
A n a l y s i s  o f  1966  I n f r a r e d  Imagery o f  S u r t s e y ,  I c e l a n d  X )  
P 

R i c h a r d  S .  W i l l i a m s ,  J r . ,  A i r  F o r c e  Cambridge R e s e a r c h  h a b s .  , 
B e d f o r d ,  M a s s a c h u s e t t s  

J u l e s  D ,  F r i edman ,  U ,  S .  G e o l o g i c a l  S u r v e y ,  Wash ing ton ,  D .  C. 
S i g u r d u r  Thor  a r i n s s o n ,  Museum o f  N a t u r a l  H i s t o r y ,  R e y k j a v i k  
T h o r b j o r n  S i g u r g e i r s s o n ,  U n i v e r s i t y  o f  I c e l a n d ,  S c i e n c e  I n s t i t u t e ,  

Reyk j a v i k  
Gudmundur P s l m a s o n ,  N a t i o n a l  Energy  A u t h o r i t y ,  R e y k j a v i k  

I n  August 1966 t h e  A i r  F o r c e  Cambridge R e s e a r c h  L a b o r a t o r i e s ,  

i n  c o o p e r a t i o n  w i t h  t h e  UeS ,  G e o l o g i c a l  S u r v e y ,  t h e  N a t i o n a l  Energy 

A u t h o r i t y  and t h e  I n f r a r e d  P h y s i c s  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  

Mich igan ,  u n d e r t o o k  t h e r m a l  i n f r a r e d  imagery s u r v e y s  o f  s e l e c t e d  

s i t e s  i n  I c e l a n d  ( F i g u r e  1 ) .  F r i edman ,  e t  a 1  (1967)  d e s c r i b e d  t h e  

i n s t r u m e n t a t i o n  used  d u r i n g  t h e s e  s u r v e y s  and p r e s e n t e d  some p r e -  

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

T h i s  r e p o r t  summar izes  t h e  most  i m p o r t a n t  r e s u l t s  o f  t h e  

s t u d y  o f  t h e  t h e r m a l  r e g i m e  o f  S u r t s e y .  I n c l u d e d  i n  t h i s  summary 

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

o b s e r v a t i o n s  b a s e d  on ground and a i r b o r n e  measurements  and a n  

a n a l y s i s  o f  t h e  e f f e c t i v e  r a d i a n c e  r e c o r d e d  by t h e  Nimbus I1 

s a t e l l i t e ,  \ 

1. Ground and A i r b o r n e  S u r f  a c e  T e m p e r a t u r e  and R a d i o m e t r i c  

T e m p e r a t u r e  O b s e r v a t i o n s  

Measurements  o f  g round-  and s e a - s u r f a c e  t e m p e r a t u r e s  d u r i n g  

t h e  S u r t u r  I e f f u s i v e  e r u p t i o n  were made on 27  August 1 9 6 6 .  The s e a -  

s u r f a c e  t e m p e r a t u r e  t r a v e r s e  was made from t h e  I c e l a n d i c  s h i p  

L ~ D S I W  be tween  G e i r f u g l a s k e r  and S u r t s e y  ( r e f e r  t o  I n d e x  map o f  

Vestnlannaeyj  a r  A r c h i p e l a g o ,  F i g u r e  2 )  w i t h  a  B a r n e s  IT-3 f i x e d -  

T h i s  r e p o r t  fo rms  a  p a r t  o f  a  p a p e r  p r e s e n t e d  a t  t h e  XIVTH 

Gen. Assembly o f  t h e  IUGG (IAV S e c t i o n )  i n  Zi i r ich ,  S w i t z e r l a n d  

i n  O c t o b e r  1967  and c o n t a i n s  e x c e r p t s  from a  f o r t h c o m i n g  pape r  

e n t i t l e d ,  " I n f r a r e d  Survey  o f  S u r t s e y  , I c e l a n d P ' ,  by t h e  same 

a u t h o r s ,  



f i e l d  r a d i o m e t e r  s e n s i t i v e  t o  e m i t t e d  r a d i a t i o n  i n  t h e  8-13,/ ,wave- 

l e n g t h  r e g i o n .  A mean r a d i o m e t r i c  t e m p e r a t u r e  o f  1 2 ' ~  was o b t a i n e d  

be tween  2 and 4 p . m ,  w i t h  some f l u c t u a t i o n  d u r i n g  p e r i o d s  o f  r o u g h  

s e a  T h i s  t e m p e r a t u r e  l e v e l  is m o d e r a t e l y  c o n s i s t e n t  w i t h  mean 

s e a - s u r f a c e  t e m p e r a t u r e  r e c o r d s  f o r  August o f  11. 5OC f o r  t h e  V e s t -  

mannaey ja r  A r c h i p e l a g o  ( F i g u r e  3 )  and w i t h  t h e  r a d i o m e t r i c  t e m p e r a -  

t u r e  r a n g e  o f  7 - 1 7 ' ~  d e r i v e d  from t h e  Nimbus I1 HRIR s c a n - l i n e  

p r o f i l e s  o f  e f f e c t i v e  r a d i a n c e  ( F i g u r e  l o ) ,  

0 A d i u r n a l  maximum s u r f a c e - t e m p e r a t u r e  o f  13 C was r e g i s t e r e d  

by t h e  IT-3 f o r  t e p h r a  s u r f a c e s  ( a s h f a l l  m a t e r i a l s  fo rming  t h e  r i m s  

o f  S u r t u r  I and 11). A r a d i o m e t r i c  t e m p e r a t u r e  o f  30°@ was o b t a i n e d  

by t h e  same i n s t r u m e n t  i n t e g r a t i n g  a  t r a p e z o i d a l  a r e a  o f  s e v e r a l  

hundred  s q u a r e  meters a c r o s s  t h e  c o n g e a l e d  l a v a  l a k e  and c r a t e r  

w a l l s  o f  S u r t u r  I1 f rom a  d i s t a n c e  o f  more t h a n  a  hundred meters. 

T h i s  t e m p e ~ a t u r e  p r o b a b l y  r e s u l t e d  f rom t h e  i n t e g r a t i o n  o f  h i g h  

t e m p e r a t u r e s  due  t o  c o n v e c t i v e  v e n t i n g  from s e v e r a l  l a r g e  f r a c t u r e s  

and f u m a r o l e s  n o t e d  on p h o t o g r a p h s  and i n f r a r e d  images  o f  S u r t u r  11 

and lower  s u r f a c e  t e m p e r a t u r e s  o f  b a s a l t  s c o r i a  and l a v a  c r u s t ,  

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

t u r e s  w i t h i n  t h e  S u r t u r  11 c r a t e r  a r e a  v a r i e d  from p l a c e  t o  p l a c e  

d u r i n g  t h e  e r u p t i v e  a c t i v i t y  i n  S u r t u r  X i n  August 1966 .  A t e m p e r a -  

t u r e  o f  1 1 3 0 - 1 1 4 0 ~ ~  w a s  r e g i s t e r e d  f o r  h i g h l y  f l u i d  i n c a n d e s c e n t  

o l i v i n e  b a s a l t  l a v a  19-22 Augus t ,  1966  by  S i g u r g e i r s s o n  (196'7) 

u s i n g  a 10-m N i C r / M i A l  P y r o t e n a x  t h e r m o c o u p l e .  

S e v e r a h  d a y s  a f t e r  t h e  l a s t  r e p o r t e d  e x p l o s i v e  p u l s e  f rom 

J 6 l n i r  s c r a t e r  o n  1 0  August 1966 ,  T h o r a r  i n s s o n  e s t i m a t e d  t h e  w a t e r  

t e m p e r a t u r e  a t  t h e  e d g e  o f  t h e  J 6 l n i r  c r a t e r  l a k e  t o  b e  40-50°@. 

T h e s e  t e m p e r a t u r e  p o i n t s ,  a s s o c i a t e d  w i t h  f e a t u r e s  i d e n t i f i -  

a b l e  on  t h e  i n f r a r e d  i m a g e s ,  a r e  u s e f u l  i n  establish,!ng a g e n e r a l  

c o r r e l a t i o n  ( F i g u r e  4 )  r e l a t i n g  image e m u l s i o n  d e n s i t y  and s u r f a c e  

t e m p e r a t u r e  a s  g i v e n  i n  T a b l e  1. Because  o f  t h e  s p a r s e  d i s t r i b u t i o n  

o f  known t e m p e r a t u r e  p o i n t s ,  f i l m  p r o c e s s i n g  and i n s t r u m e n t  a 1  

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

a  c o r r e l a t i o n  c a n  b e  o n l y  s e m i q u a n t i t a t i v e .  A n o n l i n e a r  r e l a t i o n s h i p  



be tween  t h e  image d e n s i t y  s c a l e  and r a d i o m e t r i c  s u r f a c e  t e m p e r a t u r e  

is i n d i c a t e d .  T h e r e  is g r e a t e r  image d e n s i t y  v a r i a t i o n  p e r  d e g r e e  

t e m p e r a t u r e  d i f f e r e n c e  a t  t h e  l ower  end o f  t h e  s c a l e  a n d ,  h e n c e ,  

g r e a t e r  r e l i a b i l i t y  a t  t h e  l ower  end o f  t h e  s c a l e .  The t h e o r e t i c a l  

r e l a t i o n s h i p  be tween  r a d i a n t  f l u x  and r a d i o m e t r i c  s u r f a c e  tempera-.  

t u r e  b a s e d  on t h e  S to fan -Bo l t zman  f u n c t i o n  ( F u l k  and R e y n o l d s ,  1957)  

i s  g i v e n  i n  F i g u r e  5 .  T h e s e  two c o r r e l a t i o n  c u r v e s  used w i t h  i s o -  

d e n s i t y  s c a n s  ( F i g u r e  6 )  o f  t h e  imagery  p r o v i d e  a  means t o  e s t i m a t e  

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

m a t i n g  t h e  t o t a l  h e m i s p h e r i c a l  e m i s s i o n  ( T a b l e  3 )  t o  v e r i f y  t h e  

e f f e c t i v e  r a d i a n c e  r e c o r d e d  by t h e  Nimbus 11 H R I R  s y s t e m  on  22 

August 1966  ( F i g u r e  1 0  and T a b l e  3 ) .  F i g u r e  9  is a n  i s o r a d i a n c e  

map, d e r i v e d  from an a e r i a l  t h e r m a l  i n f r a r e d  image ,  which  shows 

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

o f  t h e  l a v a  f low i n  S u r t u r  I on  2 9  August 1966 .  The s o l i d  b l a c k  

p a t t e r n  i n d i c a t e s  u n d e r f l o w i n g  i n c a n d e s c e n t  l a v a  i s s u i n g  f rom l a v a  

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

t h e  s e a .  Of g r e a t  i n t e r e s t  a r e  t h e  a r e a s  of  g r e a t e s t  c o o l i n g  - a t  

t h e  m a r g i n s  o f  t h e  f l ow and i n  a l i n e a r  p a t t e r n  i n  t h e  c e n t r a l  

p o r t i o n  o f  t h e  f low a r e a .  Decker  and Peck (1967)  a l s o  r e p o r t  t h a t  

t h e  c o o l e s t  a r e a s  a t  Alae Lava L a k e ,  Hawa i i ,  were a t  t h e  c o o l e d  

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

t h i c k  c o h e r e n t  s l a b s  o f  h e l l u h r a u n  (pahoehoe )  f l o w .  

On 2 1  J u l y  1967 ,  a d d i t i o n a l  s u r f a c e - t e m p e r a t u r e  measu re -  

m e n t s  were u n d e r t a k e n  on t h e  s u r f a c e  o f  t h e  1966  f l o w  w h i c h  i s s u e d  

f ~ o m  S u r t u r  I ,  YSI t e l e the rnaomete r  and A t k i n s  t h e r m i s t o r  p r o b e  

s y s t e m s  ( r a n g e  < 1 2 0 ~ ~ )  were  u t i l i z e d  a s  w e l l  a s  a  Ro to the rm thermo-  

c o u p l e  p r o b e  ( r a n g e  = 1 0 0 - 5 5 0 ~ ~ )  in m e a s u r i n g  t e m p e r a t u r e s  i n  

v e n t i n g  f u m a r o l e s  and f r a c t u r e s .  S u r f a c e  t e m p e r a t u r e s  r a n g e d  from 

ambient  l e v e l s  (10-14O@) f o r  t e p h r a  s u r f a c e s  t o  more t h a n  550°@ i n  

one  f r a c t u r e  i n  t h e  f l o o r  o f  t h e  S u r t u r  1 c r a t e r .  T h i s  l a s t  measure-  

ment i n d i c a t e s  t h a t  n e a r - i n c a n d e s c e n t  l a v a  was p r e s e n t  ( J u l y  1967)  

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

I n  t h e  a r e a  o f  t h e  l a s t  s i z a b l e  s u r f a c e  e x p o s u r e  o f  l a v a  

from S u r t u r  I1 i n  A p r i l  and May 1965 f r a c t u r e s  p a r a l l e l  t o  t h e  



t h a t  a  82O K t o  + 4O K v a r i a t i o n  i n  o c e a n  s u r f a c e  t e m p e r a t u r e  i n  

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

measurement  c a n  b e  e x p e c t e d .  The a p p r o x i m a t e  l e a s t - s q u a r e s  f i t  o f  

a  h o r i z o n t a l  l i n e  on t h e  a n a l o g  s c a n - l i n e  t r a c e  s u g g e s t s  t h a t  t h e  

a v e r a g e  o c e a n  s u r f a c e  t e m p e r a t u r e  o f  2 8 5 O ~ ,  b a s e d  on e f f e c t i v e  

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

t e m p e r a t u r e  r e a d i n g  f rom Nimbus I1 r e c o r d s  is p r o v i d e d  i n  F i g u r e  3 .  

F i g u r e  3 i s  a d m i t t e d l y  a  h i g h l y  g e n e r a l i z e d  s e a  s u r f a c e  map, b u t  

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

t o  t h e  Nimbus I I  d a t a .  Also most o f  t h e  f i e l d  o f  v iew o f  t h e  H R I R  

d e t e c t o r  is f i l l e d  by o c e a n  s u r f a c e ,  hence  i t  i s  c o n t r i b u t i n g  most  

o f  t h e  r a d i a n t  e m i s s i o n  ( s e e  T a b l e  2 ) .  

I n  c o n v e r s i o n  from r a d i o m e t r i c  t ' e m ~ e r a t u r e  t o  t r u e  s u r f  a c e  

t e m p e r a t u r e ,  v a r i a t i o n s  i n  s u r f a c e  e m i s s i v i t y  o f  1% c a n  l e a d  t o  
0 an e r r o r  o f  a p p r o x i m a t e l y  0 . 7  K (Gayevskiy  , 1 9 6 3 ) .  Kern (1965)  , 

i n  h i s  TIROS work ,  found  t h a t  w a t e r  h a s  an e m i s s i v i t y  o f  0 . 9 9  a t  

a m b i e n t - t e m p e r a t u r e  l e v e l s  i n  t h e  8-13 m i c r o n  s p e c t r a l  band .  

D a n i e l s  (1967)  r e p o r t e d  t h a t  a v e r a g e  e m i s s i v i t i e s  o f  b a s a l t  and 

t e p h r a  a r e  on t h e  o r d e r  o f  0 . 9 6  0 . 0 2  f o r  t h e  8-13 mic ron  s p e c t r a l  

b a n d ,  M o r e o v e r ,  i t  i s  known t h a t  d e v i a t i o n  from a p l a n e  s u r f a c e  i n  

t h e  form of s u r f a c e  r o u g h n e s s  ( a s  o n  ' the  o c e a n  s u r f a c e  o r  a  l a v a  

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

o f  t h e  m a t e r i a l .  E m i s s i v i t i e s  i n  t h e  3 . 4 5  t o  4 .07  s p e c t r a l  b a n d ,  

t h e  50% r e s p o n s e  p o i n t s  o f  t h e  Nimbus 11 HRIR d e t e c t o r ,  a r e  n o t  

a s  w e l l  known. The d e t e c t o r  o f  t h e  Nimbus HRIR s y s t e m  s e n s e d  

r a d i a t i o n  from a  6 4  km2 segment  o f  t h e  e a r t h ' s  s u r f a c e  i n  t h e  

v i c i n i t y  o f  I c e l a n d .  T a b l e  2 i n d i c a t e s  t h a t  o v e r  96% o f  t h i s  

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

o f  0 . 9 9 .  X m i s s i v i t y  v a r i a t i o n s  i n  t h e  S u r t s e y  c a s e  a r e  t h u s  assumed 

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

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

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



p e r i o d  v a s  t h e  t i w e  o f  g r e c - t z s t  t h e r m a l  e t r i s s i o n  from S u r t s e y  i n  

1966 A1 t hough  t h e  p y r o c l a s t i c  s a t e l l i t e  v o l c a n o ,  J 6 l n i r ,  e r u p t e d  

e x p l o s i . v e l y  r e p c ? t e d l v  he twecn  t h e  t j m e  Nimbus I1 was p l a c e d  i n  

o r h i t ,  M y ,  1966'  a ~ c l  1 0  August t h e  t h e r m a l  y i e l d  o f  t h e s e  py ro -  

c1 -sf!.c e r u p t  i o n s  was p r o h s h l y  n o t  g r e a t  enough f o r  t h e  i n f r a r e d  

e r n i a s i o r  t o  ri .q? qhove bnckground l e v e l s  and no r e c o r d  o f  c ~ 6 1 n i r ' s  

e r u p t i v e  h i s t o r y  w ? s  found on t h e  Nimhus IT i n f r a r e d  image ry  

The Nivbus  ? T  o s c < l l o g r a p h  r e c o r d  o f  O r h i t  1315  i n d i c a t e s  

0 * 7 5  watts/rn2 s t e r a d i a n  
-1 

t h - . t  a mqximum e f f e c t i v e  r a d i a n c e  QN9 = 1 0  

, ~ q u i v a l e n t  t o  2 r a d i a t i o n  o f  7 ~ 3 x 1 0 ' ~  e s g s d s e c  from an  a r e a  o f  

6 4  km2 was r e d o r d e d  by t h e  HRJR d e t e c t o r ,  t a k i n g  i n t o  s c c o u n t  t h e  

s p e c t l ~ s 9  r e s p o r s e  o f  t h e  svstern T h i s  i s '  e q u i v a l e n t  t o  2 94x10 1 7  

e r g s ~ ' s e c  t o t a l  hlac ' r  9 % ' ~  v f l d i a t i o n  t h e  t o t 2 1  e n e r g y  r a d i a t e d  from 

a 6 4  km2 segment  o f  t h e  e a r t h - s  s u r f a c e  i n t e g r ~ t e d  by t h e  Nimbus I1 

HRZR d e t e c t o r  a s s u ~ i r g  2 n  e m i s s i v i t y  o f  u n i t y  

A l though  t h e  s p e c t r a l  r e s p o n s e  and i n t e r n a l  c a l i h r n t i o n  

c o r r e c t i o n s  o f  t h e  HRPR s y s t e m  a r e  t a k e n  i n t o  q c c o u n t  i n  d e t e r m i n i n g  

t h e  e f f e c t i v e  r :d.i ance  i n d i c a f  ed  by t h e  s p i k e ,  s e v e r a l  f a c t o r s  

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

e f f e c t t v e  r a d  i r n c e  1 o s e n s o r  s c a n  a n g l e ,  2 )  a t m o s p h e r i c  a b s o r p -  

t i o r  e v i s s i o n  and s c a t t e r i n g  and 3 )  e x i s s i v i t y  v a r i a t i o n s  o f  t h e  

t e r r e s t r i a l  and o c e m  s u r f  l c e  

Orde r  o f  Magr~ i tude  o f  R e q u i r e d  C o r r e c t  i o n s  
---..- -.- --.. -- -- -- ---- 

"he n a d i r  a r g l e  o f  t h e  s e n s o r  on O r b i t  1 3 1 5 ,  a s  t h e  s u b -  

s a t ~ l l i t - e  t r ? c e  p 3 s s e d  w i t h i n  275 km o f  S u r t s e y ,  was a p p r o x i m a t e l y  

14' ,T%ck Coawsy 1 1 ~ -  ' t + s r  cornmuaicat lon 1967)  T h i s  c o r r e s p o n d s  t o  

.tn i ~ c r e a s e  i r  t r a n s l n i s s i o n  p a t h  l e n g t h  o f  3% f o r  a t o t a l  o f  1148 

kn! i . r s t e a d  o f  t h e  o r b i t a l  a l t i t u d e  o f  1114  krn An a t m o s p h e r i c  p a t h  

i - ~ c r e - s e  o f  3% would "ave  l j . t t l e  e f f e c t  

The c o r r e c t 4 . 0 n  f o r  a t m o s p h e r i c  i n f l u e n c e  would 2 l s o  b e  

s l i g h t  w i t h i r  t h e  ' r r o r  o f  m e a s u r i n g  t h e  a m p l i t u d e  o f  t h e  p o s i -  

t i v e  s p i k e  Kurde '1964'1 Kern ( 1 9 6 5 1 .  and A l l i s o n  and Kennedy 

-196'7' have  d i s c u s s e d  t h e  a t m o s p h e r i c  a t t e n u a t i o n  e r r o r  and c o n c l u d e  



f l a n k s  o f  s e v p e a t ~ n a  p l > e s s u r e  r? .dges  2nd c o l l a p s e  f - - a t u r e s  were 

c o n v e c t i n g  v a p o r s  t o  t h e  z t n o s p h e s e  a t  t e m p e r a t u r e s  o f  40-GOO@ 

The  p r e v i o u s  y e a r  !August 19601 t h e s e  s a r p e  f r a c t u r e s  xere a s s o c i a t e d  

w i t h  i n f r a r e d  i m a g e - s a t u r a t i o ~  a ~ o m n l i e s  ~ n e i c ' ? t  ang  c o n v e c t i v e  
0 t e m p e r a t u r e s  zSove 100 C dFiguli-.c 6) F i g u r e  6 d o c s  not  f i t  t h e  

p l a n i m e t r i c  c o n f i g u r - t i o n  o f  S u z t s z y  arid J 6 l n a r  due  t o  d i s t o r t i o n  

c a u s e d  by an i n c o r r e c t  s e t t i s g  o f  th? Nlkl s c q n p e ?  "~71th r e s p e c t  t o  

a p p a r e n t  g r o u c d  m o t  i o n  

F i g u r e s  7 2nd  S -,re r a d l a c c e  p r o $ i 1 e s ,  1lr:es 2nd AC,  

showing  rad in r l i t  f lszx f:.-om :;Ill f?eyer,t  g ~ . o l ~ g d c  Q v o l e s c o l o g l c ]  f ~ a t u r c ~ s .  

These  p r z f i l e s  g raphrca3I .y  p o ~ t z a y  t h e  d y r k 2 s i c  tkcxrnal. ~ s g i a e  o f  

t h e  a c t i v e  v o l c a n o ,  S u r t s e y :  szd i t s  s ~ t e k l x t e  VOSCZT~O:  Gcjlnxr  ~t 

a s p e c i f i c  p o i n t  ia $ b e .  

2 E f f e c % i . v e  Rac."navrce sa 3eco rded  by t h e  Ni.mbus I1 H t g h  R e s o l u t i o n  
--=--zp--- \% --P-Pp-~ 

Bnfr a r ~ d  R a d l . o m e t e ~  (BRIR) --- L - . P  --- 
R a d i a n t  e m i s s i o n  f ~ c n  the S u r t u r  P e r u p t a v e  a r e a  (Augus t -  

O c t o b e r ,  19661 was of  s u f f i c i e a x  s n g n i k u d e  t o  be recorded b y  t h e  

MPiR s y s t a m  o f  t h e  ~ i . m t ~ u s  11 3 e t e o r o l o g i c a  s a t e l L i t s ,   he anomaly 

d e t e c t e d  by this systes is  v a s ; b l ~  as a m i L u t e  S l a c k  s p o t  i n  t h e  

c o r r e c t  g e c g r a p h i c  p o s i t i o n  f o r  S u r t s e y  o n  t h e  p h o t o g r a p h i c  r e c o r d  

o f  t h e  i n f r a r e d  i m a g e ~ y  and a s  2, ssha .~p posx t , ive  s p i k e  o n  %Tis i co rde r  

o s c i l 3 . o g s a p k  an,zlog p-of 213s ,/skoidl!?g v a ~ r i ~ t i o ~ l i 3  LI- f f f e e t i v e  

r a d i a x c e  - , long ~ n d i . v i b u a l  sc2r :  llces] n,,zde from r 2 c o r d s  o f  t h e  

o r i g i n a l  spacecx*zif t  J ~ 2 e s y o g ~ t i a n  { F i g u ~ e  1.0) 

The S u r t s c y  arzoxaly ' ; lzs f - ? s t  r e c o r d e d  on O r b i t  1288,  

20  August,, t h e  f ir : ; t  o-bi t<: l  o v e r p s s s  o f  Iceland 2 , f t z ~  t h e  e s u p t h o n  

began  t G e  p r e v i o u s  closr-Lng Tbn onomzly l a  a o t  present on lmage ry  

o f  p r e v z e u a  o r b i t s  z i l thougk o p > ? c l n g s  i n  t h e  c l o u d  cove? p e r m i t t e d  

i d e n t i f i c a t i o n  o f  p z r f s  of sou t t - .wn  Tc?land d u r r r g  %b.e a l g h t s  

i m m e d i a t e l y  p r i o r .  t o  20  4 l ~ g u s t  Tke zoorraly vlas a l s o  ldentif ied 

o n  t h e  fo lLowang d? . tp?s  :jnd orbi t 3 -  22 A u g l ~ s t ,  O s b - ~ t  1315; 9 Sept -  

ember ,  O r b i t  1546.  l E  S 2 p t e ~ b e r ,  O s k a t  1 6 4 8 .  20 S e p t e ~ ~ b e - :  O r b i t  

1'701. and Z l  S ~ p t e ~ ~ b e s :  O r b i t  1774, The  znomaly ia d c f i n x t e l y  

i d e r a t l f i a k a l e  a s  !-ate a s  3 October 4'Ozrb:l.t 1874) b u t  becowies q u e s t i o n -  

a b l e  d u r i n g  $he; latter par t ,  o f  Oc tobe r  I t  is s B . g n a f i c ~ r > t  t h a t  t h i s  



T o t a l  H e m i s p h e r i c a l  E m i s s i o n  E s t i m a t e s  from 

, Ground O b s e r v a t i o n s  and A i r b o r n e  I n f r a r e d  Imagery 

The maximum e f f e c t i v e  r a d i a n c e ,  7 .13x1014  e r g s / s e c ,  a s  

d e t e r m i n e d  from t h e  Nimbus I1 H R I R  o s c i l l o g r a p h  r e c o r d ,  t a k i n g  i n t o  

a c c o u n t  t h e  s p e c t r a l  r e s p o n s e  o f  t h e  H R I R  d e t e c t o r ,  is e q u i v a l e n t  

t o  2 .94x1017  e r g s / s e c  t o t a l  b l ackbody  r a d i a t i o n  based  on t h e  S t e f a n -  

B o l t  zmann f u n c t i o n  ( F u l k  and R e y n o l d s ,  1 9 5 7 ) .  T h e s e  Nimbus r a d i a t i o n  

e s t i m a t e s  may be  compared w i t h  e s t i m a t e s  made from f i e l d  o b s e r v a t i o n s  

s u p p l e m e n t e d  by i s o d e n s i t r a c e r  s c a n s  o f  a i r b o r n e  i n f r a r e d  imagery  

( F i g u r e  6 ) .  The t o t a l  h e m i s p h e r i c a l  e m i s s i o n  from a  c o m p a r a b l e  a r e a  

o n  t h e  e a r t h ' s  s u r f a c e  c a n  b e  e s t i m a t e d  b y  d i v i d i n g  t h e  r e s o l u t i o n  

e l e m e n t  o f  t h e  HRIR d e t e c t o r  ( 6 4  km2, t h e  a r e a  on t h e  e a r t h ' s  s u r -  

f a c e  t r a n s e c t e d  by t h e  cone  r e p r e s e n t i n g  t h e  s o l i d  a n g l e  viewed by 

t h e  HRIR s y s t e m ) ,  i n t o  u n i t  a r e a s  o f  r o u g h l y  e q u a l  t e m p e r a t u r e  

( F i g u r e  6 ) .  Using t h i s  method ,  t h e  r a d i a n c e  c o n t r i b u t i o n  o f  e a c h  

p a r t  may b e  e s t i m a t e d  and i n t e g r a t e d  w i t h  t h e  o t h e r  p a r t s .  Tempera- 

t u r e  measu remen t s ,  v o l c a n o l o g i c  o b s e r v a t i o n s  on t h e  i s l a n d  and 

i s o d e n s i t o m e t r i c  a n a l y s i s  o f  t h e  a i r b o r n e  imagery s u g g e s t  t h e  map 

u n i t s  and t e m p e r a t u r e s  a s  shown i n  T a b l e  2 ,  The a r e a  o f  S u r t s e y  was 

2 3 5  km2 when t h e  1 9  August 1966  f i s s u r e  e r u p t i o n  began  ( T h o r a r i n s -  

s o n ,  1 9 6 7 ,  p .  5 7 5 ) ,  

The r a d i a t i o n  v a l u e s  f o r  e a c h  map u n i t  g i v e n  i n  T a b l e  2  

w e r e  e s t i m a t e d  u s i n g  t h e  f o l l o w i n g  method d e v i s e d  by A.E. S t o d d a r d  

( w r i t t e n  communica t ion ,  1 9 6 7 ) :  

I f  e a c h  t e m p e r a t u r e  u n i t  is  assumed t o  r a d i a t e  a s  a  b l a c k -  

body ,  and t h e  HRIR d e t e c t i o n  r e s p o n s e  is t a k e n  i n t o  a c c o u n t ,  t h e  

r e s p o n s e  f u n c t i o n  , may b e  a p p r o x i m a t e d  by a f u n c t i o n  w h i c h  is  

e v e r y w h e r e  z e r o  e x c e p t  w i t h i n  t h e  i n t e r v a l  3 . 4 5  t o  4 . 0 7 , ~ w h e n  i t  

a s sumes  t h e  v a l u e  o n e .  These  w a v e l e n g t h s  a r e  t h e  50% r e s p o n s e  

p o i n t s  o f  t h e  Nimbus I1 d e t e c t o r .  The f o l l o w i n g  a p p r o x i m a t i o n  f o r  

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



where  AT = t h e  a r e a  a t  t e m p e r a t u r e  T 

B ( ;  , T )  = t h e  P l a n c k  f u n c t i o n  ( t h e  amount o f  e n e r g y  r a d i a t e d  
3 

i n  a l l  d i r e c t i o n s  from one cm" b l ackbody  s u r f a c e  a t  t empera -  

t u r e  T  p e r  s econd  and p e r  u n i t  w a v e l e n g t h  i n t e r v a l ) .  - 
N = maximum e f f e c t i v e  r a d i a n c e .  

Given  t h i s  i n t e g r a l  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  and t h e  a r e a  o f  e a c h  

s u r f a c e - t e m p e r a t u r e  u n i t ,  t h e  t o t a l  e n e r g y  r a d i a t e d  by e a c h  p a r t  

w i t h i n  t h e  r e s p o n s e  window o f  t h e  Nimbus I1 d e t e c t o r  may b e  c a l -  

c u l a t e d .  

To c a l c u l a t e  t h e  t o t a l  e n e r g y  r a d i a t e d  from e a c h  map u n i t ,  

we may s u b s t i t u t e  a  f u n c t i o n  which is  u n i t y  o v e r  t h e  e n t i r e  r a n g e  

o f  w a v e l e n g t h s  
_ . r -  , , 

ET = AT ' B( , T ) d /  
c- 

The a d v a n t a g e  o f  u s i n g  t h e  above e q u a t i o n  is  t h a t  i t  g i v e s  

u s  t o t a l  r a d i a t i o n  e s t i m a t e s  f o r  t h e  e r u p t i v e  v o l c a n i c  a r e a ,  wh ich  

t h e n  c a n  b e  compared t o  t h e  c a l c u l a t e d  r a t e  o f  t h e r m a l  e n e r g y  y i e l d .  

Thermal  Y i e l d  o f  E f f u s i v e  E r u p t i o n  from 

V o l u m e t r i c  Out f low O b s e r v a t i o n s  

To g i v e  an i n d i c a t i o n  o f  t h e  t h e r m a l  e n e r g y  y i e l d  o f  t h e  

August 1966  f i s s u r e  e r u p t i o n s ,  we may a p p l y  t h e  methods  o f  ~ G d e r v 5 . r i  

( 1963)  and Yokoyama (1956-571,  which  r e l a t e  t h e  v o l c a n i c  e n e r g y  t o  

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

e q u a t i o n :  
E t h  = ' 6rG (TC $ B) J 

where  E t h  = t h e r m a l  ene rgy  y i e l d  i n  e r g s / s e c .  

( a s s u m i n g  c o o l i n g  t o  ambient  t e m p e r a t u r e  l e v e l )  

V = volume o f  e f f u s i v e  l a v a s  i n  cm3/sec. 

{ = mean d e n s i t y  o f  e f f u s i v e  l a v a s  i n  g/cm 3 
0 T = maximum t e m p e r a t u r e  o f  t h e  l a v a  i n  C 

0 C = s p e c i f i c  h e a t  o f  b a s a l t  l a v a  i n  c a l / g  C 

B  = l a t e n t  h e a t  o f  l a v a  i n  c a l / g  

J = 4 . 1 8 6 ~ 1 0 ~  e r g s / c a l .  



F i e l d  o b s e r v a t i o n s  r e p o r t e d  by T h o r a r i n s s o n  (1967b)  and 

S i g u r g e i r s s o n  (1967)  p r o v i d e  u s  w i t h  v a l u e s  f o r  V and T o  T h o r a r i n s -  

s o n  e s t i m a t e d  t h e  v o l u m e t r i c  y i e l d  o f  l a v a  t o  have  been  be tween  5  
3 and 1 0  m / s e c  f o r  s e v e r a l  d a y s  a f t e r  2 0  Augus t ,  I f  w e  assume t h e  

3 r a t e  o f  o u t f l o w  t o  have  b e e n  7 m /sec e a r l y  i n  t h e  morn ing  o f  2 2  

August ( 0 2 : 2 8  UMT) a t  t h e  t i m e  t h e  s u b s a t e l l i t e  p o i n t  o f  Nimbus HI, 

O r b i t  1 3 1 5 ,  p a s s e d  a lmos t  d i r e c t l y  a c r o s s  S u s t s e y  ( n a d i r  a n g l e  o f  

14') w e  may compare t h e  e f f e c t i v e  r a d i a n c e  from S u r t s e y ,  a s  d e t e c t e d  

by t h e  Nimbus HBIR 1114  km above  t h e  e a r t h ' s  s u r f a c e ,  w i t h  t h e  r a t e  

o f  t h e r m a l  e n e r g y  o u t p u t  of t h e  v o l c a n o .  

Thermocouple  measu remen t s  o f  f r e s h  i n c a n d e s c e n t  f l o w s  by 

S i g u r g e i r s s o n  y i e l d e d  a t e m p e r a t u r e  o f  ki40°@ f o r  t h e  l a v a .  O t h e r  

v a l u e s  f o r  t h e  p a r a m e t e r s  i n  t h e  E t h  e q u a t i o n  f o r  b a s a l t  a r e :  

,, 2 . 8  g/cm3; C, 0 . 2 5  c a l / g  OC ( a t  800°c ) ,  and B ,  50  c a l / g .  Then 

t h e  t o t a l  t h e r m a l  y i e l d  would b e :  

E t h  = 2 . 6 7  x 1017 e r g s j s e c  ( o r  6370 x l o 6  c a l / s e c ) .  

T a b l e  3 p r e s e n t s  a summary and c o m p a r i s o n  o f  t h e  t h e r m a l  

e n e r g y  o u t p u t  and r a d i a n t  e m i s s i o n  from S u r t s e y  on  22 August  1966  

b a s e d  on  f i e l d  o b s e r v a t i o n s ,  and e s t i m a t e s  f rom t h e  a i r b o r n e  i n f r a -  

r e d  image ry  and Nimbus I1 HRHR s a t e l l i t e  d a t a .  

I t  may be e s t i m a t e d  in c o n c l u s ~ o n  t h a t  a p p r o x i m a t e l y  3 . 3 %  

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

r a d i a t e d  i n t o  s p a c e  on  2 2  August 1 9 6 6 ,  and tha , t  t h e  b u l k  o f  t h e  

r e m a i n i n g  t h e r m a l  y i e l d  was d i s s i p a t e d  by non- rad ian t ,  h e a t  t r a n s -  - 
f e r  mechanisms t o  t h e  o c e a n ,  t h e  a t m o s p h e r e ,  and t o  t h e  t e r r e s t r i a l  

s u b - s u r f a c e  o f  the i s l a n d .  
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T a b l e  1 
FXPLANATION 

I 

R a d i o m e t r i c  
G e o l o g i c  I n t e r p r e t a t i o n  

T e p h r a r i m s  o f  S u r t u r  I and 11 and J 6 l n i r  

B a s a l t  f low s u r f a c e  o f  1964-1965 f l o w s ;  
J 6 l n i r  l a g o o n  w a t e r ;  b a s a l t  f l o w s  o f  1964- 
1965  ( S u r t s e y )  a d j a c e n t  t o  anomalous ly  warm , 

s u r f a c e s .  J 6 l n i r  c r a t e r  l a k e ;  b a s a l t  c r u s t  
o v e r  c o o l i n g  l a v a  and s u b s u r f a c e  l a v a  
c o u r s e s  o f  1964-1965 f l o w s  where  h i g h  con- 
d u c t i v e  h e a t  f l ow is  a s s o c i a t e d  w i t h  con- 
v e c t i v e  h e a t  f l o w ;  Warm p e r i p h e r y  o f  
f e a t u r e s  e m i t t i n g  g a s e s  and s t eam.  

I Low and 

i i n t e r -  
I 

m e d i a t e  
I 

l e v e l  

a n o m a l i e s  

Medium 
g r  aY 

L i g h t  
g r  aY 

O r i g i n a l  
.ge C h a r a c t e r i s t i c s  

Form 

L a r g e  a r e a s ;  
A few s u b t l e  g r a d a t i o n s  
d i s c e r n i b l e .  L 

S u b t l e  g r a d a t i o n s ;  

F a i n t  c u r v i l i n e a r  
f e a t u r e s ;  

G e n e r a l i z e d  d i f f u s e  
a r e a s ;  

Many s u b l i n e a r  b a n d s  

T h r e e  a r e a s :  1 )  a r e a  o f  p r e d o m i n a t e l y  con-  1 . 3 6 8  - 
v e c t i v e  h e a t  t r a n s f e r  from s e c o n d a r y  fumh . 1 . 5 9 6  
a r o l e s ,  f r a c t u r e s  a l o n g  p r e s s u r e  r idges  
and c i r c u l a r  c o l l a p s e  f e a t u r e s  i n  a r e a  o f  
1965 f l o w s ,  2 )  p r i m a r y  f u m a r o l e s  and g a s  
and s t e a m  e m i s s i o n  from s c o r i a c e o u s  w a l l s  
o f  S u r t u r  I1 c r a t e r  and i n  g e n e r a l  a r e a  
o f  r o o f  o f  n o r t h e r n  p a r t  o f  s u b s u r f a c e  
l a v a  c o u r s e  (19651,  and 3 )  p e r i p h e r a l  t o  
i m a g e - s a t u r a t i o n  a n o m a l i e s  o f  S u r t u r  I ,  

a n o m a l i e s  

Image s a t u r a t i o n  i n  g e n e r a l  a r e a  o f  b 1 . 9 3 8  Image - 
e f f u s i v e  i n c a n d e s c e n t  f l o w s ,  l a v a  foun-  

s a t u r -  t a i n s  and c a u l d r o n  a c t i v i t y ;  i n t e n s e  
fumaro le  e m  a t i o n  
ad j a c e n t  t o  --- a n o m a l i e s  
" ~ d :  imag 

S p e c i f i c  s m a l l  a r e a s ;  
P u n c t u a t e  and b l e b - l i k e  
f e a t u r e s ;  b e a d - l i k e  
a l i g n m e n t s ;  s h a r p  c u r v i -  
l i n e a r  f e a t u r e s  concen-  
t r a t e d  i n  t h r e e  g e n e r a l  

E l l i p s o i d a l  a r e a ;  s a t u r -  
a t i o n  a f t e r - e f f e c t  al.ong 
some s c a n  l i n e s ;  b looming  
a round some c u r v i l i n e a r  
and p o i n t  s o u r c e s .  



TABLE 2 

R a d i a n t  Emis s ion  o f  S u r t s e y  and S u r r o u n d i n g  Ocean s u r f a c e  

Based o n  S u r f  a c e  T e m p e r a t u r e  

22 August 1966 

1, I n c a n d e s c e n t  l a v a  
S u r t u r  I 

2 .  O t h e r  v o l c a n i c  
a n o m a l i e s  

3 .  Ambient T e r r a i n  
( c o o l  b a s a l t  and 

Based on S te fan -Bo l t zmann  f u n c t i o n  f o r  b l a c k -  
body r a d i a t i o n  and b l ackbody  e q u i v a l e n t  
t e m p e r a t u r e  (300°K) d e r i v e d  from Nimbus d a t a ,  





T A B L E  3 .  ( C o n t . )  

COMPARISON O F  THERMAL ENERGY OUTPUT AND RADIANT E M I S S I O N  FROM S U R T S E Y ,  
22 AUGUST 1966 A 5  E S T I M A T E D  B Y  TWO S E N S I N G  SYSTEMS 

ENERGY U N I T  E S T I M A T E D  
TEGRATED B Y  NIMBUS 
H R I R  DETECTOR 

l a v a  p e r  second A l s o  t e m p e r a t u r e  of  ocean 

b a s a l t  l a v a  



1- OF THERMAL INFRARED SURVEYS IN ICELAND-AUGUST 1966 
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INDEX MAP OF VESTMANNAEYJAR ARCHIPELAGO, ICELAND 
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( 1) Nautisk- Meseorologisk Aabog (Copenhagen, 1898- 1939) 
SOURCES ( (2)  H. Thornsen, 1938, Zoology of Iceland, vol. 1, pe. 4, pp. 6-8, Copenhagen 

CONFIRM 11.5' C S. A. Malmberg, unpublished,Sea surface temperature in Vestmannaeyjar 
SEA SURFACE Archipelago, August 1966; records of Marine 
TEMPERATURE Research Institute, Reykjavik 
NEAR SURTSEY Radiometric temperature traverse from Icelandic vessel Lodsinn 
AUGUST, 1966 between Geirfuglasker and Surtsey, August 23, 1966 

Figure 3 
AVERAGE SURFACE TEMPERATURE OF THE SEA ("C) FOR AUGUST, 1898-1939 

Figure 4 
INFRARED I M A G E  TONAL DENSITY V S  RADIOMETRIC SURFACE TEMPERATURE 
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Figure 4 
RADIANT FLUX VS RADIOMETRIC SURFACE TEMPERATURE 
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F igu re  7 
RADIANCE, LlNE A-B SURTSEY AND J ~ L N I R  8/ 19/66, 1 745 UMT - 

RADIANT FLUX 
(WATT c m - 2 )  IMAGE-SATURATION ANOAULY SURTUR I. 

MAXIMUM T,1070b C IN FLUID LAVA 
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F igu re  8 
RADIANCE, LlNE A'-C SURTSEY 8 /  19/66, 1745 UMJ 

CONVECTIVE VENTING FROM CONVECTIVE VENTING FROM 
SUBSURFACE LAVA COURSE, 

RADIANT FLUX 
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I N  SURFACE EXPOSURES OF SURTUR II SHIELD. 1965 
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00 

Effect ive radiance,  (watts/mz . s t e r )  =/ B1 ( T e e )  @AdA 
'0  

W h e r e  B A  = Planck function rBB ;I ~ q u i v a l e n l  blackbody +A =- Effective s p e c t r a  response 
Tempera ture  in O K  (about 3 . 4  to 4. I,.,) 


