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“Mars – The Cutting Edge Today” 
Trace Gases: CH4, H2O, HDO, H2O2, CO, O2, O3, etc. 
     3-D spatial: longitude, latitude, & vertical 
     1-D temporal: (diurnal, seasonal, & inter-annual) 
     High resolution (spectral & spatial) 

Orbiters & Rovers 
 MGS, MRO, Mars Express, Maven, ExoMars 2016 
 Curiosity, ExoMars 2018, Mars 2020 

Ground-based 
 Keck, NASA-IRTF, VLT 
 ALMA, SOFIA 
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ISSUES : 

Methane and Water on Mars 
Analyses after 2005 CSHELL slit position 

 UT 20.73 March 2003 



Pipeline Processing 

From raw spectral-spatial frames to calibrated & registered frames 
 Re-sample wavelength scale to milli - pixel accuracy (row-by-row) 
 Use non-linear wavelength re-sampling (atmospheric emission) 
 Remove second order fringing (Lomb periodogram analysis) 
 Remove internal scattered light 
 Correct residual dark current 
 Correct residual terrestrial radiance 

Science Analysis 

Atmospheric transmittance -  
 Replaced SSP with Genln2 v4 — and corrected pressure shift code 
 Upgraded molecular atlas ( now HITRAN ‘04 with ‘05 upgrade) 
 Model synthetic spectra using variable resolving power along the slit 

Analysis Changes Leading to Absolute Extractions (2005 Onward) 
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Mumma, Villanueva, Novak, et al. (Science 2009) 

CSHELL slit position 
 UT 20.73 March 2003 Methane and Water on Mars 

Analyses after 2005 



2003: Clear Detections of CH4 R1 on Successive Days 
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Early summer (North, LS = 121°) 



2005: CO2 (two lines) and CH4-P2 (two components) are detected   

55° N 
Eq. 

90° S 

CO2 enhanced in North 
CH4 enhanced in South  

Mid-spring  
(South, LS = 220°) 

Mars was blue shifted -10.8 km/s 



(a) Calibrated data (Telluric + Mars + Solar), East of Tharis (Solis Planum) - 20 Nov 2009 CRIRES/VLT

(b) Scattering and systematic residual x 10 (c) Solar Spectrum x 10, 

(d) Mars residual x 100
(e) Mars model (CO2 and H2O), 
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(f) Residuals along the slit

Fig. 9. Detection of water (H2O) and isotopic carbon dioxide CO2 (628) on Mars on November 20th 2009 using CRIRES at VLT. Trace ‘a’ shows the calibrated Mars continuum
affected by terrestrial transmittance, and trace ‘b’ shows the Mars residual spectrum after removing a terrestrial model. The green trace shows the scattering and systematic
residual obtained by computing a synthetic residual with the kernels in Fig. 4 and by comparing to co-measured stellar spectra (see Section 3.4). Trace ‘d’ shows the residual
spectrum after removing the solar Fraunhofer lines (trace ‘c’), while trace ‘e’ is a synthetic martian model of CO2 and H2O. Residual spectra from 70!N to 40!S are presented in
panel F (grey scale format). The R24 line of CO2 628 is extinguished by terrestrial methane P2 (compare spectra in A, E, F near 2999 owing to the lower RP cm!1). In panel F,
note the low abundance of H2O above 30!N at this season (very early spring, Northern hemisphere), e.g. lines near 2993.95, 2989.8 cm!1. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Retrieval of rotational temperature and surface pressure from the spectral extracts presented in Fig. 9. The effects of dust and ice scattering are particularly significant
at high observing angles (‘‘limb’’ observations).

20 G.L. Villanueva et al. / Icarus 223 (2013) 11–27The non-mystery of the ‘missing’ R24 line of CO2 on Mars 

Mars was blue shifted 
-13.8 km/s 
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3.3. Removal of solar Fraunhofer lines

At near-infrared wavelengths, Mars’ spectrum is a combination
of reflected sunlight (with Fraunhofer lines) and planetary thermal
emission (a featureless continuum; broad spectral features of ices
and airborne dust are omitted here). Sparse spectral lines of Mars’
atmospheric constituents are superposed on the continua accord-
ing to the optical path experienced by the two components. Sun-
light experiences a double optical path (Sun-to-surface + surface-
to-Observer), while the Mars ‘‘thermal’’ continuum traverses only
a single path (surface-to-observer). We determine the relative con-
tributions of solar and thermal emission to the measured contin-
uum by comparing the measured area (equivalent width) of
Fraunhofer lines with their true value (cf. Novak et al., 2002). This
permits identification of the true levels of reflected sunlight and
Mars thermal continuum that are needed to correctly determine
molecular abundances on Mars. Thus, the accuracy of the solar
spectrum has impact not only on the spectral residuals but also
on the retrieval process.

To provide an accurate representation of the integrated-disk so-
lar spectrum, we recently combined empirical and theoretical at-
lases to obtain an improved model for the solar spectrum (see
Appendix B of Villanueva et al. (2011)). Our model includes the

broadening effects introduced by differential solar rotation and
limb darkening, ultimately leading to a highly realistic character-
ization of the solar features imprinted on the Mars continua (see
Figs. 5 and 7–9).

3.4. Instrumental response functions

Convolution of the fully resolved synthetic spectra to match the
observed data is a key step to achieve high quality residuals. The
response function of grating instruments can be mainly described
as a sinc-squared function with very extended wings (see panel E
of Fig. 4). The contribution from the wings is normally defined as
grating scatter, and has long been recognized to be an important
source of systematic error. Cardelli et al. (1990) conducted detailed
studies of light scattered from the echelle and cross-disperser grat-
ings in the Goddard High-Resolution Spectrometer developed for
HST, and Woods et al. (1994) examined the scattering properties
of individual diffraction gratings in detail in preparation for
space-borne optics on the Upper Atmosphere Research Satellite
and the Total Ozone Measurement Mission. Until recently, the de-
tailed characterization of the instrument response functions of
infrared grating spectrometers deployed at ground-based tele-
scopes has been minimal or null, mainly because its measurement
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Fig. 5. Sensitive search for methane on Mars over Valles Marineris on January 6th 2006, 1 month prior to the observations by Krasnopolsky (2012) reported up to 25 ppb
abundance ratios for methane. Trace ‘a’ shows the calibrated Mars continuum affected by terrestrial transmittance, and trace ‘b’ shows the Mars residual spectrum after
removing a terrestrial model. Trace ‘c’ shows the residual spectrum after removing the solar Fraunhofer lines, while the blue trace is a synthetic martian model of CO2 and
H2O. Our measurements at 22!S latitude in the 45–85!W longitude range reveals no signal of martian methane. Synthetic models for ethane (C2H6), ethylene (C2H4), methanol
(CH3OH) and hydrogen chloride (HCl) are shown at the 10-sigma detection limit.
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Mars was red shifted 
+15.5 km/s 

Mars was blue shifted 
-13.8 km/s 

The non-mystery of the ‘missing’ R24 line of CO2 on Mars 



Additional Checks are Satisfied 

Observer’s ‘rest’ frame      

A terrestrial artifact will always appear at the same rest position (wavenumber). 
The blue (red) arrow marks the expected position when Mars is blue (red) shifted. 

No strong residual line appears on the blue wing when Mars is red shifted. 

Spectrum       Ls          Doppler, 
                                     km s-1  

 ‘a’                17.2°      + 17.1 

 ‘b,  c’         121.9°      – 15.0 

 ‘d’              155.0°      – 15.6 

 ‘a 

 ‘b’ 

 ‘c’ 

 ‘d’ 



Methane varies with latitude, longitude, and season. 
The maximum release moves southward with the Sun. 

Methane is nearly absent at vernal equinox (after Southern winter). 

Mumma, Villanueva, Novak, et al. (Science 2009) 



Mapping the Methane Plumes on Mars 

Mumma, Villanueva, Novak, et al. (Science 2009) 



Seeing-limited Spatial Maps reveal local methane plumes on scales of 500 km. 
Is the release relatively uniform over these regions – or is it strongly localized? 

High CH4 
 High H2O 

High CH4 
Low H2O 

High CH4 
Low H2O 

500 km

Mumma, Villanueva, Novak, et al. (Science 2009) 



Water and Methane Behave Differently on Mars ! 

Villanueva, Mumma, Novak, et al. (in prep) 



 

Geologic signatures and current regions of release 



Longitude 

Crustal remnant magnetic field* 

Maximum CH4 abundance 
observed in 2005 

Latitude 

Maximum CH4 abundance 
observed in 2003 

** Magnetic field map after Connerney et al. 2005 



Longitude 

Crustal remnant magnetic field* 

Maximum CH4 abundance 
observed in 2005 

Latitude 

Maximum CH4 abundance 
observed in 2003 A & B ** Magnetic field map after Connerney et al. 2005 

Curiosity - TLS 
CH4 detected 2013 - 15 



Villanueva, Mumma, Novak, et al. Icarus 2013  

Search for Biomarker Gases: 2006 - 2010 
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“Mars – The Cutting Edge Today” 
Isotopologues of  Water and CO2 Measured with CRIRES-VLT 

Villanueva, Mumma, Novak, et al. Science 2015 

29 Jan 2014,  Ls = 83°  late Northern spring 
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“Mars – The Cutting Edge Today” 
Next:  

Find & map locales  
of water release. 

Relation to RSL? 
D/H ratio in H2O? 

iSHELL at IRTF 
CRIRES+ at VLT 
NIRSPEC (upgraded) 

HDO – ALMA 
H2O – TMT, E-ELT? 

ExoMars 2016 (TGO)  Villanueva, Mumma, Novak, et al. Science 2015 



24 

“Mars – The Cutting Edge Today” 
Trace Gases: CH4, H2O, HDO, H2O2, CO, O2, O3, etc. 
     3-D spatial: longitude, latitude, & vertical 
     1-D temporal: (diurnal, seasonal, & inter-annual) 
     High resolution (spectral & spatial) 

Orbiters & Rovers 
 MGS, MRO, Mars Express, Maven, ExoMars 2016 
 Curiosity, ExoMars 2018, Mars 2020 

Ground-based 
 Keck, NASA-IRTF, VLT 
 ALMA, SOFIA 
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“ExoMars TGO – Tomorrow’s Cutting Edge” 



26 

“ExoMars TGO – Tomorrow’s Cutting Edge” 

Orbital Graphic Courtesy of Oleg Korablev 



Oleg KORABLEV,            
Franck MONTMESSIN,      

Anna FEDOROVA,         
Nicolay IGNATIEV,     

Alexander TROKHIMOVSKY, 
Alexei GRIGORIEV,          

Alexei SHAKUN,      
Konstantin ANUFREICHIK 





ACS MIR 
Adjustment: 3.39 µm HeNe 

Resolving power λ/Δλ≥50 000 



ACS MIR 
Sun calibration (terrestrial atmosphere; 3.7-4.0 µm) 



NOMAD ESWT8 TAS-F, Cannes, 28-29 May 2015 

SO/LNO Spectral Calibration 
!  Analysis performed by Arnaud Mahieux: 

"  Match absorption lines to gas spectra 
#  Determine when AOTF peak is co-incident on each line 
#  And pixel number vs wavenumber relation 

Courtesy:  A-C Vandaele, BIRA (NOMAD Principal Investigator) 



NOMAD ESWT8 TAS-F, Cannes, 28-29 May 2015 

Detection Limits methodology 

!  Spectra are simulated considering  
"  Characteristics of the channel 
"  Abundances: reference value is multiplied by a  
series of factors covering the [100 – 0.001] interval: 

#  34 different values for all solar occultation ; 
#  50 for nadir-LNO ; 
#  16 for nadir-UVIS 

!  Noise was then added on all the simulated spectra. The 
noise level is directly related to the SNR values that 
were obtained in the first part of this study.  

!  Batch of spectra were produced : 
"  34*200 spectra in Solar Occultation (SO & LNO) 

per species  

"  16*200 spectra per species (UVIS, both 
geometries) 

"  50*100 spectra in NADIR (LNO) per species 
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“ExoMars – NOMAD: Expected Sensitivity” 
SO LNO UVIS 

Solar Occultation 
(SNR = 2000) 

Solar Occultation 
(SNR = 3000) 

Nadir  

(SNR = 100) 
Solar Occultation 

(SNR = 500) 
Nadir  

(SNR = 500) 
CH4 0-60 ppb a 25 ppt 20 ppt 11 ppb 

H2O 
< 300 ppm 

(variable with 
season)b 

0.2 ppb 0.15 ppb 31 ppb 

HDO  D/H =5.6 SMOWc 0.7 ppb 0.7 ppb 0.8 ppm 
CO 700 - 800 ppm d 5 ppb 4 ppb 1.5 ppm 

C2H2 < 2 ppb g 0.03 ppb 0.03 ppb 20 ppb 
C2H4 < 4 ppb g 0.2 ppb 0.15 ppb 70 ppb 

C2H6 
< 0.2 ppb e 

< 0.7 ppb g 
0.03 ppb 0.02 ppb 11 ppb 

HCl 

< 3 ppb e 

< 0.2 ppb f 

< 0.6 ppb g 

0.03 ppb 0.025 ppb 31 ppb 

HCN < 5 ppb g 0.03 ppb 0.03 ppb 15 ppb 

HO2 
0.1-6 ppb l 

< 200 ppb g 
1 ppb 1 ppb 0.5 ppm 

H2S < 200 ppm h 4 ppb 3 ppb 1.6 ppm 

N2O 
< 100 ppb h 

< 90 ppb g 
0.2 ppb 0.2 ppb 83 ppb 

NO2 < 10 ppb h 0.14 ppb 0.1 ppb 50 ppb 
OCS < 10 ppb h 0.3 ppb 0.3 ppb 122 ppb 
O3 2.5 ppb 1.5 ppb 0.8 ppm 50 ppt 4.5 ppb 

H2CO 
< 4.5 ppb e 

< 3.9 ppb g 
0.04 ppb 0.03 ppb 16 ppb 7.5 ppb 150 ppb 

NH3 
< 5 ppb h 

< 60 ppb g 
1 ppb - 

SO2 
< 1 ppb i 

< 2 ppb j,k 
0.5 ppb 18 ppb 

Courtesy:  A-C Vandaele, BIRA  
(NOMAD Principal Investigator) 
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“ExoMars TGO – Tomorrow’s Cutting Edge” 



Firm up spatial variations - analyze additional maps, acquire additional data. 
  Influence landing site selection 

Examine dependence on season, time-of-day, correlation with local water, etc.

Identify all local sources, characterize as bio- or geo-driven 
  solar occultation (e.g., ExoMars Trace Gas Orbiter) 
  laser absorption LMO (methane isotopologues)    

Deploy High-resolution Spectral Mapper at Mars – Sun L1 (Organic Observer) 
  Identify & map optimum sites at high spatial & spectral resolution 
  All of Mars, all of the time! 

Conduct in situ studies at most favorable sites:  
  Astrobiology Field Laboratories 

Return critically selected samples to Earth 

The Critical Path for Extant Life – Follow the Methane 

Mumma_20may09.35 



End 


