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Introduction: The purpose of this project is to evaluate LIDAR as a spectroscopic tool for making spatially-resolved measurements of minor atmospheric components, such as Martian methane, from orbit.

Methane on Mars:  The detection of methane on Mars (~10 ppbv) by IR spectrometers in orbit1 and from the Earth is a significant discovery since it is predominantly produced terrestrially by biological processes and is therefore considered a possible biomarker. Methane is an unstable gas in the Martian atmosphere with a lifetime of only ~300 years, so there must be a substantial source to maintain the observed abundance. Although Mars harbors a hostile environment at the surface for any living organism, some researchers believe that the subpermafrost region is the most likely habitat of non-photosynthetic, anaerobic, respiring, methane-producing microorganisms. The research team led by V. Formisano detected spatially variable abundances of methane as shown in Fig. 1. This seems to indicate localized sources, unevenly spread across the red planet. 
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Figure 1. Global distribution of methane mixing ratios obtained from the PFS on Mars Express: red, yellow and blue for high, medium and low methane mixing ratios respectively. Possibility of localized sources is suggested because of strong variation within these bands.1

LIDAR: LIght Detection And Ranging is the optical analog of radar and sonar in which a laser directs pulses of monochromatic light through an atmosphere to obtain information on its structure (aerosols, clouds and dust) and chemical composition3. Although LIDAR is commonly used for range finding or surface mapping, our focus for this project is the discrimination and measurement of methane among several gases that make up the Martian atmosphere. Therefore, extinction, or loss of photons, by Mie scattering or natural spreading of the beam not be quantified here.

Extinction is quantified using Beer-Lambert’s law:
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where: 

s = scattering cross section due to particulates, cm2
Ns = number density of scattering particles,             number/cm3
m = absorption cross section for methane at this frequency, cm2
Nm = number density of methane, number/cm3
Es = scattering parameter, dimensionless

Since we are not characterizing Mie scattering, the contribution to extinction from this affect is lumped into a single parameter, Es, which will have a value between one (no scattering) and zero (full scattering).  This scattering parameter is a negative exponential function of the path length, L.

For this application, LIDAR would operate around 3 m, thus it detects IR active molecules that exhibit a dipole moment such as methane and water. Methane has a temporary dipole moment due to two vibration modes in the molecule (at 3.3 and 7.7 m). The absorption wavelength at 3.32 m was selected as the best signature band for methane (shown in Figure 2) since the only absorption coefficient calculated higher than methane was water vapor. Absorption coefficients were calculated by multiplying the abundance of an atmospheric gas by the number density at 6 mbar pressure and 210K to obtain Ngas. This was then multiplied to the cross section area as a function of wavelength at 3.32 m. Compared to methane, absorption coefficients were lower for almost all other components, with the exception of water which can be easily eliminated from our measurements through the derivations.   
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Figure 2. Absorption cross section area for methane in cm2 as a function of photon wavelength in microns.2
LIDAR system differences: DIAL (differential absorption LIDAR) can effectively eliminate Mie scattering from suspended particles from the data set. This type of LIDAR tunes to two closely-spaced wavelengths: one at the exact absorption band for methane (3.32 m) and another where methane does not absorb (such as 3.34 m).  The results from the no methane absorption wavelength can be used to subtract out the scattering effects from data with absorption. 
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The result is a direct measurement of the number density of methane molecules present along the optical path length. 

Like radar, LIDAR can be operated either in bistatic or monostatic mode. However, bistatic is more suitable with our derivations since the laser points straight at the receiver creating a path length. The source of photons in bistatic is direct from the laser after the photons have been absorbed or scattered. In monostatic, however, the photons detected are from Mie scattering back to the receiver only; the photons absorbed or scattered along other paths are deducted to then derive the abundance after considering beam splitting.      

It might be desirable to have the optical path to pass as close as possible to the surface of the planet in order to maximize the number of methane molecules along the path and to enable measurements near the ground. Figure 3. shows the configuration of the transmitter and receiver in order to position the optical path tangential to the surface. The altitude or separation of the spacecraft has no effect over the number of atmospheric molecules in the path. However, lower signal-to-noise ratio would result from shorter separation due to the effects of the beam spreading, so lower orbital altitudes are desirable. Although transmitter and receiver units of a bistatic-operated LIDAR are separate, they can be put in slightly elliptical orbit high enough to provide a calibration opportunity with no scattering or absorption.

 For a circular orbit and the optical path tangential to Mars’ surface, the spacecraft separation would be: 

L = 2(2Hr+H2)1/2

where: 

L= spacecraft separation, km

h= orbital altitude above the surface, km

R= Mars radius, 3395km
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Figure 3. LIDAR transmitter and receiver spaced in orbit to give an optical path close to the surface.

Conclusions:  The specificity, capabilities, and diverse uses of LIDAR make it a good candidate for obtaining and improving on data of trace atmospheric gases found in planetary atmospheres. With this contribution, we may better understand the evolution of the planets and revolutionize exploration through remote-sensing.
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