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✓ Discovery of CH4 on Mars (Formisano et al., 2004; Krasopolsky et al., 2004) 

✓ Much discussion: a signature of on-going/past biological/geological activities.

Purpose: New remote sensing observations for sensitive search of CH4 on Mars, 

with higher reliability by using SOFIA/EXES



© NASA/USRA-Managed by NASA and DLR 
-Boeing 747SP (modified) 
-Altitude ~12–14 km

What is SOFIA ?

2.5 m

Telescope 
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SOFIA/EXES (similar to TEXES at IRTF)

・Grating (echelon) Spectroscopy 

・Operation wavelength: 4.5 – 28.3 μm  

・Spectral resolution: 1,000–3,000 (low-resolution mode, long slit [90”]),  

      5,000–20,000 (low-resolution mode, long slit),  

      50,000–100,000 (high-resolution mode, cross-dispersed by echelle graiting) 

       →Fits for Mars trace gas observations  
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Advantages/disadvantages of SOFIA/EXES
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SOFIA/EXES :  CH4 line at 1327.0742 cm-1 

- : Earth transmittance (US standard above 4km)
- : Earth transmittance without main CH4 line
- : Mars CH4 (10 ppb, dopper shift = ±15km/s) 

- : Earth transmittance (US standard above 13km)
- : Earth transmittance (US standard above 4km)
- : Earth transmittance without main CH4 line
- : Mars CH4 (10 ppb, dopper shift = ±15km/s) 

Spectral resolution of 
SOFIA/EXES (R=90,000) 

Spectral resolution of 
IRTF/CSHELL (R=40,000) 

Spectral resolution of 
VLT/CRIES(R=100,000) 

13CH4

O3

O3

O3

O3

Significantly reduce the effects of terrestrial atmosphere 

-> improve SNR (a few times better than previous obs.), allows to use 7.5 μm band 

 7.5 μm band : Intrinsic intensities of the CH4 lines at 3.3 and 7.5 μm are 
comparable, but less contamination of minor terrestrial lines (13CH4, O3, etc) 



Observations and data analysis (1/2)

Date and Time 
(UT)

Ls MY
Doppler 

Shift
Diameter 
of Mars

Sub-observer 
longitude

# of slit positions 
and integration time

Aircraft 
Altitude

16/March/2016 
9:59–10:32

123.2° 33 -16.2 km/s 10.0” 247–253°W
Mars center (x2): 9&6 min 

Mars Left 2.5”: 9 min 
Mars right 2.5”: 9 min

~13.7 km

25/Jan/2017 
1:40–2:11

305.2° 33 +11.7 km/s 5.2” 347–353°W
Mars Left 1”: 6 min 

Mars Right 1”: 6 min
~11.9 km

Mars Center

Mars  Left 2.5”

Mars  Right 2.5”

East

Mars North Pole

Mars South Pole

Mars Center

Mars  Left 2.5”

Mars  Right 2.5”

Celestial North

Mars North Pole

Mars South Pole

East

Celestial North

(a) (b)
Slit length: 10,69” 
Slit width: 1,44”

Spatial 
resolution~3”
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Mars Left 1”

East

Mars Right 1”

Celestial North

Mars South Pole

Mars Left 1”

Mars North Pole

16/March/2016 25/Jan/2017 



✓ Spectral resolving power is ~90,000.  

✓ 17 different orders, covering at 1326 – 1338 cm-1  

✓ CH4, H2O, HDO, and CO2 (627/628/638) lines  

✓“Safe” three CH4 lines have been analyzed.  

✓15 pixels (~3”) along the slit (to increase the SNR) are 
binned over. As a consequence, 3 (or 2) averaged spectra 
are obtained for each slit position. 

✓ The averaged spectra are compared with synthetic 
spectra calculated by radiative transfer model

Observations and data analysis (2/2)
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Results on 16/03/2016 data (Ls=123.2°)

Mars Center

Mars  Left 2.5”

Mars  Right 2.5”

East

Mars North Pole

Mars South Pole

Mars Center

Mars  Left 2.5”

Mars  Right 2.5”

Celestial North

Mars North Pole

Mars South Pole

East

Celestial North
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-EXES 

-Best fit

EXES
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Results on 16/03/2016 data (Ls=123.2°)
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Including Nili Fossae / Syrtis Major (50%)  
where Momma (2009) detected 40 ppb  

at the same season but different MY

Including Gale crater where  
Curiosity/TLS has been measuring CH4
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Results on 16/03/2016 data (Ls=123.2°)

Slit position Lat ELon LT CH4 VMR (3σ)

Mars center #1 -17 179 16 2 ± 3 ppb

Mars center #1 13 149 14 1 ± 1 ppb

Mars center #1 40 113 12 1 ± 2 ppb

Mars Left 2.5” -41 153 15 1 ± 5 ppb

Mars Left 2.5” -8 121 13 0 ± 3 ppb

Mars Left 2.5” 13 88 11 1 ± 2 ppb

Mars Right 2.5” 0 195 18 3 ± 6 ppb

Mars Right 2.5” 30 173 16 0 ± 2 ppb

Mars Right 2.5” 56 128 13 0 ± 1 ppb

Mars center #2 -17 172 16 1 ± 4 ppb

Mars center #2 13 143 14 0 ± 1 ppb

Mars center #2 40 107 12 0 ± 2 ppb
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There are NO definitive detections of CH4 (Upper limits are 1–9 ppb), which is 
significantly less than detections in several other studies.
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(Aoki et al., 2018 A&A, accepted)



Results on 25/01/2017 data (Ls=305.2°)
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Slit position Lat ELon LT CH4 VMR (3σ) Note

Mars Left 1” -3 33 11 0 ± 7 ppb Terra Sabae

Mars Left 1” -67 24 10 2 ± 8 ppb

Mars Right 1” 4 341 8 1 ± 11 ppb

Mars Right 1” -39 306 5 0 ± 13 ppb

From the 2017 January data, there are also NO definitive detections 
of CH4 (Upper limits are 7–14 ppb)

Including Terra Sabae  
where Momma (2009) detected 40 ppb 1327.01 1327.02 1327.03 1327.04

0.98

0.99

1.00

EXES

0 ± 8 ppb

2 ppb
4 ppb

6 ppb

10 ppb
8 ppb
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(Webster+2015)

CH4 VMR over Gale Crater by TLS
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Supplementary Text 
 
Correlations with other measured parameters: 

Correlations with other measurements have been described in the main text, and the 
data plots are presented below. 

 
Fig. S7. Plot of TLS methane abundances vs. solar longitude (degrees). 

 
 
Figure S8 follows on next page.  

Our obs. #1

Our obs. #2

• We don’t detect CH4  by SOFIA/EXES, which is probably most accurate remote 
sensing facility spectroscopically.   

     – Spatial resolution is poor  

          → localized spatial distribution ?  

     – Only two dates observations  

          → strong temporal variation similar to what TLS has been measuring ?

Summary, discussions, and future prospectives
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NOMAD Operations Status: 
Mars Capture Orbits (MCO) 

 

NOMAD SWT#09 MEETING, Bojan Ristic 
7-9 December 2016 (NASA GSFC, USA) 

SOFIA:MY33

MY32

MY31MY32

• We will continue to monitor CH4 by SOFIA/EXES (April). NOMAD&ACS will 
perform sensitive measurements from Trace Gas Orbiter (2018 Spring~).





Previous remote-sensing observations
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MEx/PFSGround-based telescopes 

which, as we deal with averages of N measurements, is
NER/ON. All these quantities refer to the ith wavenumber
and the sum is over the range of wavenumber in which we
want to compute the w2U

The minimising procedure was repeated 3 times:

1. Only the methane line (three points at 3017, 3018, and
3019 cm!1) was considered and best fitted. The three
parameters m, w, and o were obtained, but only m was
considered, as the other two were often not reasonable.

2. The spectral range 3010–3030 cm!1 was considered, and
the three parameters m, w, and o were obtained.

3. The entire spectral range 3000–3030 cm!1 was fitted,
and the three parameters m, w, and o were obtained.

Procedures 2 and 3 gave often very similar results,
especially for the values of w and o. For m, we finally
adopted the average of the three values obtained, as the
first may over-evaluate methane mixing ratio, while the
other two may under evaluate m. The values of w and o
were taken from the fit number 3, which resulted more
correct as dealing with a wider spectral range and more
water vapour lines.

In our grid of synthetic spectra the methane values have
a step of 1 ppbv, the water vapour of 20 ppm and the ice
optical depth of 0.016. Since we are considering a spectral
range with a size of 30 cm!1 the errors on the parameters
can not be the adopted step but we should consider the
error due to the NER (6%), to the calibration of the
spectrum (10%) and to the synthetic spectrum fitting
(20%). This corresponds to an error of the order of 36% of
the parameter values (see also the support online material
SOM of the paper Formisano et al., 2004, http://www.
sciencemag.org/cgi/data/1101732/DC1/1).

2.4. Some examples of the data

We shall illustrate here with some data how we derive the
properties of methane in the Martian atmosphere.

Is PFS really able to measure methane in the Martian
atmosphere? The answer is given in Fig. 1: here we have the
average spectrum measured by PFS (111 measurements) in
orbit 529 (northern spring, LS ¼ 491). The black curve is
the measured spectrum, but the FFT has been computed
adding zeroes to the original interferogram, providing
therefore an oversampling by a factor of 4 of the spectrum.
At the same time, the error bar gives the radiance value and
the spectral position of the measurements according to the
original interferogram. It is evident from the black curve
that there is a strong line at 3018 cm!1, identified as the
methane line. Other two curves are shown, the red curve is
the synthetic spectrum which better fits the observed
spectrum and the blue curve is the same synthetic spectrum
but without methane. w2 has been computed in both cases,
and it has the value of 4.08 without methane, and 1.50 with
methane. The inclusion of methane certainly improves the
quality of the fit. It should be noted that, although a mixing

ratio of 61 ppbv is obtained, the figure actually indicates
that a possible higher value is needed, as the red curve does
not reproduce well the methane line depth. The other two
parameters have values w ¼ 650 ppm and o ¼ 0.45. The
lines at 3012 and 3015 cm!1 are two solar lines. It must be
added that orbit 529 is one of the few special orbits with
rather high methane mixing ratio passing over Arabia
Terra, and therefore we can conclude that certainly PFS is
able to measure methane when its mixing ratio is high.
Let us now look at more normal conditions. The data

are illustrated in Fig. 2(a–d). We are dealing now with an
average over a large number of measurements (1221
measurements from different orbits). The spectrum shown
as a black curve in the figure has been computed as a
longitudinal average for the data in the bin between
!1201E and !901E longitudes. The data are shown in
Fig. 2(a–c) as normal spectrum (i.e., without adding zeroes
to the interferogram), and in Fig. 2d with the zeroes added,
for comparison. In Fig. 2(a–c), the data are always the
same (black curve) but the synthetic spectrum changes
dramatically from Fig. 2a and b: indeed, the red curve
provides the best fit to the data in the interval 3017–
3020 cm!1 in Fig. 2a, in the interval 3011–3028 cm!1 in Fig.
2b and in the entire interval 3000–3030 cm!1 in Fig. 2c. The
obtained methane mixing ratio is, respectively, 16, 12, and
10 ppbv. It should be noted, however, that the quality of
the fit of the methane line is best in Fig. 2a, where we fit
only the methane line, and goes degrading in Fig. 2b and c.
The general fit to the entire spectrum is best in Fig. 2c, from
which we obtain w ¼ 190 ppm and o ¼ 0.37. It is for this
reason that we decide to use as methane mixing ratio the
average of the three values m ¼ (16+12+10)/3 ¼ 13 ppbv.
Fig. 2d shows again the same measured average spectrum,
but with higher sampling (zeroes added to the ifg), fitted
with a synthetic spectrum computed using the values of m,

ARTICLE IN PRESS

Fig. 1. PFS spectrum average of 111 measurements in orbit 529. The
black curve is the measured spectrum at high sampling (zeroes added to
ifg); the blue curve is the synthetic spectrum without methane but with
water vapour and water ice aerosols. The red curve is the synthetic
spectrum with methane and the other components as in the blue curve.
With methane w2 decreases from 4.08 to 1.50.

A. Geminale et al. / Planetary and Space Science 56 (2008) 1194–1203 1197

(Zahnle+2011)

  

Figure 7: Computed transmission through Earth’s atmosphere in the immediate

vicinity of the ⇤3
12CH4 R0 (left) and R1 (right) lines. The ⇤3 R1 and R2 lines of

13CH4 at 3028.85 cm�1 and 3038.62 cm�1 are not fully resolved from blueshifted

martian 12CH4 lines by IRTF-CSHELL, but may be resolvable with newer more

capable instruments. As described in the text, the 13CH4 lines are at least 20 times

stronger than the putative martian 12CH4 lines, which makes them a significant

source of confusion. The red wings of the ⇤3
12CH4 R0 and R1 line are a�ected

by narrow ozone lines. Stronger interference on the blue wing of the 12CH4 R1

line combines the greater line strength of 13CH4 R2 doublet with a tight cluster of

O3 lines between 3038.61 and 3038.62 cm�1. Placement of martian lines on these

plots assumes Doppler shifts of 0.16 cm�1.

41

(Mumma+2009; Krasnopolsky 2012, Villanueva+2013)
✓ Seasonal Map: 0 – 60 ppb 

✓ Spectral resolution is not enough for firm detection ✓ Detect CH4 sporadically: 0 – 45 ppb 

✓ Careful analysis to distinguish tiny Martian CH4   
    line from terrestrial lines is necessary

(Geminale+2011)

(Geminale+2008)

(Geminale+2008; Geminale+2011)

(Mumma+2009)

Much debate on the reliability of the previous remote sensing  



Curiosity/TLS measurements

3

✓ Curiosity/TLS detected CH4 signal and showed strong variability (0–9 ppb)

 However, Since TLS can measure CH4 variations only in the Gale Crater, 

sensitive remote-sensing observations is still important to search for the source.
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Supplementary Text 
 
Correlations with other measured parameters: 

Correlations with other measurements have been described in the main text, and the 
data plots are presented below. 

 
Fig. S7. Plot of TLS methane abundances vs. solar longitude (degrees). 

 
 
Figure S8 follows on next page.  

(Webster et al., 2015)



Synthetic spectra (1/2)

Simualted ST map
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(i) Observing geometry and orbital parameters are obtained using NASA-JPL 
ephemeris generator (Horizons) 
  
(ii) Atmospheric parameters (surface pressure, temperature and 80 layers, dust, 
water ice) over the Martian disc (0.25” resolution) are computed for the 
observational period using the Mars Climate database ver 5.2 (Forget et al., 1999).
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(v) The synthetic spectra over expected slit 
position are averaged to be compared with the 
measured spectra.  

(vi) The synthetic spectra are convolved with a 
gaussian function which corresponds to the 
spectral resolution of EXES (R=90,000).

Synthetic spectra (2/2)

Simualted ST map considering spatial resolution
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(iii) Synthetic spectra over the Mars disc (0.25” resolution) are calculated by line-
by-line radiative transfer model including multiple scattering of aerosols (Ignatiev 
et al., 2005). 
  

(iv) Spatial resolution of the observations is taken into account. Here, 2D 
Gaussian with 3” FWHM is applied to the synthetic spectra.
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Data analysis

✓  Martian CH4 features are extracted by 
establishing local continuum via Cubic 
polynomial fitting.  

✓ The averaged spectra are fitted with 
cubic polynomials for the spectral 
intervals of 25 points without 17 center 
points, where the Martian lines are 
expected.  

✓  Comparison with synthetic spectra 
calculated by RT model (with scattering)

Earth 
CH4

Mars 
CH4
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Validation of the method using CO2 line

1327.94 1327.98 1328.02 1328.06

0.9

1.00

(b)

ecnaidaR dezila
mroN

Wavenumber [cm-1]

Mars CO2 (628)
Mars HDO 

+ : EXES spectrum
+ : Spectral points uesd in polynomial fit 
- :  Local continuum by polynomial fit

1327.97 1327.99 1328.01
Wavenumber [cm-1]

0.97

0.98

0.99

1.00

Tr
an

sm
itt

an
ce

- : EXES spectrum
- : Synthetic spectrum

1326.75 1326.80 1326.85 1326.90
Wavenumber[cm-1]

0.90

0.95

1.00

1.05

1.10

(a)

ecnaidaR dezila
mroN

Tr
an

sm
itt

an
ce

Mars CO2 (638)

+ : EXES spectrum
+ : Spectral points uesd in polynomial fit 
- :  Local continuum by polynomial fit

1326.81 1326.83 1326.85
0.90

0.92

0.94

0.96

0.98

1.00

Wavenumber [cm-1]

- : EXES spectrum
- : Synthetic spectrum

0.95

1.05

1.10



1. EXES観測スペクトル模擬: Calculate transmittance of earth atmosphere considering US-standard atmosphere (above 
14 km), airmass of the observation, and spectral resolution and sampling of EXES.

2.  ノイズ注入: Input noise to the synthetic spectra.
    - the noise values are defined as [standard deviations of cubic polynomial fit to establish local continuum] times 
[random number (following gaussian distribution, sigma=1)].
    - total of 100 different "seed" values to initialize the random number are used (i.e., we have different 100 spectra in 
total).

3. メタン注入: Input the Martian CH4 absorption to the synthetic spectra (CH4 volume mixing ratio from 0 to 30 ppb with 
intervals of 1 ppb) at the expected spectral position.(i.e., we have 100 x 31 = 3100 simulated spectra in the end)

4. 観測模擬スペクトルでリトリーバル, 真値-リトリーバル値のdatabase構築: Apply current algorithm to the simulated 
EXES spectra and retrieve CH4 mixing ratio.
 In this way, a "database" between retrieved and true values can be built.  Based on this "database", uncertainty of the 
retrieval can be discussed.
    

5. 実際のリトリーバル値とdatabaseから, 誤差導出: By comparing the retrieved value of the CH4 mixing ratio from 
EXES data and "database", the true CH4 mixing ratio and uncertainty is obtained. 
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Is origin Meteor shower ?

(Fries et al., 2016)

• Every detection of methane was made within 16 days of the proposed date of a martian meteor shower.   

• Carbonaceous material is deposited into the martian atmosphere in meteor showers, which is 
disaggregated to expose new surface area. The ambient UV then generates methane from the 
carbonaceous material.   

• One of the biggest was reported by Mumma et al, and it turns out that methane plume was measured 
only a couple of days after a Mars encounter with the orbit of comet C/2007 H2 Skiff.  We found that 
comet Skiff would encounter Mars again around 08 Mar 2016, during the time period we were searching 
for methane with SOFIA.  

1
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Discussion

1
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regular runs [Webster et al., 2015a, 2015b] and have an uncertainty on the order of ±2 ppbv (1 sigma, Table 2).
Therefore, we take a bin of twice this uncertainty, i.e., 0 to 4 ppbv, and consider methane concentrations
within this bin as low values. Anything larger than 4 ppbv we consider a high methane concentration.

These two parameters, low/highmethane and low/highmeteoroid stream count, can now be combined so as
to evaluate the likelihood whether there is, or not, any dependency between them. We apply the Pearson's
chi-square test, which is a standard test for this type of problem. The null hypothesis (H0) is that there is no
correlation between the two parameters. The test requires drawing up a 2× 2 matrix containing the observed
number of counts for the combinations of (1) low methane and low NLs,j, (2) low methane and high NLs,j, (3)
high methane and low NLs,j, and (4) high methane and high NLs,j. We divide the matrix elements by the total
number of methane measurements in the sample for the case under consideration. From the resulting
fractions the expected number of counts for each matrix element is calculated, and then the sum of the
squared differences between the observed and expected counts, normalized to the expected counts, is
taken. The resulting number, chi2, relates to a probability that the null hypothesis is true: a small value for
chi2 corresponds to a large probability.

We also want to get an idea of the uncertainties in the probability due to the uncertainties in the methane
measurements in the sample. To address this, for each case, we add or subtract a random number to each
methane measurement, based on a normal distribution with the quoted uncertainly for that measurement
as the standard deviation. In this “new” sample of methane values some methane measurements swap from

Figure 5. All the methane measurements from the SAM instrument only (Table 2) compared to all the predicted meteoroid streams (Table 1).

Journal of Geophysical Research: Planets 10.1002/2016JE005076

ROOS-SEROTE ET AL. METHANE ON MARS AND COMETS UNCORRELATED 9

Curiosity/TLSの最新結果も流星起源説を支持しない. 

(Roons-Serote et al., 2016)


