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Satellite Missions

(Planned and Future)

ADEOS (IMG) (FTS)
ENVISAT (MIPAS) (FTS)

METOP/1 (IASI) (FTS)

EOS Aqua (AIRS) (Grating Spectrometer)
EarthCare (IMG follow on?) (FTS)

CrlIS (FTS)

GIFT (geostationary orbit) (Imaging FTS)

TES (FTS)

REFIR (FTS)
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Key Scientific Issue

Retrieval of .
Atmospheric .
Parameters

i
, ‘ mmum%m
1200 1400

L i 1W A ey,
1600 1800 2000 2200
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The need of high spectral resolution
(Kaplan, Chahine, Susskind, and Searl Appl. Opt. Vol. 16, No. 2, (1977),

322-325)
 Numerical Weather * Climatology
Prediction

* Temperature profile e Total Columnar amount
with accuracy of 1 Kin 1 of O,, CO, CO,, CH,,
Km layers in the N,0, CFCs with
troposphere accuracy within 2-3%

* Water vapour profile e Chemistry of the upper
with accuracy of 10-20% atmosphere, 0zone
in 1-2 km layers in the depletion, and ozone

lower troposphere killers
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New Tools to Process High
Spectral Resolution Spectra

. . ' -TAST
e Fast Line-by-Line e et oo Tonerms Model
Forward Models T

T TR el ok 8 00T 3 P 2 Y

e Physical Inversion IN
Schemes J h
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Outline of the lecture
(First part)

o Forward modelling: Basics
1) - Monochromatic spectral
radiance calculation
2) - Jacobian calculation
o Forward modelling: Applications
1) - Checking the linearization of the radiative
transfer equation
2) — Retrieval error analysis
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Radiative Transfer along a slant
path

25— K (0,5) [R(0,5) = B(o,T(s))]
R(c) [Watt/m?sr-cm™!] o [em™}]

s slant path coordinate

1(s) temperature at s, B 1s the Planck Function

K (o,s) = k(o,s)p(s)

k(o,s) [em?/gr] p(5) [gr/em?]
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Slant path geometry

Axiplhin




Radiative transfer Equation
( unwelling term)

+oo
R(o) =¢,B(T,)7, + / —dz‘

T 1is the transmittance from the Z altitude level to o°

Eg 1s the surface emissivity

Tg the skin temperature
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Radiative transter Equation
(downwelling term)

0 or*
R(o) = /m B(T)%—dz,

T(z;0,p)7 (250, 1) = To(0, ),



Upwelling Spectral Radiance

(Earth Contribution)
+00 O
o) = e4B(Uy)T0 + /0 572—_0[2
2 o |
eq — )T, Z.

° Jo Oz \ T
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Solar Contribution

1 _
R(o) = — =971y I (o),

T

Sun Satellite

\/

Geometry for the definition of the two path transmittance
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Upwelling Spectral Radiance

(Sun+Earth)
—|-oo
R(o) = TO+/ ——dz
(9 1
+(gy — 1)77 /0 B(T)— 3, <;> dz
1 —g
i 7-,“8[( ).

Remark 1: The solar term 1s important above 2000 cm-!

Remark 2: In the form above the radiative transfer equation
1s suitable only for nadir looking sensors.
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Extension to cloudy sky

R(o) =(1—0a)- Ry(0) +a- Re(0);

R(0) = . B(T)r. + f” B(T)%dz,

Ol is the cloud fractional amount within the sensor Field of View



Definitions of layers, levels and
transmittances
(plane parallel atmosphere)

T.f_.l
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Pressure (hPa)

Layer Layer Pressure (hPa) Layer Pressure (hPa)
1 1013:25 — 1005:43 16 436:95 — 39681 31 45:29 - 35:51
2 1005.43 — 985:88 17 396:81 — 358:.28 32 35:51 — 27:26
3 985:88 — 957:44 18 358:28 — 321:50 33 27:26 — 20:40
4 957.44 — 922.46 19 321:50 — 286.60 34 20:40 - 14:81
5 922:46 — 88280 20 286:60 — 25371 35 14.81 — 10:37
6 882:80 — 839:.95 21 253.71 — 222.94 36 10:37 — 6:95
7 839:95 — 795.09 22 222:94 — 194.36 37 6:95 — 4:41
8 795.09 — 749.12 23 194:36 — 167:95 38 4.41 — 2.61
9 749.12 — 702.73 24 167.95 — 143.84 39 2.61 — 1.42
10 702:73 — 656:43 25 143:84 — 122:04 40 1:42 — 0:69
11 656.43 — 610.60 26 122.04 — 102.05 41 0:69 — 0:29
12 61060 — 565:54 27 102.05 — 85:18 42 0:29 — 0:10
13 565:54 — 521.:46 28 85:18 — 69:97 43 0:10 — 0:005
14 521:45 — 478:54 29 69:97 — 56:73
15 478.54 — 436:.95 30 56:73 — 45.29

Table 1

16First part



Radiance Calculation




Radiance Calculation




Definitions of geophysical
parameters and radiance vector

Surface Spectral emissivity, €
Skin Temperature, Tg
Temperature profile, 7(z), (T,,...,Ty)

« Gases, q(z), (q)---.qx)

v=((T},--., Ty, qp---,qn T,,€), atmosphere state vector
R(o)=(R,,...,R,;)=r, radiance vector

r = F(v); oF = Jacobian

0(v)
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Derivatives with respect to Emissivity
and Skin Temperature

OR(o) o T 1
= B(1,)1, ST — .
665] ( 9)7_ +7—0 .
OR (o) - 0B 0B cicaot exp(cao /T
= £,70

0T,

aT,” 0T  TZexp(cac/T) — 12
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Temperature Jacobian

OR
—=D)+Df +Dj,
8T] + +
1— [s ov;
D?:—I:{ngoB(T)—f-Q(Eg—l) 2S + /,LT(l—l—/’L)]:l?ﬁg
J ov; 0B

D=

J

ggmﬁﬁww—Bakm

o mﬂ%—wa)

D, =(ey ~ e[S 8t - B )| 2+ S )
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J

v, =Y v, "  Total Optical Depth for the layer j
h

g™ is the layer concentration for the species

k™ is the absorption coeffiicient for the species A
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Relation between Optical Depth
and transmittance

h h
ny" = exp(—v;")

Layer Transmittance for the
Individual species

_ (h) _
n i = | I n j Total Layer Transmittance for
h All species
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Ngas

i—1
j— 2
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(Gas concentration Jacobian

= o) +26, =125+ =t 1+ 20|

J
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Convolving with the Instrumental

Line Shape
- oo
Instrun;cntdl e

Shape;




Basic Elements of Forward Calculations

27First part

«



Example of Synthetic Radiance
Spectra

=
—
E-N

e
—
()

Spectral Sampling: 0.25 em™

=
.

0.08

0.06

0.04

Radiance spectrum fh"afattfmz-cm'1-sr]

0.0z

1 1 L.l
1200 1400 1600 1800 2000 2200

wave numher (l:m'1)

| 1
800 1000
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Zooming speciiic absorption
bands

10
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R (o )

T]; 4

tfmi-cm -

a
%1
=
=
=
e
D
S
)
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Example of Jacobian
Temperature

31First part



Example of Jacobian
Water Vapour

____
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Assessing the linearity of
RTE

r' =r, +K,(T-T)+K, (w-w, )=
r +K,o0T +K ow;First Order Taylor Expansion

r=F(T, +0T,w_+0w);

or =r"" —

I =

0: linear

# 0:non linear
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Example for a Tropical Atmosphere
0T=1 K; ow=10%

] 1 1 1 I} L
a0 1000 1200 1400 1600 1800 2000 Z200 2400 2600

[«] = M ]
T T

(rer-irus)rue 5]

3
—
T

W

1 i 1 1 1 1 1 1 i I
aod 1000 1200 1400 1600 1300 2000 ZREOO 2400 PEO0
] [crn"]

Lk
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Pseudo Noise

3
~ 2 CO, band
an
St 2
N’
X 0 S
o
g 1
\./_2_
3L s .
650 700 750 800
-1
wave number (cm )
3 . ,
2 H,0 band
S
N’
o Oy |
o ARV ey
g ! }
\/_27 i

3 ‘ . .
1200 1300 1400 1500 1600

Wavetuunber(cnfl)
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™_r)/r (%)

3

2L
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-1t

21

3 .

800 850 900
Wavetnunber(cnfl)

3 . ‘

2 L

| N20, CO2 bands

1) SV

At

21

3 , .
2000 2100 2200 2300

“avelunnber(cnfl)
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Expected Retrieval Performance

C=(K'S'K+B™) ) CovarianceMatrix
K: istheJacobian
S: 1istheObservatimal CovarianceMatrix(dependson Instrumentdesign)

B: isthea-prioriCovarianceMatrix

Root MeanSquareFError: ,/diag(C)
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Error Analysis for Simultaneous Retrieval of
Temperature and Water Vapour

Band 645 to 830 cm’!

— Tropical - —— Tropical
— Mid-Lat . — Mid-Lat
— High-Lat . t — High-Lat

oHD rms error (ofkg)
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o
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> 8

Siaan
w%,w%@u%

— Tropical
— fylid-Lat

—— High-Lat

—— Tropical
— Mid-Lat
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— H

Sy
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How consistent we are with reality:
Checking calculation against IMG

—— Calculated

— MG
—— Calculated
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Atmospheric Window
Checking calculation against IMG

— MG
—— Calculation

— MG
—— Calculation

e number (crry
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Second Part:
The Inversion Process

e Basics on regularization techniques
* Link to Ridge Regression
e Examples and applications to IMG spectra
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Where do we start from?

Expand RTE in Taylor series
around a suitable FG atmospheric state

R(o) = R+ a?}:)

k=1

Ngas L @R
+ 2.2 (0 — g% ).
h=1 k=1 @(] £.g.
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Let F' and v, be the forward model function and the
FG state of the atmosphere, respectively

R=R,+K(v—vy+HO.T,

Rt:(le...,RN)
t
vi = (v1,...,0u),
| , | oF
K | isthe Nby M Jacobian matrix, K :8_|V:V
V 0

R o= F (vy)

3Seco
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The straightforward inversion makes no sense: the
problem is ill-posed and 1ll-conditioned

X =V — Vg

y:R_RO
y = Kx+ H.O.T..

x = (K'K)"'K'y
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. Tikhonov/Twon
Statistical WS /. ¢
. Regularization
Regularization
.
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The subscript g now stands for a suitable
background atmospheric state!

(V — Vg)tL(\’}' — V,) min!
(y - Kx)'S™'(y —Kx) = N,

S ~ Observational Covariance Matrix

L | Smoothing Operator

6Second part



About L

e Twomey’s approach  Rodgers’ approach
qn gl * L is intrinsically a
+ X .
L= J-O x dh; covariance operator, B
d in his notation

e n=0, 1,2

7Second part



[ et us consider the effect over
the L-norm below

(Vv — Vg>tL(‘A’ — Vy)

Twomey’s L is lacking dimensional consistency! it attempts to
Sum unlike quantity, e,g, (K+g/kg)

Rodgers’ LL ensures dimensional consistency
L=B"1
which makes the norm above dimensionless
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Our Choice

e Since we are interested in simultaneous
inversion which involves unlike quantities
such as Temperature, water vapour
concentration and so on we choose

+ L=B

 However, the methodology we are going to
discuss still hold for any Twomey’s L

9Second part



Resorting to Lagrange multiplier
minimization
Note: y=1/A
V-V, =(W—V,)+X= do + X,
d
dx

{(%x+a0) B~} (% + qo)

X = (VB_1 + KtS—lK)_l[KtS_ly — VB_IQO],

10S

econd part



Iterization,

n=0,1,2,...
%1 = (BT + K STK,) 'K, Sy, —7B 'q,)
(34)
Ir' o = F (Vo)
vo = R — R,
oF (v)
Koo - 0 v
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Uncovering the elemental
constituent of regularization

B = B!/2B@T/2 The square root of B is easily
computed by SVD

_r 1
(”Yan ‘Bn® + sz']n>§(n+1 — szzn — 'Van;lq?u

where J,, = S—%Kn and z,, = S”‘%yn.
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Continued

B 2(y,I + B2J. J,B7)B 7%,1 = Ji 2, — /B q.
(37)
Defining G, = J,,B? and 1,1 = B 2%,.41, Eq. (37)

assumes the form of a ridge regression

(Wl+ GG =Gz, —B 2q,.
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Continued

 The same decomposition may obtained for
Twomey regularization by putting

e L=MM
M may be obtained by Cholesky decomposition
for any symmetric full rank matrix L

« Twomey’s L 1s typically singular. Nevertheless

the above decomposition may be obtained by
resorting to GSVD (Hansen, SIAM Review, Vol.
34, pp. 561, (1992))
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Conclusion

e The RIDGE regression is the paradigm of
any regularizing method,

* The difference between the various methods
is the way they normalize the Jacobian and
the value they assign to the Lagrange
multiplier
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Ridge regression 1s the paradigm of any
regularizing method

* Levenberg-Marquardt:

e vis assigned alternatively a small or a large value,
Jacobian is not normalized, that is L=I

e Twomey:

e vis free-parameter to be determined, Jacobian is
normalized through a mathematical operator

 Rodgers:

e v =1, Jacobian i1s normalized to the a-priori covariance
matrix. It is the method which enables dimensional
consistency
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Having discovered the right paradigm of
regularization, can we give any rationale to
v =17

e | et us consider the linear case
A

(G'G +yI)'G'z=u

e Note: with G normalized to B, the above
equation 1s fully dimensionless
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Bias, Covariance Matrix, Root
Mean Square Error

* The bias is defined as the difference between retrieval
expectation and true solution. Under the assumption of
Gaussian independent random error, we have

b=FEl]-u=Tu-yG'G+yD) 'u-Iu =
—v(G'G +yD u;

u 1s the true solution

e Unless u=0 any regularization method introduces bias
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Total Bias, b,

bb'=9y*(G'G +yD 'un'[(G ‘G +yD']

M yZP.
b, = trace(bb ‘) =) I
j=1 (}“j + )

with 1. the eigenvalue sof matrix G'G
P; is the square of the j-th element of the vector u

— 2.
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The bias 1s zero only for
Y =0

2
%: i 2ij/1j +2y42Pj/1j _ i .3 S
dy (A;+7) (A;+7)

j=1

wich is zero only and only if y =0
the Least Square unconstrai ned

solution 1s unbiased :

1=(G'G)'G'z
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Variance

V = E[(u- E[u])]® = (G'G + D) "'G'G(G ‘G + yI) !

The total variance 1s obtained by

2 i A
= trace( V) = ;
j=1 M- + V)2
x =27,

= 0;

1(/%"‘)’)
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The Mean Square Error

M — V + l)bt | Variance
M a2 -

Yy P + A
D* = trace(M) = i "7
; (’Ij + V)z
2, (2P, ~2)

y =+
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The meaning of
y=1

M 2yP; =2

-y 2 ( y ) _ o

j=1 ' y)3

if and only it y =1/P, V j



The meaning of
v=1 (continued)

We have the true solution vector u
P; is the squared component ;>

Remember that 1n our normalized retrieval space
the a-priori covariance matrix 1s the Identity
matrix and, therefore the a-priori variances are all
equal to 1

Since P; 1s unknown our best a-priori estimate of it
1S

* P=a-priori j-thvariance=1
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v=1 1s our best a-priori choice 1f
we normalize Jacobian to the
a-priori covariance matrix

Nevertheless, y=1 does not minimize the
Mean Square Error, therefore to seek for an
alternative choice makes sense even in the
context of Statistical Regularization
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L-curve method
Hansen, SIAM Review, Vol. 34, pp. 561, (1992)

| B712%, 01 ||2= \/T’A{nﬂB_lfinH

| S K& —yi) [b = |(Kusa —y0)

S (KXni1 —¥n)

] o=
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L-curve method 1n our
normalized retrieval space

a(y) = Viata
b(y) = (G- 2) (Gi—2).

_ AWV () —d(N)H" () |
(@ (7)) + (¥ ()22

)



[et us consider a numerical

example
V=V _; r=r,+n; where nisan additive
component random noise
u=_0; P, = 0
S
M = V;trace(M) = trace(V) = ;
= (4 ;T 7) ’

The optimal solution correspond s to y = +oo

28Second part



Test case: US standard
atmosphere

10

. Temperature (K]

200
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Spectral range 645 to 800 cm'!
Sampling rate=0.25 cm-!
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SE as a function of vy

theoretical
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Results for temperature

— Test — Test
o« RHetrieved » o Retrieved
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esults for water vapour

—— Test ' . — Test
o Retrieved o Retrieved

=1
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Altitude [Km]

A much more elaborated
numerical exercise

First guess and

test temperature profiles
——————————

1CC.000F = my T 5
C R true ]
1

10,000 ‘-——L\h%} ——— f.g -
E e 3
C TR, ]
= -h-o\"h. -4
1.000F , ~
B : ]
0100 ; .
- )I =
r | ]
i ! ]
RN l: 3
E 1 3

O.GEH 1 L 1 I 1 1 1 I 1 i | Il L I I !

2q0 220 240 250 280

Temperature [°K]

300

Altitude [Km]

First guess and test water vapour profiles
e e L

100.000F E
E true ]
——— f. -
10,000 h“"“-:r—__,____ 9 5
- T~ e —— .
- - — 1
- - - 'V—_\_—h\-—‘_ﬂ_m_“'—\-«___\_ .
1.000F IR T E
E \\ \ E
- by \“ -
0100 " N E
F L kY =
C 1 K ]
B | \ )
b

0O E L ! -
E | ! E
- [ I
r ! ‘|l i

01001 L 1 ' 1 1 i 1 1 ! 1 1 1 I
| 4 4 &

Water vapour [g/Kg]
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Altitude [Km]

Statistical Regularization
I st Iteration

Retrieved and test temperature prefiles
: . : ——m

100.000 F 1 T —3
- s 3
i E: true ]
10,000 _\‘N\——— retr. .
b Mﬁ,\ =
1.000F *\ =
0100 E 3
0O E E
O-GU1 1 | 1 1 1 1 1 1 ! 1 1 | ) !
2q0 220 240 260 280 300

Temperature [K]

altitude [Km]

Fetrieved and test water vapour profiles

100,000 g — T T g
r 3
; true ]
10,000, ——— retr.
F -h-%“‘:‘“ﬁﬁu:— 3
1.000F -‘\?\\ N i
E I ey =
- / AN ]
! N
ei0nE . Ay E
= ! N, =
- r 1
)

0010 . -
F I ll E
- ¢ 1 ]
i 1 I’I T

0.001 . ! RN P
) 2 4 G L

Water vapour [g/Kg]
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Altitude [Km]

Retrieved and test temperature profiles
. . . —

Statistical Regularization
2nd Iteration

1CC.00GE T T E
i ;{ = true i
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- e ]
B o a
5 w\c .
1.000C 3 N . E
E | =
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Fetrieved and test water vapour profiles
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o100 3 T 5, E
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| 2 4 g

water vapaour [g/Kg]
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altitude [Km]

[.-Curve, 1st Iteration

Retrieved and test temperature profiles Retrieved and test water vapour profiles

100.00GF A AL l E 100000 F — l T 3
E true E E true E
L ——— retr, - ——— retr,
10000 e 10,000 L‘ﬂ_w_ E
C 3 - %cﬁq—-:"-\'_‘“\—\“_ 3
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o100 F 7 £ otoeg *\ E
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- | ] C 1:\ .
F ] I A
0010k . GO10E SR
- | 3 a . 3
B ] B . ]

0,001 1 ! f | 1l ! ! I L L 1 I 1 1 1 | 1 t ! 0.{)[]1 1 1 1 [ 1 1 1 | 1 1 L | 1 1l : L
200 220 240 260 280 300 a 2 4 G L.

Temperature ['K] Water vapour [9/Kg]
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Altitude [Km]

[.-Curve, 2nd Iteration

Retrieved and test temperature prefiles
. e

100.006G

T TTTIT

10.000
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Inversion from IMG spectra
Skin temperature: sea surface

2

IM G ID hs Retrieved ECMWF
index
Skin Skin
Temperature Temperature

(K) (K)

#167229, .06 301.54 301.37

Obsl

#310807, Obs. .27 288.03 288.28

1

#327906, Obs. 26 287.83 287.94

1

#327906, Obs. 217 285.98 285.72

5

#327906, Obs. 0.27 286.21 286.07

6

#374125, Obs. 0.07 302.06 302.26

6

#374126, Obs. 0.10 302.39 302.33
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Mediterranean sea

IMG Observation 3, Land surface

IMG Observation 1, sea surface
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Pressure (mbar)

Mediterranean sea, Obs 1
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Mediterranean sea, Obs 1
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Mediterranean sea, Obs 1
Diagnostic check, Band 1100-1200 cm!
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Mediterranean area, IMG Observation 3, Land Surface
Seawater and Arid Land Spectral Emissivity
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Pressure (mbar)

Mediterranean area, Obs 3: Retrieval
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Mediterranean area, Obs 3
Consistency check, Band 667-800 cm™!
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B.T. Spectrum (K)
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Indian Ocean sea, Obs 2: Retrieval
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Arctic Region, Point Barrow, Alaska
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Pressure (mbar)
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Consistency check, Band 667-800 cm™!

B.T. Spectrum (K)

-Calc. (K)

Obs.

260

250

240

230

220

:
[ S N R N

'
S

Arctic Region, Obs 1

A A
i melwmwdxww\ ...... S p N
3 W
i M; IR " 791 cm-1 CO2
! 1 M’jfi A Q-branch
L \/\J\I\\’\\ H\, \f“‘ ' 7
Y \,J\\/\/’\ }’WM
I il 1 1
680 700 720 740 760 780 800
wavenumber, cm'1
L\_/_\“ A }\/\ M ML«MNAMWWWW/WAM A
A G R v\f\/v 7Y aved SO N
Il L L A H |
680 700 720 740 760 780 8§00

-1
wavenumber, cm

55Second part



Arctic Region, Obs 1
Diagnostic check, Band 800-900 ¢cm-!
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Effect of CFC in the window region 800-900 cm'!
Sardinia Obs. 1
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Effect of CFC in the window region 800-900 cm-!
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Effect of CFC in the window region 800-900 cm-!
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Effect of CFC in the window region 800-900 cm-!
Indian Ocean Obs. 2
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Summary and Conclusions

The physics and mathematics of radiative transfer suitable for high spectral resolution
infrared sensor has been reviewed

The basic aspects of mathematical inversion for geophysical parameters have been
discussed

The ridge regression nucleus of regularization has been highlighted

Statistical regression is the only scheme which fully achieves physical and
dimensional consistency

The choice y=1 has a precise meaning in the context of statistical regularization,
although y=1 does not necessarily minimize the root mean square error

L-curve seems to provide a better scheme to achieve rms error minimization,

IMG spectra have been considered for inversion of geophysical parameters which
have evidenced:

A) The high consistency of state-of-art line-by-line forward models

B) The fine accuracy of retrieval which seems to be in line with
what it is expected.
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