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Abstract 
Water vapor has been detected in the Martian atmosphere by multiple orbiting instruments. The Atmospheric Chemistry Suite (ACS) on the ExoMars Trace Gas Orbiter (TGO) observed H2​O mixing ratios reaching up to 50 ppmv at altitudes of 100-120 km during global dust storms, while levels remained low (<2 ppmv) during other seasons. The Neutral Gas and Ion Mass Spectrometer (NGIMS) on the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft revealed that water transported to the upper atmosphere is dissociated by ions, producing atomic hydrogen that escapes into space, contributing to Mars’ water loss. This transport is seasonal, peaking in southern summer and intensifying during dust storms. Additionally, the Mars Reconnaissance Orbiter’s (MRO) imaging spectrometer detected hydrated minerals on slopes, suggesting that liquid water may intermittently flow on present-day Mars.
However, an observational gap exists between high-altitude water vapor and surface water due to limitations in spatial resolution and a lack of measurements in the lower atmosphere. To address this gap, we propose using an airborne differential absorption lidar (DIAL) to search for water sources. DIAL provides high-resolution measurements both day and night, bridging the observational gap between high-altitude water vapor and surface water, thus enhancing our understanding of water transport and loss on Mars. Absorption lines of water vapor in the 2.7 μm and 1.8 μm bands have been selected in this study. Simulations show that both lines are capable of detecting water vapor sources with reasonable system parameters.
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INTRODUCTION 
Water vapor has been observed in the Martian atmosphere by numerous orbiting measurements. The Atmospheric Chemistry Suite (ACS) onboard the ExoMars Trace Gas Orbiter (TGO) observed that the H2O mixing ratio can reach as high as 50 ppmv at 100-120 km altitude during global dust storms, whereas it remains low (<2 ppmv) during other seasons [1]. Using observations from the Neutral Gas and Ion Mass Spectrometer (NGIMS) on the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft, it has been demonstrated that water is transported directly to the upper atmosphere, where it is then dissociated by ions to produce atomic hydrogen, which escapes into space, causing loss of water on Mars [2]. The water abundance in the upper atmosphere varies seasonally, peaking in southern summer and surging during dust storms. This transport of water dominates the present-day loss of water.
Using an imaging spectrometer on NASA’s Mars Reconnaissance Orbiter (MRO), signatures of hydrated minerals on slopes have been detected [3]. These darkish streaks darken and appear to flow down steep slopes during warm seasons, then fade in cooler seasons. The new findings of hydrated salts on the slopes suggest an explanation for the seasonal variability of these dark features, as the salts would lower the freezing point of a liquid brine. This provides strong evidence that liquid water may flow intermittently on present-day Mars.
There appears to be an observational gap between water vapor at high altitudes and water on the ground, due to the coarse spatial resolution and limitations of occultation and limb measurements at lower altitudes. In this paper, we propose a differential absorption lidar (DIAL) system to search for water sources. A DIAL can provide high spatial resolution measurements both day and night, even over complex terrains [4, 5]. The 2.7 μm water vapor absorption band is initially selected, as it has a strong water vapor absorption, allowing for high detection sensitivity. The horizontal resolution can be set as small as 1 km. This DIAL measurement is expected to provide a direct link between high-altitude water vapor and surface water, aiding in understanding water transport and loss on Mars. We also explore the 1.8 μm band, as laser sources may be easier to construct at this wavelength than at 2.7 μm.
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Dial measurement of water vapor on Mars
1.1 DIAL measurement
In differential absorption lidar (DIAL) measurements, an absorption line of the target trace gas is selected to ensure suitable absorption for accurate measurement. Two wavelengths are typically chosen: an 'online' wavelength, set at the chosen absorption line of the trace gas, and an 'offline' wavelength, positioned away from the absorption line center where absorption is minimal. By comparing the online and offline measurements, the trace gas absorption can be determined, using [4, 5]
.									(1)
Ns,on and Ns,off correspond to the received signal photons at the online and offline wavelengths, respectively. C0,on and C0,off denote the system constant which contains lidar system parameters and other range-independent quantities, for the online and offline wavelengths, respectively. In practical applications, the ratio of C0,off to C0,on is required to derive ΔτCO2. 
1.2 Absorption line in 2.7 mm band
[bookmark: _Hlk181611491]Figure 1 shows the absorption spectrum for water vapor from 1 μm to 4 μm, where the 2.7 μm band provides the strongest absorption, followed by a secondary absorption band around 1.8 μm. In this study, the H2O absorption line centered at 2.652598 μm (as shown in Fig. 2) is chosen due to its relatively strong absorption and negligibly small CO2 absorption (10⁸–10⁹ times smaller). In the Martian atmosphere, CO2 is the dominant gas (~95.1%), while the H2O mixing ratio is low.
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Figure 1 Absorption cross sections of water vapor calculated from the HITRAN database for a wavelength range from 1 mm to 4 mm.
Optimal measurements are achieved when the absorption optical depth (AOD) is approximately 1.1 [4]. To determine the optimal online wavelength, we calculated the AOD profile from 60 km down to the surface using a measured Martian atmosphere and the HITRAN database [4, 5]. Figure 3 presents the AOD profile for the wavelength 2.652613 μm in the left panel, where the AOD reaches 1.1 at the surface, assuming an H2O mixing ratio of 100 ppm throughout the entire column. ACS measurements indicate that, at altitudes from 20 km to 100 km, the water vapor mixing ratio can exceed 100 ppm [1]. However, it remains unclear what the mixing ratio is at lower altitudes, though it is anticipated that the mixing ratio near the ground source may be higher. A reasonable choice of online wavelength should be around 2.652613 μm. 
We observe that at lower altitudes, absorption on the wings of an absorption line is larger due to pressure-induced line broadening, as shown in the right panel of Fig. 3. For the wavelength selected in the simulation, the AOD remains below 0.01 above ~27 km but exceeds 0.1 below approximately 15 km, increasing more rapidly with decreasing altitude due to enhanced absorption and higher water vapor number density. This indicates that measurements at this wavelength are more sensitive to water vapor at lower altitudes, which is advantageous for detecting water sources near the ground. Sensitivity to water vapor at lower altitudes increases relative to higher altitudes as the wavelength shifts farther from the line center, whereas sensitivity at higher altitudes is enhanced when the wavelength is positioned closer to the line center. The offline wavelength can be set on the far wing, for instance, at 2.65275 μm.
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[bookmark: _Hlk181605580]Figure 2 Absorption cross sections of H₂O and CO2 calculated from the HITRAN database, with the CO2 cross section magnified by a factor of 108.
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[bookmark: _Hlk181198900]Figure 3 H2O absorption optical depth (AOD) profile at wavelength of 2.652613 μm (left panel) along with absorption cross sections at three altitudes: surface, 30 km, and 60 km (right panel).
1.3 Simulation results
Simulations were conducted using the system parameters listed in Table 1, assuming a 100-meter-thick water vapor layer near the surface. Figure 3 shows the calculated relative error (left) and signal-to-noise ratio (SNR) (right) for the column measurement of water vapor AOD, utilizing the surface return signal averaged over a 1 km horizontal distance. An airborne dust optical depth (OD) of 0.4 is assumed. 
Figure 4 shows that in the simulations, the SNR remains around 16 when the water vapor mixing ratio (XH2O) is low (<30 ppm), where attenuation due to water vapor absorption is insignificant. However, the SNR decreases more rapidly as XH2O increases. However, the relative error of the water vapor AOD decreases with increasing XH2O, reaching 0.01 at around 300 ppm and a minimum of 0.0038 at approximately 1500 ppm, where the AOD is around 1.08. It is worth to note that the day and night simulation results are almost overlay each other, because the signal shot noise is dominant measurements when the laser pulse energy is 1 mJ.   

Table 1. Parameters used in simulations.Parameters 
    Laser		    Receiver          	  
    Pulse energy	1 mJ       	    Telescope 	       0.3 m
    Pulse duration	.500 ns 	    Detector (DRS APD) QE *	0.675 
    PRF	2000 Hz	    Throughput	0.325
    Satellite height	240 km	    Surface reflectivity	0.161 (sr-1)

	




* More detail about the HgCdTe avalanche photodiode (APD) manufactured by Leonardo DRS Electro-Optical Infrared Systems can be found in [5, 6].
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[bookmark: _Hlk181557170]Figure 4 Simulated relative error (left) and SNR (right) as a function of water vapor mixing ratio for column water vapor AOD measurements based on surface returns and parameters in Table 1. This simulation assumes a 100 m water vapor layer, a dust optical depth of 0.4, and a horizontal averaging distance of 1 km.
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[bookmark: _Hlk181597451]Figure 5 Simulated relative error (left) and SNR (right) as a function of laser pulse energy for column water vapor AOD measurements based on surface returns and parameters in Table 1. This simulation assumes a 100 m water vapor layer, a dust optical depth (OD) of 0.4, water vapor mixing ratio of 100 ppm, and a horizontal averaging distance of 1 km.
Figure 5 presents the calculated relative errors and SNR for column water vapor AOD as a function of laser energy. The results show that for lower laser pulse energies, daytime measurements yield larger errors than nighttime measurements due to the increased influence of solar background noise relative to signal shot noise. The relative error remains below 0.1 when the laser energy is reduced to approximately 50 µJ. Although accurate measuring water vapor at levels as low as 100 ppm with small laser pulse energies is challenging, this setup is adequate for detecting water sources where XH2O​ is expected to be higher.
2.3 Absorption line in 1.8 mm band
We also explored the feasibility of using the 1.8 μm band to measure water vapor, although the absorption is generally weaker than in the 2.7 μm band. From a practical perspective, a laser operating in the 1.8 μm band may be easier to develop than one in the 2.7 μm range. Master oscillator and power amplifier (MOPA) fiber lasers have been demonstrated to generate greater than 1 mJ pulses at 1.97 mm and 2.05 mm [7]. It is anticipated mJ level MOPA fiber lasers can be developed near 1.8 mm.
[image: ]
Figure 6 Absorption cross sections of H₂O and CO2 calculated from the HITRAN database, with the CO2 cross section magnified by a factor of 108.
[image: ]
Figure 7 H2O absorption optical depth (AOD) profile at wavelength of 1.839948 μm (blue) along with AOD profile at 2.652623 mm (red).
Figure 6 shows the absorption line at 1.839954 mm that is selected. The online wavelength can set on either wing of the absorption line and the offline wavelength can position at far wing at 1.83054 mm. Figure 7 presents water vapor AOD profile at wavelength of 1.839948 mm along with that at 2.652613 mm for comparison. Due to the lower peak absorption of the selected line in the 1.8 μm band, the online wavelength must be closer to the absorption center to achieve a similar AOD. Consequently, as shown in Fig. 7, this measurement is slightly more sensitive to water vapor absorption at higher altitudes compared to that at 2.652613 mm. Nonetheless, this line selection remains a good choice for DIAL measurements aimed at locating water sources.
conclusions
Research has shown that water is transported directly to the upper atmosphere on Mars, where it dissociates into atomic hydrogen due to ion interactions, leading to hydrogen escape and water loss. This transport mechanism is a key factor in Mars' current water depletion. While water vapor has been observed in the high atmosphere (>20 km) and hydrated minerals identified on Martian slopes, there remains an observational gap between the surface and 20 km, a critical region for understanding water transport and loss. We explored the feasibility of using differential absorption lidar (DIAL) to locate water sources by detecting water vapor in the lower atmosphere. Two water vapor absorption lines at 1.839954 m and 2.652598 μm were selected. Simulations indicate that, with a laser pulse energy of 0.05–1 mJ at a 2000 Hz repetition rate, a 0.3 m telescope, and a HgCdTe APD detector, it is feasible to measure water vapor in Mars' lower atmosphere. This method could help identify water sources and elucidate mechanisms driving water evaporation and atmospheric injection.
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