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Abstract

The detection of methane in the atmosphere of Mars was first reported in 2004. Since then a
number of independent observations of methane have been reported, all showing temporal
variability. Up until recently, the origin of methane was attributed to sources either indigenous to
Mars or exogenous, where methane is a UV degradation byproduct of organics falling on to the
surf t recently, a new hypothesis has been proposed that argues that the appearance and
variationgf methane is correlated with specific meteor events at Mars [Fries et al., 2016].
Indeed*&lanetary material can be brought to a planet when it passes through a meteoroid
streamereoemnd by cometary bodies orbiting the Sun. This occurs repeatedly at specific times
in a Mlames=year as streams tend to be fairly stable in space. In this paper, we revisit this latest
hypothmy carrying out a complete analysis of all available data on Mars atmospheric
methang, igcluding the very recent data not previously published, together with all published
predic@teor events for Mars. Whether we consider the collection of individual data points
and predICled meteor events, whether we apply statistical analysis, or whether we consider
differem spans between high methane measurements and the occurrence of meteor events,
we find™o*®€ompelling evidence for any correlation between atmospheric methane and predicted

meteorﬂs.

1. Introduction

irst reports of methane in the atmosphere of Mars were published from Mars Express
orbital gbsepvations [Formisano et al., 2004] and earth-based telescopes [Krasnopolsky et al.,
2004].Matively uniform methane background level of 10 ppbv was reported by both,
wherea: s Express also reported hotspots and temporal changes. Other observations from
eartﬁelescopes [Krasnopolsky et al., 2004; Krasnopolsky 2012; Mumma et al., 2009] also
reported siimilar or higher levels of methane and variability. These data are either at the limit of
met ction capability [Formisano et al., 2004; Krasnopolsky et al., 2004] or controversial
due to possible terrestrial contamination [Zahnle et al., 2010 on Mumma et al., 2009]. Since
2012, measurements have been made in situ from the surface of Mars by the Curiosity Rover
[Webst: ., 2013, 2015]. These data revealed relatively high levels of methane only over a
period roximately two months, while low background methane persisted for the rest of the
time. @er of sources for the origin of the Martian methane have been proposed, with
hydro-geGChemical and methanogenic sources being the leading candidates [Krasnopolsky, 2012;
Atreyajet al., 2007; Mumma et al., 2009]. However, no realistic physico-chemical explanation
exis large variability of methane reported before the Curiosity measurements [Atreya et
al., 2Qdesudthile the high methane events seen by Curiosity were attributed to a small local
source ter et al., 2015]. In a recent publication Fries et al. [2016] compare the times when
high atmos?eric methane concentrations were measured to when meteor showers are predicted
to occ conclude that there is a clear correlation, i.e. they find that all high methane values
fall witkeg*a 16-day time period following a predicted meteor event.
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This is an interesting hypothesis that we investigate further in this paper. In our analysis
we take into account new observations of atmospheric methane, as well as all the predicted
meteor shower events as reported in the literature, and we consider both low and high methane
measurements. We also consider different time spans between meteor events and methane
measurements.

_’Wﬁjill first briefly review the predicted meteor events and how methane can be
generated from them. We then present a new way of representing the data and our reanalysis of a
possib @ elation between Martian meteor events and atmospheric methane values.

2. MetLﬁihowers on Mars

ongets and other minor bodies eject dust while orbiting the Sun. As discussed by
Christou [2010], this dust forms a tube-like structure encompassing the orbit. We refer to this as
a mete@rgidptream, or simply stream. If the orbit of a planet crosses the stream, then when this
planet mee(S the stream once in its year, dust particles collide with the atmosphere resulting in a
meteor er. Christou [2010, and references therein] presents a list of 31 known meteoroid
stream are possible candidates for producing significant meteor shower activity in the
atmosp of Mars and Venus. The selection is based on properties of known comets from the
Cataloﬁe of Cometary Orbits 2008 [Marsden and Williams, 2008]. Christou [2010, Table 2]
defines three classes of streams, A, B and C, with decreasing likelihood of producing significant
showem:ars. Class A has a high probability of producing strong showers, class B a 50%
probabM™ d class C a less than 50% probability. In Table 1 we reproduce all the predicted
streﬁant to Mars and list them as a function of increasing Solar Longitude, L, at which
Mars is preghicted to encounter the stream. Christou [2010, Table 3] also lists a number of Encke-
type hat are considered to be potential candidates for producing meteor showers on
Mars. Encke-type streams are likely to be not as homogeneously supplied as those of other
comets due to random nucleus fragmentation and subsequent release of material from fragments.
This ishh;mo class has been attributed to these streams. They do however present serious
candidajgafor meteor showers and hence we include them in our Table 1. Finally we include two
more d @ htes as reported by Fries et al. [2016]: comet 275P/Hermann at Ls = 80.1°, and
C/2013'A¥Siding Spring at Ls = 216.8".

Auth
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Table 1: Predicted meteor showers for Mars, adopted from Christou [2010]. Different colors
indicate different classes of meteor streams as defined by Christou [2010].

Name Ls Class Reference
)

1 13P/Olbers 2.9 A Christou (2010)
2 C/1979 Y1, Bradfield 13.1 B Christou (2010)
3 C/1942 X1 Whipple-Fedtke-Tevzadze 13.7 ©
4 P/2006 HR30, Siding Spring 43.8 B Christou (2010)
5 5335 Damocles 47.8 B Christou (2010)
6 275P/Hermann 80.1 Friesetal. (2016)
7 C/1854 L1 Klinkerfues 84.8 A Christou (2010)
8 C/2007 D2 Spacewatch 86.6 © Christou (2010)
9 C/2007 H2 Skiff 119.2 C Christou (2010)
10 C/1932 G1 Houghton-Ensor 128.3 B Christou (2010)
11 MG (Marsden Group) 179.9 JFC / Encke Christou (2010)
12 ARI (Areitids) 180.1 JFC / Encke Christou (2010)
13 177P/Barnard 186.4 © Christou (2010)
14 ZPE (T Perseid) 194.0 JFC / Encke Christou (2010)
15 BTA (B Taurid) 210.3 Encke group Christou (2010)
16 C/1952 H1 Mrkos 216.6 C Christou (2010)
17 C/2013 A1 Siding Spring 216.8 Fries et al. (2016)
18 SDA (Southern § Aquarids) 2221 Machholtz group Christou (2010)
19 C/1940 01 Whipple-Paraskevopoulos 230.8 C Christou (2010)
20 C/1974 01 Cesco 250.1 C Christou (2010)
21 C/1769 P1 Messier 275.8 C Christou (2010)
22 161P/Hartley-IRAS 276.4 A Christou (2010)
23 DSX (Daytime Sextantid) 291.2 Phaeton-Geminid Christou (2010)
24 2005 UD 295.9 JFC / Encke Christou (2010)
25 STA (Southern Taurids) 297.3 Encke group Christou (2010)
26 2004 TG10 303.8 JFC / Encke Christou (2010)
27 NTA (Northern Taurids) 305.2 JFC / Encke Christou (2010)
28 C/1984 U2 Shoemaker 318.9 C Christou (2010)
29 1P/Halley 321-329 A Christou (2010)
30 C/1998 U5 Linear 341.1 C Christou (2010)
31 GEM (Geminid) 345.6 Phaeton-Geminid Christou (2010)
32 3200 345.8 JFC / Encke Christou (2010)
33 GEM (Geminid) 349.6 - 351 Phaeton-Geminid Christou (2010)

)
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2.1 Making methane from meteoric chondritic material

When a dust particle collides with the atmosphere of a planet at a typical speed of several
tens of km/s, it ablates, creating a light trail, a shooting star. If the particle is a carbonaceous
chondrite, a pristine stony particle containing a few percent of organic material, then methane
may be released as a product of the ablation. Court and Sephton [2009] present a study of the

amo ethane produced by ablation and pyrolysis of micrometeorites during entry in the
Martia sphere. They find that released quantities are extremely low and do not contribute
to any le level of atmospheric methane. Once at the surface, methane can be produced

from_the interaction of organic material with the solar UV radiation [Keppler et al., 2012;
Schuerger et al., 2012]. Flynn and McKay [1990] estimate that micro-meteorites of 60-1200
micronsmmse should survive and reach the surface of Mars unmelted and that this deposited
materimcomprise up to 29% by mass of the top Martian surface layer composition. It might
therefo ome a source for methane. Flynn [1996] estimates a total carbon deposition rate on
Mars og, thaorder of 2.4x10° kg per year from micro-meteoric material. Keppler et al. [2012]
carrie laboratory study in which they irradiated samples of the Murchison meteorite, a
carbonaceous chondrite, under Mars-like surface conditions of pressure, temperature and UV
flux. They Tund that methane is formed instantaneously by the UV at temperatures as low as
-80°C. rger et al. [2012] obtained similar results for methane from UV radiation of the
same cmceous chondrite meteorite. Using the above annual deposition rate of carbonaceous
materi e surface of Mars from Flynn et al. [1996], they conclude that global methane levels
of 2.2 - bv can be produced from such a source. They also conclude that direct surface
impacltﬁ)ursts of bolides, and cascading airbursts of low-density rubble-pile comets are
unlikely'soUrces of large variations in the atmospheric methane concentration. The recent

obse f the interaction of comet C/2013 Al Siding Spring (Ls = 43.8°, Table 1) with
Mars b ars Atmosphere and Volatile Evolution (MAVEN) spacecraft has shown that

met erials are detected as high as 185 km altitude in the atmosphere [Benna et al.,
2015]. The instruments on MAVEN measured a large number of metallic ions, but organic
compoynds that were likely present were below the sensitivity limit of the mass spectrometer. In
a pape&ubl-ished before the Siding Spring comet encounter, that occurred on 19 October 2014,
Mooresyems]. [2014] estimated a total of 4.3x10° kg of material from this comet would survive
atmosp @ entry and deposit 1.9-4.6x10° kg of organic material at the surface. The amount of
methane produced from this would be negligibly small. By way of comparison, Mumma et al.
[2009]geduce a total amount of methane of 19,000 tons (1.9x10" kg) in a single regional

met e they observed in 2003, which corresponds to 2 ppbv when spread over the whole
plancefibendna et al., 2009]. The dust activity of Siding Spring was monitored between
Novenﬁlw and November 2014 [Opitom et al., 2016] from the ground. It shows that the
comet becagpe less and less active during 2014 and that at the time of the Mars encounter had
reached a mgnimum. At the time of this writing no published estimates exist as to the actual

amo ust deposited into the Martian atmosphere by comet Siding Spring, but it seems to
have mall and comparable to sporadic fluxes [Benna et al., 2015].
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Passing through a stream can take a few hours to several days. Hence a large part or all of
the atmosphere of Mars will be exposed to meteoric infall, because the planet rotates on its axis
in approximately 24 hours. As described above meteoric material interacts with Mars and could
create methane instantaneously both on its way down and once at the surface. Circulation in the
atmosphere will distribute methane vertically in less than a few days and globally in a few
monthg, As Mars moves on its orbit at an average rate of about 0.5°of Ls per day, this time scale
corre?&ﬁﬂ%*\t/(l) a range of L of a few degrees up to several tens of degrees. An instrument such
as the mfz‘:\nalysis at Mars (SAM) [Mahaffy et al., 2012] on the Curiosity Rover of the Mars
Scienc tory (MSL) at Gale Crater located just south of the equator should see the effect
of angingrease in methane due to meteorite infall on this time scale.

3. Rephaenting the information

@er to evaluate the possible correlation between predicted meteor events and the
methan centration in the Martian atmosphere and to represent the seasonality of the
occurrw meteor showers, we have created the series of circular graphs as shown in Figures

1-5 (see iEure captions for detailed explanation).

ure 1 we present the same methane measurements and meteoroid streams as taken
into ac by Fries et al. [2016]. In Figure 2 we show the same streams, but now including the
six nevkmethane observations that have become available recently (Table 2).

MUre 3 we show all of the 33 predicted meteoroid streams (Table 1) and compare
them t election of methane observations from Figure 1. In Figure 4 we consider all the
avai hane measurements and predicted meteoroid streams.

ally, in Figure 5 we present all the methane measurements from the SAM instrument
only (Table2) and all the meteoroid streams (Table 1).

!\./I\_/e will now present our analysis with the help of these figures.

Autho
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Figure 1: Methane and meteor stream data selection as presented by Fries et al. [2016]. The
orbit of Mars is represented as a function of Ls with the correct eccentricity and orientation. Mars
moves on its orbit in counter clock-wise direction. The points (P) and (A) are the perihelion and
aphelion respectively. On the inner part of the circle we present the methane data. For L=158.8°,
we use the more precise of the two values listed in Table 2 (0.9£ 0.16 ), i.e the one from a SAM
enrichment gun. Most of the methane mixing ratios are between 0 and 10 ppbv, so that we have
adop scale. Two of the methane measurements [Krasnopolsky et al. 1997 and Mumma et
al. 200 outside the scale, and we have approximately placed them higher (more towards
the cermd.indicated the measured values for the methane mixing ratio. Color coding refers
to thg sauuge of the data (Table 2). On the outside of the orbit we have represented the positions
of the gredicted meteor showers. The color coding is related to the classification of the stream as
by Chrt 2010]: (red) A class stream with more than 50% chance of producing a strong
meteorghoWer, (green) B class stream with 50% chance, (blue) C class stream with less than
50% c , (brown) Encke-type stream, (black) two additional streams added reported in Fries
etal. [ We have numbered them streams in Table 1 with increasing Ls and used the same
numbeljgy g the figure, leaving out the names of most to improve readability.

>

—

®

@® Krasnopolsky et al. 2004

@® Villanueva et al. 2013

® Webster et al. 2015a
(SAM/MSL

Classification from Christou, 2010:
» strong candidate
50% strong candidate
«  <50% strong candidate

Mars JFC & Encke-type

« additional comets
(Fries etal. 2016)

i6)Ls = 80.1°
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4. Methane and meteor stream data, the full picture

We will first consider only that subset of methane data and the meteor events that were
the basis of the cometary origin of atmospheric methane on Mars as proposed by Fries et al.
[2016, their Table 1]. All these high methane measurements are within 16 days of a meteor event
from which it was concluded that the influx of meteoric material during these events is a
plauwlanation for all high methane observations [Fries et al., 2016]. We represent the
same date™mg our Figure 1. Note that the methane concentrations reported by Krasnopolsky et al.
[1997] ma et al. [2009] are off the scale in the figure and are represented more towards
the cgnter of the circle. Inspection of Figure 1 and the data used by Fries et al. [2016] in their
Table % makes the conclusion of a correlation look plausible. We note that in the rest of this
Sectio mpare in terms of L, keeping in mind that a 16-day time span is about 7° L at
aphelige (%= 251°), and 10° L at perihelion (Ls = 71°).

t should be noted, however, that it is incorrect to take an upper limit value of 7.2 ppbv,
report illanueva et al. [2013] of 28 April 2010 at Ls = 83°, to mean zero methane as did
Fries et al. ]2016]. Itis also incorrect to omit the stream from comet 275P/Hermann, which
interacts Wi Mars at Ls = 80.1°, only seven days before this methane measurement. In addition,
one M lence Laboratory SAM data point published by Webster et al. [2015a] is missing
from t #es et al. [2016] analysis. It is the data point from 1 June 2013 at L = 328.6° (Table
2). Lomane was measured on that day and it coincides with the predicted A class meteor
shower from comet 1P/Halley that occurs from Ls = 321° to 329° (Table 1 and Figure 4). So,
there agﬁast two low methane measurements associated with the meteor streams selected by
Fries eal™2016].

Author M
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Table 2: Mars atmospheric methane measurements as a function of Ls, Earth-based observations
(green), Mars Express (white) and at the SAM/MSL (orange).

Date of observation

Ls ()

CH4 mixing ratio

Comment

Reference

I ' (Martian Year) (ppbv)
-
28-30-JUN-1988 222-223 (18) 70 + 50[ FTS atKitt Peak Observatoryj Krasnopolsky et al. 1997
24-JAN-1999 88 (24) 10+ 3 FTS/CFHT] Krasnopolsky et al. 2004
27-JAN-1999 89 (24) 10+ 3 FTS/CFHT] Krasnopolsky et al. 2004
11-JAN-2003 122 (26) 40 + 8 CHSELL/IRTF & NIRSPEC Mumma et al. 2009
Keck2
JAN/FEB-2004 330-40 (26-27) 10 £ 5 MEX / PFS| Formisano et al. 2004
06-]AN-500-6- 352 (27) <7.8 CHSELL/IRTF & NIRSPEC Villanueva et al. 2013
(Keck 1 & 2)
10-FEB-2006 10 (28) 10 £ 5 CSHELL/IRTF| Krasnopolsky 2012
26-FEB-2006 17 (28) 1+£2 CHSELL/IRTF & NIRSPEC Mumma et al. 2009
Keck2
20-NOV-2009 12 (30) < 6.6] CRIRES Villanueva et al. 2013
07-DEC-2009 20 (30) -1.6 5.6, CSHELL/IRTH| Krasnopolsky 2012
28-APR-2010 83 (30) <72 NIRSPEC (Keck 2) Villanueva et al. 2013
25-0CT-2012 195.0 (31) -0.51 +2.38 MSL / SAM Webster et al. 2015a
27-0CT-2012 196.2 (31) 1.43 + 2.47 MSL / SAM Webster et al. 2015a
27-N0OV-2012 214.9 (31) 0.68 £ 2.15 MSL / SAM Webster et al. 2015a
01-JUN-2013 328.6 (31) 0.56 + 2.13 MSL / SAM Webster et al. 2015a
16-JUN-2013 336.5 (31) 5.78 + 2.27 MSL / SAM Webster et al. 2015a
23-JUN-2013 340.5 (31) 2.13 £2.02 MSL / SAM Webster et al. 2015a
29-NOV-2013 55.7 (32) 5.48 + 2.19 MSL / SAM Webster et al. 2015a
06-DEC-2013 59.2 (32) 6.88 +2.11 MSL / SAM Webster et al. 2015a
06-JAN-2014 72.7 (32) 6.91 + 1.844 MSL / SAM Webster et al. 2015a
28-JAN-2014 81.7 (32) 9.34 % 2.16 MSL / SAM Webster et al. 2015a
17-MAR-2014 103.4 (32) 0.47 £0.11 MSL / SAM Webster et al. 2015a
09-JUL-2014 158.8 (32) 0.90 £ 0.16 MSL / SAM Webster et al. 2015a
09-JUL-2014 158.8 (32) 0.99 + 2.08 MSL / SAM Webster et al. 2015a
24-APR-2015 331.0 (32) 0.66 + 0.095 MSL / SAM Webster et al. 2015b
26-AUG-2015 32.9 (33) 0.25 £ 0.055 MSL / SAM Webster et al. 2015b
04-0CT-2015 50 (33) 0.85 + 1.444 MSL / SAM Webster et al. 2015b
20-0CT-2015 57 (33) 2.5%1.5 MSL / SAM Webster et al. 2015b
18-NOV-2015 69.7 (33) 0.25 + 0.08 MSL / SAM Webster et al. 2015b
18-NOV-2015 69.7 (33) -0.16 + 1.53 MSL / SAM Webster et al. 2015b
13-JAN-2016 94.2 (33) 2.01+1.83 MSL / SAM
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In the meantime, six new methane measurements have been made by the SAM-TLS, some of
them to coincide deliberately with the high methane observed by the same instrument in the
previous Mars year at the same epoch. These are five new measurements done between April and
November 2015 in Ls range 331°- 69.7° [Webster et al., 2015b] and one new measurement done
in January 2016 at Ls = 94.2°, which is being presented here for the first time. In Figure 2 we
show the sae information as in Figure 1, but with these new data now included.

Author Manuscrip
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Figure 2: Same as Figure 1 with the six new methane observations (black squares) that have

become available since Fries et al. [2016] added (Table 2). Five of them were presented by

Webster et al. [2015]. The last one from 13 January 2016 at Ls = 94.2° is presented here for the

first time. For Ls=158.8" and 69.7° we use the more precise of the two values listed in Table 2

(0.9+ 0.16 and 0.25+ 0.08, respectively), i.e the one from obtained from a SAM enrichment run.
I |

@ Krasnopolsky et al. 1997

@ HKrasnopolsky et al. 2004

@ Villanuevaetal. 2013

° Webster et al. 2015a

(SAM/MSL)
(29-A) 1P Halley

Webster et al. 2015b Ls=325.9"(321°-329")
(SAM/MSL)

(1-A) 13P Olbers; Ls = 2.9 -

Classification from Christou, 2010:
w  strong candidate
w  50% strong candidate
@ =50% strong candidate

Mars JFC & Encke-type 5-B) Damocles; Ls = 47.8
» additional comets et )
(Fries et al. 2016) ' ) (9-C) Ls=119.2
[6) Ls = 80.1°
(7-A) Ls =848
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When considering these new measurements, a correlation between methane and meteor events is
less evident. A low methane value is observed just four days after the encounter with the class A
1P/Halley comet stream at Ly = 321-329°. This is in addition to the observation one Martian year
earlier mentioned in the previous paragraph. Another new measurement was timed to coincide
with the Damocles stream at Ls = 47.8°. This measurement on 4 October 2015 at Ls = 50° (Table
2) yieljed a !ow methane abundance. Three more low methane values were measured on 20
Octo , 18 November 2015 and 13 January 2016 at Ly = 57°, Ls = 69.7° and Ls = 94.2°
respecmr'jIese four observations of low methane are during the same time period as the high
metha trations observed by SAM in the previous Mars year during December 2013-
JanugreaQld [Webster et al., 2015a]. These new data one Mars year later do not show evidence
of highgmethane related to the Damocles meteor event. Fries et al. [2016; their Table 1] used the
Damo ent as evidence for the first of the series of high methane abundance observations in
the pre@Mars year [Webster et al., 2015a].

entioned earlier Christou [2010] listed a total of 31 possible streams that can
produ ejeor showers on Mars, and two additional streams are noted by Fries et al. [2016].
All streams are listed in Table 1. Fries et al. [2016] consider those streams that correlate with
high metharge. Without considering the other (low) methane data this has the danger of being a
false p e, even without taking into account the new data sets. Moreover, from Christou
[2010]Ee no particular reason as to why one should discard any of the predicted streams.

Author Ma
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Figure 3. Same as Figure 1 with all the 33 predicted meteoroid streams included (Table 1).

Krasnopolsky et al. 1997 ) . (24 (22-A) Ls = 276.4°
Krasnopolsky et al. 2004

(21-C) Ls = 275.8°

(20-C) @ Ls = 250.1°

_‘
)
-

(19-C) @ Ls = 230.8°

Villanueva et al. 2013
Krasnopolsky et al. 2012 (28-C) Ls =318.9"

D @ C

Webster et al. 2015a
(SAM/MS5L)

{17)Ls=216.8"
{29-A) 1P Halley {16-C) Ls=216.6"

Ls=325.9"(3217- 329")

(30-C) Ls =341.1°

- (13-C) Ls = 186.4

70 +/-50 ppbv
Ls=222-223

[1-A) 13P Olbers; Ls = 2.9" -

(2-B)Ls=13.1"

(3-ClLs=13.7

Classification from Christou, 2010:
w  strong candidate

w  50% strong candidate
(4-B) Ls = 43.8

w  <50% strong candidate (10-B) Ls = 128.3"

Mars JFC & Encke-type (5-B) Damocles; Ls = 47.8°
» additional comets ] - .
(Fries et al. 2016) ] T (9-C) Ls=119.2
(6) Ls = 80.1 (8-C) Ls=86.6"
(7-A) Ls =84.8"
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Hence in Figure 3 we present all the streams and compare them with all the methane
measurements considered by Fries et al. [2016]. The emerging picture now changes rather
dramatically. Even when not including the low SAM measurement at Ls = 328.6°, there are seven
low methane values preceded by one or several meteor streams within a 16 day time span. This is
the sad!'ﬂ'u'nber as there are high methane value - meteor shower pairs within that same time
span:

at Ls = 20° are preceded by two meteor streams at Ls = 13.1° (comet Bradfield) and L
mct Whipple-Fedtke-Tevzadze);

2) J;e upper limit on 28 April 2010 at Ls = 83°, as reported by Villanueva et al. [2013],
is preceded by comet 275P/Hermann at Ls = 80.17;

he two low methane SAM measurements at Ls = 195° and L = 196.2° are preceded
by the g-type stream ZPE at Ly = 194°;

4) The low methane SAM value measured at Ls =214.9° is preceded by Encke-type
stream@BTA at Ls =210.3";

e upper limit reported by Villanueva et al. [2013] at Ls = 352° is preceded by three
Encke- treams, GEM and 3200 at Ls = 345.7°and GEM active at Ls = 349.6°- 351°.

ally, we add the six new SAM-TLS data points. The result is shown in Figure 4.
Three gge#tTonal low methane values are preceded by meteor streams within a 16-day time span:

(1) The low methane measurement at Ls = 50° is preceded by the Siding Spring stream at
Ls = 438" and the Damocles stream at Ly = 47.8°;

he new low methane SAM measurement at Ls = 94.2° is preceded by cometary
stream acewatch at Ls = 86.6°;

me low methane value seen at Ls = 331° is preceded by the 1P/Halley stream that is
acti n Ls of 321°and 329°, a similar low methane value was measured the previous

Martiajuaial of 328.6°.

t tys point there are more low methane values preceded by predicted meteor streams,
than th e high methane values. From looking at this data set, there is clearly no obvious
correl&etween high methane concentrations and the occurrence of meteor events.

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to JGR: Planets

Figure 4. Same as Figure 3 with the complete SAM methane data set.
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Next, we will apply a simple statistical analysis to numerically study the relationship between
methane detections and meteor shower events. This was not done by Fries et al. [2016] since a
predicted encounter of Mars with a meteoroid stream does not guarantee a significant infall of
material, because the distribution of meteoroids along the comet’s orbit is subject to multiple
stochastic processes and likely to be irregular. However, we believe that a simple counting
exercise corgbined with a basic statistical dependency test can provide valuable insight, exactly
for tlﬁél'l'lgreason that we have no information on the distribution and evolution of the streams,
S0 thamm and insignificant infall of material are both equally likely. In the absence of
any in ian on the dust content of the streams, we treat all streams equal.

[ = |
5.A ne(/jalysis
In %ider to obtain a numerical evaluation of the likelihood of a correlation between

predic teor events and high methane concentrations, we perform a simple counting
exercise In'combination with a basic statistical dependency test.

Egiven combination of methane measurements and predicted meteoroid streams
(“case”ﬁresented in the Figures 1-5 and explained in the previous Section, we take the
individyal methane measurements and count the number of meteoroid streams found in the range
of 8°, 157, 30" and 60° L preceding each measurement. We call these counts Ny , where L
indicaxﬂ}S range and j the methane measurement in the sample. The range selection
corres 0 approximately 16, 30, 60 and 120 days on average in the orbit of Mars. We chose
thes to exclude any possible effect the time choice might have. Since no real information
about t ams’ activities exists, we consider all streams to be equal.

or each Ls range we divide the counts Ny into low counts and high counts. As the
boundary between low and high counts we take the minimum value of N in the series for a
given I&: low counts are those instances where Ny is less than or equal to the minimum, high
counts are those instances where Ny is greater than the minimum. In all cases the minimum
corres;@(o Nys; of zero, except for Ls = 60°, where the minimum is 1, 2 or 3.

ext step is to divide the methane measurements for each case into two groups: low
and hidg values. The SAM measurements dominate the sample of methane data. Most of the
SAM measyrements are so-called regular runs [Webster et al., 2015a,b] and have an uncertainty

on th of £2 ppbv (1-sigma, Table 2). Therefore, we take a bin of twice this uncertainty,
ie. 0t v, and consider methane concentrations within this bin as low values. Anything
larger ppbv we consider a high methane concentration.

<
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These two parameters, low/high methane and low/high meteoroid 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 (Ho) is that there is no correlation between the two parameters. The test
requires drawing up a 2x2 matrix containing the observed number of counts for the combinations
of (1) Iﬁw r#ethane and low Nyisj, (2) low methane and high Nisj, (3) high methane and low N

and methane and high Nis;. We divide the matrix elements by the total number of
metha surements in the sample for the case under consideration. From the resulting
fractio pected number of counts for each matrix element are calculated, and then the sum

of thg sguaed differences between the observed and expected counts, normalized to the expected
countsgis taken. The resulting number, chi?, relates to a probability that the Null Hypothesis is
true: a value for chi? corresponds to a large probability.

@Iso want to get an idea of the uncertainties in the probability due to the uncertainties
in the ne measurements in the sample. To address this, for each case, we add or subtract a
rando er 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 somgmethane measurements swap from the low value bin to the high value bin or the
other ound, thus slightly changing the test matrix’ elements. We next run the test and
obtain sponding chi? and probability. We do this 10,000 times and take the average and
standamation over these runs to be the final answer. In Table 3 we present the results for all

the casm ranges of L.

urprisingly, as we already saw from a visual analysis of the Figures 1-4, we
con in the case as presented by Fries et al. [2016] there seems to be a clear correlation
between % methane and predicted meteor events. Fries et al. [2016] mention all high methane
mea s fall within 16 days (difference in Ls of about 8°) of a predicted meteor event.
From our statistical test, the probability that there is no correlation between methane and
meteorgid events (the Null Hypothesis, Hp) is only 5%, so that Hy is rejected. With their
selecti eteor streams there seems to be a correlation for all our considered ranges of L,
but decgad&ing in strength as the range extends. At the L range of 60° we find a 61% probability
that H. This is expected, because as the range extends to the extreme of 360° all the
streams are counted for each methane measurement, so that all we see is the methane data.

ng the new SAM data to the analysis (Figure 2), the correlation is less evident for

the ra,n',gm‘l_S > 30°.

>

<
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Table 3: Correlation between measured methane and predicted meteor streams. The Null
Hypothesis Hy is that there is no correlation between observed methane and the occurrence of
meteoroid streams. The value of p(HO) is the probability that Hy is correct.

Ls range 8° Lsrange 15° | Lsrange 30° | Lsrange 60°

d

Fries et al. (2016) methane & stream selection (Figure 1)

OAll methane & Fries et al. (2016) streams selection (Figure 2)

Fries et al. (2016) methane selection & all streams (Figure 3)

All methane & all streams (Figure 4)

SAM methane & all streams (Figure 5)

O
>
<
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Considering all the 33 predicted meteor streams and the selection of methane
measurements by Fries et al. [2016] we see that there is no correlation (Figure 3), with a
probability that Hy is true of more than 78% for all ranges of L.

-M\ adding the six new data points to the mix (Figure 4), the same conclusion is drawn
with a bility of more than 74% for all ranges, except for L of 15° which shows a
proba 48%. We are not certain why this value is lower than all the surrounding high
valueis, ut It does not affect the overall conclusions.

kj.na.l.ly, we present a similar exercise taking into account all the 33 predicted meteor
shower gvagts from Table 2 combined with just all the SAM measurements to date. The SAM
measuemegt series presents the largest and most consistent data set collected in situ by the
highest spectral resolution instrument at Mars to date, applying a standard calibration procedure.
We pr%e results in the Figure 5.

>

Figure ™ M™the methane measurements from the SAM instrument only (Table 2) compared to
all the icted meteoroid streams (Table 1).

O
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From visual inspection of Figure 5 no obvious correlation between high methane
measurements and the occurrence of meteor showers jumps out. Meteor streams occur close to
low values as they do to some high values of methane. We already highlighted some features in
the previous section. In addition, we want to emphasize the following:

(1) The stream from comet 1P/Halley, an A class stream that occurs over a two week
perio en Ls =321°and 329°, is followed by two low methane values in two subsequent
Martia s at 328.6°and 331°and one high value at 336.5°. There are also five additional
Encke mmams some two months before between Ls =291.2°and 305.2°;

- EEEE 5 new low methane value on 26 August 2015 at Ls = 32.9° is preceded by an A, a B
and a stream, at Ls =2.9°, 13.1° and 13.7° respectively;

(%L)wree new measurements were performed between Ls = 50° and 70° in the fall of
2015, and all show low methane concentrations. This is the same season where in the previous
Mars y@luster of four high value was observed [Webster et al., 2015a]. It is preceded by
two B class streams at Ls = 43.8°and 47.8°;

Eprobabilities that Hy is true for this case are over 62% for all ranges of Ls (Table 3).

Author Man
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6. Conclusions

Several observations of Martian methane to date report temporal variability in
concentration. According to a new idea, the variability in methane is correlated with meteor
events at Mars [Fries et al., 2016]. Here, we have reanalyzed such possible correlation by
considering the full set of methane abundance measurements at Mars, including six new data
point!'h!!!i'ﬂed by the SAM instrument, in combination with all predicted meteor shower events
at Mar ther by examining individual methane measurements or using a simple statistical
analysmgach the same conclusion: there is no correlation between high atmospheric
methang abundance and the occurrence of meteor showers on Mars. It does not mean that no
methang will be formed from in falling organic material. From laboratory experiments it seems

likely t thane can easily be formed under Martian conditions [Keppler et al. 2012,
Schuergrer % al. 2012]. However, estimates of the quantities of in falling material in combination
with th iency to produce methane from such material does not seem to match the amounts
needed lain the high methane events. The low background levels of ~0.5 ppbv methane
observ he SAM-TLS on the Curiosity rover since 2012 could result from the UV

degradation of surface organics delivered by interplanetary dust particles or any combination of
surface orgdjpics, methanogens and geology, whereas the higher methane levels do not appear to
be due face organics [Webster et al., 2015]. Continued observations of the variations in
atmosmmethane will be important, and measurements of the actual quantities of in fall of
meteor, erial will be crucial to get a better understanding of its role on Mars.

qv
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