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Abstract
[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: _GoBack]This study explores a new concept of Martian differential absorption lidar operating at the 2-m CO2 absorption band for its atmospheric CO2 and pressure observations.  For the considered system, closely-spaced two or more wavelengths are selected so that environmental impacts such as surface reflection, atmospheric scattering, and absorptions from other trace gases on the lidar return signals are very similar for all selected wavelengths, but the difference in CO2 absorption is substantial.  Thus, Martian CO2 amount and air pressure could be retrieved from the measured CO2 differential absorption optical depth at the selected wavelengths.  Simulations based on Mar’s environmental conditions and technically available lidar systems show that lidar returns from the surface with horizontally 5 km averaging could have sufficient signal strengths that allow air barometry and CO2 amount measurements with a noise induced random error (NIRE) smaller than 1% when the optical depth due to dust scattering, the dominant scatter in the Martian atmosphere, is 3 or less.  In the presence of moderate dust aerosol loads and with the optimal selection of offline and online wavelengths, atmospheric CO2 and pressure profiles could also be retrieved from the surface up to ~10 km altitude with the NIRE smaller than 1% for a horizontal resolution of 100 km and a vertical resolution of 100 m during night or 400 m during day.  When a second online wavelength is use, the lidar would provide invaluable measurements of Martian CO2 and pressure fields from surface up to about 13 km altitude.    
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1.   Introduction
There are many factors affect states and dynamics of extraterrestrial planetary atmospheres of the solar system.  Among these factors, atmospheric temperature and pressure may be the most important state variables in understanding the atmospheres.  Generally, the atmospheric temperature structure is determined by thermodynamics especially the heating from solar and thermal radiation, while pressure and pressure gradient are the primary driving force for atmospheric motions that transport mass, heat and momentum (e.g., Holton 1979).  Dry air movements of extraterrestrial planets are the most important atmospheric dynamic processes and controlled by radiative heating and pressure fields including horizontal and vertical pressure structures because these planets have much less water vapor in their atmospheres compared to Earth.  For example, Martian atmosphere consists of most (about 95.32%) of carbon dioxide, and some nitrogen and argon (about 2.6% and 1.9%, respectively) along with traces of oxygen, water vapor, carbon monoxide, hydrogen, and other noble gases (Franz et al., 2017; Williams, 2020).  The dry air processes transport mass and energy and generate clouds.  Martian clouds are mostly of dust particles with small amounts of water ice and dry ice in the upper atmosphere.  Thus, observation, modeling and prediction of temperature, pressure and cloud fields of Mars are critical in understanding of Martian weather systems, especially of Martian dust storms.  These efforts would also provide great supports for safe and accurate atmospheric entry, landing site selection, and human colonization of Mars. 
[bookmark: _Hlk57108235][bookmark: _Hlk49257737]Global temperatures of planetary atmosphere and surface generally can be measured through infrared (IR) remotes sensing techniques.  Although air pressure is extremely important in characterizing dynamics of planetary atmosphere, spatial coverage of its observations is very limited even on Earth.  For the Earth’s atmosphere, currently only extremely sparse in-site measurements from buoys, ships, or dropsondes are available over open oceans.  There are no global operational measurements of the pressure fields (Lin and Hu, 2005; Lawrence et al., 2011).  For Martian atmosphere, the first surface air pressure measurements were made on some locations using in-situ barometers by the Viking Landers, Mars Pathfinder and recently InSight measurements (Banfield et al., 2020).  Large scale surface air pressure mapping on Mars was available from Mars Express OMEGA visible and near infrared imaging spectrometer (Forget et al., 2007; Spiga et al., 2007).  The passive remote sensing instrument measured CO2 amount (actually CO2 attenuation) from surface reflected solar radiation at the 2-m CO2 absorption band.  Because of well mixtures of other gases and the domination of CO2 in the Mars atmosphere, surface pressure fields were remotely sensed from the measured CO2 (Forget et al., 2007; Spiga et al., 2007).  For the CO2 measurements, the impacts of solar insolation and albedo, dust optical properties, ice clouds, and frosts on the reflected 2-m solar radiation were evaluated, which provided good control of retrieval quality (Spiga et al., 2007).  The OMEGA surface air pressure retrievals revealed horizontal pressure gradients of Martian atmosphere, which led to observed inertia-gravity waves and convective cells of the atmosphere.  Other processes such as pressure perturbations in the vicinity of topographical obstacles and seasonal surface pressure variations were obtained (Forget et al., 2007).  
Although the surface pressure observations from passive remote sensing technique provides valuable insights for the dynamics of Martian atmosphere, it has certain limitations.  Critical issues with the passive technique for air pressure observations are: 1) the measurements can only be made during daytimes; 2) ranging capability is not possible, which potentially could lead systematic bias errors due to dust and cloud reflection that experiences different light path lengths compared to that of the surface reflection; and 3) observations are limited to surface pressure fields only and without sufficient information to account for surface elevation variations.  To increase observational coverage and extend application limits, this study proposes to add active sensors to the current pressure sensing family for Martian atmospheric studies and Mars exploration.  The considered instrument is a CO2 differential absorption lidar (DIAL) for integrated path CO2 amount measurements.  This kind of DIAL systems has been developed, tested and applied for CO2 measurements of the Earth’s atmosphere for about a decade (Abshire et al., 2010; Lin et al., 2013; Dobler et al., 2013; Lin et al., 2015; Refaat et al., 2015, Singh et al., 2018; Campbell et al., 2020).  The selected DIAL approach among those DIAL instrumentations for Earth is a pulsed system with wavelengths at the similar 2-µm CO2 absorption band as OMEGA. Unlike passive sensors that can only provide columnar CO2 measurements and the presence of clouds and aerosols can lead strong impacts on their measurements, a pulsed DIAL system with its inherited ranging capability can collect range-resolved return signals from all backscattering targets including aerosols, clouds and the surface. Therefore, it, along with an IR radiometer, can provide great potentials for vertical pressure and temperature profiling (Liu et al., 1999) and Martian cloud studies, similar to the CALIPSO mission for the Earth’s atmosphere (Winker et al., 2009; Hunt et al., 2009). Also, a DIAL system will be suitable for pressure measurements of different topographical terrains and during both day and night times.  Our goal is to achieve a DIAL pressure measurement with an error within 1% which is compatible with or better than passive remote sensing and in-situ observations (Forget et al., 2007; Spiga et al., 2007).
[bookmark: _Hlk37851265]Section 2 describes the basic concept of the DIAL approach, basic instrument structure and capability for CO2 and pressure probing.  In Section 3, simulation results for the considered system and its related CO2 and pressure retrievals are presented.  Finally, the conclusions are given in Section 4.

2.  DIAL System and Methodology 
2.1  DIAL system 
[bookmark: _Hlk37918575][bookmark: _Hlk36196014][bookmark: _Hlk50647548]Our CO2 barometric lidar concept and instrumentation are based on measurements of differential absorption optical depth (DAOD) of two or more closely-spaced wavelengths at 2-µm CO2 absorption band.  These wavelengths are optimized to measure columnar CO2 from Martian surface returns and to profile CO2 from the atmospheric returns at low altitudes.  Since there are multiple CO2 absorption lines at the 2-µm band, these absorption lines are analyzed as the candidate for our DIAL system, which is very similar to pulsed systems used for CO2 measurements of the Earth’s atmosphere (Refaat et al., 2015).  However, there are some significant differences between current Earth instruments and the considered Martian CO2 lidar.  First, compared to about 400 parts per million CO2 volume mixing ratio in the Earth’s atmosphere, the Martian atmosphere has abundant CO2 (about 95.3% by volume) though its total amount of gases (or air pressure) is much lower.  This causes the column CO2 absorption at a given laser wavelength close to the center of a CO2 absorption line is much stronger for Mars compared to that on Earth. Secondly, the temperature and pressure of Martian atmosphere are both much lower than those of Earth, which significantly reduces absorption line broadening of gas absorption lines, enhances CO2 absorption around line centers and quickly drops absorption strengths away from the line center.  Thus, the considered lidar wavelengths should be at a wing of an absorption line to avoid excessive CO2 absorption at line center that prevents the laser beam transmitting through the entire atmosphere and coming back. At the same time, these wavelengths should also provide sufficient differential absorption for an optimal CO2 amount retrieval.  
To quantitatively analyzing the CO2 absorption features of the Martian atmosphere, spectral column CO2 absorption optical depth (AOD) values as a function of wavelength, are calculated.  For this calculation, the Orbiting Carbon Obervatory-2 spectroscopic model (i.e., the ABSCO Table (Thompson et al., 2012; Payne et al., 2017)) is used.  The Martian atmospheric climatology of temperature and pressure profiles is obtained from the Viking mission (Seiff and Kirk, 1977).  The basic features of the climatology include specified surface temperature and pressure 224 K and 663 Pa, respectively, temperature lapse rate about 1.5 K/km and scaleheight about 11 km.  
From the requirements of wavelength selection mentioned previously and the features of Martian atmosphere, spectral analysis leads us the selection of the same CO2 absorption line (line center at 2050.428 nm) within the 2-µm band for our instrumentation as those used in lidar systems for Earth (Refaat et al., 2015).  However, the exact online and offline wavelengths of the laser for the considered Martian differential absorption lidar are different.  For example, the offline wavelength selected here for Martian atmosphere is even slightly closer to the absorption line center compared to the online wavelength of the lidar for the Earth’s atmosphere due to much weaker broadening of the CO2 absorption line within the Martian atmosphere.  The two online wavelengths (called primary and secondary online wavelengths) are even shorter and closer to the line center.
[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: _Hlk56668344]Figure 1 shows the spectral characteristics of CO2 AOD from the top-of-atmosphere (TOA) to surface at the considered wave band.  The AOD cutoff for wavelengths around the absorption line center in the figure is to avoid the extreme high values (about 2200).  The red star on right is for the offline wavelength (2050.508 nm), while the two red stars from left are for the secondary (2050.437 nm) and primary (2050.441 nm) online wavelengths, respectively.  The AOD values at these online and offline wavelengths are dominantly caused by the absorption of the strong absorption line and may have very limited influences from weaker lines around.  The one-way CO2 DAOD value for the pair of the primary online and offline is optimized to be 1.11 at ~3 km altitude.  The details on the optimal wavelength selection of differential absorption lidars can be seen from the discussions of the subsection 2.4 (also c.f., Lin et al., 2013, 2017; Dobler et al., 2013).  The DAOD value for the pair of the secondary online and offline is about 2 times higher than that of primary online pair, which provides a better profiling capability for atmospheric pressures at higher altitudes.  Although surface pressure is the most important pressure value needed for dynamics, this optimization at ~3 km above the surface can provide best coverage of the lower atmosphere as well as the surface.  Lidar return signals from arid surface are generally much stronger than that from the atmosphere and, thus, the considered CO2 DIAL system has sufficiently strong return signals from the surface to achieve high precision and accuracy in surface barometry (c.f., discussions in the subsection 2.4).  
[bookmark: _Hlk57218987]Figure 2 shows vertical profiles of (a) the absorption optical depth (AOD) values from top-of-atmosphere (TOA) to the specified altitude for the considered three wavelengths, and (b) the normalized weighted mean differential absorption cross sections of the two wavelength pairs for entire atmospheric column CO2 measurements.  The offline AOD values are very small, even for the value (~0.06) from TOA to surface, and only about 1/20 of those from primary online wavelength.  The AOD values for both online wavelengths increase quickly with decreasing altitudes, especially at the lowest part (from 0 to ~10 km altitudes) of troposphere (note the logarithm scale is used in Fig. 2a).  The CO2 absorption at secondary online wavelength is about twice as strong as that of primary online wavelength.  The very similar character of the two weighted differential absorption cross section values is the result of the location of selected wavelengths and normalization of the mean absorption cross sections (i.e., a factor of two, nearly constant proportionality in CO2 absorption strengths for the secondary pair compared to the primary pair).  All online wavelengths are located at near linear portion of the wing of the CO2 absorption line as illustrated in Figure 1. When normalizing or scaling linearly the weighted differential absorption values of the two wavelength pairs, almost the same results are obtained.  The two pairs of DAOD measurements both have strong weighting for lowest Martian atmosphere, especially below the scaleheight of the Martian atmosphere, as shown in their weighted values.  Thus, with the considered DIAL system, Mars’ surface and lowest atmospheric pressure fields could be measured properly.  Additionally, dust and cloud optical properties could be retrieved from the DIAL lidar profiles like the case of the CALIPSO lidar for the Earth’s atmosphere using offline lidar signal returns (Liu et al., 2009; Winker et al., 2009; Hunt et al., 2009).  
[bookmark: _Hlk50729417]From an engineering point of view, the wavelength selection and system consideration are feasible for instrument development.  The wavelength separation between primary online and offline wavelengths is about 67 picometer (pm), while the separation of two online wavelengths is about 3.7 pm.  These separations are very close to what used in airborne and previously considered spaceborne CO2 DIAL systems (Lin et al., 2013; Dobler et al., 2013).  In terms of stabilizing wavelength selected, the line centers of both the strong line considered here and the weak absorption line between the online and offline wavelengths centered at about 2050.483 nm (Fig. 1) can be used in wavelength locking loop as done by current CO2 systems (Abshire et al., 2010, Dobler et al., 2013; Refaat et al., 2015).  To achieve 1% accuracy of DAOD measurement, the knowledge on laser frequency variations is required to be better than 2.6 MHz.  Such a requirement to the frequency stability has already been achieved by CO2 lidars for Earth observations.  Current Earth observing systems reach high precise CO2 observations (total uncertainty < 1 ppm for 400 ppm CO2 volume mixing ratio of the Earth’s atmosphere or a relative error < 0.25%) by a combination of wavelength locking and wavelength variation recording techniques (Dobler et al., 2013; Lin et al., 2013; Campbell et al., 2020).  
[bookmark: _Hlk57219269]For the laser power consideration, the Martian atmosphere is more favorable to the CO2 measurement because of the following reasons. (1) It does not have additional water vapor absorption like the Earth’s atmosphere for the selected wavelengths, and hence CO2 retrieval algorithms can be simplified compared to those for Earth.  (2) The reflectance of Martian surface is high due to entire desertification, which provides strong surface reflected signals for the column CO2 measurements.  (3) The background noise level caused by solar radiation is much weaker for Martian DIAL system compared that for the Earth CO2 lidars because Mars is significantly further away from the sun compared to Earth.  (4) The orbiting altitude on Mars could be as low as ~240 km.  This would provide a factor of ~9 increase in the lidar return signals compared with the satellite-born lidars on Earth such as the CALIPSO lidar which has a nominal orbiting altitude of ~705 km (Winder et al., 2009). And, (5) more importantly, dust aerosols on Mars are ubiquitous and can extend vertically up to 40 km or even higher and would be ideal backscatter target for CO2 profiling.  These factors could save the power, size, telescope, and cost of Martian lidars compared to those for Earth. That is, the similar systems for Earth could be directly adopted to Mars’ applications.  Figure 3 illustrates the conceptual design of the considered instrument.  The laser source (seed) provides base laser wavelengths.  It is modulated and locked to needed wavelengths.  The laser powers at these wavelengths, then, are amplified and transmitted to the atmosphere.  A very small portion of the laser beam is split and sent to power monitoring detector as reference to normalize lidar transmitted powers at individual wavelengths and account for potential laser energy variations.  The backscattered lidar return signals from the atmosphere and surface are collected by the lidar receiving telescope and, then, detected, amplified and digitized for data acquisition.  Such a CO2 DIAL system is very similar to current instruments for Earth’s CO2 measurements (Dobler et al., 2013; Lin et al., 2013; Refaat et al., 2015).  Thus, there is a high chance of success in development of the considered CO2 DIAL system for Martian atmosphere applications.

2.2 Methodology
The received lidar return signal at a given wavelength from the Martian atmosphere, in photoelectrons, can be written as (Liu et al., 2000):

,		 (1)
or from the surface

,	 				 (2)
[bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK25][bookmark: OLE_LINK26]where M is the Rayleigh backscattering coefficient from molecules which can be ignored for the Martian atmosphere at 2-µm wavelengths and P represents the particulate backscattering coefficients from the dust aerosols or clouds at range r from the lidar.  They can be approximately calculated using Mie and T-Matrix scattering theories because of their small particle sizes or obtained from CALIPSO observations based on Earth’s atmosphere.  Rsurf is the surface reflectivity in sr-1.  CO2 (r) and other (r) are the optical depth due to the CO2 absorption and any atmospheric agents other than CO2 (mainly the particulate scattering due to dust and ice cloud) along the laser beam from the lidar to r.  t is the sampling time, and c the speed of light.  C0 is the lidar constant that contains lidar system parameters and other range-independent quantities.  It can be written as:

 								(3)

Here, E0 is the laser output energy per pulse, A0 is the receiving telescope area, k0 the optical throughput of the lidar transceiver, and  the laser wavelength.  Q is the quantum efficiency of the detector, and h the Planck’s constant.  C0 is determined using the return signal from target whose scattering property is known.
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]For the CO2 differential absorption measurement, a typical practice is to select two (Lin et al., 2013), three (Rafaat et al., 2015) or multiple wavelengths (Abshire et al., 2010) at a CO2 absorption line.  One wavelength is chosen far off the center of the absorption line so that the absorption is insignificant and is used as a reference (called offline).  The other wavelengths (called online) are selected on the line where the absorption is significant such that CO2 can be well measured.  The selected wavelengths are very close, therefore the scattering optical depths at these wavelengths only differ very slightly, that is, other almost does not change at these selected wavelengths.  Taking ratio of the lidar return signals at online and offline wavelengths, 

,  
(4)
we can derive the differential optical depth as:

.						(5)
[bookmark: OLE_LINK49][bookmark: OLE_LINK50]other is the differential optical depth due to all atmospheric agents other than CO2.  It is mainly due to the scattering by airborne dust and/or ice clouds in the Martian atmosphere. Because the selected online and offline wavelengths are very close, other is negligibly small and can be corrected or removed.  The CO2 differential absorption optical depth (DAOD) can be further written as: 

[bookmark: OLE_LINK11][bookmark: OLE_LINK14],		(6)
[bookmark: _Hlk57880660][bookmark: _Hlk57880469]where CO2 (z) and nCO2 (z) are the CO2 absorption cross section and number density at altitude z, respectively.  NCO2 (z) is the column CO2 number from z to TOA.  A(z) is a weighted mean differential absorption cross section from z to TOA and can be calculated using a spectroscopic model along with atmospheric profiles of temperature, pressure and gas number density.  That is, 

. 				(7)
From Eq. (6), we derive 

,								(8)
and this molecular number decides the air pressure caused by CO2: 

,							(9)
where MC02 is the CO2 molecular mass, and 

						(10)
is a weighted mean Martian gravitational acceleration between z and TOA, g(z) the gravitational acceleration at altitude z in a specific latitude.  This CO2 air pressure dominates Martian atmospheric pressure fields.  Since the amounts of other gases in Martian atmosphere are minor and either very stable or negligible, the total air pressure can be obtained from the summation of this CO2 pressure and the air pressure introduced by all other gases.  From the ideal gas law, the atmospheric temperature can also be derived if the molecular scattering signal is measured (Liu et al., 1999).  Similar idea could be applied to the DIAL measurement.  However, our simulations showed that, to make accurate temperature measurement for the Mars DIAL system considered in this study, an average over thousands of kilometers along the track is necessary which make the temperature measurement impractical.  Fortunately, temperature could be measured with IR radiometers as mentioned earlier.

2.3 Random error analysis 
Based on the first order error propagation theory, the error  and the relative error due to random noise for all individual quantities in Eqs. (6) – (11) can be estimated (Ehret et al., 2008; Kameyama et al., 2011; Lin et al., 2013) using: 

 						(11a)

,					(11b)

,								(12a)

,								(12b)	

,							(13a)	

							(13b)	 
[bookmark: _Hlk57294435]These results clearly show that the relative errors in measured CO2 differential absorption optical depth are equivalent to their corresponding relative errors of CO2 amount and air pressure observations for current DIAL approach.  Thus, most analysis hereafter is focused on the CO2 differential absorption optical depth.

2.4 Wavelength optimization
In order to have the best performance of the CO2 DIAL system, optimal selection of laser wave lengths is considered.  This wavelength optimization is to minimize the relative error in CO2 DAOD retrievals.  From Eq. (11b), we further obtain: 

 		(14)
Take derivative of Eq. (14) on CO2 differential absorption optical depth and set the result to be 0, we have:

  ,		(15)
[bookmark: _Hlk56784008]Thus, we have obtained the following transcendental equation:

.							(16)
The root of this transcendental equation CO2 is about 1.11.  
For Marian atmospheric applications, the lidar measurement is optimized at ~3 km altitude by selecting the primary wavelength so that the DAOD from TOA to 3 km is 1.11.  This selection of 3 km altitude provides a good coverage of the measurement over the lower atmosphere (from the surface to ~10 km) for a moderate dust load (c.f., Section 3).  For the measurement from the secondary online wavelength, the optimization is designed to be located at ~8 km altitude.  A combination of the two lidar wavelength pairs would provide invaluable measurements of Martian atmospheric CO2 and pressure fields from surface up to about 13 km altitude, the most important layer for Martian atmospheric dynamics.

3. Simulation Results
Observing system simulation experiments (OSSEs) are performed based on the system parameters in Table 1.  The detector is assumed to be a DRS APD for spaceborne lidar application (Lin et al., 2013; Sun et al., 2017).  The system optical parameters including the telescope, field of view (FOV), beam expander, and transceiver throughputs are adapted from the CALIPSO lidar (Hunt et al., 2009).  An optical interference filter is assumed for solar radiation blocking.  The laser sources could be a single-frequency fiber laser, or a fiber maser laser and crystal amplifier system operated at individual wavelengths.
Table 1 Parameters used in OSSEs
	Laser
	pulse energy, online / offline (mJ)
	5 / 2

	
	pulse repetition frequency (Hz)
	2000

	
	[bookmark: OLE_LINK44][bookmark: OLE_LINK51]beam expander throughput
	0.883

	
	Wavelengths: primary, secondary, and offline (nm)
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]2050.44156, 2050.43779, 2050.50812

	Telescope
	diameter (m)
	1

	
	clear area ratio
	0.882

	Detector (DRS APD)
	net quantum efficiency
	0.68

	
	dark current (A)
	3.5e-13

	
	gain
	900

	Lidar receiver FOV (mrad)
	0.13

	Solar blocking filter bandwidth (nm)
	0.2

	System optical throughput
	0.325

	Surface reflectivity (sr-1) 
	0.161

	Satellite altitude (km)
	240


 
[bookmark: OLE_LINK54][bookmark: OLE_LINK57]The OSSE results are presented in Fig. 4.  Fig. 4a is the dust profile, modeled based on the dust vertical distribution observed by the SPICAM occultation measurement on Mars-Express (Fedorova et al., 2009).  The occultation measurement was made above 10 km, and we extrapolated the dust distribution to the surface, following the observed exponential curve.  The modeled dust column optical depth (OD) from TOA to the surface is 0.373.  Dust on Mars shows strong annual and geophysical variability (Smith et al., 2004).  Dust OD can change from ~0.4 to ~1.4 at 880 nm (Chen-Chen et al., 2019) and was as large as ~8 during the Mars year 34 global dust storm (Guzewich, et al., 2019).  Global long-term lidar observations of the Martian atmosphere would gain our knowledge on the dust variability.  The dust model in Fig. 4a is for Martian climatological dust loading conditions.  When the dust loading increases, the lidar return signal becomes larger and a larger vertical coverage is achievable in the atmosphere. For heavy dust loading cases, we expect the considered lidar would only probe into upper part of the dust systems till OD about 2 ~ 3 level as demonstrated by the CALIPSO mission.
Fig. 4b shows that the noise induced random error (NIRE) in simulated measurements of CO2 DAOD to the surface at a horizontal 5 km resolution increases as the dust OD increases, and is smaller than 1% until the dust OD reaches ~3 for both night- and day-time measurements because the lidar signal decreases exponentially with dust OD and the surface return signal shot noise is the dominant random error source.  It also can be noticed that when dust OD is less than 1, the errors in column CO2 and surface air pressure measurements are much (more than an order of magnitude) less than 1%.  In other words, the measurements can achieve the 1% error requirement with a much-reduced laser pulse energy and/or the telescope size, if the measurement is focused only on the surface pressure and column CO2. This measurement error character also holds for the column CO2 molecule numbers and surface air pressure (c.f., Eq. 13b).  In the atmosphere (Figs. 4 c and d), more average both horizontally and vertically is necessary to achieve 1% NIRE, because the dust backscatter coefficient is much smaller than the surface reflectivity.  The signal-to-noise ratio (SNR) values of nighttime lidar returns are very encouraging and larger than 100 from the surface up to about 15 km for the offline wavelength through 100m vertical integration and 100km horizontal averaging (Fig. 4c).  For online wavelengths, the high SNR values are maintained from 20 km down to about 10 km altitudes.  After that, though the SNR of lidar signals gets smaller, relative errors in CO2 measurements could keep small because AOD values increase sharply (c.f., Fig. 2a).  Measurements of the CO2 molecule number and air pressure could be made with the pair of primary online and offline wavelengths with 1% NIRE up to ~10 km at a horizontal resolution of 100 km and vertical resolution of 100 m during night and 400 m during day (c.f., Fig. 4d).  With the secondary online wavelength pair, the measurements could be extended to even higher (~13km) altitudes.  Thus, with the laser energies and system parameters in Table 1, the lidar return can be collected with a descent SNR to allow measurements of column CO2 amount and pressure over the surface and within low atmosphere. 

4.  Conclusions
This study proposes a novel concept in use of a differential absorption barometric lidar operating at the 2 µm CO2 absorption complex to remotely sense Martian atmospheric CO2 amount and air pressure.  The considered CO2 lidar system is very similar to what developed for precise observations of Earth’s atmospheric CO2, and can be basically developed from the existing CO2 lidar technology.  The system is designed to have an offline and two online (primary and secondary) wavelengths.  Based on the Mar’s observed environmental conditions, technically available laser systems and optimal selection of lidar online and offline wavelengths proposed here, this study shows that the considered CO2 lidar can enable CO2 and pressure measurements from the surface to the atmosphere up to about 13 km altitude when relative errors within 1% of the concerned quantities are required.  This 1% error requirement is similar to or less than those of current Martian in-situ and passive remote sensing observations and meets general Mar’s dynamic and climate science needs.  Thus, the considered lidar remote sensing will provide crucial dynamic information for Martian weather and climate systems in future Mars explorations.  
Current study is an initial effort on active Martian atmospheric CO2 remote sensing.  More efforts on Mars’ instrumentation development and exploring Mar’s CO2 measurements for broad science applications such as Martian atmospheric entry, landing site selection, severe dust storm prediction, and Mars’ colonization are needed in future work. 
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Figure Captions

Figure 1. Spectral characteristics at the 2050 CO2 absorption band.  Plotted values are for CO2 absorption optical depth (AOD) from TOA to surface.  The extreme high values around the absorption line center are out-of-scale and not shown.  The red star on right is for the offline wavelength, while the two red stars from left are for the secondary and primary online wavelengths, respectively.  
Figure 2. Vertical profiles of (a) AOD values from TOA to a specified altitude for the three selected wavelengths, and (b) the normalized weighted mean differential absorption cross section values of the two wavelength pairs for entire atmospheric column CO2 measurements. 
Figure 3. The conceptual design of Martian CO2 DIAL instrument. 
Figure 4.  The simulation results: (a) dust profile modeled based on the dust vertical distribution observed by the SPICAM occultation measurement on Mars-Express; (b) the noise induced random error (NIRE) in CO2 DAOD to the surface at a horizontal 5 km resolution; (c) nighttime lidar signal-to-noise ratios (SNR) for horizontal 100 km and vertical 100m averages; and (d) relative error profiles of DAOD retrievals for the two wavelength pairs and day and night times as indicated in the panel.  
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