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The detection of methane on Mars has been interpreted as indicating that geochemical or 

biological activities could persist on Mars today. A few plumes with concentration levels of 7-45 

parts per billion (ppbv) and lasting for a few weeks have been reported from both remote sensing1 

and from in situ measurements2. Outside of these events, the Curiosity rover measured a 

background level of methane of 0.41±0.16 ppbv at the surface, varying with season6. As the 

theoretical lifetime of methane is centuries long, it should be evenly mixed by atmospheric 

circulation7. Therefore the fast transition from high-concentration “plumes” to the “background” 

values 10–30 times lower, and the observed seasonal cycle of the background levels, are both 

scientifically puzzling7,6. Here we report results that, when confronted with those of Curiosity, 

make methane presence on Mars even more enigmatic. These results were obtained from 

sensitive atmospheric soundings by the ACS and NOMAD instruments onboard the ESA-Roscosmos 

ExoMars Trace Gas Orbiter (TGO). Using these two independent instruments observing daily over 



 

a few months before and during the 2018 global dust storm over a wide range of latitudes in both 

hemispheres, we could not detect any signature of methane. We, therefore, establish a new upper 

limit for methane abundance of ~0.05 ppbv, ten times lower than the background level measured 

by Curiosity at the same season6. No known mechanism can explain this discrepancy. Reconciling 

the TGO measurements with methane concentrations reported in the past, in particular, those of 

Curiosity, requires that an unknown process quickly eradicates methane while it resides in the first 

kilometres of the martian boundary layer. 

 

The first positive detections of methane on Mars were published in 2004 from the analysis of 

1999 ground-based spectroscopic observations3, and from the Planetary Fourier Spectrometer (PFS) 

instrument on board ESA’s Mars Express orbiter8. Mixing ratios of methane of ~10 ppbv were 

reported. This stirred up excitement in the scientific community but both observations were at the 

limit of sensitivity. In 2003, new ground-based echelle-spectroscopy observations reported a plume 

of methane developed over 60 northern summer sols1, and reaching a peak value of 45±10 ppbv. No 

methane (≤7–8 ppbv) was detected before and after the event1, 4, 5.  Starting from 2012 the Tunable 

Laser Spectrometer (TLS) of the Sample Analysis at Mars (SAM) instrument onboard NASA’s Curiosity 

rover performed local samplings of Mars’ atmosphere in Gale crater. A release of 10 ppbv was 

detected in 2012, followed by a few isolated ~6 ppbv readings, the most recent in 2017. All other 

measurements to date have remained below ~2 ppbv. More sensitive TLS samplings led to the 

discovery of a seasonally varying “background level” ranging between 0.24 and 0.65 ppbv6.   

In the oxidizing Mars atmosphere methane is slowly destroyed by UV photolysis and reactions 

with OH and O(1D). Based on our current understanding of Mars photochemistry, it should have a 

lifetime of 250-300 years7,18. Therefore, its detection, even in small quantities, requires a sustained 

replenishment. This has attracted much interest because on Earth, most of the atmospheric 

methane has a biological origin. Thus the Martian atmospheric methane might hint at active or 

extant microbial life or at the existence of organic matter. However, methane can also be formed 

abiotically, by low-temperature chemical reactions (e.g., CO2 hydrogenation) or magmatic 

processes19,20.   

Given its potential implications for exobiology or geochemistry, highly sensitive measurements 

of atmospheric methane and other trace species were identified as the primary science goal of the 

TGO mission10,11. The 2-hour circular orbit of the TGO satellite was designed for detecting trace gases 

using solar occultations, a technique in which the spacecraft instruments observe the atmospheric 

absorption spectrum of sunlight during sunsets and sunrises12. Solar occultations provide very high 

sensitivity for trace gas concentration measurements because: (1) the Sun’s brightness results in 



 

very high signal to noise ratio (SNR) spectra; and (2) the atmospheric optical path length in 

occultation viewing geometry is ~30x longer than that achieved when observing the planet’s surface. 

Two instrument suites on board TGO were designed to perform such measurements: ACS (the 

Atmospheric Chemistry Suite) 13 and NOMAD (Nadir and Occultation for MArs Discovery) 14. Both ACS 

and NOMAD cover the 3.3 µm spectral range that includes the strongest fundamental absorption 

bands for hydrocarbons such as CH4, in particular, the ν3 asymmetric stretching band on which all the 

previous detections were made. TGO started its science operations in April 2018, with the first 

occultation taking place on April 21st. Before the 2018 planetary encircling dust storm reduced the 

transparency of the atmosphere (see companion paper15), the most sensitive channels of ACS and 

NOMAD performed 32 (ACS) and 292 (NOMAD) occultation observations in the CH4 range (Figure 1). 

 
Figure 1. The map of ExoMars TGO methane measurements by ACS (stars) and NOMAD (circles) 

obtained between April 21 and June 29, 2018. The colour scale denotes Ls (the areocentric solar 

longitude). Gale crater (the Curiosity rover location) is marked by a bold, black square.  

 When staring at the solar disk outside the atmosphere, the SNR for ACS MIR (mid-IR) channel 

reaches 10,000 (one detector line, 2 s integration time, 2.5 km vertical sampling rate), and for 

NOMAD Solar Occultation (SO) channel ~2000 (one spectrum, 48 ms integration time, 1 km sampling 

rate). During a solar occultation, the trace gas detection sensitivity increases as the line of sight 

progressively samples closer to the surface, thereby intersecting a larger volume of atmosphere. 

However, the measurements’ sensitivity suffers from the presence of dust and clouds, which can 

drastically reduce the intensity of light reaching the instrument. The optimum sensitivity is thus 

achieved at the lowest altitude where the atmosphere is transparent enough. Typically, this 

corresponds to the level for which atmospheric transmission is 0.2–0.4. Figure 2 shows examples of 

spectra acquired at an altitude close to the optimal one. No methane absorptions are apparent, 



 

while we accurately measure the faint H2O lines within the range, which, at very low water content, 

have an absorption depth comparable to a 1 ppbv CH4 absorption.  

 
Figure 2. Panel A: Example of spectra obtained by NOMAD SO (spectra binned to the equivalent 3.5 s 

integration time, 25 km sampling rate) in two different diffraction orders corresponding to the R-

branch of the CH4  band. The measured spectra are plotted together with synthetic spectra assuming  

1 ppbv and 0.1 ppbv of CH4 or the water vapour absorption. Panel B: similar results obtained by ACS 

MIR (2 s integration time, 2.5 km sampling rate) before the dust storm in much cleaner and drier (≤1 

ppmv of H2O) conditions. The spectrum range of one ACS diffraction order includes the same 

methane feature of methane as in Panel A (3048.2 cm-1), and two stronger isolated features, 

allowing to constrain the methane content below tens of pptv.   

Retrieved profiles of H2O (see Methods), obtained in very dry conditions, are characterized by 

an unprecedented accuracy compared to previous profiling16 (see companion paper15). The effect of 

the atmospheric aerosol loading on the retrieval accuracy was previously discussed13. Based on the 

noise level, CH4 absorption, integrated over the line of sight, can be tentatively fitted along with 

absorption of CO2 while taking into account instrument spectral resolution (see Methods). This way, 

an estimation of methane detection limits, converted into volume mixing ratios, for the full data set 

acquired by ACS and NOMAD was made. Figure 3 illustrates the detection limits for the ensemble of 

observations performed by both instruments. On average, the best levels of detection are achieved 



 

between 15 and 25 km13. A few profiles, measured in cleaner northern conditions, were able to 

achieve the most precise detection limits of 0.012 ppbv down to an altitude of ~3 km (cf. Figure 3). 

 
Figure 3. Upper limits for CH4 obtained by TGO (ACS and NOMAD) compared to seasonally variable 

background methane as measured by SAM-TLS on Curiosity. The colour scale gives the latitude of 

TGO sampling. Both ACS and NOMAD datasets have been filtered to retain only the most precise 

upper limits which are most relevant for the sake of comparing them with MSL results. For this 

reason, only retrieved upper limits found below a threshold of 0.15 ppbv are displayed, 

encompassing values down to 0.012 ppbv. The gradual increase in upper limits observed after the 

onset of the Planetary dust event (shown in light grey) is a direct consequence of dust forcing 

detections to occur progressively above 30 km, that is above the theoretically optimal altitude 

(detection-wise) usually found between 15 to 25 km.    

This non-detection of methane by TGO and its associated upper limits are in contradiction 

with the 0.5 ppbv background levels measured in situ by Curiosity at the same season6 in previous 

years. As discussed above, TGO is able to detect concentrations at least ten times lower than 0.5 

ppbv. In fact, a simple comparison of the theoretical sensitivity of the solar occultation method with 

the TLS instrument method shows that TGO should be more sensitive than what can be achieved 



 

with the TLS, even when the measurements are performed using the TLS enrichment mode (see 

Methods). 

Is it possible that the factor of ten difference between the MSL measurements and the TGO 

upper limits could result from spatial variations in the methane mixing ratios? MSL measurements 

were obtained at the bottom of Gale Crater near the equator, while the best TGO measurements 

were achieved in the near-polar latitudes and a few kilometres above the surface. However, It is 

difficult to understand why the martian atmosphere would permit such a spatial differentiation of 

concentrations. On Mars, the daytime atmospheric boundary layer is characterized by intense 

convective motions, which mix any trace gas such as methane efficiently on a daily basis from the 

surface up to the top of the convective boundary layer, usually 6 to 10 kilometres high. From there 

the global wind circulation transports trace gases horizontally7,27 and vertically around the planet. 

Global uniform mixing of methane occurs on a scale of 2 to 3 months7,28. Even in the unlikely case 

where Gale Crater would constitute the sole source of methane on Mars (note that Gale Crater 

and surrounding areas along the martian dichotomy host geological features where methane could 

be released20), MSL  measurements still remain in disagreement with the detection limits derived 

from TGO measurements. Indeed, if we assume that Gale is uniformly and constantly filled with 0.5 

ppbv of CH4 up to its lowest rim (at ~2 km) and that a mixing timescale of 1 sol6 is the typical time 

for air to leave the crater, Gale emission would lead CH4 to accumulate globally over one year at a 

level of ~2 pptv. This implies that such a background emission from Gale crater could only have 

been going on for at most 20 years before the detection limits reported here would have been 

reached. Taking into account the ppbv spikes of CH4 concentration reported by MSL, this time would 

be even more reduced. To maintain a level of methane ten times higher than elsewhere, Gale Crater 

should not only be the unique source, it should also preserve its air mass from exchanging with the 

global atmosphere. Interestingly, mesoscale model simulations have shown that the depth of 

the boundary layer in Gale crater is significantly lowered30 due to the crater size and depth. 

Even if this would tend to maintain methane locally, the same simulation30, 31 shows that the slope 

winds on the side of the crater and the induced updraft above the rims is so intense that methane 

should be efficiently injected into the atmosphere at 10 km altitude. In any case can we consider 

Gale to be an isolated crater. 

To reconcile the absence of methane in the TGO data and the positive methane 

detection at the surface by Curiosity, one must invoke a mechanism able to fully eradicate 

methane in the lower atmosphere at a rate ~1000 times faster than that predicted by the 

conventional chemistry. The fact that such an extraordinarily strong loss process would have 



 

been overlooked would be a surprise: conventional models not only describe very well the 

chemistry of methane on Earth, but also reproduce satisfactorily on Mars species that are 

sensitive to the oxidizing capacity of the atmosphere, such as hydrogen peroxide32, ozone33 

and carbon monoxide34. Unless a mechanism is discovered that can rapidly destroy methane 

without violating our wide quantitative understanding of Mars photochemistry, all the 

methane detections reported to date appear incompatible with present TGO measurements.  

 

Methods 

The Atmospheric Chemistry Suite (ACS)  

ACS12 consists of three infrared channels featuring high accuracy, high resolving power, and a 

broad spectral coverage (0.7 to 17 μm). The MIR channel is a high dispersion echelle spectrometer 

dedicated to solar occultation measurements in the 2.3-4.5 μm range. MIR is conceived to 

accomplish highly sensitive measurements of the trace gases, while also simultaneously profiling the 

abundant components, CO2, H2O, and their isotopologues. ACS MIR is a crossed-dispersion 

spectrometer that measures spectra dispersed onto a cryogenic 512×640 HgCdTe infrared array. For 

each acquired frame MIR measures up to 20 adjacent diffraction orders, covering an instantaneous 

spectral range of 0.15-0.3 µm wide. To achieve the full spectral coverage a secondary dispersion 

grating can be rotated to 11 distinct positions. When tuned to the CH4 range MIR acquires frames 

containing 20 adjacent and partially overlapping diffraction orders (172-192) from 3.09 µm to 

3.45 µm (see SM F1). The spectral resolving power is λ/Δλ≈50,000. Together with two other channels 

[the near-infrared (NIR) and the Fourier-transform spectrometers (TIRVIM)], ACS fully covers the 

spectral range between 0.7 to 17 μm. NIR and TIRVIM are used to observe (in solar occultation and 

in nadir) water vapor H2O, carbon monoxide CO, and other interesting gases including molecular 

oxygen O2. The broad spectral range acquired allows characterization of the atmospheric state: dust 

loading, and condensation clouds. The temperature profile of the atmosphere is retrieved from the 

15-µm CO2 band measured by TIRVIM in nadir. 

The Nadir and Occultation for MArs Discovery (NOMAD) 

NOMAD 14 also includes three spectroscopic channels, operating from the ultraviolet (UV) and 

visible range to 4.3 µm. The channel most sensitive to trace gases is the SO (Solar Occultation, Neefs 

et al., 2015) spectrometer providing the spectral resolving power of λ/Δλ≈20,000 in the spectral 

range of 2.3-4.3 µm. Within this range, NOMAD SO acquires 10 separate wavelength sub-ranges to 

profile a variety of atmospheric species. The two other channels of NOMAD are the UVIS (Ultraviolet 

and Visible Spectrometer; 200-650 nm; Patel et al., 2017), and LNO (Limb, Nadir, Occultation) 

spectrometers that can be operated both in solar occultation and in nadir. NOMAD provides vertical 



 

profiling information for atmospheric constituents at unprecedented spatial and temporal 

resolution. Indeed, in solar occultation, the vertical resolution is less than 1 km for SO and UVIS, with 

a sampling rate of 1 s (one measurement every 1 km), and occultations range from the surface to 

200 km altitude. NOMAD also provides mapping of several constituents (aerosols/dust/clouds, and 

O3, H2O, HDO, CO, and other trace gases) in nadir mode with an instantaneous footprint of 0.5 x 17 

km2 (LNO spectrometer) and 5 km2 (UVIS spectrometer) respectively, with a repetition rate of 30 

Martian days. A more thorough description of the instrument can be found in Neefs et al.2 and Patel 

et al.3. For this work, we analyzed SO channel data measured between April 21st and August 1st. SO 

measures 4 spectral bins in each of 5 or 6 diffraction orders per second in solar occultation mode, 

among which a series of specific diffraction orders were chosen (order 133 to 136 spanning 2990 to 

3080 cm-1 spectral range) where methane features are present. 

To increase the sensitivity of the NOMAD SO measurements, we accumulate all the spectral 

measurements in each occultation from the 4 spectral bins into 3 km vertical bins. The 

transmittance calibration and error calculation from Trompet et. al. (2016) is adapted to consider 

this accumulation. By accumulating multiple measurements, we effectively increase the typical 48 

ms integration time of a single measurement to an average of 500 ms integration, thereby increasing 

the SNR.  

To estimate a detection limit for each of the resulting NOMAD spectra, we apply a simplified 

retrieval method described here. The forward model computes the optical column density for each 

spectrum separately, assuming a constant mixing ratio along the line-of-sight and using the most 

recent HITRAN CH4 line list with CO2 pressure broadening coefficients. The optical depth is then 

convoluted to the ILS with FWHM of 0.15 cm-1, and then multiplied by the Blaze and AOTF functions. 

 The chi-squared of the transmittance is fit using the Levenberg-Marquardt algorithm (via the 

Python Scipy wrapper of MINPACKS lmder [ref 3]) to determine an optimal polynomial background 

and CH4 mixing ratio. The standard error of the mixing ratio is derived from the covariance matrix of 

the optimal fit parameters. This value can be thought of as the symmetric error bound on the mixing 

ratio that can affect the transmittance within the measurement noise, and should be a close 

approximation to the detection limit. 

 

  

  

The unconstrained spectral resolution of SAM’s laser spectrometer allows for very sensitive 

detections with the atmospheric sample in the cell of 16.2 meters path length at ambient Mars 

pressure (~8 mbar)17. For a subset of samplings, TLS was operated in a more sensitive mode, where 



 

CO2, which constitutes 96% of the atmosphere was progressively removed from the sample, 

enriching the remaining gases by a factor of 25. The achieved accuracy is 1-2 ppbv for the direct 

intake, and 50-100 pptv for the enrichment mode17, 2, 6.  For TGO, the effective optical path during a 

solar occultation measurement at a slant altitude of xx km is ~300 km; for this geometry, the number 

of CO2 molecules along the line of sight (the column density) is N≈1024 cm-2.  The spectral resolution 

of the ACS MIR channel is ~0.1 cm-1 (the spectral resolution at which the water line fitting and the 

profile retrieval, Figure 3, was made). Comparing to N≈3•1022 cm-2 and the natural, pressure-

broadened linewidth of methane ~10-2 cm-1 for the case of Curiosity’s TLS, one can estimate that the 

TGO occultation measurements should be theoretically a factor of ~30x more sensitive than what 

can be achieved with the TLS direct intakes, and of comparable sensitivity to measurements 

performed in the enrichment mode.   
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