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In this supplementary material, we will first provide the details of the SPICAV solar
occultation measurements of sulphur dioxide at the terminator in section 1. In section 2
we will show how we obtain the H2SO4 saturation vapor pressure (SVP) for this study,
and discuss the uncertainties of our calculation and the other possible factors that might
influence the H2SO4 SVP in the Venus mesosphere. The Caltech/JPL kinetics
photochemical model is described in section 3. The model parameters and the chemical
reaction rates of other sulphur oxides (SO and SO3) are also presented.

1. SPICAV measurements

Solar occultation is known to be one of the most reliable and accurate techniques to probe
planetary atmospheres. It requires no instrument calibration and is only based on the
simplest laws of radiative transfer. Spectroscopy for Investigation of Characteristics of
the Atmosphere of Venus (SPICAV) onboard Venus Express (see previous publications12

for more description) has provided a wealth of high-quality data through this technique

during several orbits since 2006. The solar occultation performed by SPICAV probes the
state of the atmosphere at the terminator, which is known to possess a very peculiar
dynamical regime with downwelling and upwelling motions streamlining close together,
potentially creating strong spatial contrasts at small scales that are unattainable by the
sub-mm JCMT beam from the ground-based measurement. This could be one of the
possible reasons that cause the incompatible SO2 abundances from the two observation
techniques3. However, both of the ground-based sub-mm spectroscopy3 and the Venus
Express occultation measurements4 suggest the presence of an unexpected separate SO2
layer above 90 km in the Venus mesosphere.
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The observed SO2 profile used in Fig. 1a is taken in orbit 334, at longitude 315.7°,
latitude -10.2° and the local time 18h. Errors on SO2 concentrations are established
during spectral inversion as a by-product of the Levenberg-Marquardt routine used for
the chi-square minimization (square root of the diagonal terms in the covariance matrix).
They are then propagated after vertical inversion following. Error bar determination
emplys the same procedure as the one used to derive O3, CO2 and aerosol profils on Mars
with SPICAM5-7.

2. H2SO4 saturation vapor pressure (SVP)

The SVP of sulphuric acid is determined by the relative humidity of H2SO4-H2O solution
and the atmospheric temperature. The weight percent of sulphuric acid is assumed to be
85% for the upper clouds8 and 75% for the upper haze layer9 at about 70-90 km. Recent
solar occultation measurements by SPICAV/SOIR onboard Venus Express10 suggest a
bimodal distribution of particle sizes if one assumes that the haze droplets are composed
of 75% H2SO4, and the same measurements suggest that only very small size particles
(less than 0.2 micron) exist above 90 km. Since there are more collisions of aerosol
particles with H2O molecules than with H2SO4 molecules, the sulfate aerosol will quickly
establish equilibrium with respect to water. The relative humidity of H2O in the
mesosphere decreases with height above the cloud top because the temperature is
increasing and the mixing ratio of water vapor is decreasing with altitude11. Therefore,
the weight percent of the droplets could be larger than 75%, which results in higher
H2SO4 vapor pressure. The more highly concentrated H2SO4 has a higher extinction
coefficient due to the Lorentz relation12, leading to even smaller retrieved particle size.
Therefore, the Kelvin effect13, by which vapor pressure increases over a curved interface,
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would become more important and enhance the gaseous H2SO4 abundance in the
mesosphere.

Stull’s measurements14 of the SVP of H2SO4 can be fitted by the expression
log10P(H2SO4) = -3954.90/T + 9.4570, for a temperature range approximately between
420 K and 580 K, where P(H2SO4) is the SVP of H2SO4 in mmHg and T is temperature.
Fig. S1 shows this in comparisons with the expression from Richardson et al.15 given by
logP(H2SO4) = (20.70 ± 1.74) - (9360 + 499)/T and the expression from Ayers et al.16
corrected by Kulmala and Laaksonen17. We see from this difference in the three SVP
expressions that we can obtain significantly difference SVP values for temperature values
of interest to the mesosphere of Venus (grey area in Fig. S2). Over the temperature range
of our model atmosphere, our calculation shows that the SVP from Stull is larger than
that from Ayers et al. by a factor of ~1000 and ~20, and larger than that from Richardson
et al. by a factor of ~12 and ~7, corresponding to 179 K (0.0036 K-1) at the bottom of our
model atmosphere and 274 K (0.0056 K-1) at the top. Thus, the expression from Stull
allows for the SVP of H2SO4 to be large enough to produce higher concentrations of SO2
at ~100 km. If even higher values for the SVP were used as in our sensitivity study,
higher abundances of H2SO4 at 100km would be obtained, resulting in even higher
concentrations of SO2 as observed by Belyaev et al.4. The expression from Stull has been
used by Wong et al.18 and Parkinson et al.19. The actual H2SO4 vapor mixing ratio is
dependent on a number of factors, including water abundance, sulphuric acid
concentration, degree of supersaturation, and the range of validity of the SVP
extrapolation18.

3. Photochemical model
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The Caltech/JPL kinetics photochemical model solves the continuity equation for all
important species in the Venus atmosphere above the cloud top and includes the oxygen,
chlorine and sulphur chemistry recommended by Yung et al.20 and Mills21 with updated
reaction coefficients. The model covers the Venus atmosphere from 58 km (cloud top) to
112 km. Table S1 lists the important reactions involving SO, SO2 and SO3.

Venus is a slowly rotating planet with very high temperature contrast between its day side
and night side. The unexpected warm layer on the night side at about 90 km was detected
by SPICAV and is believed to be the result of adiabatic heating by downwelling motion
on the night side11. The aerosol particles would evaporate when transported by winds to
the night side. In this study, we adopt the temperature profile measured in orbit 104 at
latitude 4° S and local time 23:20 h (black curve in the Fig. 1 of Bertaux et al.11). This
temperature profile has a peak value about 234K around 97km which is larger than the
other measurements22-25 by 40-50 K. Fig. S2a shows the daytime and nighttime
temperature profiles.

Fig. S2b shows the H2SO4 saturated vapor mixing ratio profiles given by Stull14. In this
study, the H2SO4 vapor pressure is calculated based on H2SO4 weight percent as 85%
below 70 km, 75% from 70 to 90 km and 100% (i.e., pure sulphuric acid) above 90 km.
We applied a scaling factor to the saturation ratio on the night time H2SO4 SVP profile
above 90 km for the sensitivity study. The observed SO2 mixing ratio at ~69 km by Solar
Occultation in the Infrared (SOIR) instrument onboard Venus Express is larger than 0.1

ppm and agrees with the natural variability of SO2 with time above the cloud top, which

is a well-known problem26. It may indicate either there is more SO2 within the clouds or
the eddy mixing processes above the cloud top transport the SO2 more efficiently. In this
study, SO2 mixing ratio at the lower boundary is set at 100 ppm to reproduce the data.
5
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However, this adjustment has no effect on the SO2 abundances above 90 km. The eddy
mixing coefficient profile from Mills21 is shown in Fig. S2c.

Figures S3 and S4 show the main production/loss rate profiles of SO and SO3 as function
of altitude, respectively. The upper panels (a and b) and lower panels (c and d) in each
figure refer to models B and C, respectively. Each curve corresponds to a reaction in
Table S1. The main sources of SO are the SO3 photolysis and the oxidization of sulphur
atoms, and the main loss is through photolysis to yield sulphur atoms in the upper
atmosphere. SO is also oxidized back to SO2 by the reactions with O, ClCO and ClCO3.
Without H2SO4 photolysis, SO3 is only produced by SO2 reacting with O and ClCO3, the
reaction rates of which decrease rapidly with altitude. Therefore, only photodissociation
of sulphuric acid is able to provide the SO3 source in the mesosphere of Venus. SO3 is
mostly destroyed by the photolysis and reacting with water to form H2SO4 and also can
be reduced to SO2 by reacting with SO and O atoms. The important reaction pathways of
sulphur chemistry are summarized in Fig. 2 of the main text.
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Figure Legends

Figure S1 | H2SO4 saturation vapor pressure as function of temperature. Three SVPs
are calculated by Stull14 (red), by Richardson et al.15 (green), and by Ayers et al.16
corrected by Kulmala and Laaksonen17 (blue). The filled diamonds indicate the ranges of
the experimental data. The gray area shows the temperature range of the Venus
mesosphere.

Figure S2 | Model paramenters. a, daytime (black) and nighttime (red) temperature
profiles as function of altitude. b, H2SO4 saturated vapor pressure profiles corresponding
to the temperature profiles on the left. c, eddy diffusion coefficient profile from Mills21.

Figure S3 | Rates of important reactions involved in producing (a and c) and
destroying (b and d) SO for models B (a and b) and C (c and d). Different colors refer
to different reactions listed in Supplementary Table S1. For panels a and c, R3 (blue), R7
(red). For b and d, R1 (purple), R6 (blue), R9 (green), R10 (light green), R11 (black),
R15 (red).

Figure S4 | Rates of important reactions involved in producing (a and c) and
destroying (b and d) SO3 for models B (a and b) and C (c and d). Different colors
refer to different reactions listed in Supplementary Table S1. For a and c, R5 (black),
R12 (red), R13 (blue). For b and d, R4 (black), R8 (red), R14 (blue), R15 (green).

7

nature geoscience | www.nature.com/naturegeoscience

7

supplementary information

doi: 10.1038/ngeo989

Table S1
a

Important Reactions Involving SO, SO2 and SO3

Reaction

Rate Constantb

Reference

(R1) SO → S + O

3.61×10-4

c

(R2) SO2 → S + O2

1.38×10-6

c

(R3) SO2 → SO + O

1.92×10-4

c

(R4) SO3 → SO2 + O

3.94×10-5

27

(R5) H2SO4 → SO3 + H2O

2.72×10-7

28

(R6) ClO + SO → Cl + SO2

2.80×10-11

29

(R7) S + O2 → SO + O

2.30×10-12

29

(R8) SO3 + H2O → H2SO4

2.26×10-43T e-(6544/T)[H2O]

30

(R9) O + SO + M → SO2 + M

k0 = 4.50×10-27T-1.6

31-32

(R10) ClCO3 + SO → Cl+ SO2 + CO2

1.00×10-11

c

(R11) SO + SO + M → (SO)2 + M

k0 = 4.40×10

-31

c

-11

k∞= 1.00×10
(R12) O + SO2 + M → SO3 + M

k0 = 4.00×10-32e-(-1000/T)

33

(R13) ClCO3 + SO2 → Cl + SO3 + CO2

1.00×10-15

c

(R14) O + SO3 → SO2 + O2

2.32×10-16e-(-487/T)

34

(R15) SO + SO3 → 2SO2

2.00×10-15

35

a
b

The model includes all reactions from Mills (1998)21.
M represents the third body such as CO2 for three-body reactions. Two-body rate

constants and high-pressure limiting rate constants for three-body reactions (k∞) are in
units of cm3s−1. Low-pressure limiting rate constants for three-body reactions (k0) are in
units of cm6s−1. Photolysis coefficients (J values) refer to the top of mesosphere (112 km
in the model).
c

See discussion in Mills (1998)21 and references therein.
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