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GOMOS retrieval
Erkki  Kyrölä

Finnish Meteorological Inst itute

1. Overview
2. Spectral inversion
3. Vertical inversion

4. Validation
5. Advanced methods

GOMOS

Envisat Summer School 2003: Kyrölä: GOMOS retrieval

Iref

occI

T ( λ) =
I r e f ( λ)

I o c c (λ )

Global Ozone Monitoring by Occultations of Stars
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Imeas(z, λ)
Istar

=T(λ)=e-
(λ)

σ(λ)Ν(z)

N(z)=- log(T)
σ(λ)

N(z)=�ρ(z(s)) ds

N= G ρ

ρ=G-1 N

Onion peeling

When we were  young

B e e r ’ s  l a w

GOMOS
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1. Single occultation at a time - no tomography

2. UVIS and IR transmissions are treated separately

3. Refractive dilution and  scintillations effects are 
eliminated before the inversion using photometer 
and ray tracing data

4. Spectral and vertical inversions separated

Level 2 inversion strategy
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M o d e l  s i m p l i f i c a t i o n s :

1 .  S e p a r a t e  s p e c t r a l  a n d  v e r t i c a l  i n v e r s i o n s

2 .  P u t   t h e  t r a n s m i s s i o n  m o d e l  t o  t h e  f o r m :

  Tmod(λk, tj)=e −τ

Tmod(λk, tj)=�� dt dλW(λ-λk,t)e−Σ�σ(λ ,T(s))ρj(s) ds

T r a n s m i s s i o n  d a t a  t o  b e  c o m p a r e d  
t o  t h e  m o d e l  t r a n s m i s s i o n

Transmiss ion model  for  ext inct ion

w h e r e  t h e  L O S  i n t e g r a t i o n  f o l l o w s  t h e  r e f r a c t e d  r a y  a t  w a v e l e n g t h  λ.

GOMOS
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Separate spectral  and vertical  inversions

τ=Σ σj(λ,Τ(s))ρj(s)ds

=Σσj
eff(λ)Νj 

Nj =  ρ j(s)d s      c o l u m n  d e n s i t y

σj
eff(λ)=

Σ σj(λ,Τ(s))ρj(s)ds

Nj

e f f e c t i v e  c r o s s  s e c t i o n

s e p a r a t i o n  o f  s p e c t r a l  a n d  v e r t i c a l  p r o b l e m

I f  a  c r o s s  s e c t i o n  i s  T -d e p e n d e n t ,  a n  i t e r a t i o n  l o o p  i s  n e e d e e d

�

�

�
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Spectral inversion:
uvis spectral inversion possibilities

Tmod=e−Σσj (λ) Νj

Linearization

Non-linear (noise is deformed  
by linearisation)

Spectrally global 
(all data, no clean windows)

Spectral 
windows

Absolute cross sections 
(aerosols, air)Differential 

cross sections
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C=covariance matrix
T=transmission vector (allt wavelengths)
N= column density vector (different constituents)

We aim to minimize

S(N)=(T obs-T mod(N))TC- 1(T obs-T m o d(N))

Solution by Levenberg-Marquard algorithm

Spectral inversion
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Residual=Tmodel-Tobserved

Movie not included in this version

GOMOS
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Minimize 
(Tmittaus(λ) − e−σ otsoni(λ)Notsoni−σ NO2 (λ)NNO2 )2

Experiment
(© P. Pirjola)

Levenberg-Marquardt
(© J. Tamminen)

Notsoni,NNO2

Interaction not included
in this version

Movie not included
in this version
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N = �ρ( z ( s ) )  d s

D i s c r e t i z a t i o n  o f  t h e  a t m s p h e r e  i n t o  l a y e r s :

S i m p l e  m a t r i x  e q u a t i o n
N =∆ ρ

I f  n u m b e r  o f  l a y e r s = n u m b e r  o f  m e a s u r e m e n t s ,

t h e  o n i o n  p e e l i n g  p r o b l e m .  

Vertical inversion

N=Σρ(si) ∆si

GOMOS
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I n  t h e  G O M O S  G S  t h e  d e n s i t i e s  a r e  t a k e n  l i n e a r  f u n c t i o n s  o f  a l t i t u d e :

 (zj-1-z)ρj+(z- zj)ρj-1ρ(z)=
 zj-1-zj

T h i s  l e a d s  t o  a  l i n e a r  m a t r i x  e q u a t i o n

N = Kρρ

w h i c h  c a n  b e  s o l v e d  i n  s t a n d a r d  m e t h o d s .

Vertical  inversion- profi les
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1. Effective cross section update:

After the first vertical inversion we can calculate the first real effective cross sections
and carry out the spectral spectral and vertical inversion again. 

2. New atmosphere:

After the vertical inversion we have obtained new estimates for neutral 
density and temperature. Thid data (if rel iable) 

can be used in the calculat ion of the temperature dependent 
cross sections. We may also carry out a new ray tracing calculation.

Iteration: level 2 loops

GOMOS
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Iteration: Gomos atmosphere

1 .  I n  L e v e l  1  t h e  a t m o s p h e r e  ( d e n s i t y  a n d  t e m p e r a t u r e )   i s  f o r m e d  f r o m :

A .  E C M W F  a n a l y s i s  o r  f o r e c a s t
B  M S I S 9 0  m o d e l  a b o v e  E C M W F  d a t a

2 .  A f t e r   o n e  i t e r a t i o n  o v e r  s p e c t r a l -v e r t i c a l  i n v e r s i o n  a  n e w  d e n s i t y  
a n d  t e m p e r a t u r e  p r o f i l e  c a n  b e  d e r i v e d  f r o m :

A .  R a y l e i g h  e x t i n c t i o n
B .  O 2  a b s o r p t i o n  i n  I R  s p e c t r o m e t e r
C .  T i m e  d e l a y  b e t w e e n  t h e  t w o  p h o t o m e t e r s

A d d i t i o n a l  s o u r c e s  c o u l d  b e

R e f r a c t i v e  d i l u t i o n
O 3  t e m p e r a t u r e  d e p e n d e n t  c r o s s  s e c t i o n s

S t a r  p o i n t e r  a n g l e  i . e .  r e f r a c t i o n  a n g l e  ( L e v e l  1 )
R a y l e i g h  s c a t t e r i n g  i n  b a c k g r o u n d  t e r m  ( n o t  E S A  p r o d u c t )
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T h e  d i r e c t  i n v e r s i o n  u s e d  f o r  t h e  U V I S - s p e c t r o m e t e r

c a n n o t  b e  u s e d  f o r  I R -s p e c t r o m e t e r  
b e c a u s e  t h e  m o d e l  t r a n s m i s s i o n  i s  c o m p u t a t i o n a l l y  t o o  d e m a n d i n g .

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

( e a c h   d i f f e r i n g  b y  t h e  v a l u e  o f  t h e  c o l u m n  d e n s i t y  o f  O 2  o r  H 2 O ) :

Tobs(λ) Tmod(λ, Ν)

y=a log( Tm o d(l, N) )+ λ
b +c

I R  S P E C T R A L  I N V E R S I O N
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B y  c o r r e l a t i n g  t h e  t i m e  s e r i e s  o f  b l u e  a n d  r e d  p h o t o m e t e r s ,  

a  t i m e  d e l a y  o f  t h e  r a y s  c a n  b e  f o u n d .   
F r o m  i t  w e  c a n  d e r i v e  t h e  f i n e  s t r u c t u r e d  r e f r a c t i o n  a n g l e .

F r o m  t h e  r e f r a c t i o n  a n g l e  w e  c a n  f i n d  t h e  r e f r a c t i v e  i n d e x

F i n a l l y  t h e  n e u t r a l  d e n s i t y  i s  g i v e n  b y

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

ρ(z)=ρs m(hblue(z) )
a(λ)

δblue-δred=vz ∆t
L

δblue= δblue-δred
∆m/m

High resolution temperature profi le

1 δblue(h) dhm(hblue)=     �π √(R+h) 2-(R+hblue)2
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Consistency

1 .  I n  L e v e l  1  t h e  a t m o s p h e r e  ( d e n s i t y  a n d  t e m p e r a t u r e )   i s  f o r m e d  f r o m :

A .  E C M W F  a n a l y s i s  o r  f o r e c a s t
B  M S I S 9 0  m o d e l  a b o v e  E C M W F  d a t a

2 .  A f t e r   o n e  i t e r a t i o n  o v e r  s p e c t r a l -v e r t i c a l  i n v e r s i o n  a  n e w  d e n s i t y  
a n d  t e m p e r a t u r e  p r o f i l e  c a n  b e  d e r i v e d  f r o m :

A .  R a y l e i g h  e x t i n c t i o n
B .  O 2  a b s o r p t i o n  i n  I R  s p e c t r o m e t e r
C .  T i m e  d e l a y  b e t w e e n  t h e  t w o  p h o t o m e t e r s

A d d i t i o n a l  s o u r c e s  c o u l d  b e

R e f r a c t i v e  d i l u t i o n
O 3  t e m p e r a t u r e  d e p e n d e n t  c r o s s  s e c t i o n s

S t a r  p o i n t e r  a n g l e  i . e .  r e f r a c t i o n  a n g l e  ( L e v e l  1 )
R a y l e i g h  s c a t t e r i n g  i n  b a c k g r o u n d  t e r m  ( n o t  E S A  p r o d u c t )

GOMOS
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Stat is t i ca l  compar ison for l idars (40  cases)

Envisat ACVT: Yasjka Meijer , RIVM et al. 
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G O M O S  o z o n e  v a l i d a t i o n :  G O M O S vs S A G E  III 

Envisat A C V T

Gha s s an  Taha, Univers i ty of  Ar izona and  NASA Langley Research 
Center ,  W. P. Chu , and C.L. Trepte NASA Lang ley  Research Center

GOMOS
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G O M O S  o z o n e  v a l i d a t i o n :  G O M O S vs M I P A S

E. Kyrölä , J. Tamminen , V. Sof ieva,  FMI and
Mathias Milz,  University of Kar lsruhe
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GOMOS high resolution T vs ECMWF and lidar

A. Hauchecorne,  Serv ice d’Aeronomie

GOMOS

Envisat Summer School 2003: Kyrölä: GOMOS retrieval

ENVISAT
LRAC

Kiruna

FIN-CoPAC
FMI

Sodankylä

DLRESRINARTEMIS

Met

offices
Users

G O M O S  d a t a  f l o w

Off-line Level 2

Near-real time 
level 2

Off-line Level 1b
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Spectral
inversion

Future developments: one-step

Vertical 
inversion

Level 2
data 

Level 1
data

One-step
inversion

N o  o f  w a v e l e n g t h s = 1 5 0 0
N u m b e r  o f  l a y e r s = 7 0

i . e .   1 0 5 0 0 0  d a t a  p o i n t s

N o  o f  g a s e s = 5
N u m b e r  o f  l a y e r s = 7 0

i . e .   3 5 0  u n k n o w n s

But:
it works!

GOMOS
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w h e r e
m = p a r a m e t e r ( s )  t o  b e  e s t i m a t e d

d = d a t a
P ( m ) =  a  p r i o r i  d i s t r i b u t i o n  o f  m

P ( d | m ) =  l i k e l i h o o d  f u n c t i o n
P ( m | d ) =  p o s t e r i o r i  p r o b a b i l i t y  d e n s i t y  o f  m

Bayesian estimation

P(m|d)=
P(d|m)P(m)

P(d)

P(N|Tobs)=e -( T o b s- e−ΣΝσ)2 e- ( N - N p r) 2
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P o s t e r i o r  d e n s i t y  P ( m | d )  i n c l u d e s  a l l  t h e  i n f o r m a t i o n w e  h a v e  
o n  t h e  m e a s u r e m e n t s ,  m o d e l l i n g  a n d   p r i o r  i n f o r m a t i o n .

B u t  h o w  t o  m a k e  u s e  o f  i t ?  H o w  t o  c h a r a c t e r i s e  t h e  d i s t r i b u t i o n  a n d
h o w  t o  f i n d  e s t i m a t o r s ?

< m > =�P ( m | d )  m  d m

mp r=  m a x ( P ( m | d ) )

F o r  l i n e a r ,  G a u s s i a n  p r o b l e m s ,  t h i n g s  a r e  s t r a i g h t f o r w a r d

P ( m | d ) = e- (m-<m>)TQ(m-<m>)/2

F o r  o t h e r s :

-a r e  t h e r e  m u l t i p l e  m i n i m a ,  f l a t  r e g i o n s ,  v a l l e y s ,  r i d g e s ?
- w h a t  a r e  ” g o o d ”  e s t i m a t o r s  f o r  c o m p l i c a t e d  d i s t r i b u t i o n s ?

Posterior density

GOMOS
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Ultimate estimators: Markov chain Monte Carlo 

B l i n d  M r .  L e v e n b e r g :  T h a t ’ s  i t !M r .  M a r k o v :  

H o l d  y o u r  h o r s e s

T w i n  p e a k s  d r a m a

T o p  g u y :  Y e s ! M e a n  g u y :  < S o r r y  b u t . . . >

F l a t n e s s  d u l l n e s s
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Markov chain  Monte  Carlo

<x i>=     Σ z t
i

E s t i m a t o r s  f r o m  M C M C

1

N t

N

GOMOS
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M a r g i n a l  p o s t e r i o r  d i s t r i b u t i o n s  a t  3 0  k m  f o r  d i f f e r e n t  g a s e s

B r i g h t

s ta r

W e a k  
s ta r

M C M C  e x a m p l e s
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M a r g i n a l  t w o -d i m e n s i o n a l   p o s t e r i o r  d i s t r i b u t i o n s  a t  3 0  k m  f o r  d i f f e r e n t  g a s e s

M C M C  e x a m p l e s

GOMOS
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D e t e r m i n a t i o n  o f  m o d e l  d i m e n s i o n :   R e v e r s i b l e  j u m p  M C M C

E x a m p l e s :  w h a t  a b s o r b e r s ,  w h a t  k i n d  o f  a e r o s o l  m o d e l

Measurement  or  re tr ieva l  des ign  by  MCMC

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

s p e c t r a l  d a t a .  B l u e :  1 4 1 7  w a v e l e n g t h s ,  r e d :  e v e r y  s e c o n d ,  g r e e n : e v e r e y  f o u r t h



ESA-ESRIN, Frascati, Rome, Italy

18th – 29th August 200318

GOMOS

Envisat Summer School 2003: Kyrölä: GOMOS retrieval

Atmospher ic  tomography

GOMOS
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Inversion

Atmosphere
Instrument

Assimilation

Atmospheric  
model

Understanding

Constituent  
profile

Radiation 
spectrum

O3 Radiation

DX/dt=MX

Assimilation

Inversion- Ass imilat ion
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More info

T a r a n t o l a :  I n v e r s e  p r o b l e m  t h e o r y ,  M e t h o d s  f o r  d a t a

f i t t i n g  a n d  m o d e l  p a r a m e t e r  e s t i m a t i o n ,  E l s e v i e r ,  1 9 8 7
R o d g e r s :  I n v e r s e  M e t h o d s  f o r  A t m o s p h e r i c  S o u n d i n g  :  T h e o r y  

a n d  P r a c t i c e ,  W o r l d  S c i e n t i f i c ,  2 0 0 0

I n v e r s i o n

K y r ö l ä  e t  a l ,  J G R ,  9 8 ,  7 3 6 7 , 1 9 9 3  ( S p e c t r a l  i n v e r s i o n )
T a m m i n e n  a n d  K y r ö l ä ,  J G R ,  1 0 6 ,  1 4 3 7 7 ,  2 0 0 1  ( M C M C )
A T B D -d o c u m e n t :  h t t p : / / e n v i s a t . e s a . i n t /  

G O M O S


