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Introduction:  We present photophysical and 

chemical arguments for the potential for phototrophy 
and habitability in Venus’ clouds [1].  We show that the 
solar photon fluxes calculated across Venus’ cloud 
layers are sufficient for Earth-like phototrophy, and that 
the wavelengths that transmit through Venus’ clouds 
overlap with the absorption profiles of pigments such as 
bacteriochlorophyll b and phycocyanin.  Moreover, our 
calculations show that thermal emissions arising from 
below Venus’ clouds are potentially sufficient to sustain 
lower-power and lower-flux photosynthesis.  Together, 
our model supports a novel photophysical habitat that 
includes solar illumination from above the clouds 
during the day and thermal illumination from below the 
clouds from the hot surface and atmosphere throughout 
the day and night.  When considering the potential for 
habitability, we also present novel interpretations of the 
refractive index values obtained in situ and sulfuric acid 
vapor abundance profiles obtained through radio 
occultation that suggest, due to the presence of partly 
neutralized sulfuric acid, that acidity and water activity 
values in Venus’ aerosols may potentially be suitable 
for microbial growth. 

 
Photophysical Considerations: Solar irradiances 
(local noon, solar zenith angle 15˚) were calculated 
using a radiative transfer model described in the works 
of Lee, Sagawa [2] and Lee, Jessup [3].  Calculated and 
normalized irradiances across 450-1200 nm of 998 W 
m-2 (53.5 km) and 741 W m-2 (49.5 km) were very close 
or within error to averaged measured irradiances from 
Venera 11, 13, and 14 (450-1200 nm) of 1085 ± 86 W 
m-2 (55 km) and 719 ± 162 W m-2 (50 km).   
 
Our calculations indicate that normalized photon fluxes 
in Venus’ middle and lower clouds (8.2x1018 and 
7.0x1018 m-2 s-1 nm-1, respectively) peak at 607.5 nm and 
are ≤1.3-fold higher than the normalized fluxes on 
Earth’s surface (ASTM G-173-03), which peak at 669 
nm.  Further, integrated irradiances across the UV-A 
and UV-B on Earth’s surface (46 W m-2, 280-400 nm) 
are ~7-fold higher than those in Venus’ middle clouds 
(6.7 W m-2, 280-400 nm), after normalization.  For the 
middle clouds, (A) >99.99% of the total UV flux arises 
in the UV-A region (320-400 nm), (B) ~66% of the total 
UV flux arises at wavelengths (370-400 nm) longer than 
those measured by the Venera probes, and (C) fluxes in 
the UV-B (280-320 nm) and UV-C (200-280 nm) are 

essentially negligible and decrease substantially from 
the top of the atmosphere. 
 
Habitability Considerations: For Venus’ clouds, the 
potentials for phototrophy and/or chemotrophy are 
significantly constrained by the abundances of acid and 
water. Acid abundances in the aerosols in Venus’ 
middle clouds are regarded to be ≥75% w/w sulfuric 
acid, with values peaking at ~98% w/w in the lower 
clouds [4-7].  When considering the Hammett acidity 
factor (H0), these abundances translate to H0 values of -
6 to -11, which represent extremely acidic conditions.  
Further, from studies on Earth, solutions of ≥75% w/w 
sulfuric acid (~13-18 M H2SO4) are considered to 
exhibit water activities of ≤0.01 [8, 9].  Together, such 
high acidities and low water activities preclude any 
known terrestrial life. 
 
Chemical Considerations: Hence, as a chemical 
argument towards habitability, we suggest that 
treatments of Venus’ aerosols, to date, may 
underestimate the presence of bisulfate and/or sulfate, 
which would directly impact the functional acidity and 
water activities of the aerosols.  Bisulfate (HSO4-) and 
sulfate (SO4-2) are structurally and spectrally related to 
sulfuric acid (H2SO4) and represent the respective 
conjugate bases of neutralized sulfuric acid.  In 
summary, our comparisons show that solutions of 
bisulfate and/or sulfate salts – and quite likely mixtures 
with sulfuric acid – exhibit optical properties like those 
observed at Venus; for example, similar refractive index 
values are shared between Venus’ middle clouds (1.41 
± 0.03), 40-85% w/w sulfuric acid (~5.4-16 M), and 40-
89% w/w ammonium bisulfate (~4.5-11 M).  Further, 
when considering radio occultation measurements at 
Venus, we present alternative interpretations that are 
consistent with the presence of ammonium bisulfate 
and/or lower abundances of sulfuric acid.  When 
assuming abundances of 40-85% w/w sulfuric acid for 
the middle clouds, and a 0.5 mole ratio of ammonia, we 
obtain adjusted acidity levels (H0) of -0.1 to -1.5 and 
estimates of water activity of ≥0.6.  These hypothetical 
acidities and water activities fall within the limits of 
terrestrial microbial growth.   
 
Potential for Phototrophy: Hence, our photophysical 
results indicate that transmitted solar irradiances in 
Venus’ clouds are suitable for Earth-like phototophy 
with similar photon fluxes across the visible and near-
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infrared (350-1200 nm) when compared to Earth’s 
surface.  As potential selective biological pressures, the 
solar irradiances in Venus’ clouds could also be more 
favorable due to ~87% less flux in UV-A, with 
negligible flux in the UV-B and UV-C.  When 
considering visual appearance, hypothetical 
phototrophs in the clouds could appear brown/maroon 
in color after absorption of light transmitting through 
Venus’ signature phototrophic windows, inclusive of 
maximal absorption at the wavelength of peak solar 
irradiance (608 nm).   
 
Lastly, our calculations suggest that thermal emissions 
from below Venus’ clouds could sustain Earth-like 
photosynthesis.  Hence, our analyses are supportive of a 
photophysical habitat that includes diurnal input of solar 
energy through the cloud tops along with persistent 
input of lower-energy and lower-flux thermal energy 
from below the clouds. 
 
Potential for Habitability: When considering chemical 
limits to habitability, our interpretations of measured 
refractive index and radio occultation data suggest that 
aerosols in the middle clouds could harbor neutralized 
forms of sulfuric acid, such as ammonium bisulfate.  
Such interpretations of partly neutralized sulfuric acid 
are parallel to those of Rimmer, Jordan [10], who 
suggest that aerosols with pH values of ~1 (due to the 
presence of substantial base) yield water and SO2 vapors 
that match Venus observations.  Thus, under the 
assumptions in this study, Venus’ aerosols could harbor 
water activity (≥0.6) and acidity values (H0 -0.1 to -1.5) 
that lie within the limits of terrestrial acidic cultivation 
(H0 -0.4).  The acidity limits are also tantalizingly close 
to the limits for oxygenic photosynthesis (≥H0 0.1).  
However, for anoxygenic photosynthesis (≥H0 2), 
acidity remains to be a constraining variable. 
 
Conclusions: Venus’ clouds, therefore, may not be as 
inhospitable as suggested by the models of 
Krasnopolsky [6] and Hallsworth, Koop [9] due to the 
lack of observational constraints for Venus’ middle and 
lower clouds, and since differing chemicals may share 
optical and microwave absorption properties.  Looking 
ahead, mass spectrometers amenable to sampling vapors 
of sulfuric and phosphoric acids [11, 12], ionized 
chemical species [13], and/or sublimated salts [14] 
could help in detailing the acid, conjugate base, and 
water abundances in the aerosols; thereby directly 
addressing the potential for habitability in Venus’ 
clouds. 
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