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MFASIS (Method for FAst Satellite Image Synthesis) for visible channels

solar satellite - Forward operator for solar spectrum
zenith zenllth
angle i a”gee Simplifications of Radiative transfer:

\ 80

‘\/ ‘\f * Simplified Equation: 3D —» 1D RT (independent columns)
1

'\ scattering [angle @ ! « Simplified vertical structure:

e * homogeneous water and ice clouds at fixed heights
' 1 * Simplifications don’t change Reflectance significantly
| / — 8 parameters per column: 3 angles + albedo +

4 parameters (optical depth, particle size)

ice cloud T R

\ /

water cloud TR
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albedo A
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MFASIS (Method for FAst Satellite Image Synthesis) for visible channels

solar

zenith
angle z
\ A

gg}ﬁtllrilte - Forward operator for solar spectrum
a”g'g @ Simplifications of Radiative transfer:

‘\/ ’\f * Simplified Equation: 3D —» 1D RT (independent columns)
1

', scattering |angle a ;
]  homogeneous water and ice clouds at fixed heights

: * Simplified vertical structure:

, * Simplifications don’t change Reflectance significantly

~_ ! — 8 parameters per column: 3 angles + albedo +

4 parameters (optical depth, particle size)

ice cloud T Ri Compressed look-up table approach:
\
: * TOA reflectances approximated by interpolating in
water cloud T R reflectance look-up table (LUT) computed with a
v reference method (DISORT) for all parameter combinations
o * LUT too big (8GB) for online operator usage -» compress
albedo A table to 21MB by only storing lowest Fourier coefficients
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MFASIS (Method for FAst Satellite Image Synthesis) for visible channels
solar satellite - Forward operator for solar spectrum
zenith zenith
* angle i a”g'g @ Simplifications of Radiative transfer:
' 80 /
\ o = ¥ : . i
\/ ‘\f Simplified Equation: 3D - 1D RT (independent columns)
\ scattering langle a /! * Simplified vertical structure:
e * homogeneous water and ice clouds at fixed heights
' o * Simplifications don’t change Reflectance significantly
b = i - 8 parameters per column: 3 angles + albedo +
‘o ! 4 parameters (optical depth, particle size)
ice cloud T Ri Compressed look-up table ape
: « TOA reflectances approxim®» NEW: Neural Network
water cloud T, Ry reflectance look-up tab) replacing LUT
T reference method (DISORy — reduced data by factor
i 4 « LUT too big (8GB) for onlind 1000
albedo A table to 21MB by only storing
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Feed Forward Neural Network replacing the LUT in MFASIS

Advantages of MFASIS based on NN:

°  Reduction of training data & memory consumption during
computation by a factor of 1000 compared to LUT

° 10-times faster than LUT-version with similar accuracy

° Additional parameters feasible due to reduced data
consumption (aerosols, trace gases, clean solution for NIR)

°* Tangent-Linear and Andjoint Codes available

i hidden hidden hidden hidden hidden
norma I I_Zed layer 1 layer 2 layer 3 layer 4 layer 5
MFASIS input
parameters

P 7, ‘\ S = - > =
= output
Z layer

Reflectance

Si+1,n = f(bl,n =} Z Sl,m * wl,n,m)

EMS, 09. September 2022
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Outline - extending MFASIS by 1.6pm channel using Neural Network

1) Enables to distinguish between water and ice clouds
- Should be useful for data assimilation

2) Stronger dependence on particle radii in NIR 1.6um
- Should be useful for evaluation of microphysics schemes

0.6pum & 0.8um channels 0.6pm & O.8um

EMS, 09. September 2022 6/28
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Reflectance

Main differences between 1.6pm-NIR and 0.6um-VIS channels

T, = 30 water cloud

T. = 30 ice cloud

1.0 1.0
[— NIRO16 l— NIROlGL
ol | — VIS006 — VIS006 ||, ¢
—
0.4 0.4
alpha = 45°
0.2  sza=30° — ~0.2
vza = 60°
albedo =0.0
1 1 | |
0.0, 20 30 40 50 500
R w R i

eff?
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eff?

Reflectance

1) Comparing reflectance between
water (left) & ice (right) cloud:
VIS: similar magnitude

- almost no absorption
NIR: difference in magnitude
— stronger absorption for ice!

2) Stronger dependence of NIR on
effective droplet radius
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Reflectance

Main differences between 1.6pm-NIR and 0.6um-VIS channels

T, = 30 water cloud

T. = 30 ice cloud

1.0 —— 1.0
— NIR016 — NIR016
ok |~ VIS006 — VIS006 ||, o
0.6 ™~ How does effective radius influence Ho0.6
single and multiple scattering?
0.4r 0.4
alpha = 45°
0.2+  sza=30° — 0.2
vza = 60°
albedo =0.0
1 1 | |
0.0, 20 30 40 50 §-0
R ..w [

eff?
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eff?

Reflectance

1) Comparing reflectance between
water (left) & ice (right) cloud:
VIS: similar magnitude

- almost no absorption
NIR: difference in magnitude
— stronger absorption for ice!

2) Stronger dependence of NIR on
effective droplet radius
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Reflectance

How does effective radius influence single and multiple scattering?

T, = 100 water cloud

; 1) Single-scattering contribution from upper
...... .—--—-""-wﬁ"‘*.._ .................. '~O1 ........................................................ —. ‘- ..... ., C|OUC| Iayers depends on scattering-angle
S S — ittty Ty Sy L Lo O i and radius for both, VIS and NIR
— NIR016 T =
0.271 — VIS006 sza = 30°
— reffw=5 vza = 60°
_____ reffW=2O a|bed0 = 0
0.0 . J ; ; |
40 50 60 70 80
alpha

EMS, 09. September 2022 9/28



nnnnnnnnnn
UNIVERSITAT
MUONCHEN

LMU

MIM

EUMETSAT

NWP SAF

- @
.\k
o Hans-Ertel-Zentrum

Deutscher Wetterdienst %
B

@ fir Wetterforschung Wetter und Klima aus einer Hand

Reflectance

How does effective radius influence single and multiple scattering?

T, = 100 water cloud

-
0.8 ﬁ\; ——
_\i ___-_________.--
0.6r
04F TTmmmedemmmmemmmmm T
— NIR016 T =
0.2 — VIS006 sza = 30°
— reffw=5 vza = 60°
_____ reffW=2O a|bed0 = O
0.0 | J | i ]
40 50 60 70 80
alpha

EMS, 09. September 2022

1) Single-scattering contribution from upper
cloud layers depends on scattering-angle
and radius for both, VIS and NIR

2) Multi-scattering contribution from deeper
cloud layers (dominating for optically thick
clouds):

VIS: hardly sensitive to particle radius
NIR: much more sensitive to particle
radius
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Strategy to include 1.6pum NIR-Channel
Challenges:

1t Mixed-Phase clouds:

=> Ice particles in mixed-phase clouds often are not at upper cloud-edge
— water at cloud edge for satellite and Reference (DOM)

> BUT: MFASIS locates ice cloud above water cloud (default)

> Absorption of ice is stronger for 1.6pm-channel (compared to 0.6pum)
- mixed-phase clouds too dark in MFASIS?

2" Reflectance is sensitive to particle radius in two different regions:
* Scattering-angle-dependent contribution from upper cloud layers
* Non-angle-dependent part from deeper cloud layers (additional for NIR016)
2 We would need at least 2 different particle radii to cover both sensitivities
> MFASIS has only one particle radius as input parameter (per cloud)

EMS, 09. September 2022 11/28



LUDWIG-
MAXIMILIANS-
UNIVERSITAT
MUNCHEN

LMU

MIM

EUMETSAT

NWP SAF

- @
%
o Hans-Ertel-Zentrum
@ fir Wetterforschung

Deutscher Wetterdienst
Wetter und Klima aus einer Hand

©F

Status-Quo: MFASIS on 64x5000 NWPSAF-Profiles

NWPSAF Data

* 5000 NWPSAF Profiles sampled from 1 year of global IFS short-term forecasts
* Represent realistic global & seasonal variability in cloud parameters

* 64 times different randomly selected viewing geometry

* Reference: Discrete Ordinates Method (DOM)

Mean 99%-ile
absolute absolute
error error

EMS, 09. September 2022

103

10!

102

;O.6pm—VIS 104} 1.6um — NIR

i 107

3 107

7 ! A | | L 1010 a . | |
—-0.10 -0.05 0.0 0.05 0.107°-0.10 -0.05 0.00 0.05 0.10

Reflectance Error: Experiment — Reference

Mean 99%:-ile
absolute absolute
error error
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Status-Quo: MFASIS on 64x5000 NWPSAF-Profiles

NWPSAF Data

* 5000 NWPSAF Profiles sampled from 1 year of I
* Represent realistic global & seasonal variability

* 64 times different randomly selected viewing ge
* Reference: Discrete Ordinates Method (DOM)

Mean 99%:-ile
absolute absolute
error error

EMS, 09. September 2022

|

Aim: - Reduce 99 percentile of error well below 0.15
(assumed observation error for 0.6um-channel
in data assimilation experiments)

- Reduce mean absolute error < 0.01
(calibration error of satellite instruments)

104:0.6pm—V|S 104 1.6pum —NIR Mean  99%-ile
: . absolute absolute
error error
103l 107} 0.020 0.172 -
1025 102?
101 1 IAM 1 | 1 1 101 1 1 | 1 1
0.05 0.107°-0.10 -0.05 0.00 0.05

—-0.10 -0.05 0.0

Reflectance Error:

0.10

Experiment - Reference 13758
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Representation of Mixed-Phase Clouds in 1.6um NIR-Channel

Challenges:

1st: Mixed-Phase clouds:
> Ice-part from mixed-phase clouds is located in a separate ice cloud above water
cloud by MFASIS
= Absorption of ice leads to underestimation of reflectance for mixed-phase clouds
in MFASIS

Approach: Introduce mixed-phase ice within the water cloud (separate input variable)

EMS, 09. September 2022 14/28
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Sensitivity to particle radius in 1.6pm-NIR

Challenges:

1st: Mixed-Phase clouds:

> Ice-part from mixed-phase clouds is located in a separate ice cloud above water
cloud by MFASIS

= Absorption of ice leads to underestimation of reflectance for mixed-phase clouds
in MFASIS

Approach: Introduce mixed-phase ice within the water cloud (separate input variable)

2": Reflectance is sensitive to particle radius in two different regions:

2 We would need at least 2 different particle radii to cover both, single- and
multi-scattering sensitivities

= MFASIS has only one particle radius as input parameter (per cloud)

Approach: split clouds and provide effective radii for upper and lower parts

EMS, 09. September 2022
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Improving the vertical cloud structure

| satellite . e .
ignaitrh zenith Simplified vertical structure:
angle z angle . _
‘ A 0

\ ! * 2 non-homogeneous 2-layer water and ice clouds +
‘/ ‘\f 2-layer mixed-phase-ice cloud
/
\\ scatteringjangle a - increase number of parameters: 8 —» 14
\/_\7’ 3 angles + albedo + surface-pressure + cloud-top pressure

‘\ / 8 parameters: water cloud — 1 optical depth, 2 particle sizes

! two-layer ice cloud — 1 optical depth, 2 particle sizes

p ! ice cloud mixed-phase cloud - 1 optical depth, 1 particle sizes

\'"2'”/)‘<>(Ti,Ri ) ! /two-|ayer
water or mixed
/ phase cloud

\ I
2% (Tw, Rw) 42X ( Twi,Rwi)

Operationally
feasible with
Neural Networks

\ I
T T
N

albedo A
EMS, 09. September 2022
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tau i

2-Layer — Where to split the clouds into upper and lower part?

60 < Bmax < 70

Eiy
(]
Pra,
Fisg
.....

0.1 0.2 0.3 0.4 0.5 0.6

fac i
MFASIS better 2-Layer better
< A B >
e e iﬁ:Eroi)o;méD;t e  Optimize 2-Layer factor to minimize reflectance error
* Optimization for water-/ ice-clouds separately
T * Parametrization fac (1, 6sax) depends on optical depth 1
fac=—=2— and maximal zenith angle 6.« = max(sza, vza)
Ttop + Tbot

* Compute effective Radii for upper / lower cloud layer

EMS, 09. September 2022 17/28
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Parametrization — Two-Layer factor fac(T, Omax)

2-layer factor: fac(t, @)

60 < emax < 70 051 = A
0.4 1
)
= 0.3
2 — 8=20°
021 == B =20%|
Hitive,,,. 8 =60°;
T T T T 4 0.1 8 =60°Ii
0.1 0.2 0.3 0.4 0.5 0.6 . . . | . .
fac i 10-2 107! 10° 10! 10 103
MFASIS better 2-Layer better tau
A B » - Small optical depth: fac(T,6n) = 0.5
N i AT i BRET T W die i > Equal probability of photons being scattered
improvement in upper or lower half of the cloud
* Large optical depth: fac(T,0mx) < 0.1
Tiop > Most of the photons reaching the satellite have been
faczm scattered in uppermost cloud layers

> Region of most relevant information on effective radius

EMS, 09. September 2022 18/28
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Example: Two-Layer parametrization - only Ice-clouds

60 < Bmax < 70

¥
l‘;,
r
uru,,”
T,

T
0.1 0.2 0.3 0.4

MFASIS better

<

fac_i

2-Layer better

0.5 0.6

-0.08 —0.06 —0.04 -0.02 LK i ] .oz [ X 2}
improvement
fac= _ Top
Ttop + 7:bot

EMS, 09. September 2022

0.06

30

20

10

Apply 2-Layer
parametrization

IR_{mfasis}-R_{DOM}| qm_{nay}-rz_{nomn

70

2-layer factor: fac(t, 8)

0.5 <
\
0.4
T
:: 0.3 4
H —_— = 20° water
s
021 == 8 =20°Ice
— B = 60°; water
017 — = @ =60°ice
1072 107t 10°
tau

0.05
0.04 ,
o
—
—
003 O
(0]
—
>
002 9
[72]
o]
001 ©
0.00

30 40 50
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Introducing 2-Layer Clouds improves Water- & Ice-clouds

Application of 2-Layer method on complete NWP-SAF data

= Reduction in mean absolute error by almost 25% (NIR)
= 99t percentile of absolute error remains unchanged (VIS & NIR)
= Errors dominated by misrepresentation of Mixed-Phase clouds

Mean 99%-ile
absolute absolute
error error
2-Layer 0.008 0.043

EMS, 09. September 2022

VIS006
— mae=0.007, bias= 0.002, p99=0.046: MFASIS
— mae=0.008, hias= 0.006, p99=0.043: 2-Layer

NIRO16
— mae=0.020, bias=-0.011, p99=0.172: MFASIS
— mae=0.016, hias=-0.002, p99=0.171: 2-Layer

104;0.6um - VIS 104§ ‘_ 1 6um — NIR
103; 103§ |

102; 1025

1017 - ‘:‘ lh‘n.n' 10t

_0.10 —0.05 0.00 0.05

_0.10 —0.05 0.00

Reflectance Error: Experiment — Reference

Mean 99%-ile
absolute absolute
error error
0.016 0.171  2-Layer
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Introducing 2-Layer Clouds improves Water- & Ice-clouds

Application o

> Reductio]
> 99% perc
= Errors do

What to do with Mixed-Phase clouds?

= Ice of 1st water-cloud-layer - remains in place as

mixed-phase ice

= Ice of 2" water-cloud-layer — transferred to water with

large particle radius

— need one input parameter less

M...CIII JJ /011C

2-Layer 0.008 0.043

gT70-ile

error

2-Layer

4 B LU+ rrcati
absolute absolute 10 g absolute absolute
error error error
103k
0.016 0.171
102 :‘!",,
F L “ﬂ
\ 1
(N ‘
- NI A 'y
101 1 IM"JN"\-' 1 | ] '\M' | 101 m’1“ 1

EMS, 09. September 2022

_0.10 —-0.05 0.00 0.05 0.10:°-0.10 —0.05 0.00 0.05 0.10
Reflectance Error: Experiment — Reference
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Adding a Mixed-Phase Cloud in upper Layer reduces largest errors

Combined representation improvements reduce largest
errors for VIS 0.6um and NIR 1.6um

= Reduction in 99" percentile of absolute error by almost
40% (VIS) and 80% (NIR)

> Reduction in mean absolute error by 50% (NIR)

— mae=0.007, bias= 0.002, p99=0.046: MFASIS — mae=0.020, bias=-0.011, p99=0.172: MFASIS
— mae=0.008, hias= 0.006, p99=0.043: 2-Layer — mae=0.016, hias=-0.002, p99=0.171: 2-Layer
— mae=0.007, bias= 0.006, p99=0.027: 2-Layer + MXP-cltc — mae=0.010, bias= 0.006, p99=0.036: 2-Layer + MXP-cloud
: 10.6pym - VIS 1.6uym — NIR :
Mean  99%-ile H 109 M Mean  99%-ile

absolute absolute
error error

0.016 0.171  2-Layer

2-Layer +
0.010 0.036

absolute absolute
error error

2-Layer (0.008 0.043

2-Layer + 10%

1L M
10_570

103

LW I L \’\n' 1 101 1 \ L | |
-0.05 0.00 0.05 0.107-=0.10 -0.05 0.00 0.05 0.10

Reflectance Error: Experiment — Reference
EMS, 09. September 2022 P 22/28




LUDWIG-
MAXIMILIANS-
UNIVERSITAT
MUNCHEN

LMU MIM

EUMETSAT

NWP SAF

@ fir Wetterforschung

- @
.\k
o Hans-Ertel-Zentrum

Deutscher Wetterdienst %
~—

Wetter und Klima aus einer Hand

Adding a Mixed-Phase Cloud in upper Layer reduces largest errors

Can we train a Neural Network based
on this improved representation
of vertical cloud structure?

Mean 99%-ile
absolute absolute
error error

-0.007 0.046
2-Layer 0.008 0.043
2-Layer +

EMS, 09. September 2022

Reflectance Error: Experiment — Reference

[0.6um - VIS - 1.6um — NIR
107k g
103k 10%
2L 1025 e
101 1 ILMJ.NH | AL T 101 1 A I 1
-0.10 -0.05 0.00 0.05 0.1077-0.10 =-0.05 0.00 0.05 ©0.10

Mean 99%-ile
absolute absolute
error error

0.016 0.171  2-Layer
2-Layer +
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Train a first Neural-Network with improved the vertical cloud structure

Neural Network hardly increases error compared to 2-Layer + MX-Cloud

2 6 hidden Layers ; 30 Nodes per Layer
= NIR Results are only slightly worse than VIS results

VIS006 NIR0O16
— mae=0.007, bias= 0.002, p99=0.046: MFASIS — mae=0.020, bias=-0.011, p99=0.172: MFASIS
— mae=0.008, hias= 0.006, p99=0.043: 2-Layer — mae=0.016, hias=-0.002, p99=0.171: 2-Layer
— mae=0.007, bias= 0.006, p99=0.027: 2-Layer + MXP-cltc — mae=0.010, bias= 0.006, p99=0.036: 2-Layer + MXP-cloud
— mae=0.007, bias= 0.006, p99=0.030: MFASIS-NN — mae=0.010, bias= 0.006, p99=0.044: MFASIS-NN
Mean  99%-ile - 0.6um - VIS 104 1.6um —NIR Mean  99%-ile
absolute absolute 0 g § absolute absolute
error error error error
103k 10%
20
2-Layer + 102k 107 2-Layer +
V 0.007 0.027 : ; y

MX-Cloud 0.010 0.036 MX-Cloud

0.007 0.030 0.010 0.044

101 L1 I I gl 101 I A ! I
-0.10 -0.05 0.00 0.05 0.1077-0.10 =-0.05 0.00 0.05 0.10

Reflectance Error: Experiment — Reference
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latitude

First application of MFASIS-NN on ICON-D2 hindcasts — 1.6um

Statistics for the plotted area: mean = 293.2989; min = 273.011; max = 306.8018

ICON-D2 Domain

upper air temperature at layer 65 [interpolated)]

53 1

File: an_R19B07.20190603120000

September 2022

(K]

= Domain: Central Europe

2 2-Moment microphysics scheme provides
prognostic particle numbers and sizes

= Period: 01. June 2020 - 30. June 2020

25/28
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MFASIS-NN applied on ICON-D2 03. June 2020 - 1.6um

= Domain: Central Europe

A
= = 2-Moment microphysics scheme provides
8 prognostic particle numbers and sizes
v - - - -
) = Cloudy regions involving ice-phase show
2 underestimation of Reflectance (blue)
v
)
S MFASIS-NN - Reference
T, — Lar i oos e
e 0 100 200 300 400 - 3 o g:10
= 3 0.05
150 5
2 200 3 B i T - 0.00
4 100 FRat Al g > j
0 =0 ~0.05 Mean  99%-ile
= S e : absolute absolute
‘2 100 T SURIE - _— —0.10 error error
. i a | &
s . ’ 0 = 0 o NWPSAF  0.010 0.044
. e ICON-D2
. 0 100 200 300 400 03. June 0.015 0.049
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MFASIS-NN applied on 30 Days of ICON-D2 hindcasts — 1.6pm

03 June 2020 12 UTC

=> Period: 01. June 2020 - 30. June 2020 ;

12 UTC

= Shape of error-histogram similar to NWPSAF-Data

.........................................................................

: 200
1504
* 100

: 50

2 Mean & 99 percentile of absolute errors similarly

small as for NWPSAF-Profiles
i > First step towards using the 1.6um-channel in
; Data Assimilation
': o . : -0.10 1045_
: 0 100 2:'1:0 300 46§ Mean 99%-ile -
------------------------------ .::.-.------------------------------------ absolute absolute
N error error I
103}
NWPSAF  0.010 0.044 :
A ICON-D2 - 4 515 (.049 :
....... .. 102L
ICON-D2 :
30 Days 0011 0.047
101 I
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010 —0.05 0.00 0.05 0.10

Reflectance Error: NN - Reference
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Summary and Outlook

1.6 pm NIR-channel:

NIR0O16
* Improved description of vertical cloud-structure S e e
removes Ia rgest e rro rS — mae=0.010, bias= 0.006, p99=0.044: MFASIS-NN

104k
* Errors for NIR are now in the range of VIS :

*  First Neural-Networks are very promising 107
> Next steps: :

* Application for model evaluation and data assimilation %
* Implementation in RTTOV-v13.2 j

101 I A I L ™ i,
-0.10 -0.05 0.00 0.05 o0.10
Experiment - Reference
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