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QA NOMAD Atmospheric composition

High resolution occultation (CH,,0;, trace species, isotopes)
and nadir spectrometers dust, clouds, P&T profiles

Schiaparelli

UVIS (0.20 — 0.65 pm) A/AL ~ 250
IR (2.3-3.8um) A/AL~ 10,000
IR (2.3-4.3 um) A/AL ™~ 20,000

Mapping of sources;
landing site selection

A ACS Atmospheric chemistry,
Suite of 3 high-resolution aerosols, surface T,
spectrometers structure

Near IR (0.7 — 1.7 um) A/AA ~ 20,000 SO. Limb
IR (Fourier, 2 - 25 pm) A/A2 ~ 4000 (s0)/500 (N) o [l

Mid IR (2.2 — 4.5 um) A/AL ~ 50,000 SO

CaSsIS
FREND

A FREND Mapping of

Collimated neutron detector subsurface water

All Power Resolution A/Al calculated at mid-range
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The chemical composition
of the Martian atmosphere

Mars climatology and
seasonal cycles

Sources and smk A
Martian atmospt \0




NOMAD : Science Obijectives

Chemical composition

Detection of a broad suite of trace gases
and key isotopes
CO,, CO, O,

CH, related : CH,, 13CH,, CH;D, C,H,, C,H,,
C,Hg, H,CO

Escape processes : H,O, HDO -> D/H
Volcanism related : SO,, H,S, HCI

Mars Climatology & Seasonal cycles

3D spatial & temporal variability of
trace gases and aerosols

Climatology of O; and UV radiation
levels

Sources & Sinks

Analyse correlation trace gases - dust -
clouds - T&P

Use GCM for interpretation

KISS Methane on Mars Il, Pasadena, June 14-18

Deuterium Enrichment
of Water on Mars
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= I-I:‘gg'::{)llﬁg occultation ( C"ﬁfgl?iﬁilzj’ZEEiiziiiézgg ) SO SOIR/ Venus EXPPCSS
and nadir spectrometers ' O Solar Occultation

UVIS (0.20 — 0.65 pm) A/A% ~ 250 0 IR:22-43 um

IR (2.3-3.8um) A/AL~ 10,000 0 Resolution ~ 0.15 cm"!

IR (2.3-4.3 um) A/AL~ 20,000 O Resolving power = 22000

« LNO

O Nadir, Limb, Solar Occultation
O IR:2.2-3.8 um
0 Resolution ~ 0.3 cm"!
O Resolving power = 11000

e UVIS Humbolt/ExoMars
0 Nadir, Limb, Solar Occultation
0 UV-vis : 200-650 nm

O Resolution~ 1 -2 nm

KISS Methane on Mars Il, Pasader .. +4-18 H u
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* IR channels heritage from SOIR/VEx

Venus Express (VEX) - ESA
Launch in Baikonur in 2006
End in Dec. 2014

SOIR spectrometer
Channel of SPICAV/SOIR on VEX
Echelle grating + AOTF
2200 cm! to 4400 cm1 (2.2 pm to 4.4 pm)
Divided in 94 diffracting orders
Order width: 20 to 37 cm™?
Spectral resolution: 0.1 to 0.25 cm™?

Measures 4 orders per second during an occultation

i_helle grating
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Temperature
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Collimation and
camera lens
togetherin 1
parabolic mirror

Detector optics
and detector
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Science implementation (2)
* UVIS Channel: heritage from UVIS on Humbolt/ExoMars

 Science based on
SPICAM/MEX

Surface Flux (W m’nm’)
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* Climatologies of O3, dust OD, surface albedo / Clouds

a) Ozone column (MY 27) il epn (MY27:30)
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Science implementation (3)

* Improvements/modifications

o SO

" 6 orders (instead of 4), | can be Dark \ lﬁnﬁfsfphere

= Slit perpendicular to limb = better
vertical resolution

= 2 series of settings for high & low altitudes

o LNO
= Solar occultation possible, but
= Optimized for Nadir (& Limb)
» increase of SNR : Larger & higher slit; larger optics; radiater

o UVIS

= Extended spectral coverage (200-650 nm)
= 2 telescopes for solar occultation & nadir

KISS Methane on Mars Il, Pasadena, June 14-18 bé@no .tﬁ
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- Observations modes
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FiEldS Of view Nadir Solar Occultation
Channel 400 km Channel At limb

LNO 4’ 0.47 km SO 2’ 1.0 km
LNO 144’ 16.8 km SO 4-6’ (binned) 2.0-3.0 km
UVIS 43’ 5.00 km SO 1’ (1 pixel) 0.5 km

15s motion 50.4 km UVIS 2’ 1.0 km
1/6s motion ~0.4 km

Typical Orbit During a 24 Hour Period

—11 day coverage

One orbit every ~2 hours
-74 to +74 degrees latitude

Latitude (degrees)
[=)]

—60+

80 ‘ i : : - i e
—-200 -150 -100 -50 0 50 100 150 200
Lonaitude (dearees)
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Observations (|
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e Solar Occultation
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Observations (2)
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 With dust

Transmittance

At 20 km tangent height

KISS Methane on Mars Il, Pasadena, June 14-18 H u



BIRA.IASB

Observations (3)

 Nadir
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CO, and CO isotopologues
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Signal-to Noise ratio determination
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Effect of Instrument Temperature on SO Occultation SNR
Wavelength um

Radiometric models of the three channels. 2.00 2.25 250 275 3.00 3.253.50  4.00

6000

Based on: 5000

Computation of the detected signal,
considering the incoming radiation

and the attenuation due to the £ 3000(
different optical components ;

4000

Estimation of the noise on the 20007
detector. ool [= 263K
— 273K SO
— 283K
From these quantities signal to noise ratios 5000 4500 2000 3500 3000 2500

Wavenumber em !

(SNR) can be calculated and used further to

Investigate the sensitivity of the instrument.
Vandaele et al. 2015 b; Thomas et al. 2016

. Effect of Variations in Dust Opacit
LNO - Nadlr Wavelength um pacity
160 2.00 2. 25 2.50 2.75 3.00 3.25 3.50 4.00
— Ls=251, Dust 0D =0.1, Med albedo @ 263K
1401 —  |s=251, Dust 0 =0.4, Med albedo @ 263K
120}| — Ls=251, Dust 0D =0.7, Med albedo @ 263K

Ls=251, Dust OD=1.0, Med albedo @ 263K
100f| == Ls=251, Dust 0D =0.1, Med albedo @ 273K
- - Ls=251, Dust 0D =0.4, Med albedo @ 273K

o
% 8[| -~ Ls=251, Dust 0D=0.7, Med albedo @ 273K
gol| == Ls=251, Dust OD=1.0, Med albedo @ 273K
--- Ls=251, Dust 0D =0.1, Med albedo @ 283K P
40f| ---  Ls=251, Dust 0D =0.4, Med albedo @ 283K [’y
Sol| 7 Ls=251, Dust 0D =0.7, Med albedo @ 283K !
-+= Ls=251, Dust OD=1.0, Med albedo @ 283K
6%00 5500 5000 4500 2000 3500 3000 2500
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Detections limits: (1) methodology

Simulate a series of spectra with known abundances of the target species ;
With different abundances covering a large possible interval [

SO
Robert et al. 2016; LNO
Vandaele et al, 2015a

UVIS

VIME retrieved (ppb)
=
T

The arrows indicate the
detection limit values i.e. the
lowest abundance for which
the mean error is still lower

than the 1-¢ standard

-3 e -1
10 10
Inout WMR (ppb)

KISS Methane on Mars Il, Pasadena, June 14-18
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e CH4 nadir
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Detections limits: (2) results

SO LNO
¢ Nadlr and SOIar Solar Occultation Solar Occultation Nadir
4 0-60 ppb & 25 ppt 20 ppt 11 ppb
occultations (CH. PP B PP PP
~ 300 ppm
- (variable with season)P U P29 0189 (e £ (g
- D/H =5.6 SMOW¢® 0.7 ppb 0.7 ppb 0.8 ppm
- co ~ 557 ppm ¢ 5 ppb 4 ppb 1.5 ppm
C,H, <2 ppb 9 0.03 ppb 0.03 ppb 20 ppb
C,H, < 4 ppb 9 0.2 ppb 0.15 ppb 70 ppb
< 0.2 ppb ¢
- < 0.7 ppb ¢ 0.03 ppb 0.02 ppb 11 ppb
<3 ppb ©
<02ppbf 0.03 ppb 0.025 ppb 31 ppb
< 0.6 ppb 9
"HCN <5 ppb 9 0.03 ppb 0.03 ppb 15 ppb
0.1-6 ppb !
1 ppb 1 ppb 0.5 ppm
(a) Formisano et al., 2004; - < 200 ppb 9 S . —
Krasnopolsky et al., 2004; Mumma h
et al., 2009b ; (b) Fedorova et al., - < 200 ppm 4 ppb 3 ppb 1.6 ppm
2008; Smith, 2004; Smith et al., < 100 ppb N
2009b ; (c) Krasnopolsky et al., < 90 pob 9 0.2 ppb 0.2 ppb 83 ppb
1997; Lodders and Fegley, 1997; pp
Olvven et al.(, %977 ; (d) l;/lakhaffy et - < 10 ppb P 0.14 ppb 0.1 ppb 50 ppb
al., 2013 ; (e) Krasnopolsky, 1997
; (f) Hartogh et al., 2010 ; (Q) - i 120%pb ! S8 [Fglo 0.8 g {2z [9iFle
Villanueva et al., 2013; (h) - 1- ppmv
Maguire, 1977; (i) Lefevre et al., - (variable with season)! 2.5 ppb 1.5 ppb 0.8 ppm
2004 ; (j) Perrier et al., 2006. < 4.5 ppb ©
- <3.9 ppb ¢ 0.04 ppb 0.03 ppb 16 ppb

KISS Methane on Mars Il, Pasadena, June 14-18 D&
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NOMAD Science Publications
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NOMAD instrument with focus on IR channels, Neefs et al., Applied Optics 54
(28), 8494- 8520 (http://dx.doi.org/10.1364/A0.54.008494) (2015).

NOMAD instrument with focus on UVIS, Pat

NOMAD Science Objectives, Vandaele et al.,

Planetary aeronomy

Optical & SNR models — Part I: UVIS, Vandae ™" "=

1ars, the planet

Issue 23, pp. 30028-30042 (2015) Mars researeh

ExoMars
Mission conce, pt
TGO 2016
. MNOMAD Instrument
: _
Optical & SNR models — Part ll: SO & LNO,  pzgzeri=n
wWebstory

pp. 3790-3805 (2016)

Expected performances of the NOMAD/Exo
124, pp. 94-104 (2016)

Two test-cases for synergistic detections in t
monoxide and methane, Robert et al., JQSF

Belgian Institute for Sp

NOMAD/ExoMars Publications

2015 - 2014 - 2013 - 2012 - 2011 - 2010

[l Get *
Pamd A DOBE” READER™

% Optical and radiometric models of the NOMAD instrument part 1: the UVIS
Ann C. Vandaele, Yannick Willame, Cédric Depiesse, Ian R. Thomas, Séverine |
David Bolsée, Manish R. Patel, Jon P. Mason, Mark Leese, Stefan Lesschaeve,
Antoine, Frank Daerden, Sofie Delanoye, Rachel Drummaond, Eddy Neefs, Bojal
José-Juan Lopez-Moreno, Giancarlo Bellucci, and the NOMAD Team
Optics Express Vol. 23, Issue 23, pp. 20028-20042 (2015)

“E Science objectives and performances of NOMAD, a spectrometer suite for
ExoMars TGO mission.

Vandaele, A.C., E. Neefs R. Drummond, I. R. Thomas, F. Daerden, 1.-]. Lopez-M
Rodriguez, M.R. Patel, G. Bellucci, M. Allen, F. Altieri, D. Bolsée, T. Clancy, 5. De
C. Depiesse, E. Cloutis, A. Fedorova, V. Formisano, B. Funke, D. Fussen, A. Ge
1.-C. Gérard, M. Giuranna, M. Ignatiev, 1. Kaminski, O. Karatekin, F. Lefévre, M.
Puertas, M. Lopez-Valverde, A. Mahieux, 1. McConnellT, M. Mumma, L. Neary, E

Renotte, B. Ristic, S. Robert, M. Smith, S. Trokhimowvsky, J. vander Auwera, G.
Villanueva, 1. Whiteway, V. Wilguet, M. Wolff
Planet. Space Science, 119, 233-249 (2015)

£ NOMAD spectrometers on the ExoMars trace gas orbiterission: part 1 - de:
manufacturing and testing of the infrared channels.
MNeefs, E., A.C. Vandaele , R. Drummond, I. Thomas, 5. Berkenbosch, R. Clairqu
Delanovye, B. Ristic, J. Maes, 5. Bonnewijn, G. Pieck, E. Equeter, C. Depiesse, F
Daerden, E. Van Ransbeeck, D. Nevejans, J. Rodriguez, 1.-1. Lopez-Morenao, R.
Morales, G.P. Candini, C. Pastor, B. Aparicio del Moral, .M. Jerormimo, J. Gomez
Perez, F. Navarro, J. Cubas, G. Alonso, A. Gomez, T. Thibert, M.R. Patel, G. Bel
Vos, 5. Lesschaeve, N. Van Vooren, W. Moelans, L. Aballea, 5. Glorieux, A. Bac
Kendall, J. De Neef, A. Soenen, P.Y. Puech, 1. Ward, J.F. Jamoye, D. Diez, A. Vic

http://mars.aeronomie.be/en/exomars/pubncauuns.nirii
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Other space
instruments/missions

= Mars Express: M. Giuranna
= CRISM: Mike Smith
= MAVEN: Nick Schneider, A. Stiepen

= EXM ACS: A. Trokhimovskiy, M. Lopez-
Valverde, M. Patel, V. Wilquet, JC Gérard

= EXM EDM: M. Patel, O. Karatekin

= EXM 2018 : O. Karatekin /V. Dehant
(LARA)

= InSight: O. Karatekin
= JWST: G. Villanueva

= QOthers ? All welcome

{, )
OSWG1 : IR Composition A.C. Vandaele
CH4 - Trace gases (other than O3) -
9 Isotopic ratios - Structure (CO2, T)
e » )
OSWeG2 : UV Composition M.R.Patel
[ 03 distribution ]

g J
- ™
OSWG3 : Aerosols V. Wilquet

Aerosol characterization: distribution,
optical properties
N\ J

J.-C. Gérard/ )
M. Lopez-Valverde

OSWG4 : Limb

Airglows - Nightglows

[ Limb observations — Non-LTE observations ]
\_ J
OSWG5 : Other instruments

G. Villanueva/ )
M. Giuranna
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Synergy with other instruments/missions -
with Ground-based Observations )

OSWG6 : Modeling

F. Daerden

[ weswmene ]
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NOMAD: status

* On-ground calibration

O A terrific number of observations, still being analysed

 NEC

O Boresight
O Mini and full Sun scans

O Dark sky observations

* MCC - Mid-cruise checkout - NOW

O Refine boresight

O Additional mini-scans and full-scans (SO/LNO)
O Straylight with larger grid size

O Dark sky integration time stepping (LNO/UVIS)
O Mars observation (UVIS only)

e Next: MCO

KISS Methane on Mars Il, Pasadena, June 14-18 !f'mp I:E



Ground Calibration

e Done:

0 Performance checks

= E.g. detector ‘smile’

= Pixel non-linearity vs. radiance

= Bad pixel mapping

O Spectral calibration

= AOTF frequency vs. diffraction order (SC

= Pixel vs. wavenumber (SO/LNO)
= Pixel vs. wavelength (UVIS)

O Integration time vs. instrument temperature

= SO and LNO dark current measurements

KISS Methane on Mars Il, Pasadena, June 14-18
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Near Earth Commissioning

* Most time-critical data already analysed:

O Boresight direction

0 Detector pixel illumination Fed into mid-cruise
O Sun saturation integration time checkout plan
0 SO SNR estimate

» Earth-pointing was removed from the plan (forbidden to point CaSSIS within 60°
of the Sun)

* AOTF/spectral data not yet compared with ground calibration results
* Jupiter data not yet analysed
* Geometric straylight not yet analysed

O 15,000 frames of data broke the conversion script

KISS Methane on Mars Il, Pasadena, June 14-18 L"mp I:E
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Boresight Direction
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125

e Dedicated NOMAD raster

100
scans : ﬂ: e I L

O Large grid, to ensure that we
see the sun

* Also joint NOMAD-ACS
raster scans

O Smaller grid size

O More useful to derive | | N
. SO Observation
boresight offset e :
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Sun Detector Saturation

SO

800000 SO nght Sky: |ntegr§tlon time whgn detector saturates
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Saturation integration time (ms)
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SO and LNO Miniscan Results
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MCC first results !
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TC ™
* header 1| Tene Tag: 21
* hek_en 1
DETECTOR
* detector_en 1
* det_supply by
- ime 4900
STvecd o i 200000 .
+ window_tep 182
e LNO and SO still
* force size a b =} 175000
o degf o -
= gval I
: - seeing the Sun
SEQUENCER
® n_of accum 54
* binning factor 1 125000
* aort delay 1
* subtract_en 1
* deds o
* ddva ol 100000
ACTE
* force aotif en B T5ﬁﬂﬂ
* antf pow 108
= aoti_freq L33L9I3FEE
= 23946,3720322 1Mz, T S 0 50000
CLOLER
® ced T 25000
* cooles_cloomd loop 1 300
= cocler data Bo4h
* cosler losp_c1 11} [ TC ™
* cooler locp o 3 -
* cocler locp o2 L * header 1| Teme Tag; 19
= nsk =n Ht
||DETECTOR
= degector en 1
* det_supply 1
* intsg_time 6000 320000
* prog_en :
* windou_Top 12e
= window _height i5 280000
= force size_a b a
=+ degf -]
o 7 240000
SEQUENRCER
» n of accum (2.
* binning factor o 200000
* aorf_delay 1
* subtract_es b1
* dads o 160000
= ddva ]
||moTE
120000
= force aotf en a
* aonf_pew 10e
= sorf freg I1E4383424
21604, 60SDTEY KMz 80000
COOLER
s ced T 40000
= cosler_slsaed_loop !
* cooler_daca 040
= caoler loop c1 iz
= cooler_loop c §
- ol 1 3 -
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Nadir and Occultation
for MArs Discovery

Dr. A.C. Vandaele, Principal Investigator
Belgian Institute for Space Aeronomy (BISA, Belgium)

Dr. J.J. Loépez-Moreno, Co-Principal Investigator
Institute of Astrophysics of Andalucia (IAA, Spain)

Dr. M. Patel, Open University (OU, UK)

Dr. G. Bellucci, Institute of Int netary Space Science
(IFSI, Ialy)

Dr. E. Neefs, Project Manager, BISA
Dr. I. Thomas, Instrument Project Manager, BISA
Dr. F. Daerden, Instrument Scientist, BISA
2016 ExoMars Trace
Gas Orbiter Instruments
Investigations

Co-Investigators:
M. Allen (NASA/MPL), F. Altieni
(88l), E.Cluut" {UW}, €

[ULq} M Giuranna (IFSI), N. ev (IKI),

0. Karatekin (ROB). F. Lefévre (LMD), M_L ertas

M. Lopez-Valverde (lAA), A. Mahieux (BISA), M. Mumma {I‘-.IASA}

L. Neary (BISA), E. R e (CSL), S.Robert (BISA), M. Smith
imovsky (K1), J. Vander Auwera (ULB), G. Villanueva

t{‘UNNASA} J. Whiteway (YU), V. Wilquet (BISA)

The NOMAD Science Team

Vandaele, Ann Carine; Lopez Moreno, Jose Juan;

Bellucci, Giancarlo; Patel, Manish; Allen, Mark;
Altieri, Francesca; Aoki, Shohei; Bolsée, David;
Clancy, Todd; Cloutis, Edward; Daerden, Frank;
Depiesse, Cédric; Fedorova, Anna; Formisano,
Vittorio; Funke, Bernd; Fussen, Didier; Garcia-
Comas, Maya; Geminale, Anna; Gérard, Jean-
Claude; Gillotay, Didier; Giuranna, Marco;
Gonzalez-Galindo, Francisco; Ignatiev, Nicolai;
Kaminski, Jacek; Karatekin, Ozgur; Kasaba,
Yasumasa; Lefévre, Franck; Lewis, Stephen;
Lopez-Puertas, Manuel; Lépez-Valverde, Miguel;
Mahieux, Arnaud; Mason, Jon; Mumma, Mike;
Neary, Lori; Neefs, Eddy; Novak, R.; Renotte,
Etienne; Robert, Séverine; Sindoni, Giuseppe;
Smith, Mike; Stiepen, Arnaud; Thomas, lan;

Trokhimovskiy, Alexander; Vander Auwera, Jean;

Villanueva, Geronimo; Viscardy, Sébastien;
Whiteway, Jim; Willame, Yannick; Wilquet,
Valerie; Wolff, Michael

The NOMAD Tech Team

Alonso-Rodrigo, Gustavo; Aparicio del Moral,
Beatriz; Barzin, Pascal; BenMoussa, Ali;
Berkenbosch, Sophie; Biondi, David; Bonnewijn,
Sabrina; Candini, Gian Paolo; Clairquin, Roland;
Cubas, Javier; Delanoye, Sofie; Giordanengo,
Boris; Gissot, Samuel; Gomez, Alejandro;
Jeronimo Zafra, Jose; Leese, Mark; Maes,
Jeroen;Mazy, Emmanuel; Mazzoli, Alexandra;
Meseguer, Jose; Morales, Rafael; Orban, Anne;
Pastor-Morales, M; Perez-grande, Isabel; Ristic,
Bojan; Rodriguez Gomez, Julio; Saggin,
Bortolino; Samain, Valérie; Sanz Andres, Angel;
Sanz, Rosario; Simar, Juan-Felipe; Thibert,
Tanguy
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