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Chemical composition of the atmosphere

Constituent Mixing ratio

(a) Composition of the Martian atmosphere

CO; 0.9532°

N, 27x107% 4

YAr 16x107°°

0, 13x1077*

CO Tx107%*

H-0 2x 10740

H:Op_ 4 x ]0#‘ ¢

0, (1-80) % 107 % ¢

CH, (140.5) % 107%¢

CH-0O <5x 1077 (lemulive)r
<3x107®

36 4 JS‘AI_ 53 % l()—b a

Ne 25x107""

He (1.1+0.4)x 10°°"

Kr 3x 10770

Xe 8x 10°%*

H, (1.540.5)x 107"

Atreya et al, 2007



Atmospheric photochemistry

Reaction

No. Reaction Rate Expression
(1) h +CO;—-CO+0
(2) CO + O¢*P) + CO, —» CO, + CO, 2X 10-¥
3) CO+OH-CO;,+H 9X 10~ exp (—500/T)
(4) H + O, + CO, — HO, + CO, 2X1073(T/273)~13
(5) O+ HO;—-OH+ 0, 7x 10~
(6) 0+0+CO,—-0, +CO, I X 10-%(T/300)-%°
(7) HO, + HO; — H,0, + O, 55X 10-12
(8) hv + H,;0, - OH + OH
(%) O+0OH-O,+H Sx10-"
(10) hw+ H,O0-OH+ H
(11) O(’D)+ H,0—-0OH + OH IxX 101
(12) O('D)+ H,-OH+H 1.9 X 10-1°
(13a) h + 05 - 0,(*'A,) + O('D)
(136) hv + Oy — Oy + O(°P)
(14) OH + HO,—- H,0 + O, 8.24 X 10-"exp (—150/T)
(15) H + HO; - H; + O, 9X 10-2exp(—333/T7)
(16) hv +0,—-0+0
(17) 0+ 0, + CO, -0, + CO, 1.4 X 10-3(T/300) %8
(18) 0+0,-0,+0, 1.32 X 10 " exp (—2140/T)
(19) H+0,—-0H + 0O, 26X 10-1
(20) O('D)+ CO, - 0(°P) + CO, 1.8 X 10"
2n 0,(*8;) - 0,02, ) + hv 26X 10~

4x 108
(22) 0,('A;) + CO; — 0,(°Z,7) + CO, <8 X 10-%

<1.5X 10-%

McElroy et al. (1977)



ALTITUDE (km)

240

1-D models

Vertical transport ”
represented by an « eddy 2
diffusion coefficient »

TEMPERATURE (°K)
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Photochemical stability of the
Martian atmosphere

2x CO,+hv—-=CO+0O
0+0+M=>0,+M () ky/k,>108
(CO+0O+M—CO,+ M) (k) So reaction 2 can be neglected
2C0, + 2 hy — O, + 2CO

McElroy and Donahue (1972), Parkinson and Hunten
(1972), Atreya and Gu (1994): CO, is unstable - the Martian
atmosphere should be changed into CO and O, in about

6000 yrs...




UV absorption cross sections of H,0O,
CO, et O,
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When the level of O, increases, photons previously used to
photolyse CO, and thus to produce O, are now used to
destroy O,

This overlap of the absorption cross-sections limits the build
up of O, (Nair et al. 1994)

But on Mars O,/CO, = 0.1 %

H+O,+M—HO,+M
Photolysis of water vapor O + HO, — O, + OH

H,0 + v — OH + H CO + OH — CO, + H




Ozone photochemistry o,+n-o0-0

O+0,+M—-=0;+ M
Mars’ case : O3+bv—02+0
0:+0—=20;
HZOQO-FOH O+0+M—=0;+M
OH + 0, > HO, + 0, +O+M 0,
7 +hv +0
O,+hv>0+0, | / %O
O+0,+M>0;+M /+02+N\
: N
O O3
- H,0/O, anticorrelation wx _  “
expected +hv
Chapman cycle

on Earth



0Oz column
1 | |

3-D models

40°N
* Coupling between « General .
Circulation Models » and G
photochemical models 40%s
80°S
| 1éO | 1é0 | 21;0 | 3(|)0
. . Solar Longitude
H,0/0; anticorrelation o
observed on model . . w—
results
40°N
(a) Zonally averaged ozone column (mm- .
atm) and (b) zonally averaged water vapor 40°S
column (precipitable microns, pr-mm) as a
function of solar longitude (Lefévre et al., 80°S
2004) e
0 60 120 180 240 300 360

Solar Longitude

Lefévre et al., 2004



Pseudo—altitude (km)

Pseudo—oltitude (km)

Q) H,0 at Equator (log mole fraction)

80
40
0
0 60 120 180 240 300
Solar Longitude
c) O3 ot Equator (log mole fraction)

120 180 240
Solar Longitude

300

360

360

Pseudo—altitude (km)

Pseudo—oltitude (km)

b)

HO, at Equator (log mole fraction)

60 120 180 240
Solor Longitude

O3 at Equator (10" cm™3)

60 120 180 240
Solar Longitude

Lefévre et al., 2004
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Altitude {km)

Ozone layers on Mars and Earth

-1 -0.3 0

0, Number Density (10% em™

Nair et al., 1994
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Latitude
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Decrease of polar ozone on Earth

ERS2-GOME Total Ozone Column Monthly Mean
September

1995

October 1988 October 1989 October 1990

EEEEE Nimbus-7 TOMS
488 Dobson Units
Dobson Units NASA/GSIC <100 200 300 400<




Measurement of ozone by solar and
stellar occultation

2000

SPICAM - Ultra- Spectrum of
Violet EERETIS | R (o g

observations, orbitg S T80 5 etk s

17, 13 jan. 2004 5REa atmospgere  lratio g

IR

*Atmospheric
"2 Transmission

altitude :50 km

MARS EXPRESS

Atmospheric Transmission of Mars

SPICAM




Discovery of ozone layer by solar
occultation on Phobos 2 (1989)

Time (s)
. . u . 0 10 20 30 40 50
Optical transmission : . ' ' '
Qccultation A b
1.01 4 - 1.01
— - =
T exp( r) % 1.00 - 1.00
at 3 wavelength : 270 = oo
B~
0.98 + - 0.98
nm, 277 nm and 283 nm.
0.97 - 0.87
0.96 +0.96
N:e: 12 1 T 0.85 0.5
':.8 g 0ZONE Wavelength: 283 nm 277 nm 270 nm
z
o
E 08 i Time (s)
n 0 10 20 30 40 50
i 1.02 ' L L . 1.02
8 06 - Occultation B b
g o 1.01 + F1.01
[=]
5 04 . % 100+ == - 1,00
& s
§ 0,2 \\_ E 0.89 4 L 0.99
g() 0.98 - - 0.98
0 | 1
200 220 240 260 280 300 0.97 - L 0.97
WAVELENGTH(nm)
0.96 - 0.96
O, absorption cross-section in tos Cos
the 200-300 nm range Wavelength: 277 270 nm

Blamont and Chassefiére, 1993



Ozone vertical profiles in 2 cases

80 - 80 -

- 75 w5 a
5 701 Occ. A 70 1
o 851 85
E 60 - 80 ;j
I I 55 56 - 5
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457 45 - ]
40 7 , 40 - ——ou
35 1 35 -
30 30
25 - : , 25 -
20 T T 1 20 T I .
-6 -3 4} 3 6 -2 -1 0 i 2
N[O3] (1015 cm-2) n[0O3] (108 cm-3)
80 q 80 -
75 w5 a
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g 601 N 80 -
<0 ] =+
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4D 40
35 95
30 30 +
25 25
20 T T 1 20 T T ]
-8 -3 0 3 8 -2 -1 o 1
N[O3] (1015 cm-2) n[O3] (168 cm-3)

Blamont and Chassefiére, 1993



Comparison between 1-D model and
PHOBOS 2 observations

logio ([H20)/[COz})
A B B kD

BO f—— L L L 101101 g 4—L 1 80 L
— 75 - Occ. A | 75 - 75 L
5 70 - - 70 - 70 -
8 65- - 85 - 85 -
£ 60 L 50 A - 80 -
< 55 L 55 - L 55 R
50 - 50 - 50 -
45 L 45 - 45 -
40 L 40 - 40 -
35 L 35 - 35 -
30 - - 30 - 30 -
25 - - 25 - - 25 -

20 . : : : 20 i 20 —

-10 —05 00 05 10 15 20 o8 49 O 5 8 7 8

n[O3] (108 cm-3) T(K) K(cm2s-1)

Blamont and Chassefiére, 1993



Comparison between 3-D models and
SPICAM observations (MEX)

Comparison to LMD MGCM :

1045 /  68.1,—16.2
e

934 / —177.9,—16.5

70F =

] i Ls = 113.4 ]

= 60 =

; ] ;' LT = 3h :

AN s _ 50R 5

T L g ]
& —~ :
[ E 3 5 40E E
o E ) E =
2 i :
=N : R = 30E -
. ; 20 :

E 10k
2

0 12 0 2 4 & 8 10 | 2

4 R R 10
0, density (10° cm™) 0, density (10° cm™)

S. Lebonnois & SPICAM team



Another example

Comparison to LMD MGCM :

551 / —167.8,—29.7 615 / 16.8,—29.7
T T T T T T L L L

T T T T T

40} A B — g V)
A ( Ls = 60.1 E
L = 60 i 3
i EiS LT = 19h ]
- ] 3 =
é C = é =
& ik E i N E
o C ] o =
= Fe- ] = ]
= f 3 < E

El L | L L 1 l 1 1 [ 1 B 1 L L |

0 2 4 6 8 10 12 0 2 4 5 8 10

0, density (10° cm™) 0, density (10° cm™)

S. Lebonnois & SPICAM team
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H,0/O, anticorrelation measured by
solar occultation
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S. Perrier & SPICAM team



ClO/O,
anticorrelation Iin
Earth’ s polar
stratosphere

36 T T T T T T
(a)
F. ——— —
in AoGt . yd
-
= yd
E /
Q. ~~/
S /
o 24 7
© /
e Ozone l/
S / K
=
3 /I
© / Intérieur du vortex polaire
o
a 12 /
& /
< lr“’
/
Cl? /
W i T o el
0.0 | | | 1 1 |
63S Latitude 128
T T T T T T
(b)
Ozone
2.50
<'E: Mi-Septembre
&
o
o
@
©
§i Intérieur du vortex polaire  _|
2
o 1251 i
= {
5 I
s Ml
@ {1 !
\'I
Al
co __-J"
0.25 [ ! I ! 1 ! .
63S Latitude 728

0.50

o
N
o

Rapport de mélange de CLO (ppbv)

0.00
1.0
=
el
a
&
Q
(&)
D
©
2]
o
c
iy
'l
05 ®
2]
©
©
o
Qa
a.
[y
o
0.0



3-D field of ozone

SPICAM O
Q) O3 column

g
35 80°N
g2
40°N
8
S 3
3 .—3 DO
= ) -
& S
2 40°S
-50
w
80°S
A Ui e ' ' | | | | I ' !
' 120 180 240 200

200

Solar Longitude (Ls) Solar Longitude

Perrier et al, 2006 OBSERVATION GCM MODELLING Lefévre et al, 2004



Potential role of heterogeneous
chemistry in Mars’ H,O ice clouds

- On Earth, Polar
Stratospheric Clouds
form at T<195 K.

- Heterogenous
chemistry involving N
and Cl compounds
responsible for ozone
hole.

- Potential role of of
Martian clouds in
chemistry.

a TES water vapour (precipitable micrometra) b Model water vapour (precipitable micrometra)

4

El
8
g
=
o
3
=
-

0
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Solar longitude (dagrees) Solar longitude (degrees)

c TES ice cloud opacity at 825 cm-? d Model integrated ice surface area [cm? cm-?)

Latitude (degrees)
8 o 8 8

8

0 60 120 180 240 300 360 . 0 60 120 180 240 300 360
Solar longitude (degrees) Solar longitude (degrees)

Lefévre et al, 2008



Colurmn abundance (micrometre amosphere)
o e o~ e 83 R

70°-90“N
» SPICAM |
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1Enhancement of O, level
i1through heterogeneous
- chemistry

 More ozone than
observed in gas phase
models.

* Introducing
heterogeneous
chemistry of HO, and
OH on ice particles,
more ozone
simulated.

Lefevre et al, 2008



Distribution of O; column without and with
heterogeneous chemistry

a L.=30r

Gas phase |20 b L.=30"
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Detection of methane by PFS
(Mars Express)

L v L L ' L v L v ' L v v v ' L L) v v ' A A L4 A ' A L
ORBIT.529 Average of 111 measurements
ethane=61 [ppb], water vapar=650 [ppm], Toudce=0.45
Chi_squore /dol computed far the range [3010, 3030]=1.50
Methane=0 [ppb]. water vapor=650 [ppm], Taudce=0.45

« Methane detected in
its Q-branch at 3018 fan

Cm-’] (Formisano et al, "-.: Ohi_aquare /daf computed far the range [3010, 3030]=4.08
2004). =
» Relatively low SNR ~ §
ratio & spectral ri
resolution, requiring 3

averaging spectra. 3
» Data spanning all

La g g a1 e g g a1 o s

ad s g s ol a2

. 3400 3005 3010 3015 30240 3025 3030
seasons, latitudes, Wovanumbar [em—1)
longitudes, local PFS spectrum average of 111 measurements in

times (except night orbit 529 (Geminale et al, 2008)

time).



Seasonal cycle of methane

Seasonal variations of the abundance of
methane over 3 seasonal cycles

Only data in the latitude range [—60,60]
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Recent reanalysis
of PFS data

50

€
Q.
& a 254,10
E: 2
= kS 305.43
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— g
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=

Seasonal/latitudinal maps -
of CH, and H,O observed

by the same instrument

(PFS/ Marx Express). N

Latitude

CHZ¥ column density = e—15

200
Salar Longitude

Geminale et al., 2011



Seasonal maps of methane: Spring > Winter
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Geminale et al, 2011



Recent detection of methane from Hawali

« CSHELL/IRTF, NIRSPEC/Keck-2

« Two lines detected simultaneously at 3029 and 3038 cm-'.

« Correction by telluric extinction required.

« More precise than PFS data, but no seasonal/geographical coverage.
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Geographic distribution of observed CH,

Methane abundance [ppb]
Geological provinces
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The puzzling question of the lifetime of
methane

b L, =150
90° N

60° N 1 00_

Tracer emission:

* *—& Syrtis Major, episodic release (60 sols)
\ ®-# Syrtis Major, episodic release (120 sols)
\\ ®-® Syrtis Major, permanent release

30°N

0°

Latitude

30°S

60° S

90° S
180°W 120°W 60°W 0° 60°E 120°E  180°

Enhancement factor

Photochemical
lifetime(CH,+OH) : 300
years.

Lifetime in the atmosphere

According to GCM
calculations : 3 months!  Lefevre et Forget, 2009

» Heterogeneous oxidation of CH, in the regolith : H,0,, Fe**, ...?



Lotitude

Latitudinal profiles and co

LA S S S S B S S B S B

——CH, mean [ 1Y
---sCH, RO h
-—oCH, R1

T T T | [

Methane (CH,) column [10** m?]

PR SR TR SR T SR S S T [T ST S S SH S T
0 50 100 150

180 210 240 270

-
-
-.‘

330 0 30 60

rrelation with H,O

Mumma et
al., 2009

Montmessin
et al., 2004

Data agree with a
global CH,-H,0
correlation



Transmittonce
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Mapping of methane from TES/MGS

3 000 000 TES spectra used in the
1260-1340 cm' range (thermal IR)
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Seasonal cycle of CH, over the last 5
seasonal cycles

| | | | | | l
From Geminale et al., ___ From Fonti and Marzo, 2010

- From Geminale et
-’ ,’"F x\ / -

1SN
o

- 2008

w
o
I

al., 2011

N
o
I

Methane mixing ratio (ppbv)

10 0 ¢
: \
L - eesss3 From Mumma -il o ©
PRI et al., 2009
0 | | | | | | '
0 100 200 300

Solar longitude (deg.)



