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Significance

Studying Venus’s HDO and H2O 
sheds light on its water history. 
The HDO/H2O ratio in its bulk 
atmosphere, 120 times Earth’s, 
suggests a significantly wetter past 
for Venus. Our study analyzes 
mesospheric (70 to 110 km) 
temperature, H2O, and HDO 
profiles taken in solar occultation 
by SOIR/Venus Express. We 
observe increasing relative 
abundances of both isotopologues 
and a significant D/H ratio rise 
with altitude. This finding 
challenges previous assumptions 
about upper-mesosphere H and D 
abundances available for escape, 
impacting atmospheric evolution 
models. We propose a cycle 
mechanism involving water 
fractionation during condensation 
into the sulfur-based aerosols, 
evaporation, and transport in the 
mesosphere between warm and 
cold regions to explain our finding, 
which is consistent with the 
observed SO2 inversion layer.
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This study analyzes H2O and HDO vertical profiles in the Venus mesosphere using 
Venus Express/Solar Occultation in the InfraRed data. The findings show increasing 
H2O and HDO volume mixing ratios with altitude, with the D/H ratio rising signifi-
cantly from 0.025 at ~70 km to 0.24 at ~108 km. This indicates an increase from 162 
to 1,519 times the Earth’s ratio within 40 km. The study explores two hypotheses for 
these results: isotopic fractionation from photolysis of H2O over HDO or from phase 
change processes. The latter, involving condensation and evaporation of sulfuric acid 
aerosols, as suggested by previous authors [X. Zhang et al., Nat. Geosci. 3, 834–837 
(2010)], aligns more closely with the rapid changes observed. Vertical transport com-
putations for H2O, HDO, and aerosols show water vapor downwelling and aerosols 
upwelling. We propose a mechanism where aerosols form in the lower mesosphere due 
to temperatures below the water condensation threshold, leading to deuterium-enriched 
aerosols. These aerosols ascend, evaporate at higher temperatures, and release more 
HDO than H2O, which are then transported downward. Moreover, this cycle may 
explain the SO2 increase in the upper mesosphere observed above 80 km. The study 
highlights two crucial implications. First, altitude variation is critical to determining 
the Venus deuterium and hydrogen reservoirs. Second, the altitude-dependent increase 
of the D/H ratio affects H and D escape rates. The photolysis of H2O and HDO at 
higher altitudes releases more D, influencing long-term D/H evolution. These findings 
suggest that evolutionary models should incorporate altitude-dependent processes for 
accurate D/H fractionation predictions.

Venus | mesosphere | HDO/H2O ratio | water cycle | remote sensing observations

Although Venus is sometimes referred to as Earth’s twin, its current surface conditions are 
drastically different, making it inhospitable to life. Not only is liquid water unable to  
exist due to the extreme temperatures and pressures beneath the thick cloud layer (~45 
to ~65 km), but more importantly, it is nearly absent from the Venusian atmosphere, 
which contains only 30 ± 10 parts per million by volume (ppmv) of water vapor below 
15 km (1). To put this into perspective, these altitudes have 150,000 times less water than 
comparable altitudes on Earth (2). Above the cloud layer, the water content is much lower, 
with measurements indicating a few ppmv (3–7). The pronounced decrease in the H2O 
volume mixing ratio (VMR) within the cloud layer can be attributed to the hydration of 
sulfuric acid aerosols in the clouds, which effectively trap most of the water (8). Moreover, 
this water scarcity is accompanied by a significant enrichment in deuterium; the D/H 
ratio in water within the ~30 to 70 km altitude range is around 120 times higher than 
that observed in Earth’s oceans (Vienna Standard Mean Ocean Water, VSMOW = 1.5567 
× 10−4) (3, 4, 9–12).

The inner planets, including Venus and Earth, formed in a region of the protoplanetary 
disk where temperatures were too high for volatiles like water to condense. Water in the 
disk was rich in deuterium, with the deuterium to hydrogen (D/H) ratios ranging from 
10−3 to 10−2 (see, e.g., ref. 13 and references therein). When H2O is transported to the 
hot inner region surrounding the Sun, isotopic exchange reactions with molecular hydro-
gen (H2) drastically reduced its D/H ratio to ~2 × 10−5, or ~0.06 VSMOW (14). Moreover, 
the isotopic exchange reactions become less efficient at the lower temperatures found 
beyond the snow line (15). It is thus believed that water-rich carbonaceous chondrites 
from the outer asteroid belt, which have a mean D/H ratio similar to Earth’s, likely served 
as the primary sources of water for the inner planets during the solar system formation 
(see ref. 13, and references therein). It follows that, like Earth, Venus probably experienced 
impacts from such planetesimals, which would result in an initial D/H ratio similar to 
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that found in Earth’s oceans. This hypothesis is further supported 
by the fact that other volatiles, such as carbon and nitrogen inven-
tories, are comparable between Venus and Earth (2).

For these reasons, some studies show that Venus initially held 
substantially more water than it does today and that the planet 
would have undergone an extraordinary runaway greenhouse 
sometime in its history. In this scenario, water would have been 
a key greenhouse gas (e.g., ref. 2, and references therein). On early 
Venus, liquid water would have gradually evaporated, resulting in 
high vapor abundances in the atmosphere up to altitudes where 
efficient photodissociation occurs. This process would have been 
followed by the preferential escape of hydrogen atoms over deu-
terium, its heavier isotope, leading to an increase in the D/H ratio 
of water in Venus’ atmosphere (2, 16). Conversely, other studies 
suggest that the current deuterium levels could be achieved with-
out requiring a wetter Venus in the past (17).

The mesosphere of Venus appears to be a critical region where 
complex, interconnected processes regulate the amounts of water 
isotopologues (H2O and HDO) that can reach altitudes where 
hydrogen and deuterium atoms are released by photolysis. In this 
regard, it is important to note that the mesospheric water is closely 
linked to the sulfur cycle (see, e.g., ref. 18, and references therein). 
Carbonyl sulfide, OCS, chemically produced in the lower tropo-
sphere, is transported above the clouds by the Hadley cell circu-
lation, along with sulfur dioxide (SO2), though to a lesser extent. 
Upon reaching these altitudes, OCS gets oxidized and eventually 
produces sulfuric acid (H2SO4) in the presence of water vapor. 
This acid subsequently condenses with water to form hydrated 
aerosol particles, which contain over 75% of H2SO4 by mass (18). 
Additionally, allotropes, such as Sx, have also been explored as 
potential components of the aerosol particles as an explanation 
for the “unknown UV absorber” (19).

Observations (20) and models (21) show that the aerosols in 
the upper haze layer exhibit a bimodal distribution. These tiny 
droplets are transported upward either by diffusion or through 
hypothetical wind gusts (21), reaching altitudes above 90 km, 
where rising temperatures cause them to evaporate. At these alti-
tudes, sulfuric acid, potentially present under supersaturated con-
ditions (18), undergoes photochemical destruction, reverting to 
SO2. This mechanism supports the increase of the SO2 abundance 
observed above 80 km (22, 23).

Previous investigations have focused on the interaction between 
aerosols and related atmospheric processes, such as radiative-dynamical 
feedback and the effect of eddy diffusion on the structure of main 
cloud layers (24), although these works did not cover the altitude 
range of the upper haze layer. However, the water vapor profile is 
kept fixed over time in the models of refs. 18, 19, 21, and 25, ignor-
ing the effect of evaporation and condensation on the background 
H2O vapor profile. Recent microphysics simulations (26) included 
the upper haze layer up to 100 km and showed that H2SO4 vapor 
and H2O vapor profiles are strongly influenced by the evaporation 
of the upper haze particles. We refer the reader to the extensive 
reviews available in these papers.

To understand the evolution of water in the Venusian atmos-
phere and its eventual loss to space, it is crucial to characterize the 
abundances of H2O and HDO in the mesosphere. The Solar 
Occultation in the InfraRed (SOIR) instrument onboard the 
European Space Agency (ESA) Venus Express (VEx) spacecraft, 
operational from 2006 to 2014, provided valuable information 
for this purpose. Utilizing solar occultation, SOIR simultaneously 
recorded the vertical profiles of various species, including both 
water isotopologues (27). While these two isotopologues have 
been measured by ground-based telescopes at the cloud top or 
higher in the mesosphere, but not simultaneously (3, 4, 11, 12), 

previous studies reported the D/H ratio in mesospheric water only 
from the very first solar occultations performed early during the 
VEx mission (5, 28). Our study, analyzing the complete dataset 
of SOIR observations over the 8 y of operation, reveals a striking 
increase in the HDO/H2O ratio in the ~65 to ~110 km altitude 
range—from 200 to 1,500 times that in Earth’s oceans. These 
findings contribute to a better understanding of the processes 
driving hydrogen loss on Venus and provide valuable insights into 
the evolution of its atmosphere.

The SOIR Instrument and the Inversion Code

The Solar Occultation in the InfraRed (SOIR) instrument, an 
infrared spectrometer on board the ESA VEx spacecraft, was ded-
icated to studying the composition of Venus’ atmosphere in solar 
occultation. It recorded radiance spectra in four different tunable 
spectral regions at a 1 Hz rate as the Sun was setting or rising, as 
seen from VEx. Due to this observation geometry, all observations 
occurred at the Venus terminator near 6 AM or 6 PM local solar 
time (LST). SOIR was sensitive in the 2.2 to 4.4 µm spectral range 
(2,200 to 4,400 cm−1), where many key species present absorption 
spectral features used to determine their abundances. The com-
plete database on temperature, CO2, CO, H2O, HDO, HCl, HF, 
SO2, SO3, OCS, CS, and CS2 number densities is described in 
refs. 27 and 29. SI Appendix, section A provides more details about 
the SOIR instrument.

The spectral inversion code, ASIMAT, is fully described in ref. 
30. A concise summary is provided here. A two-step iterative pro-
cedure was implemented to derive the species number density and 
temperature vertical profiles. In the first step, the Bayesian Rodgers 
algorithm was used to calculate vertical number density profiles for 
each species absorbing in a set of spectra, i.e., for one order and one 
bin. They considered the Venus International Reference Atmosphere 
[VIRA (31)] as the a priori for the first step. The Voigt approxima-
tion for the absorption lines was considered with the spectroscopic 
parameters from HITRAN 2012, accounting for the spectral line 
atmospheric saturation to consider only the altitude regions where 
the instrument was sensitive to line intensities. At those altitudes, 
the pressure is sufficiently low, that there is no need to consider 
asymmetric line shapes such as sub-Lorentzian line profile (32). In 
the second step, the profiles of each species were combined using a 
weighted moving average from the four different orders and two 
bins. If CO2 was among the measured species, which was nearly 
always the case, hydrostatic equilibrium was assumed to compute 
the temperature profile, considering VIRA’s CO2 VMR vertical 
profile. In the next iteration, the mean species vertical profiles were 
considered a priori together with the new temperature profile 
because of the large temperature dependence of the spectral lines 
in the infrared. Iterations were performed until the vertical profiles 
of all species were within the uncertainties of the previous step. 
Convergence was usually achieved within three to four iterations. 
A summary of the spectroscopy and a typical retrieval example can 
be found in SI Appendix, sections B and C, respectively.

Results

For this work, we consider occultations during which H2O, HDO, 
and CO2 (and thus temperature) were simultaneously retrieved: 
344 individual observations meet this criterion, covering all lati-
tudes and spanning the whole VEx mission from June 2006 until 
December 2014.

In Fig. 1 A–C and E, we present the CO2, temperature, H2O, 
and HDO number densities of all the considered orbits; the cor-
responding H2O and HDO VMRs are given in Fig. 1 D and F. 
The individual profiles are provided as the gray profiles. The D
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averaged profiles for the morning and evening sides of the termi-
nator (for absolute latitudes lower than 60°) and for absolute lati-
tude bins (0° to 30°, 30° to 60°, 60° to 80°, and 80° to 90°), thus 
assuming North–South hemispheric symmetry, are the colored 
profiles. The uncertainties on the individual profiles are not dis-
played for clarity. They are of the same order of magnitude as those 
reported in the figures of SI Appendix, section C. The mean profiles 
are the same as those of ref. 27 and are discussed in that work.

To ease the comparison between the different observations per-
turbed by the bulk atmosphere variations induced by the atmospheric 
waves, we present the temperature and the H2O and HDO densities 
and VMRs on a pressure scale. Hence, if we assume the CO2 VMR 
from VIRA, we can compute the pressure vertical profile for each 
observation. The approximate altitudes for the different pressure levels 
are given on the right-hand side of Fig. 1 E and F. Considering the 
HDO and H2O number density vertical profiles on a pressure scale 
instead of an altitude scale reduces the variability at any level by a 
factor of ~2. Still, large variations are observed for all three species, 
up to two orders of magnitude at any altitude level. This variability 
is observed for most species and has previously been noted in research 
papers by several instruments on board VEx: SPICAV/UV, SOIR, 
VIRTIS, and VeRa (ref. 33, and references therein).

In this work, we focus on the mean profiles. Fig. 2 presents the 
individual HDO/H2O ratio profiles and the mean profiles for the 
same LST and latitude regions as in Fig. 1. The weighted varia-
bility for the mean profile of the whole database is also provided 
as the horizontal black lines. The equivalent D/H ratio is provided 
in the upper-axis using the relation

	 [1]
D

H
=

HDO

HDO + 2H2O
,

as well as the factor to VSMOW. We note that a few percent bias 
in the D/H profile could be introduced because not all H2O and 

HDO profiles reach the 10−3 mbar level; only those reaching larger 
densities at the top of the profiles do. However, this possible bias 
remains well within the weighted variability. For this reason, the 
mean D/H profiles above the 10−2 mbar level are set as dashed 
lines in Fig. 2.

Derived mole fractions are in agreement with previous results 
(5, 9, 10, 12, 28); however, a surprising result, first reported here, 
is the increase in the HDO/H2O ratio by a factor larger than 10 
from 70 to 108 km altitude.

The mean profiles are calculated on a pressure scale, considering 
the uncertainties on the mean profiles as weighting factors. The 
AM and PM profiles are similar, which indicates no terminator 
side dependence of the HDO/H2O ratio. The mean value of the 
HDO/H2O ratio varies between 0.052 ± 0.038 at ~70 km (20 
mbar) and 0.62 ± 0.45 at ~108 km (1.2 µbar). This corresponds 
to a D/H ratio of 0.025 ± 0.019 at ~70 km and 0.24 ± 0.17 at 
~108 km or 162 and 1519 times the VSMOW.

Similar to the LST dependence study, we do not see any signif-
icant variation in the HDO/H2O ratio as a function of the absolute 
latitude since all profiles lie within the observed variability. We note 
that the 0° to 30° profile shape below the 2 × 10−2 mbar level is 
probably due to too little data available at these pressure levels.

The HDO/H2O profiles from ref. 5 are reported in Fig. 2 and 
lie within the profiles presented in this work. We also note that 
the H2O VMR profiles do not decrease with altitude, as observed 
in refs. 5 and 28. The likely explanation is twofold. First, they 
considered the total density and temperature from VIRA, while 
in this work, they are computed from the simultaneously measured 
CO2 profiles. Second, these profiles were retrieved based on the 
same (much smaller) dataset discussed in this work. Moreover, 
many substantial differences have been implemented in the SOIR 
calibration pipeline and retrieval algorithm since 2008. This 
impacted the results as the calibration was not set, and the trans-
mittance spectra were not correctly computed. This explains the 

Fig. 1.   CO2 number density (Panel A), temperature (Panel B), H2O number density (Panel C), H2O VMR (Panel D), HDO number density (Panel E), and HDO VMR 
(Panel F) vertical profiles. The gray profiles are the individual profiles, while the colored profiles are averages for the whole database (black) as a function of the 
side of the terminator (blue for AM, red for PM, for absolute latitudes <60°), and by latitude bins (0 to 30° in pink, 30 to 60° in green, 60 to 80° in orange, and 80 
to 90° in purple), while assuming equatorial symmetry. The uncertainties are not displayed for clarity of the figures; they range from 40% at 120 km to 14% at 
100 km and increase to 50% below 80 km for H2O, from 50% at 110 km and 15% between 90 and 70 km for HDO, and from 15 to 40% between 130 and 80 km 
and 40 to 60% between 80 and 65 km for CO2.
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differences with refs. 5 and 28. The more significant changes are 
the following:

	 (i)	� A reliable order-dependent AOTF transfer function which 
was not available at the time (34);

	(ii)	� Corrections for the computation of the measured transmit-
tance spectra and noise levels (35);

	(iii)	� A new inversion scheme for the number density retrieval; see 
section 1.1 (30);

	(iv)	� Considering the calculated temperature profile during the 
retrieval (30).

Discussion

For the discussion, we consider the SOIR mean temperature pro-
file from Fig. 1B, which is reproduced in Fig. 3A. This profile is 
limited to the 75 to 110 km altitude range since the mean polar 
and lower-latitude temperature profiles show different average 
values at altitudes below 75 km, and the HDO and H2O mean 
profiles were not measured at higher altitudes. We note that the 
warm layer observed in the 95 to 110 km region, also observed 
on the Venus night side in the same altitude range (36), remains 
unexplained by Global Circulation Models (37). The mean SOIR 
temperature profile is very different from the profiles used in most 
of the previous studies (18, 19, 21, 24, 25), which are based on 
the VIRA model.

The SOIR H2O and HDO profiles presented in Results exhibit 
two main characteristics. First, contrary to early findings (28), we 
observe increasing H2O and HDO VMRs with altitude, suggest-
ing a potential water source above 100 km. Second, there is a 
substantial increase in the HDO/H2O ratio between 80 and 110 
km. This trend was only modestly suggested by previous works 
(5, 28) while it is significantly more pronounced in the results 
presented here.

It has been suggested that the latter might result from differ-
ential photodissociation (38). Fig. 3B shows that the ratio 
between the photolysis rates of HDO and H2O drops with 
decreasing altitude from 0.6 at 110 km to 0.21 at 75 km (see 
SI Appendix, section D for details on the calculation). Fig. 3C 
displays the loss rates corresponding to the product of the pho-
tolysis rates by the mean number densities. The photolysis rate 
ratio is slightly smaller than the one reported in ref. 38, and 
the loss rates show that it is always larger for H2O than for 
HDO. To verify whether photolysis could explain the observed 
SOIR mean observations, Fig. 3F compares the photochemical 
timescales ( �photo = 1∕J  ) with the vertical transport timescale 
[ �Kzz = H 2∕Kzz , where H  is the scale height and Kzz the eddy 
diffusion coefficient (41)]. The vertical transport timescale is 
always at least one order of magnitude smaller than the water 
photolysis timescales. Because vertical diffusion dominates pho-
tolytic destruction, the significant enhancement in the HDO/
H2O ratio observed in the SOIR profiles cannot be accounted 
for by fractionation due to preferential photolysis. Moreover, 
this process cannot explain the observed increase of H2O and 
HDO VMRs with altitude. Instead, a source for both H2O and 
HDO in the gas phase above 90 km is indicated.

Mesospheric water is also present as dihydrate sulfuric 
H2SO4·2H2O aerosols in the upper-haze layer (18). The concen-
tration of deuterium in these aerosols, whether as HDSO4 or 
HDO, remains unknown. To investigate the role of these aerosols 
in the increasing H2O and HDO VMRs and HDO/H2O ratio 
profile, we consider the bimodal mean aerosol profiles computed 
from measurements obtained by SPICAV-UV on board the VEx 
spacecraft in solar occultation mode between 80 and 100 km (39); 
see Fig. 3D. For the sake of simplicity, we assume an altitude- 
constant effective radius of 0.12 µm for aerosol mode 1 and 0.8 
µm for mode 2 based on that work. These measurements were 
taken at the same LST—the terminator region—and during the 

Fig. 2.   Individual (gray profiles) and mean (colored profiles, see legend) HDO/H2O ratio (bottom x-scale), D/H ratio, and factor to VSMOW (top x-scales) from 
this work and the literature. The horizontal lines represent the weighted variability of the mean profile for the whole database (black curve, “All”). The mean 
HDO/H2O profiles above 10−2 mbar are set as dashed lines to indicate the larger uncertainty due to the sampling bias explained in the text. The values from 
the literature are also reported (5, 9, 10, 12, 28).
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same time period as the SOIR observations. Also, we assume an 
altitude-constant concentration of 75% H2SO4 and 25% H2O 
by mass in the aerosol particles, corresponding to mole fractions 
of 35.5% for H2SO4 and 64.5% for H2O. This approximation is 
based on the findings of ref. 43, who reported minor variations 
with altitude of the mass fraction of H2SO4 (~75%). We note that 
a portion of the aerosols could also contain polysulfur Sx (19). 

However, this study shows that even though a fraction of the 
aerosols may consist of polysulfur, a more significant fraction is 
likely composed of sulfuric acid above 80 km.

Measurements of gas-phase H2SO4 from the Venus Radio 
Occultation experiment on board VEx were obtained between 38 
and 55 km (44). This altitude range is lower than the region 
addressed in this work. Indeed, photochemical models suggest 

Fig. 3.   (Panel A) Mean SOIR temperature profile, as in Fig. 1B. (Panel B) Ratio of the HDO and H2O photolysis rates considering the UV cross-sections; see 
SI Appendix, section D. The ratio of the photolysis rates from ref. 38 is also reported. (Panel C) H2O and HDO loss rates. (Panel D) Modes 1 and 2 aerosol number 
densities from ref. 39 and exponential fit of the profiles (straight lines). (Panel E) Comparison of the SOIR mean H2O partial pressure profile, the pure H2O 
equilibrium vapor pressure profile (H2O sat 0%), and the H2O equilibrium vapor pressure profile in 75% H2SO4 in mass (H2O sat. 75%) computed from ref. 40 
considering the SOIR mean temperature profile from Panel A, and the H2SO4 equilibrium vapor pressure profile in 75% H2SO4 in mass (H2SO4 75%). (Panel F) 
Transport, H2O and HDO photochemical, and aerosol phase change timescales �   computed from the eddy diffusion coefficient, the photolysis rates, and the 
aerosols number densities and effective radii from ref. 39 displayed in Panel D. The eddy diffusion coefficient K

zz
  is taken from ref. 41, while the photolysis rates 

are the ones of Panel B. The computation of the phase change rates is given in SI Appendix, section E. (Panel G) Vertical velocity of H2O, HDO, and the aerosols 
(39) computed from the vertical fluxes. (Panel H) SOIR SO2 detections from ref. 29 and envelope of those detections. (Panel I) Rate of water vapor phase change 
computed for both modes of aerosols. (Panel J) Fractionation due to condensation of H2O and HDO (42). (Panel K) HDO/H2O ratio for pure water vapor in gas 
and liquid phases (42). (Panel L) Mean H2O and HDO vertical number density profiles from SOIR and pure H2O and HDO in equilibrium liquid phase considering 
the fractionation coefficient from Panels J and K (42). The corresponding pressure scale is given on the right-hand side of Panels C, F, I, and L.
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that the H2SO4 VMR is expected to be low and thus undetectable 
above 55 km, even considering H2SO4 supersaturation (18, 24). 
Additionally, no measurements or modeling of HDSO4 have been 
reported in the literature.

Fig. 3E compares the SOIR mean H2O partial pressure with both 
the equilibrium vapor pressure of pure H2O and that of H2O in a 
mixture containing 75% H2SO4 and 25% H2O by mass (ref. 40 and 
references therein). The equilibrium vapor pressure of H2SO4 in the 
same mixture is also reported. We observe that the equilibrium vapor 
pressure of H2O in this mixture is reduced by more than two orders 
of magnitude compared to that of pure liquid water. H2O conden-
sation occurs below 87 km, while evaporation occurs at higher alti-
tudes, leading to an increase in the H2O VMR in that region. The 
evaporation rate is function of the difference between the water vapor 
partial pressure and the equilibrium vapor pressure (SI Appendix, 
Eq. S4) and is displayed in Fig. 3I, which increases with altitude 
between 87 km and 103 km and supports the increase in water vapor 
partial pressure with altitude. Based on the straightforward approach 
presented in this work, water vapor supersaturation could be expected 
below 87 km, similar to the possible H2SO4 supersaturation already 
identified in several modeling studies (18, 19, 25).

We compute the timescale of the aerosol phase changes (see 
Fig. 3F and SI Appendix, section E for details on the computation). 
We find that they increase with altitude by a factor of four for mode 
1 and by two orders of magnitude for mode 2. Under steady-state 
conditions, the phase change for mode 1 is always faster than trans-
port by one to two orders of magnitude, while the phase change 
for mode 2 is faster than transport below 98 km by up to approx. 
one order of magnitude and becomes slower above that altitude. 
For both modes, condensation occurring below 87 km is always 
faster than transport. These aspects justify the increase of the water 
vapor VMR with altitude at steady-state conditions.

We calculate the vertical diffusion velocities of H2O and HDO 
considering the SOIR mean number density and temperature profiles, 
using the vertical fluxes computed from the minor species approxi-
mation (SI Appendix, section F and Fig. 3G). As expected, our results 
reveal downward diffusion for both H2O and HDO resulting from 
their VMR vertical gradients. Specifically, the H2O diffusion velocity 
varies between ~0 and −1.9 cm/s, while it ranges from −2.8 and −4.4 
cm/s for HDO. Notably, the latest is at least twice as fast as that of 
H2O. We also compute the aerosol vertical diffusion velocity and find 
upward diffusion speeds of 3 cm/s for mode 1 and 9.3 cm/s for mode 
2 (see SI Appendix, section F for details on the computation). We note 
that our computations for the aerosols are based solely on the minor 
species diffusion equation, considering the mean aerosol profiles (39), 
and do not incorporate parameterizations for factors such as sedimen-
tation, viscous drag, etc.

Combining the rationales on the timescales and the diffusion 
velocities at steady state, mode 1 aerosols quickly form at altitudes 
above the cloud deck, and as they diffusively reach altitudes higher 
than 87 km, they start to evaporate. This evaporation occurs on a 
timescale shorter than transport, though increasing with altitude. 
For mode 2, the timescale increases faster with altitude than for 
mode 1 and remains faster than transport up to 98 km. This fact is 
reflected in the slope of the mean aerosol profiles of Fig. 3D, where 
we see that mode 2 aerosols have a smaller slope than mode 1.

Through the qualitative reasoning presented earlier and by inte-
grating the discussion on H2O vertical velocities with the processes 
involving phase changes of H2O, we propose a water cycle in the 
Venusian mesosphere (Fig. 4). This cycle not only aligns with the 
SOIR observations of H2O and HDO but also supports the obser-
vations of SO2 in the upper mesosphere (22, 23, 29) (Fig. 3H). 
Notably, these observations reveal an inversion layer above 75 km, 
where the maximum SO2 VMR increases by nearly a factor of 10. 

Many authors have already examined this characteristic from a 
modeling perspective (19, 45). A key aspect of this cycle is the 
role of H2SO4 photodissociation, which predominantly occurs at 
these altitudes and leads to the production of sulfur oxides.

We note that the relative water concentration in aerosols adjusts 
to thermal equilibrium, which is governed by the surrounding 
atmospheric temperature, leading to altitude-dependent minor 
variations. For simplicity, these variations are not included in the 
present work. At ~80 km, where temperatures are lowest, model 
studies estimated the water concentration in aerosols to be about 
20% by mass (43), corresponding to a mole fraction of ~0.58. This 
indicates that water dominates the aerosol composition. Above ~80 
km, as temperatures increase, the water concentration in aerosols 
is expected to decrease due to changes in thermal equilibrium. 
Consequently, aerosols originating from below ~80 km are likely 
to release water during their vertical transport, as shown by recent 
microphysical modeling using the SOIR temperature profile (26). 
This water evaporation occurs just above 87 km and increases as 
the aerosols diffusively ascend to higher altitudes (Fig. 3 E and I).

To fully test our hypothesis that the increase in H2O and D/H 
in the Venusian mesosphere is a result of aerosol transport requires 
an aerosol microphysical model that incorporates the complex con-
densation/evaporation processes as well as vertical transport due to 
winds. Though these models have yet to be developed we note that 
vigorous convection has been suggested to explain the increase in 
SO2 in the Venusian mesosphere. In ref. 21, the possibility of tran-
sient vertical wind gusts from the clouds region to an altitude of 70 
km is considered in their modeling effort to reproduce the observed 
SO2 upper-mesosphere increase (22, 23, 29). These hypothetical 
winds peak at 70 km with a vertical velocity of ~100 cm/s and lift 
up aerosols from the cloud region to the mesosphere. This increases 
the aerosol density at 75 km by nearly two orders of magnitude 
compared to the nominal aerosol particle number density profile. 
Ref. 21 also show that in the relaxed situation following the wind 
gusts, the upper-mesosphere aerosol concentration increases by a 
factor of 4. These winds would likely extend to higher altitudes as 
well and may play a role in the transport of aerosols considered here. 
Because our analysis concentrates on the mean conditions that we 
assume are in steady state, the strong updrafts (and corresponding 
downdrafts) should be viewed as contributors to eddy transport. 
This may help explain the large values of the eddy diffusion coeffi-
cient Kzz in the upper mesosphere found in ref. 41.

If mesospheric water vapor originates from aerosol evaporation 
between ~87 and ~115 km, these aerosols should be enriched in 
deuterium. Deuterated species are known to condense more readily 
than their hydrogenated counterparts (42), resulting in an isotopic 
fractionation with a higher deuterium concentration in the condensed 
phase. Fractionation coefficients for pure water are available in the 
literature (42), but these have not been found for an H2SO4·2H2O 
mixture. Previous studies demonstrated that acids and salts in aqueous 
solutions increase deuterium fractionation (46). Therefore, we con-
sider the temperature-dependent expression of pure water fractiona-
tion as an upper bound for the fractionation of water in an 
H2SO4·2H2O mixture. The fractionation coefficient is defined as

	 [2]� =

(

HDO

H2O

)

l

∕

(

HDO

H2O

)

g

,

where the subscript l refers to the liquid phase and the g refers to 
the gas phase (Fig. 3J). We compute the fractionation profiles in 
the liquid phase of water based on the mean HDO/H2O ratio in 
the gas phase shown in Fig. 2; see Fig. 3K. The resulting number 
density profiles of H2O and HDO in the liquid phase are reported 
in Fig. 3L, together with their equivalent in the gas phase. We D
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note that, under the assumptions described above, they are of the 
same order of magnitude. The fractionation coefficient varies 
between ~1.7 at 75 km to ~1.15 at 110 km. This variation indi-
cates that the HDO/H2O ratio in the liquid phase decreases with 
altitude compared to the gas phase, a trend also observed in the 
liquid phase HDO and H2O profiles in Fig. 3L.

In summary, it appears that the condensation-induced deute-
rium enrichment of aerosols formed above the clouds and trans-
ported to higher altitudes where they evaporate could be a key 
mechanism driving both the observed increase of the H2O and 
HDO VMR with altitude as well as the concurrent rise in deu-
terated water. All processes controlling the proposed mechanism 
are summarized in Fig. 4, namely

	 (i)	� condensation-induced isotopic fractionation leading to a 
deuterium enrichment in H2SO4·2H2O aerosols above the 
cloud top where the temperature is lower than the dew 
point;

	(ii)	� upward diffusion of these droplets to altitudes higher than 
100 km;

	(iii)	� evaporation of the deuterium-enriched aerosols due to the 
higher temperatures, inducing an increase of the H2O and 
HDO VMR and the HDO/H2O ratio;

	(iv)	 downward diffusion of H2O and HDO;
	(v)	� as proposed previously (19, 21), this cycle should also lead 

to an enhancement in SO2 above ~85 km, which is observed 
by SOIR (22, 23, 29) and SPICAV (47).

Accurately modeling the aerosol condensation and evaporation and 
its influence on D/H fractionation goes beyond the scope of this 
work. It will be addressed in future work, as it requires the use of 
microphysical aerosol models. Also, isotopic fractionation may 
occur during chemical reactions producing H2SO4 and HDSO4, 
as well as during their condensation together with H2O and HDO 
to form the aerosol particles. Future experimental studies should 
thus be conducted to determine the rates of these processes.

The large vertical variation in the D/H ratio found in this study 
has not been previously considered in investigations of atmos-
pheric evolution on Venus (9). Our results have two major impli-
cations for evolutionary studies. First, the altitude variation of 
D/H must be taken into account when computing the net reser-
voirs of D and H residing in the atmosphere (48) and relating that 
to the initial reservoir. Second, and perhaps of more interest, the 
processes responsible for the altitude variation in D/H likely alter 
the relative escape rates of H and D. For example, in the 
present-day atmosphere, photolysis of H2O and HDO occurs 
mainly at altitudes above ~100 km, where the D/H ratio is nearly 
1,000 VSMOW. Thus, far more D is liberated by photolysis than 
would be expected based on the VMR in the deep atmosphere. If 
any fraction of this liberated D escapes, it could significantly alter 
the evolution of the D/H ratio. It follows that evolutionary models 
must include the physical processes responsible for the altitude 
variation to calculate the D/H fractionation accurately.

Estimating water loss from the Venusian atmosphere cannot be 
straightforwardly deduced from the current atmospheric D/H ratio 

Fig. 4.   Cartoon of the proposed Venus mesospheric water cycle mechanism to sustain the observed increase in HDO and H2O VMR and HDO/H2O ratio with 
altitude: fractionation during H2O and HDO condensation process above the cloud top, upwelling of the aerosols, evaporation above ~85 km and increase of 
the H2O, HDO, and SO2 VMRs and the HDO/H2O ratio, and downwelling of H2O and HDO.
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profile (49), as it requires complex modeling. This work opens the 
door for future work that could significantly advance our understand-
ing of the intricate processes governing Venus’s atmospheric chem-
istry and the water cycle in the Venus mesosphere. It also aims to 
provide constraints on the hydrogen and deuterium escape processes 
and shed light on the amount of water Venus has had in the past.

Materials and Methods

The SOIR spectrometer characteristics, the spectroscopy, and an example of 
retrieval are provided in SI Appendix. To discuss the SOIR results presented in 
this work, we consider well-established equations and physical laws. The pho-
tolysis rates are computed by spectrally integrating the product of the absorp-
tion cross sections, the quantum yields, the transmittance, and the solar flux 
scaled for Venus. The evaporation and condensation partial pressures and rates 
are computed considering the difference between the measured mean water 
vapor abundances and the saturation pressures for a H2O·2H2SO4 mixture at the 
local temperature, the diffusion coefficient of water in a CO2 background, and 
the correction factor function of the Knudsen number (50). Finally, we use the 
minor species approximation to compute the water and aerosol vertical fluxes.

Data, Materials, and Software Availability. Number density and tem-
perature vertical profiles data have been deposited in VESPA (https://doi.
org/10.18758/71021090) (51).
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