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INTRODUCTION 

The Un i t ed  S t a t e s  s t a n d a r d  r ad iosonde  in s t rumen t  (manufac tured  by V I Z  Manufac- 

Luring CUUIpdLiy) p r o v i d e s  r o u t i n e  o r  s j r n ~ p ~ i c  aeasureaents n f  p r e s s u r e ,  t empera t i i re  , 
r e l a t i v e  h u m i d i t y ,  and wind. These measurements are g e n e r a l l y  a v a i l a b l e  between 

t h e  e a r t h ' s  s u r f a c e  and 10 hPa ( a b o u t  30 km). A t  t h e  p r e s e n t  t i m e ,  t e m p e r a t u r e  

d a t a  are  r e p o r t e d  as a c t u a l l y  measured,  i .e.,  t r a n s m i t t e d  w i t h o u t  c o r r e c t i o n s  

o r  a d j u s t m e n t s  of  any  k ind .  Johnson and McIntur f f  [ l ]  sugges t ed  i n  a n  e a r l i e r  

s t u d y  t h a t  day t ime  r e p o r t e d  t empera tu res  can exceed n i g h t t i m e  t e m p e r a t u r e s  by 

2 ° C  a t  h i g h  a l t i t u d e s .  Accord ing  t o  McTnturff -- e t  a l .  [ 2 ]  t h e s e  r e p o r t e d  tempera- 

t u r e s  r e s u l t  i n  day-night  d i f f e r e n c e s  l a r g e r  than  can be  expec ted  from t i d a l  

c o n s i d e r a t i o n s  a l o n e .  These  s t u d i e s  r e s u l t e d  i n  t h e  i n t r o d u c t i o n  of  a d j u s t m e n t s  

a t  v a r i o u s  a n a l y s i s  c e n t e r s  t h a t  have he lped  reduce  t h e  d i f f e r e n c e s  r e p o r t e d  b y  

v a r i o u s  c o u n t r i e s .  T h i s  s u g g e s t s  t h a t  rad iosonde  t e m p e r a t u r e s  b e  c o r r e c t e d  ea r l i e r  

t h a n  t h i s ,  e.g., d u r i n g  t h e  measurement phase. 

Radiosonde measured t e m p e r a t u r e s  c o n t a i n  random and b i a s  e r r o r s  composed of  

l a g ,  s h o r t -  and long-wave r a d i a t i o n ,  ground equipment anomal i e s ,  c a l i b r a t i o n  e r r o r s  

and o t h e r  i n s t r u m e n t a l  e r r o r s ,  as d i s c u s s e d  i n  Lenhard [ 3 , 4 ] ,  R a l l a r d  and Rubio [51, 

-- - 
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Schmidl in  e t  a l .  [ 6 ] ,  Nestler [ 7 ] ,  and o t h e r s .  Random e r r o r s  are  not  d i s c u s s e d  

i n  t h i s  paper .  B a l l a r d  and Rubio [ 5 ]  noted t h a t  t h e  dayt ime increase i n  r e p o r t e d  

t e m p e r a t u r e  r e s u l t i n g  from i n c i d e n t  s o l a r  r a d i a t i o n  cou ld  be as  l a r g e  as 1.8"C a t  

10 hPa when measured w i t h  t h e  AN/AMT-4 rad iosonde .  T a l b o t  [8]  concluded  t h a t  

n e g l i g i b l e  r a d i a t i o n  e f f e c t s  o c c u r  d u r i n g  t h e  day on t h e  whi te -coa ted  rod t h e r -  

m i s t o r ,  w h i l e  at  n i g h t  a n e g a t i v e  e r r o r  of abou t  1.6"C o c c u r s  a t  30 k i l o m e t e r s .  

The white-coated rod t h e r m i s t o r  d i s c u s s e d  by T a l b o t  h a s  been i n  u s e  i n  A u s t r a l i a  

and t h e  Uni ted  S t a t e s  f o r  o v e r  two decades .  The t h e r m i s t o r s  r e f e r r e d  t o  by R a l l a r d  

and Rubio,  and by T a l b o t  are s l i g h t l y  d i f f e r e n t  i n  d i a m e t e r ,  n o n e t h e l e s s  t he i r  

measur ing  c h a r a c t e r i s t i c s  a r e  v e r y  s i m i l a r  [ 9 ] .  These a u t h o r s  r e p o r t  day-night  

measurement d i f f e r e n c e s  t h a t  a g r e e  i n  magni tude,  b u t  w e  a re  not  aware of a n y  

e f f o r t s  be ing  made q u a n t i t a t i v e l y  t o  de t e rmine  t h e  c o n t r i b u t i o n  of r a d i a t i o n  e r r o r s  

t o  t h e s e  d i f f e r e n c e s .  

-- 

The g r e a t e s t  c o n t r i b u t i o n  t o  t h e  b i a s  e r r o r  of t h e  t e m p e r a t u r e  measurement is 

b e l i e v e d  t o  come from s h o r t -  and long-wave r a d i a t i o n .  Daniels  [ l o ]  sugges t ed  t h a t  

r a d i a t i o n  e r r o r s  may be de te rmined  and removed by u s i n g  m u l t i p l e  s e n s o r s  w i t h  

c o a t i n g s  hav ing  d i f f e r e n t  s p e c t r a l  response .  During t h i s  same p e r i o d  S t a f f a n s o n  

[ I l l  proposed t o  NASA Wallops F l i g h t  C e n t e r  a s imilar  method f o r  o b t a i n i n g  r a d i a -  

t i o n  c o r r e c t i o n s  f o r  bead t h e r m i s t o r s  used w i t h  m e t e o r o l o g i c a l  rocke t sondes .  

S t a f f a n s o n  proposed a r a d i a t i o n  d i v e r s i t y  t e c h n i q u e ,  i .e. ,  t h r e e  t h e r m i s t o r  c o a t i n g s  

hav ing  d i f f e r e n t  s p e c t r a l  c h a r a c t e r i s t i c s  t h a t  would respond d i f f e r e n t l y  t o  t h e  same 

r a d i a n t  energy.  I n  t h i s  way t h e  ambient  t e m p e r a t u r e  can be de te rmined  i n  a n  abso- 

l u t e  manner by s o l v i n g  s imul t aneous  e q u a t i o n s ,  and t h u s  o b t a i n  t h e  r a d i a t i o n  e r r o r .  

The U n i v e r s i t y  of Dayton Research I n s t i t u t e  w a s  r e q u e s t e d  t o  u n d e r t a k e  a s t u d y  of 

t h e  r a d i a t i o n  e r r o r  of t h e  rod t h e r m i s t o r  u s i n g  a s imi l a r  procedure .  

Coa t ings  were a p p l i e d  t o  t h e  rod t h e r m i s t o r s  a f t e r  s u i t a b l e  l a b o r a t o r y  t es t s  

were made t o  de te rmine  t h e i r  e m i s s i v i t y  and a b s o r p t i v i t y  v a l u e s .  The o b j e c t i v e  

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

p e r m i t  e f f i c i e n t  and a c c u r a t e  s o l u t i o n  of t h e  s imul t aneous  e q u a t i o n s .  White ,  

b l a c k ,  and aluminum c o a t i n g s  were de termined  t o  p rov ide  t h e  r e q u i r e d  s p r e a d  i n  

e m i s s i v i t y  a n d  a b s o r p t i v i t y  v a l u e s .  I n i t i a l l y ,  r ad iosondes  were modi f ied  t o  a l l o w  

two t h e r m i s t o r s  t o  be u t i l i z e d  on one r a d i o s o n d e ,  and two r a d i o s o n d e s  ( f o u r  t h e r -  

m i s t o r s )  were r e l e a s e d  on a s i n g l e  b a l l o o n .  

m i s t o r s  on a s i n g l e  in s t rumen t .  The whi te -coa ted  t h e r m i s t o r s  used i n  t h i s  s t u d y  

were s t a n d a r d ,  o p e r a t i o n a l  t h e r m i s t o r s  flown on  t h e  c u r r e n t  U.S. (NWS) r ad iosonde .  

The p r e l i m i n a r y  r e s u l t s  p r e s e n t e d  h e r e  were o b t a i n e d  from twenty-four  b a l l o o n  

L a t e r  tes ts  w e r e  made w i t h  f o u r  t h e r -  
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f l i g h t s  u s i n g  a s imilar  t h e r m i s t o r  c o n f i g u r a t i o n .  

The re  a re  p l a n s  t o  o b t a i n  more d e f i n i t i v e  r e s u l t s  of  t h e  r a d i a t i o n  e r r o r  o v e r  

t h e  range  of s o l a r  a n g l e s  expec ted  o p e r a t i o n a l l y .  These r e s u l t s  s h o u l d  be  a v a i l -  

a b l e  i n  about  one  yea r .  

PROCEDURE 

Given known v a l u e s  of e m i s s i v i t y  E and s o l a r  a b s o r p t i v i t y  y f o r  each  of t h e  

coa ted  t h e r m i s t o r s  a s t a n d a r d  form of the  h e a t  exchange e q u a t i o n  may be s o l v e d  t o  

de t e rmine  t h e  t h e r m i s t o r  e r r o r  AT. Thus,  

-H(AT) - ueAT4 + E R  + yS = 0 (1 )  

where H is t h e  c o n v e c t i v e  h e a t - t r a n s f e r  c o e f f i c i e n t  and R and S are  t h e  long-wave 

and i n c i d e n t  r a d i a n t  short-wave powers ,  r e s p e c t i v e l y .  The te rm A r e p r e s e n t s  t h e  

t h e r m i s t o r  s u r f a c e  area and u t h e  Stefan-Roltzmann c o n s t a n t .  

To d e t e r m i n e  E and y. t h r e e  2.5-cm d iame te r  d i s k s  w e r e  each  t r e a t e d  w i t h  t h e  

w h i t e ,  b l a c k ,  and aluminum c o a t i n g s  s e l e c t e d  i n  The U n i v e r s i t y  of Dayton Research  

I n s t i t u t e ' s  l a b o r a t o r y  and then  s u b j e c t e d  t o  s p e c t r a l  r e sponse  measurements.  E m i s -  

s i v i t y  w a s  de te rmined  between 2 and 20 pm u s i n g  a n  i n f r a r e d  r e f l e c t o m e t e r .  S o l a r  

a b s o r p t i v i t y  was de termined  between 0.25 a n d  2.5 pm by i n t e g r a t i n g  t h e  p roduc t  of 

t h e  measured s p e c t r a l  a b s o r p t i v i t y  and spec t ra l  i r r a d i a n c e  f o r  z e r o  a i r  mass. The 

assumpt ion  of z e r o  a i r  mass e n s u r e s  more r e l i a b l e  and a c c u r a t e  r e s u l t s  above 20 km 

where s o l a r  a t t e n u a t i o n  is  smallest. Table 1 g i v e s  t h e  v a l u e s  o b t a i n e d  f o r  E and y 

f o r  each  c o a t i n g .  

TABLE 1. 

E and y f o r  rar ious t h e r m i s t o r  c o a t i n g s  

~ ~ 

Coa t ing  E Y 

White (S tanda rd  V I Z )  

Aluminum 

Black 

0.86 

0.22 

0.86 

0.12 

0.31 

0.94 
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For t h e r m i s t o r s  f lown a t  n i g h t  t h e  short-wave r a d i a t i o n  term S i n  e q u a t i o n  1 

i s  e q u a l  t o  0. Thus, i f  two t h e r m i s t o r s  a r e  s e l e c t e d  such  t h a t  one h a s  low e m i s -  

s i v i t y  and t h e  o t h e r  h i g h  e m i s s i v i t y ,  t h e i r  h e a t  t r a n s f e r  e q u a t i o n s  may be  s o l v e d  

s i m u l t a n e o u s l y  t o  de t e rmine  t h e  long-wave r a d i a t i o n  e r r o r .  The o b j e c t i v e  of u s i n g  

wide ly  s e p a r a t e d  e m i s s i v i t y  v a l u e s  i s  t o  improve t h e  a c c u r a c y  i n  which t h e  e r r o r  

is  de termined .  The t h e r m i s t o r s  meeting t h e s e  c o n d i t i o n s  were t h e  s t a n d a r d  whi te -  

coa ted  rod  (T,) and t h e  aluminum-coated rod  (Ta) .  

v a l u e s  f o r  t h e  whi te  and a lumin ized  t h e r m i s t o r s  from T a b l e  1 ,  and I ~ ,  respec- 

t i v e l y ,  t h e  s imul t aneous  e q u a t i o n ,  

Using t h e  c o r r e s p o n d i n g  e m i s s i v i t y  

-H(ATa) - acaATa 4 + E ~ R  = 

is  s o l v e d  t o  o b t a i n  ATw by e l i m i n a t i o n  of R. Thus ,  

4 
a T4 - T OA a w  w a  - - . - .  a -w 

W W E -E  H & - E  W 
AT = T  - 

a w  a w  

i s  t h e  c o r r e c t i o n  (AT,) t o  be a p p l i e d  t o  t h e  s t a n d a r d  t h e r m i s t o r  as a f u n c t i o n  

of p r e s s u r e  ( h e i g h t )  € o r  n i g h t t i m e  measurements. 

s u b s t i t u t e d  i n t o  the  f i r s t  of e q u a t i o n  2 t o  d e r i v e  R. A s  can be s e e n  from e q u a t i o n  

2 i m p r e c i s e  d e t e r m i n a t i o n  of o r  cW would r e s u l t  i n  l a r g e  e r r o r s  of AT,. 

Th i s  v a l u e  of AT, may then  he 

Measurements d u r i n g  t h e  dayt ime may be made by u s i n g  t h e  same t h e r m i s t o r s  i f  

one h a s  a h i g h  s o l a r  a b s o r p t i v i t y  and t h e  o t h e r  a l o w  s o l a r  a b s o r p t i v i t y  ( e .g . ,  

t h e  whi te -  and black-coated t h e r m i s t o r s  of T a b l e  1 ) .  S i n c e  i n c i d e n t  s o l a r  r a d i a -  

t i o n  i s  p r e s e n t ,  the  h e a t  t r a n s f e r  e q u a t i o n s  w i l l  each  c o n t a i n  t h e  f o u r  te rms  

shown i n  e q u a t i o n  1. However, R ,  p r e v i o u s l y  de te rmined  d u r i n g  n i g h t t i m e  t e s t s ,  

may be assumed t o  remain c o n s t a n t  ove r  t h e  s h o r t  t e rm and used i n  t h e s e  dayt ime 

tes t s .  Thus,  

4 



may be so lved .  E l i m i n a t i n g  S r e s u l t s  i n  

4 - y  E T  4 
'b'w - 'w'b yA 'bEwTw w b b  . 'bTw - 'wTb R - - .  - 

'b 'w - H + -  
H 'b 'w 

AT = T -  - 
W W 'b 'w 

Again,  AT, f o r  dayt ime measurements may be s u b s t i t u t e d  i n  t h e  f i r s t  of e q u a t i o n  3 ,  

t o  e s t i m a t e  a v a l u e  f o r  t h e  i n c i d e n t  s o l a r  r a d i a t i o n  S. C o r r e c t  usage  of e q u a t i o n s  

2 and 3 shou ld  r e s u l t  i n  i n t e r n a l l y  c o n s i s t e n t  s o l u t i o n s  f o r  R ,  S ,  and AT,. 

I t  i s  more e f f i c i e n t  t o  add a t h i r d  e q u a t i o n  u s i n g  a t h i r d  t h e r m i s t o r  w i t h  

e m i s s i v i t y  and a b s o r p t i v i t y  v a l u e s  d i f f e r e n t  from t h e  two t h e r m i s t o r s  used t o  s o l v e  

e q u a t i o n  3 .  I n  a c t u a l  facf t h e  method w i l l  work even i f  o n l y  one of t h e s e  f a c t o r s  

i s  d i f f e r e n t .  Thus,  u s i n g  t h e  w h i t e ,  aluminum, and b l a c k  t h e r m i s t o r s  a l l o w s  t h e  

t h r e e  e q u a t i o n s  t o  be  s o l v e d  f o r  t h e  env i ronmen ta l ,  o r  ambient  t e m p e r a t u r e  Te. 

Thus,  

from which t h e  c o r r e c t i o n  f o r  t h e  s t anda rd  w h i t e  rod t h e r m i s t o r  can be o b t a i n e d ,  

i . e . ,  ATw = Tw-Te. I t  shou ld  be noted t h a t  t h e  s i n g l e ,  th ree- therm s t o r  dayt ime 

f l i g h t  p r o v i d e s  t h e  same in fo rma t ion  as t h e  day-night  p a i r  of two- thermis tor  

f l i g h t s .  

I n  t h e  above e q u a t i o n s  t h e  v a l u e  € o r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  H is mis s ing  

and a f u r t h e r  assumpt ion  must be made. Recause t h e  t h e r m i s t o r s  a r e  mounted i n  a 

h o r i z o n t a l  p o s i t i o n  d u r i n g  f l i g h t  and a r e  i n  c ros s - f low v e n t i l a t i o n  a s  t h e  r ad io -  

sonde r ises,  a r e l a t i v e l y  good approximation f o r  H can be  assumed t h a t  u s e s  t h e  

N u s s e l t  number and t h e  c a l c u l a t e d  Reynolds number (which v a r i e s  between 400 and 6 

from t h e  s u r f a c e  t o  10 mbar).  F u l l  d e t a i l s  w i l l  f o l l o w  i n  a l a t e r  r e p o r t .  

5 



EXPERIMENTAL DATA 

S i x t e e n  rad iosonde  b a l l o o n s  were launched  from Goddard Space F l i g h t  C e n t e r ' s  

Wallops F l i g h t  F a c i l i t y ,  V i r g i n i a ,  d u r i n g  Februa ry ,  March, and September  1983; 

each  b a l l o o n  c a r r i e d  two rad iosonde  i n s t r u m e n t s  and each  i n s t r u m e n t  two t h e r m i s t o r s .  

I t  w a s  n e c e s s a r y  t o  make two m o d i f i c a t i o n s  t o  t h e  r ad iosonde .  The f i r s t  w a s  an 

a d a p t a t i o n  t o  t h a t  par t  of t h e  e l e c t r o n i c s  c i r c u i t  used t o  measure r e l a t i v e  humid i ty  

t o  e n a b l e  i t  t o  measure a second t e m p e r a t u r e  and ,  t h e  second w a s  t o  rewire  t h e  p re s -  

s u r e  s w i t c h  t o  a l t e r n a t e  measurements between t h e s e  two t h e r m i s t o r s  t o  t h e  l e v e l  of 

b a l l o o n  b u r s t .  T h i s  l a t t e r  was accomplished by t y i n g  t h e  low reference and rela- 

t i v e  humidi ty  swi t ch  segments  t o g e t h e r  s o  t h a t  t h e  second t e m p e r a t u r e  would be 

t r a n s m i t t e d  whenever t h e  ba roswi t ch  w a s  on e i t h e r  a r e l a t i v e  humid i ty  o r  a low 

r e f e r e n c e  segment.  Low r e f e r e n c e  l e a d s  were t h e n  t i e d  t o  t h e  h i g h  r e f e r e n c e  seg- 

ments.  P r e - r e l e a s e  c a l i b r a t i o n  w a s  performed on each  t h e r m i s t o r .  Thus ,  f o u r  t h e r -  

m i s t o r s  were flown w i t h  each  b a l l o o n  a l l o w i n g  a redundant  measurement of a t  l ea s t  

one of t h e  c o a t i n g s  (aluminum) d u r i n g  each  f l i g h t .  Th i s  p e r m i t t e d  e q u a t i o n  4 t o  be 

so lved  twice i n c r e a s i n g  t h e  conf idence  i n  t h e  r e s u l t s .  

T a b l e  2 g i v e s  t h e  combina t ion  of t h e r m i s t o r  c o a t i n g s  t h a t  w a s  f lown w i t h  each 

r ad iosonde  and ba l loon .  The o r d e r  of t h e  t h e r m i s t o r s  shown f o r  r ad iosondes  numbers 

1 and 2 w a s  a l s o  the  o r d e r  of commutation. The e m i s s i v i t i e s  E of t h e  b l a c k  and 

w h i t e  ( s t a n d a r d )  t h e r m i s t o r s '  c o a t i n g s  were found t o  be r a d i a t i o n a l l y  e q u i v a l e n t  

(Tab le  11, a n d ,  i n  t h e  absence  of i n c i d e n t  s o l a r  r a d i a t i o n ,  t h e  t e m p e r a t u r e s  t o  be 

r eco rded  from t h e s e  t h e r m i s t o r s  were expec ted  t o  be i d e n t i c a l .  I n  f a c t ,  t h e  n i g h t -  

t i m e  f l i g h t s  showed t h a t  t empera tu res  o b t a i n e d  w i t h  t h e s e  t h e r m i s t o r s  were v i r t u a l l y  

t h e  same, v e r i f y i n g  t h e  long-wave r a d i a t i o n a l  e q u i v a l e n c e  of t h e s e  c o a t i n g s .  The 

aluminum c o a t i n g  with i t s  s m a l l e r  e m i s s i v i t y  w a s  expec ted  t o  r e c o r d  a w a r m e r  t e m -  

p e r a t u r e  a t  n i g h t  r e l a t i v e  t o  t h e  whi te -  and h lack-coa ted  t h e r m i s t o r s ,  and ,  a g a i n  

t h e  f l i g h t  t es t s  gave t h e  expec ted  r e s u l t s .  Thus,  t h e  w h i t e l b l a c k  c o a t i n g  com5ina- 

t i o n  provided  no o t h e r  i n fo rma t ion  o t h e r  t han  t o  v e r i f y  t h e i r  e m i s s i v i t y  e q u i v a l e n c e ,  

w h i l e  t h e  combinat ion o f  white/aluminum w a s  used t o  c a l c u l a t e  R a n d  s u b s e q u e n t l y  

t h e  e r r o r  due t o  r a d i a t i o n  of t h e  whi te -coa ted  t h e r m i s t o r  d u r i n g  d a r k n e s s .  

The three-thermistor-coating arrangement  ( f o u r  t h e r m i s t o r s )  used d u r i n g  t h e  

dayt ime t e s t s  pe rmi t t ed  e q u a t i o n  4 t o  u n i q u e l y  de t e rmine  S t h e  s o l a r  f l u x ,  R t h e  

long-wave f l u x ,  as w e l l  a s  AT. The two- thermis tor  e q u a t i o n  was s o l v e d  f o r  some 

d a y l i g h t  f l i g h t s  us ing  t h e  whitelaluminum t h e r m i s t o r  p a i r s  and t h e  n igh t t ime-  
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TABLE 2 

Thermistor Coatings Used on the Flight Tests and the Elatchup Combinations. 

Flight No. Date Time (GMT) Rad ios o nde I ns t rume n t 

1 2 

1 

2 

3 

4 

5 

6 

7 

a 
9 

10 

11  

12 

13 

14 

1 5  

16 

17 

18 

19 

20 

21 

2 2  

23 

24 

1983 Feb. 16 

Feb. 17 

Feb. 17 

Feb. 17 

Feb. 24 

Feb. 28 

Mar. 8 

Mar. 8 

Sept. 6 

Sept. 7 

Sept. 8 

Sept. 8 

Sept. 9 

Sept. 9 

Sept. 13 

Sept. 14 

1985 Aug. 5 

Aug. 6 

1986 Jan. 8 

Jan. 22 

Jan. 22 

Jan. 23 

Jan. 23 

Jan. 23 

2342 

0151 

1441 

1755 

2300 

1428 

2307 

1834 

1723 

1321 

1329 

1727 

1317 

17 14 

2317 

0153 

1416 

1405 

1528 

144 1 

2 108 

1429 

1730 

2101 

whit e / b 1 ack 
white/aluminum 

whitelblack 

blacklwhite 

whit e /wh it e 

whit e / b lack 
white/aluminum 

whitelblack 

aluminum/ wh it e 

aluminum/whit e 

whit e 1 b 1 a ck 
whitelblack 

white / black 
wh it e 1 b 1 a ck 
whit e /aluminum 

whit e/a lumi num 

See Note 

I, 11 

1,  .I 

blacklwhite 

aluminum/whit e 

black / wh it e 
whit e/aluminum 

blacklblack 

aluminum/whit e 

aluminum/ wh i t e 

blacklwhit e 

whitelblack 

whit e /b lack 

blacklwhite 

aluminum/white 

aluminum /wh it e 

aluminum/whit e 

aluminum/white 

aluminum/wh it e 

Note: A single radiosonde with a white, a black, and two aluminum thermistors and 

electronic commutation was flown. 
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d e r i v e d  v a l u e  f o r  R. These r e s u l t s ,  u s i n g  e q u a t i o n  3 ,  were compared a g a i n s t  t h e  

r e s u l t s  of equa t ion  4 a n d  w e r e  found t o  a g r e e .  The dayt ime r a d i a t i o n  e r r o r s  how- 

e v e r  were ob ta ined  u s i n g  e q u a t i o n  4 .  

F i g u r e  1 is a n  example of dayt ime p r o f i l e s  o b t a i n e d  on September 6, 1983, a t  

1723 GMT ( F l i g h t  No. 9 )  c h a r a c t e r i z i n g  t h e  measurements o b t a i n e d  from white- ,  

aluminum-, and b lack-coa ted  t h e r m i s t o r s .  Data  from p r o f i l e s  such  as t h e s e  were 

o b t a i n e d  a t  one-minute i n t e r v a l s  f o r  u s e  i n  e q u a t i o n  4 .  The r e s u l t i n g  t e m p e r a t u r e  

e r r o r  p r o f i l e  e x h i b i t e d  v a r i a b i l i t y  i n  t h e  v e r t i c a l .  I t  is  not  c lear  what i s  

c a u s i n g  t h i s  n o i s e  bu t  i t  could  be a r e s u l t  of u s i n g  t h e  s i m p l e  expe r imen ta l  des ign .  

Th i s  v a r i a b i l i t y  might  be expec ted  a t  lower  a l t i t u d e s  f rom short-wave s c a t t e r i n g ,  

r e f l e c t i o n  from c louds  and from s u r f a c e  f e a t u r e s  b u t ,  more l i k e l y ,  i s  a n  a r t i f a c t  

r e s u l t i n g  from manual ly  r e a d i n g  t h e  measurements from two r a d i o s o n d e s  and two se t s  

of ground systems. The i n f l u e n c e  of t h e s e  v a r i a t i o n s  i n  d e t e r m i n i n g  t h e  tempera- 

t u r e  e r r o r  can be seen  i n  F i g u r e  2 .  I o  

F i g .  1. Temperature  p r o f i l e s  measured 
u s i n g  w h i t e  ( s t anda rd )  T b l a c k  T b ,  
and aluminum T t h e r m i s t o r s  f lown on 
t h e  same b a l l o o n  d u r i n g  day t ime  on 
September 6 ,  1983.  

W ’  

a 

a 

s p i t e  of t h e  p r e s e n c e  of t h e  n o i s e ,  t h e  

F i g .  ’2. Tempera ture  e r r o r  a s s o c i a t e d  
w i t h  t h e  wh i t e -coa ted  ( s t a n d a r d )  t h e r -  
m i s t o r  r e s u l t i n g  from long-  and s h o r t -  
wave r a d i a t i o n .  The l a r g e  v a r i a t i o n s  
may b e  from t h e  r e a d i n g  of measurements  
of two r a d i o s o n d e s  on two ground 
s t a t i o n s .  



mean s h a p e  of t h e  e r r o r  p r o f i l e  i s  obvious.  Above 25 km d u r i n g  t h e  day t h e  w h i t e  

t h e r m i s t o r  a p p a r e n t l y  c o o l s  due t o  t h e  long-wave r a d i a t i o n  away from t h e  the rmis -  

t o r .  Th i s  c o o l i n g  i s  more dominant t han  t h e  h e a t  i n p u t  due  t o  i n c i d e n t  s o l a r  

r a d i a t i o n .  T h i s  c h a r a c t e r i s t i c  of t h e  US rod t h e r m i s t o r  w a s  r e c e n t l y  demonst ra ted  

i n  t h e  t e m p e r a t u r e  comparisons o b t a i n e d  du r ing  t h e  World M e t e o r o l o g i c a l  Organiza-  

t i o n ' s  I n t e r n a t i o n a l  Radiosonde In t e rcompar i son  [12 ] .  

N i g h t t i m e  r a d i a t i o n a l  e r r o r s  based on t h e  2-equat ion  mode (eq.  2) u s i n g  t h e  

w h i t e  ( s t a n d a r d )  and a lumin ized  t h e r m i s t o r s  a re  s imilar  i n  shape  t o  t h e  dayt ime 

r e s u l t s  and a l s o  c o n t a i n  s imilar  v a r i a t i o n .  The major  d i f f e r e n c e  found i s  t h a t  

n i g h t t i m e  v a l u e s  are  lower  than  dayt ime va lues  by a n  approx ima te ly  c o n s t a n t  amount; 

of c o u r s e ,  s o l a r  r a d i a t i o n  i s  a b s e n t .  The v e r t i c a l  v a r i a b i l i t y  observed  i n  dayt ime 

shown i n  F i g u r e  2 i s  a l s o  p r e s e n t  i n  t h e  n i g h t t i m e  measurements s u g g e s t i n g  t h a t  

t h e  n o i s e  p o s s i b l y  r e s u l t s  from t h e  i n s t r u m e n t a l  and d a t a  r e d u c t i o n  a r rangement  

and not  n e c e s s a r i l y  t h e  a tmosphere ,  s i n c e  s o l a r  r a d i a t i o n  i s  a b s e n t .  

E i g h t  a d d i t i o n a l  b a l l o o n s  were flown d u r i n g  September 1985, and J a n u a r y  and 

Februa ry  1986. The two flown i n  September 1985 c o n t a i n e d  a n  e l e c t r o n i c  s w i t c h  i n  

p l a c e  of t h e  t y p i c a l  ba roswi t ch ;  h e i g h t s  and p r e s s u r e s  were o b t a i n e d  by r a d a r .  

These two i n s t r u m e n t s  each  c o n t a i n e d  f o u r  t h e r m i s t o r s  and r e p l a c e d  t h e  ea r l i e r  

c o n f i g u r a t i o n  r e q u i r i n g  two rad iosondes  c o n t a i n i n g  two t h e r m i s t o r s  each. A f u r t h e r  

a d a p t a t i o n  was i n c o r p o r a t e d  i n  t h e  January and Februa ry  1986 f l i g h t s  which employed 

a n  e igh t - channe l  e l e c t r o n i c  commutator and t h e  p r e s s u r e  ba roswi t ch  a s  w e l l .  These 

r e c e n t l y  f lown r a d i o s o n d e s  each  con ta ined  a w h i t e ,  a b l a c k ,  and two aluminum t h e r -  

m i s t o r s  on a s i n g l e  frame. The two aluminum t h e r m i s t o r s  p e r m i t t e d  redundant  ca l cu -  

l a t i o n  of Te  u s i n g  e q u a t i o n  4. 

employed. The a d d i t i o n a l  t e s t s  a r e  necessary  t o  conf i rm t h e s e  p r e l i m i n a r y  r e s u l t s  

and t h e  e x t e n t  t h a t  r a d i a t i o n  e r r o r s  a r e  dependent  on s o l a r  a n g l e s ,  s e a s o n ,  l a t i -  

t u d e ,  and p o s s i b l y  even t h e  v e r t i c a l  t empera tu re  s t r u c t u r e .  Once f u l l y  t e s t e d ,  

t h i s  r ad iosonde  may a l s o  q u a l i f y  as a r e f e r e n c e  s t a n d a r d  f o r  t empera tu re  measure- 

m e n t s ,  i f  so  d e s i r e d .  

I n  f u t u r e  t e s t s ,  t h i s  same c o n f i g u r a t i o n  w i l l  be 

R e s u l t s  of t h e  24 b a l l o o n  f l i g h t s  were averaged  t o  o b t a i n  an  e s t i m a t e  o f  day- 

t ime and n i g h t t i m e  e r r o r s  a n d  a r e  shown i n  F i g u r e  3. These e r r o r s  a l s o  should  be 

c o n s i d e r e d  as t h e  c o r r e c t i o n s  needing t o  be a p p l i e d  t o  i n d i v i d u a l  t empera tu re  

measurements made a t  t h e  t ime of obse rva t ion  o r  a t  a n a l y s i s  centers.  The t e s t  

d a t a  showed d i f f e r e n c e s  i n  t h e  r a d i a t i o n  e r r o r  a t  d i f f e r e n t  t imes  and i n  d i f f e r e n t  

months. 
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I 

U5 R A D I O M  RADIATION ERROR 'C 

F i g .  3 .  P r e l i m i n a r y  es t imate  of r a d i a t i o n  e r r o r  of t h e  whi te -coa ted  ( s t a n d a r d )  
t h e r m i s t o r  used w i t h  the  US r a d i o s o n d e .  The shape  of t h e  d a y t i m e  r a d i a t i o n  e r r o r  
a t  l e v e l s  above  100 hPa i s  c o n s i d e r e d  t o  a r i s e  because  of t h e  dominant i n f l u e n c e  
of t he  s e n s o r ' s  e m i s s i v i t y .  

The dayt ime cu rve  i s  i n t e r e s t i n g  because  i t  i n d i c a t e s  t h a t  t h e  r a d i a t i o n  e r r o r  

I of t h e  w h i t e  t h e r m i s t o r  is a p p r o x i m a t e l y  -0.6"C between 20-100 hPa ( i . e . ,  t h e  t h e r -  
m i s t o r  i n d i c a t e s  a r e a d i n g  h i g h e r  t h a n  ambient  and t h e r e f o r e  r e q u i r e s  a n e g a t i v e  

a d j u s t m e n t ) .  The dayt ime e r r o r  becomes smaller  a t  lower p r e s s u r e s  and i n d i c a t i o n s  

a re  t h a t  i t  become5 n e g a t i v e  a t  h i g h e r  a l t i t u d e s .  On t h e  o t h e r  hand ,  t h e  n i g h t t i m e  

r a d i a t i o n  e r r o r  is  n e g a t i v e  from t h e  s u r f a c e  t o  t h e  10 hPa l e v e l  where t h e  e r r o r  i s  

shown t o  be -1.8"C. The d i f f e r e n c e  between t h e  day and n i g h t  e r r o r s  i s ,  on average,  

a b o u t  1 ° C  n e a r  t h e  100 hPa l e v e l ;  t h i s  d i f f e r e n c e  i s  comparable  t o  t h a t  s u g g e s t e d  

by F lc In tu r f f  e t  a l .  [ 2 ] .  Because of t h e  smaller sample s i z e  near 10 hPa (due  t o  

e a r l y  b a l l o o n  b u r s t )  n i g h t t i m e  e r r o r s  w h i l e  a c c e p t a b l e ,  must be con€i rmed.  I n  con- 

d u c t i n g  t h e  daytime t e s t s ,  s o l a r  a n g l e s  were c o n f i n e d  between a p p r o x i m a t e l y  20-50", 

d a t a  between so l a r  a n g l e s  of a p p r o x i m a t e l y  -5" t o  75" and h i g h e r ,  a r e  needed. 

R e s u l t s  of t he  r a d i o s o n d e  o b s e r v a t i o n s  o b t a i n e d  i n  t h e  LJMO I n t e r n a t i o n a l  

Radiosonde In te rcompar ison  [ 1 2 ,  I ? ]  a r e  expec ted  t o  p r o v i d e  a d j u s t m e n t  of  p r o f i l e s  

between t h e  v a r i o u s  i n s t r u m e n t s .  These same d a t a  can a l s o  p r o v i d e  some i n s i g h t  

i n t o  t h e  r a d i a t i o n  e r r o r s  b e i n g  d i s c u s s e d .  The o b s e r v a t i o n  sample s i z e  was 2 5  

p a i r s  each  d u r i n g  day  and n i g h t .  

I 

-- 
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Average t empera tu re  d i f f e r e n c e s  between t h e  Vaisala and Viz i n s t r u m e n t s  are 

shown i n  F i g u r e  4a. The Vaisala t empera tu re  s e n s o r  h a s  a 0.7"C c o r r e c t i o n  added 

a t  10 hPa d u r i n g  da rkness  [141 i n t e n d e d  t o  compensate f o r  long-wave c o o l i n g  of t h e  

s e n s o r .  F i g u r e  4a s u g g e s t s  t h a t ,  g i v e n  the  Vaisala c o r r e c t i o n  i s  p r o p e r ,  t h e  US 

s e n s o r  is r e a d i n g  approx ima te ly  3°C co lde r .  I f  t h e  c o r r e c t i o n s  added t o  t h e  

Vaisala t e m p e r a t u r e  measurements are  removed t o  p r o v i d e  a b a s i c a l l y  ' r a w '  tempera- 

t u r e ,  t h e  US in s t rumen t  s t i l l  i n d i c a t e s  co lde r  v a l u e s .  During t h e  day t ime ,  t h e  mean 

d i f f e r e n c e  between V a i s a l a  and Viz t empera tu res  are  o p p o s i t e  t o  t h e  n i g h t t i m e  d i f -  

f e r e n c e ,  i .e.,  t h e  Viz rod - the rmis to r  i n d i c a t e s  a warmer measurement than  Vaisala. 

For  t h e  t i m e  of t h e s e  dayt ime o b s e r v a t i o n s ,  t h e  s o l a r  a n g l e  w a s  approx ima te ly  40". 

The Vaisala c o r r e c t i o n  [14 ]  d u r i n g  t h e  day is  -1.5" t o  -2.5"C between 50 hPa and 

10 hPa, a f u n c t i o n  of s o l a r  a n g l e .  The US i n s t r u m e n t  i n d i c a t e s  i n c r e a s i n g l y  w a r m e r  

t empera tu res  t o  abou t  t h e  20-30 hPa l e v e l  a t  which p o i n t  t h e  d i f f e r e n c e  d e c r e a s e s ,  

u n t i l  a t  t h e  10 hPa l e v e l  t h e  Vaisala a n d  Viz s e n s o r s  d i f f e r  by abou t  0.2"C. I f  

t h e  c o r r e c t i o n s  added t o  t h e  V a i s a l a  t empera tu res  were removed, t h e  US i n s t r u m e n t  

would r ead  c o l d e r  t h a n  Vaisala. I f  t h e  Va i sa l a  c o r r e c t i o n s  as a p p l i e d  t o  t h e  

i n t e r c o m p a r i s o n  d a t a  s e t  are  a d e q u a t e ,  then t h e  c o r r e c t i o n s  t o  t h e  IJS t empera tu res  

sugges t ed  by t h i s  r a d i a t i o n  e r r o r  s t u d y ,  i f  a p p l i e d  t o  t h e  r ad iosonde  t e m p e r a t u r e s  

g a t h e r e d  d u r i n g  t h e  I n t e r n a t i o n a l  In te rcornpar i son ,  would reduce  t h e  d i f f e r e n c e s  

between t h e  Viz and Vaisala measurements. 

T h i s  r e d u c t i o n  i n  d i f f e r e n c e s ,  o r  b e t t e r  agreement  between V i z  and V a i s a l a  

d a t a ,  is shown i n  F i g u r e  4b. The temperatures o b t a i n e d  w i t h  t h e  US r ad iosondes  

were c o r r e c t e d  a c c o r d i n g  t o  t h e  v a l u e s  shown i n  F i g u r e  3 and new mean d i f f e r e n c e s  

were c a l c u l a t e d  between t h e  Viz and Vaisa la  measurements.  C l e a r l y ,  a d r a m a t i c  

change is e v i d e n t .  The major  changes r e s u l t i n g  from t h e  t e m p e r a t u r e  c o r r e c t i o n s  

a r e  t h e  good agreement  i n  day and n i g h t  va lues  from t h e  s u r f a c e  t o  about  70 hPa, 

and t h e  d e c i d e d l y  much s m a l l e r  d i f f e r e n c e s  t o  10 hPa .  

The change i n  t empera tu re  d i f f e r e n c e s  shown between F i g u r e s  4a and 4b i s  

q u i t e  l a r g e  between t h e  s u r f a c e  and about  20 hPa .  T h i s  change is  i n  a d i r e c t i o n  

t h a t  a l s o  r educes  t h e  d i f f e r e n c e  i n  c a l c n l a t e d  g e o p o t e n t i a l  between t h e  two r a d i o -  

sondes .  A t  p r e s s u r e s  between 10-20 hPa,  the  n i g h t t i m e  (2300 UT) t empera tu re  d i f f e r -  

ence  is  s t i l l  r e l a t i v e l y  l a r g e .  T h i s  could be a r e s u l t  of t h e  small n i g h t t i m e  

s a m p l e  s i z e  o r  t h e  V a i s a l a  t empera tu re  measurements may be o v e r c o r r e c t e d .  Add i -  

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

day-n ight  g e o p o t e n t i a l  d i f f e r e n c e s  a r e  cons ide rab ly  s m a l l e r .  These a d d i t i o n a l  

s t u d i e s  a l s o  e x p l o r e  t h e  consequence of i gnor ing  s e n s o r  thermal  l a g  c o r r e c t i o n s .  
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AT ' C  (VIZ-VAISMA) AT ' C  (VIZ-VAISMA) 

F i g .  4 .  Data s e t  o b t a i n e d  from WMO I n t e r n a t i o n a l  Radiosonde I n t e r c o m p a r i s o n ,  
Phase  11. a )  Day and n i g h t  mean t e m p e r a t u r e  d i f f e r e n c e s  between US (VIZ) and 
F i n n i s h  (VAISALA) r a d i o s o n d e s  f o r  u n c o r r e c t e d  V I Z  t e m p e r a t u r e  measurements .  
b) Same  a s  f o r  a )  a f t e r  V I Z  t e m p e r a t u r e  measurement c o r r e c t i o n s  w e r e  a p p l i e d .  

SUMMARY AND FUTURE PLANS 

Measurements u s i n g  r ad iosondes  equipped w i t h  up t o  f o u r  t h e r m i s t o r s  hav ing  

c o a t i n g s  t h a t  respond d i f f e r e n t l y  t o  e m i s s i v i t i e s  and a b s o r p t i v i t i e s  were made i n  

an  a t t e m p t  t o  d e r i v e  a n  es t imate  of t h e  r a d i a t i o n  i n f l u e n c e  on t h e  ITS r a d i o s o n d e ' s  

t empera tu re  measurement. P r e l i m i n a r y  r e s u l t s ,  based on 24  b a l l o o n  f l i g h t s ,  i n d i -  

c a t e  t h a t  t h e  daytime r a d i a t i o n  e r r o r  of t h e  s t a n d a r d  rod t h e r m i s t o r  i s  p o s i t i v e  

up t o  a l t i t u d e s  near  20 hPa and then  d e c r e a s e s  i n  magni tude a s  t h e  in s t rumen t  

rises h i g h e r  i n t o  the atmosphere.  The n i g h t t i m e  long-wave e r r o r  appea r s  t o  f o l l o w  

t h e  same p a t t e r n  ( c u r v e )  as t h e  dayt ime c o r r e c t i o n  b u t  is  n e g a t i v e  i n  magnitude 

o v e r  t h e  range  of a l t i t u d e s  s t u d i e d .  An approx ima te ly  s i m i l a r  magni tude and d i r e c -  

t i o n  f o r  t h e s e  c o r r e c t i o n s  t o  t h e  US in s t rumen t  were confirmed from t h e  many r ad io -  

sonde comparisons made  i n  t h e  r e c e n t  \PI0 I n t e r n a t i o n a l  Radiosonde I n t e r c o m p a r i s o n  

[ 1 2 , 1 3 ] .  

measurement by t ak ing  i n t o  c o n s i d e r a t i o n  t h e  long-  and short-wave r a d i a t i o n  i n f l u -  

ences .  Cor rec t ions  t o  t h e  p r e s e n t  r o d - t h e r m i s t o r s  seem t o  be t h e  most e f f i c i e n t  

These r e s u l t s  r e i n f o r c e  t h e  need t o  improve t h e  US r ad iosonde  t empera tu re  



s o l u t i o n  f o r  o p e r a t i o n a l ,  r o u t i n e  u s e  of t h e  rad iosonde .  Such a n  approach  was 

t a k e n  w i t h  t h e  US r ad iosonde  d a t a  s e t  ob ta ined  from WMO I n t e r n a t i o n a l  Radiosonde 

I n t e r c o m p a r i s o n  h e l d  a t  Wallops d u r i n g  February and March 1985. The r e s u l t  of 

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

e r r o r  r educes  t h e  d i f f e r e n c e  between day and n i g h t  t e m p e r a t u r e s  c o n s i d e r a b l y  and 

i n t o  b e t t e r  agreement  w i t h  McTnturff  -- e t  a l .  [ 2 ] .  

The t e c h n i q u e  developed  t o  i n v e s t i g a t e  r a d i a t i o n  e r r o r s  a l s o  may be used t o  

d i r e c t l y  d e r i v e  a n  a b s o l u t e  t empera tu re .  T h i s  approach  would be more s a t i s f a c t o r y  

t h a n  a p p l y i n g  c o r r e c t i o n s  s ince  t h e  a f f e c t  of s o l a r  a n g l e s  is e x p l i c i t l y  accounted  

f o r .  The complexi ty  of t h e  s o f t w a r e  r equ i r ed  and t h e  a d d i t i o n a l  c o s t  f o r  t h e  i n -  

s t rumen t  however,  would overshadow i t s  use f o r  t y p i c a l  o p e r a t i o n a l  purposes .  

Because of t h e  l i m i t e d  sample of measurements p r e s e n t l y  a v a i l a b l e ,  and t h e  

unwieldy complexi ty  of u s i n g  two ins t rumen t s  and two ground s y s t e m s ,  improved 

methods were c o n s i d e r e d  and t e s t e d .  The ba roswi t ch  used  i n  t h e  r ad iosonde  t o  

c o n t r o l  t h e  s w i t c h i n g  of t h e  v a r i o u s  parameters  was r e p l a c e d  w i t h  a r a p i d  sequence  

e l e c t r o n i c  s w i t c h  t h a t  p e r m i t s  u s i n g  f o u r  ( o r  more) t h e r m i s t o r s  on t h e  same i n s t r u -  

ment. The r a p i d  s w i t c h i n g  and a s i n g l e  i n s t r u m e n t  coupled  t o  d i g i t a l  r e c o r d i n g  

t e c h n i q u e s  w i l l  p e r m i t  a l a r g e r  number of d a t a  s e t s  t o  be g a t h e r e d  more e f f i c i e n t l y  

and s u b s e q u e n t l y  enhance t h e  a n a l y s i s  r equ i r ed  t o  conf i rm t h e s e  p r e l i m i n a r y  e s t i -  

mates  of t h e  r a d i a t i o n  e r r o r s .  P l a n s  t o  launch  a l a r g e  number of i n s t r u m e n t s  a t  

as many s o l a r  a n g l e s  as p o s s i b l e  a re  being formula ted .  The r e s u l t s  should  p e r m i t  

a f a m i l y  of c o r r e c t i o n s  t o  be d e r i v e d  t h a t  would be a p p l i c a b l e  f o r  d i f f e r e n t  s o l a r  

a n g l e s  ( i . e . ,  l a t i t u d e  and t i m e  of day) .  Because long-wave r a d i a t i o n  upwe l l ing  

and r e f l e c t i o n s  from t h e  e a r t h  are  d i f f e r e n t  a t  v a r i o u s  l o c a t i o n s  i t  may a l s o  be 

necessa ry  t o  perform s e n s i t i v i t y  t e s t s  t o  de t e rmine  t h e  magnitude and t h e  i n f l u e n c e  

of r a d i a t i o n  d u r i n g  d i f f e r e n t  s e a s o n s ,  cloud c o n d i t i o n s ,  and f o r  d i f f e r e n t  t e r r a in .  

N e w  r e s u l t s  as t h e y  are  o b t a i n e d  w i l l  be made a v a i l a b l e  as soon as  p o s s i b l e .  
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