  degrees Fahrenheit. The output of t h e  radiometer being c a l i b r a t e d  was recorded 
on a m i l l i v o l t  recorder. The box and cavi ty were mounted i n  a wooden frame so t h a t  t h e  
whole apparatus could be turned upside down with t h e  cavi ty below t h e  box. 



5. PROCEDURE AND C A L C U L A T I O N S  

Each r ad iome te r  t h a t  was c a l i b r a t e d  r e q u i r e d  a new r e a r  pane l  
f o r  t h e  c a l i b r a t i o n  box and some method o f  suppor t ing  t h e  radiometer .  A complete s e t  
o f  c a l i b r a t i o n  p o s i t i o n s  inc luded f o u r  cases :  

1. radiometer  e r e c t  and can above; 

2. radiometer  i n v e r t e d  and can above; 

3. r ad iome te r  e r e c t  and can below; 

4. radiometer  i n v e r t e d  and can below. 

In a l l  c a s e s  t h e  t empera tu re s  o f  t h e  box and t h e  r ad iome te r  were n e a r  roomtemperature .  
a l t hough  t h e  proximi ty  o f  t h e  h o t  o r  c o l d  cone d i d  modify t h e  t empera tu re  t o  some 
e x t e n t .  Box t empera tu re s  a c t u a l l y  v a r i e d  from about 60 t o  85°F. A run i n  one p o s i t i o n  
o r d i n a r i l y  covered a range o f  cone t empera tu re s  from around 10°F up t o  around 130°F. 
and l a s t e d  f o r  s e v e r a l  hours.  Sometimes t h e  a p p a r a t u s  was l e f t  running ove rn igh t  on 
t h e  coo l ing  p a r t  o f  t h e  cyc l e .  

A s e t  o f  r e a d i n g s  was u r d i n a r i l y  t aken  from t h e  c h a r t s  every  20 
min. The cone and box t empera tu re s  a t  a p a r t i c u l a r  t ime  were o b t a i n e d  by i n t e r p o l a t i n g  
between t h e  two n e a r e s t  v a l u e s  f o r  t h a t  p a r t i c u l a r  p o i n t .  I t  was o r i g i n a l l y  assumed 
t h a t  t h e  t h r e e  cone t empera tu re s  would b e  c l o s e  enough t h a t  ave rag ing  would n o t  be 
neces sa ry  and t h a t  t h e  t e n  box t empera tu re s  would a l s o  be a lmost  t h e  same. Ac tua l ly  
t h e r e  were d i f f e r e n c e s  o f  up t o  2 F deg i n  t h e  cone and 4 deg i n  t h e  box. 

The e f f e c t  on t h e  r ad iome te r  o f  t h e  r a d i a t i o n  from a p a r t i c u l a r  
p a r t  o f  t h e  box i s  p r o p o r t i o n a l  t o  t h e  ang le  o f  i n c i d e n c e  on t h e  s e n s i t i v e  s u r f a c e  o f  
t h e  radiometer .  Temperatures  o f  a r e a s  d i r e c t l y  above and below t h e  r ad iome te r  a r e  
t h e r e f o r e  o f  g r e a t e s t  impor tance ,  whi le  a r e a s  n e a r  t h e  p l a n e  o f  t h e  r ad iome te r  can a l -  
most be neg lec t ed .  I f  t h e  n e c e s s i t y  o f  ave rag ing  t h e  thermocouple  r e a d i n g s  had been 
r e a l i z e d  sooner i t  would have been p o s s i b l e  t o  p l a c e  them on t h e  box so  t h a t  each was 
r e p r e s e n t a t i v e  o f  an a r e a  e x e r t i n g  equa l  i n f l u e n c e  on t h e  r ad iome te r .  A s  it was, t hey  
were p l aced  more o r  l e s s  a t  random and a complex weight ing  system had t o  be dev i sed  t o  
y i e l d  r ea sonab le  ave rage  t empera tu re s .  S t r i c t l y  speak ing  t h e  f o u r t h  powers o f  t h e  tem- 
p e r a t u r e s  should  be averaged,  but  s i n c e  t h e  t e ~ p e r a t u r e  d i f f e r e n c e s  a r e  smal l  t h i s  
ref inement  is n o t  necessary .  Three average  t e m p e r a t u r e s  were o b t a i n e d  f o r  each t ime:  
t h e  cone; t h e  t o p  o f  t h e  box; and t h e  bottom o f  t h e  box. 

These t empera tu re s  were used t o  o b t a i n  v a l u e s  o f  OT' from t a b l e s  
pub l i shed  by F h i r t l i f f e  and Stephenson ( 2 ) .  The fo l lowing  v a l u e s  were used f o r  comput- 
i ng  t h e  t a b l e s :  

The n e t  r a d i a t i o n  f a l l i n g  on t h e  r ad iome te r  from t h e s e  t h r e e  s o u r c e s  must be found by 
weight ing  them i n  much t h e  same way a s  t h e  box t empera tu re s  were weighted  above. Th i s  
c a s e  i s  s imp le r  and w i l l ,  t h e r e f o r e ,  be cons ide red  i n  d e t a i l .  



The r a d i a t i o n  f a l l i n g  on t h e  t o p  o f  t h e  radiometer  can b e c o n s i d -  
e r e d  a s  i f  it a l l  came from a  hemisphere c e n t r e d  a t  t h e  c e n t r e  o f  t h e  radiometer  and 
having a  r a d i u s  equal  t o  t h e  d i s t a n c e  t o  t h e  l i p  o f  t h e  opening t o  t h e  c o n i c a l  c a v i t y  
( i .  e . ,  $8' + 42 in .  ). The f l u x  d e n s i t y  from t h e  c a v i t y  w i l l  be 0 T~~ and from t h e  
r e s t  o f  t h e  hemisphere 0 Tb4, where Tc and Tb a r e  t h e  average t empera tu res  of  t h e  cone 
and t h e  t o p  o f  t h e  box, r e s p e c t i v e l y .  I f  i s  t h e  ang le  o f  i nc idence  measured from t h e  
normal t o  t h e  radiometer  s u r f a c e ,  t h e n  t h e  t o t a l  r a d i a t i o n  p e r  u n i t  a r e a  a t  t h e  c e n t r e  
o f  t h e  top  o f  t h e  radiometer  w i l l  be: 

,where s i n  is t h e  r a d i u s  o f  t h e  opening d iv ided  by t h e  r a d i u s  o f  t h e  hemisphere 
mentioned above, o r :  

s i n  P = 1 / K  

limits gives :  
I n t e g r a t i o n  y i e l d s  0 T~ s i n  P i n  each case ,  and s u b s t i t u t i n g  t h e  

0. 2  0 TC4 + 0 . 8  0 Tb4 . 

The box was no t  des igned t o  make t h e s e  f a c t o r s  work o u t  t o  e x a c t l y  0 . 2  and 0 .8;  t h e  
f i n a l  r e s u l t  was f o r t u i t o u s .  P o i n t s  on t h e  t o p  o f  t h e  radiometer  s l i g h t l y  =moved from 
t h e  c e n t r e  w i l l  h a v e w e i g h t i n g f a c t o r s  d i f f e r i n g  from 0.2 and0.  8  by n e g l i g i b l e  amounts. 

The r a d i a t i o n  f a l l i n g  on t h e  lower s i d e  o f  t h e  radiometer  must 
be s u b t r a c t e d  t o  g i v e  t h e  n e t  r a d i a t i o n .  The weights  a p p l i e d  t o  t h e  computed f l u x e s  
from t h e  c a v i t y ,  t h e  top o f  t h e  box, and t h e  bottom o f  t h e  box were, t h e r e f o r e ,  0 .2 ,O.  8  
and minus 1.0,  r e s p e c t i v e l y .  The m i l l i v o l t  o u t p u t  from t h e  radiometer ,  r eco rded  sep- 
a r a t e l y ,  was p l o t t e d  a g a i n s t  t h e  computed n e t  r a d i a t i o n .  The s e v e r a l  p o i n t s  from a  
s i n g l e  run always l a y  c l o s e  t o  a  s t r a i g h t  l i n e  through t h e  o r i g i n .  Leas t  s q u a r e s  were 
used t o  compute t h e  s lope ,  which was t h e  r e q u i r e d  c a l i b r a t i o n  f a c t o r .  S ince  t h e  ca l -  
i b r a t i o n  f a c t o r  is  t o  he used t o  o b t a i n  n e t  r a d i a t i o n  from m i l l i v o l t  r ead ivgs ,  t h e  
m i l l i v o l t  r ead ings  were assumed exac t  and t h e  r a d i a t i o n  v a l u e s  minimized. 'IAe s l o p e  
was t h e r e f o r e  g iven by: 

where V and R a r e  t h e  i n d i v i d u a l  m i l l i v o l t  and n e t  r a d i a t i o n  va lues ,  r e s p e c t i v e l y .  



6. RESULTS 

Four d i f f e r e n t  t y p e s  o f  n e t  r ad iomete r s  have been c a l i b r a t e d w i t h  
t h e  appa ra tus  descr ibed.  The r e s u l t s  o f  each of  t h e  i n d i v i d u a l  runs  ;Ire g iven i n  Table  
1, t o g e t h e r  with summaries f o r  runs  t h a t  could  be combined. A few comments about each 
ins t rumen t  may be use fu l .  

An o l d  Beckman and \ % i t l e y  v e n t i l a t e d  n e t  r ad iomete r ,  which had 
been used  i n  t h e  f i e l d  s e v e r a l  g e a r s  ago, was c a l i b r a t e d  mainly t o  ga in  expe r i ence  i n  
t h e  use  of t h e  c a l i b r a t i o n  apparatus .  In t h e  f i r s t  f o u r  runs  t h e  c a v i t y  was f a c i n g  t h e  
s i d e  o f  t h e  radiometer  t h a t  i s  normally u ~ ~ w a r d s ,  wh i l e  i n  t h e  l a s t  f o u r  runs  t h e  c a v i t y  
was f a c i n g  t h e  lower s i d e .  The d i f f e r e n c e  i s  obvious.  I f  t h e  radiometer  and t h e  
i n t e r i o r  o f  t h e  box had always been a t  t h e  same t empera tu re  a s  t h e  v e n t i l a t i n g  a i r  
t hen  t h e  c a l i b r a t i o n  f a c t o r s  would r e p r e s e n t  t h e  s e p a r a t e  f a c t o r s  f o r  t h e  two s i d e s  o f  
t h e  radiometer .  Since  t h e s e  t empera tu res ,  i n  gene ra l ,  where somewhat d i f f e r e n t  t h e  
r e s u l t s  merely i n d i c a t e  a  s e r i o u s  d i f f e r e n c e  i n  t h e  two s i d e s .  The most p robab le  cause  
o f  t h i s  d i f f e r e n c e  i s  non-equal v e n t i l a t i n g  r a t e s  on t h e  two s i d e s ,  but it was not  
i n v e s t i g a t e d  f u r t h e r .  

Run D is  no t  s i g n i f i c a n t l y  d i f f e r e n t  from runs  A, B and C. Th i s  
means t h a t  no g r a v i t y  e f f e c t  was de tec t ed .  Run H was t h e  on ly  one conducted i n  t h e  a i r -  
cond i t ioned  l abora to ry .  I t  is  not  s i g n i f i c a n t l y  d i f f e r e n t  from runs  E, F  and G;  and 
t h i s  means t h a t  d r a f t s  from open windows i n  t h e  e a r l i e r  runs  had l i t t l e  e f f e c t  on t h e  
f i n a l  r e s u l t s ,  a l though they d i d  make t h e  e s t ima t ion  o f  c h a r t  r ead ings  more d i f f i c u l t .  
The r e a r  end o f  t h e  c a l i b r a t i o n  box was no t  blackened u n t i l  a f t e r  run E. The va lue  f o r  
run E i s  somewhat lower than  t h o s e  f o r  t h e  l a t e r  runs  but ha rd ly  enough t o  be s i g n i f -  
i c a n t .  One can conclude t h a t  no e f f e c t  was d e t e c t e d  a s  a  r e s u l t  o f  b lackening t h e  end. 

The second ins t rumen t  t o  be c a l i b r a t e d w a s a  s h i e l d e d  n e t  radiom- 
e t e r  of  t h e  t y p e  developed by Funk ( 3 )  o f  t h e  CSIRO and manufactured i n  A u s t r a l i a .  
During t h e  f i r s t  run,  dry  n i t rogen  from a  h igh  p r e s s u r e  t ank  was d e l i v e r e d  through 
reducing v a l v e s t o  keep t h e  p l a s t i c  domes i n f l a t e d  and dry.  Th i s  is t h e  method suggested 
by t h e  manufacturer.  For a l l  t h e  l a t e r  r u n s  a  smal l  aquarium pump was used  t o  r e c i r -  
c u l a t e  a i r  through a  d r i e r  t o  t h e  domes. Th i s  worked s a t i s f a c t o r i l y  i n  t h e  l a b o r a t o r y  
and was l a t e r  used i n  t h e  f i e l d .  The change from n i t rogen  t o  a i r  had no n o t i c e a b l e  
e f f e c t  on t h e  c a l i b r a t i o n  f a c t o r .  Run C, a s  o r i g i n a l l y  c a l c u l a t e d ,  gave a  f a c t o r  of  
26.25, b u t a  f a u l t  was found i n  t h e  radiometer  suppor t  t h a t  p l a c e d  t h e  radiometer  about 
?G i n .  c l o s e r  t o  t h e  c a v i t y  when it was ~ n v e r t e d .  When t h i s  was a l lowed f o r  by changing 
t h e  weight ing f a c t o r  from 0. 20 t o  0 .  21 t h e  c a l i b r a t i o n  f a c t o r  was reduced by about 4  
;er c e n t .  Th i s  emphasizes t h e  importance  o f  c a r e f u l  placement o f  t h e  radiometer .  

A s  with t h e  Beckman and W i t l e y  in s t rumen t ,  g r a v i t y  had no meas- 
u r a b l e  e f f e c t  on t h e  c a l i b r a t i o n .  I t  was noted,  however, t h a t  when t h e  c a v i t y  was below 
and much warmer than t h e  box t h e  o u t p u t  of  t h e  CSIRO was unsteady.  T h i s  e f f e c t  is 
probably  caused by convect ion c u r r e n t s  r i s i n g  from t h e  hea ted  cav i ty .  I f  so, it r a i s e s  
t h e  i n t e r e s t i n g  problem o f  whether a  smal l  p a r t  o f  t h e  upward h e a t  f l u x  is t h e  r e s u l t  
o f  convect ion i n s t e a d  o f  r a d i a t i o n .  Th i s  might a l s o  occur  i n  t h e  f i e l d  under ve ry  un- 
s t a b l e  cond i t ions .  The s e n s i t i v e  b lack s u r f a c e s  o f  t h e  CSIRO ins t rument  were r e p a i n t e d  
fol lowing run E. Runs F and G i n d i c a t e  an i n c r e a s e  i n  t h e  ou tpu t  which is probably  
s i g n i f i c a n t .  T h e  c a l i b r a t i o n  s u p p l i e d  by t h e  manufa-cturer was 24. 28 mv/cal cm-2 min - 1  
a t  20°c . .  



With t h e  a s s i s t a n c e  o f  Kr. Graeme 'Yilmot o f  McGill Un ive r s i t y  a 
Schulze  s h i e l d e d  n e t  r ad iome te r  t h a t  had been used on an exped i t i on  t o  Axel Heiberg 
I s l a n d  was c a l i b r a t e d .  The f i r s t  run was q u i t e  s h o r t ,  but  t h e  r e s u l t s  were more 
c o n s i s t e n t  than t h o s e  made wi th  t h e  o t h e r  i n s t rumen t s .  Some a d d i t i o n a l  o b s e r v a t i o n s  
i n d i c a t e d  a  d i f f e r e n c e  o f  about  4  p e r  c e n t  i n  t h e  s e n s i t i v i t y  o f  t h e  two s i d e s ,  bu t  
t h i s  was n o t  s e r i o u s .  I t  was no t  p o s s i b l e  t o  compare t h i s  long-wave c a l i b r a t i o n  f a c t o r  
with any o t h e r  va lue  because t h e  short-wave c a l i b r a t i o n ,  i n v e s t i g a t e d  e lsewhere ,  was 
done wi th  a  microammeter t o  r e c o r d  t h e  ou tpu t .  

The l a t e s t  c a l i b r a t i o n  was done on a  Suomi t y p e  (4)  o f  n e t  
radiometer  manufactured by t h e  Me teo ro log ica l  S e r v i c e  o f  Canada. The f i r s t  two r u n s  
y i e l d e d  v a l u e s  t h a t  were a lmost  a s  poor  a s  t h o s e  f o r  t h e  rieckn~an and Whitley i c s t rumen t .  
There was on t h i s  i n s t rumen t ,  however, a  means o f  a d j u s t i n g  t h e  v e n t i l a t i o n  on t h e  two 
s i d e s  o f  t h e  p l a t e .  A f t e r  adjus tment ,  which was d i f f i c u l t  t o  do a c c u r a t e l y ,  t h e  i n -  
s t rumen t  was r e c a l i b r a t e d  i n  r u n s  3 and 4. These r e s u l t s  were much b e t t e r  but  s t i l l  
d i f f e r e d  by about 10 p e r  c e n t .  The c a l i b r a t i o n  based on both  runs  3 and 4 was 4.09 mv 
g e r  c a l  cm-2  min - l ,  which agreed we l l  wi th  t h e  shor t -wave c a l i b r a t i o n  f a c t o r  o f  4. 10 
s u p p l i e d  by t h e  Meteorologica l  Se rv i ce .  When t h e  c a v i t y  remained we l l  below f r e e z i n g  
f o r  a  c o n s i d e r a b l e  t i m e  f r o s t  sometimes formed on t h e  i n s i d e .  Th i s  would probably  
change t h e  e m i s s i v i t y  o f  t h e  c a v i t y ,  and when it was no ted  t h e  run was stopped. 

7. SUGGESTED IMPROVEMENTS 

For g r e a t e r  convenience  t h e  r e a r  door  o f  t h e  c a l i b r a t i o n  box 
should  be b o l t e d  on i n s t e a d  of  s l i d i n g  i n t o  p l a c e .  The thermocouples  on t h e  box and 
cone shou ld  be c a r e f u l l y  p l a c e d  t o  s i m p l i f y  t h e  c a l c u l a t i o n s  and pe rhaps  i n c r e a s e  t h e  
accuracy. 

To improve t h e  accuracy a  r i g i d  b u t  a d j u s t a b l e  suppor t  f o r  t h e  

r ad iome te r s  shou ld  be dev i sed  t o  ensu re  t h a t  t h e y  a r e  p r o p e r l y  p l a c e d  i n  t h e  box. A 
s tudy o f  t h e  v a r i a t i o n  i n  t h e  r a d i a t i o n  on d i f f e r e n t  p a r t s  o f  t h e  s i d e  o f  t h e  radiom- 
e t e r  f a c i n g  t h e  c a v i t y  might r e v e a l  a  c o n s t a n t  bu t  s i g n i f i c a n t  e r r o r .  

A l l  t h e  c a l i b r a t i o n s  so f a r  have been done a t  o r d i n a r y  room 
t empera tu re s .  It i s  hoped t h a t  some o f  them can be r e p e a t e d  i n  a  c o l d  room t o  show t h e  
v a r i a t i o n  i n  c a l i b r a t i o n  f a c t o r  wi th  ambient t empera tu re .  With t h e  a p p a r a t u s  i n  t h e  
c s l d  room and t h e  hea t ed  c a v i t y  below t h e  r ad iome te r ,  t h e  convect ion  w i l l  be wore 
v igo rous  and it may b e  p o s s i b l e  t o  d e t e c t  i t s  e f f e c t  on t h e  c a l i b r a t i o n .  

8. CONCLUS l ONS 

An a b s o l u t e  c a l i b r a t i o n  i s  r e q u i r e d  f o r  n e t  radiometer.  i n  t h e  
long-wavelength region.  Although t h e  b a s i c  p r i n c i p l e  o f  such a  c a l i b r a t i o n  i s  very  
s imple ,  t h e  p r a c t i c a l  d i f f i c u l t i e s  o f  o b t a i n i n g  r easonab le  accuracy l e a d  t o  complex 
computations.  The formulae which determined t h e  shape  o f  t h e  r a d i a t i n g  cone,  have  
been developed i n  d e t a i l  i n  t h i s  paper .  

The r a d i a t i n g  cone and t h e  c a l i b r a t i o n  chamber o r  box were b u i l t  
a t  t h e  Na t iona l  Research Counci l  and t h e  neces sa ry  c o n t r o l l i n g  and measuring a p p a r a t u s  
was asseabl.ed.  The c a l i b r a t i o n  o f  fou r  d i f f e r e n t  t y p e s  o f  n e t  r ad iome te r s  i n d i c a t e s  



t h a t  t h e  appa ra tus  f u n c t i o n s  s a t i s f a c t o r i l y  and y i e l d s  c a l i b r a t i o n  f a c t o r s  with p r e c i -  
s ion  and accuracy wi th in  a  few p e r  cen t .  Seve ra l  improvements a r e  sugges t ed  t h a t  might 
reduce e r r o r s  t o  about 1 p e r  cent .  
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T A B L E  I 

R E S U L T S  OF R A D I O M E T E R  C A L I B R A T I O N S  

FOR LONG - W A V E  R A D I A T I O N  

* N: number o f  p o i n t s .  

** bo: c a l i b r a t i o n  f a c t o r  i n  mv p e r  cal/cm2-min. 

r 

RADIOMETER RUN CAV I TY RAD l  FMETER N* bo* * REMARKS 

B and W A Above E r e c t  6 16.78 
B Above E r e c t  20 15.59 
C Above E r e c t  15 13.96 
D Below I n v e r t e d  18 14.45 
E Bel ow E r e c t  15 5.98 End blackened 
F Below E r e c t  9 8.02 
G Be1 ow E r e c t  2 4 6.57 Moved downstai  r s  
H Below E r e c t  16 7.53 
ABCD 59 14.83 
EFGH 64 7.03 

CS l  RO A Ahove E r e c t  I  I  24.87 Aquarium pump 
s e t  up 

B Above E r e c t  13 25.21 
C Below I n v e r t e d  9 25. 17 
D Below E r e c t  9 25.47 
E Below I n v e r t e d  6 23. 12 CSlRO r e p a i n t e d  
F Above E r e c t  10 26.24 
G Above I n v e r t e d  I I 26.52 
ABCDE 48 24.69 
FG 2 1 26.42 

Schulze NO. I  Below E r e c t  4 19.25 

No. 2 Below I n v e r t e d  9 19.05 
No. 3 Above E r e c t  9 19. 16 
No. 4 Above I n v e r t e d  12 19.34 
T o t a l s  3 4 19.22 

Suom i No. I  Above E r e c t  18 6. 13 

No. 2 Below E r e c t  19 2.85 V e n t i l a t i o n  
a d j u s t e d  

No. 3 Below E r e c t  23 3.91 
No. 4 Above E r e c t  18 4.34 
3 and 4 4 1 4.09 

L 



FIGURE I 

COPPER CALIBRATION BOX BEFORE INSULATING 



FIGURE 2 COPPER C A L I B R A T I O N  BOX 



F I G U R E  3 

C A V I T Y  W I T H  A  S M A L L  O P E N I N G  AT  A  

F I G U R E  4 

H E M I S P H E R I C A L  C A V I T Y  
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A P E X  H A L F - A N G L E ,  6, I N  DEGREES 
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C O N I C A L  C A V I T Y  A N D  E N C A S I N G  C Y L I N D R I C A L  C A N  



D I S C U S S I O N  

R e c o r d e r :  V .  R.  T u r n e r  

Dr. J. Maybank: Have you c a l i b r a t e d  t h e  CSIRO po ly thene  s h i e l d e d  radiometer ,  and were 
you a b l e  t o  t e s t  t h e  t r anspa rency  o f  t h e  s h i e l d ?  Did it have any n o t i c e a b l e  e f f e c t  on 
t h e  response?  

D. W. Boyd: We d i d  c a l i b r a t e  one  CSIW) n e t  r ad iome te r  wi th  t h e  po ly thene  s h i e l d s  i n  
p l a c e  a s  used i n  t h e  f i e l d .  No a t t empt  was made t o  c a l i b r a t e  t h e  i n s t rumen t  w i thou t  
t h e  s h i e l d s  o r  t o  t e s t  t h e  t r anspa rency  o f  t h e  s h i e l d s  i n  any o t h e r  way. 

J, R. Latimer: The f i n a l  equa t ion  i n  t h e  pape r  f o r  t h e  c a l c u l a t i o n  o f  t h e  f l u x  o f  
r a d i a t i o n  from t h e  c a v i t y  i s  only  v a l i d  f o r  a  sma l l  a r e a  a t  t h e  c e n t r e  o f  t h e  t h e r -  
ziopile. Th i s  exp res s ion  must be i n t e g r a t e d  o v e r  t h e  e n t i r e  s e n s i t i v e  su r f ace .  

D. W. Boyd: Mr. Lat imer  is q u i t e  r i g h t .  The c a l c u l a t i o n s  y i e l d  t h e  r a d i a t i o n  f l u x  
d e n s i t y  a t  t h e  c e n t r e  o f  t h e  upper s u r f a c e  o f  t h e  radiometer .  What i s  r e a l l y  wanted is 
t h e  average  ove r  a  smal l  r e c t a n g u l a r  s u r f a c e .  I wrote  down t h e  r e q u i r e d  i n t e g r a l s  but  
d i d  no t ' ge t  much f u r t h e r .  

Mr. Lat imer  i n fo rms  me t h a t  th.e p a r t i c u l a r  c a s e  o f  a  c i r c u l a r  
a r e a  was f i r s t  i n t e g r a t e d  by J. H. Lambert ( 1 ) .  The weight ing  f a c t o r s  a p p l i e d  t o  t h e  
r a d i a t i o n  from t h e  c o n i c a l  c a v i t y  f o r  v a r i o u s  s i z e s  o f  c i r c u l a r  r ad iome te r s  would be; 

Radius  o f  Radiometer  F a c t o r  E r r o r  

smal l  

% i nch  

1 inch  

2 i n c h e s  

These can be used t o  e s t i m a t e  t h e  e r r o r s  f o r  t h e  v a r i o u s  r e c t a n g u l a r  r ad iome te r s :  

Radiometer  D i m e n s i o n s  i n  I n c h e s  E s t i m a t e d  Error  

B and W 3 %  4 %  a t  l e a s t  5 % 

CSI RO 1 . 4  X 1 . 4  l e s s  t h a n  1 % 

Schulze  

Suomi 

l e s s  t han  % %  

more t h a n  1 % 

Except f o r  t h e  B and W t h e s e  e r r o r s  a r e  s m a l l e r  t h a n  t h e  p robab le  e r r o r  caused by 
i n a c c u r a t e  p o s i t i o n i n g  of t h e  r ad iome te r ,  where a  t y p i c a l  i naccu racy  o f  1/8 i nch  c a u s e s  
a  2 p e r  c e n t  e r r o r .  



The s t a n d a r d  d e v i a t i o n  o f  17 r u n s  from t h e i r  means i n  groups  o f  
4 o r  5 was 0 . 8 3  cal/cm2-min. A c a l i b r a t i o n  f a c t o r  computed from 4 runs  would have h a l f  
t h i s  s t a n d a r d  d e v i a t i o n  which would be  about  2  p e r  c e n t  f o r  a  c a l i b r a t i o n  f a c t o r  n e a r  
20 o r  about  10 p e r  c e n t  f o r  a  c a l i b r a t i o n  f a c t o r  n e a r  4. 

Both t h e  accuracy ( 2  t o  5 p e r  c e n t )  and t h e  p r e c i s i o n  ( 2  t o  10 
p e r  c e n t )  depend, t h e r e f o r e ,  on t h e  i n s t rumen t  be ing c a l i b r a t e d .  
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