Residence Time and Trajectory as Constraints on Cloud-Based Habitability
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Introduction: Rocky, geologically active worlds with water, including Venus, are often considered potential origins for Earthlike biochemistries.  They are also some of the likeliest worlds to have clouds.  Yet the requirements for cloud habitability – the potential for aerobiospheres – is rarely studied.  Earth's clouds carry significant numbers of active microbes (Amato et al., 2017), which affect planetary weather (as condensation and ice nuclei), climate (alteration of cloud and surface albedo), and water and air chemistry (through metabolic processing) (Delort et al., 2010).  However, we have not yet observed airborne microbial reproduction in the field, and one likely reason is that microbes suspended in clouds on Earth have residence times at best equivalent to typical generation times – hours to days.
Basic habitability: The requirements for Earthlike life are often categorized as: (1) available water, as the overall solvent; (2) bioavailable nutrients – C, H, N, O, P, and S, plus trace elements like Fe; (3) an energy source, chemical and/or photonic; and (4) a generally stable environment, without too much or too little heat, pH, radiation, etc.  Microenvironments matter: for example, Earth's atmosphere has an overall water activity (~0.4) below the observed limit for microbial growth (~0.6), so while the majority of aerosolized microbes are rapidly, and fatally, desiccated, water clouds function as local water hot spots with 104 – 108 viable cells per mL.  Life often creates its own microenvironments; for instance, a tendency to form small cell clumps can result in interior cells being protected from UV radiation or desiccation.
Residence time constraints: Long-term stability of a biosphere requires that population gains must outweigh its losses.  Airborne habitability therefore requires that the mean time aloft (residence time) of the population must be longer than the generation time (tg < tr).  The residence time of cell-size particles or aggregates is determined by a combination of gravity, air density and viscosity, thermal lofting, gravity waves, scavenging due to precipitation, other airflow patterns, as well as effective particle radius and electrical charge.  
Generation time limits: The other side of the equation is the typical generation time of the potential airborne organisms.  In general, this is constrained by the energy available to primary producers (phototrophs, lithotrophs, chemotrophs, etc.), although different metabolic strategies vary widely in rate and efficiency (methanogenesis, sulfur oxidation, oxygenic photosynthesis, etc.). Environmental stress, such as radiation, osmotic, temperature, or pH extremes, will further slow growth as organisms spend proportionally more energy on protection or repair.  Lastly, although many extremophiles have adapted to form tough, protective, inactive forms – endospores, cysts, akinetes, and the like – to survive temporary periods of otherwise uninhabitable conditions, inactive microbes are still subject to settling, and thus this strategy has its limits in allowing atmospheric habitability.
Trajectory considerations: Taken together, the small-scale factors affecting residence time and generation time imply the importance of understanding the typical trajectory of airborne microbes.  As described above, individual periods of inactivity extend mean generation times, and thus require greater mean residence times for long-term biosphere habitability; however, repeated cycles of stress can be even more damaging than the sum of the individual exposures.  Biomolecular damage is incurred during the process of generating dormant forms – for example, order of magnitude or more reductions are not uncommon in microbes surviving freeze/thaw or dehydration/rehydration – and will continue to accumulate while inactive.  If the incurred damage is greater or more frequent than what microbes are able to repair during their active stages, life will not persist, even in environments which continue to have clement periods.  
Recommended observations: Understanding the interplay of these factors, for Venus and for potential Earth- or Venus-like exoplanets, is key to evaluating the basic potential for an airborne biosphere.  Developing such a model requires a number of micro- and macro-scale remote and in situ measurements: for instance, atmospheric dynamics, surface-atmosphere fluxes, and cloud and aerosol microphysics.  Complementarily, Earth’s atmosphere is significantly underexplored from a biological perspective compared to its land, oceans, and even subsurface biospheres; a greater understanding of the diversity and activity of airborne life, both in the warm, wet troposphere and the much drier and colder stratosphere is needed.  In particular, Earth’s stratospheric sulfate layer is in many aspects a decent science analog for Venus.  Finally, laboratory work understanding the generation times of likely microbial analogs, and how these are affected by different combinations of stressors, will also fill a key knowledge gap.
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