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• The current topic of Martian study

Detection of  CH4

• “The methane mixing ration shows variation”

This value is a little higher than that reported by
Formisano et al. (2004) (blue square in Fig. 4) which
referred only to a short period of time (the end of the
northern winter), but still consistent with it ((1075) ppbv
versus (1475) ppbv now). Fig. 5 shows the seasonal
variation of the water vapour mixing ratio obtained
simultaneously with m: w is much larger in the northern
spring and summer than in the southern summer, as one
should expect (see Fouchet et al., 2007; Tschimmel et al.,
2008). We have performed the linear best fit to the data
with the weights given by the number of measurements
included in each average. The resulting fit was

m ¼ 21:73" 0:04# LS

which certainly is in disagreement with the idea that the life
time of methane in Martian atmosphere is of the order of

300–600 years (in this case there should be no mixing ratio
cycling). The absolute value of the correlation coefficient
found was 0.55.
Note that the linear best fit to the methane mixing ratios

gives a value of 21 ppbv in northern spring, while it is only
5 ppbv at the end of the southern summer: a factor of
almost four, which immediately arises the question if
methane is being not only distributed in the atmosphere,
but even destroyed in such a short time. Finally, Fig. 6
shows the ice optical depth variation with LS. The linear
best fit indicates that its behaviour with season is similar to
that of the water vapour.

4. Longitudinal variation of the methane and water vapour
mixing ratio

We have analysed 16,785 measurements of PFS obtained
in almost 2.0 Martian years to study the spatial (long-
itudinal) variation of methane. The East longitudes were
divided in bins of 301 and 12 averages were obtained. Data
from 135 orbits were used, not necessarily the same as from
the seasonal study. Fig. 7 shows the location on a Martian
map of the 16,785 measurements. As for the previous
analysis (see Fig. 3), also in this case, we have a small bias
in the location of the data. More specifically, the data are
located between "401 and +651 latitude. The mean
abundance of methane as a function of longitude is shown
in Fig. 8. The average mixing ratio varies between 6.5 and
24.5 ppbv. The minimum is observed at longitudes between
"1201 and "1501. In general, the positive east longitudes
have higher methane mixing ratio than the negative East
longitudes. The two apparent maxima, one located
between "301 and "601 and the other located between
+601 and +901 correspond to the outer edge of Arabia
Terra, but it is not clear, from this study if they are real
maxima. Note that the region identified by the GRS
experiment on Odyssey as rich of water in the soil, is
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Fig. 4. Methane mixing ratio variation with LS.

Fig. 5. Water vapour mixing ratio variation with LS for the data used in
this study.

Fig. 6. Ice optical depth variation with LS for the data used in this study.
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Fig 1. The Methane mixing ratio variation with Ls [Geminale et al, 2008]

( This question is the key of origin of methane ! )

Table 1. The observation of the 
martian methane

Ls( ° )

Introduction ~CH4~

 Fig 2. The geometrical distribution 
observed by IRTF/CSHELL [Mumma et al., 

2009]

by MEX/PFS SW

40

20

0

Mixing ratio (ppb)
⇒ Why？

Formisano et al., 2004 0-35 ppb (*variable)
Krasnopolsky et al., 2004 10.5 ppb

Mumma et al., 2009 0-45 ppb(*variable)



Fig 5. New mechanism for producing 
oxidant [Atreya et al., 2006]

Fig3. structure of a dust 
devil [Jackson ,2006] 

Introduction ~H2O2~

Triboelectric process
(in dust storm/devil)

The calculated abundance of H2O2 could 
reach 200 times (~ 4ppm) that produce by 

photochemistry alone.
Saturation, condensation and precipitation? 

•Vast quantities of H2O2 can be produced in the Martian dust 
              storms and devils (simulation)  [Atreya et al., 2006]

Fig 4. The interaction of electrons with CO2 and H2O [Delory et al., 2006]

processes in the presence of an electric field for
parameters relevant to Mars. In this approach the
electron distribution is described by the Boltz-
mann equation:

! "#v f(v!) $ ! " c
(3)

where e is the electron charge, me is the electron
mass, E! is the applied electric field, and f(v!) is the
electron distribution as a function of the three-di-

∂f(v!)
%

∂t
eE!
%
me

mensional velocity vector v!. The subscript c on
the right-hand side of Eq. 3 denotes effects due
to electron collisions and is a sum over all rele-
vant collisional cross sections describing elec-
tron–CO2 interactions, including momentum
transfer, vibrational and electronic excitations,
dissociative attachment, and impact ionization.
Figure 2 shows graphically some of these inter-
actions, i.e., electron impact ionization and disso-
ciation of both CO2 and H2O, including the rele-
vant electron energies. In Eq. 3, the acceleration

MARS DUST STORM CHARGING AND OXIDANTS 455

FIG. 2. Electron–CO2 and –H2O impact processes. Cross-section data shown for CO2 ionization and dissociation
were compiled by Itikawa (2002); H2O dissociation cross-section data were provided by Itikawa and Mason (2005).
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LifeTime ～2days



• The loss process of CH4 [Atreya et al., 2007]

1.Photochemistry
Lifetime→300-600 years

2.Oxidation
Oxidation by string oxidant 

Fig 6. IR dust opacities as a  function of time 
and latitude [Lillis et al., 2008]

570 R.J. Lillis et al. / Icarus 194 (2008) 562–574

Fig. 11. The bottom panel plots 84-day moving averages of inferred density at 180 km at 2:00 a.m. as a function of Mars’ solar longitude (Ls) in the following latitude
ranges: 0◦–30◦ S (orange), 30◦–60◦ S (black) and 60◦–90◦ S (purple) over four complete martian years. Error bars are standard errors as discussed in Section 3.3.
The lower middle panel plots TES and THEMIS derived dayside IR dust opacities as a function of time and latitude (M. Smith, personal communication). Purple
represents a dust optical depth of 0, while red represents 0.5. The upper middle panel plots peak daytime solar flux, as a percentage of the maximum flux striking
Mars, at median latitudes of density measurements in the 3 latitude ranges: 17◦ S, 52◦ S, 77◦ S. Vertical dotted/dashed lines represent Mars perihelion/aphelion,
respectively. The top panel plots 27-day moving averages of solar EUV flux extrapolated to 1 AU from SOHO SEM, with the impulsive and decay phases of all
flares manually removed. For reference, Mars year 1 (or M-year 1) began at date/time: 1955-04-11/06:29:16. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

3.6. Temporal binning

With a significant statistical scatter amongst individual data
points, temporal and latitudinal bins must be chosen wide
enough to ensure enough measurements in each bin to ade-
quately estimate the center of the Gaussian curve that we fit
to the distribution (Fig. 8). Upon inspection of individual dis-
tributions, a minimum of 40 measurements appears sufficient.
Thus, to ensure comparability between latitude bins, we express
density time series as an 84-day moving average. This binning
scheme allows continuous coverage over four martian years in
the 0◦–30◦ S and 30◦–60◦ S latitude ranges, while the 60◦–
90◦ S range does not have sufficient sampling near perihelion,
as shown in Fig. 11, bottom panel.

4. Analysis and interpretation of density variability

Variations in nighttime upper atmospheric densities can be
divided into two main categories: seasonal and inter-annual.
We shall examine these variations separately, along with their
probable causes.

4.1. Seasonal variability

To first order, densities in the nighttime upper atmosphere
appear to be determined by heating effects (and hence increased
scale heights) caused by the flux of infrared, visible and ultra-
violet solar radiation striking the dayside surface and the entire
column of atmosphere (Bougher et al., 2000). In this first order
approximation, the solar flux striking a square meter of the at-
mosphere over a day at a given latitude varies with the inverse
square of Mars’ heliocentric distance and with the cosine of the
maximum solar zenith angle, as shown in the second panel of
Fig. 11.

This seasonally variable insolation has an obvious effect on
upper thermospheric densities, as shown in the bottom panel
of Fig. 11, which shows 84-day moving averages of densities
in three southern hemisphere latitude bands: equatorial (0◦–
30◦ S), mid-latitude (30◦–60◦ S) and polar (60◦–90◦ S). It
can clearly be seen that the highest/lowest nightside densities
generally occur near perihelion/aphelion when daytime solar
radiation flux is at its seasonal maximum/minimum, respec-
tively. This changing dayside heating drives a day-to-night ther-
mospheric circulation that determines the nightside heating and

This value is a little higher than that reported by
Formisano et al. (2004) (blue square in Fig. 4) which
referred only to a short period of time (the end of the
northern winter), but still consistent with it ((1075) ppbv
versus (1475) ppbv now). Fig. 5 shows the seasonal
variation of the water vapour mixing ratio obtained
simultaneously with m: w is much larger in the northern
spring and summer than in the southern summer, as one
should expect (see Fouchet et al., 2007; Tschimmel et al.,
2008). We have performed the linear best fit to the data
with the weights given by the number of measurements
included in each average. The resulting fit was

m ¼ 21:73" 0:04# LS

which certainly is in disagreement with the idea that the life
time of methane in Martian atmosphere is of the order of

300–600 years (in this case there should be no mixing ratio
cycling). The absolute value of the correlation coefficient
found was 0.55.
Note that the linear best fit to the methane mixing ratios

gives a value of 21 ppbv in northern spring, while it is only
5 ppbv at the end of the southern summer: a factor of
almost four, which immediately arises the question if
methane is being not only distributed in the atmosphere,
but even destroyed in such a short time. Finally, Fig. 6
shows the ice optical depth variation with LS. The linear
best fit indicates that its behaviour with season is similar to
that of the water vapour.

4. Longitudinal variation of the methane and water vapour
mixing ratio

We have analysed 16,785 measurements of PFS obtained
in almost 2.0 Martian years to study the spatial (long-
itudinal) variation of methane. The East longitudes were
divided in bins of 301 and 12 averages were obtained. Data
from 135 orbits were used, not necessarily the same as from
the seasonal study. Fig. 7 shows the location on a Martian
map of the 16,785 measurements. As for the previous
analysis (see Fig. 3), also in this case, we have a small bias
in the location of the data. More specifically, the data are
located between "401 and +651 latitude. The mean
abundance of methane as a function of longitude is shown
in Fig. 8. The average mixing ratio varies between 6.5 and
24.5 ppbv. The minimum is observed at longitudes between
"1201 and "1501. In general, the positive east longitudes
have higher methane mixing ratio than the negative East
longitudes. The two apparent maxima, one located
between "301 and "601 and the other located between
+601 and +901 correspond to the outer edge of Arabia
Terra, but it is not clear, from this study if they are real
maxima. Note that the region identified by the GRS
experiment on Odyssey as rich of water in the soil, is
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Fig. 4. Methane mixing ratio variation with LS.

Fig. 5. Water vapour mixing ratio variation with LS for the data used in
this study.

Fig. 6. Ice optical depth variation with LS for the data used in this study.
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Introduction ~CH4 & H2O2~

Methane is destroyed  by 
means of oxidation from 
H2O2 generated around 

dust grains? 



Ref. Ls Instrument Date Wavelength Mixing ratio

Krasnopolsky et al., 
1997 222° FTS @ Kitt peak

(R=120000) 1988/6 8.08-8.14
1229-1237

upper limit
(30ppb)

Encrenaz et al., 
2002 112° IRTF/TEXES

(R=80000) 2001/2 8.05-8.10
1235-1243

upper limit
(6ppb)

Clancy et al., 2004 254° JCMT 2003/9 362.156 GHz 18±4ppb
Encrenaz et al., 

2004 206° IRTF/TEXES 2003/7 8.05-8.10
1235-1243 20-50ppb

Encrenaz et al., 
2008 332° IRTF/TEXES 2005/11/30-

12/1
8.05-8.10
1235-1243 15±10ppb

(µm/cm−1)

Table 2. Previous H2O2 observations

We have not understood fully seasonal variation and global map.

1. The seasonal variation of the H2O2
2. The longitudinal and  latitudinal variation of the H2O2
3. To compare the variation of H2O2 with that of CH4 

using same data set.

Objective

Introduction ~H2O2~



Spectral 
range

Spectral 
resolution FOV NEB Detector

SW 1.2-5.5µm 1.7° Photoconductor

LW 5.5-45µm 2.8° Pyroelectric

[Formisano et al., 2005]

1.3cm−1

1.3cm−1 5× 10−9Wcm−2sr−1

4× 10−8Wcm−2sr−1

MEX/PFS

Wave length : 300-400 cm-1 (25-33µm)

V. Formisano et al., “Search for hydrogen peroxide in the 
Martian atmosphere.” (Poster Presentation)

Related Presentation

Consecutive and high spectral resolution observation 
   → Mars Express / Planetary Fourier Spectrometer

Table 3. PFS character



Wavenumber(       )
Fig 7.  The example of spectrum observed by the PFS at 300-400cm-1 (average 2000 measurements)
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The example of PFS spectrum



Line strength
Red : H2O2
Black : H2O

Line strength in 300-400 cm-1

 

Forward model
•Radiative transfer model using line-by-line model including gaseous absorption by H2O and H2O2 
•On the assumption of a plane-parallel geometry and clear sky 
•Parameters of absorption lines from HITRAN04 database
•Pressure, temperature and H2O vertical profile from Mars Climate Databasae 
•H2O2: Constant of mixing ratio in the range between 0 to 200 km
•Instrumental function is provide by MEX/PFS PI team. 

Fig 8. H2O2 and H2O line strength in 300-400 cm-1 Wavenumber (cm-1)



Wavenumber(       )
Fig 9.  The expected observation by the PFS spectral resolution (300-400cm-1)
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The result of Forward model

H2O

H2O2

H2O : 100, 200, 300 ,400 and 500 ppm
H2O2 : 10, 50, 100, 150, 200, 1000 and 4000 ppb



Wavenumber(       )
Fig 10. The expected observation by the PFS spectral resolution (358-368cm-1)

The result of Forward model
Transmittance

0.996

1.000

0.998

358 362 366364 368360

H2O : 100, 200, 300 ,400 and 500 ppm
H2O2 : 10, 50, 100, 150, 200, 150 and 200 ppb

200 ppb

150 ppb
100 ppb

50 ppb

H2O

10 ppb



Data handling
Step1 Average of interferograms (Raw data) 
Step2 FFT the averaged interferograms

*The noise equivalent radiance = ~1 [CGS] at 300 - 500 cm-1 [Giuranna et al., 2005]

*Average of 2000 measurements → noise level = ~0.02 [CGS] (= ~ 0.0004)

*The calculated line depth of 50ppb of H2O2 at 362 cm-1 is ~ 0.05[CGS]  (= ~ 0.001)

* Data set 
         Martian one year (year 2004 - 2005)

* Data selection
 　　 Low and middle latitude (-60°~60°)
          Emission angle < 30°
          Only nadir observation

       Surface temperature > 200K

50ppb of H2O2 can be measured with SNR = 2.5      



The method of fitting

Step2 Retrieval the H2O column abundance 
(using the Levenberg-Marquardt aloglism)

H2O -->> at 326 - 332 cm-1

Step3 Retrieval the H2O2 column abundance
 (using the Levenberg-Marquardt aloglism)

Step1
Retrieval the martian surface temperature and surface emissivity 

(using the least squares method)
Surface temperature is retrieved -->> at 1250 - 1350cm-1
Surface emissivity -->> at 312.9, 326.0, 330.1, 359.4, 365.4, 366.4, 389.6, 390.7, 391.7 and 392.7 cm-1

H2O2 -->>  at 360.4, 361.4, 362.4,  363.4, 364.4 and 365.4 cm-1



Thermal Brightness [K]

The example of fitting result 

Wave number  Fig 11. The result of fitting of H2O 

Black : Observed spectrum 
martian surface

Red : Best fit (Chi^2 : 49.2)
Blue : 300 ppm of H2O

H2O (@ 0km)  = 138 ppm 

340 360 380320
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266
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Thermal Brightness [K]

The example of fitting result 

  Fig 12 . The result of fitting of H2O2
(H2O2 : 0, 40, 80, 120, 160, 200 ppb)

Black : Observed spectrum 
martian surface

Red : Best fit (Chi^2 : 18.4)

200 ppb

0 ppb
H2O2 = 178 ppb 

358 362 364360

268

266

366

V. Formisano et al., “Search for hydrogen peroxide in the Martian atmosphere.” (Poster Presentation)

Related 
Presentation

Wave number



Result & Conclusion 

Fig 13. H2O2 mixing ratio variation with Ls.(-60°~60°)

Mixing 
ratio
(ppb)

Ls( ° )

 Result of Seasonal variation 

500

300

100

100 200 300

 The seasonal variation is suggested, but it is necessary to discuss 
whether the variation is meaningful or not because there are the 
period we have not analyzed yet. To derive the seasonal variation 
in another martian year is indispensable.



Future works

✓ To check the validity of analyzing method.

✓ To derive the seasonal variation in another martian year. 

✓ To investigate whether there are the enhancement of 
H2O2 abundance in short time scale. 

✓ To compare the variation of H2O2 with that of CH4 
using same data set together with INAF-team.

✓ We plan to observe the martian H2O2 by APEX sub-
millimeter telescope at the end of this November.    



　　　APEX Proposal Detail

A sensitive search for minor constituent related to possible 
sources and sinks of methane on Mars

Altitude 5107 m, Latitude: 23º00'20.8" South, longitude: 67º45'33.0"

Antenna 12 m
Beam 18”@345GHz

Frequency 220-370 GHz, 1.25-1.39 THz

Receiver
APEX-2 [275-370 GHz]

FFTS 8192 channels (122 kHz)
Bandwidth : 1 GHz

Date(proposal)  17 Nov. 2009, UT7:00-9:30

Mars diameter 8.8”

Doppler -9.78 km/s (12 MHz)
Line SO2(358.2156 GHz), H2O2(362.156 GHz)

Total
RMS=0.016K

Total : 1.563(SO2), 1.458(H2O2)
Tsum : 5.00(SO2), 4.67(H2O2)

中川広務, セミナ発表, Apr. 16, 2009.APEX proposal 



H.Nakagawa et al., “Search for SO2 in the Martian atmosphere by 
ground-based submilimeter observation.” (Poster Presentation)

Seasonal variations of Mars’ photochemistry 565

Fig. 1. Seasonal variations of the photochemical tracers averaged in the latitude intervals of ±35◦ centered at the subsolar latitudes. Solid and thin lines in all panels present
the current model and Krasnopolsky (2006), respectively. Lower panel: observations of the O2 dayglow by Traub et al. (1979) (plus), Krasnopolsky (2007) (squares), and the
MEX data near the equator (dashed lines; Fedorova et al., 2006). Mean MEX data at four LS are shown by x. Middle panel: observations of ozone by Clancy et al. (1999)
(asterisks), Fast et al. (2006) (diamonds), and the Mars Express orbiter (Perrier et al., 2006) (dashed line). Model by Moudden and McConnell (2007) is given by short-dashed
line. The H2O2 panel contains the upper limits by Krasnopolsky et al. (1997) and Encrenaz et al. (2002), and the measured abundances by Clancy et al. (2004) (plus) and
Encrenaz et al. (2004, 2008) (triangles). Lefevre et al. (2008) is given by the dashed line and Moudden (2007) by x.

strict the observations of low ozone abundances typical of the low
and middle latitudes on Mars, and the Mariner 9 team established
a UV detection limit of 3 µm-atm for ozone on Mars (Wehrbein
et al., 1979). Observations of ozone using the Hubble Space Tele-
scope (Clancy et al., 1999; Fig. 1, middle panel) were made near
the martian limb to overcome this limit at a large airmass.

Another technique to observe ozone on Mars is based on high-
resolution spectroscopy of the O3 lines at 9.6 µm. An infrared
heterodyne spectrometer HIPWAC has a resolving power of 106

and high sensitivity to detect these weak lines down to a limit
of ∼1 µm-atm on Mars (Fast et al., 2006). The retrieved col-
umn ozone abundances (Fig. 1, middle panel) depend weakly
on the adopted vertical distribution of ozone that is assumed
mixed in the atmosphere. These observations are made using NASA
IRTF.

The most detailed observations of ozone on Mars and its
seasonal–latitudinal variations were made using the Mars Express
UV spectrometer SPICAM (Perrier et al., 2006). Each observed spec-
trum was divided by a reference spectrum measured at Olympus
Mons near Mars’ perihelion. The ratio was fitted by a synthetic
spectrum with a linear surface albedo, dust with a single scatter-
ing albedo of 0.6, a scattering asymmetry parameter of 0.88 and a
constant optical depth at 210–300 nm, and the ozone absorption,
that is, four free parameters. This approach is reasonable; however,
inevitable deviations of the surface and aerosol properties from the
adopted behavior result in uncertainties ∼1 µm-atm. This value is
consistent with the Mariner 9 3σ detection limit of 3 µm-atm. This
uncertainty is systematic (conceptual), and it is not clear to what
degree it can be reduced by averaging of the numerous observed
spectra.

The retrieved column ozone abundances at the low and mid-
dle latitudes (Fig. 1, middle panel) show a seasonal behavior in
good agreement with results of the photochemical general circu-
lation models (GCMs) by Lefevre et al. (2004, 2008). However, the

retrieved values are typically comparable to their uncertainty of
1 µm-atm and smaller than the HST and HIPWAC values by a fac-
tor of ∼2. Though the MEX data are in accord with the HST and
HIPWAC retrievals at LS = 10◦ , 150◦ , and ∼200◦ , respectively, this
difference looks systematic and may be only partially ascribed to
some year-to-year variations. (The HIPWAC and HST observations
were conducted in a few martian years and may be more repre-
sentative in this aspect than the published MEX data (Perrier et
al., 2006) that cover one martian year.)

2. Models

Inclusion of photochemical processes in the general circulation
models results in a significant progress in Mars’ photochemistry.
The first model of this type (Lefevre et al., 2004) predicted ozone
abundances in good agreement with the MEX observations and,
accordingly, smaller than the HIPWAC and HST data.

Photochemical GCMs are a powerful tool to simulate seasonal,
latitudinal, diurnal, and place-to-place variations of Mars’ pho-
tochemistry. Dynamical processes involved in the model appear
dominating in the atmospheric mixing reducing therefore a role
of the poorly known eddy diffusion. However, eddy diffusion is
parameterized at the small-scale level (less than a grid size). Cur-
rently the photochemical GCMs cannot selfconsistently reproduce
abundances of long living photochemical products (CO, O2, and
H2), because, for example, the H2 lifetime is ∼300 years, and the
model should run for ∼1000 years to get equilibrium.

Krasnopolsky (2006, hereafter Kr06) calculated seasonal–latitu-
dinal variations of Mars’ photochemistry using a one-dimensional
model that reflected conditions for the solar irradiance at a chosen
season and latitude (heliocentric distance, mean daytime cosine
of zenith angle, durations of day and night), while abundances
of water vapor, temperature profiles, and dust extinctions were
taken from the MGS/TES data (Smith, 2004). The model was cal-

Purpose : 
✓SO2 : Improvement of S/N and a search in the other seasonal phase than previous our 
observation -> conclude the contribution of crustal activities to the production of methane.
✓H2O2 : Establish the production and loss processes of the oxidizer and help to constrain 
between several models of seasonal variation.
✓The vertical profile of H2O2 : The relationship to water -ice clouds and dust storm E-fields

　　　APEX Proposal

In this proposal, we search the minor elements related to the production 
and the loss processes in the expected methane cycle by the first-time 
simultaneous spectroscopic observation of SO2 and H2O2. 

中川広務, セミナ発表, Apr. 16, 2009.

[Krasnopolsky, 2009]

APEX proposal

Related Presentation



✓ The variation of H2O2 is the useful indicator to understand 
the variation of the oxidizer. It can constrain the variation of 
CH4 because the oxidizer is a candidate of the sink of CH4.   

✓ The variation of H2O2 can be obtained by MEX/PFS. 
Though it is still preliminary, the seasonal variation is 
suggested in one martian year.  

✓ Our sub-millimeter observation by APEX aims to obtain the 
vertical profile of H2O2. This observation helps to constrain 
Martian photochemical model. 

Summary



To be continued ...
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The number 
of times

The example of fitting result 

Fig 15. The histogram of LT used for 
Fig 7, 11 and 12Fig 14. The geographical distribution used 

for Fig 7, 11 and 12
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The example of fitting result 

Fig 16. The vertical 
profile of pressure used 

for Fig 7, 11 and 12

Fig 17. The vertical 
profile of temperature 

used for Fig 7, 11 and 12

Fig 18. The vertical profile of H2O 
mixing ration used for Fig 7, 11 and 12

(Red : Initial profile, Blue: derived 
profile)
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k:absorption coefficient ρ:density

S(T):line intensity f:line shape function 

*Temperature correction of line intesisity  

S0:line intensity at T0=296[K] , E:Lower-state-energy (from HITRAN04)
*The method of calculation of Q(T) [Gamache et al., 2000]

A,B,C,D is constant
 (depend on molecular species) 

Non-scattering radiative transfer

3

Radiative transfer model



The line shape function is Voigt function 

(                    　　,        　　　            )

*The method calculation of αL and αD

The value of αL(P0,T0) is from HITRAN04

Mr:molecular weight 

Voigt function ( 　  　             )

*The solution of Voigh function refers to [Drayson, 1976]

Radiative transfer model



Radiative transfer model

Fig 19.The instrumental function used for calculation the synthetic 
spectrum [Giuranna, et al., 2005]



＊ Average of 100 measurement 
* Data set ; 
* Data selection ; Only nadir observation

 ; Deribed surface temperature > 200K
* The method of analysis ; Simply, derive the transmittance at 362 cm-1

100 average

362358 368

Radiance

96

92

94

X
Y

Transmittance = Y / X
Absorption = 1 - Y / X 

H2O2 4ppm → Absorption ~ 0.03
H2O2 1ppm → Absorption ~ 0.01

H2O2 200ppb → Absorption ~ 0.005
H2O2 100ppb → Absorption ~ 0.002

To investigate whether there are the enhancement of H2O2 
abundance in short time scale. (The limit of detection ~ 200ppb )



 Result of 100 average

The depth of absorption at 362 cm-1 The depth of absorption at 362 cm-1

Fig 20. The depth of absorption at 
362 cm-1 with Ls

Fig 21. The depth of absorption at 
362 cm-1 with Local time
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 Result of 100 average

The depth of absorption at 362 cm-1 The depth of absorption at 362 cm-1

Fig 22. The depth of absorption at 
362 cm-1 with Latitude

Fig 23. The depth of absorption at 
362 cm-1 with Longitude
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 Result of 100 average

The depth of absorption at 362 cm-1 The depth of absorption at 362 cm-1

Fig 24. The average every 90° of Fig. 20
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Fig 25. The average every 6 hours of Fig. 21
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Fig 26. The average every 45° of Fig. 22 Fig 27. The average every 90° of Fig. 23



Simulation 

values of H2O2 at the surface of less than 108 cm!3 and
more than 1010 cm!3. The 1D model used in Encrenaz et al.
(2002) shows that the simulated H2O2 is sensitive to the
assumed amount of water, the uncertainty in some reaction
rates and the eddy diffusion coefficient in the lower
atmosphere; this study gives a column value of 1:5"
1015 cm!2 at Ls ¼ 112. The only available 3D simulation of
hydrogen peroxide at this time is from the model by
Lefèvre et al. (2004) which gives a mixing ratio of less than
5" 10!7 in the polar regions and in the range of 224"
10!8 at latitudes between 30$S and 30$N and Ls ¼ 206
(Encrenaz et al., 2004).

Direct observations of H2O2 are rare. Krasnopolsky et
al. (1997) deduced an upper limit of 30 ppb or 7:5"
1015 cm!2 at Ls ¼ 223 from the non-detection of H2O2

using the Kitt Peak Solar Telescope. Encrenaz et al. (2002)
deduced a lower upper limit for H2O2 column of 9"
1014 cm!2 using observation from the Texas Echelon Cross
Echelle Spectrograph (Lacy et al., 2002); this value is rather
low as this observation was made in the summer season
(Ls ¼ 112 in the northern hemisphere) when H2O2 is
expected to be close to its maximum. Clancy et al. (2004)
used observations from the James Clerk Maxwell Tele-
scope of the 362GHz absorption line of H2O2 to deduce an
average mixing ratio of 18 ppb corresponding to a column
of 3:6" 1015 cm!2 at Ls ¼ 254. A mapping of H2O2 was
produced by Encrenaz et al. (2004) with values near the
subsolar point of %7:5" 1015 cm!2 or amounts of %30 ppb
at Ls ¼ 206.

In this paper, another estimate of the hydrogen peroxide
in the atmosphere of Mars is proposed using a general
circulation model (GCM) with online chemistry. The
model explicitly solves the thermal, dynamical and trans-
port equations on a discretized sphere. The sources and
sinks related to photolysis and chemical reaction are taken
into account at every time-step in the budget of every
chemical species. Such an estimate from a GCM integrates
with relative accuracy the contribution of different water
amounts and the effects of transport and the orbital-related
seasonal variations.

2. Model description

For this study a GCM for the atmosphere of Mars with
online chemistry is used. The GCM is the Global Mars
Multiscale Model (GM3) described in Moudden and
McConnell (2005); the online chemical model is described
in Moudden and McConnell (2006). GM3 solves the
primitive equations for the atmosphere of Mars on a grid-
point sphere with a uniform latitude–longitude resolution
of 9$; the vertical axis is also descretized into 100 levels with
sufficient resolution near the surface. The model predicts
3D temperature, pressure and wind fields with a time
increment of 1 h. These fields are used by the chemistry
package, so no assumptions are made regarding the state of
the atmosphere as required in 1D models. The water, which
is an important source of H radicals, is also predicted at

every time-step by a water cycle scheme that includes the
transport and the evaporation and condensation processes.
All meteorological fields, the water content and the solar
flux for photolysis reactions are real-time fields and vary
depending on time of the day, location on the planet and
season. A total of 88 reactions are solved at each time-step
to yield the sources and sinks of 23 species. The list of
species and reactions is given in Moudden and McConnell
(2006).
Important reactions for hydrogen compounds are listed

in Table 1, and these reactions are explained in Fig. 1.
Hydrogen peroxide is closely linked with the odd
hydrogen family (H, HO2 and OH). It is almost exclusively
produced by the combination of two HO2 molecules
(reaction 11) and is destroyed in daylight by photodissocia-
tion that produces two OH molecules (12). H2O2 hence acts

ARTICLE IN PRESS

Table 1
The major reactions involving hydrogen compounds in the model

Reaction Rate

1. H2Oþ hn ! HþOH

2. Oð1DÞ þH2O ! 2OH 2:2" 10!10

3. Oð1DÞ þH2 ! HþOH 1:1" 10!10

4. OHþHO2 ! H2OþO2 4:8" 10!11e250=T

5. HþHO2 ! H2 þO2 6:5" 10!12

6. OHþ CO ! CO2 þH 1:5" 10!13ð1þ 0:6pÞ
7. OþOH ! O2 þH 2:2" 10!11e120=T

8. HþO3 ! OHþO2 1:4" 10!10e!470=T

9. HþO2 þM ! HO2 þM 5:7" 10!32ðT=300Þ!1:6

7:5" 10!11

10. OþHO2 ! OHþO2 3" 10!11e200=T

11. 2HO2 ! H2O2 þO2 2:3" 10!13e600=T

12. H2O2 þ hn ! 2OH

The photolysis rates of reactions (1) and (12) are dependent on height and
solar zenith angle. The reaction rates and the cross-sections are from
Sanders et al. (2003).

Fig. 1. Production and loss of odd hydrogen, the numbers represent the
reactions in Table 1. Odd hydrogen (H, OH and HO2) is mainly produced
by the photolysis of water (1), the reaction of water and molecular
hydrogen with excited oxygen atoms (2 and 3) and is destroyed by the
recombination of two hydrogen radicals (4 and 5). Hydrogen peroxide is
produced by the reaction of two HO2 molecules (11) and is photolyzed
into OH in daylight. The other reactions (6–10) are part of important
catalytic cycles that recombine CO2 from its photodissociation products
and destroy odd oxygen.

Y. Moudden / Planetary and Space Science 55 (2007) 2137–21432138

*Heterogeneous loss : H2O2 + H2O ice → uptake
(Ls = 30°~120° , 10°Sにおいて最も影響大 )

Ref. 概要 特徴
Krasnopolsky, 2006 GCM + 光化学過程 + Heterogeneous loss Seasonal, spatial and LT variation

Moudden, 2007 GCM + 光化学過程 4 seasonal global maps
Lefever et al., 2008 GCM + 光化学過程 + Heterogeneous loss Seasonal variation
Krasnopolsky, 2009 GCM + 光化学過程 + Heterogeneous loss Krasnopolsky, 2006の改良版

*GCMと結合することで変動を予測 1. H2O + hν → H + OH
2. O + H2O → 2OH
3. O + H2 → H + OH
4. OH + HO2 → H2O + O2
5. H + HO2 → H2 + O2 
6. OH + CO → CO2 + H
7. O + OH → O2 + H
8. H + O3 → OH + O2
9. H + O2 + M → HO2 + M
10. O + HO2 → OH + O2
11. 2HO2 → H2O2 + O2
12. H2O2 + hν → 2OH    

Fig. Production and loss of odd hydrogen
[Moudden, 2007]

Table. Recent simulation of variation of hydrogen peroxide  



• LefとKraはやや相違点がみられる。特に極大時期
が違う。
⇒ 両モデルの差 (1)Heterogenous lossメカニズム

            (2) 反応式⑪の反応係数       

• Ls = 207°の観測はLef08を支持
• Ls =112°と330°の観測はKraを支持

 (Ls = 253°の観測は両方のモデルを支持)

•どちらのモデルがより現実を再現しているかは、
将来の観測に期待される

Simulation  ~Seasonal variation~
Seasonal variations of Mars’ photochemistry 565

Fig. 1. Seasonal variations of the photochemical tracers averaged in the latitude intervals of ±35◦ centered at the subsolar latitudes. Solid and thin lines in all panels present
the current model and Krasnopolsky (2006), respectively. Lower panel: observations of the O2 dayglow by Traub et al. (1979) (plus), Krasnopolsky (2007) (squares), and the
MEX data near the equator (dashed lines; Fedorova et al., 2006). Mean MEX data at four LS are shown by x. Middle panel: observations of ozone by Clancy et al. (1999)
(asterisks), Fast et al. (2006) (diamonds), and the Mars Express orbiter (Perrier et al., 2006) (dashed line). Model by Moudden and McConnell (2007) is given by short-dashed
line. The H2O2 panel contains the upper limits by Krasnopolsky et al. (1997) and Encrenaz et al. (2002), and the measured abundances by Clancy et al. (2004) (plus) and
Encrenaz et al. (2004, 2008) (triangles). Lefevre et al. (2008) is given by the dashed line and Moudden (2007) by x.

strict the observations of low ozone abundances typical of the low
and middle latitudes on Mars, and the Mariner 9 team established
a UV detection limit of 3 µm-atm for ozone on Mars (Wehrbein
et al., 1979). Observations of ozone using the Hubble Space Tele-
scope (Clancy et al., 1999; Fig. 1, middle panel) were made near
the martian limb to overcome this limit at a large airmass.

Another technique to observe ozone on Mars is based on high-
resolution spectroscopy of the O3 lines at 9.6 µm. An infrared
heterodyne spectrometer HIPWAC has a resolving power of 106

and high sensitivity to detect these weak lines down to a limit
of ∼1 µm-atm on Mars (Fast et al., 2006). The retrieved col-
umn ozone abundances (Fig. 1, middle panel) depend weakly
on the adopted vertical distribution of ozone that is assumed
mixed in the atmosphere. These observations are made using NASA
IRTF.

The most detailed observations of ozone on Mars and its
seasonal–latitudinal variations were made using the Mars Express
UV spectrometer SPICAM (Perrier et al., 2006). Each observed spec-
trum was divided by a reference spectrum measured at Olympus
Mons near Mars’ perihelion. The ratio was fitted by a synthetic
spectrum with a linear surface albedo, dust with a single scatter-
ing albedo of 0.6, a scattering asymmetry parameter of 0.88 and a
constant optical depth at 210–300 nm, and the ozone absorption,
that is, four free parameters. This approach is reasonable; however,
inevitable deviations of the surface and aerosol properties from the
adopted behavior result in uncertainties ∼1 µm-atm. This value is
consistent with the Mariner 9 3σ detection limit of 3 µm-atm. This
uncertainty is systematic (conceptual), and it is not clear to what
degree it can be reduced by averaging of the numerous observed
spectra.

The retrieved column ozone abundances at the low and mid-
dle latitudes (Fig. 1, middle panel) show a seasonal behavior in
good agreement with results of the photochemical general circu-
lation models (GCMs) by Lefevre et al. (2004, 2008). However, the

retrieved values are typically comparable to their uncertainty of
1 µm-atm and smaller than the HST and HIPWAC values by a fac-
tor of ∼2. Though the MEX data are in accord with the HST and
HIPWAC retrievals at LS = 10◦ , 150◦ , and ∼200◦ , respectively, this
difference looks systematic and may be only partially ascribed to
some year-to-year variations. (The HIPWAC and HST observations
were conducted in a few martian years and may be more repre-
sentative in this aspect than the published MEX data (Perrier et
al., 2006) that cover one martian year.)

2. Models

Inclusion of photochemical processes in the general circulation
models results in a significant progress in Mars’ photochemistry.
The first model of this type (Lefevre et al., 2004) predicted ozone
abundances in good agreement with the MEX observations and,
accordingly, smaller than the HIPWAC and HST data.

Photochemical GCMs are a powerful tool to simulate seasonal,
latitudinal, diurnal, and place-to-place variations of Mars’ pho-
tochemistry. Dynamical processes involved in the model appear
dominating in the atmospheric mixing reducing therefore a role
of the poorly known eddy diffusion. However, eddy diffusion is
parameterized at the small-scale level (less than a grid size). Cur-
rently the photochemical GCMs cannot selfconsistently reproduce
abundances of long living photochemical products (CO, O2, and
H2), because, for example, the H2 lifetime is ∼300 years, and the
model should run for ∼1000 years to get equilibrium.

Krasnopolsky (2006, hereafter Kr06) calculated seasonal–latitu-
dinal variations of Mars’ photochemistry using a one-dimensional
model that reflected conditions for the solar irradiance at a chosen
season and latitude (heliocentric distance, mean daytime cosine
of zenith angle, durations of day and night), while abundances
of water vapor, temperature profiles, and dust extinctions were
taken from the MGS/TES data (Smith, 2004). The model was cal-

Fig. Simulated seasonal variation of hydrogen peroxide [Krasnopolsky, 2009]

Fig. Simulated seasonal variation of 
hydrogen peroxide [Lefevre et al., 2008]

点線 ; Lefever et al., 08
太実線 ; Krasnopolsky, 09
細実線 ; Krasnopolsky, 06

× ; Moudden, 07

T ; 観測によるUpper limit 
十 ; サブミリ観測
△ ; 赤外観測



Simulation  ~Dependence on LT~Photochemistry of Mars atmosphere 165

Fig. 7. Odd hydrogen and odd oxygen density profiles (upper and lower panel,
respectively) at noon and midnight (solid and dashed lines, respectively) near
equator at LS = 173◦ . Densities of O2(1!g) which emits the airglow at
1.27 µm are also shown as O∗

2.

8.2. Model for equator at fall equinox

LS = 173◦ (r = 1.482 AU) is close to the fall equinox, and
the conditions are almost annually mean for low latitudes. The
water vapor abundance is 19 pr. µm, that is, exceeds the global-
mean value of 12.6 pr. µm, and the condensation level is at
17 km.

The calculated densities of odd hydrogen at noon and mid-
night are shown in Fig. 7 (upper panel). The flux of H at
80 km is adopted independent of local time; therefore H does
not vary with time above 50 km. Conversion into H2O2 (reac-
tion 26) becomes a dominant HO2 loss process with a lifetime
longer than night for [HO2] < 107 cm−3. Therefore [HO2] is
∼4 × 106 cm−3 after midnight. The profile of H2O2 in the low-
est 10 km is affected by the nighttime loss on the ice aerosol in
the boundary layer.

Odd oxygen species at noon and midnight are also shown in
Fig. 7 (lower panel). The flux of O at 80 km is assumed con-
stant, and the atomic oxygen densities do not vary above 50 km
and are completely converted into ozone at the nighttime below
40 km. The nighttime densities of O are high above 45 km and
form a nighttime peak of ozone near 50 km. The peak density
of ozone is determined by a balance between the production by
the three-body reaction 16 and the loss in the reaction with H
(reaction 21).

Fig. 8 (lower panel) demonstrates the diurnal variations of
the major photochemical products at LS = 173◦. The ozone
minima after the sunrise and before the sunset are due to a com-
bination of variations in the production of atomic oxygen by
photolysis of CO2 and the ozone photolysis which is affected
by dust.

Fig. 8. Diurnal variations of photochemical products at LS = 112◦ and 20◦ N
(upper panel) and LS = 173◦ at equator (lower panel).

Fig. 9. Observed (Krasnopolsky, 2003a, solid line) and calculated (scaled by
0.5) variations of the O2 dayglow with local time at LS = 173◦ near equator.

The total O2 airglow intensity is given along with the emis-
sion excited by the three-body association (reaction 15) which
is much weaker than the ozone-related excitation in the day-
time. This emission may be observed as the O2 night airglow
at 1.27 µm. Comparison with the observed diurnal variations
of the O2 dayglow is shown in Fig. 9. The O2 dayglow peaks
near the noon. About a half of the dayglow intensity is emitted
below 15 km (Fig. 7). This is because of the high ozone densi-
ties and despite the effective quenching by CO2 at these heights.
Therefore a direct conversion of the O2 dayglow intensities into
ozone abundances by neglecting the dayglow below 15–20 km
is a very crude approximation. The absorption by dust and the
long radiative lifetime of O2(1!g) (∼1 h) affect the behavior of
the O2 dayglow at dawn and dusk.
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Fig. 7. Odd hydrogen and odd oxygen density profiles (upper and lower panel,
respectively) at noon and midnight (solid and dashed lines, respectively) near
equator at LS = 173◦ . Densities of O2(1!g) which emits the airglow at
1.27 µm are also shown as O∗
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8.2. Model for equator at fall equinox

LS = 173◦ (r = 1.482 AU) is close to the fall equinox, and
the conditions are almost annually mean for low latitudes. The
water vapor abundance is 19 pr. µm, that is, exceeds the global-
mean value of 12.6 pr. µm, and the condensation level is at
17 km.

The calculated densities of odd hydrogen at noon and mid-
night are shown in Fig. 7 (upper panel). The flux of H at
80 km is adopted independent of local time; therefore H does
not vary with time above 50 km. Conversion into H2O2 (reac-
tion 26) becomes a dominant HO2 loss process with a lifetime
longer than night for [HO2] < 107 cm−3. Therefore [HO2] is
∼4 × 106 cm−3 after midnight. The profile of H2O2 in the low-
est 10 km is affected by the nighttime loss on the ice aerosol in
the boundary layer.

Odd oxygen species at noon and midnight are also shown in
Fig. 7 (lower panel). The flux of O at 80 km is assumed con-
stant, and the atomic oxygen densities do not vary above 50 km
and are completely converted into ozone at the nighttime below
40 km. The nighttime densities of O are high above 45 km and
form a nighttime peak of ozone near 50 km. The peak density
of ozone is determined by a balance between the production by
the three-body reaction 16 and the loss in the reaction with H
(reaction 21).

Fig. 8 (lower panel) demonstrates the diurnal variations of
the major photochemical products at LS = 173◦. The ozone
minima after the sunrise and before the sunset are due to a com-
bination of variations in the production of atomic oxygen by
photolysis of CO2 and the ozone photolysis which is affected
by dust.

Fig. 8. Diurnal variations of photochemical products at LS = 112◦ and 20◦ N
(upper panel) and LS = 173◦ at equator (lower panel).

Fig. 9. Observed (Krasnopolsky, 2003a, solid line) and calculated (scaled by
0.5) variations of the O2 dayglow with local time at LS = 173◦ near equator.

The total O2 airglow intensity is given along with the emis-
sion excited by the three-body association (reaction 15) which
is much weaker than the ozone-related excitation in the day-
time. This emission may be observed as the O2 night airglow
at 1.27 µm. Comparison with the observed diurnal variations
of the O2 dayglow is shown in Fig. 9. The O2 dayglow peaks
near the noon. About a half of the dayglow intensity is emitted
below 15 km (Fig. 7). This is because of the high ozone densi-
ties and despite the effective quenching by CO2 at these heights.
Therefore a direct conversion of the O2 dayglow intensities into
ozone abundances by neglecting the dayglow below 15–20 km
is a very crude approximation. The absorption by dust and the
long radiative lifetime of O2(1!g) (∼1 h) affect the behavior of
the O2 dayglow at dawn and dusk.

Fig. Diurnal variations of photochemical 
products. [krasnopolsky, 2006]

Fig. Odd hydrogen density profile at noon 
and midnight. [Krasnopolsky, 2006]
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Fig. 10. Odd hydrogen and odd oxygen density profiles (upper and lower
panel, respectively) at noon and midnight (solid and dashed lines, respectively)
at LS = 112◦ and 20◦ N. Densities of O2(1!g) which emits the airglow at
1.27 µm are also shown as O∗

2.

The O2 airglow from reaction 15 is minimal at sunrise and
maximal at 17h in our one-dimensional models. This airglow
should be strongly affected by dynamics and transport of atomic
oxygen in the upper atmosphere, and the recent detection and
observations of the NO nightglow and its variations (Bertaux et
al., 2005) reveal these effects. Therefore the minimum and the
maximum of the O2 airglow from reaction 15 in Fig. 8 are just
indications of a possible range of the diurnal variation.

Odd hydrogen does not form in the nighttime; therefore the
diurnal maximum of H2O2 is near the sunset. The observations
by Encrenaz et al. (2004) at LS = 207◦ reveal a weak broad
maximum of H2O2 centered at the morning limb. Dynamical
processes may be responsible for this maximum, although an
incomplete correction for limb brightening is not ruled out. The
1D time-dependent model by Muñoz et al. (2005) shows no
diurnal variation of peroxide. The diurnal variability of H2O2 in
our models is mostly due to the heterogeneous loss and would
be very low for the pure gas-phase chemistry.

8.3. Model for northern summer at 20◦ N

Now we will consider diurnal variations of photochemistry
at the peak of northern summer LS = 112◦ near the subsolar
latitude (20◦ N). The water abundance of 18.5 pr. µm is simi-
lar to that of 19 pr. µm for LS = 173◦ near the equator while
the condensation levels are at 11 and 17 km, respectively. The
calculated H2O2 densities are also similar below the condensa-
tion levels in Figs. 10 and 7 and significantly depleted above
these levels. The larger difference, by an order of magnitude, is
between the H densities above 40 km.

Removal of ozone in the reaction with H (reaction 21) be-
comes weak above 40 km because of the low densities of H,
and a daytime peak of ozone with a density of 6 × 108 cm−3

is formed at 40 km. Even larger is the difference between the
nighttime densities of H above 40 km at LS = 112◦ and 173◦.
Therefore a strong peak of ozone with a density of 1010 cm−3

appears in the nighttime above 40 km at LS = 112◦. These
nighttime peaks of ozone have been detected by the UV stel-
lar occultation observations from the Mars Express orbiter
(Lebonnois et al., 2006).

The calculated diurnal variations of ozone, the O2 airglow,
and peroxide are shown in Fig. 8 (upper panel). Ozone varies
from 2.5–3.2 µm-atm in the daytime to 9.2 µm-atm at the end of
the night. This growth is due to a gradual conversion of atomic
oxygen to ozone above 40 km and a gradual depletion in the H
densities at these heights. Both processes result in the accumu-
lation of ozone in the high-altitude peak. Photolysis of ozone
quickly reduces its abundance at the sunrise to the daytime
equilibrium level. This makes a jump in the O2 dayglow inten-
sity. The jump is affected by the dust absorption and the long
radiative lifetime of O2(1!g). The O2 airglow from the three-
body association (reaction 15) is formed mostly at 50–70 km.
The destruction of high-altitude ozone at the sunrise enhances
the O density near 50 km and gives rise to reaction 15 by a fac-
tor of 2.4 (Fig. 8). A further daytime increase in reaction 15 is
due to the CO2 photolysis. The diurnal variations of the perox-
ide abundance is stronger than that at LS = 173◦ because of the
denser ice aerosol.

8.4. Annual behavior of photochemical products

The calculated variations of the major photochemical prod-
ucts (O3, O2(1!g), and H2O2) at LS = 112◦ (Figs. 8 and 10) are
typical of the whole aphelion season from LS ≈ 10◦ to ∼130◦

at the low and middle latitudes. On the other hand, the results
for LS = 173◦ (Figs. 7 and 8) reflect the photochemistry in the
remaining part of the martian year.

A set of the vertical profiles of ozone for noon and midnight
at various seasons is shown in Fig. 11. The daytime aphelion
profile has a pronounced peak near 40 km while the profiles at
LS = 10◦, 148◦, and 173◦ are rather smooth with some small-
scale structure. The peak appears again in the profiles at 207◦,
253◦, and 312◦; however, the peak density is low. All nighttime
profiles of ozone have a peak above 40 km. The peak density is
very high (∼1010 cm−3) near aphelion and low (3 × 107 cm−3)
near perihelion.

Annual variations of the diurnal minima and maxima of the
H2O2 abundance are shown in Fig. 12. These minima are typ-
ically near 7.5h and maxima at 19h. The nighttime decrease in
H2O2 is due to the sink at the water ice aerosol which is com-
pensated in the daytime by the production of odd hydrogen.
The diurnal variations are weak near perihelion and of a factor
3 near aphelion.

Seasonal behavior of the diurnal minima and maxima of the
O2 airglow from the reaction 15 is also shown in Fig. 12. Sea-
sonal variations of the minima (from 5 to 16.5 kR) are weaker
than those of the maxima (from 9.5 to 110 kR). Odd hydrogen

Photochemistry of Mars atmosphere 165

Fig. 7. Odd hydrogen and odd oxygen density profiles (upper and lower panel,
respectively) at noon and midnight (solid and dashed lines, respectively) near
equator at LS = 173◦ . Densities of O2(1!g) which emits the airglow at
1.27 µm are also shown as O∗
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8.2. Model for equator at fall equinox

LS = 173◦ (r = 1.482 AU) is close to the fall equinox, and
the conditions are almost annually mean for low latitudes. The
water vapor abundance is 19 pr. µm, that is, exceeds the global-
mean value of 12.6 pr. µm, and the condensation level is at
17 km.

The calculated densities of odd hydrogen at noon and mid-
night are shown in Fig. 7 (upper panel). The flux of H at
80 km is adopted independent of local time; therefore H does
not vary with time above 50 km. Conversion into H2O2 (reac-
tion 26) becomes a dominant HO2 loss process with a lifetime
longer than night for [HO2] < 107 cm−3. Therefore [HO2] is
∼4 × 106 cm−3 after midnight. The profile of H2O2 in the low-
est 10 km is affected by the nighttime loss on the ice aerosol in
the boundary layer.

Odd oxygen species at noon and midnight are also shown in
Fig. 7 (lower panel). The flux of O at 80 km is assumed con-
stant, and the atomic oxygen densities do not vary above 50 km
and are completely converted into ozone at the nighttime below
40 km. The nighttime densities of O are high above 45 km and
form a nighttime peak of ozone near 50 km. The peak density
of ozone is determined by a balance between the production by
the three-body reaction 16 and the loss in the reaction with H
(reaction 21).

Fig. 8 (lower panel) demonstrates the diurnal variations of
the major photochemical products at LS = 173◦. The ozone
minima after the sunrise and before the sunset are due to a com-
bination of variations in the production of atomic oxygen by
photolysis of CO2 and the ozone photolysis which is affected
by dust.

Fig. 8. Diurnal variations of photochemical products at LS = 112◦ and 20◦ N
(upper panel) and LS = 173◦ at equator (lower panel).

Fig. 9. Observed (Krasnopolsky, 2003a, solid line) and calculated (scaled by
0.5) variations of the O2 dayglow with local time at LS = 173◦ near equator.

The total O2 airglow intensity is given along with the emis-
sion excited by the three-body association (reaction 15) which
is much weaker than the ozone-related excitation in the day-
time. This emission may be observed as the O2 night airglow
at 1.27 µm. Comparison with the observed diurnal variations
of the O2 dayglow is shown in Fig. 9. The O2 dayglow peaks
near the noon. About a half of the dayglow intensity is emitted
below 15 km (Fig. 7). This is because of the high ozone densi-
ties and despite the effective quenching by CO2 at these heights.
Therefore a direct conversion of the O2 dayglow intensities into
ozone abundances by neglecting the dayglow below 15–20 km
is a very crude approximation. The absorption by dust and the
long radiative lifetime of O2(1!g) (∼1 h) affect the behavior of
the O2 dayglow at dawn and dusk.

赤道赤道

20°N20°N

LT依存性はなし
他のOdd hydrogenはすぐにH2O2に変化 (H2O2は良い指標となる)

点線 : Noon
実線 : Midnight

点線 : Noon
実線 : Midnight
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