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AtmosphEric Research and
Observations LABoratory

A AEROLAB = A research structure to provide expertise
and solutions for monitoring and analyzing
atmospheric emissions

A AEROLAB was born from the GSMA
A https://www.aerolab-innovation.com
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Context and Objectives of the Thesis

A EM27/SUN spectrometers: key tools for calibration and validation of satellite @id&vations.Padf the European strategy
for high-precision carbon monitoringi(1  peprans <0.5 ppm )i

A Thesis: use the ARAHMIS inversion model to analyze information content and identify sensitive spectral channels.

A Investigate the information content of the EM27/SUN instrument.
A Propose potential improvements to PROFFAST or validate its current settings.

A Develop a unified inversion framework applicable to EM27/SUN data as well as satellite or other instruments (e.g., CHRIS).

[Ciai2015: Ciais P.;Crisp D.; van der Gon, HEngelen R.; Jansserddaenhout G.;Hiemann M. & Rayner P.Towardsa EuropearOperationalObservingSystem to MonitoiFossilCC emissions Final Reporfrom the expert groupEuropeanCommission JoiriResearciCentre, 2015
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ARAHMIS Algorithm

{ Inversion Methodvith ARAHMIS ]

A Reference code fapacemissionpreparation
1 Scaling factor

: : : H 2 Solving the Radiative
|ASI-NG, Biodiversity FORUM, MicroCarbi1] N Transfer Equation
\ alcule
A AccessobtainedduringWs Magic 2023 (16/05/2023) . a
. - . P, Ti, Ci Pi, Ti, Gi

A Collaborationinitiated with XK

p,

Vi

sol {‘/ Sol
[ ARAHMIS ]
SF&ETR RequireRadiance Calibration
Forwardmodel Retrieval Inclusion ofAerosols Timeconsuming
SandboxModei Adaptable to Observatiddeeds I SpectrunCalibratedn Radiance !

[1]: Alalam, P., DM@%%‘@@PW'&EE%W& des indices de réfraction dans la mesure des poussiéres minérales avec des sondeurs satellites infrarouges a haute résolution spectrale : application au désert de Gobi. Chimie S
atmosphérique et physique , 24 (21), 12277-12294.
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Stepsto AchieveARAHMIS
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Radiance Calibration

A The EM27/SUN records FTIR spectra of direct solar radiation.
A High radiometric accuracy is required to retrieve reliable atmospheric column amount€{Cetc.).

A Calibration errors directly affect the quality of trace gas retrievals.
y quality 9 Raw spectrum mé&b

A For now, the Transfer Function (TF) is performed using OPUS.

A Method is based on the calculation of two paraméiers , adapteqt

m (slope of the instrument responsep&offset of the instrument response)

e 1y u8l-dp Bl Gl
O L T 1} ]
-Gl I dy i [y T-dp

wspectrum al523 K recorded using the LOA blackbody

| EM27/SUN solar spectrum (maximum) recorded under optimal conditions (clean mirror, clear sky, solar noon).
-,(#pblackbodyradiance81523K, calcul ated using Planckoés | aw

- 3l; blackbody radiance &011 K, from LATMOS (recent solar reference spectrum).

; 1t
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Blackbody Spectrum Recordingi EM27/SUN

A

A

0.0030

0.0025

Cold blackbody spectrum (1523 K) recorded at LOA with the
EM27/ SUN Y used as reference (radio,

c
S 00015
E
3

0.0010

Applied smoothing using an uppenvelope modeling approach.

Method:

A
A

Manually selected control points.

PCHIP interpolation (Piecewise Cubic Hermite Interpolating w

Polynomial)= Code Python

Advantages: Avoids oscillations & Preserves monotonicity of the data.
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Solar Spectrum Correction and Smoothing

A The new solar spectrum from LATMQ&i: 10.21413/SOLAR  -V-DATABASE-SSI.L3.V1_SOLSPEC -LATMOS), measured by the SOLAR/SOLSPEC

instrument on the ISS.

A The solar spectrum is attenuated by: Rayleigh scattering (ROD) & Aerosols (AQE){ )

— b A 2 () 4 ¢
r Al T —
AEROSOL ROBOTIC NETWER_A

A Seasonaburi EarthvariationnegligibleY 0 P /N
Extrapolation of AOD Using Angstrom's Law

A NIR: ozone absorptionegligibleY Qm R

If I=1,8/|.Q %&Q)

\.

0.070

80065
Q¢

ROD = 0.008569 &) 4 (1+0.011% 8)-2 +0.00013 8)-4)

0.060

(AERONET data: the three red point9

A Extrapolatedising; n g s t law:mé-s
Hajar El Habchi El Fenniri 10
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Solar Spectrum Correction and Smoothing

LATMOS Spectrum and Envelope Smoothing

LATMOS Spectrum with & without correction
—— LATMOS spectrum
1000 4 ---- Envelope _
¢ Envelope points
1000+ ‘ ' ||| W
800 A
800+
IS £
Q Q
T L 6001
(%] 0
o o
E 600 E
400
400
200
200+
—— LATMOS Luminance without correction
—— LATMOS Luminance with correction . i . . . . .
; ; ; ; ; ; ; 6000 7000 8000 9000 10000 11000 12000
6000 7000 8000 9000 10000 11000 12000 Wavenumber (cm-?)

Wavenumber (cm-1)
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Selection of the EM27/SUN Spectrum

Acquisition conditions:

A Sunny dayi Junel3, 2023

A Selected spectrum: maximum recorded during the day
Processingapplied:

A Spectre brut delEM27/SUN (Bluecurve.

A SmoothingusingPCHIP ¢edcurve.

Raw EM27/SUN Spectrum and Envelope

0.175 1 : —— Raw spectrum
-- Envelope
e Envelope points

0.150

0.125

0.100

a.u

0.0751

0.050

0.0254

0.000

. 6000 7000 8000 9000 10000 11000 12000
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AEROLAB

AtmosphEric Research and
Observations LABoratory

UNIVERSIT
DE REIMS
CHAMPAGNE-ARDENNE

Calibrated Solar Spectrumi EM27/SUN

Final spectrum obtained after:

A Radiometric calibration (two
point method).

A Correction for Rayleigh
scattering (ROD) and aerosols
(AOD).

A Smoothing with PCHIP
interpolation.

Spectrum is now ready to be used

for ARAHMIS

Hajar El Habchi EI Fenniri
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Input Data for ARAHMIS

UNIVERSIT
DE REIMS
CHAMPAGNE-ARDENNE

A HITRAN Line by Line
A HITRAN CrossedSections
A Continued (HO and CO)

Calculation of
the direct line
by-line model

Spectre

Atmospheriomodel

Solarspectrum
Aerosols(complexrefractiveindices)
Instrumental noise

ILS

CIA

T> J> T T To I

Haior ElHabhchi ElLEannin

Spectrum
calculation
Coefficients
doabsorpt i v
LIDORT
V-LIDORT

Consideratiorof
Diffusion

COCCON MEETING OCtober 2nd 2025

Inversion

Too J>o T To To o T To To o I

JacobiarMatrices
AVK averagingernels
Uncertainties
Calculatedspectrum
Statusvector
Covariance matrices
Noise Matrices
lteratedmatrices
Convergenc@arameters
Pixelrecovery
Channekelection

Restitutionresults. Xgaz
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Adaptation of the GGG2020 Atmospheric Profile to ARAHMIS Requirements with In Sltu
Correction

Ensuresonsistencyn futurecomparison$ARAHMIS vs PROFFAST)

ConvertsGGG2020profile (default formaly ATM format)

T & P replaced with i situ measurements (at spectrum time) L
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Noise Handling in ARAHMIS

Raw vs. smoothed total noise V1

A Provide a single SNR value (fixed across the spec

A Provide a noise profile file (wavenumbaependent)

Normalized difference

Noise calculated for our instrument as;:

114 4 w, y i‘ (‘)(!’Q “Y) ] —— Total noise (smoothed)
v e Q Q K
. = . . . ] /\'L\“—’\’,\ //_/vv\\
A Used directly as noise profile input in ARAHMIS

Hajar El Habchi El Fenniri COCCON MEETING OCtober 2nd 2025 17
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Instrument Line Shape (ILS) in ARAHMIS

A Simulation of different apodization functiorsir{c, gaussian, triangle, Lorentz, Nort@eer weak, NortorBeer

medium, NortorBeer strong Or diredls file) a.u. ILS Measured by MONARIS
2.0 1
A Measurednstrument ILS file employed
A Extracted withLINEFIT (v14.8) =
A Methodology:Frey et al. (2015) o FWHM= 0.4B2 Cm-1
A Modulation & phase parametersiberti et al. (2022) |
A File provided by théMONARIS team -
A Measured ILS used asnvolution kernelin ARAHMIS *1 MW |
A Ensures accurate reproduction of observed spectra - o C::Oi 5005 o 18 o
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Collision-Induced Absorption (CIA)

A Absorption due to transient dipoles created during AT ?ic—lf-cff—p-‘—!f-t-r-u-'-n»-l-f—c—lf-c-?-n-t-r-'il-lﬂm e SO FOS— -
molecularcollisions LR ._ T |

A Crucial for an accuratesimulation of measuredspectra, ' |
especially in spectral regions affected by molecular
interactions i

A Implementedin ARAHMIS accordingto the observation 3 ——— S S S S S
pathusedby EM27/SUN. = Ye IR Wb ' i

A Detectorl (O): OiO, Of air
Haja'&Elbaé)fglc’Eeglﬁznr‘CN ): NN ’ N i ail’ COCCON MEETING OCtober 2nd 2025 19
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Comparison: Calibrated Spectrum vs ARAHMIS Simulation - Detector 1 (EM27/SUN)

UNIVERSITE
DE REIMS
CHAMPAGNE-ARDENNE

A Calibl‘ateCEM27/SUNSpeCtrum Radiance Spectrum V1
A ARAHMIS simulatedspectrum  1o00-

(total)
Individual contributions: 8001
A Molecularabsor pti or
600 -

H O, CH , o ,
A C |A (COI I ISIOn I nd uced 4007 . calibrated Reference Spectrum 230 OPUS
—— ARAHMIS Simulation of the Reference Spectrum 230 OPUS

H === Luminance LATMOS enveloppe 230 OPUS ‘
Absorptlon) Solaire Spectrum Simulation } '
|

—— CO:z Simulation

W.m2.srl.cm

—— CO Simulation

A H O a n d C O C O 2007/ _ H20 Simulation

CHa Simulation

—— Nz0 Simulation

A —— HF Simulation

SO I ar refe re n CS peCtru m Continua Hz0 & CO:z Simulation

04— CIA Oz Simulation

—— CO Simulation

6000 7000 8000 9000 10000 11000
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Comparison: Calibrated Spectrum vs ARAHMIS Simulation i Detector2 (EM27/SUN)

Radiance Spectrum V2

700

600

J—
T

500 ‘ )t i.:" ll.,;] "‘{..,j':. |
ol i 1 K ¢l ! 11 Il'f'. l.il “j‘_
T &b Rl 'li[h

| I
| 'fﬂi. ' ! -l'."-qu,
,.| 0 R
' \ l. a

300

W.m=2.srl.cm

e poee
Calibrated Reference Spectrum 230 OPUS
—— ARAHMIS Simulation of the Reference Spectrum 230 OPUS
—=="Luminance LATMOS enveloppe 230 OPUS
200 Solaire Spectrum Simulation
—— CO: Simulation
—— €O Simulation
H20 Simulation
100 * CHa Simulation
N20 Simulation
Ko ? HF Simulation
l Continua H20 & CO2 Simulation
» —— CIA Oz Simulation
—— CO Simulation

Hajar El Habchi El Fenogri 4200 4400 4600 4800 5000
Wavenumber (cm~1)
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Information Content AnalysisT Rodgers 000 Framework

Rodgerso6 formalism (2000) quantifies the informat.|

The analysis is based 0in [Radgers(2000)]

A Averaging Kernel (AVK) matrices.

A Different error sources in the retrieval.

ASmoothing error: due to the influence of the a priori on the retrieved profile.
AVlodel error: approximations in the radiative transfer representation.
Aeasurement error: instrumental uncertainties and measurement noise.

A\ priori error : linked to the choice of the assumed initial profile.
Hajar El Habchi EI Fenniri COCCON MEETING OCtober 2nd 2025 24
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Identification of Absorption Featuresi ARAHMIS Simulation - Detector1 (EM27/SUN)
CO

Blu B2 IIBS IB4 Radiance Spectrum V1

0o I I N | T | e S Sy — e e ———— e e

1000 A

500 4

1000

500 4

Adentify absorption

800 - — T“
1000
bands of each o
0 T
1000
molecule. A
5 ‘
t t I . % 1000 -
o
Metect overlapping w1
1000
- |
regions where several W o
1000
species absorb
1000
simultaneously. ‘ . ‘
1000 = g oo
| —
800 e | . ‘ . . ‘
00 7000 8000 9000 10000 11000
1 Wavenumber (cm™)
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|dentification of Absorption Featuresi ARAHMIS Simulation - Detector 1 (EM27/SUN)

1000
4]
(W) 750
& T T T T
b=} 1000 -
o)
o /-‘
800 A —
: T T T T
1000 A
800 - == _______.-"'-"" : ; T T
1000
500 4
T T T T
1000
800
T T T T
000 e =
Y — B
800 - e "'f" i ; : . T
6000 7000 8000 9000 10000 11000
Mavenumbdr (cm~)
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Identification of Absorption Featuresi ARAHMIS Simulation - Detector 2 (EM27/SUN)

CcO N,O Band 1 N,O Band 2
] |2 ﬁrflmm'e Spectrum \122 CO
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Summary of Entries

A priori CIA O,-0,, Noise Solar H,0 CO: CH,
O,-air Spectrum
Correction

Band 1 :
6038.21709, 6107.88233

Band 2 :
6166.21794, 6259.02458

Band 3 :
6293.01351, 6379.79374

Band 4 :
6463.92236, 6533.82866

Band :
5741.2358, 6170.0748

Band :
8318.12676, 8598.2340

A priori CIA Noise Solar H,0 CO: CH, cO N,O
N,-N,, N- Spectrum
air Correction

\ '

SRS
(<LK
(<<%

<<%

@}

or'l
=

Band :
4722.0501, 5002.1574

Band :
4179.1915, 4675.7673

Band :
4187.1464, 4326.9590

Band 1 :
4371.0723, 4442.9070
Hajar El Habchi El Fenniri [k Band 2-
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Output Data for ARAHMIS

A HITRAN Line by Line A JacobiarMatrices
A HITRAN CrossedSections A AVK avgrqgmgkernels
A Continued () Information Content A Uncertainties |
A Channebelection
A Calculatedspectrum
Spectrum é gtatus_/ector .
: ovariance matrices
Calculat ¢ calculation A Noise Matrices
alculiation O .. :
: _ Coefficients _ A lteratedmatrices
Spectre the direct line dabsorotion Inversion A Convergenc@arameters
by-line model P A Pixelrecovery
LIDORT
V-LIDORT A Restitutionresults: Xgaz
A Atmospherianodel
A Solarspectrum Consideratiorof
A Aerosols(complexrefractiveindices) Diffusion
A Instrumental noise
A ILS

Hajar El Habchi EI Fenniri COCCON MEETING OCt@ner2025 29
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Example Plots of Errors and AVKs

Errors CO;: Bands 2 & 3 V1 AVK by Altitude Range for CO: Bands 2 & 3 V1 Errors CO:z V2 AVK by Altitude Range for CO2 V2
70 —— S_fm variation 70 70 —— S_fm variation o
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| ; ! - H — — oss
R R P S_smoothing variation DOFS2.16 @ % I EYTEE S_smoothing variation DOFS:3.15 ...
S N PP S Total — 165 L PP S Total — les
A b — 221 H - — 221
S PP S Apriori — 281 | | S RO S_Apriori — 281
60 I. 60 — 345 60 n i 60 — 345
413 H H — 413
— 485 P ¥ — 485
I ' — 561
— a1 } L4 — 641
— 725 b H — 7125
— 813 1|' :. — 813
— L — 005
20 50 —_ fo?;l 50 i H 50 — 1001
— 1101 [} H — 1101
— 1205 1 4 — 1205
— 1313 i ¥ — 1313
— 1425 ! H — 425
—ix { —i
— — 1661 —_ -
£ 40 — 1785 =] 40 ; ', a0 — 17.85
e _ — 1913 kv ' H . — 19.13
— £ — 2045 = 1 ’ £ —— 2045
3 S —as g : S —a
—_— 2321 1] 9 -
2 % — 2465 -g [ S E — 2465
= 2 — 2613 = l ; E — 2613
= 30 = — s B o3 i ’ = — 2765
< < < f . 120 — 2921
30 B * H — 3081
32.45 ' 1 3245
3413 ) H 3413
i AT o
37.61 '. 3941
20 39.41 20 LL & 41.25
41.25 & 4313
4313 i & 20 4505
45.05 l @ .
b 47.01
47.01 : kb 4901
43.01 N £ 5105
51.05 H
. o 2
55.25 10 57.41
57.41
5961 10 s
61.85 6413
6413 66.45
6645 . 58 51
o 68.81 o — . e T
0

Hajar El Habchi El Fenniri COCCON MEETIRGtober2nd 2025



AEROLAS

AtmosphEric Research and
Observations LABoratory

UNIVERSITE
DE REIMS
CHAMPAGNE-ARDENNE

Summary of DOFS and Errors

CO:
. C . DOFS Smoothing Total Error
A Detector 1: the combination of bands 2 & 3 represents an optimal _

compromise: S_smoot Altitude S total %  Altitude
] . ) % max max
A Provides as much information as 6
Band 1 : 1,01 7.750120 0.28 7.858250 0.28
Vs 2'22)' 6038.21709, 6107.88233
A AVKs and posterior errors are Band 2 : 1.93 7.18440 0.28 753491 028 nt
6166.21794, 6259.02458
loss of quallty. _ Band 3 : 1,90 7.20534 0.28 7.51155 0.28
. . . i 6293.01351, 6379.79374
A Reduces computation time and avoids spectral redundancy. g
e Band 4 : 0,98 7.756640 0.28 7.936460 0.28
L
A Detector 2: more performant ( DOFJEN 0640392236, 653.82866

Bands 1 et2

7.19798 7.61311

independent information.

A Sensitivity altitude: EM27/ SUN |

Bands 2 et 3 7.07130 7.59874

Bands 3 et 4 7.20179

7.55248

troposphere, consistent with its use for total column monitoring.

Bands1a4 7.05730 7.72628

A Dominant error: smoothing error
Band : 5.93085

%l 4722.0501, 5002.1574

8.56782

robust a priori.

Detect

Hajar El Habchi El Fenniri COCCON MEETING OCtober 2nd 2025 31
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Summary of DOFS and Errors

-

~

A Detector2 s clearly more efficient for CH
A Higher DOFS 2.30vs 1.82).

A Sensitivity concentrated in the lower troposphere, more suitable for

\_ monitoring surface emissions. J
p
A High information content (DOFS = 2.5) with strong sensitivity in the lower troposptere.
\A Stable errors (~5%) Y EM27/ SUN provides
(A Very limited information (DOFS 6.37).
A Absorption lines are too weak, as clearly confirmed in the simulations.
A Although CO retrievals are often mentioned in the literature, these results sho t
\_ EM27/SUN provides poor sensitivity for CO.
/
A Provides nomegligible information (DOFS ~0.9), with sensitivity in both the lower
and upper troposphere.
\A N O retrievals from EM27/ SUN have njot Db

Hajar El Habchi El Fenniri
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X"

CH,
DOFS Smoothing Total uncertainty
uncertainty

Altitude S total % Altitude
max

S _smoot
% max

17.85

Band : 51.05 5.030900

5741.2358, 6170.0748

Band :
4179.1915, 4675.7673

1,82 5

5.039280

Smoothing Total Error
uncertainty

Altitude S total % Altitude
max

r obu:e

S smoot
% max

5.000040

Band : 13.13 5.000470

8318.12676, 8598.2340

Band :
4187.1464. 4326.9590

Band 1 :
4371.0723, 44429070

35.85 5.37858

35.85

Detector 2

Band 2 :
4699.14982, 4756.7622
dUuurl es 5SS e u I 11

een L I1ne It el at uil e
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Construction of the A Priori Covariance Matrix

A Provide an a priori profile together with its variance and covariance matrix (including vertical correlations).
A In ARAHMIS, this matrix goes beyond variance: It introduces covariance, linking the levels and allowing the

inversion to optimally weight information from both the a priori and the measurements.

A UseAirCore profiles as the basis.
A AirCore data limited ta20i 25 km altitude.
A Completed with CAMS outputs to extend uprtdokm (EM27/SUN grid).

A Constructed fromi9 days of data around the reference date:
V Junel3, 2023(day of the studied spectrum).

A Provides a realistic representation of atmospheric variability during the study period.
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Summary of DOFS with and without the covariance matrix
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- @

Covariance significantly reduces DOKFSmuch of
the raw information is redundant.

Detector2 remains more efficient, especially for
CH.

Sensitivity shifts upward, reducing constraints ne
the surface.
CH retains more independent information than C

even with covariance.

Hajar El Habchi El Fenniri

Detectorl

Detector2

Fenétre

Without covariance matrix

DOFS | S smoot % max  Altitude

‘With covariance matrix

DOFS with Covariance

S smoot % max  Altitude

Fenétre 1 : 6038.21709, 6107.88233 1,01 7.750120 0.28 0,440 3.26277 0.275
Fenétre 2 : 6166.21794, 6259.02458 1,93 7.18440 0.28 0,979 1.88078 13.13
Fenétre 3 : 6293.01351, 6379.79374 1,90 7.20534 0.28 0,980 1.88071 13.13
Fenétre 4 : 6463.92236, 6533.82866 0,98 7.756640 0.28 0,508 291026 0.275
Fenétre 2 et 3 2,16 7.07130 0.28 0,997 1.87477 13.13

Fenétre : 5741.2358300, 1,82 5 51.05 1,099 0.06545 21.81

6170.07483765

Fenétre CO2

Feneétre CH4

3,15 5.93085 0.65

2,30 5 53.13
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1,047

1,424

1.82914 13.13

0.060426 21.81

34



AtmosphEric Research and
Observations LABoratory




AtmosphEric Research and
Observations LABoratory

UNIVERSITE

A E R O LA B CHAMEEGB%’L‘EE\-NE @

Channels andcorresponding percentages

Radiance & Information Percentage - CO: Bands 2 & 3 V1
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Channels andcorresponding percentages

Radiance & Information Percentage - CO: Bands 2 & 3 V1 (Baseline Fit: 1%)
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Summary of the channels

A Without baseline freedom:

Fewer channels, but more concentrated a pands Number of channels with 90% Number of channels with 90%
’ information information (Baseline fit = 0.01)
reliable Y infor mat er attributed to
the gases L 48 170
A With 1% baseline freedom: Band 2 73 177
_ _ Y .
Much higher number of channels, but with band3 69 16
redundancy and dilution of the real e 48 162
. - - - g s r_'. 5
information (baseline compensation). bands 2 &3 14 370
A Indicates where to find informatigh by
molecule and by bandwidth (LB) Band CH. 2 201
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Conclusion

o To Do o Do Do Do Po

To I

Coupling bands 2 & 3 for CO confirms the PROFFAST choice

The PROFFAST choice for CH i's also validated (Detector 1)
With Detector 2, an additional degree of i nformation is o0b
The selected H O band (Detector 1) matches PROFFAST Y choi
CO shows very poor sensitivity (DOFS &4 0.37), not wusable.

N O pr ovwvnedgelsi giioonl e i nf or mati on (DOFS & 0.9), rarely explor
The covariance matrix reduces DOFS but removes redundancy and introduces vertical correlations.

Without baseline freedom: fewer but more reliable channels. With 1% baseline freedom: more channels but redundananand diluti
Extend H O analysis (two detectors, mul tiple bands).

Expl ore the potential of N O retrieval s.

Automate ARAHMIS for daily fulspectrum inversions and compare outputs with PROFFAST.
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