
NOAA Technical Report NESS 85 

Transmittances for the 
TIROS Operational 

<@ OF 
Q $ (" 

% 

4 4r 5 
* c g c  4% * 

+$? Vertical Sounder *o 
%rEs of 

Washington, D.C. 
September 1981 

U.S. DEPARTMENT OF COMMERCE 
National Oceanic and Atmospheric Administration 
National Earth Satellite Service 



NOAA TECH .ilP 0 RT S 

N a t i o n a l  E a r t h  $&.e+ L i t e  S e r v i c e  S e r i e s  

The N a t i o n a l  E a r t h  S a t e l l i t e  S e r v i c e  (NESS) i s  r e s p o n s i b l e  f o r  t h e  e s t a b l i s h m e n t  and o p e r a t i o n  of t h e  
e n v i r o n m e n t a l  s a t e l l i t e  s y s t e m s  of NOAA. 

P u b l i c a t i o n  of a r e p o r t  i n  NOAA T e c h n i c a l  Repor t  NESS series w i l l  n o t  p r e c l u d e  la ter  p u b l i c a t i o n  in a n  
expanded or m o d i f i e d  form in s c i e n t i f i c  j o u r n a l s .  NESS series of NOAA T e c h n i c a l  R e p o r t s  i s  a c o n t i n u a -  
t i o n  o f ,  and r e t a i n s  t h e  c o n s e c u t i v e  numbering s e q u e n c e  o f ,  t h e  f o r m e r  series, ESSA T e c h n i c a l  Repor t  
N a t i o n a l  E n v i r o n m e n t a l  S a t e l l i t e  C e n t e r  (NESC), and  of t h e  ear l ie r  series, Weather Bureau M e t e o r o l o g i c a l  
S a t e l l i t e  L a b o r a t o r y  (MSL) R e p o r t .  R e p o r t s  1 t h r o u g h  39 are l i s t e d  in p u b l i c a t i o n  NESC 56 of t h i s  ser- 
ies .  

R e p o r t s  in t h e  series are a v a i l a b l e  from t h e  N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e  (NTIS), U.S. 
Depar tment  of  Commerce, S i l l s  Bldg., 5285 P o r t  Royal Road, S p r i n g f i e l d ,  VA 22161, in p a p e r  copy o r  m i -  
c r o f i c h e  form. O r d e r  by a c c e s s i o n  number, when g i v e n ,  in p a r e n t h e s e s .  Beginning  w i t h  64, p r i n t e d  
c o p i e s  of t h e  r e p o r t s ,  i f  a v a i l a b l e ,  c a n  be  o r d e r e d  t h r o u g h  t h e  S u p e r i n t e n d e n t  of Documents, U . S .  Gov- 
e rnment  P r i n t i n g  O f f i c e ,  Washington ,  D C  20402. P r i c e s  g i v e n  on r e q u e s t  from t h e  S u p e r i n t e n d e n t  of Docu- 
ments o r  NTIS. 

NESC 4 6  

NESC 47 

NESC 48 

NESC 49 

NESC 5 0  

NESC 5 1  

NESC 52 

NESC 5 3  

NESC 5'4 

NESC 56  

NESS 5 5  

NESS 57 

NESS 58 

NESS 59 

NESS 6 0  

ESSA T e c h n i c a l  R e p o r t s  

Monthly and  S e a s o n a l  Mean G l o b a l  C h a r t s  of  B r i g h t n e s s  From ESSA 3 and  ESSA 5 D i g i t i z e d  P i c -  
t u r e s ,  F e b r u a r y  1967-February 1968. V .  Ray T a y l o r  and J a y  S. Winston, November 1968, 9 pp. 
p l u s  1 7  c h a r t s .  (PB-180-717) 
A P o l y n o m i a l  R e p r e s e n t a t i o n  of Carbon D i o x i d e  and Water Vapor T r a n s m i s s i o n .  Smi th ,  
F e b r u a r y  1 9 6 9  ( r e p r i n t e d  A p r i l  1 9 7 1 ) ,  20  pp. (PB-183-296) 
S t a t i s t i c a l  E s t i m a t i o n  of t h e  Atmosphere's  G e o p o t e n t i a l  H e i g h t  D i s t r i b u t i o n  From S a t e l l i t e  
R a d i a t i o n  Measurements.  W i l l i a m  L. Smi th ,  F e b r u a r y  1969,  29 pp. (PB-183-297) 
Synoptic/Dynamic D i a g n o s i s  of a Developing  Low-Level Cyclone  and Its S a t e l l i t e - V i e w e d  Cloud 
P a t t e r n s .  Haro ld  J .  B r o d r i c k  and  E. P a u l  McClain, May 1969,  26 pp. (PB-184-612) 
E s t i m a t i n g  Maximum Wind Speed of T r o p i c a l  S torms From High R e s o l u t i o n  I n f r a r e d  Data. L. F. 
H u b e r t ,  A. T imchalk ,  and  S. F r i t z ,  May 1969, 3 3  pp. (PB-184-611) 
A p p l i c a t i o n  of M e t e o r o l o g i c a l  S a t e l l i t e  Data in A n a l y s i s  and F o r e c a s t i n g .  Ralph  K.  Anderson, 
Je rome P. Ashman, Fred  B i t t n e r ,  Golden  R. F a r r ,  Edward W. Ferguson ,  V i n c e n t  J .  O l i v e r ,  A r t h u r  
H. Smi th ,  James F. W. Purdom, and  Ranee W .  Skidmore,  March 1974 ( r e p r i n t  and r e v i s i o n  of NESC 
51, September 1 9 6 9 ,  and  i n c l u s i o n  of Supplement ,  November 1971,  and  Supplement 2 ,  March 1 9 7 3 ) ,  
pp. 1--6C-18 p l u s  r e f e r e n c e s .  
Data R e d u c t i o n  P r o c e s s e s  f o r  S p i n n i n g  F l a t - P l a t e  S a t e l l i t e - B o r n e  Kadiometers .  T o r r e n c e  H. 
MacDonald, J u l y  1970,  37 pp. (COM-71-00132) 
A r c h i v i n g  and  C l i m a t o l o g i c a l  A p p l i c a t i o n s  of M e t e o r o l o g i c a l  S a t e l l i t e  Data. J o h n  A .  Leese, 
A r t h u r  L. Booth ,  and  F r e d e r i c k  A. G o d s h a l l ,  J u l y  1970,  pp. 1-1--5-8 p l u s  r e f e r e n c e s  and  appen- 
d i x e s  A t h r o u g h  D.  (COM-71-00076) 
E s t i m a t i n g  Cloud Amount and H e i g h t  From S a t e l l i t e  I n f r a r e d  R a d i a t i o n  D a t a .  P .  K r i s h n a  Rao, 
J u l y  1970, 11 pp. (PB-194-685) 
Time-Longitude S e c t i o n s  of T r o p i c a l  C l o u d i n e s s  (December 1966-November 1967).  J .  M. Wal lace ,  
J u l y  1970, 37 pp. (COM-71-00131) 

William L. 

NOAA T e c h n i c a l  Repor t  6 

The Use of S a t e l l i t e - O b s e r v e d  Cloud P a t t e r n s  in N o r t h e r n  Hemisphere 500-mb Numer ica l  A n a l y s i s .  
Roland E. Nagle  and C h r i s t o p h e r  M. Hayden, A p r i l  1971, 25  pp. p l u s  a p p e n d i x e s  A,  B ,  and C. 
(OM-73-50262) 
T a b l e  of S c a t t e r i n g  F u n c t i o n  of I n f r a r e d  R a d i a t i o n  f o r  Water Clouds .  G i i c h i  Yamamoto, 
Masayuki Tanaka ,  and  S h o j i  Asano, A p r i l  1971,  8 pp. p l u s  t a b l e s .  (OM-71-50312) 
The A i r b o r n e  ITPR B r a s s b o a r d  Exper iment .  W. L. Smi th ,  D .  T. H i l l e a r y ,  E. C. Baldwin, W. J a c o b ,  
H. J a c o b o w i t z ,  G .  N e l s o n ,  S .  S o u l e s ,  and  D .  Q .  Wark, March 1972,  74 pp. (COM-72-10557) 
T e m p e r a t u r e  Sounding From S a t e l l i t e s .  S .  F r i t z ,  D .  Q. Wark, H. E. F leming ,  W. L. Smi th ,  H. 
J a c o b o w i t z ,  D .  T. H i l l e a r y ,  and  J .  C. A l i s h o u s e ,  J u l y  1972,  49 pp. (COM-72-50963) 
S a t e l l i t e  Measurements of A e r o s o l  B a c k s c a t t e r e d  R a d i a t i o n  From t h e  Nimbus F E a r t h  R a d i a t i o n  
Budget Exper iment .  H. J a c o b o w i t z ,  W. L.  S m i t h ,  and  A. J .  Drummond, August 1972,  9 pp. (COM-72- 
51031) 

(Cont inued  on i n s i d e  back  c o v e r )  



NOAA Technical Report NESS 85 

Vertical Sounder 
M.P. Weinreb, H.E. Fleming, 
L.M. McMillin, and A.C. Neuendorffer 

Washington, D.C. 
September 1981 

U.S. DEPARTMENT OF COMMERCE 
Malcolm Baldrlgo, Socrotary 

Natlonal Oceanlc and Atmospheric + T i i G - * - /  

! National Earth Satellite Service 
John V. Byrne, Admlnistrator 

David S. Johnson, Assistant Administrator for Sateldtes 

i I 

! 
f?' ~ 

I 



National Oceanic and Atmospheric Administration 
TIROS Satellites and Satellite Meteorology 

ERRATA NOTICE 

One or more conditions of the original doculment may affect the quality of the image, such 
as: 

Discolored pages 
Faded or light ink 
Binding intrudes into the text 

This has been a co-operative project between the NOAA Central Library and the Climate 
Database Modernization Program, National Climate Data Center WCDC). To vi'ew the 
original document contact the NOAA Central Library in Silver Spring, MD at (30 1) 
7 13-2607 x124 or Library.Reference@,noaa.gov. 

HOV Servilces 
Imaging Contractor 
12200 Kiln Court 
Beltsville, MD 20704- 13 87 
Janluary 26,2009 



CONTENTS 

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1 . Introduction . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . Background . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

2.1. The TIROS Operational Vertical Sounder . . . . . . . . . . . . . .  3 
2.2. Transmittances in the Kernel of the Radiative Transfer 

Equation . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

2.2.1. Infrared Region . . . . . . . . . . . . . . . . . . . . . . . .  6 

2.2.2. Microwave Region . . . . . . . . . . . . . . . . . . . . . . . .  9 

2.3. Treatment of Transmittances in the Multigas Atmosphere . . . . .  12 
2.3.1. Infrared Region . . . . . . . . . . . . . . . . . . . . . . . .  12 

2.3.2. Microwave Region . . . . . . . . . . . . . . . . . . . . . . . .  15 

3 . Algorithms for Spectral Lines in the Infrared . . . . . . . . .  15 
3.1. General Approach . . . . . . . . . . . . . . . . . . . . . . . .  15 

3.2. Description of Algorithms (On Line) . . . . . . . . . . . . . .  16 
3.2.1. Uniformly-Mixed Gases . . . . . . . . . . . . . . . . . . . . .  16 

3.2.2. Spectral Lines of Water Vapor . . . . . . . . . . . . . . . . .  18 
3.3. Generation of Coefficients (Off Line) . . . . . . . . . . . . .  20 
3.3.1. Line-by-line Technique . . . . . . . . . . . . . . . . . . . . .  20 

3.3.2. Coefficients for Uniformly-Mixed Gases . . . . . . . . . . . . .  21 
3.3.3. Coefficients for Spectral Lines of Water Vapor . . . . . . . . .  23 
4 . Other Algorithms in the Infrared . . . . . . . . . . . . . . . .  24 
4.1. Ozone . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 

4.2. Water-Vapor Continua . . . . . . . . . . . . . . . . . . . . . .  26 

4.3. Molecular Nitrogen . . . . . . . . . . . . . . . . . . . . . . .  27 

5 . Algorithm for Microwave Channels . . . . . . . . . . . . . . . .  27 
6 . Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

ii 



7 . Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31 

Appendix A . The 19 Temperature Profiles . . . . . . . . . . . . . . . .  55 
Appendix B . The 144 Homogeneous Paths . . . . . . . . . . . . . . . . .  58 

1 . 
2 . 
3 . 
4 . 
5 . 
A1 . 
B1 . 
B2 . 
B3 . 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 

TABLES 

Characteristics of HIRS sounding channels . . . . . . . . . . . . .  4 
Characteristics of MSU sounding channels . . . . . . . . . . . . .  5 
Characteristics of SSU sounding channels . . . . . . . . . . . . .  5 
Contributors in transmittance calculations for infrared channels . 14 
The 40 levels for atmospheric computations . . . . . . . . . . . .  16 
Temperature profiles . . . . . . . . . . . . . . . . . . . . . . .  56 

The six values of pressure and temperature . . . . . . . . . . . .  58 
The six 12-element sets of water-vapor amount . . . . . . . . . . .  59 

The 144 paths . . . . . . . . . . . . . . . . . . . . . . . . . . .  60 

FIGURES 

Locations of HIRS spectral intervals 1-7 . . . . . . . . . . . . .  36 
As in fig . 1 for HIRS intervals 13-17 . . . . . . . . . . . . . . .  37 
As in fig . 1 for HIRS intervals 10-12 . . . . . . . . . . . . . . .  38 
As in fig . 1 for HIRS interval 8 . . . . . . . . . . . . . . . . .  39 
As in fig . 1 for HIRS intervals 18-19 . . . . . . . . . . . . . . .  40 

Microwave transmittances . . . . . . . . . . . . . . . . . . . . .  41 

As in fig . 1 for MSU intervals 2-3 . . . . . . . . . . . . . . . .  42 
Coordinate system in the atmosphere . . . . . . . . . . . . . . . .  43 

iii 



9 . 
10 . 
11 . 
12 . 
13 . 
14 . 
15 . 

16 . 
17 . 
18 . 
19 . 

Total ozone vs latitude . . . . . . . . . . . . . . . . . . . . . .  44 

Profiles of temperature and water-vapor mixing ratio . . . . . . .  45 

Transmittance vs atmospheric pressure for H I R S  channels 1-7 . . . .  46 

As in fig . 11. for H I S  channels 8. 10-12 . . . . . . . . . . . . .  47 
As in fig . 11. for H I R S  channels 13.17 . . . . . . . . . . . . . . .  48 
As in fig . 11. for SSU and MSU . . . . . . . . . . . . . . . . . .  49 
Transmittance vs atmospheric pressure for constituents: H I S  
channel4 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 

As in fig . 15. for H I R S  channel 7 . . . . . . . . . . . . . . . . .  51 
As in fig . 15. for H I R S  channel 10 . . . . . . . . . . . . . . . .  52 
As in fig . 15. for H I R S  channel 15 . . . . . . . . . . . . . . . .  53 
As in fig . 15. for MSU channel 4 . . . . . . . . . . . . . . . . .  54 

iv 



Transmi t tances  f o r  t h e  TIROS Opera t iona l  Ver t ica l  Sounder 

M.P. Weinreb, H.E. Fleming, L.M. McMillin, and A.C. Neuendorffer 

O f f i c e  of Research 
Na t iona l  Ea r th  S a t e l l i t e  ServicehOAA 

Washington, D.C. 20233 

ABSTRACT. W e  describe how atmospheric t r ansmi t t ances  are 
c a l c u l a t e d  f o r  temperatpre  soundings with the  T I R O S  
Opera t iona l  Ver t ica l  Sounder (TOVS) .  The r o l e  of 
t r ansmi t t ances  i n  both i n t e g r a t i n g  and s o l v i n g  the r a d i a t i v e  
t r a n s f e r  equat ion  is discussed.  Our t r ansmi t t ance  
c a l c u l a t i o n s  s a t i s f y  the dual  requirements  of o p e r a t i o n a l  data 
process ing:  accuracy and e f f i c i e n c y .  Transmi t tances  are 
genera ted  f o r  v e r t i c a l  and s l a n t  paths .  They r ep resen t  
convolu t ions  with t h e  s p e c t r a l  response func t ions  of the 
i n f r a r e d  and the  microwave channels  of t h e  TOVS. For s p e c t r a l  
l i n e s  of t h e  uniformly-mixed gases  and of water vapor,  
e f f i c i e n t  approximations are used i n  l i e u  of "exact",  bu t  
time-consuming l ine-by- l ine  c a l c u l a t i o n s .  The water-vapor 
cont inua  and molecular n i t r o g e n ' s  4.3-pm band are i n t e g r a t e d  
d i r e c t l y  through the  atmosphere. A simple i n t e r p o l a t i o n  
scheme s u f f i c e s  for t h e  weak absorp t ion  by ozone. Absorption 
by oxygen and water vapor i n  t h e  55-GHz region is 
approximated. W e  conclude by p r e s e n t i n g  graphs of c a l c u l a t e d  
p r o f i l e s  of t r ansmi t t ances  vs  a l t i t u d e .  

1. INTRODUCTION 

T h i s  report documents how atmospheric t r ansmi t t ances  are c a l c u l a t e d  i n  
t h e  p rocess ing  system f o r  t h e  TIROS Opera t iona l  Vertical  Sounder (TOVS) a t  
t h e  Na t iona l  E a r t h  S a t e l l i t e  Se rv ice  (NESS). The TOVS (Schwalb 1978, Smith 
e t  al .  1979) comprises t h r e e  radiometers ope ra t ing  i n  the i n f r a r e d  and 
microwave p o r t i o n s  of the spectrum and is dedica ted  t o  measuring remotely 
v e r t i c a l  p r o f i l e s  of atmospheric temperature  and humidity. Cur ren t ly ,  t h e s e  
p r o f i l e s  are r e t r i e v e d  from t h e  measured rad iances  with s t a t i s t i ca l  
r e g r e s s i o n  techniques  (Smith and Woolf 1976) ,  which do not  use t ransmi t tan-  
ces. However, t r ansmi t t ances  are used off  l i n e 1  t o  genera te  dependent 
samples of data f o r  t h e  s ta t i s t ica l  a lgor i thms t h a t  "correct" rad iances  f o r  

'The t e r m  "off l i n e "  refers t o  computer programs t h a t  are run i n f r e -  
quen t ly ,  e.g., be fo re  launch of each TOVS, or a t  most once every t w o  weeks. 
They are not  part of the p rocess ing  system t h a t  provides  r e t r i e v a l s  o r b i t  
by o rb i t  i n  near real t i m e .  Of f - l i ne  programs develop c o e f f i c i e n t s  to  be 
used i n  t h e  orb i t -by-orb i t  (or  "on-l ine")  p rocess ing ,  and they may consume 
more computer t i m e  than is a v a i l a b l e  dur ing  on-l ine processing.  



v a r i a t i o n  with viewing angle  and remove the  e f f e c t s  of water vapor i n  window 
channels.  I n  the f u t u r e ,  the r o l e  of the t ransmi t tances  may be expanded with 
the  in t roduc t ion  of the  "minimum-inf ormation" mthod  of re t r ieva l  (Fleming 
and Smith 1972) i n t o  the  ope ra t iona l  system. This  method so lves  the  
r a d i a t i v e  t r a n s f e r  equat ion and r equ i r e s  t ransmi t tances  to  be computed on 
l i n e .  Transmit tances  also f i n d  app l i ca t ion  i n  the  process ing  of TOVS da ta  
rece ived  a t  d i r e c t  read-out s t a t i o n s  and o the r  i n s t a l l a t i o n s  outs ide  of NESS. 
Therefore ,  w h i l e  t h i s  r epor t  is motivated simply by the need t o  document the  
t ransmi t tance  c a l c u l a t i o n s  i n  use a t  NESS, one of its uses may be to  assist 
s c i e n t i s t s  a t  other loca t ions  i n  s e t t i n g  up the i r  awn processing systems. 

Transmit tances  are ca l cu la t ed  a t  NESS f o r  21 of t he  22  i n f r a r e d  
channels  and for a l l  four  microwave channels of the  TOVS. I n  each chan- 
n e l  w e  c a l c u l a t e  a p r o f i l e  of t ransmi t tances ,  i.e., va lues  of t ransmit-  
t ance  a t  40 atmospheric pressure  l e v e l s ,  which correspond t o  40 
a l t i t u d e s .  The t ransmi t tances  are s p e c i f i c  t o  the  TOVS channels,  because 
they  are convolutions of atmospheric t ransmi t tances  with the  s p e c t r a l  
response func t ions  ( t ransmiss ion  vs frequency o r  wavenumber) t h a t  def ine  
each channel. The spectral widths ( f u l l  widths a t  half-maximum) of t hese  
fun  t i o n s  vary-from channel t o  channel, w i t h  values  ranging from about 3 
c m  t o  100 c m  i n  the  i n f r a r e d  channels. The widths  are 220 GHz i n  a l l  
t h e  microwave channels (Schwalb 1978). 
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Transmit tances  are computed f o r  t h e  TOVS by a complex, mult i -  
a lgor i thm procedure. Atmospheric t ransmi t tances  are assumed t o  be the  
product  of t ransmi t tances  of each absorbing cons t i t uen t .  For each 
c o n s t i t u e n t ,  t ransmi t tances  are a s soc ia t ed  with e i t h e r  spectral l i n e s  
(e. g. carbon dioxide or broad s p e c t r a l  f e a t u r e s  (e. g. molecular 
n i t r o g e n ) ,  o r ,  the  case of water vapor, w i t h  both. For s p e c t r a l  l i n e s ,  
w e  have developed simple but  highly accura te  parameter iza t ions  t o  subs t i -  
t u t e  f o r  the cumbersome, brute-f  o rce ,  bu t  "exact" procedure of computing 
t r ansmi t t ances  l i n e  by l i n e  and convolving t h e m  with s p e c t r a l  response 
func t ions .  (Although o the r  simple models are ava i l ab le ,  e.g. LOWTRAN 
(Kneizys e t  a l .  1980),  w e  did not  use them because they are n e i t h e r  spe- 
c i f i c  t o  t h e  var ious f i l t e r  p r o f i l e s  of TOVS nor accurate enough f o r  our 
app l i ca t ion . )  Our parameter iza t ions  allow the  on-line ca l cu la t ions  to  
consume as l i t t l e  t i m e  as poss ib le .  Meanwhile, the  l ine-by-line calcu- 
l a t i o n s  and convolut ions,  which are s t i l l  requi red  f o r  producing coef- 
f i c i e n t s  f o r  t he  parameter iza t ions ,  are r e l ega ted  t o  off - l i n e  s t a t u s .  

Although some of the  algori thms i n  t h i s  report have a l ready  been 
publ i shed  elsewhere,  w e  descr ibe  them here for completeness. Such 
material  is  presented  only i n  o u t l i n e ,  and for details  the  reader  is 
r e f e r r e d  t o  t h e  o r i g i n a l  manuscripts. On t h e  o the r  hand, ma te r i a l  not 
documented elsewhere is descr ibed f u l l y  here. For these reasons the 
reader w i l l  note  t h a t  t h e  depth of the  explanat ion v a r i e s  from one sec- 
t i o n  t o  another  i n  t h i s  repor t .  
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This r epor t  does not list the  c o e f f i c i e n t s  used i n  any of the  
algorithms. Most of the algorithms r equ i r e  only a few coe f f i c i en t s ,  but 
one (see sec t ion  3.2.1) r equ i r e s  320 p e r  channel and is applied i n  19 
channels, making 6080 c o e f f i c i e n t s  i n  a l l .  Furthermore, each TOVS 
instrument has i ts  awn complete set of c o e f f i c i e n t s ,  so t h a t ,  fo r  
example, w e  use one set of c o e f f i c i e n t s  f o r  t he  TOVS on TIROS-N and 
another set f o r  TOVS on NOAA-6. Obviously, a f u l l  t abula t ion  of these 
c o e f f i c i e n t s  would be too m c h  f o r  t h i s  report .  Ins tead ,  w e  have put 
a l l  t h e  c o e f f i c i e n t s  on a magnetic tape,  copies of which are ava i lab le  
from t h e  S a t e l l i t e  D a t a  Serv ices  Division, Environmental D a t a  and 
Information Serv ice ,  National Oceanic and Atmospheric Administration, 
World weather Building, Washington, D.C. 20233. This tape a l s o  con- 
t a i n s  the on-line FORTRAN source code t h a t  implements the  algorithms 
descr ibed  i n  t h i s  repor t .  With t h i s  tape  a user has a l l  he needs to 
compute t ransmi t tances  f o r  TOVS by t h e  techniques used a t  NESS. 

2 BACKGROUND 

2 . 1 The TIROS Operational Vertical  Sounder 

Atmospheric soundings are ex t r ac t ed  from measurements made by the  three  
instruments t h a t  comprise the  TIROS Operational Vertical  Sounder (TOVS). 
These instruments are the  High Resolution I n f r a r e d  Radiation Sounder 
(HIRS), t h e  Microwave Sounding Unit  (MSU), and the  S t ra tospher ic  Sounding 
U n i t  (SSU). They are described by Schwalb (1978). The primary instrument 
is t he  H I R S .  It is a f i l t e r  radiometer, having seven channels i n  the  15 pm 
region and f i v e  channels i n  the  4.3-pm region. These are used i n  i n f e r r i n g  
atmospheric temperatures. I t  a l s o  has th ree  "window" channels t h a t  sense 
i n  s p e c t r a l  i n t e r v a l s  where the  atmosphere is nearly transparent,  th ree  
channels near 7 lJm f o r  measuring atmospheric water vapor, one channel a t  
9.7 v m  f o r  measuring ozone, anp one channel a t  .69 pm i n  the  v i s i b l e  
spectrum f o r  measuring the  e a r t h ' s  albedo. Table 1 summarizes the  charac- 
ter is t ics  of these  channels. The last column i n  t a b l e  1 r e f e r s  to  the  
p re s su re  a t  the approximate middle of the  atmospheric layer t h a t  contribu- 
tes  t h e  r a d i a t i o n  i n  each channel. 

The HIRS measures r ad ia t ion  wel l ing  up from the  e a r t h ' s  atmosphere 
as it scans across the  sa te l l i t e ' s  t r ack ,  def in ing  56 f i e l d s  of view per 
scan. A t  t h e  outermost f i e l d s  of view, t h e  satel l i te ' s  loca l  zenith angle 
is j u s t  under 60°. 
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Table 1.--Character is t ics  of H I R S  sounding channels 

H I R S  
channel 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14 
1 5  
16 
17  
1 8  
19 
20 

Cen t ra l  
wavenuqber 

ccm- 

668 
679 
69 1 
704 
716 
732 
748 
898 

1028 
1217 
1364 
1484 
21 90 
2213 
2240 
2276 
2361 
2513 
267 1 

14367 

Centra 1 
wavelength 

( v m )  

15.00 
14.70 
14.50 
14.20 
14.00 
13.70 
13 -40 
11.10 
9.70 
8.30 
7.30 
6.70 
4.57 
4.52 
4.46 
4.40 
4.24 
4.00 
3.70 
0.70 

Half-power 
bandwifth 

(cm- 1 

3 
10 
12 
16 
16 
16 
16 
35 
25 
60 
40 
80 
23 
23 
23 
23 
23 
35 

100 
900 

Level of 
peak energy 
con t r ibu t ion  

30 m b  
60 m b  

100 mb 
400 m b  
600 m b  
800 mb 
900 m b  
Surf ace 

25 m b  
900 m b  
700 mb 
500 mb 

1000 m b  
950 mb 
700 mb 
400 m b  

5 m b  
Surf ace 
Surf ace 
Cloud 

A problem with temperature sounding i n  the  i n f r a r e d  is t h a t  the  measured 
radiance8 are corrupted i f  clouds are present .  To he lp  overcome t h i s ,  the  
HIM is  supplemented by t he  MSU, which has one window channel and three 
channels  in the oxygen band near 60 GHz. Although.MSU measurements are 
a t t e n u a t e d  i n  areas of heavy p r e c i p i t a t i o n ,  they are unaffected by m o s t  
clouds.  I n  p a r t l y  cloudy areas the  MSU da t a  are used t o  a l l e v i a t e  the  
e f f e c t s  of c louds i n  the H I R S  measurements, while i n  the  overcas t  areas 
they  provide the only information about t h e  atmosphere b e l o w  t he  clouds. 
Table  2 summarizes the  s p e c t r a l  c h a r a c t e r i s t i c s  of t he  MSU. The MSU's 
f i e l d  of view is much l a r g e r  than the  HIRS's, and it has only eleven f i e l d s  
of view i n  a cross- t rack scan. 
t r a c k )  x 40 ( a long  the  t r a c k )  H I R S  measurements is a l s o  covered by an 
11 x 10 a r r a y  of MSU measurements. 

An area covered by an a r r a y  of 5 6  (cross 
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Table 2.--Characteristics of MSU sounding channels 

MSU 
1 
- 

2 
3 
4 

Level of 
Frequency Half-power peak energy 

(GHz 1 bandwidth (MHz cont r ibu t ion  
50.31 220 Surf ace 
53.73 
54 96 
57.95 

220 
220 
220 

700 mb 
300 mb 

90 m b  

For measurements i n  t h e  upper atmosphere, t he  HIRS is supplemented by 
t h e  SSU, which c o n s i s t s  of t h r e e  P res su re  Modulated Radiometers (PMR's) 
( M i l l e r  e t  al. 1980 . The PMR's i s o l a t e  r a d i a t i o n  o r i g i n a t i n g  near the  Cen- 
ters of carbon dioxide l i n e s  by viewing t h e  atmosphere through cells of car- 
bon dioxide whose i n t e r n a l  pressures  are modulated with o s c i l l a t i n g  pistons.  
F i l t e r s  i n  t h e  optical path confine the r a d i a t i o n  t o  an approximately 
60-cm-l-wide i n t e r v a l  i n  t he  15-pm band of carbon dioxide. 
regimes t o  be sensed are se l ec t ed  by t h e  choices of t h e  pa th  length 
and mean pressure  of gas i n  each cell.  The s p e c t r a l  c h a r a c t e r i s t i c s  of t he  
SSU appear i n  t a b l e  3. This instrument has a l a r g e r  f i e l d  of view than even 
t h e  MSU. However, it does not scan to the  extremes of t h e  HIRS scan. The 
8 x 8 a r r a y  of SSU measurements covers only a 42 x 40 a r r a y  of HIRS measure- 
ments . 

The a l t i t u d e  

Table 3.--Characterist ics of SSU sounding channels 

c e n t r a l  Cent r a1 Half-power C e l l  Level of 
wavenumber wavelength bandwidth* pressure  peak energy 

- ssu (cm-1) ( v m )  (cm-1 1 ( m b )  cont r ibu t ion  
1 665 15 60 100 15.0 mb 

3 665 15 60 10 1.5 mb 
2 665 15 60 35 4.0 mb 

*Bandwidth of f i l t e r s  alone. Pressure  modulation f u r t h e r  restricts effec- 
t i v e  bandwidth. 

2.2  Transmittances i n  the Kernel of t h e  Radiative Transfer  Equation 

This  s ec t ion  i l l u s t r a t e s  how t ransmi t tances  are involved i n  t h e  
problem of r e t r i e v i n g  atmospheric temperature p r o f i l e s  from measurements of 
radiances.  I n  t h e  process,  it shows how t h e  t ransmi t tances  must be averaged 
over t h e  s p e c t r a l  response func t ions  of radiometers. 
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2.2.1 I n f r a r e d  Region 

The t h e o r e t i c a l  -basis f o r  the  r e t r i e v a l  of v e r t i c a l  p r o f i l e s  of 
temperature and humidity from i n f r a r e d  radiances measured by t he  TOVS 
is  the i n t e g r a l  form of the  r a d i a t i v e  t r a n s f e r  equation. As applied to a 
p l ane -pa ra l l e l  atmosphere i n  l o c a l  thermodynamic equilibrium with no scat- 
t e r i n g ,  it is given by 

where I ( v, 8 )  i s  the  mnochromatic radiance welling up from the  atmosphere a t  
wavenumber V and zeni th  angle 8 , B(v ,T(x)) is  the  Planck function a t  V and 
temperature T ,  with the  independent va r i ab le  x a monotonically increas ing  
func t ion  of pressure ,  and T( v, 8,x) is  the f r a c t i o n a l  transmittance from the  
l e v e l  x t o  t h e  e f f e c t i v e  top of t he  atmosphere. The subscr ip t  "s" refers 
t o  t h e  surface. Equation ( 1  ) shows t h a t  t h e  radiance I ( v, 8) has two 
components: ( 1 )  t h e  cont r ibu t ion  from the  sur face ,  determined by the  f i r s t  
t e r m  on t h e  right-hand s ide ,  which is known as the  "boundary t e r m , "  and ( 2 )  
t h e  cont r ibu t ion  of t he  atmosphere, determined by t he  i n t e g r a l  on the 
right-hand side.  

As w r i t t e n ,  eq. ( 1 )  app l i e s  only t o  monochromatic radiation. However, 
measurements can only be made Over f i n i t e  s p e c t r a l  i n t e rva l s .  Furthermore, 
a s a t e l l i t e  radiometer responds t o  r ad ia t ion  i n  a nonuniform way as a func- 
t i o n  of wavenumber. The instrument s p e c t r a l  response function ( o r  spectral 
p r o f i l e )  may be denoted by $ ( V I .  However, s ince  the  TOVS has 27 response 
func t ions ,  f o r  the purpose of i d e n t i f i c a t i o n  w e  also charac te r ize  each by an 
a d d i t i o n a l  parameter, t h e  wavenumber V* of t he  cent ro id  of t he  response func- 
t i o n .  
of t h e  variable V;  t h a t  is, ($ =$( V , V * )  . Hence, (J can be w r i t t e n  as a function of the  parameter v* as w e l l  as 

So t h a t  eq. ( 1 )  r ep resen t s  t he  outgoing radiance as viewed by a satel l i te ,  
it must be: ( 1 )  mult ip l ied  by t he  response function (J; ( 2 )  normalized 80 

t h a t 4 r e p r e s e n t s  t he  weight: i n  the  weighted average; and ( 3 )  i n t eg ra t ed  Over 
t h e  i n t e r v a l  of response v1 t o  Thus, the  measured radiance is given by v 2 '  
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where $ ( V , V * )  is  the normalized instrument response func t ion  given by 

4. 

When the  secbnd mean-value theorem f o r  i n t e g r a l s  is appl ied  t o  eq. (2) 
and the order  of i n t e g r a t i o n  is interchanged, one obta ins  the r e s u l t ,  

2 2  where 

and 

(Note t h a t  eq. ( 3 )  is  only an approximation ( b u t  an accura te  one) because 
B(v*,T) i s  not necessa r i ly  the  mean value of B.) I t  is not convenient t o  
compute t h e  mean d e r i v a t i v e  of t ransmi t tance  by eq, (5), but  by Leibniz ' s  
r u l e  it is also t r u e  t h a t  

V r 2  
(6 1 0 (v ,  v*) T ( v ,  0 ,x)  dv, dy(v*,e,v) = -  d 

dx dx 

1 V 
J 

which by eq. ( 4 )  y i e l d s  an e f f i c i e n t  method f o r  computing the de r iva t ive .  

While eq. ( 3 )  i s  i d e n t i c a l  t o  eq. ( 1 )  i n  form, eq. ( 3 )  i s  f o r  polychro- 
matic r a d i a t i o n  and involves  the  mean t ransmi t tance ,  def ined  and computed 
by eq. ( 4 1 ,  and the mean d e r i v a t i v e  of t ransmi t tance ,  def ined by eq. (5) 
and computed by eq. ( 6 )  . I n  a t y p i c a l  temperature r e t r i e v a l  problem one 
solves eq. ( 3 )  f o r  t h e  temperature p r o f i l e  T as a funct ion of pressure ,  
based on knowledge of t he  measured radiance T(v*,O ) and the  mean t r a n s m i t -  
t ance  T ( v * , 0  ,x)  . Thus, the  atmospheric t ransmi t tance ,  which is of concern 
here ,  e n t e r s  as an a t t e n u a t i n g  f a c t o r  i n  the  boundary t e r m  and as a 
weight ing func t ion  i n  the i n t e g r a l  term. It is the  computation of equation 
( 4 )  t h a t  r ep resen t s  the u l t i m a t e  ob jec t ive  of t h i s  repor t .  
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When the  Planck func t ion  is  s i g n i f i c a n t l y  non-linear ac ross  the s p e c t r a l  
e x t e n t  of the response funct ion,  as it is i n  the  short-wavelength channels of 
t h e  H I R S ,  eq. ( 3 )  may not be accura te  with V = V *, the  centroid.  Hence, an 
a d d i t i o n a l  step, the  de f in ing  of a p r o f i l e  of e f f e c t i v e  temperature Te(x)  t o  
replace t h e  t r u e  temperature p r o f i l e  T ( X I  , is executed before  eq. ( 3  i s  eva- 
lua ted .  This  assumes t h a t  one can f i n d  an e f f e c t i v e  temperature p r o f i l e  such 
t h a t  eq. ( 3 )  is  v a l i d  f o r v = v *  when Te(x)  replaces T ( x ) ,  and t h a t  Te can be 
r e l a t e d  t o  T and V*. 

The in t roduc t ion  of the concept of an e f f e c t i v e  temperature i n  eq. ( 3 )  
avoids  the d i f f i c u l t i e s  created by use of the mean-value theorem. I n  o ther  
words, f r o m  t h e  theorem w e  know t h e r e  e x i s t s  a wavenumber $ i n  t h e  i n t e r y l  v1 

such t h a t  eq. ( 3 1 ,  together,  w i t h  eqs. ( 4 )  and (5 1 , is v a l i d  whenever v 
rep to Y aces v*. ABut  the  value of v cannot be determined a p r i o r i .  
Furthermore, v depends on T ,  and s ince  T depends on x, 6 v a r i e s  with X. 

Thus, t h e  s t r a t e g y  of us ing  an e f f e c t i v e  temperature is to leave v equated 
t o  t h e  known cen t ro id  v*  and i n s t e a d  t o  s h i f t  t he  burden of guaranteeing 
e q u a l i t y  i n  eq. ( 3 )  t o  T ( x )  by r ep lac ing  it w i t h  T e ( X )  

The approach used t o  determine Te from T and V *  i n  t he  TOVS System, 
suggested by Smith and A b e l  (1974) , is as follows. F i r s t ,  a set of 100 average 
blackbody radiances { y i ( v * ) )  is ca l cu la t ed  for a set of 100 temperatures 
{T i )  from the i n t e g r a l  

Then t h e  set  of 100 e f f e c t i v e  temperatures {Te( i ) )  i s  determined from the  
blackbody temperatures of T i  (v * 1 , t h a t  is , 

- -1 
T,( i )  = B [v*, Ii (v*) 1 ,  

where B'l i s  t h e  inverse  Planck func t ion  with r e spec t  t o  temperature. 
F i n a l l y ,  a l i n e a r  r e l a t i o n s h i p  of t he  form 

= a ( v * )  + b(v*)  T e ( i )  Ti 

is  determined between the  o r i g i n a l  and e f f e c t i v e  temperatures i n  which t h e  
c o e f f i c i e n t s  are determined by ord inary  least squares. 

I n  t h e  ope ra t iona l  process ing  one i n t e g r a t e s  t h e  r a d i a t i v e  t r a n s f e r  
equat ion  by f i r s t  computing Te(x)  from T ( x )  u s i n g  t h e  inverse  of eq. ( 9 )  
and then eva lua t ing  eq. ( 3 )  w i t h  T ( x )  replaced by Te(x) .  Conversely, one 
so lves  t h e  r a d i a t i v e  t r a n s f e r  equat ion f o r  Te(x)  and then,  as the  f i n a l  
s t e p  i n  the  r e t r i e v a l  process ,  conver t s  t o  the  t r u e  temperature p r o f i l e  
T ( x )  by eq. ( 9  1 .  (For  a new approach t h a t  is more accura t e  than t h a t  of 
u s i n g  e f f e c t i v e  temperatures , see Fleming ( 1981 1 .  ) 
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2.2.2. Microwave. Region 

R e c a l l  t h a t  eq. (11, and hence eq. ( 3  1 ,  is the f o r m  of the r ad ia t ive  
t r a n s f e r  equation t h a t  is used i n  the  in f r a red .  Among o ther  th ings ,  it as- 
sumes t h a t  the su r face  emis s iv i ty  is unity.  I n  the  microwave region this 
assumption is not va l id ,  and the  r a d i a t i v e  t r a n s f e r  equation must be m d i f i e d  
accordingly.  F i r s t ,  several minor changes are =de. The var iab le  v now, 
r ep resen t s  frequency in s t ead  of wavenumber, and the a s t e r i s k  on v is  dropped 
for  convenience, bu t  with t h e  i m p l i c i t  assumption t h a t  the  in t eg ra t ion  over 
the f i n i t e  bandpass (which is usua l ly  very narrow i n  the microwave region and 
i s  assumed t o  be r ec t angu la r )  has  a l ready  been accomplished. Also,  microwave 
radiometers  u sua l ly  are c a l i b r a t e d  i n  terms of br ightness  temperature 
measurements Tb i n s t e a d  of radiance,  s ince  radiance is a l i n e a r  funct ion of 
temperature i n  the  microwave region. 

Once these  changes are incorporated,  t h e  form of upward-propagating 
r a d i a t i o n  Tu(v ,  e)  is  analogous to eq. ( 3 )  except  for the  e x p l i c i t  spectral 
emis s iv i ty  f a c t o r  E (  v, e ) i n  the boundary t e r m ,  that  is, 

Since  E ( v , B )  is  less than uni ty ,  t h e r e  must be a r e f l e c t e d  component, 
wi th  r e f l e c t i v i t y  p ( v , e )  = l - € ( V , e ) .  I f  w e  assume specular r e f l e c t i o n ,  this 
r e f l e c t e d  component is a product of three fac to r s :  The f i r s t  is the 
downward-propagating component Td(v , e ) ,  namely, 

where 5 v, e,x,xS) is  t h e  mean t ransmi t tance  from the atmospheric l eve l  x t o  
t h e  su r face  xs, and Tsp = 2.96K is  the temperature of cold space above -0, 
t h e  e f f e c t i v e  top of the atmosphere. The second f a c t o r  is the r e f l e c t i v i t y  
p ( v , e  1 i t se l f ,  and the  t h i r d  is the  su r face  t ransmi t tance  T ( v , Q ,  xs).  
Theref ore, the b r igh tness  temperature measured by the  microwave radiometer is 

By combining eqs. ( 1 1 )  and (121,  one sees t h a t  t he  cont r ibu t ion  from space 
is  p ( v , e )  i ( v , e , x s )  T(v,e,O,xs)Tsp. Since t h i s  quan t i ty  is very small (or 
even zero f o r  t he  mre opaque channels ) ,  it is ignored. Also  ignored are 
p o l a r i z a t i o n  e f f e c t s  from the r e f l e c t i o n  a t  the surface.  

Equation ( 11 ) r e q u i r e s  downward-propagating t ransmit tances  T (v ,  8 , X I X S )  I 

b u t  t h e  TOVS software system provides  only upward-propagating t ransmit tan-  
ces T ( V , @ , x )  = +(v,B,x,O). This  d i f f i c u l t y  is resolved by the  i d e n t i t y  
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which follows from the  d e f i n i t i o n  f o r  monochromatic t ransmi t tance ,  

( 1 4 )  
T(v,O,x-,x 2 1  1 = m , e , x 1 , x 2 )  = exp [ - (q  sece/g) k(V,T,P)dPl I 

where by d e f i n i t i o n  
J P(Xl) 

and where q is t h e  constant mass mixing ratio of molecular oxygen, g is 
a c c e l e r a t i o n  of grav i ty ,  and k is t h e  absorption coe f f i c i en t .  There is an 
a d d i t i o n a l  problem i n  t h a t  the t ransmi t tances  ava i l ab le  f o r  use i n  eq. ( 1 3 )  
are not monochromatic. As ind ica ted  previously,  they have been in t eg ra t ed  
over a rec tangular  band-pass function. However, eq. ( 1 3 )  appears to be suf- 
f i c i e n t l y  accura te ,  because ( 1 ) t h e  response func t ion  is narrow and is essen- 
t i a l l y  symmetric about i t s  cent ro id ,  and ( 2 )  as shown i n  f i g .  7 ,  t h e  
02 t ransmi t tance  i n  the microwave region arises from the  "valleys" between 
p a i r s  of s p e c t r a l  l i n e s  where the  transmittance v a r i e s  r e l a t i v e l y  slowly with 
frequency. 

When eqs. ( l o ) ,  ( 1 1 1 ,  and ( 1 3 )  are i n s e r t e d  i n t o  eq. ( 1 2 1 ,  one obta ins  

w h e r e  

W e  call  t he  "ef fec t ive"  mean weighting function. Notice t h a t  eq. 
(15)  is d i r e c t l y  analogous to the  i n f r a r e d  form of the  r a d i a t i v e  t r a n s f e r  
equation, namely eq. ( 3 ) .  Furthermore, by i n t e g r a t i n g  eq. ( 1 6 ) ,  one 
ob ta ins  t h e  "ef fec t ive"  mean transmittance func t ion ,  

10 



This  is the  form a c t u a l l y  used i n  the  TOVS process ing  system t o  compute 
t h e  t ransmi t tance  funct ions.  The de r iva t ives  are computed not by eq. ( 1 6 ) ,  
bu t  by d i f f e rence  quo t i en t s  appl ied  to  eq. ( 17 1 . Thereupon the  br ightness  
temperatures are obtained from eq. ( 15 1. 

- I f  one cons iders  a channel where the  atmosphere is opaque, then 
- t (v ,0 ,xS)  i s  very s m a l l ,  and eqs. (15 )  and (16)  reduce t o  

i n  agreement with eq. (12 1 i n  t he  l i m i t  a s  7 ( v ,  0 ,xS) approaches zero. 

A s  mentioned i n  the  In t roduct ion ,  the  TOVS ope ra t iona l  r e t r i e v a l  pro- 
cedure is  a regress ion  procedure. However, i f  one wished t o  so lve  the  
r a d i a t i v e  t r a n s f e r  equation as an i n t e g r a l  equat ion,  he would start w i t h  
eq. (15 ) .  

Although eqs. (15)  - ( 1 8 )  are what a r e  needed to c a l c u l a t e  Tb opera t iona l -  
l y ,  t h e i r  de r iva t ion  never the less  involves  some approximation i n  that  
eq. (13 )  i s  assumed to  hold f o r  polychromatic r ad ia t ion .  One can der ive  an 
a l t e r n a t i v e  equat ion f o r  Tb t h a t  involves no approximation. S t a r t i n g  with 
eqs. ( l o ) ,  (11 )  and (13) i n  t h e i r  monochromatic form (i.e.,  with T replaced 
by T )  , and i n s e r t i n g  them i n t o  the  monochromatic form of eq. ( 12 1, one 
ob ta ins  monochromatic forms of eqs. (15 )  and ( l 6 ) ,  which involve no approxi- 
mations. Then , i f  the monochromatic formAof eq. ( 15 1 i s  mul t ip l i ed  by t h e  
r ec t angu la r  instrument response func t ion  @ ( V  , V* ) and in t eg ra t ed  over the 
bandpass from V 1  t o  V 2 ,  and i f  t he  order  of i n t e g r a t i o n  is interchanged, one 
ob ta ins  ... 

where 

i s  t h e  mean t ransmi t tance  i n  analogy with eq. ( 4  1 I and 
V 

r 2  
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is  t h e  d e r i v a t i v e  of t h e  mean t ransmi t tance  i n  analogy w i t h  eq. ( 6 ) .  Note 
t ha t  s ince  eqs. (15) and (19) involve  T ( x ) ,  which unlike the  Planck func- 
t i o n  is independent of U, t he  mean-value theorem is not required, and, 
t he re fo re ,  t h e  concept of the e f f e c t i v e  temperature developed i n  Section 
2.2.1 is  not needed f o r  microwave r e t r i e v a l s .  

2.3 Treatment of Transmittances i n  the Multigas Atmosphere 

2.3.1 I n f r a r e d  Region 

Of t h e  twenty H I R S  channels, eighteen are used f o r  sounding atmospheric 
temperature and w a t e r  vapor, and these are t h e  ones f o r  which we ca l cu la t e  
transmittances.  (No t ransmi t tances  are produced f o r  channels 9 and 20.)  
The atmospheric gases t h a t  absorb s i g n i f i c a n t l y  i n  v e r t i c a l  and s l a n t  paths 
i n  t h e  s p e c t r a l  i n t e r v a l s  of t h e  H I R S  are CO2, N20, CQ, CH4, H20, 03, and 
N2. W e  ignore e x t i n c t i o n  by aerosols ,  following Stowe (1974) and Stowe and 
Fleming ( 1980 1 . 

Carbon dioxide is t r e a t e d  as uniformly mixed (330 ppmV) i n  the  atmosphere. 
Following McClatchey e t  al. (19731, w e  also treat N20 (0.28 ppntv) , CQ (0.075 
ppmv), and CH4 (1.6 ppmv) as uniformly mixed. This is an adequate approxi- 
mation f o r  CO and CH4, mainly because they are r e l a t i v e l y  unimportant as 
absorbers i n  the HIRS i n t e r v a l s .  However, f o r  N20, which Is a major 
absorber i n  channels near 4.3 w, t h i s  treatment may be too crude. The 
mixing r a t i o  of N20 decreases with inc reas ing  a l t i t u d e  i n  t he  upper tro- 
posphere and the s t r a tosphe re  (Banks and Kockarts 1973) and probably v a r i e s  
d i u r n a l l y  (Matthias e t  al. 1979). Inc iden ta l ly ,  t h e  average tropospheric 
mixing ratio of N20 w a s  r ecen t ly  found to be about 0.33 ppmV (Cicerone 
e t  al .  19781, which exceeds t h e  o lder  value of 0.28 ppmV t h a t  McClatchey 
e t  al. (1973) quote and t h a t  w e  use. Molecular nitrogen, which has a broad 
coll ision-induced band near 4.3 pm, is  j u s t i f i a b l y  t r e a t e d  as uniformly 
mixed. On the o ther  hand, water vapor and ozone, which are important 
absorbers,  do have their  v a r i a b i l i t y  taken i n t o  account. 

Figures 1-5 show t h e  s p e c t r a l  i n t e r v a l s  of H I S  i dea l i zed  as t r i a n g l e s  and 
accompanied by spec t r a  of atmospheric cons t i tuents .  Figure 1 shows the  
p o s i t i o n s  of channels 1-7 i n  r e l a t i o n  to t h e  l i n e s  i n  the  15-pm band of 
C02. Figure 2 shows channels 13-17 w i t h  l i n e s  of both the 4.3-pm band of 
C02 Figure 3 shows channels 10-12 with l i n e s  of 
t h e  V 2  water-vapor band centered near 6.3 pm. Figure 4 shows channel 8 ,  
which is i n  the 11-um window, a region of weak water-vapor l i nes .  The 
water-vapor continuum Causes the envelope of the spectrum to have a 
t ransmi t tance  of approximately .98 r a t h e r  than 1. Inc iden ta l ly  , t h i s  
spectrum w a s  measured i n  a r e l a t i v e l y  dry atmosphere ( t o t a l  water = 0.6 
g/cm2 ) , where t h e  water-vapor absorption is comparatively weak. 

and the 9 band of N20. 

With a more 
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humid atmosphere the  absorpt ion w i l l  be s t ronger .  Figure 5 shows channels 
18 and 19 i n  t h e  3.8-Um window, with weak absorpt ion dominated by N 2 0  near  
2570 cm-l and by HDO and CH4 betweem 2700 and 2850 c m - l .  
absorp t ion  a t  wavenumbers less than 2500 cm-l is due to  unresolved l i n e s  of 

The s t rong  

N 2 0  and C02 and the ni t rogen col l is ion-induced f e a t u r e  centered a t  2330 
cm-1 . 

I n  most s p e c t r a l  i n t e r v a l s  of the H I R S ,  m o r e  than one gas has t o  be 
included i n  the  computation of atmospheric t ransmit tance.  For com- 
p u t a t i o n a l  convenience w e  t reat  the  atmospheric absorpt ion as o r i g i n a t i n g  
from the  fol lowing s i x  sources:  

1. S p e c t r a l  l i n e s  of t he  uniformly-mixed gases ( C 0 2 ,  N 2 0 ,  CH4, 03, 021,  
2. S p e c t r a l  l i n e s  of water vapor, 
3 .  S p e c t r a l  l i n e s  of ozone, 
4.  Water-vapor self-broadened continuum, 
5 . Water-vapor foreign-broadened continuum, and 
6. Collision-induced band of molecular ni t rogen.  

The t ransmi t tance  of the  atmosphere is formed as the  product of the 
t ransmi t tances  of these  cons t i t uen t s  (Goody 1964). 

I n  the preceding list,  the  f i r s t  source combines absorp t ion  by f i v e  of 
t h e  gases treated as uniformly mixed. W e  syn thes ize  a s i n g l e  t ransmi t tance  
f o r  t h i s  multi-gas source i n  the  l ine-by-l ine ca l cu la t ions ,  which w e  per- 
form i n  advance of f  l i n e  to produce c o e f f i c i e n t s  €or the  on-line "rapid" 
a lgor i thm (see Sec t ion  3 ) .  These l ine-by-line c a l c u l a t i o n s  involve a l l  
f i v e  gases simultaneously and account f o r  t he  overlap among l i n e s  of d i f -  
f e r e n t  gases,  with t h e  r e s u l t  t h a t  a s i n g l e  set of c o e f f i c i e n t s  is produced 
f o r  app l i ca t ion  i n  a s i n g l e  on-line algorithm. On the  o the r  hand, a s i n g l e  
gas ,  w a t e r  vapor, con t r ibu te s  absorpt ion f r o m  three sources  -- spectral 
l i n e s ,  foreign-broadened continuum, and self-broadened continuum (see, 
e.g., Roberts, Selby, and Biberman 1976). 

Table  4 shows, f o r  each channel of the  HIRS, which sources con t r ibu te  i n  
t h e  c a l c u l a t i o n  of t ransmit tance.  An M i n  t h e  t a b l e  s i g n i f i e s  t h a t  the 
absorber  is t h e  main one f o r  t h a t  channel, whereas an I s i g n i f i e s  a less 
important ,  but non-negligible,  i n t e r f e r i n g  absorpt ion.  The c r i t e r i o n  f o r  an 
absorber  t o  be included i n  the  c a l c u l a t i o n  is that it must decrease the  
atmospheric t ransmi t tance  by a t  least 0.005 a t  a t  least one l e v e l  i n  the  
atmosphere. W e  der ived table 4 by applying t h i s  c r i t e r i o n  to  p r o f i l e s  of 

t r ansmi t t ances  t h a t  had been ca l cu la t ed  as follows2: 
t h e  unif  ormly-mixed gases and water vapor, w e  used l ine-by-l ine ca l cu la t ions  
(Arking 1977, Neuendorffer 1977; also see sec t ion  3.3.1). Absorption by the  

For s p e c t r a l  l i n e s  of 

aThese procedures d i f f e r  s l i g h t l y  from those to  be descr ibed i n  sec t ion  
3,  because t h i s  work w a s  done' ear l ier  and with the  so l e  purpose of choosing 
c o n s t i t u e n t s  t o  include i n  the  ope ra t iona l  ca l cu la t ion .  
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two w a t e r  vapor cont inua and by n i t rogen  w a s  computed as descr ibed i n  sec- 
t i o n s  4.2 and 4.3. Ozone w a s  treated less r igorous ly .  Its role w a s  deter- 
mined from c a l c u l a t i o n s  done e a r l i e r  for the  V e r t i c a l  Temperature P r o f i l e  
Radiometer (McMillin e t  al .  1973) and from spec t r a  i n  the Migeotte a t las  
(1957).  
of t he  o the r  c a l c u l a t i o n s  descr ibed above. Measurements of atmospheric 
t r ansmi t t ances  i n  window regions (Weinreb e t  a l .  1977) were used to  v e r i f y  
t h e  r e s u l t s  i n  channels 8, 18, and 19. 

T h i s  a t las  w a s  also used t o  check q u a l i t a t i v e l y  the  r e s u l t s  of many 

Table 4.--Contributors i n  t ransmi t tance  c a l c u l a t i o n s  f o r  i n f r a r e d  channels 

CHANNEL 
H I R S  1 
H I R S  2 
H I R S  3 
HIRS 4 
H I R S  5 
HIRS 6 
H I R S  7 
H I R S  8 
H I R S  9 
H I R S  10 
H I R S  11 
H I R S  12 
H I S  13 
H I R S  14 
H I R S  15 
H I R S  16 
H I R S  17 
H I %  18 
H I S  19 
ssu 1 
ssu 2 
ssu 3 

CENTRAL 

WAVE NO. (crn-l) 
668 
679 
69 1 
704 
716 
732 
748 
898 

1028 
1217 
1364 
1484 
2190 
2213 
2240 
2276 
236 1 
2513 
267 1 
665 
665 
665 

S P E C T R A L  L I N E S  

O F  UNIFORMLY H20 
MIXED G A S E S  L I N E S  

M 
M 
M 
M I 
M I 
M I 
M I 

I 

I 
I 

M 
M 
M 
M 
M 
I 
I 
M 
M 
M 

I 
I 

CONTINUA 

OZONE H 2 0  H 2 0  N2  
L I N E S  SELF F O R E I G N  -- 

I 
I 
I 
I I 
I I 
I I 
I I 

I 

M M 
M M 
M M 
I I 
I I 
I I 

I I 
I I 

I 
I 
I 

I 

Table 4 shows t h a t  t he  absorp t ion  i n  H I R S  channels  1-7 i s  dominated by t h e  
uniformly-mixed gases,  s p e c i f i c a l l y  by the 15-um band of C02, but  ozone, 
water-vapor l i n e s ,  and the  self-broadened continuum also con t r ibu te  
Channels 10-12 of H I R S  sense mainly water vapor but  are also a f f e c t e d  by 
t h e  uniformly-mixed gases,  c h i e f l y  methane. Absorption i n  channels 13-17 of 
H I R S  is  dominated by the  uniformly mixed gases,  p r i n c i p a l l y  t h e  4.5-pm band 
of N 2 0  and the  4.3-vm band of C02 ,  w i t h  s o m e  i n t e r f e r i n g  absorp t ion  by mole- 
c u l a r  n i t rogen  and t h e  t h r e e  water-vapor cons t i t uen t s .  The HIRS channels  8,  
18, and 19 are atmospheric "window" channels,  which are intended f o r  sensing 
t h e  e a r t h ' s  su r f ace ,  and where any absorp t ion  is considered to  be i n t e r -  
ference.  In channels 8 and 19 water vapor is t h e  p r i n c i p a l  absorber ,  while 
i n  channel 18 both n i t rogen  and water vapor are important. The con t r ibu t ion  
of t h e  uniformly-mixed gases i n  channels 18 and 19 i s  r e l a t i v e l y  unimpor- 
t a n t .  
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Transmittances a r e  a l s o  ca l cu la t ed  f o r  t he  t h r e e  channels of the  
The p res su re  modulating i n  these  channels restricts the  SSU. 

atmospheric absorpt ion t o  t h a t  by carbon dioxide alone, and the  f i l t e r  
f u r t h e r  restricts it t o  the  15-um band. This  is indica ted  i n  the  last 
t h r e e  rows of table 4 .  

2.3.2 Microwave Region 

Figure  6 shows the  microwave spectrum of 02 and H20 under l o w  reso lu t ion .  
The channels of t he  MSU are loca ted  i n  the  50-60 GHz region, where a s t rong  
r o t a t i o n a l  oxygen band dominates the  absorpt ion.  Overlapping this absorp- 
t i o n  is a weak non-resonant absorpt ion by water vapor, due p r i n c i p a l l y  t o  
t h e  wings of t he  l i n e s  centered near 22 and 183 GHz. A high-resolut ion 
02 spectrum appears i n  f ig .  7 .  I t  shows t h a t  the  02 absorpt ion near 60 GHz 
a r i s e s  from a series of l i n e s  spaced roughly every 500 MHz. The l i n e  widths 
vary with a l t i t u d e  from roughly 700 MHz a t  1000 mb to  20 MHz a t  10 mb. Also 
shown i n  f i g .  7 are schematic r ep resen ta t ions  of the  passbands of channels 2 
and 3 of the  MSU, which are f i t t e d  i n t o  the regions between the  oxygen 
l i n e s ,  where the  atmospheric absorp t ion  v a r i e s  slowly with frequency. 

3. ALGORITHMS FOR SPECTRAL LINES I N  THE INFRARED 

3.1 General Approach 

As Sect ion  2.3 explained,  atmospheric t ransmi t tances  i n  the  in f r a red  are 
computed i n  t h e  TOVS process ing  system a s  products of t ransmit tances  f r o m  up 
t o  s i x  sources  (see table 4 ) .  The remainder of t h i s  repor t  p resents  our 
methods of c a l c u l a t i n g  t ransmi t tances  f o r  each source. The following two 
sections (3.2 and 3.3) t r ea t  the  con t r ibu t ion  by spectral l i n e s  of the  
unif  ormly-mixed gases and of water vapor. Line t ransmit tances  are mst 
accura t e ly  ca l cu la t ed  by the  l ine-by-l ine method. However, ca l cu la t ions  
with t h i s  method consume so much t i m e  t ha t  they cannot be done on l ine .  It 
is  es t imated  t h a t  f o r  a s i n g l e  temperature r e t r i e v a l  by a non-regression 
( p h y s i c a l )  method of so lu t ion ,  t h e  requi red  t ransmi t tance  ca l cu la t ions ,  i f  
done l i n e  by l i n e ,  would take  about t e n  minutes on the  IBM 360/195 a t  N O M .  
A t  t h i s  rate, process ing  of a two-hour o r b i t  would t i e  up the computer for 
one week1 The approximation techniques used ope ra t iona l ly  are described i n  
section 3.2, while sec t ion  3.3 desc r ibes  the  o f f - l i ne  work, which includes 
l ine-by-l ine ca l cu la t ions ,  t o  prepare the  c o e f f i c i e n t s  needed i n  the  
approximations. 

The v a r i a b l e s  and the  coordinate  system for t h e  t ransmit tance ca l cu la t ions  
are as follows: A s  shown i n  f ig .  8, t he  atmosphere is represented by a 
series of 39 p a r a l l e l ,  homogeneous l a y e r s  that  are bounded by the  40 
atmospheric l e v e l s  def ined i n  table 5.  A t  t hese  l e v e l s  values are 
p resc r ibed  f o r  pressure  P(mb) , temperature T ( K )  , and water-vapor miXing 
r a t i o  q ( g / K g ) .  The zen i th  angle  8, shown i n  f i g .  8, is the  angle between 
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t h e  l i n e  of s i g h t  and t h e  l o c a l  v e r t i c a l .  For a given channel and zeni th  
angle,  t ransmi t tances  are ca l cu la t ed  f o r  40 paths.  Each path o r ig ina t e s  a t  
t h e  satel l i te  and terminates a t  one of the 40 atmospheric leve ls .  For a 
pa th  te rmina t ing  a t  l e v e l  i, with zeni th  angle 0 ,  and f o r  a channel whose 
c e n t r a l  wavenumber is V, t h e  t ransmi t tance  is denoted by T( v, 8 , i ) .  O f  
course, it should be understood t h a t  t he  transmittance a l s o  depends on pro- 
p e r t i e s  of, t h e  atmosphere (e.g., P, T, q )  t h a t  f o r  convenience are not 
included i n  t h e  l i s t  of arguments. Note also t h a t  unless w e  specify other- 
w i s e ,  t h e  symbol T and the  t e r m  "transmittance" henceforth r e f e r  t o  
spectral averages as defined i n  eq. (4). 

Table 5.--The 40 l e v e l s  f o r  atmospheric computations 

Level 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Pressure  
(mb) 
0.1 
0 02 
0 05 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 
7.0 

Level 

1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 

Pressure  
(mb) 
10 
15 
20 
25 
30 
50 
60 
70 
85 
100 

Level 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Pres s u r e  
(mb) 
115 
133 
150 
20 0 
250 
30 0 
350 
40 0 
430 
47 5 

Level 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Pressure 
(mb) 
500 
57 0 
62 0 
67 0 
700 
780 
850 
92 0 
950 
1000 

3.2 Description of Algorithms (On L i n e )  

3 . 2 . 1 Unif ormly-Mixed Gases 

I n  t h i s  s ec t ion  a f a s t  and accura te  approximation f o r  computing 
polychromatic t ransmi t tances  i n  inhomogeneous atmospheres f o r  t h e  uniformly- 
mixed gases (C02, N20, CH4, 02 and CO) is discussed. This algorithm is  
app l i ed  i n  16 of the H I S  channels and i n  a l l  t h ree  SSU channels. Because 
t h e  procedure is described i n  a series of published papers, only an o u t l i n e  
of the method is presented here. For d e t a i l s  t he  reader should consul t  t h e  
o r i g i n a l  papers--McMillin and Fleming (1976) and Fleming and McMillin 
(1977) 

The algorithm is a recurrence procedure i n  which the transmittance 
. r (v ,O , i )  f o r  c e n t r a l  wavenumber v,  zero zeni th  angle, t he  i t h  atmospheric 
l e v e l ,  and an a r b i t r a r y  temperature p r o f i l e  T ,  is given by 

+ qi(v) AT;*]# i=l, ..., 40; 
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with  T ( \ ) , O , O )  = 1.0. I n  eq. (22 )  t h e  c o e f f i c i e n t s  are determined by an ordi- 
nary  least squares  procedure as described below i n  s e c t i o n  3.3.2; 
ATi = T i  - $i is t h e  dev ia t ion  of t h e  given temperature  T a t  level i from a 
given r e fe rence  p r o f i l e  4 a t  level i; and the e f f e c t i v e  temperature  
d e v i a t i o n s  are given by 

AT: = i;- 2 AT. AP = (Pi-1 
i j=1 i j  

+ ATi APi)/Pi 

and 

AT;* = - 2 i  C P ~ A T ~ A P ~  = 2 AT** 1-1 + 2PiATiAPi)/Pi, 2 
P2 i j q  

(23) 

(24 1 

where AP j P j-P j-1 with  Po = 0. 

The t h e o r e t i c a l  and numerical  basis f o r  t h e  genera l  form of eq. ( 2 2 )  i s  
developed i n  McMillin and Fleming (19761, s e c t i o n s  I1 and 111. E f f e c t i v e  
tempera tures  AT* and AT** s e r v e  as adjustment  t e r m s  t h a t  extend t h e  v a l i d i t y  
of eq. ( 2 2 )  from monochromatic t o  polychromatic t r ansmi t t ances .  
J u s t i f i c a t i o n  f o r  t h e  use of the  e f f e c t i v e  temperatures  f o r  t h i s  purpose is 
given i n  McMillin e t  al. (1979 1 ,  s e c t i o n  I V .  

A second a lgo r i thm is requ i r ed  to  c a l c u l a t e  t h e  polychromatic t ransmi t -  
t a n c e  for  an a r b i t r a r y  z e n i t h  angle  8. T h i s  is e a s i l y  accomplished by the 
approach of eq. (221, which r e s u l t s  i n  an a lgor i thm of t h e  form 

i=l, . . . ,40; 

where T( V, 0 ,i) i s  obta ined  d i r e c t l y  from a lgo r i thm (221, ATi** is  given by 
eq. ( 2 4 ) ,  and t h e  computation of the c o e f f i c i e n t s  is by least squares ,  as 
described i n  s e c t i o n  3.3.2. 

The accuracy of a lgor i thms ( 2 2 )  and (25)  i s  c o n s i s t e n t  with t h e  present -  
day accuracy of the spec t roscop ic  parameters t h a t  are used i n  t h e  line-by- 
l i n e  computer programs t h a t  calculate atmospheric  t ransmi t tances .  S p e c i f i c  
accuracy s ta tements  are given i n  each of t h e  t h r e e  papers  c i t e d  a t  t h e  
beginning  of this s e c t i o n  and i n  McMillin e t  al. ( 1 9 8 0 ) .  
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The implementation of algorithm ( 2 2 )  is  qui te  straightforward. One 
s t a r t s  with knowledge of a l l  5x40 coef f ic ien ts  and the actual  and reference 
temperatures given a t  40 d i sc re t e  pressure levels. Then i is se t  equal to 
1 ,  and ~(1) is calculated using T(0 1 = 1 With T( 1 1 i n  hand, one next calcu- 
l a t e s  ~ ( 2 1 ,  and so on, recurrently,  u n t i l  the transmittance a t  the ground 
~ ( 4 0 )  is  obtained. Clearly, each-c(k) depends functionally on the tem- 
perature  p ro f i l e  and a l l  the transmittances above the level k (i.e., on 
a l l  i <k) , as w e  know happens physically i n  the r ea l  atmosphere. Note tha t  
when T = T ,  the algorithm reduces to e( i) = T (  i-1 )a$, which is to say t ha t  
a i  i s  j u s t  the r a t i o  of ~ ( i )  t o  T ( i - 1 )  f o r  the reference temperature pro- 
f i l e .  

For a nonzero zenith angle, the T'S obtained from algorithm ( 2 2 )  a r e  
used i n  algorithm (251, along with the 3x40 known coeff ic ients ,  the secant 
of the angle 8, and ATi** calculated from eq. ( 2 4 )  f o r  the same two tem- 
perature  p ro f i l e s  as used i n  algorithm ( 2 2 ) .  Note tha t  t h i s  algorithm is 
not recurrent,  but simply an adjustment to the zero zenith angle case. 

3.2.2 Spectral  Lines of Water Vapor 

We apply t h e  method of Weinreb and Neuendorffer (1973) t o  calculate 
polychromatic atmospheric transmittances associated with spectral  l ines  of 
water vapor. The quantity of water vapor U i  between the s a t e l l i t e  and the 
i 3 l eve l  is calculated from the mixing r a t io s  q by the summation, 

where g = 980.665 cm sece2, and where U 
between the satel l i te  and level  1.). 
layer ,  which is bounded by l eve ls  i-1 and i, is given by 

= 0 (i .e. ,  there is no water vapor 
T?ie absorber amount AlJi i n  the i - t h  

Also, for  pressure and temperature i n  the i g layer w e  assign the mean 
values 6-i and Ti ,  where 

- 
Pi = ( P i  + Pi-1) /2 ,  

T i  = ( T i  + Ti-1) /2 .  

Note t h a t  the quant i t ies  on the r igh t  sides. of these equations, P and T, 
a r e  prescribed a t  levels ,  whereas F--and ?! are assigned to represent the 
conditions fo r  the entire layer. (For the relat ionship between l aye r s  and 
leve ls ,  see f ig .  8 1 .  
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For each channel, t ransmi t tances  are to  be computed f o r  the  pa ths  bet- 
ween t h e  satell i te and each of the  40 levels. For the channel with c e n t r a l  
wavenumber u w e  def ine  4 ~ , 8 , i )  t o  be the  t ransmi t tance  to  l e v e l  i along 
the  s l a n t  path spec i f i ed  by f3. The e f f e c t  of zen i th  angle is  completely 
accounted f o r  i n  t h e  computation of U (eq. 26) .  I n  a l l  o ther  respects the  
computations of t ransmi t tance  are i d e n t i c a l  f o r  a l l  8. To s impl i fy  the  
no ta t ion  w e  henceforth suppress the  reference t o  8 and v ,  and T (i)  repre- 
s e n t s  the' t ransmi t tance  t o  l e v e l  i. 

I t  is assumed t h a t  a model is given f o r  computing t ransmi t tances  i n  
homogeneous paths.  ( A  homogeneous path is a path charac te r ized  by a 
s i n g l e  f ixed  set of conditions--pressure,  temperature,  and water-vapor 
mixing ra t io ,  as i n  a l abora tory  cell.) The m d e l  is presented below. 
F i r s t ,  however, w e  descr ibe  the  app l i ca t ion  of such a mode1 t o  an inhomoge- - neous atmosphere. L e t  the  m d e l  be represented by 

T o  s ta r t ,  s ince  w e  assumed U1 = 0 ,  t h e  
ween t h e  sa te l l i t e  and l e v e l  1 w i l l  be 
t ance  T ( 2 )  a t  t h e  bottom of the  second 
under t h e  condi t ions  i n  l aye r  2 -- P2, 

- -  
T ( 2 )  = f ( P 2 ,  T2, U 2 ) .  

t r ansmi t tance  through the  l a y e r  bet- 
given by ~ ( 1 )  = 1. The transmit-  
- l aye r  is computed from the  model 
T2, and U 2 ;  i.e., 

The method now works downward through the  remaining l e v e l s  of the  
atmosphere, as follows: Given ~ ( i - 1 1 ,  w e  f i r s t  c a l c u l a t e  t he  value of U 
t h a t  would produce t h i s  value with the  condi t ions  of pressure  and tem- 
p e r a t u r e  i n  the next  l aye r  (i) ; i.e., i f  w e  l e t  V i  be the  required value of 
u , it s a t i s f i e s  the equat ion,  

This  equat ion can be i nve r t ed  by Newton's method to  determine V i .  
Next, w e  calculate a new "e f fec t ive"  amount of water vapor W i  between the  
satel l i te  and leve l  i by adding t o  V i  t h e  known amount of water vapor 
Aui i n  l aye r  i, 

F i n a l l y ,  w e  produce 't (i), t h e  t ransmi t tance  a t  t he  b o t t o m  of layer  i, by 
eva lua t ing  the  model f o r  W i  and the  condi t ions  i n  layer  i; i.e., 

T ( i )  = f (Fi, Ti,  W i ) .  

I t  is seen that  this method operates by s c a l i n g  the  water-vapor amount 
U. Because of eq. (281 ,  t he  sca led  value W i  depends e x p l i c i t l y  on the  con- 
d i t i o n s  i n  l a y e r  i and i m p l i c i t l y ,  through T(i-11, on the condi t ions i n  the  
l a y e r s  above. 
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I t  remains t o  p r e s e n t  the mdel f (P ,T ,U) .  Fol lowing Smith (1969 1 ,  w e  use 
a polynomial expansion ( s t r i c t l y  speaking, no t  r e a l l y  a model), 

J 

where 

X I  = 1,  

X4 = ln (T/273) ,  

x7 = x22 , 

X i 0  = X2X7, 

X i 3  = x3x6 I and 

2 
XI2 = x4 

The c o e f f i c i e n t s  C are dependent on channel V. For each channel,  t h e  
C j  were de r ived  o f f -  1 i n e  from a least-squares f i t t i n g  o f  t h e  polynomial t o  
t r a n s m i t t a n c e s  c a l c u l a t e d  l ine-by- l ine  and convoluted wi th  t h e  s p e c t r a l  
response func t ion  f o r  a l a r g e  dependent sample of homogeneous pa ths ,  as 
desc r ibed  i n  s e c t i o n  3.3. 

The accuracy of t h i s  a lgori thm, desc r ibed  i n  t h e  p u b l i c a t i o n  cited above, 
is  more than  s u f f i c i e n t  f o r  t h i s  a p p l i c a t i o n .  I n  fact ,  t h e  l a r g e s t  errors 
i n c u r r e d  i n  c a l c u l a t i n g  t r ansmi t t ances  f o r  water vapor are not  caused by 
d e f i c i e n c i e s  i n  t h e  technique  of t h e  c a l c u l a t i o n ,  b u t  r a t h e r  by our poor 
knowledge of the mixing ra t io  of w a t e r  vapor i n  t h e  t roposphere  (Weinreb 
1977) 

3.3 Generat ion of C o e f f i c i e n t s  (Off L i n e )  

3 3.1 Line-by-line Technique 

W e  e v a l u a t e  t h e  c o e f f i c i e n t s  for t h e  approximations presented  i n  the 
p reced ing  t w o  s e c t i o n s  by f i t t i n g  each approximation t o  a set of t ransmi t -  
t a n c e s  c a l c u l a t e d  l i n e  by l i n e .  T h i s  s e c t i o n  summarizes how l ine-by-l ine 
c a l c u l a t i o n s  are done a t  NESS. subsequent  s e c t i o n s  describe how they  are 
a p p l i e d  i n  gene ra t ing  the c o e f f i c i e n t s .  

Our l ine-by- l ine  a lgor i thm w a s  developed by Neuendorffer (1977) t o  
minimize computation t i m e  without  s a c r i f i c i n g  accuracy o r  f l e x i b i l i t y .  
Transmi t tances  are produced a t  a r e s o l u t i o n  of 0 . 1  cm'l, b u t  t h e  i n t e r n a l  
computations are done a t  a r e s o l u t i o n  of 0.02 c m - l .  
r e s o l u t i o n  is inadequate  t o  t r ea t  abso rp t ion  near  c e n t e r s  of t h e  very 
narrow l i n e s  encountered a t  t h e  lowest atmospheric  pressures. The c e n t e r s  
of such spectral l i n e s  are assumed t o  be described by Vo ig t  func t ions ,  

Even t h e  l a t t e r  
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which w e  t reat  by s ingle- l ine  modellin The modelling is done only i n  the  
region of the  spectrum wi th in  0.02 cm-'*of the cen te r s  of s p e c t r a l  l i n e s  
whose widths are less than 0.006 c m - l .  Such l inewidths  occur a t  
atmospheric pressures  b e l o w  approximately 100 mb. Outside the regions t h a t  
a r e  modelled, the absorpt ion c o e f f i c i e n t  is constructed as a l i n e a r  com- 
b ina t ion  of fou r  Lorentz  func t ions  charac te r ized  by t h e i r  ( f o u r )  values of 
halfwidth.  The Lorentz  func t ions  are generated as convolutions,  which are 
accomplished e f f i c i e n t l y  v i a  f a s t  Four ie r  transforms. 

I n  applying t h i s  l ine-by-line technique t o  produce t ransmit tances  f o r  
H I R S ,  w e  used l i n e  parameters from the  1976 vers ion  of the  AGFL tape of 
l i n e  parameters (McClatchey e t  al. 1973, Rothman and McClatchey 1976). W e  
a l s o  made the fol lowing phys ica l  assumptions: 

a. 

b. 

C. 

d. 

e. 

Lorentz halfwidths  are propor t iona l  t o  T'O *5. 

The formulat ion of l i n e  s t r eng ths  fol lows McClatchey e t  al. (1973) 
and does not include a factor f o r  simulated emission. 

Linewings terminate  a t  11 cm-1 from l i n e  centers .  

For t h e  uniformly mixed gases ( b u t  not f o r  water vapor), l i n e  
p r o f i l e s  are computed as products  of Lorentz p r o f i l e s  and a 
func t ion  X ( V - V o )  (Winters e t  al. 1964, Burch e t  al .  1969, Susskind 
and Sear1 19781, where 

vQ = wavenumber a t  l i n e  cen te r ,  
and a = 11 cm-l. 

This  func t ion  reduces absorp t ion  i n  l inewings and br ings 
c a l c u l a t e d  t ransmi t tances  i n t o  accord with measurements, as 
descr ibed  i n  t h e  prev ious ly  c i t e d  references.  

Mixing ra t ios  of atmospheric gases are as given i n  sec t ion  2.3.1. 

3.3.2 C o e f f i c i e n t s  f o r  Uniformly-Mixed G a s e s  

a. H I R S  Channels 

C o e f f i c i e n t s  f o r  eqs. ( 2 2 )  and (25)  are produced as described i n  
McMillin and Fleming (1976) and Fleming and McMillin (19771, resp. The 
procedures are based on t ransmi t tances  generated l i n e  by l i n e  a t  a resolu- 
t i o n  of 0 . 1  c m - l ,  as explained i n  t he  previous section, f o r  the  range of the  
i n f r a r e d  spectrum spanned by the H I M  channels  (600-1380 cm- l  and 2100-3060 
c m - l )  . Transmittances are ca l cu la t ed  f o r  t h e  fol lowing conditions:  
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1. The 40 atmospheric l e v e l s  l isted i n  table 5. 

2. The 19 temperature p r o f i l e s  l i s t e d  i n  Appendix A. 

3. F ive  zen i th  angles:  sec0 = 1, 5/4, 6/4, 7/4, 2 .  

Since these  t ransmi t tances  are independent of any ins t rument ' s  charac- 
terist ics,  they  are computed once and f o r  a l l  and are s t o r e d  on d isk  as an 
a r r a y  with 17,400 (spectral p o i n t s )  x 40 ( l e v e l s )  x 19 ( p r o f i l e s )  x 5 
( angles  1 elements . 

Once the  spectral response func t ions  of a par t icular  HIRS instrument 
become known, w e  compute t h e  c o e f f i c i e n t s  as follows: F i r s t  t he  
0.1 cm-1-resolution t ransmi t tances  are convoluted with the  spectral 
response func t ions  f o r  the 19 channels  l i s t e d  i n  t a b l e  4. This  y i e l d s  a 19 
(channels )  x 40 x 19 x 5-element a r r a y  of mean t ransmit tances .  These are 
t h e  q u a n t i t i e s  used i n  t h e  r a d i a t i v e  t r a n s f e r  equation as def ined i n  eq. 
( 4 ) .  Henceforth w e  o m i t  the m d i f  i e r  "mean" and r e f e r  to them simply as 
t ransmi t tances .  I n  de r iv ing  c o e f f i c i e n t s  f o r  eq. ( 2 2 1 ,  we work only with 
t ransmi t tances  ca l cu la t ed  a t  zero zeni th .  Furthermore, w e  use only the 
t ransmi t tances  generated for the f i r s t  16 o f  t h e  19 temperature  p r o f i l e s ,  
d e f e r r i n g  use of t he  remaining three p r o f i l e s  t o  test the  accuracy of eq. 
( 2 2 ) .  Hence, f o r  each combination of channel and l e v e l ,  t h e r e  are 
a v a i l a b l e  16 sets of t ransmi t tances  and t h e i r  a s soc ia t ed  values  of the  pre- 
d i c t o r s  AT, AT*, and AT**. These are used i n  a l ea s t - squa res  procedure to 
eva lua te  t h e  c o e f f i c i e n t s  f o r  eq. ( 2 2 ) .  

W e  check the v a l i d i t y  of the  c o e f f i c i e n t s  by applying eq. ( 2 2 )  i n  calcu- 
l a t i n g  t ransmi t tances  f o r  the remaining th ree  temperature p r o f i l e s  i n  
Appendix A . "Correct" t ransmi t tances  have a l ready  been generated as 
descr ibed  previously,  v i a  l ine-by-l ine c a l c u l a t i o n s  and convolutions with 
t h e  instrument response funct ions.  The "er rors"  i n  the  t ransmi t tances  from 
eq. ( 2 2 )  are less than 0.002 f o r  most channels and l e v e l s  when the. proce- 
dures  are working s a t i s f a c t o r i l y .  

C o e f f i c i e n t s  f o r  eq. (25 )  are generated by procedures descr ibed i n  
Fleming and McMillin (1977).  W e  u t i l i z e  t ransmi t tances  ca l cu la t ed  f o r  f i v e  
z e n i t h  angles  t o  form "deviat ions"  from zero  zeni th ,  T (v,B ,i)- T( v,O ,i). 
For each combination of channel and l e v e l ,  t h e r e  are a v a i l a b l e  16 
( p r o f i l e s )  x 4 ( z e n i t h  dev ia t ions )  sets of devia t ions  and the i r  assoc ia ted  
va lues  of t h e  p r e d i c t o r s  AT** and (sec 0 -1) .  These are used i n  a least- 
squares  procedure to eva lua te  t h e  c o e f f i c i e n t s  i n  eq. (25 ) .  The v a l i d i t y  
of t hese  c o e f f i c i e n t s  is s i m i l a r l y  t e s t e d  on the  t ransmi t tances  f o r  the  
t h r e e  remaining temperature profiles. 
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b. SSU Channels 

Coef f i c i en t s  for eqs. ( 2 2 )  and (25) are evaluated for the  S S U  chan- 
n e l s  by procedures s i m i l a r  t o  those f o r  t he  H I R S  channels,  but  with two 
d i f f e rences .  The f i r s t  is r a t h e r  minor: Calcu la t ions  are done not f o r  the  
f i v e  zeni th  angles l i s ted  previously,  bu t  fo r  f i v e  nadi r  angles--OO, So, 
lSO, 2 5 O ,  and 35O. (The l a t te r  four  angles  a r e  the  nominal scan pos i t i ons  
of the SSU. )  The second d i f f e rence  is i n  the line-by-line algorithm. For 
t h e  SSU , t he  l ine-by-line computations are done by D r .  David P i c k  (1980) 
of t h e  B r i t i s h  Meteorological Off ice .  They are based on the  program o r ig i -  
n a l l y  descr ibed by Drayson (1966) ,  and they use l i n e  parameters f r o m  the 
AFGL t a p e  (McClatchey e t  a l .  1973). For each of t he  19 temperature  pro- 
f i l e s ,  t ransmi t tances  are computed a t  0.1-cm-l r e s o l u t i o n  for r ad ia t ion  t r a -  
ve r s ing  t h e  atmosphere and the C02 i n  t h e  1 cm-l-long SSU cel l .  
computations are done t w i c e ,  once f o r  the  h ighes t  and once f o r  t he  lowest 
p re s su res  achieved i n  the  cel l  during modulation. The t h e o r e t i c a l  SSU 
t ransmi t tances  r e s u l t  when one convolutes the d i f f e rence  between the  two 
computations w i t h  the SSU's f i l t e r  response funct ions.  F i n a l l y ,  empir ical  
adjustments are appl ied  t o  the  t h e o r e t i c a l  t ransmi t tances ,  based on 
measurements made with the  S S U  i n  the  laboratory.  The l ine-by-line calcu- 
l a t i o n s  are done twice--for a c e l l  having the  nominal value of mean 
p res su re ,  and f o r  a cel l  having a mean pressure  t h a t  is 10 pe rcen t  higher.  
The t w o  r e s u l t i n g  a r r ays  of t ransmi t tances ,  each 3 (channels )  x 40 ( l e v e l s )  
x 19 (prof i les)  x 5 ( ang le s )  i n  s i z e ,  are then given to  N E S S .  

The 

Shor t ly  before  launch of t he  TOVS, the  B r i t i s h  Meteorological Off ice 
provides  NESS with the  "e f f ec t ive"  mean c e l l  p ressure ,  which it has deter- 
mined by r equ i r ing  agreement i n  the  0.5-transmittance region between calcu- 
l a ted  t ransmi t tances  and those obtained i n  the laboratory.  ( A f t e r  launch, 
it is planned t h a t  the B r i t i s h  Meteorlogical O f f i c e  occas iona l ly  provide 
NESS with rev ised  e f f e c t i v e  mean cel l  pressures  t h a t  are determined from 
comparisons between radiance measurements and in t eg ra t ed  rocketsonde 
p r o f i l e s .  ) A t  N E S S ,  w e  i n t e r p o l a t e  t h e  t ransmi t tances  to  the  e f f e c t i v e  mean 
c e l l  pressure ,  using the  two a r r ays  of t ransmi t tances  provided by the  
B r i t i s h .  The c o e f f i c i e n t s  f o r  eqs .  ( 2 2 )  and (25)  are then determined and 
checked by the  procedures descr ibed i n  part ( a )  of t h i s  s ec t ion .  

3.3.3 Coef f i c i en t s  €or S p e c t r a l  L ines  of Water Vapor 

Coef f i c i en t s  f o r  eq. (29 )  are determined f r o m  a s e t  of t ransmi t tances  
computed l i n e  by l i n e  for 144 homogeneous pa ths  i n  water vapor-air  mix- 
t u r e s .  (Recall t h a t  a homogeneous path is one i n  which the temperature,  
p re s su re ,  and water-vapor mixing r a t i o  each have a s i n g l e  value, as i n  a 
l abora to ry  cell.  1 The condi t ions  de f in ing  the  144 pa ths  are l i s t e d  i n  
Appendix B. Transmittances a r e  generated l i n e  by l i n e  a t  a r e so lu t ion  of 
0 . 1  cm-l f o r  t h e  spectral range of 270-1650 cm-l and 2100-3060 cm-l, 
y i e l d i n g  a 23400 ( s p e c t r a l  p o i n t s )  x 144 ( p a t h s )  a r ray .  These t ransmit tan-  
ces are independent of any ins t rument ' s  c h a r a c t e r i s t i c s  and are computed 
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once and f o r  a l l  and s to red  on disk.  Once the  c h a r a c t e r i s t i c s  of a given 
H I R S  instrument are known, the  t ransmi t tances  are convoluted with t h e  
s p e c t r a l  response func t ions  i n  the  13 channels t h a t  experience water vapor 
absorption (see t a b l e  41, producing a 13 (channel) x 144-element a r ray  of 
(mean) transmitfances.  For each channel, w e  f i t  eq. (29) by least squares 
t o  t h e  144 t ransmi t tances  and t h e i r  assoc ia ted  values of P ,  T, and U, 
thereby eva lua t ing  the  c o e f f i c i e n t s  C i ,  i=l,. . . ,  14. 

4. OTHER ALGORITHMS I N  THE INFRARED 

4.1 Ozone 

There is  an ozone absorption band a t  14 pm t h a t  overlaps the  15-pm 
C02 band. Even though t h i s  ozone band is weak, it cannot be ignored, 
because it can a f f e c t  t h e  absorption i n  t h e  690-cm-l channel by as much as 
10 percent.  On t h e  o the r  hand, the band's weakness allows us to make 
s i m p l i f i c a t i o n s  i n  t h e  algorithm used account f o r  i ts  absorption. 

As table 4 ,  shows, w e  compute ozone t ransmi t tances  only i n  channels 1-7. 
W e  do not compute t r a n s m i t t a n c e s  ope ra t iona l ly  f o r  channel 9. Although 
channel 9 is s p e c t r a l l y  loca ted  near t h e  center  of ozone's 9.6-pm absorp- 
t i o n  band and is used i n  opera t iona l  r e t r i e v a l s  of total  ozone amounts, t h e  
r e t r i e v a l  is by regression, and t ransmi t tances  are not involved. 

Br i e f ly ,  t h e  scheme is a l i n e a r  i n t e rpo la t ion ,  based on total  ozone 
amount, between t w o  t ransmi t tance  p r o f i l e s  ( t ransmi t tance  vs atmospheric 
l e v e l )  corresponding to opposing extreme d i s t r i b u t i o n s  of ozone. The two 
t ransmi t tance  p r o f i l e s  w e r e  c a l cu la t ed  l i n e  by l i n e  (Kunde and Maguire 
1974 f o r  s p e c i f i c  ozone concentration p r o f i l e s  having t o t a l  ozone amounts 
of 257 and 480 Dobson u n i t s  (one Dobson u n i t  equals c m  of ozone a t  
NTP). The t w o  concentration p r o f i l e s  w e r e  assumed to be t yp ica l  f o r  these  
two extreme t o t a l  ozone amounts. The line-by-line ca l cu la t ions  of 
t ransmi t tance ,  averaged over 0.1-cm-l i n t e r v a l s  (see Section 3.3.1 f o r  
details  of s i m i l a r  c a l c u l a t i o n s ) ,  w e r e  convoluted with the  instrument 
response function. W e  w i l l  r e f e r  to t h e  r e s u l t i n g  two transmittance pro- 
f i l e s  henceforth as T257 (V ,O  ,i) and T480 (v,O ,i) , where V is the  wavenumber 
corresponding t o  the-  response func t ion  cen t ro id  f o r  t he  channel, t he  zero 
refers to t h e  zero zen i th  angle, and i is t h e  index corresponding to 
atmospheric pressure  (see table 5 ) .  

With t h e  p r o f i l e s  '257 and T480 i n  hand, one needs only the  total 

The total  ozone amount fl is computed 
ozone amount corresponding to the  geographical loca t ion  a t  which the  
t ransmi t tance  curve is required. 
simultaneously with t h e  o ther  opera t iona l  sounding products. However, i f  
t h i s  estimate is not ava i l ab le  to a user,  fl can be computed from climatolo- 
g i c a l  data of f ig .  9. For purposes of automatic computation on a computer 
one can e i t h e r  f i t  t he  four  curves i n  f ig .  9 by closed-form a lgebra ic  
expressions,  such as polynomials, o r  set up a t a b l e  of values ex t rac ted  
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from t h e  f igure .  I f  a f i n e r  breakdown of the  data than by season is 
requi red ,  one can i n t e r p o l a t e  between the  closed-form expressions o r  inter- 
polate among the  t abu la r  values ,  a s  the  case may be. Also,  even though it 
is not  r e a l l y  correct, t he  winter  curve of f ig .  9 i s  used a s  the  Southern 
Hemisphere summer curve, and so for th .  For a mre d e t a i l e d  and up-to-date 
graph of t h e  d i s t r i b u t i o n  of ozone by season and l a t i t u d e  ( inc lud ing  the  
Southern Hemisphere) see London (1978). 

The l i n e a r  i n t e r p o l a t i o n  formula t h a t  y i e l d s  the  estimate of t he  
t ransmi t tance  p r o f i l e  a t  zero zeni th  angle is given by 

(30 1 P ( v , O , i )  = (1-a) T~~~ (v,O,i) + a T~~~ ( v , O , i ) ,  

where t h e  i n t e r p o l a t i o n  parameter a is obtained from the  ratio 

a =  Q - 257 
480-257 = 0.00448 R -1.152. (31 1 

N o t e  t h a t  f o r  ozone amounts ou ts ide  the range 257 t o  480 Dobson u n i t s ,  
eq. (30)  r ep resen t s  an ex t rapola t ion .  

Equation (30) must be general ized f o r  t ransmi t tances  ca l cu la t ed  a t  
nonzero zen i th  angles.  I t  was found t h a t  the  following form yielded 
s a t i s f a c t o r y  resu l t s :  

The c o e f f i c i e n t s  a and b i n  eq. (32) are determined from t w o  special values 
of T i n  eq. (321, namely, T = T257 (v, 60°, i) and T = '480 (v, 6 O o , i ) ,  
which y i e l d  the  r e s u l t s  

I n  T (v,6Oo,i) 

I n  \s7 (v ,  0, i) 

1n.r (v,600,i) 

I n  P~~~ (v,O,i) 

*- 1 257 
a v ( i )  = 

and 

- 1  480 
b V ( i )  = 

( 3 3  1 

(34) 

I t  is clear f r o m  eqs. (33) and (34) t h a t  t o  cons t ruc t  eq. (32) one needs 
t ransmi t tance  values  for T257 and T480 a t  zeni th  angles  of 00 and 60°, a t  
each of the 40 pressure l e v e l s  and f o r  each of t he  f i r s t  seven TOVS chan- 
ne ls .  These 1120 da ta  values  must be regenerated each t i m e  a new TOVS 
inst rument  package is launched. 
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Equation ( 3 2 )  now provides a general  expression f o r  t he  ozone t ransmi t tance  
curves,  corresponding t o  t o t a l  ozone amount Q, f o r  each of t he  f i r s t  seven 
TOVS channels  (which are the only ones a f f e c t e d  by t h i s  absorp t ion)  a t  any 
z e n i t h  angle  seen by the HIRS instrument  and a t  any of t he  pressure  l eve l s .  

4.2 Water-Vapor Continua 

Water vapor 
which depends 
which depends 
e t  a l .  1976). 

e x h i b i t s  absorp t ion  by two continua--the self-broadened, 
on the  square of t he  mixing-ratio,  and the  foreign-broadened, 
on t h e  f i r s t  power of the  mixing ra t io  (see, e.g., Roberts 
As table 4 shows, the self-broadened continuum con t r ibu te s  i n  

m o s t  of the i n f r a r e d  channels,  bu t  t he  foreign-broadened component is 
s i g n i f i c a n t  only f o r  channels a t  wavelengths less than 8 1J.m. The re ferences  
i n  t a b l e  6 a r e  our sources  f o r  computations of continuum transmit tances .  As 
descr ibed  i n  Weinreb and H i l l  (1980 1 ,  w e  rearrange the equat ions i n  these  
re ferences  f o r  computational convenience. L e t  T s ( v , O , i )  and T f ( v , B , i )  be 
t h e  self- and foreign-broadened continuum t ransmi t tances  f o r  a path bet- 
ween the s a t e l l i t e  and atmospheric l e v e l  i with zen i th  angle 0 .  The 
equat ions  w e  use are 

D 

D c i 
T f ( v , e , i )  = exp [-c(v) sec e/o, pq dp] , 
where t h e  i n t e g r a l s  are evaluated by the  t r apezo ida l  rule. The c o e f f i c i e n t s  
a ,  b, and c are channel-dependent and are der ived from da ta  i n  the  referen-  
ces of table 6. N o  temperature dependence is formulated f o r  t he  foreign- 
broadened continuum, i n  p a r t  because it is small and i n  part because it is 
no t  w e l l  understood. 

Table 6.--References f o r  continuum c o e f f i c i e n t s  

Channel 
1-8, 10 
13-16 
17-19 

Reference 
Roberts e t  a l .  ( 1976) 
Burch e t  a l .  ( 1373 1 
Burch e t  al. (1971) 

One w i l l  note  t h a t  t a b l e  6 omits re ferences  f o r  channels 11 and 12. 
These channels present  a d i f f i c u l t y  because they are loca ted  i n  a region of 
dense, s t r o n g  spectral l i n e s  of water vapor. Burch et  a l .  ( 1973 1 report 
t h a t  i n  t h i s  region t h e i r  measured' continuum c o e f f i c i e n t s  contain a major 
con t r ibu t ion  from l i n e s  centered wi th in  5 cm-l  of the po in t  of observation. 
Since t h i s  component of t h e  absorp t ion  is already included i n  our l i n e  
c a l c u l a t i o n  (see s e c t i o n  3.3.11, it would be included t w i c e  i f  Burch's 
c o e f f i c i e n t s  were used. Work is underway a t  NESS t o  der ive  mre s u i t a b l e  
continuum c o e f f i c i e n t s  f o r  t hese  channels. I n  the  meantime, absorpt ion by 
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t h e  cont inua has been l e f t  out  of the c a l c u l a t i o n s  in these channels. The 
r e s u l t i n g  e r r o r  is ameliorated somewhat by the  following circumstances: 
Absorption by cont'inua, p a r t i c u l a r l y  the  self-broadened component, f a l l s  
o f f  more r ap id ly  with a l t i t u d e  than does the  absorpt ion by s p e c t r a l  l i nes .  
This  is a consequence of the  cont inua ' s  s t rong  dependence on pressure and 
mixing ratio.  Because the spectral l i n e s  absorb so s t rongly  i n  these 
channels,  m o s t  of the  absorpt ion i n  these  v e r t i c a l  pa ths  takes place a t  
high a l t i t u d e s .  Therefore ,  t he  r e l a t i v e  importance of the  continuum is 
less than it would be i f  the  absorpt ion took place near the  e a r t h ' s  sur- 
f ace . 

4.3 Molecular Nitrogen 

Molecular n i t rogen  has a col l is ion-induced absorpt ion band centered a t  
2330 crn-'. 
nomenon is 

The equation f o r  c a l c u l a t i n g  the  t ransmit tance due to  this phe- 

AS described i n  Weinreb and H i l l  (1980) ,  th i s  equation follows Burch et  al .  
( 1 9 7 1 ) ,  with the  temperature dependence suggested by Susskind and Sear1 
( 1 9 7 7 ) .  The c o e f f i c i e n t s  d ( v )  are channel-dependent and are derived from 
data i n  Shapiro and Gush ( 1 9 6 6 ) .  

5. ALGORITHM FOR MICROWAVE CHANNELS 

A s  with t ransmi t tances  of spectral l i n e s  i n  the in f r a red ,  t ransmit tances  
i n  the  microwave region are computed from an e f f i c i e n t  parameter izat ion in 
l i e u  of time-consuming theoretical resonance-line ca lcu la t ions .  A s  
d i scussed  i n  s ec t ion  2.3.2, molecular oxygen dominates the  absorption i n  
the  microwave channels,  bu t  absorpt ion by water vapor must also be included 
i n  the  ca l cu la t ions .  For a channel with c e n t r a l  frequency V and fo r  
z e n i t h  angle  8, the oxygen t ransmi t tance  To2 ( V , 8 , i )  t o  atmospheric l e v e l  i 
is given by the  equat ion 

i 
T ( v , e , i )  = exp -sec ez a ( v , j ) ]  , 
O2 c j-1 ' 2  

where 

(35 1 
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and T is  atmospheric temperature.  The c o e f f i c i e n t s  a, b, and c are deter- 
mined off l i n e  from resonance-line ca l cu la t ions ,  as w i l l  be explained 
below. N o t e  t h a t  t h e  absorpt ion c o e f f i c i e n t  a (v , j ) accounts f o r  absorpt ion 
by the  gas i n  t h e  l aye r  between levels j-1 and j. Note a l s o  t h a t  eq. ( 3 5 )  
is  of the form f o r  monochromatic r ad ia t ion .  For water vapor the parame- 
t e r i z a t i o n  is s i m i l a r  t o  eqs.  ( 3 5 )  and ( 3 6 ) ,  bu t  it involves mixing ra t io  
as  w e l l  as temperature: 

1 i 
(v,e,i) = exp - secez a ( v , j )  , 

j=1 H2° 
T 
H2 O 

where 

(37 1 

and where qj is  the water-vapor mixing ratio.  The c o e f f i c i e n t s  d, e, f ,  
and g are determined off  l i ne .  The o v e r a l l  atmospheric t ransmi t tance  is 
then  computed as t h e  product of t he  t w o  components; i.e., 

W e  determine the  c o e f f i c i e n t s  i n  these  parameter iza t ions  off l i n e  by 
f i t t i n g  eqs. ( 3 6 )  and (38) t o  r e s u l t s  of resonance-line ca l cu la t ions  on a 
sample of 3 2  atmospheric temperature and humidity p r o f i l e s .  (These pro- 
f i l e s  are not  on the  EDIS tape but are ava i l ab le  on reques t  from the  
authors .  1 The resonance-line ca l cu la t ions  were developed f o r  oxygen by 
Rosenkranz ( 1 9 7 5 )  and f o r  water vapor by Barret t  and Chung (1962) .  For 
t h e s e  c a l c u l a t i o n s ,  each channel is subdivided i n t o  twenty 1 1 -MHZ i n t e r -  
v a l s .  (Recall  t h a t  each channel has a spectral bandpass of 220 MHz). 
Resonance-line c a l c u l a t i o n s  are done i n  each i n t e r v a l  and then are averaged 
over t h e  f u l l  bandpass. For each channel and l e v e l ,  mu l t ip l e  l i n e a r  
r eg res s ion  determines the  t h r e e  c o e f f i c i e n t s  i n  eq. ( 3 6 )  from the r e s u l t i n g  
32 pairs o f %  and T. For water-vapor, t h e  four  c o e f f i c i e n t s  are determined 
from t h e  32 t r i p l e t s  of 2 

aH20, T, and q. 

Although t h e  cu r ren t  opera t iona l  procedure8 use eq. (391 ,  a f u t u r e  
improvement might be t o  recast the  equat ion i n  a form not involving expo- 
n e n t i a l s ,  which are time-consuming t o  c a l c u l a t e  on the  computer. To do 
t h i s ,  w e  rewrite eq. ( 3 9 )  as 

I n  t h i s  equat ion t h e  argument of the exponent ia l  is much smaller than uni ty  
f o r  t h e  t h i n  l aye r s  considered here. Hence, t he  exponent ia l  can be 
approximated by the f i r s t  two t e r m s  i n  a Maclaurin series; i . e . ,  
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T ( v , e , i )  = T ( v , e , i - l )  ( v , i )  + a ( v , i ) )  sec e . 
*2 O 1 

The la t te r  formula allows the t ransmi t tances  t o  be ca l cu la t ed  without 
exponent ia l s  

6. EXAMPLES 

This  s ec t ion  p resen t s  examples of t ransmi t tances  computed by the methods 
of t h i s  repor t .  A l l  are based on the  sub t rop ica l  atmosphere whose p r o f i l e s  
of temperature and water-vapor mixing ra t io  appear i n  f ig .  10. This  
atmosphere has 3.4 c m  of p r e c i p i t a b l e  water. The computations also require 
a value of the  t o t a l  ozone amount, f o r  which w e  used 312 Dobson uni t s .  A l l  
c a l c u l a t i o n s  are done f o r  a zeni th  angle of Oo. Figures  11-14 p r e s e n t  pro- 
f i l es  of ca l cu la t ed  t ransmi t tances  vs atmospheric pressure  ( a l t i t u d e )  f o r  
m o s t  channels of the  HIRS, SSU and MSU. N o t  shown are t ransmi t tances  f o r  
channels 18 and 19,  which have less absorpt ion than even channel 8 ;  and f o r  
channel 9 ,  which was not t r e a t e d  i n  this report .  

What con t r ibu t ion  does each atmospheric cons t i t uen t  make to the  overall 
atmospheric t ransmi t tance?  Figure 15 answers t h i s  quest ion f o r  channel 4 
of the  H I R S ,  d i sp l ay ing  sepa ra t e  p r o f i l e s  of t ransmi t tance  f o r  each const i -  
t u e n t ,  as w e l l  as the  p r o f i l e  of o v e r a l l  atmospheric t ransmit tance.  
F igures  16-19 i s o l a t e  t he  t ransmi t tance  p r o f i l e s  s i m i l a r l y  f o r  each const i -  
t u e n t  f o r ,  resp. ,  channels 7,  1 0 ,  and 15 of  the  HIRS and channel 4 of the  
MSU 

7. CONCLUSION 

W e  have summarized t h e  procedures used by the  Nat iona l  Ea r th  S a t e l l i t e  
Serv ice  t o  produce atmospheric t ransmi t tance  func t ions  f o r  t h e  TIROS 
Opera t iona l  Vert ical  Sounder. They are composite t ransmi t tances  i n  that  
they  include a l l  atmospheric gases t h a t  con t r ibu te  t o  the absorpt ion i n  
each channel. While these t ransmi t tance  ca l cu la t ions  are more comprehen- 
s i v e  than those  f o r  earlier sounders, they s t i l l  s a t i s f y  the  dual require- 
ments of ope ra t iona l  data processing: accuracy and ef f ic iency .  An 
IBM-compatible magnetic tape  of the  software necessary to  implement these  
procedures can be obtained from NOAA's  Environmental D a t a  and Information 
Serv ice  a t  the address  given i n  the  In t roduc t ion  of t h i s  report .  
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W a 

PRESSURE = 22.4 MB 

Figure 1.--locations of idealized spectral intervals of HI% channels 1-7 with atmospheric spectrum 
(Murcray et al. 1971) measured from balloon at altitude of 22.4 mb. 
of transmittance. 

Ordinate is in units 
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Figure 2.-- As in f ig .  1 for HIM channels 13-17. Spectrum ca lcu la ted  by Kyle and Goldman (1975) for  
a v e r t i c a l  path from a l t i t u d e  of 30 km t o  space. 
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Figure 3.-- Locations of idealized spectral intervals of HIRS channels 10-12 with low-resolution 
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of broadening gas (nitrogen). 
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The four curves correspond to the four sets of values of U 
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Figure 4.--As i n  f i g .  1, for HIRS channel 8. Atmospheric spectrum from Weinreb and H i l l  (1980). 
(The "feature" between 930 and 935 cm" is c a l i b r a t i o n ,  no t  atmospheric absorption.)  
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Figure lO.--Profiles of temperature and water-vapor mixing ratio. 
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Figure 11.--Profiles of transmittance vs atmospheric pressure for HIRS channels 1-7. 
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Figure 13.--As in fig. 11, for HIRS channels 13-17. 
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Figure 14.--As in f i g .  11, for  the SSU and MSU channels. 
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Figure 16.--As in f i g .  15, for  HIRS channel 7. 
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APPENDIX A. THE 19 TEMPERATURE PROFILES 

Table ~l lists the temperature prof i les  t ha t  are the basis for the com- 
putations of coeff ic ients  for  the rapid transmittance algorithm (eqs. ( 2 2 )  
and (25) ) f o r  the uniformily-mixed gases. Note that  the f i r s t  prof i le  is 
the U.S. standard Atmosphere (COESA 1962). Prof i les  2-7 a re  displacements 
of the standard Atmosphere by 5 10, + 20, and + 30% a t  a l l  levels. Only 
the f irst  sixteen of these prof i les  :re actually used in producing the 
coeff ic ients .  
the coefficients.  

The l a s t  three prof i les  are used in checking the val idi ty  of 
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Table A1.--Temperature profiles. 
Note that profiles 2-7 are displacements of the Standard Atmosphere 

by + 10, + 20, and + 30%. - - - 

PRESSURE STAND. 
(mb) ATMOS. 8 9 10 1 1  12 13 14 15 16 
001 180.7 207.0 206.0 188.0 210.0 217.0 209.0 192.0 179.0 207.0 
04 
07 

.1 
04 
07 

1 s o  

1.3 
1.6 
2 
2.5 
3 
4 
5 
6.5 
8 
10 
13 
16 
20 
25 
30 
40 
50 
65 
80 
10 0 
130 
160 
200 
250 
300 
40 0 
500 
650 
800 
1000 

21 1.6 
226.0 
235 05 
264 -6 
270 06 
270 06 
267 02 
262 06 
257 09 
253 r2 
249 04 
243 06 
239.2 
234 1 
230 02 
227 07 
226.0 
224 06 
223 1 
221 07 
220 05 
218.6 
217.2 
216.6 
216.6 
216.6 
216.6 
216.6 
216.6 
220 08 
228 06 
241 04 
251 09 
264 8 
275 *5 
287 04 

229 -0 
238.0 
244 0 
263 00 
260 -0 
254 0 
246 0 
240 00 
233 e 0  
226 00 
221 .o 
216.0 
213.0 
210 .o 
207.0 
204 0 
204 0 
204 0 
204 0 
203.0 
202 .o 
205.0 
21 1.0 
209.0 
210.0 
212.0 
212.0 
210.0 
207.0 
213.0 
221 .u 
235 -0 
226 0 
238 -0 
248 0 
245 .O 

228.0 
237 00 
243 00 
262 00 
259 00 
252.0 
243 00 
236.0 
230 .O 
222 .o 
217.0 
212.0 
208.0 
204 -0 
201 .o 
197.0 
197.0 
198.0 
198.0 
198.0 
198.0 
199.0 
200 s o  

202 s o  

204.0 
205 0 
209.0 
21 1.0 
212.0 
213.0 
214.0 
218.0 
226.0 
238.0 
248.0 
245.0 

214.0 
224.0 
231 00 
256 00 
266 -0 
266 0 
262.0 
258 0 
254.0 
250 .O 
247.0 
242.0 
239.0 
235.0 
232 .O 

227.0 

224.0 
223 00 
220 .o 
215 .O 
211.0 
204.0 
200 .o 
200.0 
204.0 
21 1.0 
219.0 
229.0 
239 -0 

228 00 

226.0 

255 .O 

278.0 
266 0 

287.0 
292 0 

231 00 
239.0 
244.0 
264 00 
267 00 
267.0 
260 00 
256.0 
250.0 
245 .O 
241 -0 
236.0 
232 00 
227 00 
224.0 
220.0 
218.0 
216.0 
214.0 
212.0 
212.0 
212.0 
21 1.0 
211.0 
210.0 
209.0 
212.0 
213.0 
211.0 
214.0 
224 e 0  
240 .O 
253 00 
269 0 
279.0 
272.0 

237.0 
245.0 
250 00 
271 -0 
274.0 
274.0 
270 00 
266 0 
263 . 0 
259.0 
256.0 
251 00 
248 0 
243 -0 

236.0 
240 -0 

231 -0 
228.0 
221 .o 
217.0 
213.0 
21 1.0 
210.0 
209.0 
205.0 
207.0 
213.0 
219.0 
224 S O  

224 0 
228.0 
237 00 
248 0 
259 0 
269.0 
271 00 

229.0 
237.0 
242.0 
262 00 
271 S O  

273.0 
268.0 
265 0 
262eO 
258eO 
255.0 
250 00 
246.0 
242 00 
238.0 
235 00 
231 00 
228.0 
225.0 
222.0 
219.0 
214.0 
209.0 
203 00 
201 .o 
203.0 
210.0 
216.0 
222 .o 
225 -0 
230 -0 
246.0 
258.0 
273.0 
275.0 
270 -0 

216.0 
226.0 
232 -0 
257 -0 
267 0 
267 0 
262 e 0  
258.0 
254 -0 
250 .O 
247 0 
240 -0 
235.0 
234.0 
232 .O 
229.0 
230.0 
228.0 
227.0 
221 .o 
219.0 
213.0 
209.0 
198.0 
198.0 
195.0 
206.0 
212.0 
221 .o 
228 00 
237 0 
254.0 
266.0 
279.0 
283 -0 
294.0 

211.0 
224.0 
232 00 
264 -0 
277.0 
267 0 
263.0 
260 -0 
256.0 
252 -0 
249 0 
244.0 
241 00 
237.0 
234.0 
230 -0 
227.0 
224.0 
222.0 
220 .o 
218.0 
214.0 
209.0 
204 0 
201.0 
198.0 
206 0 
212.0 
220 .o 
230 -0 
239 0 
256.0 
269.0 
278.0 
287 0 
300 -0 

229.0 
238 0 
244 -0 
262 -0 
259.0 
252 00 
244.0 
237.0 
230 00 
222 .o 
217.0 
212.0 
208.0 
204 -0 
201 .o 
198.0 
198.0 
198.0 
199.0 
199.0 
199 .o 
197.0 
203 -0 
204.0 
203 e 0  
208 0 
208.0 
209 0 
209.0 
208 00 
215.0 
230 e 0  
240 -0 
252 -0 
260 e 0  
245.0 
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Table A1.--Temperature profiles (continued) 

TEST CASES 
60N Point 
Jan . Mugu "CRAZY 
224 -2 
246 2 
247 e5 
247 08 
261 a2 
257 09 
252 e 8  
248 1 
244 -0 
239.4 
234 -7 
230 -9 
225 02 
221 e3 
217.4 
214.9 
212.8 
21 1.3 
210.8 
210.8 
211 06 
212.7 
214.8 
216.4 
217.8 
218.2 
217.8 
215.6 
213.4 
212.1 
213 e 0  
216.6 
228.0 
239.5 
252.1 
258 04 
257 -5 

192.0 220.0 
219.4 240.0 
229.6 260.0 
235.6 270.0 
254.3 260.0 
259.1 250.0 
261.2 240.0 
262.1 230.0 
262.4 220.0 
262.2 210.0 
261.4 200.0 
260.3 210.0 
257.6 220.0 
254.7 240.0 
250.2 250.0 
245.7 260.0 
240.0 270.0 
232.1 260.0 
225.4 250.0 
218.0 240.0 
210.9 230.0 
205.7 220.0 
198.9 210.0 
195.5 200.0 
194.2 200.0 
195.6 200.0 
200.0 200.0 
209.1 210.0 
218.6 220.0 
229.9 230.0 
241.4 240.0 
250.2 242.0 
261.7 245.0 
267.4 260.0 
268.8 270.0 
265.1 260.0 
258.0 250.0 
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APPENDIX Be THE 144 HOMOGENEOUS PATHS 

These pa ths  are t h e  basis f o r  t h e  computations of coe f f i c i en t s  fo r  
t h e  polynomial r ep resen ta t ion  of water-vapor transmittances. Each path 
corresponds t o  a p a r t i c u l a r  mixture of w a t e r  vapor and a i r  t h a t  is charac- 
t e r i z e d  by its values of t h ree  parameters--total pressure,  temperature, 
and water-vapor amount. The 144 ' pa ths  comprise combinations of these 
parameters t h a t  span the  range of conditions encountered i n  real 
atmospheres. 

The 144 pa ths  are s p e c i f i e d  by combinations of s i x  values of pressure 
(i.e., P i ,  i=1, 6 ) ,  s i x  values of temperature (i.e., T j ,  j=1,6),  and s ix  
sets of water vapor amounts (i.e., CUI k,k=1,6), with each set having 12 
water-vapor amounts. The s i x  pressures  and s i x  temperatures are l i s t e d  i n  
t a b l e  Bl , while t h e  six 12-element Sets of water-vapor amounts appear in 
t a b l e  B2. 
t h a t  comprise t h e  144 paths.  For example, the f i r s t  twelve combinations 
are P l ,  T 

Table B3 lists the  allowed combinations of P i ,  T j ,  and [u], 

[U l l l ;  P I ,  T I ,  [U2If; ... PI ,  T I ,  [U12]1; and the  t h i r t e e n t h  is 
Pl r  T2r  &11* 

Table B1 .--The six values of pressure  and temperature 

Index Pressure  ( m b )  

1000 
80 0 
500 
250 
100 
50 

Temperature (%IC 

310 
290 
265 
225 
190 
220 



Element 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

Table B2.--The s i x  12-element sets of water vapor amount. 
Entries are water-vapor amounts in units of g/cm2. 

1 
23 0400 
14.251 
8.678 
5.285 
3.219 
1.960 
1 . 194 
0 7270 
0 04427 
0 2696 
0.1642 
0.1000 

2 
6.300 
4.059 
2.615 
1.685 
1.085 
0 -6992 
0.4505 
0.2902 
0 1870 
0 1205 
7 -761 ~10'~ 
5.000~10'~ 

3 
1.0200 
0 -6485 
0.4123 
0.2622 
0.1667 
0.1060 
6.738~10'2 
4.284~10'2 
2 . 724x1 Oe2 
1.732~10'~ 

7.000~10'~ 
1.101x10-2 

4 
4.50 0 xl0-2 
2 . 989x1 0'2 
1 . 986x1 0'2 
1.319~10'~ 
8.762~10'~ 
5 . 820 xl 0'3 
3.866~10'3 
2 . 568x1 0'3 
1 .706x10'3 
1.133~10'3 
7 . 527x10'4 
5.000~1 0'4 

5 
6.000~10'3 
9 . 135x1 0'3 
2.850~10'3 
1.964~10'3 
1.354~10'3 
9.330~10'~ 
6.43 1 xl 0'4 
4.432~10'~ 
3.055~10'~ 
2.105~10'~ 
1.451~10'~ 
i.000~10-4 

6 
3.000~10'3 
2.068~10'~ 
1.425~10'~ 
9.82 1 xl 0'4 
6.769~1 0'4 
4.665~1 0'4 
3.215~10'4 
2.2 16x1 0'4 
1 .527x10m4 
1 .O53x1Oe4 
7.255~10'5 
5.000~1 Od5 
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Table B3.--The 144 paths. Each combination is a set of 12 paths 

corresponding to the 12 elements of [U]k ,  

Index 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 
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(Cont inued  from i n s i d e  f r o n t  c o v e r )  

NESS 6 1  

NESS 62  

NESS 6 3  

NESS 64 

NI.:SS 65  

NESS 66 

NESS 67 

NESS 6 8  

NESS 69 

NESS 70  

NESS 71 

NJSSS 72 

NESS 7 3  

NESS 74 

NRSS 7 5  

NICSS 76 

NESS 77 
NESS 78 

NP;SS 79 

NESS 80 

NkSS 81 

NESS 82 

NESS 83  
NKSS 84 
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NOAA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

The National Oceanii and Atmospheric Administration was established as part of the Department of 
Commerce on October 3, 1970. The mission rcsponsibilities of NOAA are to assess the socioeconomic impact 
of natural and technological changes in the environment and to monitor and predict the state of the solid Earth, 
the oceans and their living resources, the atmosphere, and the space environment of the Earth. 

The major components of NOAA regularly produce various types of scientific and technical informa- 
tion in the following kinds of publications: 

PROFESSIONAL PAPERS - Important definitive 
research results, major techniques, and special inves- 
tigations. 

CONTRACT AND GRANT REPORTS - Reports 
prepared by contractors or grantees under NOAA 
sponsorship. 

ATLAS - Presentation of analyzed data generally 
in the form of maps showing distribution of rainfall, 
chemical and physical conditions of oceans and at- 
mosphere, distribution of fishes and marine mam- 
mals, ionospheric conditions, etc. 

TECHNICAL SERVICE PUBLICATIONS - Re- 
ports containing data, observations, instructions, etc. 
A partial listing includes data serials; prediction and 
outlook periodicals; technical manuals, training pa- 
pers, planning reports, and information serials; and 
miscellaneous technical publications. 

TECHNICAL REPORTS - Journal quality with 
extensive details, mathematical developments, or data 
listings. 

TECHNICAL MEMORANDUMS - Reports of 
preliminary, partial, or negative research or technol- 
ogy results, interim instructions, and the like. 

Information on availability of NOAA publications can be obtained from: 

ENVIRONMENTAL SCIENCE INFORMATION CENTER (D822) 
ENVIRONMENTAL DATA AND INFORMATION SERVICE 

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION 
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